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Preface

Model animal Caenorhabditis elegans has been successfully used in toxicological
study of various environmental toxicants or stresses. The basic knowledge system
on model organism toxicology has been gradually established in C. elegans. With
engineered nanomaterials as typical environmental toxicants, this has been described
in the published book Nanotoxicology in Caenorhabditis elegans. In C. elegans,
besides the cellular and developmental processes, the molecular events and the
related signaling pathways are conserved to a great degree with those in mammals
and in human beings. More importantly, C. elegans has been proven to be very sen-
sitive to environmental exposures and can be employed to assess the potential toxic-
ity of environmental toxicants at environmentally relevant concentrations. As a
classic model animal, C. elegans has the well-described genetic and developmental
backgrounds and the rich and available genetic resources based on the past half of
century study. These backgrounds provide the strong basis for our establishing the
knowledge system of molecular toxicology in nematodes. During the past 20 years,
a large amount of data on the molecular toxicology has been obtained in C.
elegans.

C. elegans is a tiny model animal. With the aid of a series of sensitive sublethal
endpoints, it has the potential for understanding the response to environmental toxi-
cants or stresses or the toxicity induction by environmental toxicants or stresses at
the whole animal level. Therefore, the introduced knowledge system on the molecu-
lar toxicology in this book has been mainly organized at the whole animal level in
nematodes.

In this book, we have raised three important concerns. The first concern is the
definition and the association between molecular basis for toxicity in environmental
toxicant- or stress-exposed nematodes and the molecular basis for transgenerational
toxicity of environmental toxicants and stresses. The second concern is the defini-
tion and the association between protective molecular response to environmental
toxicants and stresses and molecular basis for toxicity induction of environmental
toxicants or stresses. The third concern is the definition and the association between
molecular signals and epigenetic signals required for the regulation of toxicity of
environmental toxicants or stresses.
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Based on these concerns, in Chaps. 1 and 2, we first introduced the molecular
basis for oxidative stress and reduced lifespan caused by environmental toxicants or
stresses. In Chaps. 3,4, 5, 6, 7 and 8, we introduced some important signaling path-
ways (oxidative stress-related, MAPKs, insulin and the related, development-
related, cell death and DNA damage-related, and metabolism-related) involved in
the regulation of toxicity of environmental toxicants or stresses. In Chaps. 9, 10, 11
and 12, we introduced the important roles of protective response signals, G-protein-
coupled receptors and ion channels and downstream cytoplasmic signals, specific
molecular signals, and epigenetic regulation signals in regulating the toxicity of
environmental toxicants or stresses. In Chap. 13, we introduced and discussed the
values and the limitations of normally used strategies to screen and to identify new
genetic loci involved in the regulation of toxicity of environmental toxicants or
stresses. Finally, in Chaps. 14 and 15, we introduced the molecular basis for adap-
tive response and transgenerational toxicity induced by environmental toxicants or
stresses.

Nanjing, China Dayong Wang



Contents

1.1

1.2 Evidence for the Direct Association of Oxidative Stress

1.3

1.4

1.5

with Toxicity of Environmental Toxicants ..............

1.2.1 Induction of Oxidative Stress in Targeted Organs of

Environmental Toxicants . .....................

1.2.2 Pharmacological Evidence for the Association
of Oxidative Stress and Toxicity Formation

of Environmental Toxicants ...................

1.2.3 Association of Induction of Oxidative Stress
in Intestine and Toxicity Formation in Other

Targeted Organs . .......... ...,

Molecular Machinery for the Activation of Oxidative Stress

in Nematodes . ............o ittt

1.3.1 Role of GAS-1 in the Activation of Oxidative Stress
1.3.2 Role of MEV-1 in the Activation of Oxidative Stress

1.3.3 Role of ISP-1 in the Activation of Oxidative Stress .

1.3.4 Role of CLK-1 in the Activation of Oxidative Stress
Response Signals with the Functions to Defend Against

the Oxidative Stress . ........... .. ...,
1.4.1 Superoxide Dismutases (SODs) ................
1.4.2 Catalases (CATS) .. ...
1.43 Insulin Signaling ............ ... ... ... .....
1.4.4 SKN-1/Nrf Signaling ........................
Systematic Identification of Novel Genes Required

for the Regulation of Oxidative Stress . ................

Introduction .. .......... .. . .

Molecular Basis for Oxidative Stress Induced by Environmental
Toxicants in Nematodes

1.5.1 Functional Genomic Approach to Identify Novel Genes

Required for the Regulation of Oxidative Stress . ..

vii



viii

1.5.2

Contents

Identification of Genes Required for the Regulation
of Oxidative Stress or Stress Response Based
on the Translocation of Environmental Toxicant .........

1.6 Molecular Basis for Induction of Oxidative Stress
in Nematodes Exposed to Environmental Toxicants . ............

1.6.1

1.6.2

1.6.3

1.6.4

1.6.5

Alteration in Primary Molecular Mechanism

for the Control of Oxidative Stress Induced

by Environmental Toxicants .........................
Induction of Expression for Proteins with the Functions

to Defend Against the Oxidative Stress Induced

by Environmental Toxicants .........................
Suppression in Expressions of Genes Mediating

the Protection Response Defending Against Oxidative
Stress in Nematodes After Chronic Exposure to Certain
Environmental Toxicants . ............. ... ... ... .....
Induction of Expression for SOD Proteins

in Environmental Toxicant-Exposed Nematodes

Without Obvious Activation of Oxidative Stress .........
Molecular Signals Involved in the Regulation

of Induction of Oxidative Stress in Nematodes

Exposed to Environmental Toxicants ..................

1.7 Perspectives . ... o.vuie it

References

Molecular Basis for Reduced Lifespan Induced by Environmental

Toxicants or Stresses .. .............. it
2.1 Introduction . ... .. ...t
2.2 Molecular Basis for Longevity Control ......................

2.2.1
222
223
2.2.4
225

Insulin Signaling Pathway .............. ... ... .....
Dietary Intake Signaling Pathway . ....................
Mitochondrial Respiration Signaling Pathway ...........
Germline Signaling Pathway ........................
Interaction Among Different Signaling Pathways ........

2.3 Environmental Toxicants or Stresses Reduce Lifespan
by Affecting the Molecular Basis for Longevity . ...............

2.3.1

232

233

Environmental Toxicants or Stresses Reduce Lifespan

by Affecting the Insulin Signaling Pathway .............
Environmental Toxicants or Stresses Reduce Lifespan

by Affecting the Mitochondrial Respiration Signaling
Pathway . ... ..o
Environmental Toxicants or Stresses Reduce Lifespan

by Affecting Certain MicroRNAs-Mediated Molecular
Signals .. ..o



Contents ix

2.4 Innate Immune Response Is Involved in the Regulation

of Longevity Reduction in Nematodes Exposed

to Environmental Toxicants or Stresses ...................... 44
2.5 Genetic Identification of Genes and Signaling Cascade

in the Regulation of Toxicity on Lifespan by Environmental

Toxicants Or SIrESSes . ... oottt 48
2.6 Environmental Toxicants or Stresses Reduce Lifespan

by Affecting Signaling Pathways Associated with the Stress

ReSpONSe . ..ot 50
2.7 PerSpectiVes . . ..ottt 53
References . ...... ... i 53

3 Roles of Oxidative Stress-Related Molecular Signals
in the Regulation of Toxicity of Environmental Toxicants

OF STIESSES . . ..ottt 59
3.1 Introduction ........... ... 59
3.2 Roles of Mitochondrial Complex Signals in the Regulation
of Toxicity of Environmental Toxicants or Stresses ............. 60
3.2.1 Complex I (NADH Ubiquinone Oxidoreductase) ........ 60
3.2.2 Complex II (Succinate Ubiquinone Oxidoreductase) . . .. .. 65
323 Complex I . ... 67
324 ComplexIV ... oo 71
3.2.5 Coenzyme Q (Ubiquinone, CoQ) Synthesis ............. 71
3.3 Roles of SODs in the Regulation of Toxicity of Environmental
Toxicants Or SIreSSes . ... .ottt 75
33.1 SOD-1 oot 75
332 SOD-2andSOD-3 .. ... ... . 76
333 SOD-4 .o 78
334 SOD-S .o 81
3.4 Roles of CTL Proteins in the Regulation of Toxicity
of Environmental Toxicants or Stresses ...................... 81
3.5 Roles of GST Proteins in the Regulation of Toxicity
of Environmental Toxicants or Stresses ...................... 82
3.6 Perspectives . ... oottt 83
References .......... .. . i 85

