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ABSTRACT OF THE DISSERTATION

Quantitative Proteomic Analysis for Assessing the Mechanisms of Action of Anti-Cancer
Drugs and Arsenite

by
Fan Zhang

Doctor of Philosophy, Graduate Program in Chemistry
University of California, Riverside, December 2013
Dr. Yinsheng Wang, Chairperson

Mass spectrometry is a powerful tool used in proteomic analysis. By combining
with different isotope labeling methods, protein quantification at the entire proteome
scale can be achieved. In this dissertation, I employed an LC-MS/MS coupled with stable
isotope labeling by amino acid in cell culture (SILAC) strategy, to explore the molecular

mechanisms of action of anti-cancer drugs and an environmental toxicant, arsenic.

In Chapters 2 and 3, I performed a quantitative assessment of global proteome
changes upon treatment with two anti-cancer drugs, both are nucleoside analogues, i.e. 5-
aza-2’-deoxytidine (5-Aza-CdR) and 6-thioguanine (°G). We found, for the first time,
that 5-Aza-CdR exerts its cytotoxic effects in leukemia and melanoma cells through
epigenetic reactivation of DPP4 gene and the resultant inhibition of cholesterol
biosynthesis. In addition, proteome-wide analysis suggested that °G may exert its
cytotoxic effect by inducing mitochondrial dysfunction and reactive oxygen species

formation in acute lymphoblastic leukemia cells.
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In Chapters 4 and 5, we utilized the same MS-based quantitative proteomic
method, to study the mechanisms underlying trivalent arsenic-induced carcinogenic effect.
Our results confirmed the previous findings and provided a more complete picture about
the biological pathways that are altered upon arsenite treatment in human skin fibroblast
cells. To further understand how arsenic affects RING-finger proteins that are known to
be important in DNA damage repair, we performed in vitro and in vivo arsenite binding
experiments. Our studies revealed, for the first time, that arsenite may exert its
carcinogenic effect by targeting cysteine residues in the RING finger domains of the
RNF20-RNF40 histone E3 ubiquitin ligase, thereby altering histone epigenetic mark and

compromising DNA DSB repair.
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CHAPTER 1

General Overview

1.1 Introduction

Understanding the functions of living cells at the molecular level has become one
of the most challenging endeavors in modern biological science. Although a complete
human genome sequence has been obtained (1), the cellular function at the protein level
in the post-genomic era is still demanded because the majority of the functional
information of genes resides in the proteome (2). Proteomics, considered as a technology
of “discovery science”, is defined as the systematic study of various properties of proteins
including the identities, quantities, structures, biochemical and cellular functions, and

how they vary in space, time and physiological state (3).

Many technologies have been and are still being used in proteomics study
including microarray and ChIP-Seq experiments. Microarray is a technology based on
unbiased sample screening and data accumulation (4). With a small amount of material,
microarray-based systems facilitate a large number of reactions to occur within a very
limited area. Along this line, global gene expression analysis with microarray was used
for assessing transcriptional responses of cancer cells towards anti-cancer agents (5).
However, due to the regulatory processes following mRNA production including
posttranscriptional, translational and protein degradation regulation which are crucial in
controlling protein abundances, results from mRNA-based gene expression analysis

cannot fully reflect protein expression data (6). In fact, global differentiation of protein



abundance can also be measured by protein microarrays which mimic the chip layout of
DNA microarray (7). However, the difficulties in obtaining a set of antibodies against the

whole proteome prevented the application of this approach.

To fully understand transcriptional regulation, chromatin immunoprecipitation
coupled with high-throughput sequencing (ChIP-Seq) has been developed recently for
genome-wide mapping of DNA-protein interactions and histone modifications (8). ChIP-
Seq is emerged as an alternative technique which produces profiles with higher resolution,
dynamic range and genomic coverage than traditional microarray (8). Relatively small
amount of sample is needed and the technique is not constrained by the species
accessibility (9). However, the main drawbacks for ChIP-Seq are the cost and antibody

availability which limited the its application (8).

Traditional two-dimensional gel electrophoresis (2-DE) is one of the technologies
used in the proteomics study. 2-DE provides information about protein molecular weight,
isoelectric point (p/), quantity and post-translational modifications (PTMs) by recording
the different intensities of the stained spot derived from two populations of cells or
tissues (10). However, due to the poor separation and low resolution for low-abundance
proteins (11), this technique showed bias and limitations towards hydrophobic and

membrane proteins.

Other than 2-DE, mass spectrometry (MS) has developed rapidly over the past 2-3

decades owing to its high sensitivity, wide dynamic range and good resolution to monitor



the proteins of low abundance (12). It has been widely used in the study of protein-
protein interactions (13), protein PTM (14), protein profiling (15) and intact protein
characterization (16), etc. MS-based proteomic approach along with stable isotope
labeling strategies has been widely used for large-scale quantitative analysis of proteins
in complex samples (12). This technology, especially quantitative proteomics, has a
fundamental importance in understanding the mechanisms of action of drugs, discovering

for biomarkers, and assessing the toxicity of environmental toxicants.

In this chapter, I will review MS-based quantitative proteomic technique in
combination with stable isotope labeling in the discovery of the mechanisms of action of

anti-cancer drugs and arsenite.

1.2 MS-based quantitative proteomics

Quantitative proteomic analysis is highly desired given the reason that most
changes induced in the biological system are only captured if some quantitative
information is acquired (17). Prior to the development of high-throughput quantitative
proteomic analysis, the study of cellular changes largely relied on the antibody-based
immunostaining (i.e. Western blot and ELISA), which lacks efficiency and consistency
and 1s limited by antibody availability (18, 19). Although the development of 2-DE

facilities the protein quantification on a relatively large-scale, the low resolution, high



variation in complex biological samples and the bias against low-abundance and

membrane proteins have limited the application of this technique (11).

MS has established itself as a powerful tool and challenges the traditional assays
for its ability to accurately identify and quantify a large-number of proteins in complex
biological sample such as biofluids (20). MS-based quantitative analysis can be classified
into two subgroups, the absolute quantification which determines the absolute amount of
protein in the sample (21) and relative quantification which defines the amount in
comparison to another experimental condition or biological sample (e.g. the protein
expression level change upon drug treatment) (15). Absolute quantification of proteins is
achieved by comparing the MS intensities between the endogenous peptides with a
manually added, synthetic, isotope-labeled peptide with known concentration (22). It is a
straightforward method which measures the exact amount of the sample with low
detection limits, high dynamic range and low necessity of sample clean-up (23). With an
appropriate selection of reference peptide on a triple-quadrupole mass spectrometer
operating in selective-reaction monitoring (SRM) mode and an appropriate separation
technique such as HPLC, this technique has been widely used for biomarker

quantification and protein PTM studies (24, 25).

For the large-scale proteomics study, absolute quantification of the levels of all

the identified proteins is, however, usually not feasible.
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To this end, relative quantification, which compares the relative expression levels of
cellular proteins by using stable isotope labeling strategies, is frequently employed. In
this context, two populations of cells were labeled with light and heavy isotopes,
respectively. By analyzing the mixture of light and heavy isotope-containing peptides, the
difference in mass introduced by the weight of isotopic labeling can be easily
distinguished by MS. The ratios of the signal intensities for the labeled and unlabeled
peptides would reflect their relative quantities (27). Relative quantification can be
achieved through (1) chemical labeling, (2) metabolic labeling, and (3) label-free

quantifications (26) (Figure 1.1).

1.2.1 Chemical labeling strategies

Chemical labeling approaches label either intact proteins or proteolytic peptides
with a stable isotope-coded chemical reagent in vitro (28). The labeled proteins or
peptides introduced mass shifts are shown in MS or MS/MS spectra, and relative

quantification is achieved by comparing the signal intensities of the peptide pairs.

1.2.1.1 Isotope-coded affinity tag (ICAT)

Developed by Aebersold and co-workers (29), ICAT was the first commercially
available chemical labeling reagent. ICAT reagent consists of a cysteine-reactive

iodoacetyl group which has specificity toward sulthydryl group, a polyether linker where



the heavy and light forms contain eight deuterons and eight hydrogens, respectively, and

a biotin affinity tag as shown in Figure 1.2a. The standard ICAT workflow is displayed in
Figure 1.2b. After labeling with light or heavy ICAT reagents, cell lysates from two cell
states containing either heavy or light isotopic labeling are combined and fractionated.
Proteolyzed peptide mixtures are then analyzed on a mass spectrometer. Pairs of ICAT-
labeled peptides co-elute with 8 Da mass differences that can be observed in mass spectra.
Relative quantification was determined by comparing the peak intensities between the
light and heavy peptides. ICAT allows isolating the labeled peptide through biotin-avdin
affinity chromatography under physiological pH, which significantly decreased the

sample complexity by removing cysteine-free peptides.

Traditional ICAT labeling also has limitations. Because of the specificity of
reagent reactivity toward thiol functionality, this method is limited to cysteine-containing
proteins. In addition, the avidin affinity step suffers from considerable non-specific
binding of Cys-free peptides (30). Moreover, the hydrophobic biotin moiety of the
isotope-coded tag can influence the retention time of peptides (31). Owing to those
disadvantages, modified ICAT reagents were developed including the solid-phase ICAT
where an isotope-coded tag is immobilized on glass beads and it can be detached easily
by UV irradiation; and a cleavable ICAT by replacing deuterium with '*C and cleaving

the linker under acidic conditions (31).



1.2.1.2 Isobaric tag for relative and absolute quantitation (iTRAQ™Y)

1TRAQ is an alternative chemical labeling method widely used for quantitative
proteomics study. iTRAQ labeling occurred on the primary amine groups of the
proteolytic peptides by employing an N-hydroxysuccinimide (NHS) ester derivative,
linking a mass balance group and a reporter group via an amide bond (32) (Figure 1.3a).
Differentially labeled peptides result in a single peak in MS scans with the same m/z, and,
by releasing the mass balancing carbonyl moiety as a neutral fragment, MS/MS analysis
provides the quantitative information for the proteins. The availability of 8-plex labeling
reagents that co-elute avoids increasing complexity at MS level. Because the labeled
peptides are isobaric, the complexity of peptide in MS/MS spectra is not increased
therefore theoretically increases sensitivity. Thus, iTRAQ labeling is suitable for
multiplexed analysis of different biological samples (26). In fact, iTRAQ labeling already
showed better peptide coverage than ICAT (27). However, due to the fact that the
labeling occurs at peptide level after enzymatic digestion, an obvious drawback for this

technique is the artificially introduced increase in sample complexity.

1TRAQ strategy for quantifying differential protein expression is shown in Figure
1.3b. Peptides from four different biological samples (can be applied up to eight samples)
were labeled in parallel with four iTRAQ reagents. As depicted in MS/MS spectra, the
relative intensities of the reporter ions which are associated with specific labeling
reagents reflect the relative abundances of the peptides with the specific labelings in

different samples.
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1.2.1.3 Other chemical labeling strategies

Other than the widely used ICAT and iTRAQ techniques, tandem mass tags
(TMTs), one of isobaric tags which label the amino group at the peptide level and
achieves the quantification based on MS/MS (33), and methyl esterification which targets
carboxylic acid on the side chains of aspartic and glutamic acids as well as peptide
carboxyl terminus by converting them into the corresponding methyl esters are also

broadly used in quantitative proteomics studies (34).

1.2.2 Metabolic labeling strategies

Metabolic labeling is another strategy which relies on the incorporation of stable
isotopes into living cells, resulting in a replacement of the whole proteome with stable
isotopes (35). Specific stable isotopes are introduced into culture media that, after
sufficient cell doubling and protein turnover, facilitate the labeling of all the cellular
proteins with stable isotopes. With proper sample mixing, enzymatic digestion,
fractionation and clean-up processes, different fractions are subjected to LC-MS/MS for
further analysis. Because of the complete labeling of the whole proteome, a mass shift
between the unlabeled and labeled versions of all the peptides could be distinguished by
MS. By comparing the relative peak intensities between the peptide pairs, protein

quantification can be accomplished.
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The most remarkable merit of metabolic labeling over chemical labeling is that
the labeling is complete before subsequent fractionation, purification and enrichment
steps, thereby minimizing artificial in errors. In addition, because no additional cleavage

reaction occurs, the enzyme efficiency can be improved.

1.2.2.1 Stable isotope labeling by amino acids in cell culture (SILAC)

First reported by Mann and coworkers (36), SILAC has become the most widely
used metabolic labeling method in the quantitative proteomics field. SILAC, as a
successful metabolic labeling strategy, has many advantages: (1) It incorporates stable
isotope(s) into the whole proteome by adding the labeled, essential amino acids into
amino acid-depleted cell culture media; (2) it automatically labels cellular proteins
without introducing chemical mass tags or affinity purification steps; (3) the
incorporation is complete and it can capture subtle changes in protein expression; (4) it is
a convenient, straightforward and affordable labeling strategy which is compatible with

almost all cell types and culture conditions (36).

In a SILAC labeling experiment, two populations of cells, either of different types
(e.g. normal cells and cancer cells) or under different treatment conditions, are cultured in
parallel in “heavy” media, which contains isotope-labeled amino acids, and “light” media
containing normal amino acids, respectively (Figure 1.4). Lysates from both heavy and

light cells are extracted and combined at 1:1 ratio after at least five cell doublings.
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Followed with appropriate separation using SDS-PAGE or SCX chromatography and
enzymatic digestion, the peptide mixtures are analyzed by a mass spectrometer.
Quantification is achieved by comparing the peak intensities between heavy and light

peptides.

For a typical SILAC-based study on drug-induced proteome perturbation, at least
one forward and one reverse labeling experiments should be performed. In the forward
SILAC experiment, the light-labeled, drug-treated lysate and the heavy-labeled, control
lysate are combined at 1:1 ratio (w/w); in the reverse SILAC experiment, the drug
treatment and labeling are reversed (15). By performing both forward and reverse SILAC

labelings, bias introduced by experimental conditions can be eliminated.

Recently, with the increasing needs on understating the proteome changes in
tissues and even whole organisms, Mann et al. (37) developed a so-called “spike-in”
SILAC cell line for tissue labeling. Labeling on the organisms can also be achieved by
feeding mice with food containing heavy amino acids in place of normal ones for at least

two generations (38).
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1.2.2.2 "N labeling
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>N labeling has been used for the quantitative comparison of protein changes in
bacteria and yeast (39) as well as mammalian cells (40) for more than a decade. Although
"N labeling showed excellent promise in labeling microorganisms, it has difficulties in
being extensively applied to mammalian systems. Firstly, the high cost of '*N-substituted
culture media prevents this method from being generally used for mammalian cell culture.
Secondly, the labeling efficiency is not high enough because of the variable numbers of
nitrogen atoms in different amino acids and the difficulties in eliminating the unlabeled
nitrogen source in culture media, resulting in the complicated isotopic distributions in the

mass spectra (17).

1.3 Label-free quantification

Label-free is a simple, fast quantification method by measuring and comparing
either the peak intensity of the peptide precursor ions or the number of tandem mass
spectra that are used to identify the peptides (41). Although label-free quantification is
the least accurate method due to large variation(s) introduced by experimental steps, it is
still frequently used for several reasons. First, label-free is not time-consuming because it
avoids the labeling process, which renders the quantification very straightforward.
Second, there is no limitation for the number of experiments or samples to compare and it
is applicable to all kinds of biological samples. Third, being an economical method, it

bears a very high dynamic range. However, label-free quantification has to be performed
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cautiously and the number of experimental steps should be as small as possible,

particularly for spectral counting which has a relatively poor linearity and accuracy (42).

The beauty of quantitative proteomic strategy is to monitor, in the global
proteome, the changes in protein expression levels at a time, which draws a complete
picture of the whole proteome changes and provides implications for biological pathways
and biomarker analysis. In this dissertation, I conducted several quantitative proteomics
studies based on LC-MS/MS coupled with SILAC labeling strategy to understand the

mechanisms of action of anti-cancer drugs and arsenite.

1.4 Nucleoside analogue-based anti-cancer drugs

Nucleoside analogues constitute a family of drugs which include antiviral agents,
cytotoxic compounds and immnosuppressive molecules (43). Despite their extensive use
in treating viral infection, nucleoside analogues have emerged as a class of
chemotherapeutic agent. Anticancer nucleoside analogues are composed of purine and
pyrimidine nucleosides and nucleobases. By mimicking the physiological characteristics
of nucleosides in absorbance and metabolism, these analogues inhibit DNA synthesis
through incorporation into newly synthesized DNA. Some of these drugs inhibit the
activity of important enzymes involved in the endogenous nucleoside synthesis, giving
rise to the cell death (44). Two primary purine analogues cladribine and fludarabine are

known to be used in the treatment of low-grade malignant disorders of blood (45),
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whereas gemcitabine, which is widely prescribed in treating hematological malignancies

and solid tumor, is a pyrimidine analogue (46).

The common mechanism of action of nucleoside analogues is shown in Figure 1.5.
The hydrophilic nucleoside analogues are transported into cells by transporter proteins.
After being activated into corresponding triphosphate derivatives, they can exert their
cytotoxic effect through incorporation into DNA and RNA, inhibiting enzymatic

activities and DNA synthesis (45).

1.4.1 Thiopurines

Thiopurines, including azathioprine, 6-mercaptopurine (6-MP) and 6-thioguanine
(°G) as shown in Figure 1.6a, are among the most successful chemotherapeutic agents
and immunosuppressive agents that are used for treating various human diseases,
including acute lymphoblastic leukemia (ALL) and chronic inflammation (47-49).

Among them, 6-MP and °G are widely prescribed for ALL treatment.

The cytotoxic effects of thiopurines are thought to mainly depend on their
metabolic activation and incorporation into DNA, resulting in the abnormal functions of
various DNA metabolizing enzymes including DNA polymerases, ligases, and
endonucleases (44). In addition, °G in DNA has been shown to be spontaneously
methylated by S-adenosyl-L-methionine (SAM) to yield S°®-methylthioguanine (S°mG).

The misincorporation with thymine (T) opposite S’mG during DNA replication triggers

17
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post-replicative mismatch repair (MMR) machinery (50), and the resultant futile cycles of

repair synthesis may ultimately lead to cell death (51) (Figure 1.6b).

Despite the well-established MMR pathway, °G itself was found to be highly
mutagenic and can direct the misincorporation of thymine during DNA replication at
significant frequencies (circa 10%) in both E. coli and human cells (52, 53). In addition,
some MMR-deficient cell lines are also sensitive towards thiopurine drugs (44). Thus, the
activation of MMR may not be the sole pathway inducing the cytotoxic effects of

thiopurine drugs.

1.4.2 5-aza-2’-deoxytidine and 5-azacytidine

DNA methylation, along with histone post-translational modification and
microRNA pathway, are three major mechanisms constituting the epigenetic regulation,
which plays significant roles in carcinogenesis and tumor progression (54). Among them,
DNA methylation is the most extensively studied epigenetic modification in mammals.
DNA is primarily methylated at 5-position of cytosine ring by DNA (cytosine-5)
methyltransferases (DNMTs) (55). “CpG Island”, a CpG-enriched region which contains
approximately 60% of human gene promoters and is responsible for maintaining
transcriptional activities (56), remains free of methylation during development (57).
Global DNA hypomethylation and CpG promoter DNA hypermethylation are known to

occur in human tumors, where promoter cytosine methylation inhibits gene expression
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and results in long-term gene silencing (54). In this vein, the first epigenetic therapy was

designed as DNA methylation inhibitors (55).

5-aza-2’-deoxycytidine (5-Aza-CdR) and 5-azacytidine (5-Aza-CR) have been
reported to inhibit DNA methylation and induce cellular differentiation at micromolar
concentrations (59). 5-Aza-CdR and 5-Aza-CR are two major cytidine nucleoside
analogues which have been approved by FDA for the treatment of myelodysplastic
syndrome, a hematological disease (60), and are widely used for treating hematological
diseases including acute and chronic myeloid leukemia (AML and CML) (61) (Figure
1.7a). After being phosphorylated by deoxycytidine kinase and cytidine kinase into the
corresponding mono-, di-, and triphosphates, 5-Aza-CdR and 5-Aza-CR are incorporated
into DNA (62), a place where these nucleoside analogues can covalently bind to the

cysteine residue at the active site of DNMTs and inhibit the transfer of methyl groups

during DNA synthesis, which is believed to account for their cytotoxic effect (63) (Figure
1.7b). However, the detailed mechanisms underlying the cytotoxic effects of these drugs,
particularly which target gene(s) becomes epigenetically reactivated, remain poorly

defined.
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1.5 Arsenite

Inorganic arsenic is a widespread environmental containment that has high
abundance in soil, water, and airborne particles. As an ancient Chinese drug, arsenite
trioxide (As;O3) has shown great therapeutic success in the treatment of acute
promyelocytic leukemia (APL) (64). As,O3 exerts its therapeutic effect by promoting
degradation of an oncogenic protein, i.e., the PML-RARa fusion protein that drives the
growth of APL cells, where As(III) displaces Zn*" ions in zinc fingers of the oncoprotein
and triggers its proteasomal degradation (65). On the other hand, chronic exposure to
arsenic, even at a very low dose, can induce cancers of skin, bladder, lung, kidney and
liver (66). As(IIl), which is more toxic than As(V), may contribute to the increased
cancer risks. Arsenite has been reported to stimulate the formation of oxyradicals (67),
inhibit DNA damage repair (68), modulate DNA and histone methylation in mammalian
cells (69), and induce apoptosis by introducing oxidative damage (70). A large body of
evidence suggested that the mechanism of action of arsenite as a carcinogen is related to
epigenetic regulation (71). It has been reported that the treatment with arsenite gave rise
to a reduced level of S-adenosyl-L-methionine along with an elevated global DNA

hypomethylation and decreased activity of DNA methyltransferase (72).
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Consistently, another study suggested that arsenite was associated with increased
methylation of promoter regions in tumor suppressor genes, RASSF1A4 and RPSS3 of

bladder cancer (73).

In addition to DNA methylation, arsenite is also linked with hisone modification,
another epigenetic mechanism. Arsenite was found to increase the level of dimethylated
histone H3 at lysine 9 and trimethylated histone H3 at lysine 4 in A549 human lung

carcinoma cells (71).

Although various possible mechanisms have been proposed, the mechanisms
through which inorganic arsenite induces carcinogenesis remain incompletely understood.
Quantitative proteomic analysis, as a mature method to study the alternation of the
protein expression levels in the entire proteome scale, is capable of providing a more
complete picture on understanding the fundamental mechanism of arsenite-induced

cytotoxic effect.

1.6 Scope of the dissertation

The research covered in this dissertation focuses on the study, by employing a LC-
MS/MS coupled with SILAC strategy, to understand the mechanisms of action of anti-

cancer drugs and arsenite.

In Chapter two, we utilized a mass spectrometry-based quantitative proteomic

method to analyze the 5-Aza-CdR-induced perturbation of protein expression in Jurkat-T
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cells at the global proteome scale. In particular, we found that drug treatment led to
substantially reduced expression of farnesyl diphosphate synthase (FDPS) and farnesyl
diphosphate farnesyltransferase (FDFT1), two important enzymes involved in de novo
cholesterol synthesis. Exposure to 5-Aza-CdR also led to epigenetic reactivation of
dipeptidyl peptidase 4 (DPP4) gene. Our study revealed, for the first time, that 5-Aza-
CdR exerts its cytotoxic effects in leukemia and melanoma cells through epigenetic
reactivation of DPP4 gene and the resultant inhibition of cholesterol biosynthesis in these

cells.

In Chapter three, we performed a quantitative assessment of global protein
expression in control and *G-treated Jurkat-T cells by employing by SILAC and LC-
MS/MS analysis. LC-MS/MS quantification results uncovered substantially decreased
expression of a large number of proteins in mitochondrial respiratory chain complex, and
the Ingenuity Pathway Analysis of the significantly altered proteins showed that G
treatment induced mitochondrial dysfunction. This was accompanied with diminished
uptake of MitoTracker Deep Red and elevated formation of oxidatively induced DNA

lesions, including 8,5’-cyclo-2’-deoxyadenosine and 8,5’-cyclo-2’-deoxyguanosine.

In Chapter four, we employed SILAC in conjunction with LC-MS/MS, to assess
quantitatively the perturbation arsenite-induced protein expression in cultured human

skin fibroblast cells.

By performing Ingenuity Pathway Analysis, we uncovered more than 10 biological

pathways being perturbed by arsenite treatment. Particularly, we found that nine proteins
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involved in the Nrf2-mediated oxidative stress response pathway were significantly up-
regulated. In addition, arsenite induced the altered expression of a family of

selenoproteins and a number of metallothioneins.

