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ABSTRACT OF THE DISSERTATION

Arsenic-Zinc Finger Protein Interaction and
The Impact of Arsenic Exposure on Protein Quality Control

by
Lok Ming Tam

Doctor of Philosophy, Graduate Program in Environmental Toxicology
University of California, Riverside, December 2019
Dr. Yinsheng Wang, Chairperson

Arsenic is an environmentally prevalent metalloid. Arsenic pollution through contaminated
drinking water is a leading global public health problem that influences millions of people. Arsenic
exposure has been demonstrated to elicit a variety of human diseases including tumorigenesis and
neurodegenerative disorders. It is proposed that arsenic interferes with the post-translational
modifications (PTMs) that primarily regulate pivotal quality control machineries of the genetic
information flow, thereby leading to onset and/or progression of protein-misfolding disorders. Zinc
finger (ZnF) proteins have diverse molecular functions, ranging from DNA/RNA binding to
regulatory enzymes of protein PTMs, maintaining homeostasis. Arsenite was previously proposed
to bind selectively to CsH- or Cs-type ZnF by displacing Zn*" within their zinc coordination spheres,
thus altering the functions of the ZnF proteins. The current dissertation aimed to characterize the
arsenite-ZnF interaction of ribosome-associated protein quality control (RQC) initiator ZNF598
and epigenetic remodeler TIP60, and examine toxicity of arsenite on small GTPases.

Proteostasis is crucial in maintaining the homeostasis of protein synthesis and turnover, thereby
preventing proteotoxic stress. RQC pathway is the frontline against proteotoxic stress in

eukaryotes. Its initiation necessitates site-specific regulatory ubiquitinations of the ribosomal
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protein subunits RPS10 and RPS20 for ribosome stalling of poly-(A) mRNA sequences, which are
mediated by ZNF598 E3 ubiquitin ligase. In addition to ZNF598-mediated ribosomal
ubiquitination in RQC, histone H4K 16 acetylation is important in facilitating DNA repair through
modulating chromatin accessibility of DNA damage sites for DNA repair enzymes. Proper
regulation of TIP60 histone acetyltransferase is essential for de-compacting chromatin structure to
facilitate DNA repair through H4K16Ac, lowering the likelihood of carcinogenesis. Here, arsenite
binding to cysteine residues within ZNF598 and TIP60 was proposed to perturb their corresponding
PTMs for dysregulating RQC (Chapter 2) and DNA repair (Chapter 3), respectively. Apart from
ZnF proteins, a targeted quantitative proteomic method demonstrated that the expression levels of
small GTPases were impacted by arenite exposure in Chapter 4. Our results showed that the
expression level of RhoB protein in cultured human cells was diminished upon arsenite exposure.
Mechanism of As**-induced down-regulation of RhoB protein was further elucidated by studying
ubiquitin-proteasome system, whose function was impaired by arsenite, as reflected by enhanced
proteasomal degradation of RhoB protein. These results show ZnF proteins involved in DNA repair
and protein quality control are molecular targets for arsenite exposure, which disrupt proteostasis.
Overall, these results will be useful for understanding arsenite-induced proteotoxic stress and

inform studies on the mechanisms of toxicity of arsenite.
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LIST OF FIGURES

Figure 1.1. The world map illustrating the prevalence of arsenic contamination in
groundwater. The color scale of the map indicates the probability of inorganic arsenic
(1As) concentration being higher than 10 ug/L. Adopted from Amini, M. ef al.*

Figure 1.2. Inorganic arsenic and its metabolism. In liver, absorbed As®" is reduced to
As** by GSH as an electron donor, and As** undergoes sequential methylation and
reduction with SAM and GSH as the donors of methyl group and electron, respectively,
to generate MMAY, MMA!, DMAY and DMA™!

Figure 1.3. As** and iAs-elicited oxidative stress enhance carcinogenesis through
impairing DNA repair pathway to induce mutations in DNA. As*" can induce the
overproduction of ROS and RNS through mitochondria dysfunction, cellular antioxidant
imbalance, and impairment of ROS-scavenging enzymes. Hence, iAs-elicited oxidative
stress induces oxidative DNA damage, disturbs PTMs of DNA repair enzymes, and
disrupts protein tyrosine phosphorylation, thereby enhancing DNA mutations to promote
carcinogenesis

Figure 1.4. Multi-stage carcinogenesis model

Figure 1.5. Major events governing the disruption of DNA repair pathways by iAs and
its trivalent metabolites. Arsenite and its metabolites increase positive growth signaling
while inhibiting BER, NER, DSB repair, ICL repair, DDR signaling, cell cycle checkpoint
regulation, apoptosis of damaged cells. These together diminish the capacity of DNA
repair, thus impairing genetic integrity

Figure 1.6. Modes of action of inorganic arsenic and iAs-induced ROS/RNS in impairing
the enzymatic activity of zinc finger proteins. iAs and ROS/RNS can target vicinal
cysteines within the zinc coordination spheres of zinc finger proteins: i) As>* directly
binds to these cysteines more strongly than Zn?*; ii) ROS oxidizes these cysteines to form
a series of oxidized products, such as -SOH and -S-S-; iii) RNS, especially peroxynitrite,
can S-nitrosylate these cysteines. In all these cases, Zn*>" bound within zinc finger motifs
is released by the its displacement by As**, which alters the conformation of zinc finger
proteins and hence their enzymatic activities

Figure 1.7. Major events through which inorganic arsenite and its trivalent metabolites
disrupt epigenetic integrity through inhibition of epigenetic regulators and chromatin
remodelers. As**, MMA™ and DMA!" can inhibit the enzymatic activities of epigenetic
regulators (e.g. DNMTs, Tet and CTCF) and chromatin remodelers (e.g. h(MOF, TIP60
and PARPI), which subsequently perturb DNA methylation and histone PTMs,
respectively, thereby disrupting epigenetic integrity

Figure 1.8. Arsenite disrupts DNA methylation. Arsenite disrupts DNA methylation.
Methylation events in gene promoters repress gene expression, whereas those in gene
bodies activate gene expression. iAs metabolism induces SAM deficiency, which results
in the global DNA hypomethylation. iAs exposure leads to decreased expressions of
DNMTI1, DNMT3A, DNMT3B, thus diminishing global DNA methylation. Additionally,
1As selectively inhibits CTCF binding to promoters of genes (e.g. DNMTs), leading to
repression of tumor suppressors. Meanwhile, iAs inhibits Tet proteins, thus reducing the
level of 5-hmC, which can be inhibited by the weakened occupancy of CTCF in the
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promoters of Tet genes. Combined together, iAs can repress tumor suppressors and
activate proto-oncogenes, thereby impairing DNA repair and genome integrity

Figure 1.9. Arsenite and iAs-induced oxidative stress enhance DNA damage through
disrupting the functions of zinc finger proteins. Apart from iAs-induced oxidative stress,
As** can inhibit the zinc finger-containing epigenetic regulators and DNA repair enzymes.
Simultaneously, oxidative stress generates oxidative DNA damage. These together
diminish DNA repair capacity in cells, which elevates DNA damage via disrupting zinc
finger-modulated genetic and epigenetic integrity in DNA repair pathways, resulting in
tumorigenesis

Figure 1.10. Overview of RQC and potential i1As targets

Figure 1.11. Arsenic induces proteotoxic stress through imbalance of protein synthesis
and protein turnover

Figure 1.12. Hypothesis of iAs-induced enhancement of aging-related proteinopathies

Figure 2.1. Arsenite diminishes the levels of site-specific ubiquitination in ribosomal
proteins RPS10 and RPS20. (A) The workflow of SILAC and LC-MS/MS for studying
the effect of a 24-hr exposure of human skin fibroblast GM00637 cells to 5 uM NaAsO,
on the global ubiquitinated proteome. (B) Quantification of the ubiquitination levels of
K138/K139 in RPS10 and K8 in RPS20 upon a 24-hr exposure to 5 M NaAsO,. The data
represents the mean = S.D. of results obtained from 4 biological replicates. The p values
were calculated using an unpaired two-tailed Student’s z-test (*, 0.01 <p <0.05; **, 0.001
<p<0.01; ¥* p<0.001)

Figure 2.2. LC-MS and MS/MS results showing the arsenite-induced decreases in the
relative  abundance of K-e-GG-containing tryptic  peptide, DTG(KS8-¢-
GG)TPVEPEVAIHR, derived from RPS20. (A) Positive-ion ESI-MS showing the
[M+3H]*" ions of the peptide obtained from forward and reverse SILAC experiments,
where the m/z values for the monoisotopic peaks for the light and heavy-labeled peptide
are 588.31 and 592.99, respectively. (B) MS/MS for the light and heavy-labeled peptide,
where the inset showing a scheme summarizing the observed b and y ions

Figure 2.3. Arsenite binds to the ZNF598 protein in cells. (A) The chemical structure of
the biotin-As probe. (B) Streptavidin agarose affinity pull-down assay showing the
interaction between As* and ZNF598 in cells. The biotin-As probe was used to pull down
ectopically expressed Flag-ZNF598 in HEK293T cells. The Flag-ZNF598 signal was
detected using the anti-Flag antibody, and the input Flag-ZNF598 and actin were also
monitored. (C, D) The interaction between the biotin-As probe and ZNF598 was
substantially diminished upon pre-treatment of HEK293T cells with 10 uM NaAsO, and
PAPAO, but not with 10 uM Zn*". The Western blot images are shown in (C), and the
quantification results are displayed in (D). The data represents the mean + S.D. of results
obtained from 4 biological replicates. The p values were calculated using an unpaired two-
tailed Student’s #-test (*, 0.01 < p <0.05; **,0.001 <p <0.01; *** p <0.001, ‘n.s.” stands
for no significant difference)

Figure 2.4. As*"-bearing biarsenical dye ReAsH co-localizes with GFP-ZNF598, and
As** competes with Zn>* for binding to the tetracysteine motif within the RING finger
domain of ZNF598. (A) Fluorescence microscopy results revealed the co-localization
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between ReAsH and ectopically expressed GFP-ZNF598. The co-localization was
significantly diminished in cells pre-treated with 10 uM NaAsO- or PAPAO, but not Zn?".
(B) The chemical structure of ReAsH-EDT,, (C) Quantitative analysis of the frequencies
of co-localization between ReAsH-EDT, and ZNF598. The data represents the mean +
S.D. of results obtained from images of 30 different cells. The p values were calculated
using an unpaired two-tailed Student’s #-test (*, 0.01 < p < 0.05; **, 0.001 < p < 0.01;
% p<0.001, ‘n.s.” represents no significant difference)

Figure 2.5. Arsenite inhibits the ribosomal stalling and augments the read-through of
poly-A stalling sequences. (A) A schematic diagram showing the working principle of the
dual fluorescence translation stall reporters. Plasmids expressing a reporter without a stall-
inducing sequence or one containing 20 consecutive lysine codons (KA*), in the linker
region were transfected into HEK293T cells. The diagram of the reporter cassette
construct and expected protein products in the absence or presence of terminal stalling is
modified from the work of Juszkiewicz and Hedge.!®> (B) The resulting cellular GFP and
ChFP levels are depicted in the scatter plot of individual cells. (C) Median ChFP:GFP
ratio of 50,000 transfected HEK293T cells transiently expressing the reporter construct
containing the indicated sequences. (D) Median ChFP:GFP ratio of 50,000 transfected
cells transiently expressing the reporter plasmids containing either no stalling sequence or
20 consecutive lysine codons (K*4%), in the linker region. In (C) and (D), the error bars
represent S.E.M. for three separate transfections and flow cytometry measurements, and
the p values were calculated using an unpaired two-tailed Student’s #-test (*, 0.01 <p <
0.05; **,0.001 < p <0.01; *** p <0.001)

Figure 2.6. As* induces ribosome stalling through inhibiting ZNF598. As*" binds to
specific cysteine residues within zinc finger motif of ZNF598 E3 ubiquitin ligase, which
subsequently inhibits its ubiquitination activity on specific lysine sites on RPS10 and
RPS20, thereby diminishing the resolution of ribosome stalling

Figure 3.1. Arsenite treatment results in a dose-dependent decrease in TIP60, but not
hMOF protein. Western blot images showing the effect of treatment with different doses
of arsenite (0, 1, 2, and 5 uM) on the protein level of HA-TIP60 (A) and hMOF (C). The
quantification results of the relative level of TIP60 (B) and hMOF (D) proteins following
exposure to different doses of NaAsO, (n=3). Error bars represent standard deviations.
The p values were calculated using unpaired two-tailed student’s t-test, and the asterisks
designate significant differences between arsenite-treated samples and untreated control
(*, p<0.05; ** p<0.01; *** p<0.001)

Figure 3.2. In vitro binding between arsenite and zinc finger peptide of TIP60. Shown is
the MALDI-TOF MS results for monitoring the zinc finger peptide of TIP60 (A) and its
interaction with As** (B). The insets show the isotopic peaks of both apopeptide of TIP60
and apopeptide bound to arsenite

Figure 3.3. Streptavidin agarose affinity pull-down assay using biotin-As as a probe
reveals the binding between As*" and the C3H-type zinc finger domain of TIP60. (A) The
structure of the biotin-As probe. (B) Treatment of HEK293T cells expressing HA-TIP60
with 5 uM biotin-As probe could pull down HA-TIP60 by using streptavidin agarose. (C).
Pre-treatment of cells with 10 puM ZnCl,, NaAsO,, or PAPAO (ie. p-
aminophenylarsenoxide) for 2 hrs attenuates the binding between biotin-As and TIP60.
(D) Relative protein level of TIP60 pulled down by streptavidin agarose using biotin-As
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probe upon pretreatment with 10 uM ZnCl, or NaAsO, or PAPAO when compared with
untreated control (n=3). The p values were calculated using unpaired two-tailed student’s
t-test, and the asterisks designate significant differences between different pretreatments
and control without pretreatment (*, p < 0.05; **, p <0.01; *** p <0.001). (E) Mutations
of cysteine residues (Cys—> Ala) in the zinc finger motif of TIP60 weakened the pull-
down of TIP60 with the biotin-As probe. (F) Relative levels of different forms of TIP60
protein pulled down by streptavidin agarose using the biotin-As probe. Specific Cys—> Ala
mutations within the zinc finger domains of TIP60 led to compromised interaction
between TIP60 and biotin-As (n=3). The p values were calculated using unpaired two-
tailed student’s t-test, and the asterisks designate significant differences between mutant
forms of HA-TIP60 and the wild-type control (*, p < 0.05; **, p <0.01; *** p <0.001).
Error bars in D and F indicate standard deviations

Figure 3.4. Exposure to arsenite induces proteasomal degradation of TIP60. (A) Co-
treatment of HEK293T cells with 4 uM MG132 together with different doses of NaAsO-
(0, 2, and 5 puM) could rescue the dose-dependent decrease of TIP60 protein induced by
arsenite exposure. (B) Relative protein level of TIP60 upon treatment with different doses
of NaAsO; together with MG132 or DMSO control (n=3). The p values were calculated
using unpaired two-tailed student’s #-test, and the asterisks designate significant
differences between the arsenite-treated samples and untreated control (¥, p < 0.05; **, p
<0.01; #*x, p <0.001). Error bars in panel B represent standard deviations

Figure 3.5. Arsenite exposure led to diminished H4K16Ac in both wild-type and T/P60
“ HEK293T cells, and a higher concentration of arsenite (i.e. 5 tM) gave rise to a more
pronounced decrease in H4K16Ac level in wild-type cells than TIP60”" cells. (A) Western
blot image showing the effect of different concentrations (0, 2, and 5 uM) of NaAsO, on
the level of H4K16Ac in wild-type and TIP60"" HEK293T cells. (B) Relative levels of
H4K16Ac in wild-type and TIP60 knock-out cells upon treatment with different
concentrations of arsenite (n=4). Error bars represent standard deviations. The p values
were calculated using unpaired two-tailed student’s t-test, and the asterisks designate
significant differences between arsenite-treated cells and untreated control as well as the
significant difference upon the same arsenite treatment between wild-type and TIP60™
cell lines (*, p <0.05; **, p <0.01; *** p <0.001)

Figure 3.6. The proposed role of TIP60 in arsenic-induced carcinogenesis. As®* interacts
with cysteine residues in the zinc finger motifs of TIP60, promoting its degradation via
the ubiquitin-proteasomal pathway. Diminished level of TIP60 protein results in lower
level of H4K16Ac. This in turn generates a biochemically less accessible chromatin state,
which may compromise DNA repair

Figure 3.S1. The effects of DTT on the interaction between As** and the zinc finger
peptide of TIP60. Increasing concentration of DTT can affect the relative intensity of peak
corresponding to As*-bound peptide (at m/z 3219.5), as indicated in MALDI MS
measurements when molar ratios of As>*/DTT were 1:1 (A), 1:5 (B) and 1:25 (C)

Figure 3.S2. Arsenite does not induce dose-dependent decrease in protein level of any
three zinc finger mutants of TIP60, i.e. C263A, C266A and C283A. Western blot images
showing the effect of mutations in critical cysteine residues of the C3H-type zinc finger
of TIP60, i.e. C263A (A), C266A (C) and C283A (E). The quantification results of the
relative level of TIP60 mutant proteins C263A (B), C266A (D) and C283A (F) following
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exposure to different concentrations of NaAsO2 (n=3). Error bars represent standard
deviations. The p values were calculated using unpaired two-tailed Student’s t-test, and
the asterisks designate significant differences between arsenite-treated samples and
untreated control (*, p < 0.05; **, p <0.01; *** p <0.001)

Figure 3.S3. Arsenite does not attenuate the histone acetyltransferase (HAT) activity of
TIP60. (A) HAT assay indicating the effect of treatment of cells with 5 uM of NaAsO; on
HAT activity of TIP60, as shown by the acetylation of H4K 16 residue, with the untreated
control. (B) Relative HAT activity of TIP60 with or without 5 uM of NaAsO,. The data
represents the mean and standard deviation of results from three independent experiments

Figure 4.1. A targeted proteomic strategy for high-throughput quantitative profiling
of small GTPases upon arsenite exposure in IMR90 human lung fibroblast cells. (A)
A schematic illustration of the targeted quantitative proteomic workflow, relying on
forward SILAC labeling, SDS-PAGE fractionation, and scheduled LC-MRM analysis;
(B) Venn diagrams displaying the overlap between quantified small GTPases in the
forward and reverse SILAC experiments obtained from the MRM and DDA analyses,
respectively, and the comparison between the performances of the two methods; (C)
Correlation between the Logy-transformed SILAC ratios (Log:R) obtained from one
forward and one reverse SILAC labeling experiments with a relatively high linear
correlation coefficient (R? = 0.8243); (D) A bar chart showing significantly up- and down-
regulated (> 1.5-fold) small GTPases quantified from two LC-MRM experiments

Figure 4.2. LC-MRM and Western blot analyses revealed consistently lower levels
of expression of RhoB upon a 12 h exposure to 5 uM NaAsQO; in IMR90 cells. (A)
Extracted MRM traces for three transitions (yo, ys, and y7) monitored for the [M+2H]**
ion (m/z 537.78) of a tryptic peptide from RhoB, i.e. LVVVGDGACGK (underlined ‘C’
designates carbamidomethylated Cys), with blue and red traces representing MRM
transitions for the light- and heavy-isotope labeled forms of the peptide, respectively; (B)
Western blot analysis confirmed the diminished expression of both endogenous and
ectopically-expressed RhoB in IMR90 cells upon exposure to 5 uM of NaAsO; for 24 h.
Shown are the quantification results for the relative levels of RhoB protein following
exposure to 5 UM of NaAsO, obtained from Western blot analysis. Error bars represent
standard deviations (n = 3). The p values were calculated using unpaired two-tailed
student’s #-test, and the asterisks designate significant differences between arsenite-treated
samples and untreated control (*, 0.01 < p < 0.05; **, 0.001 < p < 0.01; *** p <0.001)

Figure 4.3. Arsenite treatment results in a dose-dependent decrease in both
endogenous and ectopically expressed RhoB proteins. (A) Western blot images
showing the effect of 24 h treatment with different doses of arsenite (0, 1, 2, and 5 uM)
on expression level of endogenous RhoB protein in IMR90 cells and ectopically-
expressed RhoB protein in HeLa, HEK293T and GM00637 cells. (B) The quantification
results of the relative levels of endogenous and ectopically-expressed RhoB protein in the
four cell lines as shown in (A) following exposure to different doses of NaAsO». Error
bars represent standard deviations (n = 3). The p values were calculated using unpaired
two-tailed student’s f-test, and the asterisks designate significant differences between
arsenite-treated samples and untreated control (*, 0.01 < p <0.05; **, 0.001 < p < 0.01;
**%k p<0.001)
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Figure 4.4. Exposure to arsenite induces proteasomal degradation of RhoB. (A) Co-
treatment of HEK293T cells with 4 uM MG132 together with different doses of NaAsO,
(0, 2, and 5 uM) for 24 h could abolish the dose-dependent decrease of RhoB protein
induced by arsenite exposure. (B) Relative protein level of HA-RhoB upon treatment with
different doses of NaAsO; together with MG132 or DMSO control (n = 3). The p values
were calculated using unpaired two-tailed student’s t-test, and the asterisks designate
significant differences between the arsenite-treated samples and untreated control (*, 0.01
<p<0.05; ** 0.001 <p <0.01; *** p <0.001). n.s. represents no significant difference
between arsenite-treated samples and untreated control

Figure 4.5. Arsenite exposure diminishes the protein expression level of RhoB through
enhancing its proteasomal degradation.

Figure 4.S1. LC-MRM and Western blots revealed no appreciable change in levels
of expression of Rab31 and Rab32 upon a 12 h exposure to 5 uM NaAsQ; in IMR90
cells. (A) Extracted MRM traces for three transitions (ys, y4, and y3) monitored for the
[M+2H]** (m/z 501.25) of a unique tryptic peptide from RAB31, i.e. QDSFYTLK, and
for three transitions (y7, ys, and ys) monitored for the [M+2H]** (m/z 572.78) ion of a
unique tryptic peptide from RAB32, i.e. DNINIEEAAR, with blue and red traces denoting
MRM transitions for the light- and heavy-isotope labeled peptides respectively. (B)
Western blot analysis confirmed the lack of change in the expression of endogenous
Rab31 and Rab32 proteins upon a 24 h exposure to 5 uM of NaAsO; in IMR90 lung
fibroblast cells. (C) The quantification results of the relative expression of endogenous
Rab31 and Rab32 proteins following exposure to 5 uM NaAsO, (n=3). Error bars
represent standard deviations. The p values were calculated using unpaired two-tailed
student’s #-test, and the asterisks designate significant differences between arsenite-treated
samples and untreated control (*, 0.01 < p <0.05; **,0.001 <p < 0.01; *** p <0.001).
n.s. represents no significant difference between arsenite-treated samples and untreated
control

Figure 5.1. Summary of the conclusions from Chapters 2-4.
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Chapter 1

Introduction

The central dogma of molecular biology is that genetic information flows from DNA through
mRNA via transcription and then from mRNA to protein via translation.!? At first glimpse, it may
seem simple, but post-translational modifications (PTM) make this flow complicated yet
interesting. PTM is a general enzymatic and covalent modification of proteins after their syntheses,
where PTM can control the extent of the flow of genetic information from DNA to protein
expression through addition or removal of biochemical modifications on amino acids of a protein.
Protein is the functional unit of genetic information in human bodies, and PTMs of proteins are
known to regulate their expression levels and protein-protein interactions. In a plethora of cellular
processes, a crosstalk of PTM network ensures the tight regulation through cellular
communications via these modifications on proteins.

However, PTMs on proteins are vulnerable to environmental exposure, especially carcinogenic
metals and metalloids. In this chapter, I will first discuss about arsenic, a metalloid prevalent in the
environment, and its environmental fate, transport and toxicity. Next, [ will describe zinc finger
proteins, as well as arsenic-induced toxicity elicited by the disruption of zinc finger proteins and
its association with human diseases, which is the primary focus of my Ph.D. work.

1. Arsenic (As)

Arsenic (As) is a widely distributed metalloid, both naturally occurring and anthropogenically
in the environment. Being 20™ most abundant element on the Earth’s crust, arsenic exists in both
inorganic and organic forms as well as arsine gas.? Arsenic has several oxidation states and can be

present in its elemental form (As, 0), or as arsenite (As**, +3), arsenate (As>*, +5) or organoAs



[such as methylated arsenic species dimethylarsinate (DMA) and monomethylarsonate (MMA)],
or arsine gas (As>, -3).> Present naturally in minerals with other metal elements, As can be released
into surface waters via weathering and Earth movement and uptake by living organisms can
negatively impact them. Arsenic pollution events have been documented around the world
including the USA, influencing more than 200 million people in over 70 countries (Fig. 1.1).
Therefore, it is important to understand how arsenic exposure exerts its toxicity to living organisms
via protein quality control, though a large body of knowledge is available concerning the toxicity

of arsenic.