4  Functions of MAPK Signaling Pathways in the Regulation

of Toxicity of Environmental Toxicants or Stresses ............... 89
4.1 Introduction ........... ...t &9
4.2 p38 MAPK Signaling Pathway .............. ... ... ... ..... 90
4.2.1 Exposure to Environmental Toxicants or Stress
Dysregulates the Expression of p38 MAPK Signal ....... 90

4.2.2 p38 MAPK Signaling Pathway Regulates the Toxicity of
Environmental Toxicants or Stresses . ................. 93



4.3

4.4

4.2.3 Intestinal Signaling Cascade of p38 MAPK Signaling
Pathway Regulates the Toxicity of Environmental

Contents

TOXICaNts OF StrESSES . . o\ttt i e e 94

4.2.4 SKN-1 Acts as an Important Target for Intestinal PMK-1
in Regulating the Toxicity of Environmental Toxicants

OF SEIESSES & v v vttt et et 96

4.2.5 ATF-7 Acts as Another Important Target for Intestinal
PMK-1 in Regulating the Toxicity of Environmental

TOXICaNts OF StrESSES . . o\ttt e e e 97

4.2.6 Role of Antimicrobial Proteins as the Targets for PMK-1
in Regulating the Toxicity of Environmental Toxicants

OF STIESSES o v v vttt et e e e e et 100
4.2.7 Upregulators of p38 MAPK Signaling Pathway

in Response to Environmental Toxicants or Stresses . .. ... 100
JNK Signaling Pathway . ........ .. .. .. . .. .. . . . ... 104
4.3.1 Exposure to Environmental Toxicants or Stress

Dysregulates the Expression of INK MAPK Signal .. ... .. 106
4.3.2 JNK MAPK Signaling Pathway Regulates

the Toxicity of Environmental Toxicants or Stresses ... ... 106
ERK Signaling Pathway ............ ... ... .. .. ... ... ... 107

4.4.1 Exposure to Environmental Toxicants or Stress

Dysregulates the Expression of ERK MAPK Signal ...... 107

4.4.2 ERK MAPK Signaling Pathway Regulates the Toxicity

of Environmental Toxicants or Stresses ................ 108

4.4.3 Signaling Cascade of ERK MAPK Signaling Pathway
in the Regulation of Toxicity of Environmental Toxicants

OF SETESSES .« v v vttt et et e 109

4.4.4 Identification of Potential Downstream Targets
for Neuronal MPK-1 in Regulating the Toxicity

of Environmental Toxicants or Stresses ................ 110

4.4.5 Identification of Upstream Regulators for ERK MAPK
Signaling Pathway in Regulating the Toxicity

of Environmental Toxicants or Stresses ................ 110
4.5 PerSPectiVes . . . oottt 112
References . ... i e 112

Functions of Insulin and the Related Signaling Pathways
in the Regulation of Toxicity of Environmental Toxicants

or Stresses

5.1
52

53

................................................. 117
Introduction .. ... ... ... 117
Environmental Toxicants or Stresses Dysregulate
the Expression of Insulin Signaling Pathway .................. 118

The Insulin Signaling Pathway Regulates the Toxicity

of Environmental Toxicants or Stresses . ..................... 119



Contents

5.4 Genetic Interactions of Genes in the Insulin Signaling
Pathway in Regulating the Toxicity of Environmental
Toxicants Or SIreSSes . ... oottt
5.5 Targets of DAF-16 in Regulating the Toxicity of Environmental
Toxicants Or SIreSSes . ... oottt
551 SOD-3 ..o
5.5.2 Antimicrobial Proteins ............ ... ... .. .. ...
553 MTL-1and MTL-2 . ... e
554 NATC-1 ..o
555 HSF-1 ..o
5.5.6 Genetic Interaction Between SOD-3 and Antimicrobial
Proteins in the Regulation of Toxicity of Environmental
Toxicants Or Stresses . ... ..ot
5.6 Upregulators of Insulin Signaling Pathway in Regulating
the Toxicity of Environmental Toxicants or Stresses ............

5.6.1 SMK-1 ... . .
562 AAK-2 ...
5.63 INK-I ..o
5.64 HCF-1 ... .
5.6.5 SIR-2.I/SIRTL ... .
566 PRDX-2. ... .. .

5.7 Genetic Interaction Between SKN-1 and DAF-16 or DAF-2

in Regaling the Toxicity of Environmental Toxicants

OF SHIESSES .+ o v et et et et e et e
5.8 Perspectives . .. ...ttt
References . ..........

Functions of Development-Related Signaling Pathways
in the Regulation of Toxicity of Environmental Toxicants
OF SEIESSES . . ..ottt
6.1 Introduction .............. ...t
6.2 Wnt Signaling Pathway . ......... .. .. .. . .. .. . ..
6.2.1 Involvement of Certain Wnt Ligands in Regulating
the Toxicity of Environmental Toxicants or Stresses ... ...
6.2.2 Genetic Interactions of Wnt Ligands in Regulating
the Toxicity of Environmental Toxicants or Stresses ... ...
6.2.3 Involvement of Canonical Wnt/B-Catenin Signaling
Pathway in Regulating the Toxicity of Environmental
Toxicants or Stresses .. ....oovuiininninennenn ..
6.2.4 Role of HMP-2 in the Regulation of Toxicity
of Environmental Toxicants or Stresses ................
6.2.5 Identification of Downstream Targets for f-Catenin
BAR-1 in Regulating the Toxicity of Environmental
Toxicants or Stresses .. ..o,

Xi



Xii

Contents

6.2.6 Genetic Interactions Between p-Catenin BAR-1
and Other Signaling Pathways in Regulating the Toxicity
of Environmental Toxicants or Stresses ................ 156
6.3 TGF-p Signaling Pathway . ............ ... ... ... ... . ... 157
6.3.1 DBL-1-Mediated TGF-p Signaling Pathway ............ 157
6.3.2 DAF-7-Mediated TGF- Signaling Pathway ............ 159
6.4 Notch Signaling Pathway . ....... ... ... ... .. ... ... .. .... 161
6.4.1 Role of GLP-1 in the Regulation of Toxicity
of Environmental Toxicants or Stresses ................ 161
6.4.2 Genetic Interaction Between GLP-1 and Insulin Signal
in the Regulation of Toxicity of Environmental Toxicants
OF STIESSES & ¢ vt ettt et e e et et e e 163
6.5 Developmental Timing Control-Related Signals ............... 165
6.5.1 Involvement of let-7 in Regulating the Toxicity of
Environmental Toxicants or Stresses .................. 165
6.5.2 Tissue-Specific Activity of let-7 in the Regulation
of Toxicity of Environmental Toxicants or Stresses . ...... 167
6.5.3 Downstream Targets of let-7 in the Regulation
of Toxicity of Environmental Toxicants or Stresses . ...... 167
6.5.4 Identification of Downstream Targets for HBL-1
in Regulating the Toxicity of Environmental Toxicants
OF STIESSES & ¢ v vt ettt et et et e et e e 171
6.5.5 Genetic Interaction Between LIN-41 and ALG-1
or ALG-2 in Regulating the Toxicity of Environmental
Toxicants Or StreSSes . ... ..vvvvt vt 173
6.5.6 Feedback Loop Formed by let-7 and Its Direct Targets
During the Control of ENMs Toxicity ................. 173
6.6 Perspectives . .. ..ottt 174
References . ...... ... 176

Functions of Cell Death and DNA Damage-Related Signaling
Pathways in the Regulation of Toxicity of Environmental

Toxicants or Stresses . ............ ...t 181

7.1 IntroducCtion .. ...ttt 181

7.2 Apoptosis Signaling Pathway .......... ... ... ... ... .. ..., 182
7.2.1 Involvement of Core Apoptosis Signaling Pathway