In Chapter five, we further explored the molecular mechanisms underlying the
carcinogenic effects of arsenic. In this study, we found that arsenite could bind directly to
the RING finger domains of RNF20 and RNF40 in vitro and in cells, and treatment with
arsenite resulted in significantly reduced H2B ubiquitination in multiple cell lines.
Exposure to arsenite also diminished the recruitment of BRCA1 and RADS] to laser-
induced DNA double strand break (DSB) sites, reduced the rate of DNA DSB repair in

human cells, and rendered cells sensitive toward a radiomimetic agent, neocarzinostatin.
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CHAPTER 2

5-Aza-2’-deoxycytidine Induced Growth Inhibition of Leukemia Cells through

Modulating Endogenous Cholesterol Biosynthesis

INTRODUCTION

Epigenetic events, defined as mitotically and meiotically heritable changes in
gene expression that are not due to alteration in primary DNA sequence (1), play
important roles in carcinogenesis and tumor progression (2). DNA cytosine methylation,
post-translational modifications of core histones, and microRNA pathway constitute three
major mechanisms of epigenetic regulation. Global DNA hypomethylation and promoter
DNA hypermethylation are known to occur in human tumors, where promoter cytosine
methylation inhibits gene expression and results in long-term gene silencing (2).

Cytosine methylation pattern is maintained during cell division by DNA
(cytosine-5)-methyltransferase 1 (DNMTT1), and DNA methylation inhibitors were the
first epigenetic drugs used for cancer treatment (3). 5-Azacytidine (5-Aza-CR) and 5-aza-
2’-deoxycytidine (5-Aza-CdR) are among the many cytosine nucleoside analogs that can
inhibit DNA methylation and induce cellular differentiation (4). These nucleoside
analogs are incorporated into DNA of tumor cells during DNA replication and 5-

azacytosine in DNA can bind to the cysteine residue at the active site of DNMTs (5).
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This covalent and irreversible binding of the enzyme to drug-substituted DNA is believed
to be the principal mechanism of cytotoxicity (5), though it was also found that 5-Aza-
CdR treatment could lead to the proteasomal degradation of DNMT1 independent of its
catalytic cysteine residue (6). 5-Aza-CR and 5-Aza-CdR have been approved by FDA for
the treatment of myelodysplastic syndromes and are widely studied for the treatment of
hematological diseases (7), including acute and chronic myeloid leukemia (AML and
CML) (8). However, the detailed mechanisms underlying the cytotoxic effects of these
drugs, particularly which target gene(s) becomes epigenetically reactivated and results in
the growth inhibition of leukemic cells, remain poorly defined.

To exploit the molecular mechanisms contributing to the anticancer activity of 5-
Aza-CdR in leukemia cells, we employed LC-MS/MS together with stable isotope
labeling by amino acid in cell culture (SILAC) to assess, at the global proteome scale, the
perturbation in protein expression of Jurkat-T human leukemia cells upon 5-Aza-CdR
treatment. In this context, SILAC is a simple and efficient metabolic isotope-labeling
method; when combined with LC-MS/MS analysis, the method can afford accurate
quantification of subtle changes of protein abundance in the whole proteome (9). With
this method, we quantified more than 2780 unique proteins, 188 of which were
significantly altered upon 5-Aza-CdR treatment. Importantly, the quantitative proteomic
experiment revealed the 5-Aza-CdR-induced down-regulation of two essential enzymes
in cholesterol biosynthesis, namely, farnesyl diphosphate synthase (FDPS) and farnesyl
diphosphate farnesyltransferase (FDFT1, a.k.a. squalene synthase). This finding, along

with follow-up studies allowed us to discover, for the first time, that 5-Aza-CdR exerts its
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cytotoxic effect via modulating cholesterol biosynthesis in leukemia and melanoma cells,

which involves epigenetic reactivation of DPP4 gene.

MATERIALS AND METHODS

Cell Culture

All reagents unless otherwise stated were from Sigma, and all cell lines were
obtained from ATCC (Manassas, VA). Jurkat-T, HL60 and K562 cells were cultured in
Iscove’s modified minimal essential medium (IMEM) supplemented with 10% fetal
bovine serum (FBS, Invitrogen, Carlsbad, CA), 100 IU/mL penicillin and 100 pg/mL
streptomycin in 75 cm? culture flasks. The WM-266-4 cells were cultured under the same
conditions except that Eagle's minimum essential medium (EMEM) was used. Cells were
maintained in a humidified atmosphere with 5% CO; at 37°C, with medium renewal of 2-
3 times a week depending on cell density. For SILAC experiments, the IMEM medium
without L-lysine or L-arginine was custom-prepared following ATCC formulation. The
complete light and heavy IMEM media were prepared by adding light or heavy lysine
(["*Cs, "N,]-L-lysine) and arginine (['*Cs]-L-arginine), along with dialyzed FBS
(Invitrogen), to the lysine, arginine-depleted medium. The Jurkat-T cells were cultured in
heavy IMEM medium for at least 10 days to achieve complete stable isotope

incorporation.
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5-Aza-CdR treatment and sample preparation

Jurkat-T cells, at a density of ~ 7x10° cells per mL in light or heavy IMEM
medium, were treated with 5 uM 5-Aza-CdR for 24 hr. After treatment, the light and
heavy cells were harvested by centrifugation at 300x g at 4°C for 5 min, and washed for
three times with ice-cold PBS to remove culture medium and FBS. Cells were lysed with
CelLytic™ M lysis buffer supplemented with 1 mM PMSF and a protease inhibitor
cocktail. The resulting cell lysate was centrifuged at 16,000 g at 4°C for 30 min and
supernatant collected. The protein concentration in the cell lysate was measured using
Quick Start™ Bradford Protein Assay (Bio-Rad, Hercules, CA). In forward SILAC, the
lysate of light labeled, drug-treated cells and that of the heavy labeled control cells were
combined at 1:1 ratio (w/w), whereas the heavy labeled, drug-treated cell lysate was
mixed equally with the light labeled, control lysate in the reverse SILAC experiment

(Figure 2.1a).

SDS-PAGE separation and in-gel digestion

The above equi-mass mixture of light and heavy lysates was separated on a 12%
SDS-PAGE with a 4% stacking gel and stained with Coomassie blue. The gel was cut
into 20 slices, and the proteins in individual gel slices were separately reduced in-gel with
dithiothreitol (DTT) and alkylated with iodoacetamide (IAM). The proteins were
subsequently digested at 37°C with trypsin (Promega, Madison, WI) for overnight.
Following digestion, peptides were extracted from gels with 5% acetic acid in H>O and

then with 5% acetic acid in CH;CN/H,O (1:1, v/v). The resulting peptide mixtures were
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dried and stored at —80°C until further analysis.

LC-MS/MS for protein identification and quantification

On-line LC-MS/MS analysis was performed on an LTQ-Orbitrap Velos mass
spectrometer coupled with an EASY n-LCII HPLC system and a nanoelectrospray
ionization source (Thermo, San Jose, CA). The sample injection, enrichment, desalting,
and HPLC separation were conducted automatically on a homemade trapping column
(150 pmx*50 mm) and a separation column (75 umx120 mm, packed with ReproSil-Pur
C18-AQ resin, 5 pm in particle size and 300 A in pore size, Dr. Maisch HPLC GmbH,
Germany). The peptide mixture was first loaded onto the trapping column with a solvent
mixture of 0.1% formic acid in CH;CN/H,O (2:98, v/v) at a flow rate of 3.0 uL/min. The
peptides were then separated using a 120-min linear gradient of 2-40% acetonitrile in
0.1% formic acid at a flow rate of 300 nL/min.

The LTQ-Orbitrap Velos mass spectrometer was operated in the positive-ion mode,
and the spray voltage was 1.8 kV. All MS/MS spectra were acquired in a data-dependent
scan mode, where one full-MS scan was followed with twenty MS/MS scans. The full-
scan MS spectra (from m/z 350 to 2000) were acquired with a resolution of 60,000 at m/z
400 after accumulation to a target value of 500,000. The twenty most abundant ions
found in MS at a threshold above 500 counts were selected for fragmentation by

collision-induced dissociation at a normalized collision energy of 35%.
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Data processing

The LC-MS/MS data were employed for the identification and quantification of
global proteome, which were conducted using Maxquant, Version 1.2.0.18 (10) against
IPI database (11), version 3.68 with 87,061 entries to which contaminants and reverse
sequences were added. The maximum number of miss-cleavages for trypsin was two per
peptide. Cysteine carbamidomethylation and methionine oxidation were set as fixed and
variable modifications, respectively. The tolerances in mass accuracy for MS and MS/MS
were 25 ppm and 0.6 Da, respectively. Only those proteins with at least two distinct
peptides being discovered from LC-MS/MS analyses were considered reliably identified.
The protein expression ratio reported in the present study represented the normalized
ratios determined by Maxquant, where the expression levels of the majority of proteins
were assumed to be unchanged upon 5-Aza-CdR treatment and the median of log-
transformed ratios of all quantified proteins was considered to be zero (12). The required
false positive rate was set to 1% at the both peptide and protein levels, with the minimal
required peptide length being set at 6 amino acids. The quantification was based on three
independent SILAC and LC-MS/MS experiments, which included two forward and one
reverse SILAC labelings. Only those proteins with alteration in expression levels being
greater than 1.5 or less than 0.67 fold, and with quantification results from at least 2 sets
(including both forward and reverse) of SILAC labeling experiments were considered

significantly changed.

39



Exogenous cholesterol addition and cell viability assay

The cholesterol-BSA complex was prepared following a previously published
method (13). Briefly, a 10-ml aliquot of 1% cholesterol in ethanol was mixed with an
equal volume of doubly distilled water under continuous stirring at room temperature.
The milk-like solution was then centrifuged at 2,000x g for 10 min. The supernatant was
discarded, and the pellet was resuspended in a 10-mL solution containing 0.25 M sucrose
and 1 mM EDTA (pH 7.3), followed by a gentle addition of 4 g BSA with continuous
stirring at room temperature. Once the BSA was completely dissolved, the pH of the
solution was adjusted to 7.3 with Tris, and the resulting solution was centrifuged at
12,000x g for 10 min at 4°C. The supernatant was collected and used for cholesterol
addition experiments.

Jurkat-T, HL60, K562, and WM-266-4 cells were seeded in 6-well plates at a
density of approximately 4x10° cells/mL and treated with 5-Aza-CdR at a final
concentration of 5 uM. The cholesterol-BSA complex solution was added to the wells
containing the control or 5-Aza-CdR-treated cells until the final cholesterol concentration
reached 30 or 60 mg/L. After 12 or 24 hrs of treatment, cells were stained with trypan

blue, and counted on a hemocytometer to measure cell viability.

Extraction and determination of the cellular cholesterol level

Cells were washed for 3 times with PBS and extracted with
chloroform:methanol:water (2:1.1:0.9, v/v/v), following previously published procedures
(14). The chloroform layer was washed 3 times with a methanol-water mixture (5:4, v/v),

collected, and evaporated to dryness using a SpeedVac. The cholesterol level was
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measured by HPLC using methanol as mobile phase, and the effluent from the column
was monitored with a UV detector at a wavelength of 210 nm. The cellular level of
cholesterol was determined using a calibration curve constructed from HPLC analyses of

different amounts of cholesterol, as described recently (15).

Quantitative real-time PCR

RNA was extracted using the RNeasy Mini Kit (QIAGEN). Approximately 1 pug
RNA was reverse transcribed by employing M-MLYV reverse transcriptase (Promega)
with a poly(dT) primer. After incubating at 42°C for 60 min, the reverse transcriptase was
deactivated by heating at 85°C for 5 min. Quantitative real-time PCR was performed
using 1Q SYBR Green Supermix kit (Bio-Rad) on a Bio-Rad iCycler system (Bio-Rad),
and the running conditions were at 95°C for 3 min and 50 cycles at 95°C for 15 sec, 55°C
for 30 sec, and 72°C for 45 sec. The comparative cycle threshold (Ct) method (AACt)
was used for the relative quantification of gene expression, and GAPDH gene was used
as the internal control (16). The mRNA level of each gene was normalized to that of the

internal control.

siRNA treatment

Dharmacon (Lafayette, CO) ON-TARGETplus SMARTpool siRNAs were
employed to knockdown the expression of human DPP4 genes in WM-266-4 cells, where
Dharmacon siGENOME Non-Targeting siRNA was used as control.

Briefly, WM-266-4 cells were seeded in 6-well plates at 50-70% confluence level and

transfected with approximately 1.5 ng DPP4 siRNA or control siRNA using
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Lipofectamine 2000 (Invitrogen). After a 48-hr incubation, the cells were harvested by
using trypsin-EDTA solution followed by centrifugation at 2,000 rpm at 4°C for 5 min

and subsequently washed twice with PBS.

Western blot

Lysate of control and 5-Aza-CdR-treated Jurkat-T and K562 cells, along with that
of DPP4 siRNA-treated WM-266-4 cells, were prepared following the above-described
procedures. After SDS-PAGE separation, proteins were transferred to a nitrocellulose
membrane using a solution containing 10 mM NaHCO3, 3 mM Na,COs, and 20%
methanol. The membranes were blocked with 5% non-fat milk in PBS buffer containing
0.1% (v/v) Tween-20 (pH 7.5) for 7 hr and incubated overnight at 4°C with rabbit anti-
FDPS antibody (1:400 dilution, Abgent, San Diego, CA) and rabbit anti-FDFT1 antibody
(1:400 dilution) (Abgent). The membranes were washed with fresh PBS-T at room
temperature for five times (10 min each). After washing, the membranes were incubated
with HRP-conjugated secondary antibody (1:1000 dilution) at room temperature for 1 hr.
The membranes were subsequently washed with PBS-T for five times. The secondary
antibody was detected by using ECL Advance Western Blotting Detection Kit (GE
Healthcare) and visualized with Hyblot CL autoradiography film (Denville Scientific,
Inc., Metuchen, NJ). Intensities for immunoreactive bands were quantified using ImageJ

(National Institutes of Health).
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RESULTS AND DISCUSSION

5-Aza-CdR treatment and protein quantification

It is widely accepted that treatment of cells with 5-Aza-CdR could lead to the
incorporation of the modified nucleoside into cellular DNA, which traps covalently the
DNMTs thereby inducing DNA hypomethylation (5). However, the target gene(s), whose
reactivation gives rise to the cytotoxic effect of the drug, remains to be identified. To
explore the molecular targets of 5-Aza-CdR, we employed an unbiased quantitative
proteomic approach to identify, at the entire proteome scale, the drug-induced
perturbation of protein expression in Jurkat-T cells. To this end, we first established the
optimal dose of 5-Aza-CdR by examining the survival rate of Jurkat-T cells upon
treatment with different concentrations of 5-Aza-CdR. Based on trypan blue exclusion
assay, a less than 5% cell death was observed after a 24-hr treatment with 5 uM 5-Aza-
CdR; however, cell viability was significantly reduced (by ~20%) after a similar
treatment with 10 pM 5-Aza-CdR. Thus, we chose 5 pM 5-Aza-CdR for the subsequent
experiments to minimize the apoptosis-induced changes in protein expression. To obtain
reliable quantification results, we conducted SILAC experiments in triplicate, including
two forward and one reverse labelings (Figure 2.1a depicts the procedures for forward
SILAC labeling).

LC-MS/MS allowed for the identification of a total of 3100 proteins in both
forward and reverse SILAC experiments, and ~ 2780 of them were quantified (Figure

2.1b).
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Figure 2.1. SILAC-based quantitative proteomic method for revealing the 5-Aza-CdR-
induced perturbation of protein expression in the global proteome. (a) Flowcharts of
forward SILAC combined with LC-MS/MS for the comparative analysis of protein
expression in Jurkat-T cells upon 5-Aza-CdR treatment. (b) The distribution of
expression ratios (treated/untreated) for the quantified proteins, including those quantified
in only one set of SILAC labeling experiment.
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The distribution of changes in protein expression levels arising from 5-Aza-CdR
treatment is displayed in Figure 2.1b. By using a ratio of >1.5 or <0.67 as threshold for
the significantly changed proteins, 188 exhibited significant changes with at least 2
peptides being identified in at least two sets of SILAC labeling experiments (Table Al).
Figure 2.2 depicts the representative ESI-MS results for two tryptic peptides derived from
farnesyl diphosphate synthase (FDPS), which reveals the 5-Aza-CdR-induced down-

regulation of this protein.

5-Aza-CdR treatment led to down-regulation of FDPS and farnesyl diphosphate

farnesyltransferase (FDFT1, a.k.a. squalene synthase)

We next performed protein interaction network and pathway analysis using the
Ingenuity Pathway Analysis (IPA) software (17). Proteins exhibiting greater than a 1.5-
fold change in expression upon the drug treatment were considered for the analysis.
Networks represent a highly interconnected set of proteins derived from the input dataset.
Biological functions and processes were assigned to networks by mapping the proteins in
the network to functions in the Ingenuity ontology. Several pathways were found to be
altered included steroid (cholesterol) biosynthesis, granzyme signaling, mitochondria

dysfunction, etc. (Table A2).
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Figure 2.2. Representative ESI-MS results revealing the 5-Aza-CdR-induced down-
regulation of FDPS. Shown are the MS for the [M+2H]*" ions of FDPS peptides
EFWPQEVWSR and EFWPQEVWSR* (a), as well as TQNLPNCQLISR and
TQNLPNCQLISR* (b) (‘R*’ designates the heavy arginine) from forward (left) and
reverse (right) SILAC labeling experiments.
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For the steroid biosynthesis pathway, results from our quantitative proteomic
experiments showed that FDPS and FDFT1 were significantly reduced upon 5-Aza-CdR
treatment. The expression ratios (treated/untreated) for FDPS and FDFT1 were
determined to be 0.61 £ 0.03 and 0.48 £ 0.10, respectively, based on results from three
independent SILAC labeling, drug treatment, and LC-MS/MS measurements. FDPS and
FDFT1 catalyze the biosynthesis of FDP and the conversion of FDP to squalene,
respectively (18). Viewing that both enzymes are essential for de novo cholesterol
synthesis in human cells (14), we reasoned that 5-Aza-CdR treatment may give rise to
diminished intracellular cholesterol levels. To test this, we extracted cholesterol from
Jurkat-T cells and measured its level by HPLC analysis. It turned out that a 24-hr
treatment with 5 pM 5-Aza-CdR led to a statistically significant decline of the cellular
cholesterol content from 36 pg to 30 pg of cholesterol per 107 cells (Figure 2.3a). To
examine if this observation is general, we measured cholesterol levels in two other
leukemia cell lines (i.e. HL60 and K562) with and without 5-Aza-CdR treatment, and our
results showed that the drug-induced decrease in cellular cholesterol content was even
more pronounced in these two cell lines (Figure 2.3b&c). Therefore, the results
confirmed the 5-Aza-CdR-induced down-regulation of FDPS and FDFT]1, as observed
from quantitative proteomic experiment. Along this line, the 5-Aza-CdR-induced down-
regulation of FDPS and FDFT1 in Jurkat-T and K562 cells was further confirmed by

Western blot analysis (Figure Al). Apart from the decreased expression of FDPS and
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FDFT1, our quantitative proteomic results revealed the elevated expression of zyxin,
Wiskott-Aldrich syndrome protein family member 2 (WASP2), as well as LIM and Src
homology 3 domain protein 1 (LASP-1, Tables A1). These proteins co-localize with actin
polymerization, which occurs in cholesterol-rich membrane microdomains (a.k.a. lipid
rafts) (19-21). The overexpression of these proteins may reflect an enhanced membrane-
cytoskeleton interaction in response to 5-Aza-CdR-induced cholesterol depletion (22, 23).
Diminished endogenous cholesterol biosynthesis in leukemic cells may contribute
significantly to the cytotoxic effects of 5-Aza-CdR. In this vein, leukemia cells display
enhanced rates of de novo cholesterol synthesis and lack of feedback inhibition of
cholesterogenesis (24). Inhibition of endogenous cholesterol biosynthesis in leukemia
cells suppresses their growth (25, 26). If this constitutes the major mechanism leading to
the growth inhibition of leukemic cells, we expect that the 5-Aza-CdR-induced growth
inhibition should be rescued by externally added cholesterol. It turned out that all three
leukemia cell lines exhibited substantial growth inhibition upon 5-Aza-CdR treatment,
which can indeed be abrogated by addition of cholesterol to the culture medium (Figure
2.4a&b displayed representative data for Jurkat-T and K562 cells). In this regard, the
cholesterol content in 5-Aza-CdR-treated cells returned to control levels at 24 hr after the
addition of exogenous cholesterol (Figure 2.3). These results demonstrated that the 5-
Aza-CdR-induced growth inhibition of the three leukemia cell lines could be mainly
attributed to the decreased levels of FDPS and FDFT1 and the resultant decline in

endogenous cholesterol biosynthesis.
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Figure 2.3. 5-Aza-CdR perturbed de novo cholesterol synthesis in leukemia cells. Shown
are the histograms of cholesterol levels in Jurkat-T (a), K562 (b), HL60 (c) and WM-266-
4 (d) cells that are untreated, treated with 5 uM 5-Aza-CdR treatment for 24 hrs alone or
together with cholesterol. The values represent mean + S.D. of results obtained from
three independent experiments. “*’, p <0.05; “**°, p <0.01; “**’, p <0.01. The p -values
were calculated by using unpaired two-tailed z-test.
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Figure 2.4. 5-Aza-CdR-induced growth inhibition of leukemia cells can be rescued by
externally added cholesterol. The viability of Jurkat-T (a), K562 (b) and WM-266-4 (c)
cells after 12 and 24 hrs of treatment with 0 (dotted line), 30 (dash line) or 60 mg/L (solid
line) cholesterol alone (left), or together with 5 uM 5-Aza-CdR (right).
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5-Aza-CdR-induced inhibition of cholesterol biosynthesis involves epigenetic

reactivation of DPP4 gene

Viewing that 5-Aza-CdR treatment can lead to cytosine demethylation and
reactivation of epigenetically silenced genes, we surveyed literature for mammalian
genes that are both epigenetically silenced in leukemia cells and involved in cholesterol
biosynthesis. We found that dipeptidyl peptidase 4 (DPP4, a.k.a. CD26 in T cells or
adenosine deaminase complexing protein) is the only known human gene satisfying both
criteria. In this regard, DPP4 was found to be epigenetically silenced in primary
leukocytes isolated from adult T-lineage leukemic patients and in cultured human
leukemia cells (27). In addition, promoter cytosine methylation of DPP4 gene was
observed to correlate positively with plasma HDL-cholesterol level in severely obese
patients with metabolic syndrome (28). Although our proteomic experiment did not allow
us to identify or quantify the DPP4 protein (likely due to its low level of expression in
Jurkat-T cells), real-time PCR experiment showed that 5-Aza-CdR treatment led to the
reactivation of DPP4 gene in all three leukemia cell lines tested (Figure A2).

Apart from leukemia cells, DPP4 is known to be epigenetically silenced in human
melanoma cells (29). We found that 5-Aza-CdR treatment also resulted in elevated
expression of DPP4 (Figure A2) and diminished endogenous cholesterol biosynthesis
(Figure 2.3d) in WM-266-4 human melanoma cells. Furthermore, the 5-Aza-CdR-
induced growth inhibition of WM-266-4 cells can again be rescued by supplementing the

culture medium with cholesterol (Figure 2.4c).
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To examine whether epigenetic reactivation of DPP4 gene plays a causative role in the
decreased levels of FDPS and FDFT1 proteins, we employed siRNA to knockdown the
expression of DPP4 gene and assessed the expression levels of the two cholesterol
biosynthesis enzymes as well as cellular cholesterol content. Owing to the difficulty in
transfection of leukemia cells, we employed WM-266-4 cells for the experiment. Our
results showed that the treatment of WM-266-4 cells with DPP4 siRNA led to a decrease
in DPP4 mRNA expression by approximately 75%, as revealed by real-time PCR
analysis (Figure 2.5a). More importantly, treatment of WM-266-4 cells with DPP4
siRNA, but not control non-targeting siRNA, could result in increased expression of
FDPS and FDFT1 (Western blot results shown in Figure 2.5c&d) and elevated cellular
cholesterol content (Figure 2.5b). This result demonstrated that DPP4 could regulate
negatively the levels of FDPS and FDFTT1 proteins. Together, the above results support
that 5-Aza-CdR treatment induces epigenetic reactivation of DPP4 gene, which leads to
diminished expression of FDPS and FDFT1 proteins, thereby decreasing cholesterol

biosynthesis and inhibiting the growth of leukemic cells (Figure 2.6).