Probability of iAs \ &
. >10 pg/L

[ <25%
] 25-50%
] 50-75%
0 >75%

Figure 1.1. The world map illustrating the prevalence of arsenic contamination in groundwater.
The color scale of the map indicates the probability of inorganic arsenic (iAs) concentration being
higher than 10 ug/L. Adopted from Amini, M. et al.*

1.1. Arsenic Overview

Physiological Roles

Arsenic is not considered as an essential micronutrient, but numerous lines of evidence suggest

that arsenic plays a physiological role in methionine metabolism. Arsenic is thought to be involved



in maintaining the metabolic pool of S-adenosyl-L-methionine (SAM), which is indispensable for
a diversity of pivotal processes including DNA methylation and the metabolism of arginine, as
supported by arsenic-deprived studies in rats.> Animal studies have suggested that arsenic
deficiency would result in heightened mortality, declining fertility, higher spontaneous abortion
rate, lower birth weight in offspring as well as damage to red blood cells.® However, due to the
limited knowledge associated with beneficial functions of arsenic, its other potential physiological
roles remain to be investigated in the future.
Metabolism

Toxicity of inorganic arsenic (As*" and As>") in humans largely depends on their metabolism
after arsenic exposure and absorption. Approximately 90% of ingested inorganic arsenic (As** or
As®) is absorbed by the gastrointestinal tract.” Inorganic As>* subsequently undergoes a sequential
process, i.e. glutathione (GSH)-mediated two-electron reduction to As**, and oxidative methylation
of As** by arsenic methyltransferase (As3MT) to pentavalent organic arsenic intermediates (e.g.
MMAY and DMAY) in the liver (Fig. 1.2).%° DMAY was previously shown to be a teratogen, a
nephrotoxin, a tumor promoter, and a complete carcinogen in mammals.'®"® In this
biotransformation process, inorganic arsenic (iAs) can also be biomethylated to yield trivalent
arsenical intermediates such as MMA!" and DMAM, which exhibit higher potency in being
cytotoxic/genotoxic agents and enzyme inhibitors over inorganic arsenite (iAs**).® Therefore, it is
important to consider both inorganic arsenic and their trivalent methylated arsenic species when

discussing arsenic toxicity. !+
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Figure 1.2. Inorganic arsenic and its metabolism. In liver, absorbed As** is reduced to As** by GSH
as an electron donor, and As** undergoes sequential methylation and reduction with SAM and GSH
as the donors of methyl group and electron, respectively, to generate MMAY, MMA™, DMA" and
DMA™,

Arsenic Exposure and Oxidative Stress

Given the weak mutagenicity of iAs and high genotoxicity of methylated trivalent arsenic
metabolites,® arsenic-induced oxidative stress has been widely studied and is likely a major
contributor to arsenic-induced carcinogenesis (Fig. 1.3.). Throughout the remainder of this
dissertation we will discuss inorganic and methylated trivalent arsenic species as a group, which
together have been shown to induce ROS generation and oxidative stress in mammalian cells.'”"?

Major arsenic-induced ROS include superoxide anion (O:"), hydroxyl radical ("OH), singlet

oxygen ('0,), hydrogen peroxide (H,0»), and peroxyl radicals (ROO").?°
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Figure 1.3. As** and iAs-elicited oxidative stress enhance carcinogenesis through impairing DNA
repair pathway to induce mutations in DNA. As*" can induce the overproduction of ROS and RNS
through mitochondria dysfunction, cellular antioxidant imbalance and impairment of ROS-
scavenging enzymes. Hence, iAs-elicited oxidative stress induces oxidative DNA damage, disturbs
PTMs of DNA repair enzymes and disrupts protein tyrosine phosphorylation, thereby enhancing
DNA mutations to promote carcinogenesis.

Apart from direct generation of ROS from arsenic and its metabolites, arsenic exposure can
result in antioxidant imbalance, mitochondrial dysfunction, and impairment of ROS-scavenging
enzymes, which together result in arsenic-induced oxidative stress, as discussed previously.?! Due
to its involvement as an electron donor in arsenic metabolism,®’ the intracellular pool of glutathione
(GSH) is heavily depleted upon chronic arsenic exposure and becomes unavailable for scavenging
ROS as a cellular defense against oxidative stress. In addition, arsenic-mediated disruption of the
mitochondrial electron transport chain further exacerbates oxidative stress, because the

mitochondrion constitutes a major source of intracellular ROS, especially the superoxide anion

generated from complexes I and III, and RNS (e.g. peroxynitrite).?>2* Apart from mitochondrial



dysfunction, arsenic-induced oxidative stress also emanates from impaired activities of ROS-
scavenging enzymes, such as superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase
(GPx), glutathione S-transferase (GST), and glutathione reductase (GR).?'"* Therefore, it is
reasonable to conclude that arsenic-induced carcinogenesis is attributed, in part, to arsenic-
associated oxidative stress, which results in genotoxicity and disruption of vital cellular processes
where ROS act as secondary messengers.?> 28

Arsenic-induced oxidative stress may result in carcinogenesis through the genotoxicity of ROS
and RNS. Along this line, increasing lines of evidence demonstrated that iAs and its biomethylated
metabolites damage DNA indirectly through induction of free radicals, which generate DNA
adducts, DNA strand breaks, cross-links and chromosomal aberrations.!®*3? For instance,
hydroxyl radicals generated from arsenite exposure are believed to react with all four canonical
nucleobases in DNA to form DNA lesions, such as 8-0x0-7,8-dihydroguanine, 5-hydroxycytosine
and 5-hydroxyuracil.*» ROS/RNS can induce nucleobase substitutions, insertions, deletions, and
rearrangements.*> In addition, arsenite-induced ROS and RNS are believed to induce cross-links
between DNA and proteins or other molecules in cells (e.g. lipids).>* Moreover, in vitro studies
with cultured human cells indicated that arsenite-induced oxidative stress causes persistent
telomere attrition, DNA strand breaks, chromosomal aberrations and sister chromatid
exchanges. 337

Aside from oxidative DNA damage, arsenite-induced ROS function as secondary messengers
to interfere with signal transduction pathways and transcription factor regulation, such as disruption
of tyrosine phosphorylation system by mitogen-activated protein kinases (MAPKs) and
transcription factor families (e.g. NF-kB and AP-1), enhancing the carcinogenic potential of

arsenite.'”?! Last but not the least, ROS/RNS generated by arsenite can directly inhibit important

thiol-containing proteins involved in DNA repair and DNA damage response (DDR). For example,



inhibition of poly(ADP-ribose) polymerase-1 (PARP1) by peroxynitrite through S-nitrosylation of

its zinc finger cysteines was shown to impair DNA repair capacity.>®*

1.2. Arsenic in the Environment
Sources and Speciation

Arsenic is present naturally in the Earth’s crust, particularly in its sulfide form in complex
minerals containing silver, lead, copper, nickel, antimony, cobalt and iron.> Arsenopyrite is the
most common among over 200 arsenic-containing mineral species.® Arsenic can be mobilized by a
variety of natural and anthropogenic activities. Natural occurrences, such as volcanic eruptions and
weathering of rocks and soils, are secondary to arsenic release in comparison to anthropogenic
activities.’ Mining, smelting of non-ferrous metals, burning of fossil fuels and agricultural irrigation
of contaminated ground water are the primary causes of arsenic release into the environment, with
the historical use of arsenic-containing pesticides releasing a significant amount of arsenic in
contaminated agricultural soil.> Global natural emissions of arsenic and arsenic compounds have
been estimated to be approximately 8,000 metric tons per year while anthropogenic emissions are
about three times more.*

Aquatic arsenic is the most significant source of arsenic contamination, mainly in groundwater
due to its solubility in water.*! Groundwater is the main source for drinking water, rendering human
susceptible to arsenic exposure. Inorganic arsenite (As**) and arsenate (As>") are the predominant
forms in water*?, and they also contain the highest potency in toxicity to living organisms through
oral ingestion of contaminated drinking water. Contaminated drinking water is the major source of
arsenic exposure in humans, becoming one of the most pivotal global public health issues to be

encountered.



Environmental Fate and Transport of Arsenic

The fate and transport of arsenic into aquatic systems depends largely on the arsenic source
and the receiving waters. Arsenic form in the environment largely depends on the pH and redox
potential, with As** and As>* being the dominant forms under anaerobic reducing and aerobic
oxidizing circumstances at normal pH ranges respectively.*’ In addition to direct dissolution of
inorganic arsenic from minerals to groundwater, naturally occurring arsenic from minerals and
anthropogenic source of arsenic is mobilized, via volcanic eruption and burning of fossil fuel
respectively to the atmosphere, where rain leads to lixiviation and mobilization of arsenic aerosol
particulates to the hydrosphere, especially surface water.** Arsenic in the hydrosphere infiltrates
into the geosphere, where biogeochemical redox processes strongly influence its environmental
fate and mobility.** Since iron is the most abundant transition metal on the Earth’s surface, it plays
a critical role in environmental biogeochemical transformation of arsenic, which is either abiotic or
biotic.*® In abiotic redox cycling of arsenic, semiquinones and hydroquinones generated by
microbial reduction of humic substances oxidize As** and reduce As>* respectively, while reactive
Fe*"/Fe* mineral phase can be generated by microbial production of Fe?" and can mediate redox
cycling of arsenic. In biotic ones, Fe** mineral formation, where Fe?" is microbially oxidized by
bacteria, can sequestrate arsenic by sorption or co-precipitation of As**/As>* to these Fe** minerals.
Additionally, microbially catalyzed arsenic redox transformations, particularly reduction of As*" to
As** contributes to arsenic mobilization.* To this end, the mobility of arsenic in the geosphere into
groundwater is solely controlled by a sophisticated balance between the biogeochemical redox
reactions of Fe** and Fe?*.** Arsenite and arsenate constitute the predominant forms of arsenic in
the hydrosphere, including the groundwater reserve for drinking among human populations.
Therefore, given that arsenic has high water solubility and is highly mobilized by microbial

catalyzed redox transformations in the geosphere, aquatic arsenic pool in the hydrosphere acts as a



sink collecting and concentrating environmental iAs, such as iAs-containing aerosol in the
atmosphere and pesticide residues in the geosphere, constituting the notorious arsenic pollution in
groundwater reserves in close intimacy with minerals deep on the Earth’s surface.*** In this vein,
inorganic arsenic leaches into groundwater or being bioaccumulated in agricultural products (e.g.

rice) through irrigation of contaminated water or through contaminated soils.

1.3. Toxicity of Arsenic to Humans

Arsenic is known to be highly toxic to all life forms.** According to the long-standing golden
rule of toxicology ‘toxicity depends on the dose’, the toxicity of arsenic in humans mainly relies
on its dose in human bodies, which could be determined by the duration of exposure time, the level
of arsenic in contact, the frequency of arsenic exposure and the route of exposure to arsenic. In
humans, arsenic from drinking water or diet is mainly absorbed from small intestine while only a
minority of arsenic exposure occurs through skin contact and inhalation.®

Arsenic toxicity is roughly classified into acute and chronic toxicities, depending on whether
the length of exposure time is short- or long-term. The majority of acute arsenic poisoning events
are caused by accidental ingestion of arsenic-containing pesticides and occasionally by suicide
attempts.® The lethal dose of inorganic arsenic in a human adult is predicted to be within a range of
1 to 3 mg/kg.” The prominent clinical features of severe acute arsenic toxicity observed in humans
have been reported to include but not limited to nausea, vomiting, colicky abdominal pain, diarrhea,
anuria, convulsions, acute psychosis, peripheral neuropathy, encephalopathy, cardiomyopathy,
seizure, coma and sometime death.®’ However, urinary arsenic concentration is currently used as
an indicator of recent acute arsenic poisoning, usually within 2 days.®

Aside from acute arsenic exposure, chronic arsenic exposure reported in humans is primarily

caused by long-term ingestion of contaminated drinking water and agricultural products (e.g. rice)



especially among the populations living in geothermal areas, typically in months to years. During
the long exposure time-window, most of the absorbed arsenic usually accumulates in liver, kidneys,
heart and lungs, with a minority amount in the muscles, nervous system, gastrointestinal tract and
spleen.® Typically, prolonged arsenic exposure can lead to a series of diseases in multiple body
systems, ranging from skin lesions and diabetes mellitus to malignancy and peripheral neuropathy,
as well as cognitive impairment and memory loss.*’

Among different kinds of arsenic exposure, chronic low-level arsenic exposure is more
environmental relevant. This explains the exposure setting of a majority of worldwide arsenic mass
poisoning events, especially those in India and Bangladesh, resulting in the major global public
health issue deserving our attention.

Tumorigenesis and Neurotoxicity

Arsenic is classified as Group I human carcinogen by International Agency for Research on
Cancer (IARC, 2012) and the US Environmental Protection Agency (EPA, 1988).>*¢ People under
the chronic arsenic exposure are susceptible to various cancers mainly through inhalation of
airborne inorganic arsenic in particulate matters and ingestion of contaminated drinking water. %4
People are most likely to develop lung cancers after inhaling to airborne arsenic whereas those
exposed to arsenic through oral ingestion of contaminated drinking water usually develop skin
cancers.® Apart from lung and skin cancers, arsenic is also known to induce liver, prostate, bladder
and kidney cancers in humans.> Over last few decades, numerous epidemiological and animal
studies have demonstrated the strong association between arsenic exposure and tumor progression
in skin, lung, bladder, kidney and liver.**’ Since arsenic is somehow a universal toxicant, there are
a number of proposed mechanisms underlying the arsenic-elicited carcinogenesis, which include
but not limited to genotoxicity, altered DNA repair, dysregulated cell proliferation, DNA

methylated oxidative stress and promoted tumor development.’
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Aside from carcinogenesis, inorganic arsenic has been reported to induce encephalopathy and
neurodegenerative disorders such as Alzheimer’s disease and Parkinson’s disease. Inorganic
arsenite is known to be neurotoxic as it can increase beta-amyloid (A) peptides, causing amyloid
plaques characteristic of Alzheimer’s disease.*® A number of cellular, animal and epidemiological
studies have indicated that chronic arsenic exposure is closely related to higher incidence of
declined neurocognitive function and memory loss.'>*#" The mechanisms underlying arsenic-
induced neurotoxicity are very complicated and have been proposed to include but not limited to
mitochondrial dysfunction, dysregulated AP homeostasis, increased protein misfolding and

aggregation as well as malfunctioning protein homeostasis.'*-%>2

Potential Mechanisms of Arsenic Toxicity

Most of the inorganic arsenic toxicity are caused by the specific modes of action of pentavalent
arsenate and trivalent arsenite species. Pentavalent arsenate and trivalent arsenite have two distinct
chemical properties and structures, resulting in different modes of action as described below.

» Mode of action of pentavalent arsenate

Owing to similar structure and properties with phosphate, arsenate is able to substitute
phosphate in numerous biochemical reactions, inactivating approximately 200 enzymes involved
in cellular energy pathways.®’ In this vein, arsenate can react with glucose to generate glucose-6-
arsenate, resembling glucose-6-phosphate which can inhibit hexokinase akin to glucose-6-
phosphate.® Similarly, arsenate can substitute phosphate in the sodium pump and the anion
exchange transport system of the human red blood cells as well as its replacement of phosphate
during the formation of the anhydride 1-arsenato-3-phospho-D-glycerate instead of 1,3-biphospho-
D-glycerate in one enzymatic step of the glycolytic pathway via one mechanism named

arsenolysis.” Thereby, arsenate could inhibit the generation of ATP through competition with

11



phosphate in phosphate-dependent biochemical processes as well as disturbance of cellular
membrane potential.

» Mode of action of trivalent arsenite

Thiols or vicinal sulthydryl groups within enzymes or receptors play an important role in their
activities.” Trivalent arsenite can readily bind to these critical thiol groups inside a variety of
enzymes involved in pivotal biochemical events, such as PARP1, estrogen receptor and zinc finger
proteins, to alter cellular homeostasis and lead to toxicity.>>* For instance, trivalent arsenite might
bind to the lipoic acid moiety, thereby inhibiting pyruvate dehydrogenase (PDH) which requires
the dithiol lipoic acid as the cofactor for its enzymatic activity. In this way, inhibition of PDH by
arsenite binding could interfere with the citric acid cycle and lead to depletion of ATP.® Likewise,
arsenite binds selectively with zinc finger proteins containing C3H- or Cs-type zinc finger motifs
such as promyelocytic leukemia protein (PML) which enhances its proteasomal degradation via

SUMOylation and ubiquitination.>*33

2. Zinc Finger Proteins (ZNFs)

Zinc finger proteins are a group of proteins harboring the structural motif characterized by its
coordination with one or more Zn?* ions to stabilize the folding. Zinc finger was identified by Dr.
Klug in the study of transcription factor TFIIIA from Xenopus oocytes in 1985.5 Since then, this
‘classical’ TFIIIA-type C;H, zinc finger motif has been demonstrated to be common in humans. It
is suggested that over 15000 zinc finger domains are predicted to exist in approximately 1000
different proteins whereas more than 20 additional classes of structurally distinct modules of zinc
finger proteins have been recognized, e.g. RING finger, FY VE-type zinc finger and PHD-type zinc

finger.”’
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2.1. Diverse Functions of Zinc Finger Proteins

Zinc is an indispensable micronutrient for all forms of life.® Zinc mainly plays the structural
and catalytic roles in proteins because of its redox inertness, relatively strong binding affinity than
most of the essential metal ions, Lewis acid strength and fast ligand exchange.’®* It is estimated
that approximately 10% of the human genome encodes zinc finger proteins, constituting about
3,000 zinc proteins in humans.*® These zinc finger proteins are roughly categorized into 6 different
classes of enzymes, namely oxidoreductases, transferases, hydrolases, lyases, isomerases and
ligases.’® Additionally, zinc finger proteins have a multitude of structures, resulting in diverse
functions in cells. They include recognition of DNA, RNA packaging, transcriptional activation,
regulation of apoptosis, protein folding and assembly, as well as lipid binding, mediating protein-
RNA and protein-protein interactions.’>*® Additionally, based on their ability to regulate gene
expression, zinc finger proteins play a wide variety of physiological roles, accomplishing the tissue
homeostasis through regulating cell proliferation, differentiation and apoptosis.®! Therefore,
according to the importance of zinc proteome in eukaryota domain of life, environmental
disturbance on the enzymatic activities involved by zinc finger motifs can be critical to understand

how cellular processes are disrupted through interference of zinc finger protein functions.

2.2. Zinc Finger Proteins and Human Diseases

Zinc finger proteins play pivotal roles in regulating a wide variety of cell signaling pathways
involved in important cellular processes; therefore, alterations of proper functions of ZNFs give
rise to the development of several human diseases such as cancer, neurodegenerative disorders and
type 2 diabetes.

Some of ZNFs can act as tumor suppressors or oncogenes, participating in the onset and

progression of tumorigenesis, based on the three major reasons as followed.®! i) ZNFs can be
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molecular players involved in most of the primary signaling pathways underlying cancer
progression from the onset of carcinogenesis to metastasis formation; ii) ZNFs can favor cancer
progression by their transcription factor function; iii) ZNFs can regulate cancer cell migration and
invasion by their roles as the recruiters of chromatin modifiers or as structural proteins.®' Also,
some of the DNA repair enzymes harbor zinc fingers, such as hMOF, XPA and PARP1. Loss-of-
function mutations of these DNA repair zinc finger proteins can result in exacerbated DNA repair
capacities, leading to higher genomic instability and hence higher incidence of carcinogenesis.®*

Aside from cancer, some ZNFs play pivotal roles in maintaining the proper functioning of
nervous system, thereby malfunctioning of these proteins can elicit the pathogenesis of neurological
diseases.®! Parkin, an E3 ubiquitin ligase with a RING finger motif, is a paradigm of critical ZNFs
involved in neurodegenerative disorders especially Parkinson’s disease (PD) by losing its E3
ubiquitin ligase activity on ZNF746 in this case.®!

ZNFs might also be involved in the progression of metabolic diseases, particularly type 2
diabetes which can be caused by insulin insensitivity in adipose tissue or default insulin secretion
in pancreatic B-cells. For examples, ZFP407 plays a regulatory role on insulin-stimulated glucose
uptake through modulating the mRNA level of glucose transporter 4 (GLUT4) in peripheral tissues

including adipose tissue,®

while GLIS3, a C;H,-type Kruppel-like zinc finger protein highly
expressed in human pancreatic P-cells, is involved in neonatal diabetes and congenital
hypothyroidism (NDH).®!

Taken together, ZNFs are critical players that participate in regulating a wide variety of
important cellular processes, ranging from cell proliferation to transcriptional regulation and

protein homeostasis, rendering them being molecular targets of environmental toxicants including

arsenic for the pathogenesis of a range of human diseases.
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2.3. Mode of Action of Arsenite on Zinc Finger Proteins

Over the past decade, As** binding to zinc finger motifs of proteins has been proposed as the
mode of action of arsenic on zinc finger proteins.***” In each zinc finger protein, Zn*" is coordinated
by critical cysteine residues within the zinc finger motifs of the protein, where the zinc coordination
sphere is important for the structure recognizing DNA, RNA and protein as well as constituting the
active site of enzymatic activity.®® However, under most circumstances, As** has higher binding
affinity toward the sulfhydryl group of cysteine residues coordinating Zn**, resulting in the
displacement of Zn** from the zinc finger motifs. To this end, the zinc coordination sphere is greatly
disrupted by As>* binding to cysteine residues, leading to its subsequent conformational change of
the zinc finger motif. This can explain how As*" binding could perturb the molecular and cellular
functions of zinc finger proteins. Additionally, a variety of researches have demonstrated that As**
very likely binds to alter the conformation and enzymatic activity of zinc finger proteins.3>6%7

Therefore, As** binding on zinc finger motifs sets the biochemical basis of my PhD research.

3. Mechanisms of As**-elicited Disruption of DNA Repair and Protein Quality Control
Most human cancers and neurodegenerative disorders are mainly attributed to impaired DNA
repair capacity and/or dysregulation of protein homeostasis resulting from protein misfolding and
aggregation. Exposure to arsenic has been demonstrated to impair DNA repair and also induce
protein misfolding and aggregation. In this dissertation, the molecular mechanisms of arsenic-
induced tumorigenesis and protein misfolding-associated diseases are discussed with a focus on
impaired DNA repair and proteotoxic stress as below.
3.1 Inhibition of DNA Repair
Carcinogenesis has been believed to be a multi-step process, namely initiation, promotion and

malignant progression (Fig. 1.4.).”! Cancer arises by accumulation of DNA mutations in cells,
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which could be elicited by impaired DNA repair capacity. In general, environmental chemicals
such as metals and polycyclic aromatic hydrocarbons (PAHs) are usually bioactivated to act as
electrophilic species or oxidizing agents which can attack DNA (i.e. nucleotide bases) chemically
or directly, causing DNA damages through generating DNA adducts.”! Hence, DNA damage sensor
proteins such as ATR detect DNA damage sites, hence triggering the DNA damage response
pathway. Meanwhile, DNA repair enzymes such as XPA, poly(ADP-ribose) polymerase-1 and
hMOF mediate their catalytic functions in order to repair DNA damage before DNA replication in
cell cycles.®646572 Tn order to provide sufficient time for DNA repair machinery to proceed, cell
cycle checkpoint proteins function as gatekeeper to transiently pause the cell cycle at DNA damage
checkpoints at the G1/M or G2/M boundaries. However, under the circumstance that the DNA
damage including oxidative DNA adducts cannot be removed before DNA replication, error-prone
translesion synthesis (TLS) DNA polymerases would substitute three major high-fidelity DNA
polymerases (i.e. pol €, pol 6 and pol a) to help proceed the DNA replication by bypassing these
bulky or distorted DNA damages, thereby introducing DNA mutations into the newly synthesized
DNA strands.”! Depending on the location of the mutation in chromosomes (gene loci), several
major consequences could happen: i) proto-oncogenes could be activated by driver mutation to
initiate the tumorigenesis, ii) tumor suppressor genes could be turned off to favor tumor
progression, and iii) mutator mutation would trigger the chain reactions of introducing more DNA
mutations (e.g. malfunctioning the checkpoint gatekeeper proteins or the members of the DNA
repair machinery). To this end, defaults in any of the abovementioned steps could interfere with

the DNA repair machinery, leading to DNA mutations and tumorigenesis.
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Figure 1.4. Multi-stage carcinogenesis model.