7.2.2

7.23

in the Control of Toxicity of Environmental Toxicants

OF STIESSES . e v vt ettt et et et ettt 182
Upregulators of Core Apoptosis Signaling Pathway in
Regulating the Toxicity of Environmental Toxicants

OF SIIESSES o v vttt et et et et 183
Targets of Core Apoptosis Signaling Pathway

in Regulating the Toxicity of Environmental Toxicants

OF STIESSES . o v vt ettt et e e e 186



Contents Xiii

7.3 DNA Damage Signaling Pathway .. ............ ... ... .. ... 187
7.3.1 Involvement of Core DNA Damage Signaling Pathway
in the Control of Toxicity of Environmental Toxicants
OF SIIESSES o v v vttt et et e e e e e 187
7.3.2  Upregulators of Core DNA Damage-Related Signaling
Pathway in Regulating the Toxicity of Environmental
Toxicants or Stresses .. ....oovviinin e .. 189
7.4 DNA Replication Stress-Related Signal ................... ... 193
7.4.1 Involvement of ATR Signaling Pathway in the Regulation
of DNA Replication Stress Induced by Environmental

Toxicants or Stresses .. ..o .. 194

7.4.2 Cell-Type-Specific Responses to DNA Replication Stress
Induced by Environmental Toxicants or Stresses ......... 196
7.5 Telomere-Related Signal .. ........ ... .. .. .. .. .. .. .. ... 196
7.6 PerSpectives . ... .vv vttt 197
References ........ .. ... 199

8 Functions of Metabolism-Related Signaling Pathways
in the Regulation of Toxicity of Environmental Toxicants

OF SEIESSES . . ..ottt 203
8.1 Introduction .............. ...t 203
8.2 Functions of Fat Metabolic Sensors in the Regulation

of Toxicity of Environmental Toxicants or Stresses ............. 205

82.1 SBP-1 .. 206

822 NHR-49 ... . 206

823 MDT-15 .. 209

824 NHR-80 ... .0 217
8.3 AMPK Signaling Pathway ......... ... ... .. ... .. .. .... 217
84 ACCand FAS ... ... 218
85 FAT-6 andFAT-7 ... ... 219
8.6 Role of ELO Proteins in the Regulation of Toxicity

of Environmental Toxicants or Stresses ...................... 219
8.7 Role of Fatty Acid Transport Protein ACS-22 in the Regulation

of Toxicity of Environmental Toxicants or Stresses ............. 219

8.7.1 ACS-22 Regulate the Intestinal Barrier in Nematodes . . . .. 219

8.7.2  Mutation of acs-22 Causes a Susceptibility to the Toxicity

of Environmental Toxicants of Stresses ................ 221

8.7.3 Mutation of acs-22 Disrupts the Beneficial Function

of LAB in Preventing the Toxicity of Environmental
Toxicants Or Stresses .. ....oovuiieinninennenn... 221
8.8 Perspectives . ... ...t 223
References .......... .. 228



Xiv

Contents

Functions of Protective Response-Related Signaling Pathways
in the Regulation of Toxicity of Environmental Toxicants

OF SHIESSeS . . . oottt e e 231
9.1 IntroduCtion . ........ ...t e 231
9.2 NeurotranSmitterS . .. ... ...ttt 232

9.2.1 Involvement of Neurotransmitter Signals

in the Regulation of Toxicity of Environmental

Toxicants or Stresses .. ....oovviinin e .. 232
9.2.2 Genetic Interactions of Neurotransmitter Signals

in the Regulation of Toxicity of Environmental Toxicants

OF STIESSES o v vttt et e e e e et 233
9.2.3 Serotonin Response to Environmental Toxicants
OF STIESSES o v v vttt et e e e e et 236
9.2.4 Neurotransmitter Receptors ......................... 237
9.2.5 Function of Neurotransmission in the Regulation
of Toxicity of Environmental Toxicants or Stresses ....... 240
9.3 Antimicrobial Proteins ............ .. .. .. .. i 241
9.3.1 Response of Antimicrobial Proteins to the Toxicity
of Environmental Toxicants or Stresses ................ 241
9.3.2  Molecular Control of Toxicity of Environmental
Toxicants or Stresses by Antimicrobial Proteins ......... 244
9.4 Mitochondrial UPR . ..... ... .. .. .. . . . 244
9.4.1 Induction of Mitochondrial UPR in Nematodes
Exposed to Environmental Toxicants or Stresses ......... 244
9.4.2 Molecular Basis for Mitochondrial UPR Induced by
Environmental Toxicants or Stresses .................. 248

9.4.3 Targets of Mitochondrial UPR Signaling Pathway
in Nematodes Exposed to Environmental Toxicants

OF STIESSES o vt vttt et e e e e e e 253
9.5 Endoplasmic Reticulum (ER) UPR ...................... ... 258

9.5.1 Induction of ER UPR in Nematodes Exposed

to Environmental Toxicants or Stresses ................ 258
9.5.2 Molecular Basis for ER UPR Induced by Environmental

ToxXicants Or STreSSes . . ..o .vvvt vt 261
9.5.3 Targets of ER UPR Signaling Pathway in Nematodes

Exposed to Environmental Toxicants or Stresses ......... 266

9.5.4 Upregulators of ER UPR Signaling Pathway
in Nematodes Exposed to Environmental Toxicants

OF STIESSES o v ettt et e e e e e e e 267
9.6 Autophagy .. ... ... 274
9.6.1 Induction of Autophagy in Nematodes Exposed
to Environmental Toxicants or Stresses ................ 274
9.6.2 Molecular Control of Autophagy in Nematodes
Exposed to Environmental Toxicants or Stresses ......... 274
9.7 PerSPECtiVES . . . oottt e 288

References . ... e 289



Contents

10 Functions of G-Protein-Coupled Receptors and Ion Channels

11

and the Downstream Cytoplasmic Signals in the Regulation
of Toxicity of Environmental Toxicants or Stresses ...............
10.1 Introduction . ...........o.iinininni i,
10.2 GPCRS ..ottt
10.2.1 Epidermal DCAR-1 ...... ... . ... . ... ... . ....
10.2.2 Intestinal FSHR-1 ....... .. .. .. ... .. .. . ... ...
10.2.3 Neuropeptide Receptors . ................c.oo...
10.2.4 Neuronal SRH-220 ........ .. .. ... .. ... .. ...
103 TonChannels ....... ...
10.3.1 Cyclic Nucleotide-Gated Ion Channels ..............
10.3.2  Voltage-Gated Calcium Ion Channel UNC-2 ..........
10.3.3 Potassium Ion Channel KVS-1 .....................
10.3.4 Chloride Intracellular Channel EXL-1 ...............
104 ARR-I/AITESIN . . oo et
10.5 G-Proteins . ...t
10.5.1 GqgaSignaling ..........c.ciiiiniiiniin..
1052 Goa Signaling ...........c.iuiiiiiiiniin..
10.6  PLC-DAG-PKD Signaling ........... ... ... ..
10.6.1 PLC-PKD-TFEB Signaling Cascade ................
1062 DKF-2 ..
10.6.3 Association with p38 MAPK Signaling ..............
10.7 Ca¥ Signaling . .....oooit
10.7.1 UNC-31 oo e
10.7.2 CRT-1 .o
10.8  Perspectives . ... .vvvt it e
References ........ .. .. i

Discussion on Specificity of Molecular Signals in Response
to Certain Environmental Toxicants or Stresses ..................
11.1 Introduction .............. ... iiuiiniiiinniinannann..
11.2  Heavy Metal Response Signaling ..........................
11.2.1 Molecular Signaling for Heavy Metal Response .. .....

11.2.2  Regulation of Toxicity of Other Environmental
Toxicants by MTL-1 and MTL-2 ...................
11.3 Heat Shock Response Signaling ...........................
11.3.1 Molecular Signaling for Heat Shock Response ........

11.3.2  Regulation of Toxicity of Other Environmental
Toxicants by Heat Shock Proteins ..................

11.3.3 Regulation of Toxicity of Other Environmental
Toxicants by HSF-1 ....... ... ... ... ... .. ......
11.4 Hypoxia Response Signaling .............................
11.4.1 Molecular Signaling for Hypoxia Response ...........