CONCLUSIONS

Multiple epigenetic alterations have been observed in hematopoietic malignancies
(30), and 5-Aza-CdR is an epigenetic drug used for the treatment of myelodysplastic

syndromes and myelogenous leukemia (7, 8).
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Figure 2.5. DPP4 gene regulates negatively endogenous cholesterol biosynthesis in WM-
266-4 cells. Displayed are histograms of DPP4 expression level (a) and cholesterol
content (b) in WM-266-4 cells after siRNA knockdown of DPP4 gene. Shown in (c¢) and
(d) are the Western blot image and quantification results for FDPS and FDFT1 protein
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Although the covalent binding of DNA 5-azacytosine with catalytic cysteine residue in
DNMT proteins and the resulting diminished promoter cytosine methylation are
considered the principal mechanism of toxicity (5), the target gene(s) underlying the
therapeutic effect of this DNA hypomethylating agent remains ambiguous. We attempted
to address this question by assessing the drug-induced alterations in protein expression at
the whole proteome scale. Our results based on metabolic labeling using SILAC, together
with LC-MS/MS analysis, revealed that the drug treatment led to significant changes in
expression of 188 proteins. Among them, FDPS and FDFT1, two important enzymes
involved in cholesterol biosynthesis, were decreased significantly upon 5-Aza-CdR
treatment. In addition, we observed that 5-Aza-CdR-induced growth inhibition of Jurkat-
T, HL60 and K562 cells could be abrogated by externally added cholesterol, supporting
the conclusion that inhibition in endogenous cholesterol biosynthesis constitutes the
major pathway leading to the growth inhibition of leukemia cells. The above observations,
in conjunction with previous findings showing that DPP4 gene is epigenetically silenced
in leukemia cells (29) and promoter methylation of this gene is correlated positively with
HDL-cholesterol level in severely obese patients with metabolic syndrome (28), led us to
discover that 5-Aza-CdR-mediated epigenetic reactivation of DPP4 gene accounts for the
diminished expression of FDPS and FDFT1 at the protein level. Taken together, our
quantitative proteomic experiment, together with follow-up studies, demonstrated that 5-

Aza-CdR led to epigenetic reactivation of DPP4 gene.
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Elevated expression of DPP4 gene gave rise to decreased levels of two important
enzymes involved in cholesterol biosynthesis, and the resultant diminished cholesterol
biosynthesis induced growth inhibition of leukemic cells (Figure 2.6). Future experiments
will be needed for understanding how reactivation of DPP4 gene leads to diminished
levels of FDPS and FDFT1 proteins. In this vein, it is unlikely for these two enzymes to
be direct substrates for DPP4 considering that the N-termini of neither proteins carry a
DPP4 recognition site and DPP4 was found to be incapable of cleaving large protein
molecules (31).

It is worth emphasizing the advantage of the quantitative proteomic method for
discovering molecular mechanisms of action of anti-cancer drugs. The most notable
outcome of the unbiased quantitative proteomic approach is perhaps the generation of
novel hypotheses. Prior to this work, few would have thought that epigenetic reactivation
of DPP4 gene and the resulting inhibition in cholesterol biosynthesis would constitute an
important molecular mechanism contributing to the anti-leukemic effect of 5-Aza-CdR.
Now, this becomes evident on the basis of the validation experiments. The ability to
discover molecular target of 5-Aza-CdR that lies outside of previous biological
knowledge is a major motivation for the use of unbiased proteome-wide approaches for
unraveling novel mechanisms of action of anti-neoplastic agents and is well supported by
the results generated from the present study. It is also worth noting that 5-Aza-CdR
treatment did not give rise to significant decreases in expression of FDPS and FDFTI at
the mRNA level (Figure 2.6); likewise, treatment with DPP4 siRNA did not lead to

elevated mRNA expression of these two genes in WM-266-4 cells (Figure A3), revealing
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the lack of transcriptional regulation of these two genes by DPP4. Therefore, this result
also underscored that the new pathway uncovered from quantitative proteomic strategy
would not be discovered with the conventional microarray-based approach.

In conclusion, the current study uncovered a novel mechanism of 5-Aza-CdR-
induced anticancer effect. In the future, it will be important to assess whether the findings
made with cultured leukemia cells can be extended to leukemic patients administered
with the drug. If the mechanism can be extended to in vivo, it will have a profound
impact on the clinical use of 5-Aza-CdR in treating myeloid disorders. For instance,
assessment of DPP4 gene expression in patient leukocytes may provide an important
basis for choosing the optimal therapeutic dose for the treatment, and leukocyte
cholesterol level may serve as a biomarker for monitoring the clinical efficacy of the

drug.
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CHAPTER 3

6-Thioguanine Induces Mitochondrial Dysfunction and Oxidative DNA Damage in

Acute Lymphoblastic Leukemia Cells

INTRODUCTION

Thiopurines, including azathioprine, 6-mercaptopurine (6-MP) and 6-thioguanine
(*G), are widely used as cancer chemotherapeutic and immunosuppressive agents (1-3),
where 6-MP and 3G are commonly prescribed for the treatment of acute lymphoblastic
leukemia (ALL) (3). A previous study showed that thiopurines may exert their cytotoxic
effects via their metabolic activation and incorporation of °G into DNA, spontaneous
methylation of DNA G by S-adenosyl-L-methionine to yield S°-methylthioguanine
(S°mG), misincorporation of thymine (T) opposite SmG during DNA replication, and
triggering of post-replicative mismatch repair (MMR) by the ensuing S°mG:T mispair (4).

Recent studies suggested that the activation of MMR might not be the sole
pathway contributing to the cytotoxic effects of the drug. In this vein, very low levels
(<0.02%) of DNA °G was found to be methylated to S°mG in °G-treated leukemia cells
(5) and G itself could direct significant frequencies (circa 10%) of misincorporation of
thymine during DNA replication in both E. coli and human cells (6, 7). These findings, in
conjunction with the observation that the G:T mispair could be recognized more readily
by human MMR proteins than the S°mG:T mispair (8, 9), suggest that DNA °G itself may

trigger the MMR pathway without being converted to S°mG.
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Additionally, leukemic cells deficient in MMR are also sensitive to thiopurine drugs (10),
indicating that thiopurines may also induce their cytotoxic effects through other pathways.

Global transcriptome and proteome analyses are very useful for revealing novel
mechanisms of action of anti-cancer drugs (11). Along this line, global gene expression
analysis with microarray was used for assessing transcriptional responses of cancer cells
toward anticancer agents including thiopurines (12). However, results from mRNA-based
gene expression analysis often exhibit poor correlation with protein expression data from
proteomic measurements (13). This may be attributed to the fact that regulatory processes
following mRNA production (i.e., posttranscriptional, translational, and protein
degradation regulation) play substantial roles in controlling steady-state protein
abundances (13). Mass spectrometry (MS)-based proteomics techniques, along with two-
dimensional gel electrophoresis or stable-isotope labeling, have been widely used for
large-scale quantitative analysis of proteins in complex samples (14, 15). Among the
many isotope-labeling methods, stable isotope labeling by amino acids in cell culture
(SILAC), a metabolic-labeling technique, has the advantages of being simple, efficient
and capable of quantifying relatively small changes in protein expression (16).

Here we employed LC-MS/MS, in conjunction with SILAC, to assess, at the
global proteome scale, the perturbation of protein expression in Jurkat-T human ALL
cells upon treatment with a clinically relevant concentration of °G. The results from the
quantitative proteomic analysis enabled us to conclude that the exposure to °G resulted in
mitochondrial dysfunction in ALL cells, which was accompanied with drug-induced loss

of active mitochondria and elevated generation of oxidatively induced DNA lesions.
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MATERIALS AND METHODS

Cell culture

Jurkat-T, CEM and HEK293T cells were purchased from ATCC (Manassas, VA).
COS7 cells were kindly provided by Prof. F. M. Sladek (University of California
Riverside). Jurkat-T and CEM cells were cultured in RPMI-1640 medium (ATCC,
Manassas, VA) supplemented with 10% fetal bovine serum (FBS, Invitrogen, Carlsbad,
CA), 100 IU/mL penicillin. HEK293T and COS7 cells were cultured in Dulbecco's
Modified Eagle's Medium (DMEM, ATCC, Manassas, VA) under the same conditions
without the addition of penicillin. Cells were maintained in a humidified atmosphere with
5% CO; at 37°C, with medium renewal of 2-3 times a week depending on cell density.
For SILAC experiments, the RPMI-1640 medium without L-lysine or L-arginine was
purchased from Cambridge Isotope Laboratories, Inc. (Andover, MA). The complete light
and heavy RPMI-1640 media were prepared by the addition of light or heavy lysine
(["*Cs, °N,]-L-lysine) and arginine (['*Cs]-L-arginine), along with dialyzed fetal bovine
serum (FBS, Invitrogen, Carlsbad, CA) to the above lysine, arginine-depleted medium.
We chose to label the proteome with lysine and arginine because all tryptic peptides
except for the C-terminal peptides of some proteins carry a lysine or arginine, which
provides better proteome coverage than labeling the proteome using other amino acids
like leucine. The Jurkat-T cells were cultured in heavy RPMI-1640 medium for at least

10 days to achieve complete stable isotope incorporation, and Figure B1 displayed
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representative mass spectra illustrating the complete incorporation of the heavy labeled

lysine and arginine.

G treatment and sample preparation

Jurkat-T cells, at a density of ~ 7x10° cells/mL in light or heavy RPMI-1640
medium, were treated with 3 uM 3G (Sigma, St. Louis, MO) for 24 hrs. In this vein, the
mean peak concentrations of °G in plasma of ALL patients were (0.46 + 0.68) and (2.7 +
1.4) uM after oral °G administration at 60 mg/m” and after 24-hrs of continuous
intravenous infusion at 20 mg/mz/hr, respectively (17). After treatment, the cells were
harvested by centrifugation at 300 g at 4°C for 5 min and washed three times with ice-
cold PBS to remove culture medium and FBS. To explore the role of reactive oxygen
species in °G cytotoxicity, cells were also treated with 3 pM 3G together with 500 pM
allopurinol for 24 hrs. Cells were subsequently lysed with CelLytic™ M lysis buffer
(Sigma) that was supplemented with | mM PMSF and a protease inhibitor cocktail
(Sigma). Cell lysates were centrifuged at 16,000 g at 4°C for 30 min, and the resulting
supernatants were collected. The protein concentration in the cell lysate was measured
using Quick Start Bradford Protein Assay (Bio-Rad, Hercules, CA). SILAC labeling
experiments were performed in three biological replicates: In the two forward SILAC
experiments, the light labeled, drug-treated lysate and the heavy labeled, control lysate
were combined at 1:1 ratio (w/w) (Figure 3.1a); in the reverse SILAC experiment, the
heavy labeled, drug-treated cell lysate was mixed equally with the light labeled, control

lysate.
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SDS-PAGE separation and in-gel digestion

The above equi-mass mixture of light and heavy lysates was separated using 12%
SDS-PAGE with a 4% stacking gel, and the gel was stained with Coomassie blue. The
gel was cut into 20 bands, and the proteins were reduced in-gel with dithiothreitol,
alkylated with iodoacetamide, and digested with trypsin (Promega, Madison, WI) at 37°C
overnight. Following the digestion, peptides were extracted into 5% acetic acid in H,O
and CH3CN/H,O (1:1, v/v) and dried in a Speed-vac. The resulting peptide mixtures were

stored at —80°C until further analysis.

LC-MS/MS for protein identification and quantification

On-line LC-MS/MS analysis was performed on an LTQ-Orbitrap Velos mass
spectrometer coupled with an EASY n-LCII HPLC system and a nanoelectrospray
ionization source (Thermo, San Jose, CA). The sample injection, enrichment, desalting,
and HPLC separation were conducted automatically on a homemade trapping column
(150 pmx*50 mm) and a separation column (75 pumx120 mm, packed with ReproSil-Pur
C18-AQ resin, 5 pm in particle size and 300 A in pore size, Dr. Maisch HPLC GmbH,
Germany). The peptide mixture was first loaded onto the trapping column with a solvent
mixture of 0.1% formic acid in CH;CN/H,O (2:98, v/v) at a flow rate of 3.0 uL/min. The
peptides were then separated using a 120-min linear gradient of 2-40% acetonitrile in
0.1% formic acid at a flow rate of 300 nL/min.

The LTQ-Orbitrap Velos mass spectrometer was operated in the positive-ion mode,

and the spray voltage was 1.8 kV. All MS/MS spectra were acquired in a data-dependent
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scan mode, where the 20 most abundant ions found in MS at a threshold above 500
counts were selected for fragmentation by collision-induced dissociation at a normalized
collision energy of 35%. The full-scan mass spectra (from m/z 350 to 2000) were
acquired with a resolution of 60,000 at m/z 400 after accumulation to a target value of

500,000.

Data processing

The LC-MS/MS data were employed for the identification and quantification of
the global proteome, which were conducted using Maxquant, Version 1.2.0.18 (18)
against the UniProt human database (with 538,585 sequence entries, release date:
2012.11.28) to which contaminants and reverse sequences were added. The maximum
number of miss-cleavages for trypsin was two per peptide. Cysteine
carbamidomethylation and methionine oxidation were set as fixed and variable
modifications, respectively. The tolerances in mass accuracy for MS and MS/MS were 25
ppm and 0.6 Da, respectively. Only those proteins with at least two distinct peptides
discovered from LC-MS/MS analyses were considered reliably identified. The required
false positive discovery rate was set to be within 1% at both peptide and protein levels,
with the minimal required peptide length being 6 amino acids. The quantification was
based on three independent SILAC and LC-MS/MS experiments as noted above. To
establish the threshold ratios for determining the significantly changed proteins, we
calculated the standard scores (z-scores) for protein ratios as previously described (19,
20). Our analysis showed that, at 95% confidence level, those proteins with expression

ratios that are greater than 1.22 or less than 0.73 could be considered significantly

66



changed (21). To be stringent, we, however, only considered a protein to be significantly
altered if its differential expression ratio (°G treated/control) was greater than 1.5 or less

than 0.67.

Ingenuity Pathway Analysis (IPA)

IPA (version 7.6, Ingenuity Systems Inc.) was employed to derive information of
relationships, functions and pathways of the differentially regulated proteins with the use
of the Ingenuity Knowledge Base (IPKB, Ingenuity Systems Inc.) (22, 23). The IPKB
database consisted of gene regulatory and signaling pathways, which are integrated with
other relevant databases such as NCBI Gene (http://www.ncbi.nlm.nih.gov/gene) and
Gene Ontology (http://www.geneontology.org). The proteins that were significantly
changed upon °G treatment, including those quantified only in one cycle of SILAC
labeling experiment, were included for the pathway analysis. [PA determines the
interaction by calculating a significance score using Fisher’s exact test and exporting it as

a p-value. For canonical pathways, a p-value of <0.05 is considered significant.

Plasmid transfection

HEK293T cells were seeded in 6-well plates at 70% confluence level (~3x10°
cells/well), and °G was added to the culture medium at a final concentration of 3 pM.
After a 24-hr incubation, the cells were transfected with 1.5 ug Myc-Mirol expression
plasmid, which was kindly provided by Prof. E. Soriano (24), using Lipofectamine 2000
(Invitrogen). The cells were subsequently harvested for Western analysis at 18-48 hrs

after the transfection.
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Western blot and flow cytometry

Mouse monoclonal anti-Myc (9E10, 1:5000 dilution, Santa Cruz Biotechnology)
and mouse monoclonal anti-RHOT1 (1:10000 dilution, Sigma) were used for Western
analysis of ectopically expressed and endogenous Mirol, respectively. MitoProfile Total
OXPHOS Human WB Antibody Cocktail (1:10,000 dilution, ab110411, Abcam) was
employed to assess the expression level of five mitochondrial respiratory chain proteins.

Cellular uptake of MitoTracker Deep Red FM (Invitrogen) was quantified using
flow cytometry on a BD FACS Aria I instrument (BD Biosciences, San Jose, CA). CEM,
Jurkat-T, and HEK293T cells, untreated or after a 24 hrs treatment with 3 uM G and/or
500 uM allopurinol, were stained with MitoTracker Deep Red at a final concentration of
200 nM. After incubation for 15-20 min, the cells were washed thoroughly with pre-
warmed media and PBS. Flow cytometry analysis (BD FACS Aria I, NJ) was performed
immediately after resuspending cells in a sorting buffer containing 1x PBS, 25 mM
HEPES, 1 mM EDTA, and 1% FBS (pH 7.0). Counting was based on 20,000 cells per

sample.

Trypan blue exclusion assay

CEM, Jurkat-T and HEK293T cells were seeded in 6-well plates at a density of
approximately 4x10° cells/mL and treated with °G and/or allopurinol at final
concentrations of 3 uM and 500 uM, respectively. At 24 or 48 hrs after treatment, the

cells were stained with trypan blue, and counted on a hemocytometer to measure cell

viability.
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DNA extraction and LC-MS/MS measurement of oxidatively induced DNA lesions

DNA was isolated from control and G-treated cells using a salt extraction
method and digested to nucleosides with a cocktail of four enzymes (25). To the resulting
mixture were subsequently added uniformly '*N-labeled 8,5’-cyclo-2’-deoxyadenosine
(cdA) and 8,5’-cyclo-2’-deoxyguanosine (cdG), and the cdA and c¢cdG were enriched from
the nucleoside mixtures using HPLC, as described previously (25). The enriched
fractions were subjected to LC-MS/MS analysis on a TSQ Vantage triple quadrupole
mass spectrometer (Thermo Fisher Scientific) operated in the multiple-reaction
monitoring (MRM) mode. A 3.0x100 mm Hypersil GOLD column (particle size, 5 pum,
Thermo Scientific) was used for the on-line analyses of the fractions containing cdA and
cdG, and the flow rate was 100 pL/min. A solution of 0.1% (v/v) formic acid in water
(solution A) and a solution of 0.1% (v/v) formic acid in methanol (solution B) were
employed as mobile phases, and a gradient of 40 min 0-30% B followed by 2 min 30-
80% B was used for the separation. The spray voltage and S-lens RF amplitude were 4.0
kV and 55 V, respectively, and the temperatures for the ion transport tube and vaporizer
were set at 270°C and 226°C, respectively. The sheath and auxiliary gas flow rates were
15 and 10 arbitrary units, respectively. The respective MRM transitions for unlabeled and
uniformly "*N-labeled c¢dG were m/z 266> 180 and m/z 271->185. The corresponding
MRM transitions for unlabeled and uniformly '°N-labeled cdA were m/z 250->164 and
m/z 255> 169. The collision energy was set at 17 V for ¢dG and 19 V for cdA, and the

scan time was 300 ms.
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RESULTS AND DISCUSSION

6-MP and G are widely used for treating ALL and other human diseases (1-3).
Although metabolic transformations of these prodrugs to °G nucleotides, their
incorporation into nucleic acids, and triggering of the mismatch repair pathway are
considered important (4), other mechanisms may also be at work. To exploit novel
cellular pathways underlying the anti-neoplastic effects of the thiopurine drugs, we
conducted a quantitative proteomic experiment, based on metabolic labeling using
SILAC and LC-MS/MS, to exploit the G-induced differential protein expression in

human ALL cells.

5G treatment, protein identification and quantification

We employed Jurkat-T human ALL cells for the quantitative proteomic
experiment. To minimize systematic errors and to assess reliably the drug-induced
alterations in protein expression, we performed the SILAC experiments in three
biological replicates, including two forward and one reverse SILAC labelings (Figure
3.1a). The results from LC-MS/MS analyses of the three sets of SILAC samples
facilitated us to quantify a total of 4049 proteins. While the majority of the quantified
proteins displayed similar levels of expression in the °G-treated and control cells, 230
exhibited significant changes (by > 1.5-fold, see Materials and Methods) in expression
levels after the drug treatment, with 166 and 64 being significantly down- and up-
regulated, respectively (Figure 3.1b). Among these 230 proteins, 100 were quantified in
both forward and reverse SILAC labeling experiments (Table B1). Figure 3.2 displays the

representative LC-MS/MS results supporting the drug-induced down-regulation of Mirol,
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as reflected by lower signal intensity for the tryptic peptide, LPLILVGNK, in the protein

lysate from the SG-treated cells.

SG treatment led to mitochondrial dysfunction

To explore the cellular pathways that are altered by °G treatment, we next
subjected the significantly changed proteins to Ingenuity Pathway Analysis (IPA). The
IPA results revealed that the drug treatment led to the alteration of a number of canonical
pathways (Table B2). Among them, mitochondrial dysfunction is the most significant, as
manifested by the smallest p value (- log p = 7.41). In this context, most down-regulated
proteins in this pathway are part of the mitochondrial respiratory chain complex, where
NDUFA2, NDUFA4, NDUFA10, and NDUFV1 are constituents of Complex I, UQCRCI,
UQCRC2 and UQCRFSI are components of Complex III, and MT-CO2, COX5B and
COX6C belong to Complex IV (Table B1). Additionally, we observed the diminished
expression of cytochrome b5 (Table 3.1), an outer mitochondrial membrane-bound
hemoprotein functioning as an electron carrier for several membrane-bound oxygenases
(26). Thus, treatment of Jurkat-T cells with °G led to the reduced expression of a large
number of proteins involved in electron transport chain in mitochondria. It is important to
emphasize that diminished expression is not a general phenomenon for mitochondrial
proteins. For instance, the expression levels of mitochondrial ATP synthase a subunit

(ATP5A), iron-sulfur subunit of complex II (SDH), and mitochondrial DNA-directed
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Table 3.1. 5G-induced alteration of expression of proteins indicating mitochondrial
dysfunction. Fold changes represent mean + S.D. of quantification results from multiple
SILAC labeling experiments. “F1” and “F2” refer to the results obtained from two
forward cycles of SILAC labeling experiments, whereas “R1” refers to the results from
the reverse SILAC labeling experiment. Data without S.D. reflect that the proteins were
quantified only in one set of SILAC labeling experiment, but at least 2 peptides were
identified and quantified.

Gene Fold Change
Symbol Gene Name F1 F2 R1  (°Gtreated/Control,
Mean £+ S.D.)

MT-CO2 Cytochrome c oxidase Subunit II 0.56 0.46 0.51+£0.07

COX5B Cytochrome ¢ oxidase Subunit Vb 0.39 0.51 042 0.45+0.08

COX6C Cytochrome c oxidase Subunit VIc 0.57 0.51 0.54 +£0.04

CPT1 Carnitine palmitoyltransferase 1A 2.01 2.10 1.63 1.91+0.25

CYBS5A Cytochrome b5 0.65 0.65

NDUFA2  NADH dehydrogenase alpha 0.63 0.63
subcomplex 2

NDUFA4  NADH dehydrogenase alpha 0.64 0.64
subcomplex 4

NDUFA10 NADH dehydrogenase alpha 0.58 0.61 0.60 +0.02
subcomplex 10

NDUFV1 NADH dehydrogenase flavoprotein 1 0.48 0.48

UQCRCI1 Ubiquinol-cytochrome c reductase core 0.52 0.52  0.90 0.65+0.22
protein [

UQCRC2 Ubiquinol-cytochrome c reductase core 0.47 0.47 0.96 0.63 +£0.28
protein 11

UQCRFS1  Ubiquinol-cytochrome c reductase 0.61 0.61
rieske iron-sulfur polypeptidel

RHOTI1 Mitochondrial RhoGTPase 1 (MIRO1) 0.54 0.62 0.58 £0.06
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Figure 3.1. A flowchart of forward SILAC combined with LC-MS/MS for the
comparative analysis of protein expression in Jurkat-T cells upon 5G treatment (a).
Shown in (b) is the distribution of expression ratios (treated/untreated) for the quantified
proteins.
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Figure 3.2. Example ESI-MS data revealing the °G-induced down-regulation of Miro].
Shown are the MS for the [M+2H]*" ions of Mirol peptide LPLILVGNK and
LPLILVGNK?* (‘K*’designates the heavy-labeled lysine) from the forward (right) and
reverse (left) SILAC labeling experiments (a) and MS/MS for the [M+2H]*" ions of
LPLILVGNK and LPLILVGNK* (b), where heavy-labeled lysine-containing y ions are
labeled in bold.
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RNA polymerase (POLRMT) did not change appreciably upon °G treatment.

In agreement with the LC-MS/MS quantification results, Western blot analysis
revealed that the SG-induced decrease in Mirol expression was dose-dependent and it
occurred in multiple cell lines, including two ALL lines (Jurkat-T and CEM) and
HEK293T human embryonic kidney epithelial cells (Figure 3.3a&b). Similar observation
was made for ectopically expressed Myc-tagged Mirol in HEK293T cells (Figure B3).
Additionally, Western blot analysis with the use of a cocktail of antibodies recognizing
five mitochondrial respiratory chain proteins (See Materials and Methods) revealed that
the drug treatment resulted in a significant reduction in the expression level of UQCRC?2,
whereas no change was found for ATP5SA or SDH (Figure 3.4a&b).

These results are again consistent with the LC-MS/MS quantification data. Western blot
data did not reveal a significant alteration in expression of NDUFBS8 or MT-CO2 (Figure
3.4a&b). The former protein was not quantified in LC-MS/MS experiments, whereas the
latter displayed significant down-regulation based on both forward and reverse SILAC
labeling experiments (Table 3.1). The discrepancy between Western blot and LC-MS/MS
results for the expression level of MT-CO?2 is likely attributed to inadequate specificity of
the antibody toward this protein and/or co-migration of other protein(s) with MT-CO2
under our SDS-PAGE conditions.

