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Abstract
In response to genotoxic insults, cells activate DNA damage response pathways

that either stimulate transient cell cycle arrest and DNA repair or induce apoptosis.

The Caenorhabditis elegans germ line is now well established as a model system to

study these processes in a genetically tractable, multicellular organism. Upon treat-

ment with genotoxic agents, premeiotic C. elegans germ cells transiently halt cell

cycle progression, whereas meiotic prophase germ cells in the late-pachytene stage

undergo apoptosis. Further, accumulation of unrepaired meiotic recombination

intermediates can also lead to apoptosis of affected pachytene cells. DNA dam-

age-induced cell death requires key components of the evolutionarily conserved

apoptotic machinery. Moreover, both cell cycle arrest and pachytene apoptosis

responses depend on conserved DNA damage checkpoint proteins. Genetics- and

genomics-based approaches that have demonstrated roles for conserved checkpoint

proteins have also begun to uncover novel components of these response pathways.

In this chapter, we briefly review theC. elegansDNA damage response field, discuss

in detail methods currently used to assay DNA damage responses in C. elegans, and

describe the development of new experimental tools that will facilitate a more

comprehensive understanding of the DNA damage response.
I. Introduction

A. C. elegans DNA Damage Responses
The faithful transmission of genetic information is constantly challenged by

genotoxic stresses, due to errors in DNA replication, misincorporation of nucleo-

tides, oxidative damage, irradiation, or exposure to genotoxic chemicals. In response

to genotoxic stress, cells activate conserved DNA damage checkpoint pathways that

induceDNA repair, cell cycle arrest, or programmed cell death to remove genetically

damaged cells that might harm the organism. In recent years,C. elegans has emerged

as an experimental model to study these conserved biological processes, largely

focusing on the C. elegans germ line. During worm development, somatic cells

follow a program of coordinated cell division and apoptosis to form the mature body

structure (for review, see Conradt and Xue, 2005). In the adult worm, somatic cells

are postmitotic and exhibit no checkpoint response to DNA damage. The germ line,

however, contains the only proliferative cells of the adult worm, and a large propor-

tion of these cells undergo programmed cell death at the meiotic pachytene stage, in

a process known as physiological germ cell apoptosis (Gumienny et al., 1999).

Physiological germ cell apoptosis requires the core apoptotic machinery, which is

also used during developmental apoptosis and is composed of CED-3 (cell death

abnormal-3), CED-9, and CED-4. CED-3 is a member of the caspase family of

proteases; CED-4 is homologous to mammalian Apaf-1 and is a positive regulator of

CED-3 (Fig. 1; reviewed in Conradt and Xue, 2005). Both CED-3 and CED-4 are
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Fig. 1 Model of the C. elegans DNA damage response pathway.
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required for programmed cell death, as the loss-of-function mutants ced-3 (n717)

and ced-4 (n1162) are defective in inducing apoptosis. ced-9 encodes a protein

related to the mammalian Bcl-2 oncogene, and both proteins function to negatively

regulate cell death. The stimuli driving physiological apoptosis are unknown, but

current theory suggests that apoptotic pachytene germ cells serve as nurse cells for

maturing oocytes (Gumienny et al., 1999). Following these early studies, it was

found that meiotic pachytene-stage germ cells could initiate a cell death program in

response to ionizing radiation (IR)-induced DNA double-strand breaks (DSBs)
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(Gartner et al., 2000). It has since been established that, unlike somatic cells, germ

cells coordinate a range of checkpoints that respond tovarious kinds of DNA damage

by initiating apoptotic, cell cycle arrest, and/or DNA repair programs. Interestingly,

competence to perform cell cycle arrest and apoptosis induction is spatially sepa-

rated in the worm germ line. Cell cycle arrested only occurs in proliferating mitotic

germ cells at the distal end on the gonad, while the ability to undergo apoptosis is

restricted to late-stage meiotic pachytene cells near the gonad bend (Fig. 2).

Apoptosis induction also occurs in response to the perturbation of homologous

recombination (HR) duringmeiosis and requires the DNAdamage response pathway

including the p53 ortholog, cep-1 (C. elegans p53-like) (Gartner et al., 2000). In

contrast, defects in meiotic chromosome pairing can lead to apoptosis induction that

is independent of the DNA damage checkpoint (Bhalla and Dernburg, 2005). In

addition to the DNA integrity checkpoint described above, germ cell apoptosis is

also increased by exposure to particular environmental stresses and pathogens

(Aballay and Ausubel, 2001; Salinas et al., 2006).