11.4.2 Regulation of Toxicity of Other Environmental
Toxicants by HIF-1 and EGL-9 ....................
11.5 Perspectives . .. ...ttt e
References ........ .. ... i

XV



Xvi

12

13

Contents

Epigenetic Regulation of Toxicity of Environmental Toxicants
OF SEIESSES . . ..ottt
12.1 Introduction ............. ...t
12.2 Methylation Regulation . .. ........ .. .. .. .. ... .. .. ....
12.2.1 Methylation of Histone H3K4 .....................
12.2.2  Methylation of Histone H3K9 .....................
12.2.3 Methylation of HIS-24K14 . ... ... ... . ... . ....
12.2.4 Methylated Glycans .............. .. .. ... ......
12.3 Histone Acetylation Regulation ...........................
12.3.1 MYST Family Histone Acetyltransferase Complex . .. ..
12.3.2  N-Terminal Acetyltransferase C (NAT) Complex . ... ...
1233 CBP-1 ...
12.4 miRNA Regulation .......... .. .. .. .. ...
12.4.1 Dysregulated miRNAs by Environmental Toxicants
OF SIIESSES .« v vttt et et e e e
12.4.2  Functions of miRNAs in Response to Environmental
Toxicants or Stresses and the Underlying Molecular
Mechanisms ............ .. .. i
12.4.3 The mRNAs—-miRNA Network Involved
in the Regulation of Toxicity of Environmental
Toxicants or Stresses ...
12.5 IncRNA Regulation .......... ... .. .. ...
12.5.1 Dysregulation of IncRNAs by Environmental Toxicants
OF SIIESSES .« v vttt et et e e e
12.5.2 Effect of Ascorbate or Paraquat Treatment
on IncRNA Profiling in Nematodes Exposed
to Environmental Toxicants or Stresses ..............
12.5.3 Effects of PEG Modification or FBS Surface Coating
on Graphene Oxide-Induced IncRNA Profiling ........
12.5.4 The IncRNA-miRNA Network Involved
in the Regulation of Toxicity of Environmental
Toxicants or Stresses ...
12.5.5 Functional Analysis of linc-37 and linc-14
in Regulating the Toxicity of Environmental
Toxicants or Stresses ...
126 PerSpectiVes . . . oottt et e e
References ........ .. ... i

Strategies to Screen and to Identify New Genetic Loci Involved
in the Regulation of Toxicity of Environmental Toxicants
OF SEIESSES . . ..ottt
13.1 Introduction .............. ..ot
13.2  Transcriptomic Screen and Identification of New Genetic
Loci Involved in the Regulation of Toxicity of Environmental
Toxicants Or SIrESSes . . ..o vt



Contents xvii

14

15

13.3  Proteomic Screen and Identification of New Genetic Loci
Involved in the Regulation of Toxicity of Environmental
Toxicants or SIresses .. ..ot 396
13.4 Forward Genetic Screen and Identification of New Genetic
Loci Involved in the Regulation of Toxicity of Environmental
Toxicants Or SIrESSes .. ..ot 397
13.5 Reverse Genetic Screen and Identification of New Genetic
Loci Involved in the Regulation of Toxicity of Environmental
Toxicants Or SIrESSes .. ..ot 400
13.5.1 Using a Certain Number of Mutants to Screen
and to Identify Genetic Loci Involved in the Regulation
of Toxicity of Environmental Toxicants or Stresses . .. .. 400
13.5.2 Using RNAi Knockdown Technique to Screen
and to Identify Genetic Loci Involved in the Regulation

of Toxicity of Environmental Toxicants or Stresses . .. .. 404

13.6 Perspectives . .. ..o vttt e e 404
References ....... ... 406
Molecular Basis for Adaptive Response to Environmental
Toxicants or Stresses .. .......... ...ttt 411
14.1 Introduction . ...........o.iinininnn i 411
14.2 Molecular Alterations During the Formation of Adaptive

ReSponse . ... ... 412
14.3  Molecular Signaling Pathways Involved in the Regulation

of Adaptive Response Induction ............... .. .. ... ..... 413

14.3.1 Insulin Signaling Pathway ........................ 413

1432 SKN-1/Nrf. ..o e 415

14.3.3 ERK MAPK Signaling Pathway .................... 415

14.3.4 Apoptosis Signaling Pathway ...................... 417

14.3.5 Catalases and RNA Interference .................... 418

143.6 RAD-1andRAD-2 ... ... .. ... ... 420

14.3.7 Metallothioneins (MTS) .......................... 421

143.8 20SProteasome . .......... ..ot 421

14.3.9 HPL-2 and Endoplasmic Reticulum Unfolded

Protein Response (ER UPR) ...................... 423

14.3.10 Germline Signals . ... ... 424
14,4 PerspectiVes . . .« .v vttt e e e e 426
References . ...... ... 427
Molecular Basis for Transgenerational Toxicity Induction
of Environmental Toxicants or Stresses ......................... 429
15.1 Introduction ..............ioininn .. 429

15.2 Molecular Alterations During the Formation
of Transgenerational Toxicity of Environmental Toxicants
OF SEIESSES .. vttt ettt et i 430



Xviii

Contents

15.2.1 Environmental Toxicant- or Stress-Induced
Transgenerational Gene Expression Profiles .......... 430
15.2.2  Environmental Toxicant- or Stress-Induced
Transgenerational microRNA (miRNA) Expression
Profiles ........ ... . ... . i 431
15.3 Crucial Role of Intestinal Barrier Against the Formation
of Transgenerational Toxicity of Environmental Toxicants
OF SEIESSES .. vttt ittt ettt e 431
15.4 Molecular Signals for RNA Inheritance Are Involved
in the Regulation of Transgenerational Toxicity

of Environmental Toxicants or Stresses . .................... 434
15.4.1 RNA Inheritance and Transgenerational Toxicity
of Heat Stress ......... .. ... ... ... . ... 434
15.4.2 RNA Inheritance and Transgenerational Toxicity
of Pathogen Infection ............................ 435
15.5 Epigenetic Regulation of Transgenerational Toxicity
of Environmental Toxicants or Stresses . .................... 436
15.5.1 Role of H3K4 Dimethylation ...................... 436
15.5.2 Role of H3K9 Methylation ........................ 439
15.6 Transgenerational Hormesis and Insulin Signaling Pathway . .. .. 440
I5.7  Perspectives . .. .. ouvv it e 441

References . ... e 444



®

Check for
updates

Chapter 1

Molecular Basis for Oxidative Stress
Induced by Environmental Toxicants
in Nematodes

Abstract Oxidative stress plays an important role in the toxicity induction of envi-
ronmental toxicants or stresses in nematodes. Usually, this is the first cellular mech-
anism needed to be clarified for the toxicity formation of certain environmental
toxicants or stresses. We here systematically introduced both the molecular
machinery for the activation of oxidative stress and the response signals with the
functions to defend against the oxidative stress in nematodes. Moreover, we
explained the molecular basis for the induction of oxidative stress in nematodes
exposed to environmental toxicants.

Keywords Molecular basis - Oxidative stress - Environmental toxicant -
Caenorhabditis elegans

1.1 Introduction

Oxidative stress is normally considered to play a pivotal role in the toxicity induc-
tion of environmental toxicants or stresses in organisms, including the nematodes.
That is, induction of oxidative stress acts as an important cellular mechanism for the
toxicity formation of environmental toxicants or stresses in nematodes. Usually, the
first cellular mechanism for the toxicity formation of certain environmental toxicants
or stresses needed to be clarified is to determine the association between the toxicity
formation of examined environmental toxicant or stress and the induction of
oxidative stress.

With the concern on the important role of oxidative stress in toxicity induction of
environmental toxicants or stresses, we here first introduced the evidence for the
direct association of oxidative stress with toxicity of environmental toxicants in
nematodes. Moreover, we systematically introduced both the molecular machinery
for the activation of oxidative stress and the response signals with the functions to
defend against the oxidative stress in nematodes. Finally, we introduced and
explained the molecular basis for induction of oxidative stress in nematodes exposed
to environmental toxicants.