The significant down-regulation of many proteins in mitochondrial respiratory
chain complex prompted to ask whether °G treatment compromises mitochondrial
integrity. Thus, we estimated the level of active mitochondria based on the cellular

uptake of MitoTracker Deep Red. Our flow cytometry quantification results illustrated
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that the treatment with 5G led to diminished uptake of MitoTracker Deep Red into Jurkat-
T, CEM and HEK293T cells (Figure 3.5a), suggesting decreased levels of active
mitochondria after °G treatment. Moreover, the diminution in the level of active
mitochondria in these cell lines paralleled their relative sensitivity toward °G (Figure 3.5).
In this context, we observed more pronounced loss in active mitochondria for CEM than
Jurkat-T and HEK293T cells (Figure 3.5a), which mirrors the highest sensitivity of the

CEM cells toward 5G (Figure 3.5b-d).

SG treatment led to elevated formation of oxidatively induced DNA lesions

We reason that the *G-induced down-regulation of many proteins in the
mitochondrial respiratory chain complex may lead to decreased electron transport
efficiency, a situation known to give rise to elevated formation of reactive oxygen species
(ROS) (27). In this vein, increased ROS production was found in a series of nuclear-
encoded genetic defects of Complex I in the mitochondrial respiratory chain (28).
Therefore, we next asked whether the *G-induced mitochondrial dysfunction can also
lead to increased formation of ROS and elevated generation of oxidatively induced DNA
lesions in cells. In this respect, we found recently that the oxidatively generated 8,5’-
cyclo-2’-deoxyadenosine (cdA) and 8,5’-cyclo- 2°-deoxyguanosine (cdG) can serve as
robust biomarkers for oxidative stress (the mechanism for the formation of cdA is

depicted in Figure 3.6a) (25, 29, 30).
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Figure 3.3. Western blot for monitoring the expression levels of endogenous Mirol in
CEM, Jurkat-T and HEK293T cells upon treatment with increasing concentrations of °G
(a) or treated for 24 hrs with °G and allopurinol, alone or in combination (c). B-actin
served as the loading control. Shown in (b) and (d) are the quantification data
representing the mean and S. D. of results from three independent drug treatment and
Western blot experiments. “**”, p <0.01; “***” p <0.001. The p-values were calculated
using two-tailed, unpaired student ¢ test.
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Figure 3.4. Western blot for monitoring the protein components of mitochondria
respiratory complex. (a) Jurkat-T cells were treated with 3 zM °G, 3 zM °G + 500 M
allopurinol or 500 uM allopurinol alone for 24 hrs, analyzed on a 12% SDS-PAGE and
probed for five representative proteins of the mitochondrial respiratory complex using an
antibody cocktail (See Materials and Methods). B-actin served as the loading control. (b)
Bar graph displaying the quantification results, which represent the mean and S. D. of
results from three independent drug treatment and Western blot experiments. “***” p <
0.001. The p values were calculated using two-tailed, unpaired student ¢ test.
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We measured, by using LC-MS/MS, the levels of cdA and c¢dG in genomic DNA
isolated from CEM, Jurkat-T and COS7 cells treated with °G (Representative LC-MS/MS
data and calibrations curves are shown in Figures B4-B9). The LC-MS/MS results
showed that the treatment with 3G indeed stimulated the formation of the (5’R)
diastereomer of cdA and c¢dG (Figure 3.6b-d), though we failed to observe significant
increases in the levels of the (5°S) diastereomers of the two lesions (with the exception of
S-¢dG in CEM cells). This could be attributed to the less efficient formation of the (5°S)
than (5’R) diastereomers of cdA and cdG, as found previously for the ionizing radiation-
induced generation of these DNA lesions in isolated DNA (31).

In keeping with the elevated generation of oxidatively induced cdA and c¢dG
lesions, we found that co-treatment of cells with allopurinol, an ROS scavenger, could
abrogate the 5G-induced reduction in expression level of Mirol (Figure 3.3b).
Nevertheless, co-treatment with allopurinol was not able to rescue the *G-induced
diminished expression of UQCRC2 (Figure 3.4) or restore the *G-induced loss of active
mitochondria, though allopurinol could rescue substantially the G-induced growth
inhibition of CEM, Jurkat-T and HEK293T cells (Figure 3.5a). These results suggest that
decreased expression of proteins in the electron transport chain and mitochondrial

dysfunction occur prior to ROS induction.
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Figure 3.5. (a) Flow cytometry quantification data for the cellular uptake of MitoTracker
Deep Red in CEM, Jurkat-T and HEK293T cells that were untreated (control), or treated
with allopurinol (Allop.), 3G (5G), or both (SG+Allop.). Representative plots for flow
cytometry analysis are shown in Figure B2. “***” p» <(0.001. The p-values were
calculated using two-tailed, unpaired student 7 test. (b-d) Survival rates of CEM, Jurkat-T,
and HEK293T cells that are untreated (control), or treated with allopurinol (Allop.), °G
(°G) or both (°*G+Allop.). The data represent the mean and S. D. of results from three

independent experiments.
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Figure 3.6. Proposed mechanism for the formation of cdA (a) and 5G-induced formation
of the (5’R) and (5°S) diastereomers of cdA and cdG in Jurkat-T (b), COS7 (¢) and CEM
(d) cells. The data represent the mean and S. D. of results from at least three independent
drug treatments and LC-MS/MS measurements. “*”, p < 0.05; “**” p <0.01; “***” p <
0.001. The p values were calculated using two-tailed, unpaired student ¢ test.
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CONCLUSIONS

Thiopurines are among the most successful chemotherapeutic agents for treating
acute lymphoblastic leukemia and other human diseases (1-3). Although triggering of the
MMR pathway by S°mG in DNA was previously noted (4), it remains possible that other
pathways may also contribute to the therapeutic efficacy of the drugs toward ALL (10).
Thus, we set out to exploit novel mechanisms leading to the anti-leukemic effects of the
thiopurine drugs by assessing the >G-induced alterations of global protein expression in
Jurkat-T cells.

Our results revealed that the drug treatment led to diminished expression of a
large number of proteins that are components of the electron transport chain of the
mitochondrial respiratory complex (Table 3.1). In agreement with this observation, [PA
results uncovered mitochondrial dysfunction as one of the major pathways altered by °G
treatment (Table B2) and flow cytometry data showed the drug-induced loss of active
mitochondria (Figure 3.5a). In addition, we observed elevated generation of oxidatively
induced cdA and cdG lesions in *G-treated cells (Figure 3.6). Consistent with these
findings, a recent study showed that °G treatment could give rise to enhanced formation
of ROS, and the drug-induced ROS generation and cytotoxicity could be potentiated by
glutathione depletion and rescued by allopurinol (32).

Mitochondrial dysfunction and the ensuing formation of oxidatively induced
bulky cyclopurine DNA lesions may contribute to the cytotoxicity of the drug to ALL

cells. In this vein, cdA and cdG are known to strongly block DNA replication and
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transcription in cells (36-38). Additionally, cdA and ¢dG can lead to mutations during
DNA replication and transcription (36-38). Therefore, the SG-induced formation of cdA
and cdG, if left unrepaired, may also contribute to the development of thiopurine therapy-
related cancers (2, 39).

Our study also provides new knowledge about the sequence of events occurring
underlying the SG-induced toxicity. Based on the fact that genetic defects of Complex I in
the mitochondrial respiratory chain are known to result in augmented ROS production
(28), we deduce that the reduced expression of a large number of proteins in the
mitochondrial respiratory complex may constitute an upstream event leading to
mitochondrial dysfunction and elevated generation of oxidatively induced DNA lesions.
Additionally, we found that the reduced expression of mitochondrial electron transport
chain protein UQCRC2 and loss of active mitochondria, as reflected by the cellular
uptake of MitoTracker Deep Red, could not be rescued by co-treatment of cells with an
ROS scavenger, allopurinol (Figures 3.4 and 3.5) (32). This result supported that the loss
of active mitochondria did not arise from ROS induction. We also found that the °G-
induced down-regulation of Mirol could be fully abolished by co-treatment of the cells
with allopurinol (Figure 3.3c&d), indicating that elevated ROS contributes to the
decreased expression of Mirol. However, the molecular mechanisms underlying the 5G-
induced down-regulation of proteins in the mitochondrial respiratory chain complexes
await further investigation.

Our findings also shed new light on the cellular effects of °G exposure observed

in previous studies. In this vein, Kinsella and coworkers (33, 34) showed that °G
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treatment of cultured human cells could result in the activation of autophagy, a catabolic
pathway for the lysosomal degradation of proteins and organelles. Considering the
indispensable role of ROS, particularly those derived from mitochondria, in autophagy
activation (35), our study also points to mitochondrial dysfunction as the potential origin
for >G-induced autophagy.

Together, the results from the present study provided significant insights into the
mechanisms of action of thiopurine drugs, namely, the drugs may exert their cytotoxic
effect by triggering diminished expression of proteins in mitochondrial electron transport
chain, inducing mitochondrial dysfunction and ROS generation, and resulting in
augmented formation of oxidatively induced DNA lesions. Mitochondrial dysfunction

may serve as a potential biomarker for monitoring the efficacy of the thiopurine therapy.
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CHAPTER 4

SILAC-based Quantitative Proteomic Analysis Unveiled the Arsenite-induced

Perturbation of Multiple Pathways in Human Skin Fibroblast Cells

INTRODUCTION

Arsenic is one of the most toxic elements in the environment, and human
exposure to arsenic in drinking water is a widespread public health concern (1).
Epidemiological data from many regions around the world revealed the strong correlation
between high levels of arsenic in drinking water and cancer risk in humans (2). Ingestion
of high concentrations of arsenic causes cancers of the skin, lung, and urinary bladder and

it is a suspected cause of kidney and other malignancies (3).

A number of studies have been conducted to explore the molecular mechanisms
through which arsenic species exert their carcinogenic effect, and several modes of action
have been proposed (4). In this vein, trivalent arsenic [As(IIl)] is transported into
mammalian cells through aquaglyceroporins AQP7 and AQP9 (5). Once it is inside the
cell, arsenite is believed to increase cancer risk, in part, by forming three-coordinate
trigonal-pyramidal complexes with cysteine-containing proteins (6, 7). In addition,
arsenic species may exert their carcinogenic effects via stimulating the formation of

oxyradicals, inhibiting DNA damage repair, and modulating DNA and histone
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methylation (4, 8, 9). Nevertheless, the mechanisms through which inorganic arsenite

induces carcinogenesis remain incompletely understood.

Global gene expression analysis with microarray has been used for exploiting the
molecular mechanisms action of inorganic arsenite, and it was found that 133 genes were
differentially expressed upon arsenite treatment (10). Although microarray is widely used
to monitor global changes in gene expression, the method affords little information about
protein expression changes (11). Mass spectrometry (MS)-based proteomic method
allows for the identification and quantification of a large number of proteins in complex
samples. In this context, LC-MS/MS together with various stable isotope-labeling
methods allows for the quantitative assessment of protein expression at the entire
proteome scale. Stable isotope labeling by amino acids in cell culture (SILAC) is a
simple and efficient labeling method with minimal bias, which can afford accurate
quantification of subtle changes of protein abundance in the whole proteome (12).

Herein, we investigated, by employing SILAC in conjunction with LC-MS/MS
analysis, the perturbation of the entire proteome of GM00637 human skin fibroblast cells
induced by NaAsO, treatment. We were able to quantify approximately 3880 unique
proteins on an Orbitrap Velos mass spectrometer, 250 of which were significantly altered
upon NaAsO; treatment. We further validated the quantification results of some select
proteins by targeted analysis in multiple-reaction monitoring (MRM) mode on a triple
quadrupole mass spectrometer. The results from our study provided a better
understanding about the biological pathways perturbed by NaAsO, treatment and about

the mechanisms contributing to carcinogenic effects of arsenic.
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MATERIALS AND METHODS

Cell culture

GMO00637 cells, which were kindly provided by Prof. Gerd P. Pfeifer (The City of
Hope), were cultured in Dulbecco's Modified Eagle's Medium (DMEM) supplemented
with 10% fetal bovine serum (FBS, Invitrogen, Carlsbad, CA), 100 IU/mL penicillin and
100 pg/mL streptomycin in 75 cm” culture flasks. Cells were maintained in a humidified
atmosphere with 5% CO,; at 37°C, with medium renewal of 2-3 times a week depending
on cell density. For SILAC experiments, the complete light and heavy media were
prepared by the addition of light or heavy lysine (['°Cg, ’N,]-L-lysine) and arginine
(["*Cg]-L-arginine), along with dialyzed FBS, to the DMEM medium without L-lysine or
L-arginine (Cambridge Isotope Laboratories, Andover, MA). The GM00637 cells were
cultured in heavy DMEM medium for at least 10 days to facilitate complete incorporation

of the heavy lysine and arginine.

NaAsO; treatment and sample preparation

GMO00637 cells, at a density of ~ 7x10° cells/mL in light or heavy DMEM
medium, were treated with 5 pM NaAsO; (Sigma, St. Louis, MO) for 24 hr. The cells
were subsequently harvested by centrifugation at 300 g at 4°C for 5 min, and washed for
three times with ice-cold PBS. Cells were lysed with CelLytic™ M lysis buffer (Sigma)
supplemented with 1 mM PMSF and a protease inhibitor cocktail (Sigma). The resulting
cell lysate was centrifuged at 16,000 g at 4°C for 30 min and supernatant collected. The

protein concentration in the cell lysate was measured using Quick Start™ Bradford
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Protein Assay (Bio-Rad, Hercules, CA). In forward SILAC, the lysate of light labeled,
arsenite-treated cells and that of the heavy labeled, control cells were combined at 1:1
ratio (w/w), and the labeling and arsenite treatment were reversed in the reverse SILAC

experiment (Fig. 4.1a).

SDS-PAGE separation and in-gel digestion

The above equi-mass mixture of light and heavy lysates was separated on a 12%
SDS-PAGE with a 4% stacking gel and stained with Coomassie blue. The gel was cut
into 20 slices, and the proteins were reduced in-gel with dithiothreitol (DTT), alkylated
with iodoacetamide (Sigma), and digested at 37°C overnight with trypsin (Promega,
Madison, WI) at an enzyme/substrate ratio of 1:100. Following the digestion, peptides
were extracted from the gels with 5% acetic acid in H,O and then with 5% acetic acid in
CH;3CN/HO (1:1, v/v). The resulting peptide mixtures were dried in a SpeedVac

concentrator and stored at —80°C until further analysis.

LC-MS/MS for protein identification and quantification

On-line LC-MS/MS analysis was performed on an LTQ-Orbitrap Velos mass
spectrometer coupled with an EASY n-LCII HPLC system and a nanoelectrospray
ionization source (Thermo, San Jose, CA), as described previously (13). Briefly, the
sample injection, enrichment, desalting, and HPLC separation were conducted
automatically on a homemade trapping column (150 umx40 mm) and a separation
column (75 pumx200 mm, packed with ReproSil-Pur C18-AQ resin, 3 pm in particle size

and 100 A in pore size, Dr. Maisch HPLC GmbH, Germany). The peptide mixture was
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loaded onto the trapping column with a solvent mixture of 0.1% formic acid in
CH;CN/H,0 (2:98, v/v) at a flow rate of 3.0 uL/min, and subsequently separated with a
120-min linear gradient of 2-40% acetonitrile in 0.1% formic acid at a flow rate of 220
nL/min.

All tandem mass spectra were acquired in data-dependent scan mode. The full-
scan mass spectra (from m/z 350 to 2000) were acquired with a resolution of 60,000 at
m/z 400 after accumulation to a target value of 500,000. The twenty most abundant ions
found in MS at a threshold above 500 counts were selected for fragmentation by low-
energy collision-induced dissociation (CID) in the linear ion trap component of the
instrument at a normalized collision energy of 35%. The same samples were also
analyzed on the same instrument using higher energy collisional induced dissociation
(HCD), which was performed by choosing the ten most abundant precursor ions for
fragmentation in the HCD collision cell, where an activation time of 0.1 ms, an isolation
window of 2.5 Da, and a normalized collision energy of 40% were used. The resolution

for the HCD spectra was set to 7500 at m/z 400.

Data processing

The above LC-MS/MS data acquired from both low-energy CID and HCD were
employed for the identification and quantification of the global proteome, which were
conducted using Maxquant, Version 1.2.0.18 (14) against UniProt human database (with
538,585 sequence entries, release date: 2012.11.28) to which contaminants and reverse
sequences were added. The maximum number of miss-cleavages for trypsin was two per

peptide. Cysteine carbamidomethylation and methionine oxidation were set as fixed and
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variable modifications, respectively. The tolerances in mass accuracy for MS and MS/MS
were 25 ppm and 0.6 Da, respectively. Only those proteins with at least two distinct
peptides being discovered from LC-MS/MS analyses were considered reliably identified.
Proteins with significant changes in SILAC experiments were determined by a
combination of ratio and ratio significance calculated by MaxQuant normalization under
the assumption that the median of all log-transformed ratio is zero (14) . The required
false-positive discovery rate was set to 1% at both the peptide and protein levels, and the
minimal required peptide length was 6 amino acids. SILAC experiments were conducted
in three biological replicates, including two forward and one reverse SILAC labelings. To
establish the threshold ratios for determining the significantly changed proteins, we
calculated the standard scores (z-scores) for protein ratios as described by Mann et al. (14,
15). Our analysis showed that, at 95% confidence level, those proteins with expression
ratios that are greater than 1.20 or less than 0.78 could be classified as significantly
changed proteins. To be more stringent, we, however, only considered a protein to be
significantly changed if its differential expression ratio (NaAsO; treated/control) was

greater than 1.5 or less than 0.67.

Multiple-reaction monitoring (MRM) for targeted quantification of selected

proteins

Raw data generated from LTQ-Orbitrap Velos were searched using Mascot 2.2
(Matrix Science, London, U.K.). The resulting DTA files were employed as input for

processing in Skyline (16) to generate a list of fragment ions derived from targeted
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peptides. Four fragment ion pairs were selected for MRM transitions of each targeted
peptide.

The same SILAC samples analyzed on LTQ-Orbitrap Velos were subjected to
analysis on a TSQ-Vantage triple quadrupole mass spectrometer (Thermo Fisher
Scientific) equipped with an Accela HPLC system with split nano-flow. The flow rate
was 300 nL/min and a linear gradient of 5~35% acetonitrile in 0.1% formic acid was used.
A spray voltage of 1.8 kV and a capillary temperature of 200°C were employed, and a
resolution of 0.7 FWHM (full-width at half-maximum) was set for ion isolation in both
Q1 and Q3. The collision gas pressure in Q2 was set at 1.2 mTorr, and a scan width of
0.002 m/z and a cycle time of 5 s were used for data acquisition. Collision energy was
optimized using the default setting in Skyline. Targeted peptides were quantified using
Skyline, where the ratio of the light and heavy versions of each peptide was calculated
from the mean ratios of peak areas found in the chromatograms for individual pairs of

MRM transitions for the peptide.

Ingenuity Pathway Analysis (IPA)

IPA (version 7.6, Ingenuity Systems Inc.) was employed to obtain information
about relationships, functions and pathways of the differentially regulated proteins, and
the Ingenuity Knowledge Base (IPKB, Ingenuity Systems Inc.) was used (17, 18). The

IPKB database contained gene regulatory and signaling pathways, which are integrated

with other relevant databases including Gene Ontology (http://www.geneontology.org)

and NCBI Gene (http://www.ncbi.nlm.nih.gov/gene). The proteins that were significantly

changed upon NaAsQO, treatment, including those quantified only in one cycle of SILAC

95


http://www.geneontology.org/
http://www.ncbi.nlm.nih.gov/gene

labeling experiment, were included for the pathway analysis. IPA determines the
interaction by calculating a significance score with Fisher’s exact test and exporting it as

a p-value. A p-value of < 0.05 was considered significant for canonical pathways.

RESULTS AND DISCUSSION

To achieve a better understanding of the molecular mechanisms underlying the
carcinogenic effects of arsenite, we set out to exploit the molecular targets and pathways
affected by NaAsO,. Toward this end, we employed an unbiased quantitative proteomic
approach to assess the toxicant-induced alteration of the global proteome of GM00637

human skin fibroblast cells.

NaAsQ; treatment, protein identification and quantification

We first identified the optimal dose of NaAsO, by examining the survival of
GMO00637 cells upon treatment with different concentrations of NaAsO,. Trypan blue
exclusion assay results revealed an approximately 5% cell death after a 24-hr treatment
with 5 uM NaAsO,; however, cell viability was significantly diminished (by ~15%) after
a similar treatment using 10 pM NaAsO,. Thus, 5 uM NaAsO, was chosen for the
subsequent experiments to minimize the cell death-induced alterations of protein
expression. In this vein, the concentration of arsenic in ground water can reach 5 pM in
some heavily polluted areas in West Bengal, India (1). In addition, humans in

contaminated areas are exposed, albeit at lower concentrations, to arsenic species across
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the entire lifespan; such long-term exposure, however, cannot be practically implemented

in model studies using cultured cells in a laboratory setting.

To obtain reliable quantification results, we conducted the SILAC experiments in
three biological replicates, including two forward and one reverse labelings (Fig. 4.1a).
LC-MS/MS analysis of these SILAC samples enabled us to identify more than 5000
proteins, 3880 of which were quantified, with the expression ratio distribution shown in
Fig. 4.1b. Among these proteins, 2719 were quantified in all three SILAC labeling
experiments, and 2950 could be quantified in at least two SILAC labelings including the
reverse cycle (Fig. 4.1c). By employing the criteria that: (1) the protein has to change by
at least 1.5 fold (NaAsQO, treated/control); (2) the protein has to be quantified in both
forward and reverse SILAC labeling experiments, we found that 130 proteins were
significantly altered upon NaAsQO; treatment. The results for proteins with significant
changes are summarized in Tables C1. Shown in Fig. 4.2a&b are the representative ESI-
MS results for the quantification of a ferritin peptide, ALFQDIK, which demonstrated the
arsenite-induced up-regulation of ferritin in both forward and reverse SILAC labeling
experiments. In addition, MS/MS supported the identification of the light and heavy

forms of this peptide (Fig. 4.2c&d).

We next validated the quantification results of 50 select proteins by employing targeted
analysis in MRM mode on a triple quadrupole mass spectrometer, which was found to
afford better sensitivity, reproducibility and accuracy in quantification than shotgun

proteomics method based on data-dependent analysis (19). It turned out that ~ 90% of the
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proteins displayed consistent quantification results with those obtained from data-
dependent analysis on the Orbitrap Velos (Table C2). Nevertheless, it is worth noting that,
although both techniques showed the significant up-regulation of heme oxygenase 1, the
expression ratio revealed by MRM-based targeted analysis (53.5 fold) was markedly
higher than that determined by data-dependent analysis on the Orbitrap Velos (16.6 fold).

This is likely attributed to the somewhat limited dynamic range of the Orbitrap Velos.

Ingenuity Pathway Analysis (IPA) of significantly changed proteins upon NaAsQO;

treatment

We next performed IPA analysis to acquire information with respect to the
relationships, functions and pathways of the differentially expressed proteins induced by
NaAsO; treatment (20). The IPA results showed the alterations of several pathways,
including the Nrf2-mediated oxidative stress response, pancreatic adenocarcinoma
signaling, chronic myeloid leukemia signaling and cell cycle regulation (Table C3). In
addition, the IPA results revealed several biological functions perturbed by NaAsO;

treatment (Tables C4).
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Figure 4.1. Forward- and reverse-SILAC combined with LC-MS/MS for the comparative
analysis of protein expression in GM00637 cells upon arsenite treatment (A). Shown are
the pie graph displaying the distribution of expression ratios (treated/untreated) for the
quantified proteins (B) and Venn diagram revealing the number of quantified proteins (C)
from three independent experiments.
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Figure 4.2. Example ESI-MS data revealing the arsenite-induced up-regulation of ferritin.
Shown are the MS for the [M+2H]*" ions of ferritin peptide ALFQDIK (m/z 417.7) and

ALFQDIK* (m/z 421.7)(‘K*’designates the heavy-labeled lysine) from the forward (left)
and reverse (right) SILAC labeling experiments (a) and MS/MS for the [M+2H]*" ions of
ALFQDIK and ALFQDIK* (b), where heavy-labeled lysine-containing y ions are labeled

in bold.
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Table 4.1. A select list of significantly changed proteins induced by arsenite treatment,
with the UniProt ID, Protein Names, Expressions Ratios and S.D. being listed.