Arsenite alone is a weak mutagenic agent, but it is known to enhance the mutagenicity of other
carcinogens. For instance, arsenite has been reported to enhance the mutagenicity or clastogenicity
of X-rays, UV, methyl methanesulfonate (MMS) and diepoxybutane in mammalian cells.”*” The
arsenic’s role in augmenting the mutagenicity of other carcinogens perhaps can be attributed to its
influence on inhibiting the repair of DNA lesions induced by other carcinogens. Here we review
the previous work regarding the perturbation of various cellular DNA repair and DDR pathways

after exposure to iAs (Fig. 1.5).

17



+ SUMOylation
« Ubiquitination

DNA Damage PosSit.ive (ﬁrowth Apoptosis of Cells with
Response Signaling 'gnaling Unrepaired DNA Lesions
Cell Cycle Checkpoint
As?*, MMA", DMA" Regulation

/ ¥ Cyclin B1,D1, E1, F
v p21
i v Functional nuclear p53
O &
Repair Repair

¥ Tyrosine Phosphatases + PARP1, ZNF598 activities

« PARYylation K
4 EGFR, EGF, ERK, E2F1, AP-1, NF-kB, EGR-1, etc. [ ¥ UV-induced Caspases & PAR-AIF Pathways ]

¥ XPA, XPB, XPC, XPD, XPF 4HR ¥NHEJ +FANCD2-ub

¥ ERCCH1 + Epigenetic Modifier Activitie 4FANCL, PIAS1, RNF4 activities
v DDB2 (e.g. RNF20-RNF40, TIP60, hMOF) +SUMOylation and Ubiquitination
¥ p53 ¥ DDR Modifier Activities 4FANCA

¥ TFIIH (e.g. RNF8, 126, 168, 169) ¥BRCA1-BRAD1 activity

Figure 1.5. Major events governing the disruption of DNA repair pathways by iAs and its trivalent
metabolites. Arsenite and its metabolites increase positive growth signaling while inhibiting BER,
NER, DSB repair, ICL repair, DDR signaling, cell cycle checkpoint regulation, apoptosis of
damaged cells. These together diminish the capacity of DNA repair, thus impairing genetic
integrity.
3.1.1. Excision Repair

A number of studies revealed that arsenite can target several key molecular players in base

excision repair (BER) and nucleotide excision repair (NER) pathways through perturbation of the

expression levels of DNA repair genes and catalytic activities of DNA repair proteins.

3.1.1.1. BER

BER is a crucial DNA repair pathway mainly responsible for the removal of oxidatively
generated and alkylated nucleobase lesions, apurinic/apyrimidinic (AP) sites and strand breaks.’
For instance, 8-0xoG is one of the most abundant oxidatively generated DNA lesions.”” 7 8-

Oxoguanine DNA glycosylase-1 (OGG1) is the main glycosylase responsible for the excision of §-

0x0G from DNA in mammals.”®! A previous study revealed a dose-dependent decline in mRNA
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level and enzymatic activity of OGG1 in A549 human lung epithelial cells after exposure to

micromolar concentrations of arsenite and its metabolites.*?

Aside from OGG1, AP endonuclease 1 (APE1), the major endonuclease responsible for the
excision of apurinic/apyrimidinic (AP) sites in eukaryotic cells, was shown to be diminished at the
mRNA and protein levels after exposure to 0 — 10 uM As**.33 Additionally, DNA polymerase [3, an
important enzyme for DNA repair synthesis during BER, % exhibited decreased expression at both
the mRNA and protein levels after exposure to As*" at concentrations that are > 5 uM.% Moreover,
Osmond et al.¥ observed a dose-dependent decrease in mRNA levels of APE1, DNA ligase I
(LIGI), OGG1, PARP1 and DNA polymerase 3 (DNA Polp) in 24-week old mice sub-chronically
(2 weeks) exposed to arsenite-contaminated drinking water, further suggesting that arsenic impairs

the BER pathway.

3.1.1.2. NER
NER is a critical and versatile DNA repair pathway for the removal of bulky DNA adducts and
helix-distorting lesions induced by environmental carcinogens (e.g. UV-induced dimeric DNA

photoproducts and adducts generated from metabolites of polycyclic aromatic hydrocarbons).

Arsenic mainly interferes with NER by disrupting the gene expression levels and activities of
crucial NER players, where the arsenic-induced disruption of NER was supported by a number of
prior studies. In one study involving a US population, exposure to arsenic in drinking water was
found to be correlated with reductions in mRNA levels of ERCCI, XPB and XPF genes in
lymphocytes,®” and the mRNA and protein expression levels of ERCC1 were also shown to be
diminished upon arsenic exposure in a follow-up study.®® Additionally, a dose-dependent decline
in mRNA levels of ERCCI gene was observed in human cardiomyocytes following a 72-hr

exposure to arsenite.®
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An earlier large-scale microarray analysis revealed that the mRNA expression levels of a
number of DNA repair genes, encompassing XPC, DDB2 and TP53, were significantly down-
regulated in human epidermal keratinocytes after exposure to submicromolar concentrations of
arsenite.”® Another microarray study showed that the mRNA expression levels of XPD, PCNA,
APE1, RFC, XPC and DNA ligase I were reduced by at least 1.5-fold after a 4-hr exposure to 5
uM arsenite.”! Moreover, treatment of human skin fibroblast cells with arsenite and MMA™
lowered, in a dose-dependent manner, the mRNA levels of XPC and DDB2, as well as the protein
level of XPC.%? Furthermore, treatment of IMR-90 human lung fibroblasts with arsenite reduced
the protein level of XPC, partially through proteasomal degradation, as well as reducing the mRNA
levels of several NER genes, including XPA, XPC and DDB2.°* A recent Bru-seq study showed
that a 1-hr acute exposure to 5 uM arsenite led to diminished transcription of R4D23B and DDB2
genes.” Impairment of NER by arsenic was also observed for DNA lesions induced by cisplatin,
an effective chemotherapeutic drug for treating human cancers through the generation of Pt-d(GpG)
intrastrand cross-link lesions in DNA.? In particular, exposure to arsenite prevented the induction

of XPC after treatment of mice with cisplatin.®®

Interestingly, arsenic exposure has been shown not to affect the protein level of XPA,** which
is essential in NER for recognizing damaged DNA and subsequent recruitment of other NER
components, especially RPA70 and TFIIH.?”*® The XPA protein contains a Cyss (Cs)-type zinc
finger that is involved in binding damaged DNA and RPA70. A single amino acid substitution
mutation experiment for these cysteines demonstrated a reduction in the binding capability of XPA
for damaged DNA and RPA70.”” Biochemical studies also indicated that mutations in any of the
four zinc-coordinating cysteines result in an unfolded protein.®® Arsenite has been demonstrated to

interact with zinc finger proteins by substituting for the zinc ion,'"!°! and several zinc finger
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proteins involved in DNA repair, e.g. XPA and poly(ADP-ribose) polymerase 1 (PARP1), have

been shown to be direct molecular targets for binding with iAs** and MMA!!! 63,102-104

Lastly, arsenite exposure has been proposed to interfere with and inhibit NER activity through
NO-mediated nitrosylation of DNA repair enzymes.383%1951% A]] the above studies together support
that arsenite and its trivalent metabolites may perturb NER by acting on central NER players at

both transcript and protein levels.

3.1.2. DNA Ligation

DNA ligases assume important roles in various DNA metabolic processes including DNA
replication, repair and recombination, and arsenite has been shown to inhibit DNA ligation process.
It was reported that the levels of mRNA, protein and enzymatic activities of DNA ligase I and DNA
ligase I1I are significantly diminished in mammalian cells after exposure to iAs*" and MMA!! 83107
It was also shown that arsenite inhibits DNA ligation by interacting with the vicinal cysteines in
DNA ligase III, thereby retarding DNA break rejoining in MMS-treated hamster cells.!® In
addition, XRCC1 plays an indispensable role in recruiting and stabilizing ligase IIlo. in the DNA

ligation step of excision repair by acting as a scaffolding protein, %112

where down-regulation of
the XRCC1 protein by iAs exposure also contributes to the impairment of the DNA ligation step
of the excision repair pathways.'> Because the inhibition of DNA ligation by arsenic exposure

prevents the completion of DNA repair, it may lead to accumulation of damaged intermediates

including single- and double-strand breaks, ultimately contributing to genome instability.
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3.1.3. Fanconi Anemia (FA)/BRCA Pathway for Interstrand DNA Crosslink and DNA-
protein Crosslink Repair

DNA interstrand cross-links (ICLs) can arise from endogenous metabolism or from exposure
to therapeutic cross-linking agents such as mitomycin C (MMC).!!"* ICLs are extremely cytotoxic
because covalent linkage of the two strands of DNA blocks essential DNA metabolic processes
including replication and transcription.!'* FA/BRCA pathway, which encompasses three stages of
DNA repair processes — nucleolytic incision, translesion synthesis (TLS) and homologous
recombination (HR) — is indispensable for the repair of DNA ICLs.!'*!15 As3* was shown to disrupt

the FA/BRCA pathway-mediated repair of DNA ICLs.!!¢

In the FA/BRCA pathway, monoubiquitination of FANCD?2 is essential for the recruitment of
SLX4/FANCP — an endonuclease protein complex required for unhooking the DNA cross-link and
for the downstream TLS and HR steps of the ICL repair pathway — to DNA damage sites.!!'*!!”
Monoubiquitination of FANCD2, catalyzed by the E3 ubiquitin ligase FANCL,'"®!"? is also
necessary for the relocalization of the Fanconi-associated nuclease 1 into nuclear DNA repair foci
for recovery of stalled replication forks during ICL repair.'?® Recently, arsenite was shown to
inhibit the repair of DNA ICLs induced by MMC through diminishing monoubiquitination and
compromising the access of FANCD2 to DNA damage sites in chromatin in cultured human
cells.!?! This occurs through inhibition of the E3 ubiquitin ligase activity of FANCL via direct
binding of arsenite to its RING finger domain.!?! Apart from FANCL, arsenite may also bind to
RING finger-containing SUMO E3 ligases PIAS1 and RNF4, which may inhibit the SUMOylation,

polyubiquitination and degradation of FANCA, thereby impairing the function of FANCA in the

FA/BRCA pathway.'??

Unhooking of an ICL by XPF-ERCCI1 is necessary for the stable localization of FANCD?2 onto

chromatin and its subsequent HR-mediated repair of DNA DSBs, as manifested by the failure to
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repair ICL-induced DSBs in XPF-ERCC1-deficient human cells.!*"1?° Decreases in the mRNA
levels of XPF and ERCC1,* and in the protein level of ERCC1,* among individuals exposed to
arsenite in drinking water suggest that arsenite may impair ICL repair through suppressing mRNA

and protein expression and disrupting the proper function of the XPF-ERCC1 complex.

BRCAT has been proposed to be crucial for homologous recombination-independent repair of
DNA ICLs by promoting the recruitment of FANCD2 to DNA damage sites.'?*!?’ In particular,
BRCA1 was shown to antagonize the inhibitory effect of the Ku70-Ku80 heterodimer on FANCD2
foci formation,'?® and promote unloading of the CMG helicase from stalled replication forks during
ICL repair.'?® Additionally, BRCA1 is believed to amplify the FA/BRCA pathway by regulating
FANCD?2 localization through interaction with other proteins.'? It has been hypothesized that
BRCALI1 is involved in homology-based DNA repair during DNA damage response against tumor
progression via its E3 ubiquitin ligase activity; the RING domain of the ligase is indispensable for
its interaction with BRCA1-associated RING domain (BARD1) protein, forming a heterodimeric
complex to modulate the enzymatic activity and stability of BRCA1.12%13% Exposure to arsenite was
recently found to diminish the recruitment of BRCA1 to DNA DSB sites,® suggesting that arsenite
might also interfere with ICL repair through binding and inhibiting the E3 ubiquitin ligase activity

of the BRCA1-BARD1 complex.

3.1.4. DNA Double-strand Break Repair

Double strand breaks (DSBs) are among the most deleterious types of DNA lesions, which can
lead to mutations, loss of heterozygosity, and chromosomal rearrangement; if not properly repaired,
they can lead to cell death and cancer.!*!"'3 In mammalian cells, DSB repair proceeds through two
different pathways, namely, HR and non-homologous end-joining (NHEJ).'** Exposure to arsenic
was shown to induce DSBs, and ultimately lead to chromosomal aberrations and sister chromatid

exchanges.!**!13 Exposure to arsenic was also found to inhibit DNA DSB repair and influence the
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DNA DSB repair pathway choice by favoring error-prone NHEJ repair while inhibiting the error-

free HR pathway, leading to mis-repair of DSBs and genome instability.!*

Since DSB repair occurs on DNA substrates that are localized in chromatin, the efficiency in
DSB repair depends largely on how accessible the site of damage is, which is largely determined
by the compactness of the local chromatin.!'3” Generation of open chromatin involves the actions of
multi-subunit chromatin-remodeling complexes and post-translational modifications of core
histone proteins. In the latter regard, acetylation of lysine 16 in histone H4 (H4K16Ac) and mono-
ubiquitination of lysine 120 in histone H2B (H2BK120ub) represent those histone epigenetic marks
that promote the formation of biochemically accessible chromatin at or near DNA DSB
sites.® 13813 Recently, it was reported that arsenite inhibits H4K16Ac by binding to the zinc finger
motif of two MY ST family histone acetyltransferases TIP60 and hMOF, 414! and arsenite was also
shown to inhibit H2BK120ub catalyzed by RNF20-RNF40 histone E3 ubiquitin ligase in a similar
fashion, thereby diminishing the recruitment of BRCA1 and RADS51 to DSB sites for repair.®
Therefore, arsenite could disrupt DSB repair by inhibiting histone epigenetic modifications, which

leads to compact chromatin structures unfavorable for DNA DSB repair.

In addition to chromatin reorganization, a myriad of zinc finger proteins are involved in post-
translational modifications (PTMs) of proteins that regulate DDR and transcription of DNA repair
genes. For instance, the RING finger E3 ubiquitin ligases RNF8 and RNF168 are essential for
driving DDR to DSBs through ubiquitination of H2A/H2AX surrounding DNA DSB sites.'*
Furthermore, RNF168 couples PALB2-containing protein complex to DSB-induced H2A
ubiquitination via PALB2-interacting domain, thereby promoting DSB repair.'* In addition, DNA
DSB repair pathway choice is also modulated by deubiquitinating enzymes (DUBs) and other E3
ubiquitin ligases (e.g. RNF169 and RNF126).!%147 In this vein, being a negative regulator of the

ubiquitin-dependent DDR signaling, RNF169 directly recognizes RNF168-mediated ubiquitination
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near DNA DSB sites, and competes with other ligases for nonproteolytic ubiquitination at DSB
sites to limit the deposition of 53BP1 and RAP80, thereby fine-tuning the DSB repair pathway
choice. 43146148 Moreover, after being recruited to DSB sites in a RNF8-dependent manner,
RNF126 directly interacts with and ubiquitinates RNF168 to negatively regulate the RNF168-

mediated H2AX ubiquitination and favor the HR-mediated repair of DSBs.!#’

Within seconds after DSB induction, poly(ADP-ribose) polymerases, including PARP1, sense,
recognize and bind to DSBs to catalyze global protein poly(ADP-ribosyl)ation (PARylation). 415!
Global PARylation around DSB sites serves as a docking platform for rapid recruitment of various
DNA repair factors, including MRE11, NBS1, BARD1, CHFR, and RNF146.'5%152 Meanwhile,
PARPI can PARylate different proteins globally, including BRCA1, DNA-dependent protein
kinase catalytic subunits (DNA-PKcs) and core histones, to promote DNA DSB repair.'3>13* In
addition, arsenite was shown to interfere with DNA damage-elicited global PARylation in human
cells, by inhibiting PARP1 activity through displacement of zinc ions from its zinc finger

motifs, 3463155156

PARP1 perhaps can be viewed as a typical paradigm among DNA repair proteins, many of
which contain redox-sensitive cysteine residues within zinc finger domains.?"-!>”15% Given that
arsenic exposure can stimulate the generation of ROS/RNS,'?3%15? arsenite-induced oxidative stress
can result in modification of thiol groups on the cysteine residues in zinc finger motifs of these
DNA repair proteins, leading to the loss of their enzymatic function.'9196.160.161 Thig has been
demonstrated for PARP1, which could be inhibited by peroxynitrite-mediated S-nitrosation of its
zinc finger cysteine(s).*®*% Global PARylation, a PTM predominantly mediated by PARP1 and
critical for immediate initiation of DDR to maintain genomic stability, was shown to be markedly

inhibited upon an 18-hr exposure to 0.01 uM arsenite.'®® Therefore, in addition to direct As**
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binding, arsenic-induced oxidative stress also contributes, in part, to diminished DNA repair arising

from arsenic exposure (Fig. 1.6.).105:163
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Figure 1.6. Modes of action of inorganic arsenic and iAs-induced ROS/RNS in impairing the
enzymatic activity of zinc finger proteins. iAs and ROS/RNS can target vicinal cysteines within
the zinc coordination spheres of zinc finger proteins: i) As** directly binds to these cysteines more
strongly than Zn?*; ii) ROS oxidizes these cysteines to form a series of oxidized products, such as
-SOH and -S-S-; iii) RNS, especially peroxynitrite, can S-nitrosylate these cysteines. In all these
cases, Zn** bound within zinc finger motifs is released by the its displacement by As**, which alters
the conformation of zinc finger proteins and hence their enzymatic activities.

Recently, CTCF, a versatile 11-zinc finger transcription regulator with well-established roles
in three-dimensional genome organization and transcriptional regulation, was found to facilitate
DNA DSB repair by enhancing HR.!®*1% Arsenite was shown to inhibit CTCF binding at the
proximal, weak CTCF binding sites located in the promoters of TET/ and TET2 genes while
enhancing its binding at the stronger distal binding sites.'®® CTCF is recruited to DSB sites through
its zinc finger domains independently of PARylation.'®* Therefore, substitution of zinc ions within
those 11 zinc finger domains of CTCF by iAs** can block its DNA binding capability and might
explain the arsenic-associated inhibition of CTCF binding to weak CTCF binding sites in promoters

of TET genes. Additionally, a recent study demonstrated that CTCF binds to both MRE11 and CtIP
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through its zinc finger domains, which enables robust CtIP recruitment for 5’ end DNA resection,
thereby promoting HR while suppressing NHEJ pathway of DNA DSB repair.!®’” Hence, the
binding of iAs* with CTCF might explain, in part, how arsenite disrupts the outcome of this DSB

repair pathway.

3.1.5. Disruption of the DNA Damage Response Signaling
Arsenite exposure has been shown to impair DDR signaling, especially through dysregulation

168,169 a5 reviewed recently.”* DDR is a

of protein PARylation, ubiquitination and SUMOylation,
tightly regulated temporal- and spatial-sensitive chromatin-associated process important for
sensing DNA damage, recruiting DNA repair machinery to damage sites, and intertwining DNA
repair with other DNA-transacting processes.'”” For example, ATM-dependent H2AX
phosphorylation, PARP1-mediated PARylation, and TIP60-catalyzed histone acetylation are
among the earliest events in DNA damage response; they are activated by DNA damage, and
involve early and rapid detection of DNA lesions and chromatin decompaction, thereby creating
better accessibility for DNA repair machinery to DNA damage sites.'”” The reversible
ubiquitination and SUMOylation of DDR proteins are crucial for effective DSB repair and
signaling in DDR,!'"! where zinc finger-containing ubiquitin ligases and SUMO-conjugating

enzymes can be disrupted by arsenic exposure, with examples of RAD18, MORC2, RNF4 and

RNF111 being briefly discussed below.*

During replication stress, the E3 ubiquitin ligase RADI18 induces monoubiquitination of
PCNA, which is in turn recognized and bound by Spartan for its subsequent recruitment of Pol 1)
(i.e. a TLS polymerase important for bypassing UV-induced DNA lesions).!”>'* The

monoubiquitinated PCNA also promotes efficient monoubiquitination and chromatin localization
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of FANCD?2,'7>17¢ and this ubiquitination is indispensable for recruiting SNM1A to DNA repair

complexes assembled at MMC- and UV-induced DNA lesions to promote ICL repair.'”’

PARylation is also important in DDR. In order to achieve DNA damage-induced PARylation
and PAR-dependent recruitment of DNA repair proteins to DNA damage sites, PARP1 recruits
chromatin remodeling enzyme MORC?2 to DNA damage sites and catalyzes PARylation on its CW-
type zinc finger domain, activating its ATPase and chromatin remodeling activities. Meanwhile,
PARylated MORC?2 stabilizes PARP1 through enhancing the NAT10-mediated acetylation of
lysine 949 in PARP1, which is no longer ubiquitinated and becomes degraded by E3 ubiquitin
ligase CHFR."5>!"® This illustrates that the crosstalk between different DNA repair enzymes is

important for the dynamics of PARylation in DDR.

SUMOylation and ubiquitination are also necessary for robust DDR. To favor DDR with
coordinated SUMOylation and ubiquitination, the SUMO E3 ligases PIAS1 and PIAS4 are
recruited to DSB sites and lead to accumulation of SUMO1/2/3 at DSB sites, which leads to the
recruitment of RNF4 to DNA damage sites.!””!% RNF4 subsequently ubiquitinates and facilitates

the degradation of polySUMOylated MDC1 and RPA, thus promoting efficient DSB repair. %181~

184

Similar to RNF4, RNF111 promotes non-proteolytic ubiquitination of SUMOylated XPC
which is in turn recruited to UV-damaged DNA.'®* Given the extensive involvement of zinc finger-
containing ubiquitin and SUMO E3 ligases in DDR signaling (e.g. RAD18, RNF4), arsenite
exposure may hamper ubiquitination and/or SUMOylation through direct binding or inducing

oxidative modifications of cysteine residues in their zinc finger motifs, thereby disrupting DDR.
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3.2. Disruption of Cell Cycle Checkpoints, Promotion of Cell Proliferation and Suppression
of Apoptosis
In arsenic-induced carcinogenesis, iAs has been shown to interfere with cell cycle regulation
and abrogate the G2/M checkpoint, promote cell proliferation and suppress apoptosis, which
indirectly suppress DNA repair by not allowing enough time for the repair and allow cells with

DNA damage to propagate. '8¢

Cell cycle checkpoints, including DNA damage checkpoints at the G1/S and G2/M boundaries
as well as in the S phase, tightly regulate cell cycle progression by accurately assessing mitogenic
signals and properly repairing DNA damage, while avoiding further propagation of damaged
genomes through promoting apoptosis of the severely damaged cells.'® 2 This tight regulation is
executed by checkpoint proteins, which comprise cyclins, cell cycle-dependent kinases and

phosphatases.!*%!°!

A recent study demonstrated that a 48-hr exposure of acute promyelocytic leukemia (APL)
cells to 2 pM iAs*" increased the mRNA expression of several cell cycle-associated genes,
including CCND1 (encodes for cyclin D1 protein), CCNEI (cyclin E1 protein) and GADD45 A,
while reduced those of CCNF (cyclin F) and CDKNIA (p21), resulting in a transition of cell
populations from G1/S phases to G2/M phases and arrest cell cycle progression. This result
suggests that acute exposure to iAs*" disturbs cell cycle checkpoints, leading to uncontrolled cell
cycle progression and proliferation of APL cells.!®® Notably, the DNA damage checkpoint at the
G1/S boundary was bypassed by iAs**-mediated alterations in gene expression of checkpoint

proteins, especially cyclin D1.'%31%

Another recent study demonstrated that a 1-month exposure of human BEAS-2B cells and

keratinocytes to 0.5 uM arsenite delayed the transition from mitosis by compromising mitotic
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checkpoint through the attenuation of anaphase promoting complex-mediated cyclin Bl
degradation.'®” In this vein, long-term arsenite exposure up-regulates Polo-like kinase 1 via acting
on Akt in the PI3K/Akt pathway, thereby potentiating mitotic catastrophe and genetic

instability.'87-19

Arsenite-elicited up-regulation of p53 protein expression and abrogation of p53-dependent
increase in p21 expression together unleash the checkpoint restraints at the G1/S and G2/M
boundaries as well as in the S phase.!**!°7:1%8 Both chronic low-dose (e.g. 14 days, 0.1 uM) or acute
noncytotoxic-level (e.g. 24-hr, 1 uM) of arsenite exposure as well as acute low-level (e.g. 24 hr, 1
uM) of MMA!" exposure were found to induce p53 protein expression in normal human fibroblast
cells.”>1+197 In addition, arsenite-elicited up-regulation of Hdm2 and the ensuing ubiquitination of
p53 promote nuclear export of p53, thereby disrupting its ability to transcriptionally activate its
target genes, including p21 and NER genes.!” 2! These may give rise to unimpeded cell cycle

progression and accrual of mutations from unrepaired DNA lesions. 32!