© Springer Nature Singapore Pte Ltd. 2019 1
D. Wang, Molecular Toxicology in Caenorhabditis elegans,
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1.2 Evidence for the Direct Association of Oxidative Stress
with Toxicity of Environmental Toxicants

1.2.1 Induction of Oxidative Stress in Targeted Organs
of Environmental Toxicants

With the heavy metal of Hg as an example of environmental toxicants, the toxic
effects of Hg exposure on development of male nematodes were examined. Acute
exposure to Hg (from L3 larvae for 24 h) at the concentration of 0.5 mg/L
significantly reduced the number of rays formed surrounding the tail [1]. Acute
exposure to Hg at the concentration of 9.8 mg/L further severely decreased the
number of rays [1]. Moreover, acute exposure to Hg at the concentration of 19.3 or
29.5 mg/L severely reduced both the number of rays and the size of fan in male
nematodes [1]. In nematodes exposed to Hg at the concentration of 39.7 mg/L, no
rays and no obvious fan could be observed in male nematodes [1]. Meanwhile, the
obvious induction of reactive oxygen species (ROS) production was detected in the
fans of tails in male nematodes after exposure to Hg at concentrations more than
0.5 mg/L (Fig. 1.1) [1]. The strong induction of ROS production was also observed
in the intestine of male nematodes exposed to Hg at concentrations more than
0.5 mg/L (Fig. 1.1) [1]. These results imply the close correlation of induction of
ROS production in the fans of tails with the formation of abnormal male-specific
structures in nematodes after Hg exposure.
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Fig. 1.1 ROS production in male nematodes exposed to Hg [1]. (a) ROS production in tails of
male nematodes exposed to Hg at different concentrations. Bars represent means + SEM. P < 0.01
vs 0 mg/L. (b) Representative images of ROS production. Asterisks indicate the position of male
tails



1.2 Evidence for the Direct Association of Oxidative Stress with Toxicity... 3

1.2.2 Pharmacological Evidence for the Association
of Oxidative Stress and Toxicity Formation
of Environmental Toxicants

Antioxidant administration is a powerful strategy used for decreasing the free radi-
cal-induced oxidative damage. To confirm the direct association between the induc-
tion of oxidative stress and the toxicity of Hg exposure on the development of
male-specific structures, the male nematodes were pretreated with vitamin E
(200 mg/mL), a potent antioxidant, for 24 h at the L2-larval stage. After that, the
male nematodes were exposed to Hg (9.8 mg/L) for 24 h at the L3-larval stage.
Vitamin E treatment alone cannot induce the obvious ROS production in male tails
[1]. Pretreatment with the vitamin E could obviously prevent the induction of severe
ROS production in fans in tails of nematodes exposed to Hg (9.8 mg/L) (Fig. 1.2)
[1]. Meanwhile, pretreatment with the vitamin E could obviously prevent the
formation of high percentage of abnormal males and severe deficit in male-specific
structures in tails in nematodes exposed to Hg (9.8 mg/L) (Fig. 1.2) [1]. This
pharmacological data provides an important evidence for the direct association
between the induction of oxidative stress and the Hg toxicity on development of
male-specific structures in nematodes.

1.2.3 Association of Induction of Oxidative Stress in Intestine
and Toxicity Formation in Other Targeted Organs

Besides the direct induction of oxidative stress in the targeted organs, another pos-
sibility also exists. That is, a close association of induction of oxidative stress in the
intestine and toxicity formation in other targeted organs may be formed in nema-
todes. With multiwalled carbon nanotubes (MWCNTSs), carbon-based engineered
nanomaterials (ENMs), as an example, prolonged exposure (from L1-larvae to adult
day 1) to MWCNTs at concentrations more than 0.1 pg/L could induce the signifi-
cant intestinal ROS production (Fig. 1.3) [2]. Meanwhile, prolonged exposure to
MWCNTs at concentrations more than 0.1 pg/L also significantly reduced the brood
size (Fig. 1.3) [2]. Nevertheless, we did not detect the obvious induction of ROS
production in reproductive organs of nematodes [2]. In nematodes, the reproductive
organs such as spermatheca are the important secondary targeted organs for
MWCNTs (Fig. 1.3) [2]. Therefore, the induction of oxidative stress in the intestine
may potentially further contribute to the toxicity formation of environmental toxi-
cants in other targeted organs in nematodes.
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Fig. 1.2 Effects of vitamin E pretreatment on the development of male-specific structures in nem-
atodes exposed to Hg [1]. (a) Effects of vitamin E pretreatment on the formation of abnormal
males induced by Hg exposure. (b) Effects of vitamin E pretreatment on the development of male-
specific structures induced by Hg exposure. (¢) Representative images of ROS production.
Asterisks indicate the position of male tails. (d) Effects of vitamin E pretreatment on the ROS
production induced by Hg exposure. Bars represent means + SEM. P < 0.01
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Fig. 1.3 Toxicity of MWCNTSs on nematodes after prolonged exposure [2]. (a) Toxicity of
MWCNT exposure in inducing intestinal ROS production. (b) Toxicity of MWCNT exposure in
reducing brood size. (¢) Distribution and translocation of MWCNTSs labeled with Rho
B. Arrowheads indicate the pharynx and the spermatheca, respectively, at the head region or mid-
region of nematodes. The intestine (*) and the embryos (**) in the mid-region are also indicated.
Prolonged exposure was performed from L1-larvae to adult day 1. Bars represent mean + SEM.
“P < 0.01 vs control

1.3 Molecular Machinery for the Activation of Oxidative
Stress in Nematodes

The superoxide anion (O?) can generate several types of toxic ROS, which will
further lead to the toxic effects on nematodes at different aspects. In organisms, the
major source of superoxide anion is the electron transport in mitochondrion.
Electron transport is normally mediated by five complexes (complexes I-V)
embedded in the inner membrane of the mitochondrion.

1.3.1 Role of GAS-1 in the Activation of Oxidative Stress

In nematodes, gas-I encodes a subunit of mitochondrial complex I. Mutation of
gas-1 did not affect the physical structure in mitochondria [3]. In contrast, mutation
of gas-1 decreased the complex I-dependent mitochondrial metabolism as indicated
in alterations in the rates of both oxidative phosphorylation and electron transport
[3]. The rates of oxidative phosphorylation were significantly decreased in gas-1/
mutant nematodes [4]. The gas-I mutant shows the hypersensitive property to
oxygen and shortened lifespan [4].
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In gas-1 mutant nematodes, the significantly elevation in mitochondrial matrix
oxidant burden was detected, which may be closely associated with the limited
superoxide scavenging capacity and the decreased mitochondria content, as well as
the membrane potential [5].

In nematodes, gas-/ is mainly expressed in the mitochondria of neuromuscular
system [3]. Importantly, it has been shown that GAS-1 can act at the presynaptic to
regulate different biological processes [3].

In nematodes, nuo-6 encodes another subunit of mitochondrial NADH dehydro-
genase (ubiquinone) complex (complex I). However, mutation of nuo-6 decreased
the electron transport and increased the longevity [6]. The generation of superoxide
was elevated in nuo-6 mutant nematodes, although the overall ROS levels were not
and the oxidative stress was low in nuo-6 mutant nematodes [6]. More importantly,
it is considered that this elevation is required for the increase in longevity, since this
could be abolished by the antioxidants and phenocopied by mild treatment with
prooxidant paraquat [6]. The increased superoxide generation may act as a signal in
young nuo-6 mutant to trigger the changes of gene expression so as to prevent or
attenuate the effects of the subsequent aging [6]. That is, the superoxide generated
in the nuo-6 mutant may act as a protective signal in response to the damage during
the aging process.

1.3.2 Role of MEV-1 in the Activation of Oxidative Stress

Mitochondrial succinate—ubiquinone reductase (complex II) functions to catalyze
the electron transport from succinate to ubiquinone. This complex II contains
succinate dehydrogenase (SDH), flavin protein, iron—sulfur protein, and two other
subunits containing cytochrome b560. In nematodes, mev-1 encodes an ortholog of
succinate dehydrogenase cytochrome b560 subunit of the complex II that is required
for the oxidative phosphorylation. SDH, the catalytic component of complex II, is
normally anchored to the inner membrane of mitochondrion with the cytochrome
b560. Nevertheless, the SDH activity in mev-/ mitochondrial fraction was identical
to that of wild-type nematodes [7]. In contrast, the complex II activity in the mev-1/
membrane fraction was significantly reduced by more than 80% [7]. These results
imply that mutation of mev-I may affect neither the SDH anchoring to the
mitochondrial membrane nor the SDH activity. The MEV-1 may potentially
compromise the ability of complex II to participate in the electron transport. That is,
cytochrome 5560, the mev-I gene product, can participate directly into the
transporting electrons from SDH to CoQ. The cytochrome 5560 has three membrane-
spanning domains, and the substitution of glutamic acid for glycine could affect the
ability of iron to accept and relinquish the electrons.