UniProt ID Protein Name Ratio (T/U)
+ S.D.
Nrf2-related proteins
P09601 Heme oxygenase 1 16.56+2.58
P02794 Ferritin 1.52+0.02
075190-1 Dnal homolog subfamily B member 6 1.63+0.59
P50454 47 kDa heat shock protein 1.52+0.17
P25685 Dnal homolog subfamily B member 1 1.53+0.17
QoUDY4 Dnal homolog subfamily B member 4 1.46+0.17
075190-1 Dnal homolog subfamily A member 1 1.39+0.13
P08107 Heat shock 70 kDa protein 1/2 2.23+0.47
B3KTTS Highly similar to heat shock 70 kDa protein 1 2.30+0.56
P48507 Glutamate—cysteine ligase modifier subunits 2.18+0.29
P48506 Glutamate—cysteine ligase catalytic subunits 1.91
P41743 Atypical protein kinase C-lambda/iota 2.44+1.74
P27986-4 Phosphatidylinositol 3-kinase 85 kDa regulatory subunit alpha 0.63+0.34
Selenoproteins
Q9Y6D0 Selenoprotein K 0.49+0.08
Q8WWX9 Selenoprotein M 0.33+0.28
Q8IZQ5 Selenoprotein H 0.64+0.09
Q9BQE4 Selenoprotein S 0.37+0.08
P36969-1 Glutathione peroxidase 4 0.64+0.06

Metallothionein proteins

ASMWH4 Metallothionein-1F 2.43+0.27
P80294 Metallothionein-1H 2.97+0.03
P80297 Metallothionein-1X 6.57
P02795 Metallothionein-2 2.91+0.15

Zinc finger proteins

Q99942 E3 ubiquitin-protein ligase RNF5 0.66
A8K901 E3 ubiquitin-protein ligase UBR1 0.42
Q6ZT12 E3 ubiquitin-protein ligase UBR3 0.66
Q8N806 E3 ubiquitin-protein ligase UBR7 0.56+0.06
Q5BKZ1-1 Zinc finger protein 326 2.15+1.18
095159 Zinc finger protein MCG4 1.64+0.10

Cell cycle proteins

Q13547 Histone deacetylase 1 0.67
Q96ST3 Histone deacetylase complex subunit Sin3a 0.48+0.38
014519 Cyclin-dependent kinase 2-associated protein 1 1.99+0.39
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NaAsQ; treatment induced up-regulation of Nrf2-mediated oxidative stress response

pathway

The above IPA results showed that Nrf2-mediated oxidative stress response is one
of the most significantly enriched pathways perturbed by NaAsO, treatment (-log P =
3.34, Table S4), where nine proteins in this pathway were significantly altered upon

NaAsO, treatment (Table 4.1).

Oxidative stress can occur when the production of reactive oxygen spices (ROS)
in cells exceeds their detoxification capacity. Under normal physiological conditions,
ROS form as byproducts of aerobic metabolism and play a crucial role in cell signaling
and homeostasis (21). Upon exposure to some environmental agents (e.g., UV light and
heavy metal ions), ROS levels, however, can increase drastically in cells and result in
damage to cellular components (21). When cells are under oxidative stress, cytoplasmic
Nrf2 protein is phosphorylated and translocated to the nucleus, where it can transactivate
detoxifying and antioxidant enzymes, such as heme oxygenase 1 and superoxide
dismutase (22). Here we found that NaAsO,, when administered at 5 uM for 24 hr, can
result in markedly elevated expression of a hallmark protein of the Nrf2 pathway, i.e.,
heme oxygenase 1 (22). Other downstream target proteins related to the Nrf2 pathway,
including ferritin, glutamate-cysteine ligase, heat shock protein 40, heat shock protein 70
and atypical protein kinase C, also displayed elevated expression upon NaAsO, treatment

(Table 4.1).
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Activation of Nrf2 pathway is important in cellular defense against the deleterious effects
of many environmental toxicants (22). Natural Nrf2 activators (e.g. sulforaphane and tert-
butylhydroquinone) have been suggested for the dietary and therapeutic interventions
against the adverse effects of arsenic (23), and these activators act through a Keap1-
cysteine residue 151 (C151)-dependent mechanism (24). On the other hand, Nrf2
activation is also implicated in cancer promotion (25). In this vein, a previous study
showed that, unlike the natural Nrf2 activators, arsenite may trigger Nrf2 activation
through a mechanism independent of Keap1-C151 (26). In particular, arsenic may trigger
Nrf2 activation via p62 accumulation, which induces autophagy dysregulation and Keap1
sequestration (27). The latter hampers Nrf2 ubiquitination by the Keap1-Cullin 3 E3
ubiquitin ligase and inhibits the degradation of Nrf2 by the proteasomal pathway (27).
Thus, different from the protective effects of the natural Nrf2 activators, prolonged Nrf2
activation arising from arsenite exposure has the potential to elicit toxicity and
carcinogenicity (27).Previous in vitro studies revealed that arsenite induces iron release
from ferritin (32). Another study showed that arsenic exposure activated ferritin
transcription via ARE along with elevation of methylation levels of histone H4 at

arginine 3 and histone H3 at arginine 17 (33).

Glutamate-cysteine ligase (GCL), another Nrf2 target gene, was also markedly
up-regulated in the NaAsO,-treated cells. GCL acts as the rate-limiting enzyme
catalyzing the synthesis of glutathione, which regulates the intracellular redox

homeostasis and plays a predominant role in protecting cells from oxidative injury (34).
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Sodium arsenite, when bound to GSH to form an As(SG); complex (35), has been shown

to reduce the intracellular level of GSH and induce cytotoxicity (36).

Other downstream target proteins related to Nrf2-induced oxidative stress
pathway, including heat shock protein 40, heat shock protein 70 and atypical protein
kinase C, also displayed elevated expression upon NaAsO; treatment. The elevated
expression of the aforementioned Nrf2-target genes may reflect cells’ protective response

toward arsenite-induced ROS generation.

NaAsQ; -induced down-regulation of selenoproteins

We observed significantly diminished expression of a group of selenoproteins,
including glutathione peroxidase 4 (GPx4) and selenoproteins H, K, M, and S (Table 4.1).
These proteins are known to play pivotal roles in antioxidant responses. For instance,
glutathione peroxidases, which harbor a selenocysteine at their active sites, catalyze the
reduction of harmful hydroperoxides (28). The importance of GPx4 in cellular
antioxidant defense response is manifested by the observation that GPx4 KO mice
displayed higher sensitivity to oxidative stress induced by ionizing radiation and H,O,
(29). Additionally, cells with reduced glutathione peroxidase level or activity exhibited
higher sensitivity toward arsenite (30). Selenoprotein K (SelK) is also involved in
protecting cells from the deleterious effects of ROS (31). In addition, selenoprotein H
(SelH) was found to be important in regulating de novo glutathione synthesis and phase-
IT detoxification (32), whereas selenoprotein S (SelS) could modulate ER stress and was

responsible for the control of inflammatory response (33).
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Interestingly, all the above selenoproteins carry a selenocysteine that is capable of
binding As(III) in cells (6). Moreover, arsenite is known to induce the decreased
expression of GPx, a situation that diminishes the cell’s ability to defend against ROS
(34). Thus, the decreased expression of all the quantified selenoproteins indicates that
arsenite may elicit its cytotoxic effect partly through perturbation of selenoprotein
synthesis and/or covalently binding to selenocysteines in these proteins, both of which
reduce the cells’ capacity in defending against oxidative stress. In addition, the reduced
expression of selenoproteins in GM00637 human skin fibroblast cells is consistent with
previous findings made with human keratinocytes and mouse embryonic stem cells
exposed with arsenite (34, 35). These results suggest that the alteration in expression of

these selenoproteins might be a general effect of arsenite exposure.

NaAsQO; induced up-regulation of metallothionein (MT) proteins

NaAsO, treatment also gave rise to considerable increases in the expression levels
of MT proteins, including metallothioneins 1F, 1H, 1X and 2 (Table 1). MTs are a family
of low-molecular weight polypeptides with 20-30% of amino acids being cysteines (36).
Our results are in keeping with the previous finding that As(III) could induce the
expression of MT in mice (37) and with the fact that these proteins are able to bind to a
variety of heavy metals and metalloid including cadmium, copper, arsenic and zinc

through their cysteine-rich domain (38, 39).
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NaAsO; treatment induced alternation of zinc-finger proteins

Zinc-finger proteins are characterized by their capability in coordinating with one
or more zinc ions to stabilize their structures (40). RING finger, a protein structural
domain of the zinc-finger type with a Cys3;HisCyss amino acid motif, is also present in
the majority of E3 ubiquitin ligases (41). In this context, As,O3 has been found to bind to
the RING finger domain of PML in the oncogenic PML-RARa fusion protein and this
binding ultimately results in the proteasomal degradation of the fusion protein (42). In
addition, As(III) could inhibit oxidative DNA damage repair through binding to the zinc

finger domain of poly(ADP-ribose) polymerase-1 (43, 44).

We found that a number of zinc-finger proteins were differentially expressed
upon arsenite treatment. In particular, E3 ubiquitin-protein ligases UBR1, UBR3 and
UBR7 were substantially down-regulated. UBR family proteins are also known as N-
recognins due to the recognition of N-degrons or N-degron-like molecules in N-end rule
pathway (45), which functions in the control of peptide import (46), chromosome
segregation (47), apoptosis (48) and cardiovascular development (49). UBRI1 recognizes
type 1 and type 2 N-termini, whereas the recognition sites for UBR3 and UBR7 remain
unclear (50). UBR3 was shown recently to polyubiquitinate APEI, a protein involved in
DNA repair and transcriptional regulation (51). UBR7, a novel protein carrying a RING
finger-like PHD domain, is known to be associated with transcriptional regulation (52).
Owing to the important role of these RING-finger or RING-finger like proteins in cell

cycle, DNA damage repair and transcriptional regulation (40), our quantification results
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indicate that NaAsO, may affect these biological processes and induce its carcinogenic

effect through altering the expression of RING-finger domain-containing proteins.

CONCLUSIONS

Arsenic is an important human carcinogen, and human exposure to arsenicals in
drinking water is known to be associated with the development of cancers of the skin,
lung, urinary bladder, liver and kidney. Although accumulating evidence indicated that
arsenic exposure could lead to chromosomal abnormalities, oxidative stress, altered DNA
repair and cell cycle arrest (6), few studies have been carried out to examine

comprehensively the alterations in expression of proteins involved in these processes (53).

In the present study, we assessed quantitatively the sodium arsenite-induced
perturbation of the entire proteome of GM00637 human skin fibroblast cells. Our results
showed that more than 250 proteins were significantly altered upon a 24-hr treatment
with 5 uM NaAsO,. IPA analysis of the significantly changed proteins revealed that
arsenite exposure gave rise to the perturbation of more than ten pathways, including
Nrf2-mediated oxidative stress response, pancreatic adenocarcinoma signaling, and cell
cycle regulation, to name a few. Although many of these pathways were identified in
previous studies, our unbiased quantitative proteomic approach led to the discovery of the
differential expression of many proteins involved in each of these pathways. Thus, the
current study painted a more complete picture for NaAsO,-induced alterations of cellular

pathways. It also demonstrated that the SILAC-based quantitative proteomic analysis is a

107



powerful tool for the unbiased discovery of cellular pathways altered upon exposure to an

environmental toxicant (i.e. arsenic).
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CHAPTER 5

Arsenite Binds to the RING Finger Domains of RNF20-RNF40 Histone E3

Ubiquitin Ligase and Inhibits DNA Double-strand Break Repair

INTRODUCTION

Owing to its natural abundance and industrial use, arsenic’s environmental impact
is felt by nearly 150 million people in more than 70 countries (1). Epidemiological
studies revealed that human exposure to arsenic in drinking water is significantly
associated with the prevalence of skin, lung, and bladder cancers (2-4). Inhibition of
DNA repair has been suggested as a major mechanism in arsenic genotoxicity (5). In this
respect, humans exposed to arsenite in drinking water were found to have increased
frequencies of chromosome aberrations in peripheral lymphocytes and elevated
frequencies of micronuclei in exfoliated cells (5). The inhibition of DNA repair might be
attributable to the formation of three-coordinate trigonal-pyramidal complexes with
cellular cysteine-containing proteins (6). Along this line, arsenite was previously found
to displace Zn”" in the zinc finger motifs of some DNA repair proteins including

poly(ADP-ribose) polymerase 1 (PARP1) and XPA (7-10).

Aside from the carcinogenic effect of arsenic species, trivalent arsenic, in the
form of arsenic trioxide, has demonstrated remarkable success in the clinical treatment of

acute promyelocytic leukemia (11). In this regard, As(IIl) was found to bind to the RING
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finger domain of PML in the oncogenic PML-RARa fusion protein and this binding
ultimately results in the proteasomal degradation of the fusion protein (12). RING finger,
a protein structural domain of the zinc-finger type containing a Cys3;HisCyss amino acid
motif, is also present in the majority of E3 ubiquitin ligases (13). Among them, the
RNF20-RNF40 heterodimer targets histone H2B lysine 120 (K120) for
monoubiquitination, and this ubiquitination event is important for decompacting the 30
nm chromatin fiber (14) and facilitating DNA double-strand break (DSB) repair (15, 16).
We reasoned that arsenite may also bind to the RING finger motifs of RNF20 and RNF40,
thereby perturbing H2B ubiquitination and suppressing DNA DSB repair. In the present
study, we explored this possibility and found that As(III) can indeed interact directly with
the RING finger motifs of RNF20 and RNF40 and result in reduced ubiquitination of
histone H2B K120 in cells. As(III) treatment also gives rise to diminished recruitment of
BRCA1 and RADS51 to laser-induced DNA DSB sites, leads to compromised DNA DSB
repair via the homologous recombination (HR) and non-homologous end-joining (NHEJ)
pathways, and sensitizes cells toward a radiomimetic agent. Thus, our study uncovers a

novel mechanism underlying the carcinogenic effect of arsenite.

MATERIALS AND METHODS

Cell culture

HEK293T, HeLa and IMR90 cells were obtained from ATCC (Manassas, VA).

U20S cells harboring a chromosomally integrated copy of DR-GFP or EJ5-GFP reporter
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were provided by Prof. Jeremy M. Stark, (28) and GM00637 cells were obtained from
Prof. Gerd P. Pfeifer (The City of Hope). GM00637, HeLa and HEK293T cells were
cultured in Dulbecco's modified Eagle's medium (DMEM, ATCC). IMR90 cells were
cultured in Eagle's minimal essential medium (EMEM, ATCC). U20S cells were grown
in DMEM with high glucose and L-glutamine, but without sodium pyruvate (Invitrogen).
All culture media except those used for transfection were supplemented with 10% fetal
bovine serum (FBS, Invitrogen, Carlsbad, CA) and 100 IU/mL penicillin. Cells were
maintained in a humidified atmosphere with 5% CO; at 37°C, with medium renewal of 2-
3 times a week depending on cell density. For plasmid transfection, cells were switched

to the same media as described above except that no penicillin was added.

In vitro arsenite binding assay

The RING-finger peptides of RNF20 (with amino acid residues 921-964) and
RNF40 (with residues 942-990) were obtained from Genemed Synthesis (San Antonio,
TX), purified by HPLC and used for in vitro binding assays. Arsenite binding to the
RING finger peptides was monitored by MALDI-TOF mass spectrometry on a Voyager

DE STR instrument (Applied Biosystems, Framingham, MA) in linear, positive-ion mode.

Peptides were dissolved at a concentration of 1 mM in a buffer containing 20 mM Tris-
HCI (pH 6.8) and 1 mM dithiothreitol. Aliquots of 100 uM peptides were incubated with
200 uM NaAsO, at room temperature for 1 hr. The resultant solution was diluted by 100
fold and mixed with an equal volume of 2,5-dihydroxybenzoic acid matrix solution

before spotting onto a sample plate (10). The mass spectrometer was equipped with a
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pulsed nitrogen laser operating at 337 nm with a pulse duration of 3 ns. The acceleration
voltage, grid voltage, and delayed extraction time were set at 20 kV, 65%, and 190 ns,
respectively. Each mass spectrum was acquired from an average of signal from 100 laser

shots.

The UV absorption spectra were recorded in the wavelength range of 240-400 nm
on a Varian Cary 50 UV-visible spectrophotometer (Palo Alto, CA), where the RING
finger peptides (100 uM) in 20 mM Tris-HCI (pH 6.8) were titrated with increasing

amounts of NaAsO,.

Extraction and enzymatic digestion of core histones

Core histones were isolated from cultured human cells following previously
reported procedures (29). Briefly, GM00637, HEK293T and IMR90 cells, either
untreated or after a 24-hr treatment with 5 uM arsenite, were harvested by centrifugation
at 500g. The cell pellets were subsequently washed with a 5-mL lysis buffer containing
0.25 M sucrose, 10 mM MgCl,, 0.5 mM PMSF, 50 mM Tris (pH 7.4) and 0.5% Triton X-
100. The pellets were then resuspended in 5 mL of the same buffer and kept at 4°C
overnight. The histones were extracted from the cell lysis mixture with 0.4 M sulfuric
acid by incubating at 4°C for at least 4 hr with continuous vortexing, precipitated with

cold acetone, centrifuged, dried and redissolved in water.

Core histone mixtures were digested with trypsin (Roche Applied Science,
Indianapolis, IN) at a protein/enzyme ratio of 20:1 (w/w) in 100 mM NH4HCO; (pH 8.0)

at 37°C overnight. The peptide mixtures were subjected to LC-MS/MS analysis.
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LC-MS/MS for the identification and relative quantification of histone H2B K120
ubiquitination

On-line LC-MS/MS analysis was performed on an LTQ-Orbitrap Velos mass
spectrometer coupled with an EASY n-LCII HPLC system and a nanoelectrospray
ionization source (Thermo, San Jose, CA) for peptide sequencing and ubiquitination
identification. The sample injection, enrichment, desalting, and HPLC separation were
carried out automatically on a homemade trapping column (150 pm>50 mm) and a
separation column (75 umx120 mm, packed with ReproSil-Pur C18-AQ resin, 5 um in
particle size and 300 A in pore size, Dr. Maisch HPLC GmbH, Germany). The peptide
mixture was first loaded onto the trapping column with a solvent mixture of 0.1% formic
acid in CH3CN/H,0 (2:98, v/v) at a flow rate of 3.0 pL/min. The peptides were then
separated using a 120-min linear gradient of 2-40% acetonitrile in 0.1% formic acid and

at a flow rate of 300 nL/min.

The LTQ-Orbitrap Velos mass spectrometer was operated in the positive-ion mode
with a spray voltage of 1.8 kV. All MS/MS data were acquired in a data-dependent scan
mode where one full MS scan was followed with twenty MS/MS scans. To obtain high-
quality MS/MS, the mass spectrometer was also set up in selected-ion monitoring (SIM)
mode where the fragmentations of the [M+2H]*" ion of the H2B peptide containing
diglycine-linked K120, which represents the ubiquitin remnant after tryptic digestion,
was monitored. The quantification of ubiquitination level was conducted in SIM mode by
comparing the relative abundances of ions corresponding to the target ubiquitinated

peptide (AVTKggVTSSK) with respect to a reference H2B peptide EIQTAVR, which is
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not known to carry any post-translational modification, following previously published

procedures (23).

Plasmid construction

The expression plasmids for GFP-RNF20 and Myc-RNF40 were provided by Dr.
Yossi Shiloh (15). GFP-RNF40 vector was constructed by subcloning the RNF40 coding
sequence from the Myc-RNF40 into the unique Xhol and BamH]1 sites of pPEGFP-C3
vector (provided by Dr. Alan R. Lehmann). The expression plasmids of GFP-RNF20
carrying the C922,924A or C957,960A mutations and GFP-RNF40 harboring the
C948,950A or C983,986A mutations were obtained by site-directed mutagenesis, and the

sequences for the mutated plasmids were verified by sequencing.

Fluorescence microscopy for monitoring the interaction between As(IIl) and RNF20

or RNF40

HEK293T cells, seeded in 6-well plates at a density of ~3x10° cells per well, were
transfected with 1.5 pg wild-type or mutant GFP-RNF20 or GFP-RNF40 using
Lipofectamine 2000 (Invitrogen). Cells were incubated at 37°C for another 18-48 hr,
transferred to cover glasses, and incubated with 5 uM ReAsH-EDT,; (Invitrogen,
Carlsbad, CA) at 37°C for 1 hr in serum-free Opti-MEM (Invitrogen). After thoroughly
washing with BAL buffer, cells were fixed with 4% paraformaldehyde and imaged with a
Leica TCS SP5 confocal microscope (Leica Microsystems, Buffalo Grove, IL). Cells
were also pretreated with 10 uM NaAsO; or PAPAO for 1 hr prior to transfection with

the wild-type GFP-RNF20 or GFP-RNF40 and treatment with ReAsH-EDT,.
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Streptavidin agarose affinity assay and Western blot

Biotin-As was synthesized by conjugating p-aminophenylarsine oxide (PAPAO)
to activated PFP-biotin (18, 19), and used for streptavidin agarose affinity assay
following previously published procedures (12). Briefly, HEK293T cells were transfected
with wild-type or mutant GFP-RNF20 or GFP-RNF40. At 24 hr after the transfection,
cells were treated with 5 uM biotin-As for 2 hr and lysed in CelLytic™ M lysis buffer
supplemented with a protease inhibitor cocktail (Sigma-Aldrich). The cell lysates were
incubated with streptavidin agarose at 4°C for overnight. Streptavidin agarose beads were

subsequently washed with 1xPBS and resuspended in SDS-PAGE loading buffer.

After SDS-PAGE separation, proteins were transferred to a nitrocellulose
membrane using a solution containing 10 mM NaHCO3, 3 mM Na,COs, and 20%
methanol. The membranes were blocked with 5% non-fat milk in PBS buffer containing
0.1% (v/v) Tween-20 (pH 7.5) for 7 hr and incubated overnight at 4°C with rabbit anti-
GFP antibody (1:20000 dilution, Sigma-Aldrich). The membranes were washed with
fresh PBS-T at room temperature for five times (10 min each). After washing, the
membranes were incubated with HRP-conjugated secondary antibody at room
temperature for 1 hr. The membranes were subsequently washed with PBS-T for five
times. The secondary antibody was detected by using ECL Advance Western Blotting
Detection Kit (GE Healthcare) and visualized with Hyblot CL autoradiography film
(Denville Scientific, Inc., Metuchen, NJ). Similar experiments were also conducted by
pretreating cells with 10 pM NaAsO,, PAPAO, or Zn** for 1 hr prior to the biotin-As

treatment.
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Fluorescence microscopy for monitoring the recruitment of DNA repair proteins to

laser-localized DNA DSBs

HelLa cells were seeded in a 35-mm glass bottom culture dish (MatTek) and
incubated with 0, 5 or 20 uM sodium arsenite at 37°C for 8 hr prior to laser damage.
Localized irradiation was performed using a Nikon Eclipse TE2000 confocal microscope
equipped with an SRS NL100 nitrogen laser-pumped dye laser (Photonics Instruments,
St. Charles, IL) that fires 3-ns pulses with a repetition rate of 10 Hz at 365 nm, with a
power of 0.7 nW measured at the back aperture of the 60x objective. The laser was
directed to a specified rectangular region of interest within the nucleus of a cell visualized
with a Plan Fluor 60x/NA 1.25 oil objective. The laser beam was oriented by
galvanometer-driven beam displacers and fired randomly throughout the region of
interest until the entire region was exposed. Throughout an experiment, cells were
maintained at 37°C, 5% CO,, and 80% humidity using a Live Cell™ environmental
chamber. After the laser treatment, cells were incubated at 37°C for 10 min and fixed
immediately with 4% formaldehyde in PBS at room temperature (RT) for 10 min or with
0.5% Triton X in PBS on ice for 10 min followed by 2% formaldehyde at RT for 10 min.
Fixed cells were permeabilized with 0.5% Triton X-100, 1% BSA, 100 mM glycine and
0.2 mg/mL EDTA in PBS on ice for 10 min. The cells were subsequently digested with
RNase A at 37°C. For immunofluorescence staining, cells were incubated at 37°C for 1.0
hr with primary antibodies for y-H2AX (Millipore), BRCA1 (Abcam) and RADS51 (Santa
Cruz). Cells were subsequently incubated with corresponding secondary antibodies

(Alexa Fluor goat anti-mouse or Alexa Fluor goat anti-rabbit, Molecular Probes,
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Invitrogen) and mounted with ProLong Gold Antifade Reagent with DAPI (Molecular
Probes, Invitrogen). Immunostained cells were visualized and imaged using Hamamatsu

EM-CCD digital camera attached to the Nikon Eclipse TE2000 confocal microscope.

DSB repair assays

U20S cells with a chromosomally integrated copy of DR-GFP or EJ5-GFP
plasmid, either untreated or after a 24 hr treatment with NaAsQO,, were transfected with
the I-Scel expression vector pPCBASce (28). The U20S-DR-GFP and U20S-EJ5-GFP
cells without I-Scel transfection were used as negative control. Three days after the
transfection, cells were washed with PBS and stored in a sorting buffer (1xPBS, 1 mM
EDTA, 25 mM HEPES, 1% FBS, pH 7.0) for flow cytometry analysis (BD FACS Aria I,
NJ). The U20S-DR-GFP cells, with or without NaAsO, treatment, were also transfected
with pCAGGS-GFP to assess whether NaAsO; exposure affected the transfection

efficiency (28).