Arsenite has been reported to promote the proliferation of human cells.!*?0292297 Arsenite is
thought to achieve this through enhancing pathways for cell growth, proliferation and survival (e.g.
Erk, EGFR, MAPK pathways), while inhibiting pathways involved in cell death (e.g. JNK
signaling) via modulation of a myriad of transcription factors (e.g. AP-1 and NF-xB).2"” Exposure
to 5 uM arsenite was found to increase the proliferation of SH-SY5Y human neuroblastoma cells
via activation of ERK in VEGF signaling, which might favor tumor progression.?** Arsenite-
induced cell proliferation was shown to arise from elevated levels of epidermal growth factor
receptor (EGFR) ligand, heparin-binding EGF, and its subsequent activation of EGFR
phosphorylation that induces pERK and cyclin D1 expression in human cells.?® Arsenite-elicited

ERK signaling is required for arsenic-induced transactivation of NF-xB,?” which might be
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mediated by arsenic-stimulated oxidative stress.?'°?!> Additionally, low-dose arsenite treatment
has been documented to activate ERK, transcription factors E2F1 and Activating Protein 1 (AP-1),
and enhance the DNA binding activities of AP-1 and NF-kB, as well as elevate the expression of a

number of positive cell growth-related genes including c-fos, c-jun, c-myc and EGR-1 295210213217

The major cell growth and ROS-mediated pathways are regulated by protein tyrosine
phosphorylation, which itself is controlled by tyrosine kinases and protein tyrosine phosphatases.
Therefore, arsenite exposure is believed to inactivate protein tyrosine phosphatases by ROS/RNS-
induced modifications of redox-sensitive cysteines at their active sites, thereby augmenting the total
cellular tyrosine phosphorylation in a dose-dependent manner.?!!822 Combined, arsenite and
arsenite-induced ROS/RNS are believed to maintain a phosphorylated state of EGFR, and activate
ERK, transcription factor AP-1 complex and its downstream target genes c-jun, c-fos and c-myc,
thereby increasing cyclin D1 expression.?!%?2* Together with arsenite-activated E2F transcription
factors and their modulation of cyclin E levels, arsenite exposure elicits prolonged activation of

cell growth signaling and leads to uncontrolled cell proliferation.2!4224-226

Chronic exposure to arsenic has been shown to increase cell survival and elevate levels of DNA
damage in cultured human cells.’> PARP1 inhibition by low concentrations of arsenic has been
proposed to enhance the survival of cells with unrepaired DNA lesions, which might include a
population of “initiated carcinogenic cells” that represents the first step of the multi-stage
carcinogenesis process.”?’” Chronic arsenic exposure was also shown to decrease p53 at the
posttranslational level via arsenic-induced PARylation as well as the mRNA expression level of
Bax.*? This demonstrates that arsenite-elicited inhibition of apoptotic mediators impairs XPC-
mediated global-genome NER, resulting in mutation accrual and neoplastic transformation in DNA

damage-containing cells.*?
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Together, arsenite-induced positive cell growth signaling and suppression of apoptosis confer
insufficient time for efficient DNA repair before replication of damaged DNA and/or allow cells

with damaged DNA to propagate, which may give rise to mutations and genome instability.

3.3. Epigenetic Dysregulation Associated with Arsenic-induced Carcinogenesis
Arsenic-elicited carcinogenesis is believed to stem, in part, from its disruption of epigenetic
signaling by alterations of histone PTMs and DNA methylation patterns (Fig. 1.7.). Histone PTMs
and DNA methylation tightly regulates the chromatin dynamics to modulate the inheritable
expression patterns of different genes.’”® Therefore, arsenic can induce carcinogenesis by
epigenetic silencing of tumor suppressor genes or activation of oncogenes. Here, we review the
current evidence about the role of arsenic exposure in modulating the epigenetic pathway of gene

regulation.
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H2AX, H3 Phosphorylation
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Figure 1.7. Major events through which inorganic arsenite and its trivalent metabolites disrupt
epigenetic integrity through inhibition of epigenetic regulators and chromatin remodelers. As>*,
MMA" and DMA™M can inhibit the enzymatic activities of epigenetic regulators (e.g. DNMTs, Tet
and CTCF) and chromatin remodelers (e.g. h(MOF, TIP60 and PARP1), which subsequently perturb
DNA methylation and histone PTMs, respectively, thereby disrupting epigenetic integrity.
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3.3.1. Alterations of Histone PTMs

In the nucleus, DNA is packaged into chromatin, where the nucleosome core consists of
stretches of DNA (~147 bp) wrapping around a histone octamer consisting of two copies each of
core histones H2A, H2B, H3 and H4.?* Hence, nucleosomes form linear 11 nm beads-on-a-string
structures that further compact into 30 nm fibers and other higher-order chromatin states.?** The N-
terminal histone tails extending from nucleosomes are subjected to a range of PTMs, including
methylation, acetylation, phosphorylation, ubiquitination, SUMOylation, ADP ribosylation,

' which in turn modify the chromatin compaction and

deimination and proline isomerization,?
recruitment of non-histone proteins, including gene regulatory factors and DNA repair enzymes, to
chromatin. The formation of open, relaxed chromatin conformation is required for DNA repair

machinery to gain access to the spatially confined region surrounding DNA damage sites, as

described in the “access-repair-restore” model.>¥%233

Inorganic arsenic and its metabolites have been demonstrated to disrupt histone PTMs,
including but not limited to H2AX phosphorylation, H2AX ubiquitination, H2B ubiquitination, H3

69.140.141.234.235 \which were reviewed elsewhere.??%23%237 Here,

methylation and H4K16 acetylation,
we focus on the effect of arsenic exposure on those histone PTMs that are closely associated with

DNA repair and genomic stability.

A number of previous in vitro studies have demonstrated that arsenic exposure elicits
alterations in a variety of global histone PTMs, which include loss of H4K16Ac, H3K27me3 and
ubiquitination of H2B, as well as gain of H3K4me2, H3K4me3, H3K9me2, H3K9Ac, H3K14Ac,
phosphorylation of H3S10 and H2AX (yH2AX).!3823824 For example, the PBMC from the
participants of the folic acid and creatine supplementation trial (FACT) study exposed to 50-500

ng/L arsenite in drinking water exhibited a decrease in H3K9me3 and H3K9ac, and a gain in
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H3K9me2.23%2#! In addition, A549 human lung carcinoma cells displayed a global loss of
H3K4mel and a global gain of H3K4me2 and H3K4me3 following a 24-hr exposure to 1 uM
arsenite, where H3K4me3 remained elevated and even at one week after arsenite withdrawal.?* In
another study, a 24-hr exposure of A549 cells to arsenite led to elevated levels of gene-silencing
marks, H3K9me2 and H3K27me3, while also augmenting the global level of the gene-activating

H3K4me3 mark.?*°

In contrast to transcriptional activators, increased H3K9me?2 levels mediated by increased
mRNA and protein levels of histone methyltransferase G9a correlates with transcriptional
repression,?®2* which has been shown to be involved in the silencing of tumor suppressor genes
in cultured cancer cells.?*>**¢ H3K27me3 is frequently accompanied with inactive promoters and
gene silencing, and it labels chromatin by polycomb repressive complex 1 (PRC1) via H2AK119
ubiquitination in order to facilitate chromatin compaction.?*” Exposure of human cells to 0.5 uM
of arsenic trioxide (ATO) significantly induces the expression of components PRC2 protein
complex, consisting of SUZ12, EZH2 and BMI1, resulting in elevated H3K27me3 levels and the

6 INK4a and

corresponding suppression of mRNA and protein expression of tumor suppressors pl
p14AREF 248 Argenite-induced H3K27me3 in chromatin silences tumor suppressor genes, such as
HOXB7 and CDKN2A, which are involved in DNA repair.?**23! Therefore, histone H3 PTMs are

among the targets of arsenic exposure and aid in its disruption of DNA repair.

Histone H2BK120ub and histone H4K16Ac also play a significant role in the generation of
relaxed chromatin environment that is conductive for the access of DNA repair enzymes. Histone
H2BK120ub is crucial for decompacting the 30 nm chromatin fiber??, while H4K16Ac also
decondenses chromatin,? thereby facilitating DSB repair by increasing the accessibility of

chromatin to DNA repair machinery.?**2% H2BK120ub is mediated by the E3 ubiquitin ligase
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comprised of the RNF20-RNF40 heterodimer,?* whereas H4K16Ac is modulated by both hMOF
and TIP60 MYST-family of histone acetyltransferases.?’” In UROtsa human bladder epithelial
cells, global H4K16Ac levels were reduced in a dose- and time-dependent manner upon exposure
to As** and MMA!!.13¥ Arsenite exposure was also documented to diminish H2BK120ub and
H4K16Ac by inhibiting the above-mentioned zinc finger-containing proteins.**!4%4! Moreover, the
PARylation of lysine residues of the core histone tails mediated by PARP1, including H2AK13,
H2BK30, H3K27, H3K37, and H4K 16, can result in a rapid decondensation of chromatin around
DNA damage sites and facilitate DNA repair.'>*!*2%® Therefore, arsenic exposure could result in a
compact chromatin structure by interfering with these histone-modifying enzymes and by
diminishing the chromatin-decompacting histone PTMs, limiting the chromatin access of DNA

repair proteins.

Finally, phosphorylation of H2AX, which is mediated by ATM and DNA-PKcs after DNA
damage,*’ contributes to the initiation of DNA damage response.?*>?° Phosphorylation of H2AX
at different sites triggers distinct downstream cellular processes, such as the stimulation of XPD-
dependent apoptosis by Tyr142 phosphorylation in H2AX, thereby enhancing DDR.?*! Recently, it
was reported that a 24-hr exposure to 4 uM ATO significantly stimulated levels of phosphorylated
H2AX in mouse embryonic fibroblasts (MEFs), possibly via inhibition of de novo dTMP
biosynthesis through inducing SUMOylation, ubiquitination and subsequent degradation of
MTHFD1.%** Since iAs has been documented to elicit ATR and DNA-PKcs in vivo and in vitro,?*
24 this increase in YH2AX levels is thought to originate from the activation of ATR and DNA-

PKcs, and might also be modulated by TOPK 263

Studies have suggested that arsenic-induced phosphorylation of histone H3 might be

responsible for the up-regulation of caspase 10, a proto-apoptotic factor,?*? and the proto-oncogenes
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c-fos and c-jun,?*® which can lead to transformation of human fibroblast cells and the induction of
tumors in animals.?®” Additionally, since arsenite could induce c-fos and c-jun via activation of
JNKs and p38/MAPK2 kinases, and promote H3S10 phosphorylation via JNK kinase.?#*2%
Therefore, the impact of the arsenic-induced H3 phosphorylation on DNA repair may be regulated

by INK/MAPK pathway, which was recently linked to DNA damage response.?®

3.3.2. DNA Methylation

DNA methylation is another epigenetic mechanism that regulates the expression of DNA repair
genes. Depending on the type of regulatory elements where the methylation occurs, the effect of
DNA methylation on gene expression varies. Under normal circumstances, DNA methylation
events in the promoter and gene body are associated with gene repression and activation,
respectively.?”" Alterations in DNA methylation are known to play a role in carcinogenesis partly

through inactivation of tumor suppressors and/or activation of oncogenes.?’!

Several potential mechanisms have been proposed to account for the arsenite-induced
alterations in DNA methylation, including SAM deficiency, diminished expression of DNMT
genes, inhibition of Tet proteins, and selective suppression of CTCF binding (Fig. 1.8.). As noted
above, biotransformation of inorganic arsenic depletes SAM, which is also utilized in DNA
methylation catalyzed by DNA cytosine-5-methyltransferases (DNMTs).?’? In addition, arsenic
exposure was found to repress, in a dose-dependent manner, the mRNA expression and activity of
DNA methyltransferases DNMT1, DNMT3A and DNMT3B, thereby resulting in the loss of global
DNA methylation.?’>?’* Interestingly, arsenic exposure was also shown to reduce CTCF expression
and inhibit CTCF binding to DNA, which diminishes the occupancy of CTCF in the promoters of
DNMTI1, DNMT3A, and DNMT3B genes; this may explain the observation of arsenite-induced

diminished expressions of DNMTs.?”> Moreover, arsenic was thought to selectively inhibit CTCF
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binding to different genes involved in DNA repair machinery, leading to transcriptional repression

of tumor suppressors and activation of proto-oncogenes. 6275

Arsenic exposure has been documented to lead to SAM depletion and result in global DNA

195276-278 which is a hallmark of various human cancers.?’*-28! It was reported that

hypomethylation,
chronic exposure of cultured rat liver cells to a low dose (0.5 uM) of arsenite resulted in global
DNA hypomethylation.””® DNA hypomethylation was also observed in leukocytes of human
populations who were exposed to arsenic and developed skin cancers.?*? Chronic exposure of mice
to 45 ppm arsenite for 48 weeks induced hepatic global DNA hypomethylation as well as promoter
hypomethylation of the ESRI gene, which encodes for estrogen receptor a.'® Promoter
hypomethylation is believed to stimulate the expression of ESR/ gene, which in turn can induce
cell cycle-dependent DSBs and contribute to initiation of breast cancer.?®*?%* Arsenic-induced
promoter hypomethylation of the ESRI gene is consistent with the observation of frequent
mutations of DDR and DNA repair proteins observed in estrogen-dependent breast cancers,
suggesting that ER signaling converges to inhibit effective DNA repair and apoptosis in favor of

proliferation.'?%-2%
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Figure. 1.8. Arsenite disrupts DNA methylation. Methylation events in gene promoters repress
gene expression, whereas those in gene bodies activate gene expression. iAs metabolism induces
SAM deficiency, which results in the global DNA hypomethylation. iAs exposure leads to
decreased expressions of DNMTI1, DNMT3A, DNMT3B, thus diminishing global DNA
methylation. Additionally, iAs selectively inhibits CTCF binding to promoters of genes (e.g.
DNMTs), leading to repression of tumor suppressors. Meanwhile, iAs inhibits Tet proteins, thus
reducing the level of 5-hmC, which can be inhibited by the weakened occupancy of CTCF in the
promoters of Tet genes. Combined together, iAs can repress tumor suppressors and activate proto-
oncogenes, thereby impairing DNA repair and genome integrity.

. Reduced Oxidation
Occupancy in

Promoters of Genes

of 5-mC to 5-hmC

Although arsenic exposure causes global DNA hypomethylation, it also leads to promoter
hypermethylation and repression of specific tumor suppressor genes. For instance, the DNA repair
gene MLH1 displays significant promoter hypermethylation in whole blood obtained from humans
chronically exposed to arsenic.?®® Additionally, significant promoter hypermethylation of NER
genes (ERCC2, RPAI, POLD3, POLE?2) were observed in human hepatocytes exposed to 0.2 uM
ATO for 3 months.”® Recently, hypermethylation of NER genes ERCCI and ERCC2, and
suppression of their expression in human cells were correlated with chronic arsenic exposure,

suggesting that chronic arsenic exposure can alter methylation patterns of NER genes.?’
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5-mC in DNA can be oxidized by the ten-eleven translocation (Tet) family enzymes to 5-
hydroxymethylcytosine (5-hmC), which may convey regulatory epigenetic functions by binding to
specific regulatory proteins and mediate active gene transcription.”®?%-2% In addition, diminished
levels of 5-hmC in DNA is a hallmark of human cancers.”® Tet enzymes were found to prevent
DNA damage-induced chromosomal mis-segregation, indicating that 5-hmC is pivotal in
promoting DNA repair and maintenance of genome integrity.>'*> Arsenite exposure was shown
to bind directly with the zinc finger motifs of Tet proteins and inhibit the Tet-mediated oxidation
of 5-mC to 5-hmC.” On the other hand, global and site-specific hyper-hydroxymethylation of
cytosine in arsenite-transformed BEAS-2B cells was shown to be correlated with the elevated
expression of Tet enzymes, which is attributed to arsenic-elicited selective inhibition of CTCF

binding on the proximal, weaker CTCF binding sites of their promoters.'%

Combined together, chromatin compaction around damaged DNA and disturbed methylation
pattern in DNA upon arsenite exposure perturb the sophisticated epigenetic network of DNA repair

machinery, which may compromise genome stability and result in arsenic-elicited carcinogenesis.

34. Perspectives of the Role of Zinc Finger Proteins in DNA Repair

Distinct modes of action for arsenic-induced impairment of DNA repair and epigenetic pathways
are extensively discussed. The findings cited in this review suggest that zinc finger proteins, which
constitute approximately 10% of the human genome and play significant roles in DNA repair as
well as in epigenetic regulation, constitute important molecular targets for arsenic binding (Fig.
1.9.).3® Since iAs exposure induces oxidative stress which generates ROS/RNS, the redox-active
nucleophilic sulthydryl group on cysteine residues located within the zinc finger motifs of these
proteins are also important targets for ROS/RNS attack. The modifications induced by these
reactive species, especially S-nitrosylation, disturb the native Zn>* coordination sphere of the zinc

finger proteins and alter their structure and functions,33%293-2%7
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Figure. 1.9. Arsenite and iAs-induced oxidative stress enhance DNA damage through disrupting
the functions of zinc finger proteins. Apart from iAs-induced oxidative stress, As** can inhibit the
zinc finger-containing epigenetic regulators and DNA repair enzymes. Simultaneously, oxidative
stress generates oxidative DNA damage. These together diminish DNA repair capacity in cells,
which elevates DNA damage via disrupting zinc finger-modulated genetic and epigenetic integrity
in DNA repair pathways, resulting in tumorigenesis.

Taken together, direct iAs** binding, in combination with oxidation and nitrosylation of
cysteine sulthydryl groups of zinc finger motifs of proteins involved in DNA repair and epigenetic
regulation of gene expression, constitute important molecular mechanisms underlying the modes
of action for the exacerbated DNA repair capacity and epigenetic instability in arsenic-induced
carcinogenesis.

3.5. Proteotoxic Stress and Protein misfolding & Aggregation (Impaired protein quality
control)
3.5.1. Arsenic and Proteotoxic Stress

Protein misfolding and aggregation account for almost 50% of all human diseases, including

cancers and neurodegenerative disorders. Recently, accumulating lines of evidence suggest thatiAs

may influence the aggregation propensity of disease-causing disordered proteins and promote
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neurodegenerative diseases.’>?**3% For instances, one epidemiological study in Texas correlated
chronic low-dose 1As exposure with higher incidence of neurodegenerative diseases among human

populations exposed to iAs-contaminated drinking water,*-%

while a recent cell-based study
demonstrated that iAs induces accumulation of a-synuclein, the etiology of Parkinson’s disease.
Combined together, iAs-induced protein misfolding is believed to elicit a myriad of
proteinopathies, possibly due to the failure of proteostasis.?*53%
3.5.2. Ribosome-based Quality Control (RQC) as the Frontline of Proteostasis against
Protein Misfolding

From a biophysical perspective, the processes of protein folding, unfolding, aggregation, and
amyloid formation are dynamic. In cells, each individual protein is continuously shifting between
the native folded state and the non-native unfolded state via breathing process.*® In this process,
the folding of a nascent polypeptide often does not occur spontaneously, instead it necessitates the
involvement of molecular chaperones and foldases.>'**!! By folding, the hydrophobic collapse
buries most of the aggregation-prone hydrophobic surfaces deeply inside the native protein
structure. Therefore, proteins undergoing folding are much more susceptible to iAs binding than
proteins that have already reached their native state.’'>34
During translation of a nascent polypeptide chain, the vectoral nature of de novo protein synthesis
at ribosome introduces the temporal and spatial translation restraints on protein folding, especially
for longer and/or multidomain proteins.*?**'53!% Given that protein translation is relatively slow
(i.e. with an average of 2-min) when compared with the millisecond time-scale of in vitro protein
folding,*" this allows the formation of partially folded structures in the extensive protein folding
process before protein synthesis is completed.*!> Before the nascent polypeptides are completely

synthesized from the ribosome, the aggregation-prone and structural-sensitive sites (e.g. cysteine-

rich or hydrophobic) are susceptible to iAs binding.*?**?! On the basis that stronger As**-cysteine
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interaction can better stabilize the misfolded intermediate conformations and resist the refolding by
chaperones relative to the noncovalent hydrophobic interactions stabilizing the native
conformations.?

In cells, every single step of protein synthesis is tightly regulated and monitored carefully for

potential translation error.3?*

Most cellular resources for protein translation are devoted to
maintaining quality control at ribosomes to guarantee the folding stability of nascent polypeptides
before, during and after protein synthesis.>***? It is evolutionarily and energetically beneficial for
the cell to predict, detect and remove any potential errors at the earliest time points and locations
from which potentially erroneous nascent polypeptides originate.3° As a result, nature has evolved
a specialized protein quality control (PQC) pathway at ribosomes to sense and eliminate any
erroneous polypeptides.3?6-327

In RQC, there are four distinct and successive stages: 1) sensing the aberrant codon usage in
mRNA sequences and ribosome collisions events with the assistance of detector proteins and
stalling the ribosomes; 1ii) splitting of a stalled ribosome into subunits; iii) assembling RQC for
ubiquitination of nascent polypeptide chains; and iv) extraction and degradation of the
ubiquitinated nascent polypeptide chains, based on the recent discoveries of RQC32¢328-330 and are

reviewed recently (Fig. 1.10.).33!
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Figure 1.10. Overview of RQC and potential iAs targets. Modified from Ikeuchi, K. et al.*!

3.5.3. Arsenic and RQC

The failure of RQC machinery leads to disastrous consequences of inducing protein

8 332-334

aggregation and proteotoxic stress,*®® which is supported by genetic screening studies.
Environmental exposure to iAs has been well documented to interfere with global protein
PTMs, 336238335 egpecially protein ubiquitination by zinc finger-containing E3 ubiquitin
ligases.®-101:121336 Since As®* has been proposed to bind to and oxidize the redox-active thiol groups
of cysteine residues within the zinc finger motifs of proteins, where the arsenite-cysteine interaction
can displace the Zn** ions, thereby resulting in the altered conformation of ZnF and its subsequent
inhibition of the enzymatic activity of the proteins.3*¢77%140:335 I this vein, we reason that arsenite
might also disrupt other critical RING-finger E3 ubiquitin ligases or ZnF-containing proteins

involved in RQC, especially ZNF598, listerin, TRIP4, and Not4, which are known to detect the

collided ribosomes and initiate RQC, target the stalled nascent polypeptide chains for
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ubiquitination, act as transcription coactivator in RQT complex, and mediate nonstop mRNA
degradation and translation inhibition, respectively.*!337338 ikewise, elevated production of ROS
and RNS arising from arsenic exposure may also oxidize or nitrosylate the thiolates from the
cysteines within the ZnF of these RQC protein enzymes, thereby perturbing their functions. 3293
27 Therefore, arsenic compromises the frontline defense of PQC, RQC, against aberrant translation
products. To this end, arsenic overburdens the proteostasis network by overloading the synthesis
of default proteins which cannot be overcome by its degradation capacity, thereby conferring

proteotoxic stress (Fig. 1.11.).