The ability of complex II to catalyze the electron transport from succinate to
ubiquinone is compromised in mev-/ mutant nematodes, which may result in the
indirect increase in the superoxide levels and the oxygen hypersensitivity, as well as
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the premature aging [8]. At least for the longevity control, the evidence was raised
that the MEV-1 may govern the aging rate by modulating the cellular response to
oxidative stress [8]. In mev-1 mutant nematodes, an overproduction of superoxide
anion from the mitochondria and a reciprocal reduction in glutathione content were
detected [8]. Although the superoxide anion is normally produced at complexes I
and III in the electron transport system under normal conditions, the mutation of
mev-1(knl) could increase the superoxide anion production at the complex II itself
(as indicated by an attendant decrease in glutathione levels) rather than at the
complexes I and III [8]. Additionally, the mev-I mutant nematodes had metabolic
changes as indicated by the lactate level with twofold higher than that in wild-type
nematodes [8]. In nematodes, the Cyt-1/ceSDHC may play an important role not
only in the energy metabolism but also in the superoxide anion production.

1.3.3 Role of ISP-1 in the Activation of Oxidative Stress

In organisms, the mitochondrial complex III functions to catalyze the electron trans-
fer from ubiquinol to cytochrome c. The complex III contains three subunits, cyto-
chrome b, the iron—sulfur protein, and cytochrome cl, to catalyze the redox
reactions. In nematodes, isp-/ encodes a “Rieske” iron—sulfur protein subunits of
complex III of the mitochondrial respiratory chain. The prolines are important
structurally to make the peptide backbone locally rigid, and isp-1(gm150) is a point
mutation at residue 225 that changes the proline into a serine [9]. This mutation may
affect the properties of the iron—sulfur center directly through a local distortion of
the structure and the redox potential. The electron transfer from ubiquinol at its
binding site on cytochrome b to cytochrome cl is involved in the conformation of
head of the ISP carrying the 2Fe-2S group [9].

In the isp-1 mutant nematodes, the decrease in electron transport, the reduction
in oxygen consumption, and the resistance to oxidative stress were observed [6, 9].
In isp-I mutant nematodes, the generation of superoxide was elevated [6]. The
increased superoxide generation in isp-/ mutant nematodes was also abolished by
the antioxidants and phenocopied by mild treatment with the prooxidant paraquat
[6]. Moreover, an increased lifespan was detected in the isp-/ mutant nematodes
[9]. Nevertheless, the effects of ISP-1 and DAF-2, an insulin receptor, on longevity
were not additive in nematodes [9].

In nematodes, the elevated ROS levels in isp-/ mutant nematodes may induce an
activation of multiple stress response pathways [10]. These pathways include those
of mitochondrial unfolded protein response, SKN-1-mediated stress response, and
hypoxia response [10]. Mutation of isp-/ could further increase the expression of
specific antioxidant enzymes, such as the superoxide dismutase genes sod-3 and
sod-5 [10]. Meanwhile, mutation of sod-3 or sod-5 decreased the lifespan and
exacerbated the slow physiologic rates in isp-/ mutant nematodes [10].
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1.3.4 Role of CLK-1 in the Activation of Oxidative Stress
1.3.4.1 Mitochondrial CLK-1

In nematodes, clk-1 encodes a ubiquinone (UQ) (coenzyme Q) biosynthesis protein
COQ7. UQ is a lipophilic redox-active molecule and an electron carrier in the
mitochondrial electron transport chain. Normally, the electron transfer via the UQ
involves the formation of semi-ubiquinone radicals and the generation of superoxide
radicals upon reaction with oxygen. In contrast, the UQ in the reduced form can
serve as a lipid-soluble antioxidant to protect the cells from lipid peroxidation. In
the clk-1 mutant nematodes, no detectable levels of UQ could be observed [11].
Meanwhile, the UQ biosynthesis intermediate, demethoxyubiquinone (DMQ9),
was present at a high level in c/k-I mutant nematodes [11]. In the clk-I mutant
nematodes, the DMQ9Y may act as an electron carrier in the respiratory chain, since
the activities of NADH-cytochromec reductase and succinate—cytochromec
reductase were similar to those in wild-type nematodes [11].

In the clk-1 mutant nematodes, the rates of oxidative phosphorylation were
decreased; however, the lifespan was increased [12]. Moreover, it has been reported
that mutation of sod-2 resulted in the increase in lifespan in c/k- I mutant nematodes;
however, mutation of either of the two cytoplasmic sod genes, sod-1 or sod-5,
decreased the lifespan of clk-1 mutant nematodes [12]. Additionally, the increase in
mitochondrial superoxide levels by mutation of sod-2 or treatment with paraquat
could still cause the increase in lifespan in clk-1; sod-1 double mutants [12]. These
results imply that the elevated ROS in the mitochondria can act to increase lifespan,
whereas the elevated ROS in the cytoplasm may decrease the lifespan of nematodes.

1.3.4.2 Nuclear CLK-1

Besides this, recently a distinct nuclear form of CLK-1 was further identified in
nematodes. This nuclear CLK-1 may mediate a retrograde signaling pathway in
response to the mitochondrial ROS by acting as a barometer of oxidative metabolism
[13]. The nuclear CLK-1 can regulate both the mitochondrial ROS metabolism and
the mitochondrial unfolded protein response by modulating the corresponding gene
expression [13]. That is, the basal levels of ROS produced by the mitochondria may
direct a pool of CLK-1 to the nucleus where it regulates the expression of genes
associated with both the mitochondrial ROS metabolism and the mitochondrial
unfolded protein response and lowers the ROS level [13]. The lowered ROS further
results in the predominant localization of CLK-1 in the mitochondria and induces
the return to basal ROS production, which will be helpful for maintaining the
mitochondrial homeostasis [13]. Therefore, a respiratory enzyme exists in the
nucleus to regulate both the mitochondrial stress responses and the longevity in
nematodes.
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1.4 Response Signals with the Functions to Defend
Against the Oxidative Stress

1.4.1 Superoxide Dismutases (SODs)

The SOD activity can be detected in the extracts of nematodes, and the SODs have
been well known to protect the cells or organisms from oxidative stress by
catalytically removing the superoxide radical (‘O*"). For example, dauer is a
developmental state for larvae adapting the environmental stresses or starvation.
The extracts of dauer larvae had 17.1 units SODase per milligram protein, whereas
obligate larvae and young adults had 4.3 and 3.8 units SODase per milligram,
respectively [14]. Additionally, the ratio of SODase to oxygen consumption was
markedly increased in dauer larvae compared with that in young adults, implying
that this elevated SODase might contribute to an increased resistance to certain
environmental stresses [14].

14.1.1 SOD-1

In nematodes, sod-1 encodes a cytoplasmic copper/zinc superoxide dismutase. The
SOD-1 activity has been implicated in the increase in lifespan of dauer larvae,
because its activity was the highest at this developmental stage compared with
others [14]. In sod-2 mutant, both the cytosolic “O*" level and the mitochondrial
‘O~ level were significantly increased [14], implying that both cytosolic SOD-1
and mitochondrial SOD-1 are required for the detoxification of “O*~ [15].

1.4.1.2 SOD-2 and SOD-3

In nematodes, sod-2 and sod-3 encode mitochondrial iron/manganese superoxide
dismutases. Both SOD-2 and SOD-3 function to defend against the oxidative stress
and to promote the normal lifespan [5].