Colony survival assay

HelLa cells either untreated or after a 24-hr treatment with 5 uM arsenite, were
plated in 6-well plates in triplicate at densities of 150-8000 cells per well. The cells were
subsequently exposed to various doses of neocarzinostatin (NCS) and the cells were
immediately attached to the plates. A ‘split-dose’ protocol was applied (30), where each
NCS dose was split into 15 ng/mL portions applied at 24 h intervals for up to 5 days. Cell

colonies grown for 10-14 days were then fixed with 6% (v/v) glutaraldehyde and stained
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with 0.5% (w/v) crystal violet. Colonies containing at least 50 cells were subsequently

counted under a microscope.

RESULTS AND DISCUSSION

In vitro binding between arsenite and RING finger peptides

To investigate whether NaAsO; can bind directly to the RING finger domain of
RNF20 and RNF40, we performed in vitro binding assays using synthetic RING finger
peptides of the two proteins. MALDI-TOF MS results revealed mass increases of 72 and
144 Da upon incubation of the peptides with arsenite (Figure 5.1a). The +72 Da mass
shift reflects the binding of As(III) to the RING finger peptides with the release of three
protons, suggesting the coordination of As(IIl) with three cysteines (10). The MS data,
therefore, suggest that each molecule of the RING finger peptides can bind up to two

As(1II).

Thiol coordination to As(III) gives rise to new charge-transfer electronic
transitions in the near UV range (250-320 nm) that can be monitored by UV absorbance
(17). We found, from optical absorption experiments, that the two RING finger peptides
displayed increased absorbance in this wavelength range upon addition with increasing
amounts of NaAsQO,; (Figure 5.1b) (17). Together, these assays demonstrated that NaAsO,
can bind to sulfhydryl group of cysteine residues in the RING finger domains of RNF20

and RNF40 in vitro.
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Binding between arsenite and RING finger domains of RNF20 and RNF40 in cells

We next investigated the binding of arsenite with the RING domains of RNF20
and RNF40 in cells. To this end, we synthesized a biotin-As probe by conjugating p-
aminophenylarsine oxide (PAPAO) with biotin (18, 19) and assessed arsenite binding by
streptavidin agarose affinity assay. Western blot analysis revealed that the treatment of
cells with biotin-As facilitated the pull-down of ectopically expressed RNF20 and RNF40,
suggesting that RNF20 and RNF40 can bind to the biotin-As probe in cells (Figure 5.2a
and Figure D1a). Moreover, we failed to pull down the two proteins when the cells were
pretreated with NaAsO; or PAPAO, though pretreatment with Zn*" still led to the
successful pull-down of the two proteins, demonstrating that the interactions between
biotin-As and RNF20 or RNF40 are specific (Figure 5.2a and Figure D1b). To determine
if the cysteine residues in the RING finger domains are required for such interactions, we
mutated the two cysteine residues in each of the two Zn**-binding sites in the RING
finger motifs of RNF20 and RNF40 to alanines (i.e., the C922,924A and C957,960A
mutants for RNF20 and the C948,950A and C983,986A mutants for RNF40) and
performed the same pull-down assays. Our results showed that the mutations abolished
the pull-down of the two proteins (Figure D1c¢), indicating that an intact RING finger is
essential for the interaction between biotin-As and RNF20 or RNF40. Along this line,
Western analysis revealed that the mutations did not lead to decreased expression of the

two proteins (Figure D1d-e).

We further examined arsenite binding by performing fluorescence microscopy

experiments with the use of ReAsH, which displays no red fluorescence until its arsenic
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moieties bind to nearby cysteine sulthydryl groups in proteins (20). We found that the
GFP-conjugated RNF20 or RNF40 can bind to As(IIl) in ReAsH as manifested by the
emission of red fluorescence from the dye in ReAsH-treated cells (Figure 5.2 and Figure
D2). Furthermore, ReAsH colocalized to nuclear foci with GFP-fused RNF20 and
RNF40 in HEK293T cells. Such co-localization was abolished when the cells were
pretreated with NaAsO, or PAPAO (but not with Zn®"), or when two of the RING finger
cysteine residues were mutated to alanines (Figure 5.2b&c). These results again
demonstrate that the interactions between As(IIl) and RNF20 or RNF40 in human cells

are specific and such interactions necessitate the intact RING finger motif.

NaAsO; perturbs histone H2B K120 ubiquitination and inhibits DNA DSB repair in

human cells

The RNF20-RNF40 heterodimer induces in the ubiquitination of histone H2B at
K120, which is important in transcription elongation (21, 22). Recently this
ubiquitination was also found to be required for decompacting the 30 nm chromatin fiber
(14) and play a crucial role in DNA DSB repair via the HR and NHEJ pathways (15, 16).
In this context, cells lacking RNF20 exhibit reduced recruitment of HR and NHEJ factors
to DSB sites and display markedly enhanced sensitivity to ionizing radiation and
neocarzinostatin (NCS), a radiomimetic drug (15, 16). We reasoned that the binding of
arsenite to the RING finger motifs of RNF20 and RNF40 might diminish the
heterodimer’s capability in inducing ubiquitination of histone H2B at K120 thereby
suppressing DNA DSB repair. To test this hypothesis, we extracted core histones from

the control and arsenite-treated cells, and monitored the levels of H2B K12
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Figure 5.1. In vitro binding between NaAsO, and RING finger peptides of RNF20 and

RNF40. (a) MALDI-TOF mass spectrometry for monitoring the interaction between
arsenite and the RING finger peptides of RNF20 and RNF40. The molar ratios between

the RING finger peptides and arsenite were 1:2. (b) UV absorption spectra of the RING
finger peptides titrated with increasing amounts of NaAsO,.
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Figure 5.2. Binding between NaAsO, and the RING finger domains of RNF20 and
RNF40 in cells. (a) Streptavidin agarose affinity pull-down assay using biotin-As as a
probe to examine the binding between As(III) and RNF20 or RNF40 in cells.
Pretreatment of cells with 10 uM NaAsO, or PAPAO for 1 hr attenuated the binding; (b)
Mutations of RING finger cysteines to alanines abrogated the pull-down of RNF20 and
RNF40 with the biotin-As probe. (c) Colocalization of As(Ill)-bearing ReAsH with GFP-
RNF20 and GFP-RNF40 in HEK293T cells, and such colocalization is lost in cells
pretreated with 10 pM NaAsO, or PAPAO, but not Zn*". (d) Mutations of RING finger
cysteines to alanines abolished the colocalization of RNF20 or RNF40 with ReAsH.
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ubiquitination by using LC-MS/MS (Figure 5.4a and Figure D3) (23). It turned out that a
24-hr treatment with 5 uM NaAsO; led to a significant diminution in the levels of H2B

K120 ubiquitination in multiple cell lines (Figure 5.4a-b).

We next investigated whether arsenite-induced perturbation in H2B K120
ubiquitination confers diminished recruitment of DNA repair proteins to DNA DSB sites.
To this end, we employed immunofluorescence microscopy to follow the recruitment of
BRCA1 and RADS51 to laser-induced DNA DSB sites. Our results revealed that treatment
with arsenite led to marked decreases in the recruitment of these two proteins to laser-
induced DNA DSB sites (Figure 5.4). Additionally, the reduction in recruitment of these
two proteins is not due to their decreased expression, as real-time PCR results showed
that arsenite treatment did not lead to decreased expression of BRCA1, RADS51, or several

other genes important in DNA DSB repair (i.e., XRCC1, Ku70 and Ku80. Figure D4).

Diminished histone H2B ubiquitination and the resultant compromised
recruitment of DNA repair factors to DNA DSB sites may perturb DSB repair. To test
this, we utilized U20S cells with a chromosomally integrated copy of DR-GFP and EJ5-
GFP reporters to examine whether arsenite treatment leads to compromised DNA DSB
repair via the HR and NHEJ pathways (24). DR-GFP contains the SceGF'P cassette where
the GFP coding sequence is interrupted by a single recognition site of the rare-cutting I-
Scel nuclease, along with a 5’ and 3’ truncated fragment of GFP (iGFP) (24). HR-
directed repair of the I-Scel-induced DSB, with the use of iGFP as the template, leads to

the restoration of functional GFP gene (24). EJ5-GFP carries the pCAGGS promoter
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Figure 5.3. NaAsO, inhibits histone H2B K120 ubiquitination. (a) The product-ion
spectrum (MS/MS) of the [M + 2H]*" ion of the tryptic peptide AVTKgGVTSSK from
histone H2B, where K120 is modified with a diglycine remnant. An asterisk (*) indicates
those ions bearing a diglycine moiety. (b) Relative levels of H2B ubiquitination in
GMO00637, IMR90 and HEK293T cells without or with a 24-hr treatment of 5 uM

NaASOQ.
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Immunofluorescence displaying that the treatment of HeLa cells with NaAsO,
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treatment with 0, 5 and 20 uM of NaAsO,. The p-values were calculated by using
unpaired two-tailed #-test.
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separated from the rest of a GFP expression cassette flanked by two I-Scel sites; NHEJ
of [-Scel-produced distal DSB ends results in the restoration of the GFP cassette (24).
Flow cytometry-based quantification of GFP-positive U20S cells after I-Scel
transfection facilitates us to quantify the levels of HR and NHEJ in control and arsenite-
treated cells. Our results revealed significantly diminished DSB repair via HR (the GFP-
positive cells decreased from 5.3% in control cells to 1.5% in arsenite-treated cells) and
NHEJ (the GFP-positive cells were reduced from 2.2% to 0.6%) pathways (Figure 5.5a
and Figure D5a). It is of note that treatment with NaAsO; does not alter the transfection
efficiency, as assessed by using a GPF expression plasmid (Figure D5b). Additionally,
we found that the percentage of GFP-positive cells in U20S-DR-GFP and U20S-EJ5-
GFP cells pretreated with NaAsO; but without I-Scel transfection is similar to that of
control cells with neither arsenite treatment nor [-Scel transfection (Figure 5.5a). Thus,
NaAsO, does not interfere with the GFP-based reporter assays for monitoring HR and
NHE]J activities. Moreover, consistent with the diminished DNA DSB repair, we found,
from colony survival assay, that treatment with arsenite renders HeLa cells more

sensitive toward treatment with NCS, a radiomimetic drug (Figure 5.5b).
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Figure 5.5. Effect of NaAsO, on DSB repair. (a) Quantitative results showing that
NaAsQO; treatment led to reduced DNA DSB repair via the HR and NHEJ pathways. (b)
Survival curves based on clonogenic growth of HeLa cells with a treatment of 5 uM
NaAsO; showed increased sensitivity to the radiomimetic drug neocarzinostatin (NCS).
The values represent the mean + S.D. of results obtained from three independent
experiments. The p-values were calculated by using unpaired two-tailed z-test.
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CONCLUSIONS

Trivalent arsenic is a known human carcinogen. Although arsenite has been
shown to bind and inhibit the activity of zinc finger-harboring DNA repair proteins (i.e.,
XPA and PARP1) (7-10), this is the first report to demonstrate that arsenite can bind to
the RING finger domains of a histone E3 ubiquitin ligase, which perturbs histone
epigenetic mark and compromises DNA DSB repair. In this vein, DNA DSBs can
emanate from collapse of replication fork, processing of DNA interstrand crosslinks, or
following exposure to ionizing radiation (25, 26). DNA DSBs are among the most
deleterious types of DNA lesions; failure to repair DSBs can lead to cell death or promote
chromosomal rearrangements, which in turn can stimulate malignant transformation (27).
Thus, arsenite may exert its carcinogenic effect partly through inhibiting DNA DSB
repair. In keeping with its inhibitory effect on DNA repair, we also found that arsenite
sensitizes cells toward a radiomimetic drug. Considering that ionizing radiation is widely
used in cancer treatment, our results suggest the potential application of arsenite as a

sensitizing agent for cancer radiation therapy.

Maintaining an open and biochemically active chromatin fiber conformation is
also important for proteins involved in other DNA repair pathways to access damage sites
in chromatin. Thus, compromised H2B K120 ubiquitination arising from arsenite
exposure may also account for the diminished repair of other types of DNA lesions,

including the bulky DNA lesions induced by benzo[a]pyrene diolepoxide and UV light.
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Our findings that arsenite may promote cancer development through binding to
the RING finger domains of a histone E3 ubiquitin ligase is reminiscent of the
mechanism underlying arsenite’s role as a chemotherapeutic agent for the treatment of
acute promyelocytic leukemia. In the latter case, arsenite binds directly to the RING
finger motif of the PML-RARa fusion protein, which triggers eventually the proteasomal
degradation of the oncoprotein (12). Viewing the crucial roles of the ubiquitin-
proteasome system in physiology and pathophysiology, and the fact that the majority of
the E3 ubiquitin-protein ligases harbor RING finger or RING finger-related motifs (13),
our study suggests that arsenite may also perturb ubiquitination events mediated by other
RING finger E3 ubiquitin ligases. In this context, the reduced efficiency in HR and NHEJ
repair may also arise, in part, from the interaction between arsenite and other RING
finger E3 ubiquitin ligases that are important in DNA damage response and repair. Along
this line, we observed that As(II) can also bind to the RNF8 and RNF168 histone E3
ubiquitin ligases (Data not shown). Thus, arsenite may be considered as a general

inhibitor for RING finger E3 ubiquitin ligases.
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CHAPTER 6

Summary and Future directions

In this dissertation, I discussed several applications of mass spectrometry-based
quantitative proteomic analysis. By employing SILAC labeling strategy, I assessed, at the
global proteome scale, the alternation of protein expression levels in cells upon treatment
with two anti-cancer nucleoside analogues, i.e. 5-Aza-CdR and 5G. Also, I evaluated the
proteome changes in human skin fibroblast cells upon NaAsO, treatment using the same
method. Our studies provided some implications on the mechanisms of action of anti-

cancer drugs and arsenite.

In Chapter two, we showed that the drug treatment led to significant alternation in
expression of 188 proteins. Among them, FDPS and FDFT1, two important enzymes
involved in cholesterol biosynthesis, were decreased significantly upon 5-Aza-CdR
treatment. In addition, we observed that 5-Aza-CdR induced growth inhibition of Jurkat-
T, HL60 and K562 cells, which could be abrogated by external cholesterol addition.
Moreover, 5-Aza-CdR led to epigenetic reactivation of DPP4 gene which is responsible
for the decreased levels of FDPS and FDFT1, and the resultant diminished cholesterol
biosynthesis induced growth inhibition of leukemic cells. In the future, it will be
important to evaluate whether DPP4 gene is reactivated after administering the drug in
leukemic patients, which may provide an important basis for choosing the optimal

therapeutic dose for the treatment and for monitoring the clinical efficacy of the drug.
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In Chapter three, we found that °G treatment led to diminished expression of a
large number of proteins that are components of the electron transport chain of the
mitochondrial respiratory complex and the perturbation of mitochondria dysfunction
pathway. In agreement with these observations, flow cytometry data showed the drug-
induced loss of active mitochondria in CEM and Jurkat-T human leukemia cells. In
addition, we observed elevated generation of oxidatively induced cdA and cdG lesions in
SG-treated cells. Our study suggested that mitochondrial dysfunction may serve as a
potential biomarker for monitoring the efficacy of the thiopurine therapy. Future studies
may be needed to investigate how these proteins in electron transport chain affect the
ROS generation and how °G exposure led to the selective down-regulation of these

proteins.

In Chapter four, we assessed the sodium arsenite-induced perturbation of the
entire proteome of GM00637 human skin fibroblast cells. Our results revealed that
NaAsO, treatment led to significant alternations of several canonical pathways including
Nrf2-mediated oxidative stress response, pancreatic adenocarcinoma signaling, and cell
cycle regulation. Our study painted a more complete picture for NaAsO,-induced

alterations of cellular pathways by using an unbiased quantitative proteomic approach.

In Chapter five, we further investigated the role of arsenite on the perturbation of
RING finger E3 ubiquitin ligases. We demonstrated that arsenite can bind to the RING
finger domains of the RNF20-RNF40 histone E3 ubiquitin ligase, which perturbs histone

H2B K120 ubiquitination and leads to compromised DNA DSB repair. We also found
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that arsenite sensitizes cells toward a radiomimetic drug. Owing the fact that the majority
of the E3 ubiquitin-protein ligases harbor RING finger or RING finger-related motifs,
future studies can be focused on examining whether this inhibitory mechanism is general

by examining arsenite binding with other RING finger proteins.
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APPENDIX A. Supporting Information for Chapter 2

“5-Aza-2’-deoxycytidine Induced Growth Inhibition of Leukemia Cells through

Modulating Endogenous Cholesterol Biosynthesis”
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Figure A1.Western blot showing decreased expression of FDPS and FDFT1 in Jurkat-T
(a) and K562 (b) cells after a 24-hr treatment with 5 uM 5-Aza-CdR, and the
quantification results are displayed in the histograms.

144



*%

& 7071 (a) Jurkat-T 2 401 (b) K562
x N
© ©
> >
3 3
E 3.57 .g 2.0
»n n <
() 0
o o
& &
i L
: :
% a O
Control 5-Aza-CdR Control 5-Aza-CdR
g 5.0 1 g~ 3.07
“g (c) HL60 * “’g (d) WM-266-4
T E *
® >
-l -l
.5 254 -5 1.57
7] . 7] )
(7] (7]
o o
g &
i w
< <
& &
(=) 0- [a) O T
Control 5-Aza-CdR Control 5-Aza-CdR

Figure A2. 5-Aza-CdR induced reactivation of DDP4 gene in leukemia and melanoma
cells. Bar graphs of DPP4 expression level in Jurkat-T (a), K562 (b), HL60 (c) and WM-
266-4 (d) cells after 24 hrs 5-Aza-CdR treatment. The results were obtained from real-
time PCR analysis using GAPDH gene as reference. The values represent mean = S.D. of
results obtained from three independent experiments. ‘*’, p < 0.05; “**’, p <0.01. The p-
values were calculated by using unpaired two-tailed #-test.
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Figure A3. 5-Aza-CdR- and DPP4 siRNA-induced alteration in expression levels of
FDPS and FDFT1 proteins occur through a post-transcriptional mechanism. Relative
expression levels of FDPS (left) and FDFT1I (right) in HL60 (a) and Jurkat-T (b) cells
with and without 5-Aza-CdR (5 pM for 24 hrs) treatment, and in WM-266-4 cells treated
with control or DPP4 siRNA (c). The results were obtained from real-time PCR analysis
using GAPDH gene as reference. The values represent mean * S.D. of results obtained
from three independent experiments. ‘*’, p < 0.05; “**°_ p <0.01. The p-values were
calculated by using unpaired two-tailed #-test. “N.S.” indicates that the difference was
statistically insignificant.
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Table Al. A list of proteins which could be quantified in at least two sets of SILAC
labeling experiments and whose expressions were changed significantly upon 5-Aza-CdR
treatment (““S.D.” represents standard deviation).

Average Ratio
Protein_ID |Protein_Name (5-Aza- S.D.
CdR/Control)
PI00651738 (llfjgsigl?rllc;rszxy% -keto-5-methylthiopentene 1.88 0.56
1P100010740 {100 kDa DNA-pairing protein 2.14 0.88
[P100413895 {130 kDa cis-Golgi matrix protein 1.50 0.07
[P100026625 |155 kDa nucleoporin 0.61 0.07
[P100074587 |40 kDa SR-repressor protein 0.58 0.14
[P100025329 |60S ribosomal protein L19 0.63 0.10
[P100029731 |60S ribosomal protein L35a 0.58 0.05
[P100414860 |60S ribosomal protein L37a 0.50 0.01
[P100646086 |60S ribosomal protein L39 0.56 0.12
[P100012772 |60S ribosomal protein L8 0.67 0.05
1P100294426 |68 kDa TATA-binding protein-associated factor 0.63 0.09
[P100643071 |Abhydrolase domain-containing protein FAM108B1 1.54 0.12
[P100010348 |Acid DNase 1.95 0.56
IP100784414 |Acute-phase response factor 1.67 0.06
1P100020530 |Acyl-coenzyme A thioesterase 13 1.74 0.45
1P100296441 |Adenosine aminohydrolase 0.67 0.02
[P100465256 |Adenylate kinase 3 1.69 0.15
[PI00007426 Iljrlji—i;ibsosylation factor-like protein 6-interacting 151 051
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1P100291064 |AN1-type zinc finger protein 1 1.61 0.16
1P100384857 |Androgen-regulated protein 2 2.57 0.38
[P100939163 |Antigen NY-CO-25 0.57 0.07
[P100642971 |Antigen NY-CO-4 0.48 0.16
PI00007334 Apoptotic chromatin condensation inducer in the 0.65 0.02
nucleus
[P100433169 |ARHGEF1 protein 1.80 0.35
IP100007943 |Associated molecule with the SH3 domain of STAM 1.56 0.13
[P100296999 ATP synthase mitochondrial F1 complex assembly 163 0.02
factor 2
[P100099995 |ATP:riboflavin 5'-phosphotransferase 2.00 0.70
[P100465160 |ATP-binding cassette sub-family F member 3 1.76 0.04
[P100152535 |ATP-dependent helicase CHDS 0.50 0.07
1P100009328 |ATP-dependent RNA helicase DDX48 0.67 0.01
[P100022254 |Autophagy-related protein 3 0.54 0.02
IPI00000643 BAG family molecular chaperone regulator 2 0.46 0.06
IP100003269 |Beta-actin-like protein 2 1.50 0.77
IP100028955 |Block of proliferation 1 protein 0.65 0.24
IP100845479 |Bruno-like protein 3 1.87 0.27
[P100060715 | BTB/POZ domain-containing protein KCTD12 0.33 0.10
[P100007306 Bucentaur 0.21 0.07
[P100027180 |CAAX prenyl protease 1 homolog 2.69 0.11
[P100383751 |Calregulin 1.50 0.15
[P100022810 |Cathepsin C 1.68 0.14
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[P100011229 |Cathepsin D 1.71 0.19

IP100884105 |CD107 antigen-like family member A 1.54 0.33

IP100009803 |CD49 antigen-like family member D 0.53 0.03
cDNA FLJ50958 highly similar to Homo sapiens

IP100910064 |GTPase IMAP family member 6 (GIMAP6) 0.65 0.04
transcript variant | mRNA

PI00S72556 c]?NA FL.J 52228._ highly similar to Mps one binder 0.67 0.02
kinase activator-like 1A
cDNA FLJ55789 highly similar to Rattus norvegicus

[P100916503 |basic leucine zipper and W2 domains 1 (Bzwl) 1.62 0.16
mRNA

[PI00018871 cDNA FLJ 5628.5_ highly similar to ADP-ribosylation 151 0.15
factor-like protein 8B

[PI0000087S cDNA FLJ56389 highly similar to Elongation factor 0.61 0.09
1-gamma
cDNA FLJ56442 highly similar to ATP-citrate

IPI 4 - . .