Protein Protein
Synthesis Turnover

= A =

Proteostasis

ool

Proteotoxic Stress

Figure 1.11. Arsenic induces proteotoxic stress through imbalance of protein synthesis and
protein turnover.
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3.6. Disrupted Protein Degradation by Ubiquitin-Proteasomal System (UPS)
3.6.1. Dysregulation of Rho GTPases and Cancer

Small GTP binding proteins of the Ras superfamily (Ras, Rho, Rab, Arf, and Ran), which are
also called small GTPases, function as key regulators of intracellular trafficking and central cellular
processes, such as cell differentiation and proliferation.’3° Therefore, small GTPases are
particularly important in maintenance of a plethora of signaling transduction pathways. Among
small GTPases, the highly conserved Rho family of GTPases especially contribute to organization
of the actin and microtubule cytoskeletons, cell cycle progression, cell polarity and cell
migration.**® Dysregulation of Rho GTPases leads to different hallmarks of cancers, which include
oncogenic transformation, survival of damaged cells and metastasis.**! In particularly, RhoB has
been demonstrated as a tumor suppressor which its loss facilitates cell migration and invasion in
human lung 34234
3.6.2. UPS and Proteostasis

Maintenance of protein homeostasis is very important in keeping normal physiology and proper
cellular homeostasis, which is necessary to prevent carcinogenesis.*** Protein folding is a dynamic
process that is continuously balanced by synthesis and degradation of cellular proteins, allowing
the proper functioning of proteins by folding into correct three-dimensional structures.*
Proteostasis is particularly important against a plethora of age-associated human diseases, where
aging leads to diminished capacity of protein turnover.’!*#¢ Ubiquitin Proteasome System (UPS),
an important arm of the proteostasis network responsible for protein degradation, is comprised of
a plethora of ubiquitin E3 ligases, 26S proteasome and segregase p97.3!%3473% UPS is particularly
important in cell cycle regulation by mediating the precise spatial and temporal proteolysis of key
cell cycle proteins.’*3% Therefore, dysregulation of various components of UPS would

compromise proteostasis, leading to the onset of carcinogenesis.>>

45



3.6.3. The Effect of Arsenic on UPS and Rho GTPases in Cancer
Environmental exposure to carcinogenic metals such as arsenic can disrupt UPS,*! and this
exposure to arsenic is also shown to elicit a variety of human cancers, which include liver, lung,

skin and bladder cancers.*"33%333

Additionally, inorganic arsenic was recently shown to
compromise E3 ubiquitin ligases, proteasome and p97 functions in UPS, 3101354 hich are tightly
regulated transcriptionally and post-transcriptionally under the normal circumstances.**®> Given that
Rho GTPase signaling is tightly coordinated with the involvement of a series of regulatory proteins
(e.g. guanine-nucleotide exchange factors, GTPase-activating proteins and guanine-nucleotide
dissociation inhibitors), post-translational modifications including ubiquitination and
SUMOylation are particularly essential for regulatory crosstalk between different signaling
pathways including Rho GTPases, thus tightly controlling the key cellular processes.*03%
Therefore, it is necessary and important to understand how exposure to arsenic can influence the
expression of small GTPases and their corresponding impairment in cellular processes (e.g. cell
migration and invasion), in order to better enact the strategies of molecular intervention against

arsenic-induced carcinogenesis. This sets the foundation of my proteomic study of small GTPases

upon arsenic exposure in chapter 4.

4. Scope of the dissertation

In life, every single step in the central dogma of molecular biology is error-prone. In order to
minimize the stochastic DNA replication infidelity and translation errors, the evolutionary pressure
has shaped the DNA repair and proteostasis machineries to ensure the accurate and efficient
information flow. Sophisticated temporal and spatial cellular responses to ever-changing cellular
environmental stressors (e.g. oxidative stress and metal exposures) necessitate a highly regulated

and harmonic network involving a plethora of metabolic signaling pathways to make everything
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coordinated and responsive to stress. To achieve thorough coordination among signal transduction
cascades, the evolutionary pressure sculptures an additional layer of regulation on DNAs, mRNAs
and proteins, the post-translational modifications (PTMs). Importantly, any slight perturbation or
default in modulating the PTMs of regulatory proteins, especially those in DNA repair and
proteostasis, gives rise to a myriad of human diseases, including cancer and protein misfolding-
associated diseases, through impaired capacities to correct for any infidelity in the information flow
steps and turnover of aberrant translation products to achieve cellular homeostasis (Fig. 1.12.).

The project described herein was designed to further elucidate mechanisms of carcinogenesis
and proteotoxicity of arsenic exposure through As*" binding to zinc finger proteins. Arsenic
contamination has been a global public health concern throughout the world, including the USA,
and the characterization of arsenic toxicity on protein quality control is crucial for comprehensively
understanding how arsenic causes proteostatic stress as well as its associated diseases. Based on
the body of knowledge on mechanisms of As** binding on zinc finger proteins, RQC and DNA
repair, as well as the effect of arsenic on ubiquitin-proteasome system (UPS), the following
hypotheses were tested:

1. As*" will interact with critical vicinal cysteine residues within the zinc binding motif
of histone acetyltransferase TIP60 and E3 ubiquitin ligase ZNF598 in vitro and in
cultured human cells

i. As**-cysteine interaction will displace the Zn?" coordinated by the zinc finger motif of
TIP60 and ZNF598 through competition of binding to cysteines in cultured human
cells

1ii. As* will interfere with the enzymatic activity of TIP60 and ZNF598 through
disruption of their zinc coordination sphere as reflected by PTMs of their substrate

proteins in cultured human cells
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iv. As*" will alter the stability of TIP60, ZNF598 and RhoB GTPase proteins in a dose-
dependent manner in cultured human cells

V. The As*-induced disruption of PTMs regulated by TIP60 and ZNF598 will
dysregulate vital DNA repair and RQC processes in cultured human cells

Vi. The As*-induced perturbation of UPS will dysregulate the turnover of RhoB protein
via proteasomal degradation

Vii. As** treatment will diminish the fidelity of genetic information flow and proteostasis

through dysregulating zinc finger-containing enzymes and small GTPases

As3*

|

Oxidative Stress

o N

RQC UPS

| |

» Translation Infidelity
* Increased Synthesis of Default Proteins

N\ /

Protein Misfolding, Aggregation & Amyloid formation

!

Proteinopathies

+ Compromised capacity of Protein Turnover

Figure 1.12. Hypothesis of iAs-induced enhancement of aging-related proteinopathies.
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Chapter 2
Arsenite Binds to ZNF598 to Perturb
Regulatory Ubiquitination of Ribosomal Proteins and

Induce Proteotoxic Stress
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Introduction

Arsenic is a metalloid prevalent in the environment, where it is naturally present in the Earth’s
crust and it is also anthropogenically introduced to the environment (e.g. through the use of arsenic-
containing pesticides).'? Arsenic exists in the environment in inorganic (trivalent arsenite or
pentavalent arsenate) or organic forms, where inorganic trivalent arsenite is the most common
arsenic species found in the environment and also imparts the highest relative potency in toxicity
among the different chemical forms of arsenic.? Arsenic pollution, which influences more than 200
million people in over 70 countries, is viewed as one of the most serious public health problems
worldwide.* Arsenic exposure has been found to contribute to the onset and/or progression of
various human diseases, including neurodegenerative disorders, cancers, and type II diabetes.’”’
Not surprisingly, arsenic has been ranked on the top of the Substance Priority List by the Agency
for Toxic Substances and Disease Registry for many years. Hence, there is an urgent need for
understanding the mechanisms through which arsenic exposure results in human diseases.

Approximately half of all human diseases are believed to emanate from protein misfolding.®
Chronic exposure to low levels of arsenic in human populations is thought to be associated with
arsenic-elicited proteostatic stress.” Additionally, arsenic was found to lower protein stability in
cells; hence, arsenic exposure may perturb homeostasis of the proteome.” Examples of human
diseases arising from arsenic-induced proteotoxic stress include neurodegenerative disorders, e.g.
Alzheimer’s disease and Huntington’s disease.® Epidemiological and animal studies have
documented the strong associations between arsenic exposure and cognitive impairment in humans
and higher incidence of neurodegenerative diseases in rodents.'® Thus, the arsenic-elicited onset
and/or progression of neurodegenerative diseases could be potentially attributed to arsenic-induced
proteotoxic stress.!! Therefore, it is important to investigate the mechanisms through which arsenic

exposure induces proteostatic stress.
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In humans, there are several established mechanisms for maintaining the homeostasis of the
proteome through prevention of protein aggregation and/or elimination of the misfolded proteins,
i.e. molecular chaperones, ubiquitin-proteasome system (UPS) and co-translational ribosome-
associated protein quality control (RQC).!>!* Among them, RQC is energetically inexpensive, and
it promptly eliminates aberrant mRNA and abnormal nascent polypeptides during translation,
which constitutes the frontline defense against futile aberrant protein synthesis.'* Only through
RQC can abnormal, truncated polypeptides be rapidly degraded, thereby minimizing aberrant
protein-protein interactions in the cytosol.'* Poly-A sequences in coding regions of mRNA are
among the stressors that result in ribosome stalling, thereby initiating the RQC pathway."
Regulatory ubiquitinations of RPS10 and RPS20, modulated by the ZNF598 E3 ubiquitin ligase,
were demonstrated to be indispensable for the initiation of the RQC pathway. !¢

Arsenic is known to bind selectively to CsH- or Ca-type zinc finger proteins.!” Others and we
demonstrated that arsenite targets the cysteine residues within the zinc finger motifs of proteins,
which in turn diminishes their enzymatic activities for the post-translational modifications vital for
cellular processes, including DNA repair and oxidative stress response.'®*?! Building upon these
previous studies, we hypothesize that ZNF598’s RING finger motif may be a molecular target of
arsenic binding, which may impair proteostasis by compromising the RQC pathway.!>!® To test
this hypothesis, we examine the arsenite-induced perturbation in regulatory ubiquitinations of
RPS10 and RPS20, investigate the interaction between ZNF598 and As>* in cells, and assess the

impact of As* exposure on RQC in human cells.
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Experimental Procedures
Cell culture

HEK293T cells (ATCC) were cultured in Dulbecco’s modified Eagle’s medium (DMEM,
Thermo Fisher Scientific). All culture media except those used for transfection were supplemented
with 10% fetal bovine serum (FBS, Thermo Fisher Scientific) and 1% penicillin streptomycin
solution (GE Healthcare). The cells were maintained in a humidified atmosphere with 5% CO» at
37 °C, with medium renewal in every 2-3 days depending on cell density. For plasmid transfection,
the cells were cultured in the same media except that no penicillin streptomycin solution was added.
Plasmid and cell transfection

The expression plasmid for ZNF598, pcDNA3.1-ZNF598-TEV-3xFlag, and the reporter
cassettes, i.e. pmGFP-P2A-(K*4%),-P2A-RFP and pmGFP-P2A-(K***)-P2A-RFP, were obtained
from Addgene. The expression plasmid for GFP-tagged ZNF598, i.e. pcDNA4/TO-GFP-ZNF598,
was kindly provided by Dr. Simon Bekker-Jensen from the University of Copenhagen.?> The
plasmid was transfected into HEK293T cells using TransIT-2020 (Mirus Bio, Madison, WI)
according to the manufacturer’s protocol.
Streptavidin agarose affinity assay and Western blot

The biotin-As probe was previously synthesized.?! HEK293T cells were transfected with wild-
type Flag-ZNF598. At 24 hr after the transfection, the cells were exposed 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 subsequently incubated with high-capacity streptavidin agarose
beads overnight. The streptavidin agarose beads were then washed with 1x PBS and resuspended
in SDS-PAGE loading buffer.

After SDS-PAGE separation, proteins were transferred to a nitrocellulose membrane using a

transfer buffer containing Tris (pH 8.3), methanol, glycine and water. The membranes were blocked
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with 5% BSA in 1x PBS-T buffer, which contained PBS and 0.1% (v/v) Tween-20 (pH 7.5), for 1
hr, and then incubated with mouse anti-Flag antibody (1:5000 dilution, Santa Cruz Biotech) at room
temperature for 2 hr. The membranes were washed with fresh PBS-T at room temperature for 6
times (5-10 min each). After washing, the membranes were incubated with mouse secondary
antibody (1:10000 dilution, Santa Cruz Biotech) at room temperature for 1 hr. The membranes
were then washed with PBS-T for 6 times. The protein bands were detected by using Amersham™
ECL™ Select Western blotting Detection Kit (GE Healthcare) and visualized with Hyblot CL
autoradiography film (Denville Scientific, Inc., Metuchen, NJ). Similar experiments were also
conducted by pre-treatment of cells with 10 uM ZnCl,, p-aminophenylarsine oxide (PAPAO) or
NaAsO; for 1 hr prior to the biotin-As treatment.
SILAC labeling, As*" exposure, immunoprecipitation, and LC-MS/MS analysis

SILAC labeling of GM00637 cells in light or heavy RPMI 1640 medium, As** exposure,
immunoprecipitation of ubiquitin remnant peptides, and LC-MS/MS analysis of the enriched
peptides were described previously.?
Fluorescence Microscopy

Wild-type pcDNA4/TO-GFP-ZNF598 plasmid (0.5 ug) was transfected into 1 x 10° HEK293T
cells seeded on cover glasses placed in a 24-well plate. After 36 hr, the transfected cells were mock-
treated or treated with 10 uM ZnCl,, NaAsO,, or PAPAO for 2 hr and then incubated with 5 uM
ReAsH-EDT; (Invitrogen, Waltham, MA) in Opti-MEM medium at 37 °C for 1 hr. The cells were
then washed with 1x BAL buffer for 3 times, fixed with 4% paraformaldehyde for 15 min, and
stained with 4',6-diamidino-2-phenylindole (DAPI). The sample slides were subjected to imaging
on a Zeiss 880 confocal microscope with Airyscan (Thornwood, NY) at the wavelengths of 355,

488, and 594 nm for DAPI, GFP, and ReAsH, respectively.
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Dual fluorescence translation stalling assay

Dual fluorescence reporter plasmids were transfected into cells using TransIT-2020 (Mirus Bio,
Madison, WI) according to the manufacturer’s guidelines. At 24 hr after the transfection, the cells
were treated with 5.0 uM NaAsO, (or mock treatment) for another 24 hr. The cells were then
subjected to analysis on a MoFlo Astrios EQ Flow Cytometry system (Beckman Coulter, IN),
where cellular GFP and ChFP fluorescence emissions were measured. Subsequent analysis of
FACS data was conducted using FlowJo (v9.1).
Statistical Analysis

Statistical analyses were performed by determining the mean and standard deviation of the
values obtained from 3-4 independent experiments, except for the fluorescence microscopy data,
where images from 30 cells in each group were analyzed, as detailed in the corresponding figure

legends.

Results
Arsenite exposure led to decreased regulatory ubiquitination of RPS10 and RPS20

To test if arsenic could influence the level of ubiquitination of proteins which are important in
the co-translational RQC pathway, we performed a di-glycine remnant pull-down experiment
followed by LC-MS/MS analysis to identify proteins in GMO00637 human skin fibroblasts
exhibiting substantial changes in their ubiquitination levels after a 24-hr exposure to 5 uM
NaAs0,.2> We found that the ubiquitination levels of lysines 138 and 139 (K138 and K139) in
RPS10 and K8 in RPS20 were decreased to 60% and 52% relative to the levels observed in control
cells, respectively (Fig. 2.1 and representative MS and MS/MS results for monitoring the

ubiquitination of K8 in RPS20 are shown in Fig. 2.2). In this vein, these ubiquitination events on
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RPS10 (i.e. K138, and K139) and RPS20 (K8) are known to play an important role in the initiation
of ribosomal stalling and the onset of co-translational RQC pathway.'’
Arsenite binds to the cysteine residues in the RING finger domain of ZNF598 protein in
cells

To further elucidate how arsenite exposure diminishes the regulatory ubiquitination marks on
ribosomal proteins RPS10 and RPS20, we focused our attention on the previously reported major
E3 ubiquitin ligase of these ribosomal proteins, ZNF598.!31¢ In this vein, our previous quantitative
proteomic experiments showed that a 24-hr treatment of GM00637 cells with 5.0 uM arsenite did
not give rise to any appreciable changes in the levels of expression of ZNF598, RPS10, or RPS20
protein, where the corresponding ratios of protein levels were 0.98 + 0.07, 1.04 £ 0.08 and 1.03
0.08 in arsenite-treated over mock-treated cells.>* Therefore, the arsenite-elicited decreases in the
levels of ubiquitinated peptides of RPS10 and RPS20 are not due to diminished expression of these

two proteins or ZNF598.
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Figure 2.1. Arsenite diminishes the levels of site-specific ubiquitination in ribosomal proteins
RPS10 and RPS20. (A) The workflow of SILAC and LC-MS/MS for studying the effect of a 24-
hr exposure of human skin fibroblast GM00637 cells to 5 pM NaAsO- on the global ubiquitinated
proteome. (B) Quantification of the ubiquitination levels of K138/K139 in RPS10 and K8 in RPS20
upon a 24-hr exposure to 5 uM NaAsO,. The data represents the mean £ S.D. of results obtained
from 4 biological replicates. The p values were calculated using an unpaired two-tailed Student’s
t-test (*,0.01 < p <0.05; **,0.001 <p <0.01; *** p<0.001).
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Figure 2.2. LC-MS and MS/MS results showing the arsenite-induced decreases in the relative
abundance of K-e-GG-containing tryptic peptide, DTG(K8-e-GG)TPVEPEVAIHR, derived from
RPS20. (A) Positive-ion ESI-MS showing the [M+3H]** ions of the peptide obtained from forward
and reverse SILAC experiments, where the m/z values for the monoisotopic peaks for the light and
heavy-labeled peptide are 588.31 and 592.99, respectively. (B) MS/MS for the light and heavy-
labeled peptide, where the inset showing a scheme summarizing the observed b and y ions.

In light of the previous observations about the effects of As(Ill) binding on modulating the E3

19.21.23 \we reason that the decrease in

ubiquitin ligase activities of other RING finger proteins,
ubiquitination of RPS10 and RPS20 might be attributed to the interaction between As(Ill) and
ZNF598 and the ensuing loss of its E3 ubiquitin ligase activity. To test this, we first examined the
interaction between As(II) and ZNF598. We treated HEK293T cells with a p-aminophenylarsine
oxide-conjugated biotin probe (Fig. 2.3.A) and assessed its interaction with ectopically expressed

Flag-ZNF598 by a streptavidin agarose affinity assay.?! The Western blot result revealed that the

biotin-As probe facilitated the pull-down of the ectopically expressed Flag-ZNF598 protein from
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human cells, where the control experiment without the addition of the biotin-As probe did not result
in pull-down of the protein (Fig. 2.3.B). In addition, pre-treatment of Flag-ZNF598-expressing
HEK293T cells with 10 uM PAPAO or NaAsO, could significantly attenuate the pull-down of
Flag-ZNF598, though pre-treatment with ZnCl, did not lead to any significant decline in the pull-
down of the protein (Fig. 2.3.C-D). This result suggests that As>" is capable of displacing the Zn**

ions bound with the RING finger motif of Flag-ZNF598.
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Figure 2.3. Arsenite binds to the ZNF598 protein in cells. (A) The chemical structure of the biotin-
As probe. (B) Streptavidin agarose affinity pull-down assay showing the interaction between As**
and ZNF598 in cells. The biotin-As probe was used to pull down ectopically expressed Flag-
ZNF598 in HEK293T cells. The Flag-ZNF598 signal was detected using the anti-Flag antibody,
and the input Flag-ZNF598 and actin were also monitored. (C, D) The interaction between the
biotin-As probe and ZNF598 was substantially diminished upon pre-treatment of HEK293T cells
with 10 uM NaAsO, and PAPAO, but not with 10 uM Zn**. The Western blot images are shown
in (C), and the quantification results are displayed in (D). The data represents the mean + S.D. of
results obtained from 4 biological replicates. The p values were calculated using an unpaired two-
tailed Student’s #-test (*, 0.01 < p <0.05; **,0.001 <p <0.01; *** p <0.001, ‘n.s.” stands for no
significant difference).

86



We also explored the importance of cysteine residues, located in the RING finger motif of
ZNF598, in binding with As** in cells by utilizing a GFP-tagged ZNF598 expression plasmid and
a biarsenical labeling reagent ReAsH-EDT>, which contains two As*" and displays red fluorescence
when four nearby cysteine residues in proteins bind to its arsenic moieties.!” We observed
substantial co-localizations between the ectopically expressed GFP-ZNF598 and ReAsH,
suggesting an interaction between As** and ZNF598 protein in cells (Fig. 2.4). This result also
reveals that the tetracysteine motif within the RING finger motif of ZNF598 binds to the arsenic
moieties in ReAsH.

To further examine if As** is capable of displacing Zn?* coordinated by cysteine residues within
the RING finger domain of ZNF598, we pre-treated GFP-ZNF598 expressing HEK293T cells with
Zn**, PAPAO, or NaAsO, prior to incubating cells with the ReAsH-EDT, dye. We observed a
markedly attenuated co-localization between GFP-ZNF598 and ReAsH in cells upon pre-treatment
with PAPAO or NaAsO,, but not Zn>*, supporting the competitive binding of As*" to cysteine

residues in the RING finger domain of ZNF598 (Fig. 2.4).

87



PAPAD+ FaisH

GFPINFE3E GFP-ZNF33E GFPINFSE GFP-INFEaE GRP-INFESE

EE

B C g W —=—
F
[\ 5o — 120 1 I
S"'\-\. .-fS S‘a r's 1] 100
As As =
HO 0 6: §
# £ &
| S . I
5 : |
RSy -y
2
ReAsH.EDT, 0 . . .
Control Zn= NafsD. PAFPAD

Pre-treatment

Figure 2.4. As*"-bearing biarsenical dye ReAsH co-localizes with GFP-ZNF598, and As*
competes with Zn*" for binding to the tetracysteine motif within the RING finger domain of
ZNF598. (A) Fluorescence microscopy results revealed the co-localization between ReAsH and
ectopically expressed GFP-ZNF598. The co-localization was significantly diminished in cells pre-
treated with 10 pM NaAsO, or PAPAO, but not Zn**. (B) The chemical structure of ReAsH-EDT,.
(C) Quantitative analysis of the frequencies of co-localization between ReAsH-EDT, and ZNF598.
The data represents the mean = S.D. of results obtained from images of 30 different cells. The p
values were calculated using an unpaired two-tailed Student’s #-test (*, 0.01 < p <0.05; **, 0.001
<p <0.01; *** p <0.001, ‘n.s.” represents no significant difference).

88



Arsenite increases the ribosomal read-through of the (K*4);) mRNA sequence during
translation

We next explored to what degree the As**-induced decreases in ubiquitination levels of RPS10
and RPS20 perturbs the co-translational RQC pathway. We adopted a previously reported flow
cytometry-based assay to assess quantitatively ribosome stalling at poly-A sites in mammalian
cells.! In particular, the reporter cassette contains N- and C-terminal GFP and ChFP markers
flanked by a Flag-tagged stalling reporter (SR, Fig. 2.5A), as described previously.!®> Therefore,
complete translation of the cassette yields three proteins (GFP, Flag-SR, and ChFP) in equi-molar
quantities. By contrast, stalling during translation of Flag-SR would abolish translation prior to

ChFP synthesis and lead to a sub-stoichiometric ChFP/GFP ratio. '’
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Figure 2.5. Arsenite inhibits the ribosomal stalling and augments the read-through of poly-A
stalling sequences. (A) A schematic diagram showing the working principle of the dual
fluorescence translation stall reporters. Plasmids expressing a reporter without a stall-inducing
sequence or one containing 20 consecutive lysine codons (K*A%), in the linker region were
transfected into HEK293T cells. The diagram of the reporter cassette construct and expected
protein products in the absence or presence of terminal stalling is modified from the work of
Juszkiewicz and Hedge.'” (B) The resulting cellular GFP and ChFP levels are depicted in the scatter
plot of individual cells. (C) Median ChFP:GFP ratio of 50,000 transfected HEK293T cells
transiently expressing the reporter construct containing the indicated sequences. (D) Median
ChFP:GFP ratio of 50,000 transfected cells transiently expressing the reporter plasmids containing
either no stalling sequence or 20 consecutive lysine codons (KA4%), in the linker region. In (C) and
(D), the error bars represent S.E.M. for three separate transfections and flow cytometry
measurements, and the p values were calculated using an unpaired two-tailed Student’s #-test (*,
0.01 <p<0.05; **,0.001 <p <0.01; *** p<0.001).

Previous findings revealed that tandem repeats of AAA lysine codons, i.e. (KA44),, are among
the most potent trigger for ribosome stalling in mammalian cells and result in an appreciable

decrease in the ChFP/EGFP ratio relative to the reporter lacking an insert between the GFP and
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ChFP markers.!* Flow cytometry analysis result revealed the expected correlation between GFP
and ChFP levels across a wide expression range for (K*44), but significantly reduced ChFP for
(KAA%),0 (Fig. 2.5.D). To explore how arsenite exposure affects the ribosomal stalling of the
(KAA%),0 sequence, we repeated the flow cytometry-based assay for the transfected cells after an
18-hr exposure to 5 uM As*". These results show that arsenite exposure leads to an increased ratio
of ChFP:GFP fluorescence intensities (1.32 £ 0.05) when compared to the untreated control (Fig.
2.5.C), suggesting that arsenite treatment could impede ribosomal stalling during the translation of
mRNA sequence containing (KA44),. The enhanced read-through of poly-A sequence (K*A%), are
also reflected by the scatter plot shown in Fig. 2.5.B. In addition, we examined if the
aforementioned effect arises from the As**-induced augmentation in overall translation elongation
by including a negative control experiment with the use of the corresponding reporter without the
poly-A stalling sequence, i.e. (KA**),. The result showed that arsenite exposure increased the
translation of ChFP relative to GFP using the (K**%), sequence, i.e. (1.14 £ 0.04) when compared
to the untreated control (Fig. 2.5.C). After normalization, we found that arsenite exposure augments

the read-through of poly-A mRNA sequence (KA**)y by 16%.