Both sod-2 expression and sod-3 expression were diminished by mutation of daf-
16 encoding a FOXO transcriptional factor in the insulin signaling pathway.
Nevertheless, the increased longevity was observed in sod-2(ok1030) or sod-
2(gk257) mutant which has the decreased Mn-SOD scavenging capacity and
increased mitochondrial matrix oxidant burden [5, 16]. In sod-2 or sod-3 mutant,
the mild compensatory upregulation of other sod genes was even detected [5, 16].
Mutation of sod-2 even increased the lifespan in c/k-/ mutant, but it clearly decreased
the lifespan of isp-/ mutant [16].


http://www.wormbase.org/search/gene/sod-1
http://www.wormbase.org/search/gene/sod-2
http://www.wormbase.org/search/gene/sod-2
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1.4.1.3 SOD-4

In nematodes, sod-4 encodes an extracellular Cu®*/Zn** superoxide dismutase.
SOD-4 is expressed in the nervous system, intestine, and rectal gland cells. The sod-
4 expression was also significantly upregulated in dauers [14].

In nematodes, although the sod genes were not required for the longevity of daf-
2 insulin/IGF-1 receptor mutant, mutation of sod-4 enhanced the longevity and the
constitutive diapause in daf-2 mutant [17].

1.4.1.4 SOD-5

sod-5 encodes a cytoplasmic Cu?*/Zn*" superoxide dismutase. The sod-5 expression
could be increased in sod-I mutant [5, 16], implying the possible functional com-
pensation between SOD-1 and SOD-5. Both SOD-3 and SOD-5 may act as direct
targets for DAF-16 due to the existence of DAF-16 binding element on the promoter
regions for these genes.

1.4.2 Catalases (CATs)

In nematodes, ctl-1, ctl-2, and ctl-3 encode the catalases, antioxidant enzymes that
protect the cells from the damage of oxidative damage. CTL-1 is predicted to be a
cytosolic catalase. CTL-2 is observed to be mainly located in the peroxisomes of
intestinal epithelial cells. The altered peroxisome morphology was observed in ctl-2
mutant nematodes [18] and suggests the possible changes in peroxisomal function,
including increased ROS production.

CTL-1 and CTL-2 could be negatively regulated by DAF-2-mediated insulin
signaling [18]. The ctl-1 mutant has no obvious effect on either nematode aging or
egg-laying capacity; however, the ct/-2 mutant exhibits progeric phenotype and
decreased egg-laying capacity [18]. Mutation of ctl-2 could reduce the lifespan of
long-lived daf-2 or clk-1 mutant and accelerates the onset of its egg-laying period
[18].

1.4.3 Insulin Signaling
1.4.3.1 Role of Insulin Signaling in the Activation of Oxidative Stress

In the insulin signaling pathway, AGE-1 is the downstream target of insulin receptor
DAF-2. Mutation of age-1 was resistant to the oxidative stress [19]. Meanwhile,
both the activity of (SOD) and the activity of catalase exhibited an age-dependent
increase in age-/ mutant [19], which suggests that the signaling cascade of
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DAF-2-AGE-1 regulates the activation of oxidative stress by negatively regulating
the SOD and catalase activities. It has been further found that the expression of sod-
3 encoding a Mn-SOD was increased by daf-2 mutation, which is regulated by the
insulin-like signaling pathway [20], suggesting that the DAF-2 may regulate the
longevity and the oxidative stress by affecting Mn-SOD-associated antioxidant
defense system. Nevertheless, in wild-type and age-1 dauer larvae, only elevated
levels of the SOD activity, but not of the catalase activity, could be detected [19].

The forkhead transcription factor DAF-16 is negatively regulated by the DAF-2-
AGE-1 signaling cascade in the insulin signaling pathway. Under the normal
conditions, the DAF-16 protein is normally located in the cytoplasm. However,
under the oxidative stress or certain environmental stress, the DAF-16 would be
translocated into the nuclei [21]. Additionally, the DAF-16 could be constitutively
accumulated in the nuclei of mev-1 or gas-I mutant nematodes even under the
normal conditions, which could be recovered by the supplementation of the
antioxidant coenzyme Q10 (Fig. 1.4) [21].

Besides the oxidative stress or the environmental stress, it has also reported that
SOD-3, a superoxide dismutase regulated by DAF-16, could be induced in intestinal
cells after the infection with pathogenic bacteria [22]. Moreover, both the SOD-3
and the CTL-2 were required for DAF-16-mediated resistance to infection with
pathogenic bacteria [22]. Therefore, the nematodes may potentially respond to the
pathogen infection by producing intestinal ROS while simultaneously inducing a
DAF-16-dependent oxidative stress response to protect adjacent tissues from the
damage from the infection [22].

wild type mev-1 gas-1

x400

21% 0,

90% 0,

Fig. 1.4 Localization of DAF-16::GFP in wild type, mev-1 and gas-1 L2 larvae under atmospheric
conditions (21% oxygen) or 90% oxygen [21]
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1.4.3.2 Interaction Between pf-Catenin/BAR-1 and DAF-16
in the Regulation of Oxidation Stress

In nematodes, B-catenin/BAR-1 is a transcriptional factor in the Wnt signaling path-
way. It has been shown that mutation of bar-1 could reduce the activity of DAF-
16 in dauer formation and lifespan [23]. Moreover, BAR-1 was required for the
oxidative stress-induced expression of SOD-3, a DAF-16 target [23]. The association
of B-catenin with FOXO could be enhanced in cells exposed to the oxidative stress
[23]. These observations demonstrate the important association of p-catenin with
FOXO in the regulation of oxidative stress [23].

1.4.3.3 Identification of Upstream Regulator of DAF-2 in the Regulation
of Oxidative Stress

In nematodes, mutation of pcm-1 encoding a protein L-isoaspartyl methyltransfer-
ase induced a susceptibility to oxidative stress, since treatment with paraquat, a
ROS generator, resulted in the more severe developmental delay at the second larval
stage in pcm-I mutants than in wild-type nematodes [24]. This effect could be
reversed by the administration with vitamin C, implying that the observed develop-
mental delay and the egg-laying defects may be resulted from the oxidative stress
[24]. Genetic interaction assay further indicated that mutation of daf-2 could inhibit
the Egl phenotype in pcm-1 mutant treated with juglone, suggesting that the PCM-1
is involved in the control of cellular responses by acting an upstream regulator of
DAF-2 in the insulin signaling pathway [24].

1.4.4 SKN-1/Nrf Signaling
1.4.4.1 Role of SKN-1 in the Regulation of Oxidative Stress

In nematodes, the SKN-1/Nrf plays a pivotal role in resisting the oxidative stress
[25]. The skn-1 mutants were sensitive to oxidative stress and showed the reduced
longevity [25]. SKN-1 is expressed in both the ASI sensory neurons and the
intestine. The SKN-1::GFP would be translocated and accumulated into the nucleus
in response to the oxidative stress [25].

During the regulation of oxidative stress, the activity of SKN-1 is normally regu-
lated by its phosphorylation modification. For the modification of SKN-1, it has
been further suggested recently that SKN-1 could also be O-GIcNAcylated at
Ser470 and Thr493 by O-GlcNAc transferase OGT-1. Under the condition of
oxidative stress, SKN-1 was highly O-GIlcNAcylated, which resulted in the decrease
in GSK-3-mediated phosphorylation at Ser483 adjacent to the O-GlcNAcylated
residues (Ser470 and Thr493) [26]. In nematodes, disruption of O-GlcNAc
modification on SKN-1 could inhibit the SKN-1 accumulation in the intestinal
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nuclei and decreased the activities of SKN-1 in modulating the lifespan and being
against the oxidative stress [26]. That is, a cross talk between the phosphorylation
and the O-GlcNAcylation for SKN-1 may exist in the regulation of oxidative stress
and lifespan in nematodes.

1.4.4.2 Identification of Downstream Targets for Transcriptional Factor
SKN-1 in the Regulation of Oxidative Stress

First of all, it has been well known that the SKN-1/Nrf can modulate the oxidative
stress by regulating the phase II detoxification genes, such as gcs-/ and gst-4,
through constitutive and stress-inducible mechanisms during the postembryonic
stages [25].