00394838 synthase (EC 2.3.3.8) 0.53 0.03

IP100910581 |cDNA FLJ57960 2.10 0.69

[P100301579 cDNA FLJ 5914.12_ highly similar to Epididymal 179 0.46
secretory protein E1

[PI00301936 cDN/.% FLJ60076  highly similar to ELAV-like 0.57 0.19
protein 1

PI00367739 cDN{X FLJ60533  highly similar to Kinesin-like 191 0.35
protein KIF3A

[PI00027035 CDNA FLJ61157 highly similar to XPA-binding 0.52 0.08
protein 1
cDNA FLJ75056_highly similar to Homo sapiens

IPI00871890 [phosphatidylinositol binding clathrin assembly protein 2.03 0.28

(PICALM) mRNA
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cDNA FLJ77052_ highly similar to Homo sapiens

[P100073110 [FYN binding protein (FYB-120/130) (FYB) _ 0.53 0.09

transcript variant 1| mRNA

cDNA _FLJ94534 highly similar to Homo sapiens
IP100848090 |capping protein (actin filament) gelsolin- 1.93 0.20

like(CAPG)  mRNA
[P100023101 |Cell differentiation protein RCD1 homolog 0.67 0.01
[P100071189 |Cell division cycle 2-like protein kinase 1 0.54 0.09
IPI00018236 |Cerebroside sulfate activator protein 1.64 0.47
[P100328753 |CG-1 antigen 0.66 0.03
1P100029665 |Cob(I)alamin adenosyltransferase 1.58 0.39
PI00177428 I()‘,rooitl':idn—Zoil—he1ix—coiled—coil—helix domain-containing 0.49 0.06
[P100180954 |Cold-inducible RNA-binding protein 3.46 0.27
[P100419266 |Complex I-B14 1.65 0.13
[P100479905 |Complex I-PDSW 1.75 0.30
[P100163230 |COP9 signalosome complex subunit 6 0.59 0.29
IP100551062 |CTG repeat protein 4a 0.64 0.03
[P100646304 |Cyclophilin B 1.92 0.07
[P100026519 |Cyclophilin F 2.39 0.13
1P100465315 |Cytochrome c 1.64 0.47
IPI00797738 |Cytochrome ¢ oxidase subunit 6B1 1.84 0.68
1P100795769 |Cytokine-induced protein of 29 kDa 0.67 0.04
[P100940000 [DEAD box polypeptide 17 isoform p82 variant 0.65 0.18
IP100171856 |Deoxyhypusine dioxygenase 2.31 0.23
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1P100026829 |Deoxyhypusine synthase 0.58 0.05
[PI00477535 |DNA excision repair protein ERCC-5 1.52 0.03
1P100027705 |DNA primase 58 kDa subunit 0.37 0.04
[PI00549205 |DNA repair protein RAD50 1.69 0.23
1P100296337 |DNA-dependent protein kinase catalytic subunit 1.92 0.06
PI00027808 DNA-dir.ected RNA polymerase 11 140 kDa 151 0.40
polypeptide
[P100006113 |DNA-directed RNA polymerase II subunit I 1.69 0.37
[P100024163 |DNA-directed RNA polymerase III largest subunit 2.20 0.54
IP100015947 |Dnal homolog subfamily B member 1 0.55 0.06
[P100184477 Domain E 1.84 0.22
IP100032401 |Duncan disease SH2-protein 0.59 0.07
1P100412497 |Dynein_ light chain_ roadblock-type 1 0.65 0.02
[P100017184 |EH domain-containing protein 1 1.70 0.26
[P100178440 |Elongation factor 1-beta 0.52 0.01
[P100218245 |Ena/vasodilator-stimulated phosphoprotein-like 2.05 0.38
[P100021570 |[Endothelial differentiation-related factor 1 0.52 0.20
1P100299254 |Eukaryotic translation initiation factor 5B 0.66 0.09
IP100006408 |eNOS-interacting protein 1.70 0.20
1P100479786 |Far upstream element-binding protein 2 1.98 0.41
1P100914566 |Farnesyl diphosphate synthase 0.61 0.03
1P100020944 |Farnesyl-diphosphate farnesyltransferase 0.48 0.10
1P100397834 |Fermitin family homolog 3 1.70 0.54
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[P100472523 |Galectin-9B 0.64 0.07
IP100061525 |Glucosamine 6-phosphate N-acetyltransferase 1.55 0.10
1P100304692 |Glycoprotein p43 1.54 0.10
1P100304925 |Heat shock 70 kDa protein 1/2 0.51 0.00
IP100215965 |Helix-destabilizing protein 1.62 0.37
IP100011913 |Heterogeneous nuclear ribonucleoprotein AQ 1.64 0.39
[P100022228 |High density lipoprotein-binding protein 0.63 0.10
1P100419258 |High mobility group protein 1 2.09 0.94
1P100219097 |High mobility group protein B2 2.48 0.50
1P100217477 |High mobility group protein B3 241 0.99
[P100021924 [Histone H1 5.48 0.37
[P100216457 [Histone H2A 5.90 1.40
[P100646240 [Histone H2B 4.93 0.13
[P100465070 Histone H3 2.27 0.34
IP100453473 |Histone H4 3.74 1.34
[P100915022 hTREX120 0.67 0.07
IPI00419844 |Inactive ubiquitin-specific peptidase 39 0.58 0.03
IP100376199 |Interferon regulatory factor 2-binding protein 2 1.97 0.19
[P100942945 |Involucrin 0.44 0.11
[P100216230 |Lamina-associated polypeptide 2 isoform alpha 2.63 0.53
[P100000861 |LIM and Src homology 3 domain protein 1 1.95 0.59
1P100297169 |Lymphocyte cytosolic protein 2 2.14 0.17
[P100216172 1.79 0.22

Lysosomal-associated membrane protein 2 isoform
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CRA b

1P100019997 Mammalian lin-seven protein 3 0.60 0.05
1P100219365 Membrane-organizing extension spike protein 1.50 0.47
PI00151462 Microtubule-associated proteins 1A/1B light chain 3 179 023
beta 2
IPI00396171 |Microtubule-associated protein 4 0.57 0.21
PI00001589 Mitochonfirial import inner membrane translocase |57 0.05
subunit Tim13
PI00787089 Modulator of non-genomic activity of estrogen 0.62 0.02
receptor
1P100926581 MYH14 variant protein 1.86 0.18
1P100397730 [Myosin phosphatase-targeting subunit 1 1.85 0.33
[P100056432 [NEDDS carrier protein UBE2F 0.52 0.08
[P100221172 [N-recognin-7 0.55 0.03
[P100005792 [Nuclear poly(A)-binding protein 1 0.62 0.06
[P100477040 |Nucleoporin NUP188 homolog 1.61 0.11
[P100742943 [Nucleoporin Nup43 0.63 0.07
[P100742682 [Nucleoprotein TPR 1.94 0.11
PI00291313 Nl'lcleoside ‘diphosphate-linked moiety X motif 8 0.63 0.01
mitochondrial
[PI00031570 |Nucleoside triphosphate phosphohydrolase 0.65 0.03
[P100555902 |OCIA domain-containing protein 2 2.27 0.44
[P100032830 |Oligoribonuclease mitochondrial 0.44 0.07
1P100216308 |Outer mitochondrial membrane protein porin 1 2.35 0.34
IP100856098 [p180/ribosome receptor 1.72 0.65
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1P100909552 |Peptidyl-prolyl cis-trans isomerase 0.58 0.04
1P100291608 |PEST proteolytic signal-containing nuclear protein 0.62 0.03
1P100449049 |Poly [ ADP-ribose] polymerase 1 4.43 1.55
1PI00641384 |Protein transport protein Sec16A 1.51 0.12
1P100297261 |Protein-tyrosine phosphatase 1B 2.16 0.61
1P100219825 |Prosaposin 1.57 0.13
IP100514856 |Protein NICE-4 0.67 0.48
IP100411356 |Protein SKD2 1.89 0.09
IP100873472 |Protein transport protein Sec24A 1.60 0.10
[P100472164 |Protein WAVE-2 1.78 0.26
[P100020515 |Putative MAPK -activating protein PM26 0.60 0.04
[P100927150 |Putative uncharacterized protein CHCHD3 0.63 0.05
[P100954006 |Putative uncharacterized protein DKFZp667H197 1.69 0.31
IPI00413006 |Putative uncharacterized protein ENSP00000368241 2.30 0.72
IP100644386 |Putative uncharacterized protein FUBP1 1.87 0.20
IPI00872817 |Putative uncharacterized protein GLIPR2 0.57 0.11
IPI00011118 |Putative uncharacterized protein RRM2 0.65 0.45
1P100942450 |Putative uncharacterized protein SFRS15 1.83 0.23
[P100410162 |Putative uncharacterized protein TCEB2 0.62 0.04
IP100470610 |Pyrroline-5-carboxylate reductase 2 0.62 0.09
[P100016513 |Ras-related protein Rab-10 0.55 0.02
[P100024282 [Ras-related protein Rab-8B 2.00 0.14
IP100915437 [ribonuclease H2 subunit B isoform 2 0.57 0.09
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IP100013871 [Ribonucleoside-diphosphate reductase large subunit 0.63 0.02
1P100304232 |Ribosome biogenesis protein WDR12 0.62 0.03
1P100419473 [RNA polymerase B transcription factor 3 2.03 0.48
1P100024524 [RNA-binding protein PNO1 0.59 0.06
IP100719725 |SAPS domain family member 3 1.87 0.67
[P100218054 |Selenoprotein H 1.74 0.23
IPI00017469 |Sepiapterin reductase 0.56 0.03
1P100025318 |SH3 domain-binding glutamic acid-rich-like protein 1.50 0.17
s S B s 0|
IP100470883 |Stromal antigen 2 2.23 0.17
IP100008569 |Synaptobrevin homolog YKT6 1.54 0.22
1P100790248 |Synaptobrevin-2 2.02 0.43
[P100010438 |Synaptosomal-associated protein 23 0.43 0.16
1P100022934 |T-cell receptor T3 delta chain 0.54 0.13
[P100012923 |T-cell surface antigen T3/Leu-4 epsilon chain 0.66 0.42
[P100170855 |Tetratricopeptide repeat protein 19 1.75 0.36
1P100221108 |Thymidylate synthase 0.56 0.06
IP100719040 |Uncharacterized protein Clorf77 0.55 0.04
IPI00017504 |Uncharacterized protein C9orf40 0.62 0.21
[P100166638 |[UPF0598 protein C8orf82 1.52 0.02
1P100893918 |Valyl-tRNA synthetase 0.54 0.01
[P100418471 [Vimentin 1.89 0.41
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IP100187011 |Zinc finger CCCH domain-containing protein 4 1.55 0.14
IP100062866 |Zinc finger CCCH-type antiviral protein 1-like 0.51 0.02
[P100926625 |Zyxin 1.60 0.12
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Table A2. Pathways perturbed by 5-Aza-CdR treatment, as identified by IPA. The
expression ratios (5-Aza-CdR-treated/Untreated, expressed as mean + S. D.) for
individual proteins are listed in the parenthesis.

Pathways

Protein Name

Biosynthesis of steroids

Farnesyl-diphosphate farnesyltransferase (0.48 + 0.10)

Farnesyl diphosphate synthase (0.61 + 0.03)

Granzyme A signaling

Histone H1 (5.48 £ 0.37)

High-mobility group B2 (2.48 £ 0.50)

Granzyme B signaling

Cytochrome c (1.64 + 0.47)

Poly(ADP-ribose) polymerase (4.43 £ 1.55)

One-carbon pool by folate

Thymidylate synthease (0.56 + 0.06)

Serine hydroxymethyltransferase 2 (0.53)

Citrate cycle

cDNA FLJ56442 highly similar to ATP-citrate synthase (0.53 +
0.03)

Isocitrate dehydrogenase [NAD] subunit alpha (0.69 + 0.03)

Mitochondrial dysfunction

Cytochrome c (1.64%0.47)

INADH dehydrogenase [ubiquinone] 1 alpha subcomplex subunit 4
(1.65£0.15)

Cytochrome c oxidase subunit 6B1 (1.8410.68)

Role of JAK?2 in hormine-like
cytokine signaling

Protein tyrosine phosphatase 1B (2.16+0.61)

Signal transducer and activator of transcription 1-alpha/beta
(1.22+40.25)
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APPENDIX B. Supporting Information for Chapter 3

“6-Thioguanine Induces Mitochondrial Dysfunction and Oxidative DNA Damage in

Acute Lymphoblastic Leukemia Cells”
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Figure B1. Example mass spectra showing the incorporation of heavy labeled K and R.
Shown are the ESI-MS of two trypsin-miscleaved peptides which carry two arginines or
two lysines; IGEEEIQKPEEK and DILLRPELEELR are derived from splicing factor 3a
(SAP114) and NADH-cytochrome b5 reductase (CYB5R3), respectively. The ions of m/z
751.4 and m/z 718.9 refer to the putative incompletely labeled peptides (i.e., with a single
R or K being heavily labeled), which are present at similar abundance levels as the noise
peaks.
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Figure B2. Flow cytometry results for control CEM cells, and CEM cells that were
treated for 24 hrs with 3 uM °G and 500 pM allopurinol, alone or in combination. In (a),
no MitoTracker Deep Red was added, whereas MitoTracker Deep Red was added in (b).
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Figure B3. Western blot for monitoring the expression levels of ectopically expressed
Myc-Mirol in HEK293T cells upon treatment with 3 pM 5G (a). B-actin serves as the
loading control. Shown in (b) are the quantification data, which represent the mean and S.
D. of results from three independent drug treatment and Western blot experiments. “**”,
p <0.01. The p-value was calculated using two-tailed, unpaired student ¢ test.
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Figure B4. Selected-ion chromatograms for monitoring the transitions of m/z 250> 164
[(a), for unlabeled R-cdA] and m/z 255 - 169 [(b), for uniformly '>N-labeled R-cdA].
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Figure BS. Representative selected-ion chromatograms for monitoring the transitions of

m/z 250164 [(a), for unlabeled S-cdA] and m/z 255 169 [(b), for uniformly °N

labeled S-cdAl.

163



4.0 -

3

& 3.0

2

-

f 2.0 -

%

&

< 10 y = 1.07 x + 0.00293

R2 = 1.000

0.0

0.0 0.5 1.0 1.5 20 25 3.0 3.5

C R—ch’ C Labeled R-edA

Figure B6. Calibration curve for the quantification of R-cdA, where 100 fmol of
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Figure B7. Calibration curve for the quantification of S-cdA, where 40 fmol uniformly
'*N-labeled S-cdA was added to each sample.
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Figure B8. Calibration curve for the quantification of R-cdG, where 200 fmol of
uniformly '*N-labeled R-cdG was added to each sample.
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Figure B9. Calibration curve for the quantification of S-cdG, where 160 fmol uniformly
'"N-labeled S-cdG was added to each sample.
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Table B1. A list of proteins which could be quantified in both forward and reverse

SILAC labeling experiments and whose expressions were changed significantly upon °G

treatment (““S.D.” represents standard deviation).

Protein ID Protein Name Mean (T/U) S.D.
P09382 14 kDa laminin-binding protein 0.31 0.01
Q6UXBS-1 Cysteine-rich secretory protein 9 0.36 0.08
Q8WXG9-1 | G-protein coupled receptor 98 0.36 0.14
QSNB37-2 Il:?(i:inns?n disease 7 domain-containing 0.43 011
Q99707 ;;Itlﬁ;}llt};:z‘;rsrlzscgofolate——homocysteine 0.44 0.05
P10606 Cytochrome c oxidase polypeptide Vb 0.45 0.08
P63313 Thymosin beta-10 0.46 0.09
A6NMHS Putative uncharacterized protein CD81 0.48 0.49
QOHSV3-2 flpl)ciglge;rel cell-transforming sequence 2 0.48 0.14
BT | et pocin? 049 024
07579%4 Cell division cycle protein 123 homolog 0.51 0.19
P08590 Cardiac myosin light chain 1 0.51 0.01
P00403 Cytochrome c oxidase polypeptide 11 0.51 0.07
075879 I()Zét;)fil;o;gfn Z);:)c;ase assembly factor 0.52 0.14
095865 Dimethylargininase-2 0.52 0.11
P42575-1 Caspase-2 0.53 0.06
QINUV9 GTPase IMAP family member 4 0.53 0.02
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Protein ID Protein Name Mean (T/U) S.D.
1-phosphatidylinositol-4,5-bisphosphate
01970 0.53 0.58
Q phosphodiesterase beta-3
llin- i lation-
075155.1 C}l 1n'assoc1ated. and neddylation 0.54 021
dissociated protein 2
P09669 Cytochrome c oxidase polypeptide VIc 0.54 0.04
Q86UY6-1 | N-acetyltransferase 11 0.55 0.37
Q15154-1 Pericentriolar material 1 protein 0.55 0.12
095229 ZW10 interactor 0.55 0.06
Mitotic checkpoint serine/threonine-
4 . 1
043683 protein kinase BUB1 0-56 0.17
Q13190-1 Syntaxin-5 0.58 0.08
Q06945 Transcription factor SOX-4 0.58 0.13
P37268 Farnesyl-diphosphate farnesyltransferase 0.58 0.06
Q14191 DNA helicase, RecQ-like type 3 0.59 0.06
A6NED2 RCC1 domain-containing protein 1 0.59 0.08
P30281 G1/S-specific cyclin-D3 0.60 0.02
095299 NADH dehydrogenase ubiquinone 1 0.60 0.02
alpha subcomplex
Q5TCU8 Tropomyosin 2 (Beta) 0.60 0.09
Guanine nucleotide-binding protein
P63218 G(I)/G(S)/G(O) subunit gamma-5 0.60 0.07
Q6RFHS5-1 | NOP seven-associated protein 1 0.61 0.15
P84101 Gastric cancer-related protein VRG107 0.61 0.16
C9IG49 Protein tyrosine phosphatase, non- 0.61 0.02

receptor type 6, isoform CRA b
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Protein ID Protein Name Mean (T/U) S.D.
060566-3 MAD23/BUBI-related protein kinase 0.61 0.07
QI9ULTS E3 ligase for inhibin receptor 0.61 0.11
BADGIO cDNA P.’LJ.52589, highly similar to 0.62 0.10
Transcription factor 12

Q9BZL1 Ubiquitin-like protein 5 0.62 0.03
P51159-1 GTP-binding protein Ram 0.62 0.07
P56962 Syntaxin-17 0.62 0.03
Q5T7F6 Novel protein 0.63 0.02
P08670 Vimentin 0.63 0.15
P22695 Complex III subunit 2 0.63 0.28
Q96EB1-1 Elongator complex protein 4 0.64 0.08
Q53H12-1 Acylglycerol kinase, mitochondrial 0.64 0.08
QS8NDI1-1 EH domain-binding protein 1 0.64 0.13
Q96EL3 39S ribosomal protein L53, mitochondrial 0.65 0.08
QIUICS8-2 Leucine carboxyl methyltransferase 1 0.65 0.11
Q9UPPI1-1 Histone lysine demethylase PHF8 0.65 0.12
P31930 Complex III subunit 1 0.65 0.22
P46108-1 Adapter molecule crk 0.65 0.34
QI96RT1-1 Densin-180-like protein 0.65 0.00
B7Z6Z4 @ﬁgﬂ%gﬁf;i?;pf}fgi Sémilar © 0.65 0.03
094830 DDHD domain-containing protein 2 0.65 0.12
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Protein ID Protein Name Mean (T/U) S.D.
Q1u4cCi Amino-terminal enhancer of split 0.65 0.14
Q9BOSS-1 FYVE and coiled-coil domain-containing 0.66 0.01
protein 1
Q9Y448 Putative TRAF4-associated factor 1 0.66 0.02
QIBXKI Basic. transcription element-binding 0.66 0.15
protein 4
A2A305 Ubiquitin associated protein 2 0.66 0.15
Q7IRC2-4 La ribonucleoprotein domain family 0.66 0.17
member 4
P13051-1 Uracil-DNA glycosylase 0.67 0.03
075146 Huntingtin-interacting protein 12 0.67 0.06
Q9Y3P9-1 GAP and centrosome-associated protein 0.67 0.07
P04818 Thymidylate synthase 0.67 0.04
QouJU2-1 Lymphoid enhancer-binding factor 1 0.67 0.05
015294-1 O-GlcNAc transferase subunit p110 0.67 0.16
P18583-5 }13ax antagonist selected in saccharomyces 150 0.14
Q13510-2 Acid ceramidase 1.54 0.37
075153 Protein KIAA0664 1.54 0.28
P78330 L-3-phosphoserine phosphatase 1.56 0.16
Q9Y324 rRNA-processing protein FCF1 homolog 1.59 0.01
QI9UNKO Syntaxin-8 1.60 0.83
Q5T440 Pl%tatlve traflsferase Clorf69, 163 0.33
mitochondrial
B4DHQ3 Phosphoserine aminotransferase 1.63 0.37
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Protein ID Protein Name Mean (T/U) S.D.
B1ANHI Guanylate kinase 1 1.63 0.10
Q5Ts5C7 Seryl-tRNA synthetase 1.64 0.11

Q15758 Baboon M7 virus receptor 1.65 0.12
000165-2 HCLS1 -associated protein X-1 1.66 0.08
1,2-dih -3-keto-5-

QoBys7.1 | L2-dibydroxy-3-keto-3 1.67 0.10

methylthiopentene dioxygenase

QOUMO0-1 Trans.rn.embrane .and coiled-coil domain- L7 0.44

containing protein 1
l-acylgl hosphatidylinositol O-
QIENG6-1 acylglycerophosphatidylinositol O 173 075
acyltransferase
P02794 Cell prohferaﬂon-mducmg gene 15 175 0.30
protein
060610-1 Diaphanous-related formin-1 1.83 0.38
iti -palmitoyl fe Il
P50416.1 Camltlne O-palmitoyltransferase 1, liver 191 0.25
isoform
Q5JTI3-2 Uncharacterized protein Clorf31 1.92 0.44
Q14657 L antigen family member 3 1.92 0.27
cDNA FLJ50710, highly similar to
B4DW73 Phosphoenolpyruvate carboxykinase 1.94 0.54
(GTP), mitochondrial (EC 4.1.1.32)
Q01726 Melanocortin receptor 1 2.08 0.38
P53350 Polo-like kinase 1 2.22 0.78
P08243 Asparagl'ne synthetase [glutamine- 297 0.35
hydrolyzing]
P12236 Adenine nucleotide translocator 3 2.29 1.26
QINVP2 Anti-silencing function protein 1 homolog 2.33 0.76
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Protein ID Protein Name Mean (T/U) S.D.

B
Q9NQH7-1 | Aminopeptidase P3 2.44 0.72
Q75MQ0 Putative uncharacterized protein EZH2 2.86 1.43
P05114 High m0b111t¥ gmup nuc'leosome-blndlng 475 159
domain-containing protein 1
AS5JHP3 Dermcidin isoform 2 545 2.00
QSTEO1 DERP12 (Dermal papilla derived protein 6.63 0.80

12)

Table B2. Pathways perturbed by °G treatment, as identified by IPA. The most
statistically significant canonical pathways and molecules identified are listed according
to their p-value (-Log). The threshold of p-value is 0.05.
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Ingenuity

-log

Canonical Mo?ezf les Molecules
Pathways (p-value) "
NDUFA4 (0.64), NDUFV1 (0.48), CPT1
(1.9140.25), MT-CO2 (0.51+0.07), NDUFA2 (0.63),
Mitochondrial | _ o " UQCRC2 (0.63+0.28), UQCRES] (0.61), NDUFA10
Dysfunction ‘ (0.60+0.02), CYBS5A (0.65), UQCRC1 (0.65+0.22),
COX5B (0.45+0.08), COX6C (0.54+0.04), RHOT1
(0.58+0.06)
ARHGAP9 (0.41), MYL6 (0.65+0.03), RHOT1
o (0.58+0.06), ARHO (0.66), GNG5 (0.60+0.07),
RhoGDI Signal 4.45E
oGDI Signaling SE00 8 ARHGEF11 (0.51), GNA14 (1.52), MYL3
(0.51+0.01)
MYL6 (0.65+0.03), RHOTI (0.58+0.06), ARH9
o (0.66), PLCB3 (0.53+0.58), GNGS5 (0.60+0.07), CRK
XCR4 Signal 4.19E
CXCR4 Signaling 9E00 ? (0.65+0.34), ARHGEF11 (0.51), GNA14 (1.52),
MYL3 (0.5140.01)
SEPTS (2.06), MYL6 (0.65+0.03), RHOT1
Signaling by Rho | . (0.58+0.06), ARHO (0.66), VIM (0.63+0.15), GNG5
Family GTPases | (0.60+0.07), ARHGEF11 (0.51), GNA14 (1.52),
MYL3 (0.51+0.01)
SEPTS (2.06), ARHGAP9 (0.41), MYL6
RhoA Signaling | 3.59E00 6 (0.65+0.03), ANLN (0.53), ARHGEF11 (0.51),
MYL3 (0.5140.01)
MYL6 (0.65+0.03), RHOT1 (0.58+0.06), ARH9
ILK Signaling | 3.48E00 8 (0.66),VIM (0.63+0.15), LEF1 (0.67+0.05), MYH7
(0.30), MYL3 (0.51+0.01), DSP (3.84)
Regulation of MYL6 (0.65+0.03), RHOTI (0.58+0.06), ARH9
Actin-based 2.97E00 4 (0.66), MYL3 (0.51+0.01)
Motility by Rho
Epithelial MYL6 (0.65+0.03), LEF1 (0.67+0.05), CRK
Adherens Junction | 2.95E00 5 (0.65+0.34), MYH7 (0.30), MYL3 (0.51+0.01)
Signaling
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Ingenuity

-log

Canonical Mo?e(c)flles Molecules
Pathways (p-value)
MYL6 (0.65+0.03), RHOT1 (0.58+0.06), ARH9
Thrombin 5 SE00 g (0.66), PLCB3 (0.53+0.58), GNGS (0.60+0.07),
Signaling ’ ARHGEF11 (0.51), GNA14 (1.52), MYL3
(0.51+0.01)
AHNAK (1.62), MYL6 (0.65+0.03), RHOT1
Phospholipase C 2 73E00 9 (0.58+0.06), ARH9 (0.66), CAGA (0.08), PLCB3
Signaling ' (0.53+0.58), GNGS (0.60+0.07), ARHGEF11 (0.51),
MYL3 (0.5140.01)
MYL3 (0.5140.01), COX5B (0.45+0.08), COX6C
Oxidative (0.54+0.04), NDUFAZ2 (0.63), NDUFA4 (0.64),
hosphorvlation 2.51E00 11 NDUFA10 (0.60+0.02), NDUFV1 (0.48), UQCRCI1
phosphory (0.65+0.22), UQCRC2 (0.63+0.28), ARHGEF11
(0.51), UQCRFS1 (0.61)
Actin MYL6 (0.65+0.03), CRK (0.65+0.34), MYH7 (0.30),
Cytoskeleton 2.46E00 4 MYL3 (0.5140.01)
Signaling
Sphingosine-1- RHOT1 (0.58+0.06), ARH9 (0.66), CASP2
phosphate 2.33E00 4 (0.53+0.06), PLCB3 (0.53+0.58)
Signaling
Actin Nucleation RHOT1 (0.58+0.06), ARH9 (0.66), FNRA (0.66)
by ARP-WASP 2.1E00 3
Complex
Cardiac MYL6 (0.65+0.03), RHOT1 (0.58+0.06), ARH9
Hypertrophy 1.84E00 7 (0.66), PLCB3 (0.53+0.58), GNGS (0.60+0.07),
Signaling GNA14 (1.52), MYL3 (0.51+0.01)
Clathrin-mediated LYZ (0.03), CAGA (0.08), CTTN (0.64), HIP12
Endocytosis 1.79E00 4 (0.67+0.03)
Signaling
Mitochondrial L- CPT1 (1.91+0.25), ACS4 (0.48)
carnitine Shuttle 1.63E00 2
Pathway
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| i -
ngenlflty log 4 of
Canonical Molecules Molecules
Pathways (p-value)
LXR/RXR FDFT1 (0.58+0.06), LYZ (0.03), CAGA (0.08), IRF3
o 1.54E00 4
Activation (0.66)
+ +
GADDAS LSOE00 ) CCND3 (0.60+0.02), CDK4 (2.27+0.04)
Signaling
. . MYL6 (0.65+0.03), CAGA (0.08), MYL3
PAK Signaling 1.44E00 3 (0.5140.01)
Cellular effects of L44E00 4 MYL6 (0.65+0.03), PLCB3 (0.53+0.58), MYH7
sildenafil ' (0.30), MYL3 (0.51+0.01)
Production of LYZ (0.03), MPO (7.95), RHOT1 (0.58+0.06),
Nitric Oxide and ARH?9 (0.66),
Reactive Oxygen 1.38E00 5
Species in CAGA (0.08)
Macrophages
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APPENDIX C. Supporting Information for Chapter 4

“Quantitative Proteomic Analysis Revealed the Arsenite-induced Alteration of

Cellular Pathways in Human Skin Fibroblast Cells”
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Table C1. A list of proteins which could be quantified in at least two sets of SILAC
labeling experiments and whose expressions were changed significantly upon arsenite
treatment (“S.D.” represents standard deviation).