Discussion
As** binds to RING finger motif of ZNF598 and induces proteostatic stress

As*" is known to interact with zinc finger proteins,? especially with high affinity to the C;H-
or Cs- type zinc finger motifs,!” and this interaction between arsenite and zinc finger proteins may
play a pivotal role in human diseases arising from arsenic exposure, including protein misfolding-
associated diseases, such as neurodegenerative disorders. Binding of As*" to the zinc finger
domains of TIP60 histone acetyltransferase and Tet ten-eleven translocation family proteins is

known to disrupt the enzymatic activities of these proteins.'®* In addition, displacement of Zn**
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by As®* in the RING finger domain of several E3 ubiquitin ligases was found to impair the
ubiquitination of their substrate proteins.!'*?!?3

In the present study, we furnished two lines of evidence to support that arsenite can bind to the
RING finger domain of ZNF598 by displacing its bound Zn*" ions. In particular, our results from
fluorescence microscopy experiment with the use of an As**-containing probe, i.e. ReAsH-EDT,,
and biotin-As pull-down assay revealed the interaction between As®>" and ZNF598, which could be
pronouncedly weakened by pre-treating cells with NaAsO» and PAPAO, but not Zn>" (Fig. 2.3.-
2.4).

ZNF598 is a major E3 ubiquitin ligase responsible for the site-specific regulatory
ubiquitinations of ribosomal proteins RPS10 (at K138 and K139) and RPS20 (at K8).!>!¢ The RING
finger domain of ZNF598 is highly conserved and is essential for its E3 ubiquitin ligase activity,
which is indispensable for efficient ribosome stalling at poly-A sequences in coding regions.?’ In
line with these previous observations, we found that exposure of cultured human cells to As** and
the ensuing interaction between As*" and ZNF598 led to diminished ubiquitination of K138 and
K139 in RPS10, and K8 in RPS20 (Fig. 2.1.-2.2.). These results, together with our observation of
As(Ill)-induced augmented translational read-through of poly-A stalling sequence in template
mRNA (Fig. 2.5.), substantiates that As** can displace Zn>* from the RING finger domain of
ZNF598, thereby inducing proteostatic stress through perturbing the RQC pathway.

Disturbance to protein quality control by arsenic exposure and human diseases

Proteostasis is defined as the combined activity of cellular mechanisms regulating protein
synthesis, folding, trafficking, degradation and clearance, and the failure to maintain proteostasis
leads to proteotoxic stress.?® Proteotoxic stress is implicated in many human diseases, including
phenylketonuria, type Il diabetes and neurodegenerative disorders, which arise largely from

impaired cellular proteostasis.?®3?
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Ribosome-associated protein quality control constitutes one of the major mechanisms in
maintaining proteostasis.!* To achieve strict screening of translation errors, the RQC pathway is
initiated by surveillance of defective mRNA, including premature polyadenylated mRNA, and
degrades the aberrant truncated protein products generated by the stalled ribosomes.'* RQC can be
accomplished in three consecutive steps, i.e. splitting of a stalled ribosome into subunits, initiation
of RQC assembly and nascent chain ubiquitination, and degradation of ubiquitinated nascent
polypeptides.!* Translation of poly-A sequence has been documented to stall the ribosome and
trigger non-stop decay (NSD) as well as RQC, which are initiated by sensing of stalled ribosomes
and are coupled with ribosomal rescue through dissociation of ribosomal subunits.?! In this process,
the site-specific regulatory ubiquitinations of RPS10 and RPS20 mediated by ZNF598 E3 ubiquitin
ligase are required for the detection of ribosomal stalling and triggering the splitting of ribosomal

subunits to initiate RQC.'>?7:3!

As3*

Ribosome
Stalling

Figure 2.6. As® induces ribosome stalling through inhibiting ZNF598. As*" binds to specific
cysteine residues within zinc finger motif of ZNF598 E3 ubiquitin ligase, which subsequently
inhibits its ubiquitination activity on specific lysine sites on RPS10 and RPS20, thereby
diminishing the resolution of ribosome stalling.
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Arsenic-induced malfunctioning of ribosomal stalling and its subsequent impairment of RQC
can increase the quantity of defective non-stop mRNA and aberrant truncated nascent polypeptides
that might have defective folding, function, and subcellular location (Fig. 2.6.)."*** Accumulation
of the truncated mis-localized non-stop proteins can induce protein misfolding through
energetically favorable oligomerization into non-native conformational states and ultimately result
in proteinopathies including neurodegenerative disorders.®!>?%%* Arsenic was found to cause
protein misfolding and aggregation in yeast and humans,>!"** and arsenite is thought to affect the
folding of nascent proteins during translation, though the exact underlying mechanisms were not
known.!! Our findings provided mechanistic insights into the arsenite-induced perturbation of
proteostasis, i.e. through disruption of the ZNF598-mediated RQC pathway.

Apart from ZNF598, listerin E3 ubiquitin ligase, which is also involved in RQC through
polyubiquitination of stalled truncated nascent polypeptides,'*3** is also a RING finger protein. It
can be envisaged that the listerin-mediated RQC pathway may also be impacted by the interaction
between listerin and As®". Hence, arsenic exposure may perturb the RQC pathway by not only
disrupting the capability to properly stall the ribosomes while encountering poly-A sequences, but
also compromising the degradation of the aberrant truncated nascent polypeptides. The latter is the
subject of interest for future investigation.

Implications in mechanisms of toxicity of other metal ions

In addition to arsenic, other metals and metalloids may also impair RING fingers by
substituting Zn>" and disrupting the conformations of the RING finger proteins due to their high
binding affinities with cysteine sulthydryl groups. Metal ions (e.g. cadmium, mercury, chromium,
manganese) and some metalloids (e.g. selenium) are known to favor sulfur as their ligands, which
is also the preferred ligand for zinc in zinc finger proteins.!! For example, cadmium and nickel are

believed to interfere with estrogen receptor (ER) signaling by binding to ER which can bind to
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DNA for transcriptional regulation via the N-terminal DNA-binding zinc finger regions.3>-

Similarly, Cd*", Ni>* and Pb** were shown to displace Zn?" ions from the zinc finger domains in
transcription factor IIIA by their higher binding affinities toward its zinc fingers.*”* Similar to
arsenic, cadmium was found to confer protein misfolding and aggregation.>**! Therefore, due to
the metal binding properties of zinc fingers, it can be envisaged that RING finger E3 ubiquitin
ligases, including ZNF598, may also be susceptible to inhibition by a range of environmentally
relevant metal ions; thus, exposure to these metal ions may also lead to proteostatic stress through
a similar mechanism as As*".
Implications in chronic arsenic exposure and risk assessment for arsenic-elicited human
diseases

Arsenic pollution, which impacts over 200 million people worldwide via contaminated
drinking water and diet, is a serious global public health issue.* Chronic arsenic exposure has been
associated with many human diseases, ranging from cancer, type II diabetes to neurodegenerative
disorders, including Alzheimer’s and Parkinson’s diseases.? Most of these documented human
diseases induced by arsenic exposure, especially neurodegenerative disorders, could be elicited by
protein misfolding and aggregation.”®* Based on our understanding about adverse health
consequences forged by arsenic-induced proteostatic stress, we should seriously assess and mitigate
the risk of chronic arsenic exposure to safeguard public health. This can be achieved by stricter
policy regulation on the environmental level of arsenic and improved worldwide public education

to raise awareness for arsenic remediation of contaminated drinking water.*
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Chapter 3
Arsenite Binds to the Zinc Finger Motif of
TIP60 Histone Acetyltransferase and Induces its Degradation

via the 26S Proteasome
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Introduction

Being the 20" most abundant element in the Earth’s crust, arsenic exists in inorganic forms as
arsenate and arsenite, as well as in organic forms.! Arsenite, the main inorganic form of arsenic
present in the environment, especially in ground water, is generally more toxic to living organisms
than the organic form. Due to various natural processes such as weathering and widespread
industrial use, exposure to arsenic species has become a serious public health concern, as indicated
by arsenic being on the top of the Priority List of Hazardous Substances in the Agency for Toxic
Substances and Disease Registry.? In view of the tremendous environmental impact and toxic
potential of arsenic, the World Health Organization and the US Environmental Protection Agency
have recommended a threshold concentration for arsenic in drinking water as 10 ppb.>*
Nonetheless, approximately 150 million people in more than 70 countries are exposed to excessive
amounts of arsenic species through contaminated drinking water and diet.’

Over the last few decades, numerous epidemiological, cellular, and animal studies have
provided a large body of evidence to support that chronic exposure to arsenic in drinking water is
strongly associated with the increased incidence of bladder, lung, liver, skin and kidney tumors.®’
Furthermore, arsenic is found to elicit other adverse human health effects including neurotoxicity,
the endemic “blackfoot disease”, cardiovascular disease and childhood neurodevelopmental
defects.® However, the mechanisms through which arsenic exposure leads to carcinogenesis remain
incompletely understood.

The binding between As** and protein cysteine sulfhydryl group is thought to play an important
role in arsenic toxicity and carcinogenicity.>’ In this vein, As*" was found to selectively bind to the
C3H- and C4- types of zinc finger motifs.!” In addition, our recently published data indicated that
arsenite could bind to RNF20-RNF40 and FANCL E3 ubiquitin ligases as well as ten-eleven

translocation (Tet) family proteins through their RING finger (C3HC4), RING-like PHD finger and
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C3H-type zinc finger, respectively.!!"!* Along this line, apart from the carcinogenic effect, As** in
the form of arsenic trioxide has been approved by the Food and Drug Administration for the
treatment of acute promyelocytic leukemia.'* In this context, As** was found to bind to the RING
finger domain of PML in the oncogenic PML-RARa fusion protein, which enhanced the
proteasomal degradation of the fusion protein.'®

Recently, it was argued that arsenic may induce carcinogenesis through perturbation of
epigenetic pathways as global loss of acetylation and trimethylation of histone H4 is commonly
found in human tumors associated with chemical exposure.’ In this respect, acetylation of lysine
16 in histone H4 (H4K16Ac) is crucial for promoting the access of DNA repair enzymes to
damaged DNA.!'® Although diminished H4K16Ac was observed in UTOtsa human bladder
epithelial cells upon chronic arsenite exposure, the molecular mechanism contributing to reduced
H4K16 acetylation remains unclear.!*** Additionally, previous studies revealed that many crucial
enzymes involved in the deposition of histone acetylation marks harbor a zinc finger motif that is
essential for their enzymatic activities.?! TIP60, a member of the MYST family histone
acetyltransferases, which also contain zinc finger motifs, was found to play an important role in
H4K 16 acetylation.”> On the basis of these previous findings, we reason that As®* may interact with
the zinc finger motif of TIP60 histone acetyltransferase, thereby altering its conformation, stability
and activity, and resulting in H4K 16 hypoacetylation. To test the above hypothesis, we examined
the interaction between As®" and the peptide derived from the zinc finger motif of human TIP60
protein in vitro and in human cells. We also demonstrated that arsenite exposure led to diminished
levels of TIP60 protein via the ubiquitin-proteasome pathway. Finally, we found that the arsenite-
induced decrease in H4K16Ac in cultured human cells depended, in part, on TIP60. Hence, the

results from this study uncovered a novel molecular mechanism underlying the arsenic-induced
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perturbation in epigenetic signaling, thereby broadening our understanding about the arsenic-

induced carcinogenicity.

Experimental Procedures
Cell Culture

HEK293T cells (ATCC) were cultured in Dulbecco’s modified Eagle’s medium (DMEM,
Thermo Fisher Scientific). All culture media except those used for transfection were supplemented
with 10% fetal bovine serum (FBS, Thermo Fisher Scientific) and 1% penicillin streptomycin
solution (Millipore). The cells were maintained in a humidified atmosphere with 5% CO, at 37°C,
with medium renewal once in every 2 days depending on cell density. For plasmid transfection,
cells were cultured in the same media as mentioned above except that no penicillin streptomycin
solution was added.
In vitro arsenite binding assay

The zinc finger peptide of TIP60 (with amino acid residues 261-286 a.a., i.e.
LYLCEFCLKYGRSLKCLQRHLTKCDL) was obtained from ChinaPeptides (Shanghai, China),
purified by HPLC and used for in vitro binding assays. Arsenite binding to the zinc finger peptide
was monitored by MALDI-TOF mass spectrometry in the linear, positive-ion mode on a Voyager
DE STR instrument (Applied Biosystems, Framingham, MA). Peptides were dissolved at a
concentration of 1 mg/ml in sterilized deionized water and diluted to a concentration of 100 uM 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 folds and mixed with an equal volume of 2,5-dihydroxybenzoic acid matrix solution
before spotting onto a sample plate. The mass spectrometer was equipped with a pulsed nitrogen

laser operating at 337 nm with a pulse duration of 3 ns. The acceleration voltage, grid voltage, and
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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.
Plasmid construction

The expression plasmids for TIP60 were pcDNA3.1-HA-TIP60 which is kindly provided from
Dr. Yingli Sun? and pRK7-TIP60-3Flag. The expression plasmids of HA-TIP60 harboring the
C263A, or C266A, or C283A mutation were obtained by site-directed mutagenesis, and the
successful construction for the mutated plasmids was verified by sequencing analysis.
Streptavidin agarose affinity assay and Western blot

Biotin-As was synthesized previously.!! In general, HEK293T cells were transfected with wild-
type or mutant form of HA-TIP60. At 24 h after the transfection, the cells were exposed with 5 uM
biotin-As for 2 h and lysed in CelLytic™ M lysis buffer supplemented with a protease inhibitor
cocktail (Sigma Aldrich). The cell lysates were incubated with high-capacity streptavidin agarose
beads for overnight. Streptavidin agarose beads were subsequently washed with 1x PBST (0.1%),
resuspended in SDS-PAGE loading buffer and separated by SDS-PAGE.

After SDS-PAGE separation, proteins were transferred to a nitrocellulose membrane using a
transfer buffer containing Tris base, methanol, glycine and water. The membranes were blocked
with 5% BSA in PBST buffer, which contained PBS and 0.1% (v/v) Tween-20 (pH 7.5), for 2 hrs
and incubated with rabbit anti-HA antibody at 4°C overnight (1:10000 dilution, Sigma Aldrich).
The membranes were washed with fresh PBST buffer at room temperature for 6 times (5-10 min
each). After washing, the membranes were incubated with rabbit secondary antibody at room
temperature for 1 h. The membranes were subsequently washed with PBST for 6 times. The
secondary antibody was detected by using Amersham™ ECL™ Select Western blotting Detection
Kit Reagent (GE Healthcare) and visualized with Hyblot CL autoradiography film (Denville

Scientific, Inc., Metuchen, NJ). Similar experiments were also conducted by pretreatment of cells
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with 10 uM ZnCl,, PAPAO or NaAsO; for 1 h prior to the biotin-As treatment. Similarly, the pull-
down experiments for mutant HA-TIP60 were conducted with the same biotin-As pull-down assay
except that the cells were transfected with plasmids for expressing HA-TIP60 with specific
Cys—>Ala mutations.

For monitoring the effect of arsenite and/or MG132 on the protein level of HA-TIP60,
HEK293T cells were transfected with HA-tagged TIP60 plasmids for 24 h, and exposed with
several different concentrations of NaAsO; (i.e. 0, 1, 2, and 5 uM) with or without co-treatment
with 4 uM MGI132 (Sigma Aldrich) for another 24 h, followed by cell harvesting, protein
extraction, and Western blot analysis for HA-TIP60, as described above.

Histone acetyltransferase assay

HEK293T cells were first transfected with FLAG-tagged TIP60 plasmid constructs for 24 h,
followed by cell harvesting and protein extraction as described above. The FLAG-TIP60 protein
was subsequently precipitated from protein lysates and quantified with Bradford assay. After that,
50 pg protein lysate in 800 ul lysis buffer including protease inhibitor was incubated overnight
with anti-FLAG M2 affinity gel (Sigma Aldrich), followed by washing the beads with HAT buffer.
Next, the beads with bound FLAG-TIP60 were suspended in a HAT reaction mixture which
comprised of 0.5 pg FLAG-TIP60, 3 ug histone H4 and 100 uM acetyl-coenzyme A in 60 ul HAT
buffer containing 50 mM Tris HCL, 0.1 mM EDTA, 1 mM DTT and 10% glycerol (pH 8.0), with
or without 5 uM NaAsO,. The HAT reaction was performed by incubating the reaction mixture at
37°C. After a 24-h incubation, the reaction mixture was analyzed by Western blot as described
above, using rabbit anti-H4K16Ac (1:50000 dilution, Millipore) and rabbit anti-histone H4

antibodies (1:5000 dilution, Cell Signaling Technology).
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Histone Extraction

HEK293T cells were exposed to 0, 2 and 5 uM NaAsO; for 24 h, and then harvested. The cell
pellets were washed with 1x PBS, resuspended in Triton X-100 sucrose buffer containing 0.25 M
sucrose, 0.01 M MgCl,, 0.5 mM PMSF, 0.05 M Tris-HCI (pH 7.4) and 0.5% v/v Triton X-100. The
resulting pellet was incubated overnight, with vortexing, in Triton X-100 sucrose buffer
supplemented with protease inhibitor cocktail. The suspension was subsequently centrifuged, and
the pellet was washed with the above-described sucrose buffer without Triton X-100. The histone
proteins in the cell pellet were then extracted using 0.4 N sulfuric acid with vortexing at 4°C for 4
h. The supernatant was subsequently collected and mixed with 10 volumes of cold acetone to
precipitate histone proteins from the mixture at -20°C overnight. Finally, the pellet of the precipitate
was washed with acetone, dried by Speedvac and redissolved in water for subsequent Western blot
analysis, using rabbit anti-H4K 16 Ac and rabbit anti-histone H4 antibodies as described above. The
same experiment was conducted using 7/P60"" HEK293T cells which were generated from
CRISPR-Cas9 knockout technology, as described previously.*
Statistical Analysis

The statistic of all the experiments are performed by using the average of the values from at
least three independent experiments. The p values used for all data analysis were calculated using

unpaired two-tailed student’s #-test:*, p < 0.05; **, p <0.01; *** p <0.001.

Results
Arsenite exposure leads to diminished level of TIP60 protein, but not hMOF protein

Jo et al.' showed that arsenite exposure could lead to H4K16 hypoacetylation in bladder
epithelial cells. To explore the role of TIP60 in arsenite-induced alteration in H4K16Ac, we first

asked whether arsenite exposure could alter the protein level of the histone acetyltransferase. In
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this vein, it is worth noting that we attempted, but failed to detect endogenous TIP60 using Western
blot analysis with TIP60 antibody from several commercial sources, which was also noted by
others.”> We were also not able to detect endogenous TIP60 by using a proteomic approach, where
we fractionated the whole cell lysate of HEK293T cells using SDS-PAGE, cut the gel band from
the region where TIP60 migrates, digested the proteins in-gel with trypsin, and subjected the
digestion mixture to LC—MS/MS analysis on a Q Exactive Plus quadrupole-Orbitrap mass
spectrometer. The failure in detecting endogenous TIP60 is likely attributed to the relatively low
level of expression of this protein in HEK293T cells. Thus, we treated HEK293T cells, which
express HA-tagged TIP60, with increasing concentrations (i.e., 0, 1, 2, and 5 uM) of NaAsO, for
24 h and assessed the levels of HA-TIP60 by Western blot analysis. Our results revealed a dose-
dependent decrease in the TIP60 protein level (Fig. 3.1A and 3.1B). In contrast, similar Western
blot analysis of hMOF, the other member of MYST family of histone acetyltransferase, revealed
no significant alteration in the level of this protein in cells upon treatment with As** (Fig. 3.1C and

3.1D).
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Figure 3.1. Arsenite treatment results in a dose-dependent decrease in TIP60, but not hMOF
protein. Western blot images showing the effect of treatment with different doses of arsenite (0, 1,
2, and 5 pM) on the protein level of HA-TIP60 (A) and hMOF (C). The quantification results of
the relative level of TIP60 (B) and hMOF (D) proteins following exposure to different doses of
NaAsO; (n=3). Error bars represent standard deviations. The p values were calculated using
unpaired two-tailed student’s t-test, and the asterisks designate significant differences between
arsenite-treated samples and untreated control (*, p <0.05; **, p <0.01; *** p <0.001).

As** binds to the cysteine residues in the zinc finger motif of TIP60 proteins irn vitro and in
cells

To explore the mechanism through which As** induces the decrease in TIP60 protein level, we
examined whether NaAsO, could bind directly to the zinc finger motif of the protein by employing
a mass spectrometry (MS)-based assay. We employed a synthetic peptide derived from the zinc

finger motif of human TIP60, which carries a.a. 261-286. Positive-ion matrix-assisted laser
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desorption ionization-time-of-flight mass spectrometry (MALDI-TOF MS) revealed the [M+H]"
ion of the apopeptide at m/z 3146.6 (Fig. 3.2A). Incubation of the apopeptide with As** leads to a
+72 Da mass shift (Fig. 3.2B), which emanates from the binding of the peptide with one As*" after
the release of three protons from the three Cys residues in the peptide. In accordance with previous
findings about the interaction of As** with other C3H-type zinc finger proteins,'®!* the MS result
showed that arsenite could bind to the peptide derived from the Zn**-binding site of TIP60.

We also assessed how dithiothreitol (DTT) modulates the interaction between As>* and the the
apopeptide of TIP60 by conducting the MALDI-TOF MS experiments with the use of different
molar ratios of As>/DTT (i.e., 1:1, 1:5 and 1:25). Our results showed that the presence of an equal
concentration of DTT did not affect the binding between As>* and zinc finger peptide (Fig. 3.S1A).
Likewise, addition of five-fold excess of DTT (As**/DTT=1:5) did not abolishes the interaction,
though the relative intensity of the peak for arsenite-bound peptide was weakened (Fig. 3.S1B).
The presence of DTT in 25-fold excess, however, led to the loss of signal for the As**-bound peptide
(Fig. 3.S1C). Thus, As** binds more strongly with the C3H-type zinc finger pepetide than DTT,
which is not surprising considering that these binding involve the formation of three and two As—S

bonds, respectively.
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Figure 3.2. In vitro binding between arsenite and zinc finger peptide of TIP60. Shown is the
MALDI-TOF MS results for monitoring the zinc finger peptide of TIP60 (A) and its interaction
with As** (B). The insets show the isotopic peaks of both apopeptide of TIP60 and apopeptide
bound to arsenite.
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Figure 3.S1. The effects of DTT on the interaction between As®" and the zinc finger peptide of
TIP60. Increasing concentration of DTT can affect the relative intensity of peak corresponding to
As**-bound peptide (at m/z 3219.5), as indicated in MALDI MS measurements when molar ratios

of As**/DTT were 1:1 (A), 1:5 (B) and 1:25 (C).

We next asked whether the binding of arsenite with TIP60 occurs in mammalian cells. To this
end, we treated HEK293T cells with a p-aminophenylarsenoxide (PAPAO)-conjugated biotin
probe (Fig. 3.3A), and assessed its interaction with ectopically expressed HA-TIP60 by streptavidin
agarose affinity assay.!! The Western blot result revealed that the biotin-As probe could facilitate
the pull-down of HA-TIP60 protein in human cells, whereas we failed to pull down HA-TIP60 in
the control experiment without the use of the biotin-As probe (Fig. 3.3B). This result suggested that
As** could bind to TIP60 in human cells. We next pretreated HA-TIP60-expressing HEK293T cells
individually with 10 uM ZnCl,, PAPAO and NaAsO, and assessed the interaction between As**

and HA-TIP60 by conducting the same pull-down assay. The result showed that pre-treatment with
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NaAsO: or PAPAO could suppress markedly the pull-down of HA-TIP60, though a slight decrease
in pull-down was also observed for pretreatment with Zn?* (Fig. 3.3C,D). This result suggests that
As*" can displace Zn** bound to the zinc finger motifs. To further substantiate the involvement of
zinc finger cysteine residues of TIP60 in its binding toward As**, we performed site-directed
mutagenesis to substitute individually the three Cys residues with Ala (i.e. C263A, C266A, and
C283A) in the zinc finger motif of HA-TIP60, and conducted the same pull-down assays. Our
results showed that all three mutant forms of HA-TIP60 exhibited significantly attenuated
interaction with the biotin-As probe (Fig. 3.3E,F), indicating that the biotin-As probe interacts with
the cysteine residues in the zinc finger motif of the TIP60.