Besides this, it has been further suggested that the expressions of totally 810
genes could be controlled by the SKN-1/Nrf2 using the whole transcriptome RNA
sequencing technique [27]. Among these genes, nlg-I encodes a synaptic cell
adhesion molecule neuroligin, which acts as a direct target of SKN-1 [27].
Pharmacological treatments to induce the oxidative stress could increase the
synaptic abundance of NLG-1 [27]. The increasing nlg-1 dosage was correlated
with the increased survival in response to the oxidative stress [27]. In contrast,
genetic inactivation of nlg-I reduced the survival and suppressed the resistance of
nematodes to oxidative stress [27]. That is, neuronal SKN-1 activation may
potentially confer a protection mechanism for nematodes in response to
environmental stresses by affecting the function of neuroligin [27].

1.4.4.3 Identification of Upstream Regulators for SKN-1
in the Regulation of Oxidative Stress

1.44.3.1 DAF-16

In nematodes, the skn-1 expression could be activated by the DAF-16 in the insulin
signaling pathway [28]. Nevertheless, the SKN-1 was required for the oxidative
stress but not the increased lifespan induced by overexpression of DAF-16 [28].
Meanwhile, it was noted that the DAF-16 overexpression could rescue the short
lifespan of skn-I mutants but not their susceptibility to oxidative stress [28].
Therefore, the function of SKN-1 in promoting longevity may through a different
mechanism from that in protecting against the oxidative damage in nematodes.

14432 PMK-1
PMK-1 is a p38 MAPK in the p38 MAPK signaling pathway, an integral part of the

response of nematodes to a variety of environmental stresses. After exposure to the
oxidative stress, the PMK-1 could phosphorylate the SKN-1 and causes the
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translocation and accumulation of SKN-1 in the intestine nuclei, where SKN-1
activated the transcription of gcs-1 encoding a phase II detoxification enzyme [29].

14433 BLI-3

In nematodes, the ROS could be generated during infection by Duox1/BLI-3, a dual
oxidase [30]. Meanwhile, bacterial pathogen infection increased the expression of
SKN-1 in the intestine [30]. Mutation of skn- I decreased the resistance of nematodes
to pathogen infection, whereas increasing SKN-1 activity would augment the
resistance of nematodes to pathogen infection [30]. NSY-1, SEK-1, and PMK-1 in
the p38 MAPK signaling pathway were all required for the activation of SKN-1
during the pathogen infection [30]. Moreover, it has been shown that the ROS
produced by BLI-3 was the important source for SKN-1 activation via the p38
MAPK signaling pathway during the pathogen infection [30]. That is, ROS
generation by BLI-3 may activate a protective SKN-1 response via the p38 MAPK
signaling in pathogen-infected nematodes.

1.44.3.4 SKR-1/2 and WDR-23

In mammals, the Nrf2 is regulated in part by the redox sensor repressor protein of
Keapl. In nematodes, new genes required for activation of the core SKN-1 target
gene gst-4 induced by treatment of juglone were identified using genome-wide
RNAIi screening [31]. Among these candidate regulators, mutation of skr-1/2
encoding the homologs of yeast and mammalian Skpl inhibited the induction of
SKN-1-dependent detoxification genes and reduced the resistance of nematodes to
prooxidants without decreasing the p38 MAPK activation [31]. Moreover, during
the control of oxidative stress, SKR-1/2 further acted upstream of the WD40 repeat
protein WDR-23, which binds to and inhibits the SKN-1 [31]. Therefore, the
signaling cascade of SKR-1/2-WDR-23 is a novel p38 MAPK-independent
signaling mechanism that activates the SKN-1 [31].

14435 ELT-3

Using a transcription factor library to identify genes required for activation of
SKN-1 target gst-4 in brap-2 mutants, ELT-3, a GATA transcription factor, was
identified as a positive regulator of gst-4p::gfp expression [32]. In nematodes, the
ELT-3 interacted with the SKN-1 to activate the gst-4 transcription [32]. Moreover,
ELT-3 was required for the lifespan extension of nematodes overexpressing the
SKN-1 [32].
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14436 GSK-3

Under the normal conditions, phosphorylation by glycogen synthase kinase-3
(GSK-3) could prevent SKN-1 from the accumulation in nuclei [33]. If this
inhibition was blocked, the background levels of p38 MAPK signaling were still
required for the SKN-1 function. Therefore, GSK-3 inhibits SKN-1 activity in the
intestine and influences redox conditions.

14437 MDT-15

MDT-15, a subunit of the conserved mediator complex, was required for the oxida-
tive stress responses [34]. More importantly, MDT-15 was required for SKN-1
expression [34]. MDT-15 was also required for the expression of genes in SKN-1-
dependent and SKN-1-independent fashions downstream of insulin/IGF-1 signaling
[34]. In nematodes, the MDT-15 directly binds to the SKN-1 through a region
distinct from the classical transcription factor-binding KIX-domain [34].

1.4.4.3.8 MKK-4, IKKe-1, NEKL-2, and PDHK-2

Based on the RNAI suppression screen to identify additional kinases acting in the
activation of SKN-1 in response to oxidative stress, four kinases, MKK-4, IKKe-1,
NEKL-2, and PDHK-2, were further identified [35]. These kinases were required
for the nuclear localization of SKN-1 in response to oxidative stress in nematodes
[35]. Moreover, mutation of two of these kinase genes, such as pdhk-2 and nekl-2,
could result in a shorter lifespan and increased sensitivity to arsenite stress [35].

14439 IRE-I

In nematodes, IRE-1, an endoplasmic reticulum (ER) transmembrane protein, has
the function in maintaining the ER homeostasis by initiating unfolded protein
response (UPRER) [36]. The ROS generated at the ER or by mitochondria could
sulfenylate a cysteine within the IRE-1 kinase activation loop, which inhibited the
IRE-1-mediated UPRER, initiated the p38 MAPK/SKN-1 antioxidant response,
and increased the stress resistance and the lifespan [36]. That is, IRE-1 has an
important function as a cytoplasmic sentinel that potentially activates p38 MAPK
and SKN-1.
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1.4.43.10 HCF-1

HCF-1, a host cell factor-1, is a regulator for DAF-16 in the regulation of both lon-
gevity and stress response [37]. Moreover, HCF-1 prevented the nuclear accumula-
tion of SKN-1 and inhibited the transcriptional activation of SKN-1, as well as its
targeted genes [37]. Additionally, the function of SKN-1 in enhancing oxidative
stress resistance could be incurred by Acf-1 mutation [37].

1.5 Systematic Identification of Novel Genes Required
for the Regulation of Oxidative Stress

1.5.1 Functional Genomic Approach to Identify Novel Genes
Required for the Regulation of Oxidative Stress

In order to perform this functional genome screen, synchronized L1-larvae of rrf-
3(pk1426) strain were fed with bacteria expressing dsRNA corresponding to the
examined genes [38]. Upon reaching to the L4 larval stage (day 0), the nematodes
were treated with paraquat (80 mM), and then the survival of animals was monitored
in every other day (from day 3 to day 15) [38]. The identified candidate genes are
shown in Table 1.1. Based on this gene list, at least a partial functional overlap
between the processes of ROS resistance and regulation of lifespan may exist.
About ~30% of the aging genes identified here were involved in mitochondrial
function [38]. These included those genes encoding components for the respiratory
chain, mitochondrial ribosomes, ADP/ATP carriers, and molecules involved in
mitochondrial protein synthesis (Table 1.1) [38].

1.5.2 Identification of Genes Required for the Regulation
of Oxidative Stress or Stress Response Based
on the Translocation of Environmental Toxicant

Besides the phenotypic analysis, another strategy to identify the genes required for
the regulation of oxidative stress or stress response is based on the translocation of
environmental toxicant, such as the graphene oxide (GO), a carbon-based nanoma-
terial [39]. Activation of oxidative stress is an important cellular contributor to GO
toxicity formation in nematodes [40]. Based on the translocation pattern of GO/Rho
B, seven genes were identified to be required for the GO toxicity and translocation
of GO [39]. Among these seven genes, mutation of hsp-16.48, gas-1, sod-2, sod-3,
or aak-2 resulted in the greater GO translocation into the body and toxicity on the
functions of both primary targeted organs, such as the intestine, and secondary tar-
geted organs, such as the neurons and reproductive organs (Fig. 1.5) [39]. In
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