UniProt Protein Name Mean (T/U) S.D.
R e BT T
BAEOLO ;:I]igi ::rI;g.I iérlgfe(i)r,l};ighly similar to Polymerase delta- 0.16 0.08
P63218 i%ﬁiﬁ;?gﬁ;gde_bmdmg protein G(I)/G(S)/G(O) 031 0.04
Q8WWX9 Selenoprotein M 0.33 0.28
Q9BQE4 Selenoprotein S 0.37 0.08
QoUJ14-1 Gamma-glutamyltransferase 7 0.42 0.35
P02452 Alpha-1 type I collagen 0.45 0.05
095810 Cavin-2 0.45 0.03
Q9Y263 Phospholipase A-2-activating protein 0.46 0.13
Q96ST3 Histone deacetylase complex subunit Sin3a 0.48 0.38
B774S9 BUD31 homolog (Yeast), isoform CRA b 0.48 0.05
Q9Y6DO Selenoprotein K 0.49 0.08
Q16850-1 CYPLI 0.50 0.13
Q96CX6 Leucine-rich repeat-containing protein 58 0.50 0.04
QI9NUIJ3 T-complex protein 11-like protein 1 0.51 0.03
Q9BW72 HIG1 domain family member 2A 0.54 0.23
QI9BW6l1 DET1- and DDB1-associated protein 1 0.55 0.09
Q8N806 E3 ubiquitin-protein ligase UBR7 0.56 0.06
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Q9UBB4 Ataxin-10 0.57 0.05
Q7Z3T8-1 Endofin 0.58 0.58
P56556 Complex I-B14 0.58 0.01
Q15506 Cancer/testis antigen 22 0.58 0.03
Q16352 66 kDa neurofilament protein 0.59 0.74
Q8TF05-1 sS;i:l;/ttlireonine—protein phosphatase 4 regulatory 0.60 0.28
QoP2B4 CTTNBP2 N-terminal-like protein 0.60 0.24
Q01628 Interferon-induced transmembrane protein 3 0.60 0.11
P98170 Baculoviral IAP repeat-containing protein 4 0.61 0.15
QS8IV08 Choline phosphatase 3 0.61 0.16
0154602 Procolllagen-proline,2-oxoglutarate-4-dioxygenase 0.61 011
subunit alpha-2

P62330 ADP-ribosylation factor 6 0.61 0.60
Q13907-2 Isopentenyl pyrophosphate isomerase 1 0.61 0.45
P63027 Synaptobrevin-2 0.61 0.03
Q96E14-1 BLM-associated protein of 18 kDa 0.62 0.09
075886-1 Hrs-binding protein 0.62 0.17
QI9BY32 Inosine triphosphate pyrophosphatase 0.62 0.04
Q9GZU8 NEFA -interacting nuclear protein NIP30 0.62 0.31
P13674-2 fliglclililtai?}ll—ap_rloline,2—oxoglutarate—4—di0xygenase 0.63 0.05
Q9Y3D0 Protein FAM96B 0.63 0.06
Q8N128-2 Protein FAM177A1 0.63 0.02
QI6P48-6 Arf-GAP with Rho-GAP domain, ANK repeat and PH 0.63 0.06

domain-containing protein 1
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QINQE9 Histidine triad nucleotide-binding protein 3 0.63 0.05
P13489 Placental ribonuclease inhibitor 0.63 0.02
NDUFBI Complex I-MNLL 0.63 0.14
CI1ZA2 Putative uncharacterized protein TPM1 0.63 0.09
QIBSGO Elr)o;ease-associated domain-containing protein of 21 0.63 0.04
PI7986.4 ffgjgﬁa:isi:nositol 3-kinase 85 kDa regulatory 0.63 0.34
Q81ZQ5 Selenoprotein H 0.64 0.09
QOHIE3-1 Eﬁ;l;&:;‘t;i;lrl:zus casein and cyclin-dependent 0.64 0.22
BADTY1 :]s)slc\)lé?afeIéJ FS)rl (f)tZIII; highly similar to 65 kDa Yes- 0.64 0.07
075787 Fl)klr"lc;ie;flezH(+)—transporting lysosomal accessory 0.64 037
Q96BR5 Hcp beta-lactamase-like protein Clorf163 0.64 0.14
P12109 Collagen alpha-1(VI) chain 0.64 0.17
P36969-1 Glutathione peroxidase 4 0.64 0.06
Q5S8J5-1 Heterochromatin protein 1-binding protein 3 0.65 0.12
P35658-5 214 kDa nucleoporin 0.65 0.24
Q9HO089 Large subunit GTPase 1 homolog 0.65 0.47
043181 Complex I-18 kDa 0.65 0.06
B4DJAO NADH-ubiquinone oxidoreductase 75 kDa subunit 0.66 0.07
QINYI1-2 Er(:::idn-?ﬂ-heliX-COiled_COil-heliX domain-containing 0.66 0.14
AO0PKO02 PLXNB?2 protein 0.66 0.08
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015355 Protein phosphatase 1C 0.66 0.03
Q15750 ?I/llsécr)agj[rilr-;c;ir\;i:i Il)rotein kinase kinase kinase 7- 0.67 011
A3F719 MHC class I antigen 0.67 0.12
Q9UNWI-1 | Inositol (1,3,4,5)-tetrakisphosphate 3-phosphatase 0.67 0.13
Q9Y608-1 Leucine-rich repeat flightless-interacting protein 2 1.50 0.63
000622 CCN family member 1 1.51 0.06
P50454 47 kDa heat shock protein 1.52 0.17
P22626-1 Heterogeneous nuclear ribonucleoproteins A2/B1 1.52 0.24
P02794 Ferritin 1.52 0.02
Q9Y314 eNOS-interacting protein 1.52 0.46
P33981 Dual specificity protein kinase TTK 1.53 0.66
P25685 Dnal homolog subfamily B member 1 1.53 0.17
BADVES (I:DNA FLJ60076, highly similar to ELAV-like protein 159 026
Q9UKM9-1 | Autoantigen p542 1.61 0.35
PS1116 gragile X mental retardation syndrome-related protein L61 0.36
BAE3T4 cDN/.\ FL.J 61582,. highly. s-imilar to RNA-binding 162 0.22
protein with multiple splicing

075190-1 Dnal homolog subfamily B member 6 1.63 0.59
095159 Zinc finger protein MCG4 1.64 0.10
P38159 Glycoprotein p43 1.65 0.10
P52272-1 Heterogeneous nuclear ribonucleoprotein M 1.66 0.07
Q12929 Epidermal growth factor receptor kinase substrate 8 1.67 0.94
A8K4L9 cDNA FLJ75459 1.69 0.00
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cDNA FLJ45695 fis, clone FEBRA2013570, highly

Q6ZSA3 similar to 2-oxoisovalerate dehydrogenase alpha 1.71 0.03
subunit, mitochondrial (EC 1.2.4.4)
QINS18-2 Glutaredoxin-2, mitochondrial 1.72 0.60
QI9BYNO Sulfiredoxin-1 1.72 0.12
QINQW6-1 | Actin-binding protein anillin 1.73 0.64
Q9P270 SLAIN motif-containing protein 2 1.77 0.07
095164 Membrane-anchored ubiquitin-fold protein 1.80 0.12
B77M99 lg/é;tehgézﬁf)telt_rﬁizdrofolate dehydrogenase (NADP+ 18 0.49
A6NCE7 tl:/:[:r;)tubule-associated proteins 1A/1B light chain 3 183 0.53
Q9UBU9 mRNA export factor TAP 1.84 1.16
Q96T37-1 One-twenty two protein 1 1.88 0.83
C9JIP5 Putative uncharacterized protein TFG 1.89 0.26
Q6PL18-1 AAA nuclear coregulator cancer-associated protein 1.94 0.01
P14866 Heterogeneous nuclear ribonucleoprotein L 1.96 0.21
014519 Cyclin-dependent kinase 2-associated protein 1 1.99 0.39
P48681 Nestin 2.01 0.50
QI9NY12 H/ACA ribonucleoprotein complex subunit 1 2.03 0.01
Q969T9 WW domain-binding protein 2 2.04 0.34
Q6QNY1-1 fuigﬁz?tezsis of lysosome-related organelles complex 1 207 163
cDNA FLJ46786 fis, clone TRACH3028837, highly
B3KY41 similar to Homo sapiens smoothelin (SMTN), 2.07 0.29
transcript variant 2, mRNA
Q6ZRR7-1 Leucine-rich repeat-containing protein 9 2.07 0.63
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A4DI110 Putative uncharacterized protein 2.16 0.40
P48507 Glutamate—cysteine ligase modifier subunits 2.18 0.29
Q99541 Adipophilin 2.22 0.99
P08107 Heat shock 70 kDa protein 1/2 2.23 0.47
P05120 Monocyte Arg-serpin 2.24 0.31
QO9NZ23 Drug-sensitive protein 1 2.25 1.65
POCOSS8 Histone H2A type 1 2.26 1.63
B3KTT5 highly similar to heat shock 70 kDa protein 1 2.30 0.56
QO6FI13 Histone H2A type 2-A 2.38 1.67
ASMWHA4 Metallothionein F 2.43 0.27
P41743 Atypical protein kinase C-lambda/iota 2.44 1.74
Q5BKZ1-1 Zinc finger protein 326 2.44 1.51
QIUNI6 Dual specificity protein phosphatase 12 2.50 1.10
095630 Associated molecule with the SH3 domain of STAM 2.60 2.37
QI9UBF6-1 CKII beta-binding protein 1 2.69 0.28
060942-1 GTP--RNA guanylyltransferase 2.83 0.88
P62491 Ras-related protein Rab-11A 291 1.69
P02795 Metallothionein-2 291 0.15
P80294 Metallothionein-0 2.97 0.03
QINWSS-1 ﬁ;?;glroeg for meiotic nuclear division protein 1 336 036
Q9UDY8-1 | MALT lymphoma-associated translocation 3.43 2.10
P36776 Lon protease homolog, mitochondrial 4.41 1.13
094808 D-fructose-6-phosphate amidotransferase 2 4.77 3.18
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Q6ZNL6 FYVE, RhoGEF and PH domain-containing protein 5 5.88 2.69
Q86YZ3 Hornerin 6.21 2.59
P12883 Myosin heavy chain 7 9.84 1.67
ASJHP3 Dermcidin isoform 2 10.80 5.95
P09601 Heme oxygenase 1 16.54 2.58
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Table C2. A list of proteins quantified through SRM analysis on a triple quadrupole
instrument. The protein expression ratios (Arsenite-treated/control, i.e., T/U) from both
TSQ and Orbitrap-Velos were listed (“S.D.” represents standard deviation).

Orbitrap Ratio (T/U)
ProteinName TSQ Ratio (T/U)
+S.D.

Selenoprotein S 0.37 0.37+0.08
Selenoprotein M 0.55 0.33+0.28
E3 ubiquitin-protein ligase UBR3 0.62 0.66

Selenoprotein H 0.66 0.64+0.09
E3 ubiquitin-protein ligase UBRS 0.67 0.85

15 kDa selenoprotein 0.73 0.71+0.05
KRAB-associated protein 1 0.79 1.03+0.12
95 kDa retinoblastoma-associated protein 0.84 0.68+0.39
Zinc finger protein 185 variant 721 0.84 0.85+0.07
Fragile X mental retardation 1 protein 0.85 0.75+0.10
E:(():g]iinalnd coiled-coil domain-containing 0.85 0.88+0.02
Histone deacetylase 2 0.86 0.9+0.03
Histone deacetylase complex subunit Sin3a 0.88 0.48+0.38
Heme oxygenase 2 0.89 0.9740.01
Zinc finger protein 593 0.94 1.70

RING finger protein 185 0.94 0.94+0.14
Histone acetyltransferase type B subunit 2 0.94 0.95+0.06
CKII beta-binding protein 1 0.95 2.69+0.28
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Histone acetyltransferase type B catalytic

subunit 0.95 1.02+0.08
Protein ZYP 0.96 0.99+0.12
RING finger protein 160 0.98 0.99+0.14
Selenoprotein Z 0.98 0.93+0.06
Dnal homolog subfamily B member 6 1.00 1.62+0.59
Zinc finger protein 259 1.07 1.02+0.01
HBYV pX-associated protein 8 1.10 1.88+0.61
M1G-methyltransferase 1.10 1.11+0.51
Iz;‘;r]ztfe’;i:liblosylation factor domain-containing L2 1.05+0.08
E3 ubiquitin-protein ligase BRE1A 1.12 1.02+0.14
RING finger protein 114 1.12 1.03+0.09
E3 ubiquitin/ISG15 ligase TRIM25 1.13 0.95+0.18
E3 ubiquitin-protein ligase KCMF1 1.16 1.06+0.31
Zinc finger protein 207 1.19 1.07+0.12
BAT2 domain-containing protein 1 1.21 1.3240.17
fg;il; liorﬁrrlltzl retardation syndrome- 123 1.6+0.36
Fanconi anemia group I protein 1.25 0.73+0.06
\(:aerlilsrll';lrlnucleic acid binding protein alpha 126 1.08+0.03
ferla;il; ;ior?eeiﬁtiﬂ retardation syndrome- 131 13+0.36
Dnal homolog subfamily B member 4 1.36 1.46+0.17
Dnal homolog subfamily A member 1 1.41 1.3840.13
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Dnal homolog subfamily B member 1 1.43 1.53+0.17
47 kDa heat shock protein 1.46 1.51+0.17
Cell proliferation-inducing gene 15 protein 1.51 1.52+0.02
Zinc finger protein MCG4 1.54 1.63+0.10
Metallothionein 1.72 2.42+0.27
Zinc finger protein 326 1.97 2.43+1.51
Gamma-ECS regulatory subunit 2.58 2.18+0.29
Metallothionein-1X 2.82 2.42+0.27
Metallothionein-0 2.96 2.96+0.03
HBYV X protein up-regulated gene 4 protein 3.88 1.63

Heme oxygenase 1 53.48 16.5+2.58
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Table C3. Pathways perturbed by arsenite treatment, as identified by IPA. The most
statistically significant canonical pathways and molecules identified are listed according

to their p-values. The threshold of p-value is 0.05.

Ingenuity Canonical # of
-1 -val Molecul
Pathways 0g(p-value) Mol. olecutes
HMOXI1 (16.54+2.58), RAF1 (0.46),
Pancreatic Adenocarcinoma 3386400 7 PLD3 (0.61+0.16), PIK3R1 (0.63+0.34),
Signaling ' CDKNIA (0.43), ABLI (5.57), SIN3A
(0.48+0.38)
HMOX1 (16.54+2.58), PRKCI
(2.44+1.74), PIK3R1 (0.63+0.34),
NRF2-mediated Oxidative 3 34E400 9 DNAJB6 (1.63+0.59), DNAJBI1
Stress Response ’ (1.5340.17), GCLM (2.18+0.29), FTH1
(1.52+0.02), HSPAI (2.23+0.47), GCLC
(1.91)
. . . RAF1 (0.46), PIK3R1 (0.6310.34),
(S:h roril.c Myeloid Leukemia | o1p 6 | CDKNIA (0.43), HDACI (0.67), ABL1
gnating (5.57), SIN3A (0.48+0.38)
Fcy Receptor-mediated HMOX1 (16.54+2.58), ARF6 (0.61+0.60),
Phagocytosis in 5 O1E+00 s | PLD3(0.61+0.16), PRKCI (2.44+1.74),
Macrophages and ’ PIK3R1 (0.63+0.34), RABI1A
Monocytes (2.91+1.69)
RAF1 (0.46), PRKCI (2.44+1.74), PIK3R1
Glioma Signaling 2.89E+00 6 (0.63+0.34), CDKNI1A (0.43), ABL1
(5.57), SIN3A (0.48+0.38)
HMOX1 (16.54+2.58), RAFI1 (0.46),
o PLD3 (0.61+0.16), PRKCI (2.44+1.74),
1 2.58E+00
Goq Signaling 7| RND3 (1.60), PIK3R1 (0.6310.34), GNG5
(0.31+0.04)
Cyclins and Cell Cycle 2 §E4+00 5 RAF1 (0.46), CDKNI1A (0.43), HDACI
Regulation ' (0.67), ABLI (5.57), SIN3A (0.48+0.38)
. 2 49E+00 6 PLCDI (0.63), RAF1 (0.46), PRKCI
Aldosterone Signaling in (2.44+1.74), PIK3R1 (0.63+0.34),
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Epithelial Cells

DNAJB6 (1.63+0.59), DNAJBI
(1.53+0.17)

RAF]1 (0.46), PIK3R1 (0.63+0.34),

Prostate Cancer Signaling 2.45E+00 CDKNI1A (0.43), ABL1 (5.57), SIN3A
(0.48+0.38)
. ABLI (5.57), MALTI (3.43+2.10),
iBnIf E;in?:sng nB 2. 30E+00 PIK3R1 (0.63+0.34), PLCD1 (0.63),
ymphocy PRKCI (2.44+1.74), RAF1 (0.46)
PLCDI (0.63), HMOXI1 (16.54+2.58),
o RAF1 (0.46), PLD3 (0.61+0.16), PRKCI
- . —+
Endothelin-1 Signaling 2.25E+00 (2.44+1.74), PIK3R1 (0.63+0.34),
CASP14 (0.34)
- RAF1 (0.46), PRKCI (2.44+1.74), YAP1
ErbB4 Signal 2.19E+
rbB4 Signaling IE+00 (0.64+0.07), PIK3R1 (0.63+0.34)
Cell Cycle: G1/S > 175100 CDKNIA (0.43), HDAC1 (0.67), ABL1
Checkpoint Regulation ' (5.57), SIN3A (0.48+0.38)
RAF1 (0.46), PIK3R1 (0.63+0.34),
Telomerase Signaling 2.11E+00 CDKNI1A (0.43), HDAC1 (0.67), ABLI
(5.57)
. . LYZ (0.41), ARF6 (0.61+0.60), APOB
glﬁhmi'md;f‘tedl. 2.04E+00 (0.58), PIK3R1 (0.63+0.34), RAB11A
RAOCYIOSIS Slgnating (2.91+1.69), S100AS (11.02), ARH (0.67)
HMOX1 (16.54+2.58), RAF1 (0.46),
.61+0. 44+1.
IL-§ Signaling 2 04E100 PLD3 (0.61+0.16), PRKCI (2.44+1.74),

RND3 (1.60), PIK3R1 (0.63+0.34), GNG5

(0.3140.04)

187




Table C4. Biological functions perturbed by arsenite treatment, as identified by IPA. The
most statistically significant biological functions are listed according to an FDR < 0.05 (-
log P-value = 1.33) to minimize false positives among the significantly-enriched

functions.

TOP Biological Functions by IPA analysis

Diseases and Disorders p-value # Molecules
Cancer 7.02E-05 55
Infectious Disease 2.39E-04 16
Respiratory Disease 2.39E-04 4
Cardiovascular Disease 3.96E-04 24
Developmetal Disorder 7.11E-04 31
Molecular and Cellular Functions p-value # Molecules
Cell Morphology 2.53E-05 20
Cellular Assembly and Organizaton 2.53E-05 41
Cellular Function and Maintenance 2.53E-05 30
Cell Cycle 9.38E-04 22
Cell Death and Survival 1.63E-03 27
Eﬂzsci:::;gical System Development and p-value 4 Molecules
lgzlrl((lzici)zsscular System Develoment and 2 39F.-04 15
Organismal Development 2.39E-04 10
Tissue Morphology 2.39E-04 11
Embryonic Development 7.30E-04 12
Organ Development 7.30E-04 7
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APPENDIX D. Supporting Information for Chapter 5

“Arsenite Binds to the RING Finger Domains of RNF20-RNF40 Histone E3

Ubiquitin Ligase and Inhibits DNA Double-strand Break Repair”
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Figure D1. (a) Streptavidin agarose affinity pull-down assay without or with biotin-As
probe to examine the binding between As(IIT) and RNF20 or RNF40 in cells. (b)
Pretreatment of cells with 10 uM Zn*" for 1 hr does not affect the binding between As(III)
and RNF20 or RNF40 in cells. (c) Western blot results showing the expression levels of
wild-type and mutant GFP-RNF20 and GFP-RNF40 in HEK293T cells. (d-e) Western
blot results showing the expression levels of ectopically expressed and endogenous
RNF20 and RNF40 with or without treatment with 5 uM NaAsQO,. (f) Cells without or
with ectopically-expressed RNF20 and RNF40 and detected with anti-RNF20 or anti-
RNF40. B-actin was used as loading control in (c), (d) and (e).
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Figure D2. Fluorescence microscopy results for cells transfected with GFP-RNF20 (top)
or GFP-RNF40 (bottom), but without ReAsH treatment; no red fluorescence could be
detected in these cells.
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Figure D3. (a) Selected-ion chromatogram for monitoring the [M +2H]*" ion (m/z 549.8)
of a tryptic peptide derived from histone H2B, AVTK5gVTSSK, with K120 being
modified with a diglycine remnant. (b) Selected-ion chromatogram for monitoring the
[M +2H]*" ion (m/z 408.7) of the reference tryptic peptide derived from histone H2B,
EIQTAVR. Shown in the insets are the MS displaying the [M+2H]*" ions of the two
peptides. (c) Product-ion spectrum of the [M + 2H]*" ion of H2B reference peptide

EIQTAVR.
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Figure D4. Quantitative real-time PCR results showing that the mRNA expression levels
of five genes involved in DNA DSB repair are not reduced in HEK293T cells upon a 24-
hr treatment with 5 uM NaAsO,. The mRNA expression levels of these genes were
normalized to that of GAPDH. The p-values were calculated by using unpaired two-
tailed #-test. “N.S” indicates that the difference was not significant (p > 0.05).
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Figure D5. Flow cytometry results showing the percentage of GFP+ cells in (a) U20S-
DRGFP and (b) U20S-EJ5GFP cells transfected with I-Scel alone (I-Sce I) or together
with a 24-hr treatment of 5 uM NaAsO, (I-Sce I + NaAsO,), as well as those cells that
were not transfected with I-Sce I (Control), or treated only with 5 uM NaAsO, for 24 hr
(Control + NaAsQO,). (¢) Quantitative results showed that the treatment with 5 uM
NaAsO; does not affect the transfection efficiency in U20S cells. “N.S” indicates that
the difference was not significant (p > 0.05).
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