It is worth noting that the use of the biotin-As probe may not fully recapitulate the interaction
between arsenite and the zinc finger motif of TIP60 because As*" in the probe and arsenite can bind
two and three cysteine residues, respectively. Hence, the binding affinity of biotin-As toward the
zinc finger of TIP60 protein is expected to be weaker than that of arsenite. The observation that
TIP60 can interact with the biotin-As probe in cells strongly suggests that the protein can also

interact with arsenite in cells.
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Figure 3.3. Streptavidin agarose affinity pull-down assay using biotin-As as a probe reveals the
binding between As** and the C3H-type zinc finger domain of TIP60. (A) The structure of the
biotin-As probe. (B) Treatment of HEK293T cells expressing HA-TIP60 with 5 uM biotin-As
probe could pull down HA-TIP60 by using streptavidin agarose. (C). Pre-treatment of cells with
10 uM ZnCl,, NaAsO,, or PAPAO (i.e. p-aminophenylarsenoxide) for 2 hrs attenuates the binding
between biotin-As and TIP60. (D) Relative protein level of TIP60 pulled down by streptavidin
agarose using biotin-As probe upon pretreatment with 10 uM ZnCl, or NaAsO; or PAPAO when
compared with untreated control (n=3). The p values were calculated using unpaired two-tailed
student’s t-test, and the asterisks designate significant differences between different pretreatments
and control without pretreatment (*, p < 0.05; **, p < 0.01; *** p < 0.001). (E) Mutations of
cysteine residues (Cys—> Ala) in the zinc finger motif of TIP60 weakened the pull-down of TIP60
with the biotin-As probe. (F) Relative levels of different forms of TIP60 protein pulled down by
streptavidin agarose using the biotin-As probe. Specific Cys—> Ala mutations within the zinc finger
domains of TIP60 led to compromised interaction between TIP60 and biotin-As (n=3). The p values
were calculated using unpaired two-tailed student’s t-test, and the asterisks designate significant
differences between mutant forms of HA-TIP60 and the wild-type control (*, p < 0.05; **, p <
0.01; *** p <0.001). Error bars in D and F indicate standard deviations.
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Arsenite induces the degradation of TIP60 protein through the ubiquitin-proteasome
pathway and inhibits TIP60-mediated H4K16 acetylation in mammalian cells

We next investigated whether the ubiquitin-proteasome pathway contributes to the As*-
induced decrease of HA-tagged TIP60 protein. We repeated the dose-dependent experiment by co-
treating HA-TIP60-expressing HEK293T cells with 4 uM MG132 (with DMSO as control) in
conjunction with 0, 2, and 5 uM of NaAsO,, where MG132 acts as a proteasomal inhibitor. As
displayed in Figure 3.4, we found that the addition of 4 uM MG132 could augment the HA-TIP60
protein level in general when compared with the DMSO control group. Importantly, the arsenite-
induced decrease in HA-TIP60 protein was abolished in cells co-treated with MG132 (Fig. 3.4B).
Thus, As*" induces decrease in HA-TIP60 protein by promoting its degradation via the ubiquitin-
proteasome pathway.

Similar experiments with the aforementioned mutant forms of TIP60 protein (i.e. C263A,
C266A and C283A) showed that the substitution of any of zinc finger cysteines to an alanine
abrogated the arsenite-induced proteasomal degradation of the TIP60 protein (Fig. 3.S2). This
result indicates that the arsenite-induced decrease in HA-TIP60 protein is due to the selective

binding of arsenite to zinc-binding cysteine residues within the zinc finger motifs of TIP60.
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Figure 3.4. Exposure to arsenite induces proteasomal degradation of TIP60. (A) Co-treatment of
HEK293T cells with 4 uM MG132 together with different doses of NaAsO: (0, 2, and 5 uM) could
rescue the dose-dependent decrease of TIP60 protein induced by arsenite exposure. (B) Relative
protein level of TIP60 upon treatment with different doses of NaAsO> together with MG132 or
DMSO control (n=3). The p values were calculated using unpaired two-tailed student’s ¢-test, and
the asterisks designate significant differences between the arsenite-treated samples and untreated
control (*, p < 0.05; **, p < 0.01; *** p < 0.001). Error bars in panel B represent standard
deviations.

Having demonstrated that As*" induces the degradation of TIP60 protein via the ubiquitin-
proteasome pathway, we next investigated, by using histone acetyltransferase (HAT) assay,
whether the As**-induced hypoacetylation of H4K 16 is attributed, in part, to the arsenite-induced
decrease in enzymatic activity of HA-TIP60. After exposure to 5 uM arsenite for 24 h, we
precipitated Flag-TIP60 from HEK293T cells using anti-FLAG M2 affinity gel and used the

immunoprecipitated protein for HAT assay. Our result revealed that arsenite treatment did not

result in any significant alteration in the HAT activity of TIP60 (Fig. 3.S3.).
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Figure 3.S2. Arsenite does not induce dose-dependent decrease in protein level of any three zinc
finger mutants of TIP60, i.e. C263A, C266A and C283A. Western blot images showing the effect
of mutations in critical cysteine residues of the C3H-type zinc finger of TIP60, i.e. C263A (A),
C266A (C) and C283A (E). The quantification results of the relative level of TIP60 mutant proteins
C263A (B), C266A (D) and C283A (F) following exposure to different concentrations of NaAsO2
(n=3). Error bars represent standard deviations. The p values were calculated using unpaired two-
tailed Student’s t-test, and the asterisks designate significant differences between arsenite-treated
samples and untreated control (*, p < 0.05; **, p <0.01; *** p <0.001).
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Figure 3.S3. Arsenite does not attenuate the histone acetyltransferase (HAT) activity of TIP60. (A)
HAT assay indicating the effect of treatment of cells with 5 uM of NaAsO; on HAT activity of
TIP60, as shown by the acetylation of H4K 16 residue, with the untreated control. (B) Relative HAT
activity of TIP60 with or without 5 uM of NaAsO,. The data represents the mean and standard
deviation of results from three independent experiments.

Finally, we examined whether endogenous TIP60 plays a significant role in As*'-induced
decrease in H4K16Ac. Thus, we employed the CRISPR-Cas9 genome-editing method to generate
TIP60” HEK293T cells®*. Our Western blot result indicated that a 24-h treatment with 2 and 5 pM
of arsenite led to significantly decrease H4K16Ac level in both wild-type and TIP60™ cells (Fig.
3.5A). However, the magnitude of decrease in the level of H4K16Ac in TIP60” cells was

significantly lower than that in the HEK293T cells upon exposure with 5 uM As** (Fig. 3.5B),

thereby demonstrating that As**-induced decrease in H4K16Ac level involves TIP60.
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Figure 3.5. Arsenite exposure led to diminished H4K16Ac in both wild-type and TIP60™
HEK293T cells, and a higher concentration of arsenite (i.e. 5 pM) gave rise to a more pronounced
decrease in H4K16Ac level in wild-type cells than TTP60” cells. (A) Western blot image showing
the effect of different concentrations (0, 2, and 5 uM) of NaAsO; on the level of H4K16Ac in wild-
type and TIP60" HEK293T cells. (B) Relative levels of H4K16Ac in wild-type and TIP60 knock-
out cells upon treatment with different concentrations of arsenite (n=4). Error bars represent
standard deviations. The p values were calculated using unpaired two-tailed student’s t-test, and
the asterisks designate significant differences between arsenite-treated cells and untreated control
as well as the significant difference upon the same arsenite treatment between wild-type and T/P6(°
“cell lines (*, p < 0.05; **, p < 0.01; *** p < 0.001).

Discussion
Role of zinc fingers in the toxicity of arsenic and different mechanisms involving the MYST
family of histone acetyltransferases

As*" can interact with zinc finger proteins,? particularly with the C3H- and C4-types of zinc

finger motifs,'® and the interaction between As*" and zinc finger domains of crucial DNA repair
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enzymes is thought to contribute to arsenic toxicity and carcinogenicity.® In this vein, As*" is
known to bind to, and inhibit the activities of several enzymes that function in DNA repair,
including poly(ADP-ribose)polymerase-1 (PARP1), XPA and bacterial formamidopyrimidine-
DNA glycosylase.'” The results from our streptavidin agarose pull-down assay and MALDI-TOF-
MS measurements demonstrated that the cysteine residues in the zinc-finger motif of TIP60 can
bind directly with As**. In addition, our Western blot results revealed that As3+ binding could
stimulate the degradation of TIP60 via the 26S proteasome, a finding that is reminiscent of the
As**-induced proteasomal degradation of the PML-RARa oncoprotein.'® Interestingly, Legube et
al.® found that TIP60 protein undergoes ubiquitination-mediated degradation, where Mdm?2 serves
as the E3 ubiquitin ligase. Furthermore, arsenite was found to induce the overexpression of Mdm?2
protein?’ without increasing its mRNA expression level,?® though the mechanism underlying the
arsenite-induced Mdm?2 protein overexpression remains unknown.

Given that zinc finger motif within the catalytic MYST domain of TIP60 is indispensable for
its acetyltransferase activity and protein-protein interaction,” the arsenic-induced structural
alteration of TIP60 could modify the catalytic core of TIP60, thereby affecting its acetyltransferase
activity and its interaction with regulatory proteins such as the aforementioned Mdm?2. However,
our in vitro HAT assay indicated that arsenic could not significantly diminish the histone
acetyltransferase activity of TIP60, indicating that the catalytic core of TIP60 is not affected the
potential conformational change conferred by As** binding. Combining our result and the previous
findings, two possible mechanisms for arsenic-induced proteasomal degradation of TIP60 can be
deduced. In this respect, arsenite may elicit the overexpression of Mdm2 protein, which may
stimulate the ubiquitination and proteasomal degradation of the TIP60 protein. Alternatively, As*

may displace the Zn** ion in the zinc-finger domain of TIP60, thereby altering the the conformation
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of the MYST domains of TIP60 and enhancing its proteasomal degradation. The relative
contributions of these two mechanisms in arsenite-induced degradation of TIP60 remains unknown.
TIP60 and hMOF both regulate the level of H4K16Ac. Liu et al.*® previously reported that
arsenite induces global H4K 16 hypoacetylation through binding directly to hMOF, another member
of the MYST-family histone acetyltransferases. Different from our findings made for TIP60, Liu
et al.*® showed that arsenite does not cause significant dose-dependent change in the protein level
of hMOF which is in keeping with our Western blot results. Therefore, arsenite targets hMOF and
TIP60 by binding directly to zinc finger motifs. The arsenic-induced conformational change of
catalytic MY ST domains of these two HATSs, however, elicits H4K 16 hypoacetylation via distinct
mechanisms, namely through enhanced protein degradation of TIP60 and diminished catalytic
activities of hMOF. This observation unveiled the complexity in the mechanisms of MY ST-family
of histone acetyltransferase in arsenic epigenotoxicity.
Implications in DNA repair from Arsenite-induced perturbations in epigenetic signaling
Recently, epigenetic dysregulation is thought to play a central role in the mechanisms of arsenic
carcinogenicity.' Previous research revealed the importance of TIP60-mediated acetylation in the
sensing and repair of DNA double strand breaks (DSBs). In particular, the TIP60-catalyzed H4K16
acetylation is responsible for the decompaction of the 30 nm chromatin fibers,!” where efficient
DNA repair necessitates chromatin modification/remodeling to allow DNA repair machinery to
access DNA damage sites in chromatin.*? In addition, TIP60 functions in DNA damage response
signaling by directly acetylating ATM.??> We found that arsenite enhanced the proteasomal
degradation of TIP60, thereby reducing the overall activities of TIP60. Thus, our work suggests
that arsenite may trigger carcinogenesis by binding to TIP60 protein and triggering its degradation,
thereby compromising DNA damage response signaling and DNA repair (Fig. 3.6.). In this context,

it is worth noting that, owing to the lack of a suitable antibody for detecting endogenous TIP60
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protein, most of our cellular experiments were conducted with the use of ectopically expressed
TIP60. This may not fully reflect the interaction between As** and endogenous TIP60. Nevertheless,
the finding that arsenite-induced decrease in H4K16Ac in TIP60-depleted cells is not as
pronounced as in the isogenic wild-type cells (Fig. 3.5.) suggests that the findings made with the
ectopically expressed TIP60 are relevant to what may occur with the endogenous protein upon

arsenite exposure.
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Figure 3.6. The proposed role of TIP60 in arsenic-induced carcinogenesis. As®* interacts with
cysteine residues in the zinc finger motifs of TIP60, promoting its degradation via the ubiquitin-
proteasomal pathway. Diminished level of TIP60 protein results in lower level of H4K16Ac. This
in turn generates a biochemically less accessible chromatin state, which may compromise DNA

repair.
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Implications in environmental exposure to arsenic

There are about 150 million people living in the environment containing amounts of inorganic
arsenic in drinking water that are much higher than the recommended standard of 10 ppb set by the
World Health Organization and U.S. Environmental Protection Agency.’ Early-life exposure to
arsenic was found to confer elevated incidence and severity of cancer in childhood and adulthood
as supported by a latency period that is decades long.*>* Arsenic-induced epigenetic dysregulation
not only gives rise to DNA repair inhibition and cancer progression partly through disrupted gene
imprinting, but also leads to the impairment in learning and memory as well as cognitive functions
in children and adults after arsenic exposure.’*** Furthermore, histone acetylation was found to
regulate cognitive gene expression by chromatin remodeling in neurons, similar to chromatin
decompaction during DNA damage response.** Given that TIP60 is abundant in the learning and
memory center in the Drosophila brain, and is necessary for mediating axonal outgrowth,* our
work sets the stage for future studies on the roles of arsenic binding with TIP60 in perturbing the
epigenetic patterns in cognitive impairment in human brains after chronic arsenic exposure.
Combining all these profound implications together, we should protect the living environments of
the populations especially infants and children to prevent chronic arsenic exposure via
contaminated drinking water so as to alleviate the life-long risk of developing cancers and

neurocognitive impairment.

Abbreviations: PAPAO, p-aminophenylarsenoxide; DTT, dithiothreitol; SILAC, stable isotope

labeling with amino acids in cell culture; MALDI-TOF MS, matrix-assisted laser desorption

ionization-time-of-flight mass spectrometry.
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Chapter 4
Targeted Quantitative Proteomics Revealed Arsenite-induced

Proteasomal Degradation of RhoB in Fibroblast Cells
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Introduction

Arsenic, a naturally occurring element in the Earth’s crust, has been recognized as the most
detrimental metalloid existing prevalently in the environment, and arsenic exposure constitutes a
major public health concern.!? It was estimated that at least 150 million people in over 70 countries
are exposed to excessive amount of arsenic species via contaminated drinking water and diet.?
Arsenic has received substantial attention from the scientific community and it is ranked on the top
of the Priority List of Hazardous Substances in the Agency for Toxic Substances and Disease
Registry (ATSDR).* Due to the tremendous public health burden from arsenic exposure through
drinking water, the World Health Organization and the US Environmental Protection Agency
(EPA) have set the maximum contamination level of arsenic in drinking water to be 10 ppb.>¢ In
addition, arsenic has been classified as a class | human carcinogen by the International Agency for
Research on Cancer (IARC).

Chronic exposure to arsenic in drinking water was found to be associated with elevated
incidences of various human diseases including bladder, lung, liver, skin and kidney cancers.”®
Arsenic exists in both inorganic and organic forms.’ However, arsenite, one of the major inorganic
form of arsenic commonly detected in drinking water from the environment,'® is found to show
more potent toxicity towards humans than organic arsenic species.!'! Hence, it is critical and urgent
to understand fully the molecular mechanisms underlying arsenite-induced carcinogenesis so as to
develop suitable therapeutic and chemopreventive approaches.

Over the past few decades, small GTPases of the Ras superfamily have been widely studied
and shown to be implicated in human cancers.'>!* By shuffling between their GTP-bound active
and GDP-bound inactive forms, small GTPases can serve as molecular switches in regulating a
wide range of cellular processes including signal transduction, cell division and cell motility.'

Among them, Rho GTPases play important roles in controlling cell motility and cytoskeleton
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rearrangements, thereby regulating the architecture of stress fibers, focal adhesion and membrane
ruffles.'* Additionally, a large number of studies demonstrated that Rho GTPases play regulatory
roles in cancer cell migration and metastasis,'® and act as tumor suppressors or proto-oncogenes. !>
Furthermore, small Rho GTPases Racl and Cdc42 were previously found to be affected by arsenite
exposure in rat nervous system.'® We reason that a systematic study about how arsenite exposure
modulates small GTPase signaling may provide new insights into the molecular mechanisms of
arsenic toxicity and carcinogenicity.

Over the past two decades, mass spectrometry-based quantitative proteomics have become
widely utilized to probe systematically the changes in protein expression and to study the signaling
pathways involved in various human diseases.!”'®* Recently, several quantitative proteomic
approaches have been developed and applied to study small GTPase proteins.'*?!

In this study, we utilized our recently reported targeted quantitative proteomic method?! for
assessing the altered expression of small GTPases in cultured IMR90 human lung fibroblast cells
upon arsenite treatment. We were able to quantify 87 small GTPases, among which RhoB exhibited
the most pronounced down-regulation upon arsenite treatment. We also confirmed by Western blot
analysis that exposure to arsenite led to a dose-dependent decrease in the levels of both endogenous

and ectopically-expressed RhoB protein in cultured human cells, and that the decreased protein

levels of RhoB involves the 26S proteasome.

Experimental Procedures
Cell culture

HEK293T human embryonic kidney epithelial cells (ATCC), HeLa human cervical cancer cells,
and GM00637 human skin fibroblast cells were cultured in Dulbecco’s modified Eagle’s medium

(DMEM, Thermo Fisher Scientific). IMR90 human lung fibroblast cells were cultured in
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Corning™ Eagle’s Minimum Essential Medium (EMEM, Thermo Fisher Scientific). All culture
media except those used for transfection were supplemented with 10% fetal bovine serum (FBS,
Thermo Fisher Scientific) and 1% penicillin streptomycin solution (PS, GE Healthcare). The cells
were maintained at 37°C in a humidified atmosphere with 5% CO,, with medium renewal in every
2-3 days depending on cell density. For plasmid transfection, the cells were cultured in the same
media as described above except that no penicillin streptomycin solution was added.
Plasmid and cell transfection

The expression plasmid for RhoB (pCMV3-HA-RhoB) was kindly provided by Dr. George
Prendergast and Dr. Lisa Laury-Kleintop (Lankenau Institute for Medical Research).?>** The
plasmid was transfected into GM00637, HEK293T, HeLa, and IMR90 cells using TransIT-2020
(Mirus Bio, Madison, WI) according to the manufacturer’s recommended protocol.
Western blot analysis

IMR90, HEK293T, HeLLa and GM00637 cells were transfected with wild-type HA-RhoB. At
24 h after the transfection, the cells were exposed to different concentrations (i.e. 0, 1, 2, 5 uM) of
NaAsO; for another 24 h and lysed in CelLytic™ M lysis buffer supplemented with a protease
inhibitor cocktail (Sigma Aldrich). For monitoring the expression of endogenous RhoB protein, un-
transfected IMR90 cells were exposed to the above-mentioned concentrations of NaAsO, for 24 h
and lysed in the same way. After SDS-PAGE separation, proteins were transferred to a
nitrocellulose membrane using a transfer buffer containing Tris base (25 mM, pH 8.1-8.5),
methanol, glycine and water. The membranes were blocked with 5% BSA in PBS-T buffer, which
contained PBS and 0.1% (v/v) Tween-20 (pH 7.5), for 1.5 h and incubated with rabbit anti-RhoB
antibody (1:5000 dilution, Cell Signaling Technology) at room temperature for 2 h. The membranes
were rinsed with fresh PBS-T at room temperature for 6 times (5-10 min each). After washing, the

membranes were incubated with rabbit secondary antibody at room temperature for 1 h. The
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membranes were subsequently washed with PBS-T for 6 times. The protein bands were detected
using Amersham™ ECL™ Select Western blotting Detection Kit (GE Healthcare) and visualized
with Hyblot CL autoradiography film (Denville Scientific, Inc., Metuchen, NJ).

To assess the effect of arsenite and/or MG132, a 26S proteasomal inhibitor, on the protein level
of RhoB, HEK?293T cells were transfected with HA-tagged RhoB plasmid for 24 h, and exposed
with several different concentrations of NaAsO; (i.e. 0, 1, 2, and 5 uM) in the presence or absence
of 4 uM MG132 (Sigma Aldrich) for another 24 h, followed by cell harvesting, protein extraction,
and Western blot analysis, as described above.

Sample preparation and LC-MRM analysis

For SILAC-based quantitative proteomics experiments, ‘heavy’ and ‘light’ SILAC DMEM
media were freshly prepared by adding 0.146 g/L ['*Ce,'’N,]-L-lysine (Lys-8) and 0.84 g/L ['*C¢]-
L-arginine (Arg-6) (Cambridge Isotopes Inc.) or the corresponding un-labeled lysine (Lys-0) and
arginine (Arg-0) to DMEM depleted of L-lysine and L-arginine (Thermo Scientific™ Pierce). The
media were also supplemented with 10% dialyzed FBS (Corning) and 1% PS. IMR90 cells were
cultured in the heavy-DMEM medium for at least 10 days or six cell doublings to enable complete
heavy-isotope incorporation.

To assess the differential expression of small GTPases upon arsenite exposure, we conducted
one forward and one reverse SILAC labeling experiment, where lysates of mock-treated light-
labeled and arsenite (5 pM)-treated heavy-labeled IMR90 human lung fibroblast cells were
combined at a 1:1 ratio (by mass) in the forward labeling experiment (Fig. 4.1A). The reverse
labeling experiment was conducted in the opposite way. The combined cell lysate (100 pg in total)
was mixed with 4x Laemmli sample buffer (Bio-Rad) with 10% (v/v) 2-mercaptoethanol, boiled at
95°C for 5 min, and then loaded and separated on a 10% SDS-PAGE gel at 120 V and at room

temperature for 40 min. The gel band corresponding to the molecular weight range of 15-37 kDa
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was excised, and proteins in the gel slices were then reduced with 20 mM dithiothreitol, alkylated
with 55 mM iodoacetamide, and digested in-gel with trypsin at an enzyme/protein ratio of 1:100 in
50 mM ammonium bicarbonate (pH 7.8) at 37 °C overnight. After tryptic digestion, the peptide
mixtures were desalted and subjected to LC-MRM analyses.

All LC-MRM experiments were performed on a TSQ Vantage triple-quadrupole mass
spectrometer (Thermo Scientific). The mass spectrometer was coupled with an EASY-nLC II
system (Thermo Scientific), and the samples were automatically loaded onto a 4 cm trapping
column (150 pm i.d.) packed with ReproSil-Pur 120 C18-AQ resin (5 pum in particle size and 120
A in pore size, Dr. Maisch GmbH HPLC) at 3 pL/min. The trapping column was coupled to a 15-
cm fused silica analytical column (75 pum i.d.) packed in-house with ReproSil-Pur 120 C18-AQ
resin (3 um in particle size and 120 A in pore size, Dr. Maisch GmbH HPLC). The peptide mixtures
were separated with a 157-min linear gradient of 2—35% acetonitrile in 0.1% formic acid and at a
flow rate of 230 nL/min. The spray voltage was 1.8 kV, Q1 and Q3 resolutions were 0.7 Da, and
the cycle time was 5 s. The optimal collisional energy (CE) for each targeted peptide was calculated
using a linear equation specific to the TSQ Vantage instrument and the precursor mass-to-charge
ratio (m/z) according to the default setting in Skyline. A total of 432 peptides representing 113 non-
redundant or 131 isoform-specific small GTPases were included in the library. The corresponding
precursor and fragment ions of peptides harboring the light and heavy forms of lysine and/or
arginine were monitored in two scheduled LC-MRM runs.

Statistical Analysis
The statistical analyses of all the Western blot experiments were performed by using the average
of the values obtained from 3-4 independent experiments. The p values used for all data analysis

were calculated using unpaired two-tailed Student’s z-test, indicating the significant difference
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between the treated samples and the control with the asterisks as indicated (*, 0.01 < p <0.05; **,

0.001 <p < 0.01; ***_p<0.001).

Results
Targeted Quantitative Profiling of Differential Expression of Small GTPases upon Arsenite
Exposure in Lung Fibroblasts.

Lung constitutes a major target organ for arsenic-related carcinogenesis.?* Given the crucial
roles of small GTPases in cell signaling and trafficking related to various aspects of tumorigenesis
and cancer progression,” we sought to investigate systematically the differential protein expression
of small GTPases upon acute arsenite exposure in IMR90 human lung fibroblast cells. To this end,
we employed a previously established targeted quantitative proteomics workflow, which involves
SILAC, SDS-PAGE fractionation, and scheduled multiple-reaction monitoring (MRM) analysis
(Fig. 4.1A).2

To obtain reliable quantification results, we carried out the SILAC experiments in one set of
forward labeling (Fig. 4.1A) and one set of reverse labeling. In this vein, by adopting the scheduled
MRM analysis, where the mass spectrometer is set up to monitor targeted transitions in a defined
retention time window, high-throughput detection of peptides from small GTPases can be achieved.
The entire library of small GTPase tryptic peptides could be monitored in two LC-MRM runs with
retention time scheduling by using the iRT algorithm.?

The scheduled MRM analyses facilitated reproducible quantification of 87 small GTPases in
both forward and reverse SILAC labeling experiments (Table 4.S1 and Fig. 4.S1). By contrast,
analysis of the same samples by LC-MS/MS in the data-dependent acquisition (DDA) mode only
led to the identification of 36 and 39 small GTPases in the forward and reverse SILAC samples,

respectively (Fig. 4.1B). Moreover, MRM exhibited better sensitivity than the shotgun proteomic
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approach, as reflected by the substantially increased coverage of the small GTPase proteome in two
one-dimensional LC-MRM runs (Fig. 4.1B). We also examined the inter-replicate reproducibility
of the MRM-based quantification. As illustrated in Fig. 4.1C, the Log,-transformed SILAC ratios
for all the quantified small GTPases obtained from forward and reverse SILAC labeling
experiments are consistent, with a reasonably good linear fit (R* = 0.824). Taken together, the above
results demonstrated that scheduled MRM analysis facilitates highly sensitive and reproducible
quantitative profiling of perturbed expression of small GTPases in IMR90 cells upon acute arsenite

exposure (5 uM, 12 h).
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Figure 4.1. A targeted proteomic strategy for high-throughput quantitative profiling of small
GTPases upon arsenite exposure in IMR90 human lung fibroblast cells. (A) A schematic
illustration of the targeted quantitative proteomic workflow, relying on forward SILAC labeling,
SDS-PAGE fractionation, and scheduled LC-MRM analysis; (B) Venn diagrams displaying the
overlap between quantified small GTPases in the forward and reverse SILAC experiments obtained
from the MRM and DDA analyses, respectively, and the comparison between the performances of
the two methods; (C) Correlation between the Log,-transformed SILAC ratios (Log,R) obtained
from one forward and one reverse SILAC labeling experiments with a relatively high linear
correlation coefficient (R? = 0.8243); (D) A bar chart showing significantly up- and down-regulated
(> 1.5-fold) small GTPases quantified from two LC-MRM experiments.
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Table 4.S1 Quantification data of LC-MRM analysis results.
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Western blot analysis validated differential expression of small GTPases in IMR90 cells upon
arsenite exposure.

Among the 87 quantified small GTPases, RhoB exhibited the most pronounced attenuation at
the protein level after arsenite exposure (Fig. 4.1D). Hence, we decided to choose this protein for
further study. We first conducted Western blot analyses of several small GTPases to confirm the
relative protein expression levels of small GTPases in arsenite-treated over control cells observed
from the targeted proteomic analysis. Our results showed that the protein expression levels of
endogenous RhoB and ectopically expressed HA-RhoB were diminished substantially in IMR90
cells upon a 24 h exposure to 5 uM NaAsO», which is in line with the proteomic data (Fig. 4.2B).
Moreover, we examined the protein expression levels of two other small GTPases, Rab31 and
Rab32, under the same exposure conditions. The Western blot analysis again confirmed the
findings made from the proteomics experiment, where the protein expression levels of Rab31 and

Rab32 remain unchanged upon arsenite exposure (Fig. 4.S1).
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Figure 4.S1. LC-MRM and Western blots revealed no appreciable change in levels of
expression of Rab31 and Rab32 upon a 12 h exposure to 5 pM NaAsQ; in IMR90 cells. (A)
Extracted MRM traces for three transitions (ys, ys, and y3) monitored for the [M+2H]*" (m/z 501.25)
of a unique tryptic peptide from RAB31, i.e. QDSFYTLK, and for three transitions (y7, ys, and ya)
monitored for the [M+2H]** (m/z 572.78) ion of a unique tryptic peptide from RAB32, i.e.
DNINIEEAAR, with blue and red traces denoting MRM transitions for the light- and heavy-isotope
labeled peptides respectively. (B) Western blot analysis confirmed the lack of change in the
expression of endogenous Rab31 and Rab32 proteins upon a 24 h exposure to 5 uM of NaAsO, in
IMR90 lung fibroblast cells. (C) The quantification results of the relative expression of endogenous
Rab31 and Rab32 proteins following exposure to 5 uM NaAsO> (n=3). Error bars represent
standard deviations. The p values were calculated using unpaired two-tailed student’s #-test, and
the asterisks designate significant differences between arsenite-treated samples and untreated
control (*, 0.01 < p < 0.05; **, 0.001 < p <0.01; ***, p <0.001). n.s. represents no significant
difference between arsenite-treated samples and untreated control.
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Figure 4.2. LC-MRM and Western blot analyses revealed consistently lower levels of
expression of RhoB upon a 12 h exposure to 5 uM NaAsO; in IMR90 cells. (A) Extracted MRM
traces for three transitions (yo, ys, and y;) monitored for the [M+2H]*" ion (m/z 537.78) of a tryptic
peptide from RhoB, i.e. LVVVGDGACGK (underlined ‘C’ designates carbamidomethylated Cys),
with blue and red traces representing MRM transitions for the light- and heavy-isotope labeled
forms of the peptide, respectively; (B) Western blot analysis confirmed the diminished expression
of both endogenous and ectopically-expressed RhoB in IMR90 cells upon exposure to 5 uM of
NaAsO; for 24 h. Shown are the quantification results for the relative levels of RhoB protein
following exposure to 5 uM of NaAsO; obtained from Western blot analysis. Error bars represent
standard deviations (n = 3). The p values were calculated using unpaired two-tailed student’s z-test,
and the asterisks designate significant differences between arsenite-treated samples and untreated
control (*, 0.01 <p <0.05; **,0.001 <p <0.01; *** p<0.001).
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Arsenite exposure led to a dose-dependent decrease in the expression level of RhoB in IMR90,
HEK293T, HeLLa and GMO00637 cells

We next examined whether arsenite could induce a dose-dependent change in the expression
level of RhoB. To this end, we exposed IMR90 cells with increasing concentrations (i.e. 0, 1, 2 and
5 uM) of NaAsO; for 24 h, and assessed the levels of endogenous RhoB by Western blot analysis.
The Western blot result showed a dose-dependent decrease in the endogenous RhoB protein (Fig.
4.3).

We also asked if this dose-dependent decrease in protein expression level of RhoB can be
observed in other cell lines. Therefore, we exposed HEK293T cells, which were transfected with a
plasmid for the ectopic expression of HA-RhoB, with increasing concentrations (i.e. 0, 1, 2 and 5
uM) of NaAsO; for 24 h, and assessed the levels of HA-RhoB by Western blot analysis. Our results
revealed a dose-dependent decrease in the level of RhoB protein (Fig. 4.3). Similar findings were
also made for HeLLa human cervical cancer cells and GM00637 human skin fibroblast cells (Fig.

43).
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Figure 4.3. Arsenite treatment results in a dose-dependent decrease in both endogenous and
ectopically expressed RhoB proteins. (A) Western blot images showing the effect of 24 h
treatment with different doses of arsenite (0, 1, 2, and 5 uM) on expression level of endogenous
RhoB protein in IMR90 cells and ectopically-expressed RhoB protein in HeLLa, HEK293T and
GMO00637 cells. (B) The quantification results of the relative levels of endogenous and ectopically-
expressed RhoB protein in the four cell lines as shown in (A) following exposure to different doses
of NaAsQO,. Error bars represent standard deviations (n = 3). The p values were calculated using
unpaired two-tailed student’s z-test, and the asterisks designate significant differences between
arsenite-treated samples and untreated control (*, 0.01 < p < 0.05; **, 0.001 < p < 0.01; *** p <
0.001).
Proteasomal degradation is involved in the arsenite-induced decline in the protein level of
RhoB

We also explored the mechanism through which arsenite induces the decrease in RhoB protein
level by asking whether the ubiquitin-proteasome pathway is involved. To this end, we treated HA-
RhoB-overexpressing HEK293T cells with 0, 2, or 5 uM of NaAsO, together with 4 uM MG132.
As depicted in Fig. 4.4, we found that MG132 treatment could augment the HA-RhoB protein level
significantly when compared with the untreated control group. Importantly, the arsenite-induced
decrease in HA-RhoB protein was abolished in cells co-treated with MG132 (Fig. 4.4). Thus,

arsenite induces the decrease in HA-RhoB protein through promoting its degradation via the

ubiquitin-proteasome pathway (Fig. 4.5).
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Figure 4.4. Exposure to arsenite induces proteasomal degradation of RhoB. (A) Co-treatment
of HEK293T cells with 4 uM MG132 together with different doses of NaAsO, (0, 2, and 5 uM)
for 24 h could abolish the dose-dependent decrease of RhoB protein induced by arsenite exposure.
(B) Relative protein level of HA-RhoB upon treatment with different doses of NaAsO, together
with MG132 or DMSO control (n = 3). The p values were calculated using unpaired two-tailed
student’s t-test, and the asterisks designate significant differences between the arsenite-treated
samples and untreated control (*, 0.01 < p < 0.05; **, 0.001 < p < 0.01; *** p < 0.001). n.s.
represents no significant difference between arsenite-treated samples and untreated control.

© el
i} </ C 1T RhoB Degradation

26S proteasome

Figure 4.5. Arsenite exposure diminishes the protein expression level of RhoB through enhancing

its proteasomal degradation.

Discussion

Targeted quantitative measurement of small GTPases in arsenite-treated lung fibroblast cells
Increasing body of evidence from cellular, animal and epidemiological studies support that

small GTPases, particularly Rho GTPases, play critical roles in the initiation, progression and
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metastatic transformation of human cancer.'>!*??® Rho GTPases can serve as key molecular
“switches” regulating cell motility, migration, invasion and proliferation.?”-*” Moreover, arsenic is
well known for its carcinogenic effect.® Hence, we sought to investigate systematically the
differential expression of small GTPases upon arsenite exposure, with the goal of gaining a
mechanistic understanding about how arsenite exposure influences small GTPase signaling.

Our LC-MRM-based targeted quantitative proteomics method consistently detected the
majority of small GTPases and revealed substantially changed expression of a number of small
GTPases in IMR90 cells upon exposure to arsenite. Together with metabolic labeling by SILAC
and fractionation by SDS-PAGE, the method facilitated unbiased and reproducible quantification
of 87 small GTPases in arsenite-/vehicle-treated IMR90 cells. Compared to conventional DDA
analysis, the MRM-based approach exhibits greater reproducibility, higher sensitivity and
increased throughput for the detection of small GTPases. We envision that this high-throughput
and highly reliable method can be generally applicable for detecting and studying the protein
expressions of small GTPases that are changed upon exposure to other environmental agents.
Potential Roles of RhoB and Rabl5 in arsenite-induced initiation of malignant transformation
in lung fibroblast cells

Our targeted quantitative proteomics results showed that several small GTPases, including
RhoB and Rabl5, have altered protein expression levels in IMR-90 cells upon arsenite treatment.
We further validated, by using Western blot analysis, that arsenite can induce the decrease in the
levels of endogenous RhoB protein in IMR90 cells and ectopically expressed RhoB protein in
IMR90, HEK293T, HelLa, and GM00637 cells (Fig. 4.2 and 4.3). We also found that the arsenite-
stimulated decrease of RhoB protein expression in HEK293T cells involves the 26S proteasome.

During the early stage (i.e. initiation) of the arsenite-induced malignant transformation, cells

begin to exhibit several hallmarks of cancer, including enhanced cell proliferation and autonomous
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cell growth.’*3! In addition, arsenic was found to perturb an array of signaling pathways including
the PI3K/AKT pathway, which involves proteins that enhance cell growth, metabolism, survival
and proliferation.”* Down-regulation of RhoB is known to promote the migration and invasion of
human bronchial epithelial cells through activation of AKT1 and involvement of Rac1,* and also
can induce Racl-dependent epithelial-mesenchymal transition in lung cells through inhibition of
PP2A.* Hence, our quantitative proteomics data, together with previous findings, support the
notion that arsenic may promote tumor progression, in part, by suppressing the RhoB-AKT-Racl
pathway. Additionally, PI3K/AKT/mTOR pathway is commonly activated in non-small-cell lung
cancer that constitutes more than 80% of worldwide lung cancer incidents.>*% Furthermore, RhoB
is known to regulate negatively the migration and invasion of lung tissues through the AKT
pathway.*® However, the upstream target through which arsenic exposure induces the activation of
PIBK/AKT/mTOR pathway remains unclear. Hence, our discovery of arsenic-induced proteasomal
degradation of RhoB might shed light on understanding how low-dose arsenic exposure could
activate the PI3K/AKT/mTOR pathway, which is critical for lung oncogenesis.

It is worth noting that our quantitative proteomic experiment also led to observation of a
markedly augmented expression of Rabl5 protein in IMR90 cells upon arsenite exposure (Fig.
4.1D). Rabl5 protein was previously shown to be a component of the IFT-B complex responsible
for anterograde ciliary protein trafficking inside primary cilium.*”* Primary cilia function to sense
diverse extracellular signals through a network of surface receptors on the ciliary membrane and
play important roles in interpreting extracellular signals and regulating cell homeostasis by

modulating different intracellular signaling pathways,*”-

including the Hedgehog signaling
pathway in vertebrates.*®* Exposure to environmental arsenic could activate Hedgehog signaling,

whose dysregulation may contribute to arsenic-induced tumorigenesis.*’ It will be important to
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investigate whether and how the arsenite-elicited up-regulation of Rabl5 protein contributes to
arsenic toxicity and carcinogenicity.
Implications in environmental exposure to arsenic

It was estimated that more than 150 million people in the world are exposed to inorganic arsenic
in groundwater, in the concentration range of < 1 ppb (mostly) to 5300 ppb (in certain regions).>*!
In addition, multiple lines of evidence support that chronic exposure to low dose of arsenic species
is strongly associated with malignancies including lung and skin cancers.”**>%5 Therefore, it is
imperative for us to understand comprehensively how long-term exposure to low levels of arsenite
increases cell proliferation and hence augment the likelihood of the onset of malignant
transformation. On the basis of the findings made from the present study, we propose that the onset
of malignant transformation elicited by chronic, low-dose exposure to arsenic could be partly
attributed to persistent induction of signaling pathways controlling cell cycle progression including
the RhoB-Rac1 axis in PI3K/AKT signaling. In this context, it is worth noting that the present study
was conducted under conditions of acute exposure of cultured human cells to a relatively high
concentration of arsenite (5 puM). It will be important to examine, in the future, whether the findings
made in the present study can be extended to chronic exposure to low doses of arsenic species. Last
but not the least, growing body of literature supports the linkage between chronic arsenite exposure
around the threshold concentration and the increased rates of arsenite-induced carcinogenesis in
the exposed populations.*® Therefore, US EPA should improve the current regulatory standard of

arsenite in drinking water (10 ppb which is equivalent to 77 nM) to safeguard the public health.
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Chapter 5

Conclusions and Future Directions

Inorganic arsenic is a metalloid widely distributed in the environment partly due to the natural
occurrence from arsenic-containing minerals. The concern about arsenic toxicity has increased
because arsenic pollution influences more than 200 million people in over 70 countries worldwide
through contaminated drinking water. In particular, the unprecedented large-scale arsenic pollution
in Bangladesh involving at least 65 million people makes arsenic-contaminated drinking water a
leading global public health issue.! Due to high hydrophilicity, inorganic arsenite from both natural
and anthropogenic sources can concentrate in the hydrosphere including the groundwater mostly
used for drinking. Given that an average daily water intake of 1.6 L/day in the US and an average
arsenic level of 2.5 ng/L in water, those individuals who are chronically exposed to arsenic through
contaminated drinking water have significantly higher lifetime risk of suffering from the onset of
cancer and other age-associated human diseases later in their life.?

As inorganic arsenic is considered as a universal toxicant, it is thought to induce a series of
human diseases by interfering with a plethora of important signal transduction pathways.>* Arsenic
exposure may accelerate the natural processes of aging, with two potential mechanisms being
through inhibiting DNA repair machinery and via perturbing various arms of the proteostasis
network. Every step of genetic information flow from replicating correct genetic codes in DNA to
ensuring translation fidelity for the correct three-dimensional protein folding is heavily and strictly
regulated to prevent stochastic error.>® If these vital processes are dysregulated or disrupted,
numerous gene mutations and erroneous translation products can be generated, which can promote
aging and age-associated protein misfolding disorders, including neurodegenerative diseases and

cancers.”'? Therefore, researchers identify DNA repair and protein quality control particularly
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important for understanding the environmental influence on the proteostasis network and its
consequent induction of age-related human diseases.

The proteostasis network, which mainly consists of ribosome quality control (RQC), ubiquitin-
proteasome system (UPS) and autophagy, involves a plethora of cross-talks among various
components of protein quality control pathways, ranging from sensing stress during protein
synthesis, labeling misfolded proteins, degrading aberrant mRNA templates, to eliminating
misfolded proteins.!®!*!* Therefore, numerous regulatory proteins and post-translational
modifications are necessary to coordinate the quality control of DNA replication and protein
synthesis, especially the involvement of essential mineral zinc and zinc-binding proteomes. Genes
encoding zinc-binding proteins, including zinc finger-containing enzymes, constitute
approximately 10% of the human genome, indicating the necessity of the zinc proteome in various
critical cellular processes.!>'® However, exposure to arsenic was proposed to inhibit zinc finger
proteins through binding to the zinc finger motifs critical for their structures and functions.'®?° As
a result, it is urgent and necessary to understand how exposure to arsenic impairs DNA repair and
proteostasis through disrupting the PTMs mediated by zinc finger proteins, which is the focus of
my PhD work.

The primary goals of this dissertation were to characterize the toxicity of inorganic arsenite in
vitro and in human cells, and to elucidate the molecular mechanisms underlying the potential
induction of age-associated proteinopathies, particularly cancer and neurological diseases.
Specifically, the objectives were four-fold: 1. To characterize the molecular interaction between
As*" and Zn**-binding cysteine residues of zinc finger proteins; 2. To evaluate the effect of As**-
cysteine interaction in zinc finger proteins on their corresponding enzymatic activities as reflected
by post-translational modifications of their substrates; 3. To investigate the cellular toxicity of As**

through disruption of important PTMs in human cells; 4. To examine the potential pathogenesis of
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proteinopathies induced by As*-elicited disruption of proteostasis. These studies were all
performed in cultured human cells, i.e. HEK293T, HeLa, GM00637 and IMR90 cell lines.

Arsenic has been proposed to induce protein misfolding, and also facilitate the onset of age-
associated proteinopathies, such as neurodegenerative disorders.?'* In order to examine the effect
of arsenite exposure on proteostasis, the effect of arsenite on the E3 ubiquitin ligase ZNF598, which
is central in the RQC pathway, was investigated. As®" was shown, based on biotin-As pull-down
and ReAsH fluorescent labeling experiments, to interact with critical cysteine residues in the RING
finger motif of ZNF598. We demonstrated, by using LC-MS/MS analysis, that As** exposure
conferred diminutions in site-specific ubiquitinations of regulatory ribosomal protein subunits
RPS10 and RPS20. By studying how As*" alters the resolution of ribosomal stalling, the arsenic-
induced decrease in ubiquitination activity of ZNF598 was shown to enhance the readthrough of
poly-(A) mRNA stall sequence, thus lowering the efficiency of ribosomal stalling and of RQC
pathway to eliminate default mRNAs and aberrant polypeptide chains. Therefore, the work in
Chapter 2 supports that arsenic may result in translation infidelity through impairing RQC
machinery in the proteostasis network, which might help explain the observed protein misfolding
upon As** exposure.?!

In addition to arsenic-induced proteotoxicity, the epigenotoxicity of arsenite on TIP60 histone
acetyltransferase was examined. We found that arsenite could bind to critical cysteine residues
responsible for zinc coordination within the zinc finger motif of TIP60 (i.e. C263, C266, C283),
based on the site-directed mutagenesis and biotin-As pull-down experiment. Hence, arsenite was
shown to diminish, in a dose-dependent manner, the protein level of TIP60 by proteasomal
degradation while it does not attenuate the histone acetyltransferase activity of TIP60. Finally, the
experiment utilizing 7/P60 knockout HEK293T cells showed that TIP60 is partly responsible for

arsenite-elicited dose-dependent diminution of H4K16Ac, which offers a plausible mechanism
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through which arsenite exposure induces chromatin compaction, thereby prohibiting the access of
DNA damage sites by DNA repair enzymes. Therefore, Chapter 3 suggests a molecular mechanism
underlying arsenic-elicited carcinogenesis, i.e. through disruption of H4K16Ac by As** binding to
TIP60, aside from binding to hAMOF.

Apart from zinc finger proteins involved in proteostasis and DNA repair, small GTPases are
crucial in regulating signaling cascades, especially in cellular protein transport and dynamics. We
utilized a targeted quantitative proteomic method to investigate whether acute As** exposure
influences the protein expression levels of small GTPases. The proteomic results showed that
exposure to 5 uM As** led to a ~ 40% decrease in RhoB protein level, which was later validated
by Western blot in several human cell lines. This As**-induced decrease in RhoB protein level was
due to enhanced proteasomal degradation of RhoB, implying the influence of As** on UPS of the
proteostasis network. The findings made from Chapter 4 are in accordance with the recent
observation that As** impairs segregase p97 and proteasome in the UPS.**

These studies were the first to show the As**-elicited impairment of degradation capacity of
the proteostasis network by decreasing the efficiency of RQC and UPS, and to show the
epigenotoxicity of As** by diminishing the histone acetyltransferase activity of TIP60. However,
the studies were conducted under the conditions of acute As** exposure (i.e. 24-hr), which do not
recapitulate the real-life environmental exposure to As**. Therefore, future studies should focus on
the sub-chronic and chronic exposure (i.e. months to 1 year) to environmentally relevant
concentrations of As®" (ideally lower than 1 uM) to better assess the chronic arsenite toxicity in

most contaminated regions in the world.
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Figure 5.1. Summary of the conclusions from Chapters 2-4.

In summary, we found that arsenite exposure could lead to dose-dependent disruptions of DNA
repair and proteostasis in cultured human cells (Fig. 5.1.). These results suggest the importance in
identifying the major targets in the proteostasis network upon arsenite exposure and understanding
how this leads to As**-induced protein misfolding. Oxidative stress has been proposed as the major
mechanism underlying the toxicity of arsenic exposure.?> 2 However, a recent study suggested that
chronic low-level arsenite exposure primarily induces proteotoxic stress instead of oxidative
stress.?’ Additionally, most aging-associated human diseases are attributed to a progressive decline
in degradation capacity of the proteostasis network,** which might explain the gradual deterioration
of cellular defense against oxidative stress over the lifetime of humans.?! In RQC of the proteostasis
network, listerin, TRIP4 and Not4 are also C3H- or C4- type zinc finger proteins which can be
targeted by arsenite binding. The questions about whether these three proteins can be inhibited by
chronic low-level exposure to inorganic arsenic remain to be resolved for understanding how iAs
exposure facilitates the generation of misfolded proteins. In particular, listerin which are

responsible for the proteolytic polyubiquitination of defective nascent translation products.*? Due
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to the prevalence of arsenic contamination worldwide, it is urgent and important to explore whether
arsenic exposure accelerates the natural processes of ageing. After this hypothesis is validated, we
next need to focus on potential targets and mechanisms for iAs-accelerated aging process. For
example, given the observation of premature aging in patients deficient of certain DNA repair genes
(e.g. that of WRN RecQ helicase in Werner syndrome), it raises the possibility that exposure to
iAs accelerates aging through inducing genomic instability. Apart from zinc finger proteins and
small GTPase signaling, kinase signaling (i.e. ATP-binding proteins) is also one of important
protein targets that can be impaired by iAs exposure. Tyrosine phosphorylation system is extremely
important in modulating DNA repair** and proteostasis;*>’ therefore, future research should be
conducted to unveil the potential targets of iAs in kinases signaling cascade.

Apart from arsenic, further studies are needed to consider the role of environmental exposure
to carcinogenic metals, as well as daily diet, in modulating proteostasis. This is particularly critical
in determining whether the environmental risk factors can accelerate the aging process and protein
misfolding, which is believed to account for the etiology of approximately 50% of human
diseases.*® Finally, there is an increasing body of literature supporting the combined roles of aging
and diminished proteostasis in the pathogenesis of aging-related human diseases. Therefore,
understanding the molecular mechanisms of arsenic toxicity revealed from research presented in

this dissertation will inform future work in environmental gerontology.
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