Damage-induced germ cell apoptosis is morphologically indistinguishable from

all other forms of germ cell apoptosis, similarly occurs only in pachytene-stage germ

cells, and requires the core apoptotic genes ced-9, ced-4, and ced-3. However, unlike

physiological apoptosis, DNA damage-induced germ cell death is largely dependent

on cep-1 and its transcriptional targets, egl-1 and ced-13 (Derry et al., 2001;

Schumacher et al., 2001). Upon genotoxic stress, CEP-1 induces the transcription

of egl-1 mRNA, and nascent EGL-1 protein binds CED-9 to release CED-4, which

then associates with and activates the caspase function of CED-3 (Schumacher et al.,

2005). However, the role of CED-13 is less well-defined (Schumacher et al., 2001).

Besides cep-1, many other genes are now known to be specifically required for the

induction of DNA damage-induced germ cell apoptosis, but are not involved in

physiological apoptosis (Gartner et al., 2008; Greiss et al., 2008; Ito et al., 2010;

Sendoel et al., 2010). In addition, a genetically parallel cep-1-independent pathway

has been described that requires the NAD+-dependent protein deacetylase SIR2.1 at

an early stage of DNA damage-induced apoptosis (Greiss et al., 2008).
[(Fig._2)TD$FIG]

Fig. 2 Diagram of an adult hermaphrodite germ line, adapted from Bailly et al. (2010).
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B. Major DNA Repair Pathways in the C. elegans Germ Line
The majority of C. elegans DNA damage response papers describe pathways

required to counter DSBs. DSBs are the predominant lesions resulting from IR,

while drugs that induce DNA interstrand cross-links (ICLs), such as nitrogen mus-

tard and cis-diamminedichloroplatinum(II) (cisplatin) and the topoisomerase I

inhibitor camptothecin, can generate DSBs indirectly. Exposure to the alkylating

agent methyl methanesulfonate (MMS) leads to DSBs when DNA replication forks

encounter alkylated bases (Holway et al., 2006).

In general, two main repair mechanisms are available to correct DNA DSBs in

eukaryotes. The HR repair process uses a DNA template on a sister chromatid or

homologous chromosome to provide error-free repair. In contrast, nonhomologous

end-joining (NHEJ) is an error-prone mechanism that directly joins broken DNA

ends together and may result in the addition or removal of nucleotides at the repair

site. Other DNA lesions affecting the germ line include ultraviolet (UV)-induced

cyclobutane pyrimidine dimers and (6–4) photoproducts (Derry et al., 2007;

Stergiou et al., 2007), which are mainly repaired by the nucleotide excision repair

pathway, and misincorporation of uracil into DNA that is corrected by base excision

repair (Dengg et al., 2006). These DNA lesions are distinct from DSBs, and their

effects can be genetically separated from DSB-induced apoptosis. In contrast, the

replication inhibitor hydroxyurea (HU) does not induce DNA lesions (at low doses),

but slows DNA polymerase processivity by nucleotide depletion to activate an

S-phase checkpoint.

DSB repair by HR depends on a series of nucleolytic processing events, the basic

knowledge of which is important to understand assay development. Following DSB

formation, broken ends are resected in a 50 to 30 direction to generate 30 single-
stranded DNA (ssDNA) overhangs (Mimitou and Symington, 2009), which are

coated by RPA1 (replication protein A1) molecules to initiate recruitment of the

ATR (ATM and Rad3-related) checkpoint kinase (Zou and Elledge, 2003). HR then

proceeds by replacing RPA1 with the RAD51 recombinase (Benson et al., 1994;

Ogawa et al., 1993). The resulting nucleoprotein filament invades an intact donor

DNA to form a D-loop structure, and is extended using the intact donor strand as a

template. Annealing of the 30 single-stranded tail of the second resected DNA end to

the displaced donor DNA strand (second-end capture) and DNA ligation lead to

the formation of a double Holliday junction (dHJ) intermediate (for review, see

McIlwraith and West, 2008). This dHJ must be resolved either through cleavage

by HJ-resolving enzymes or through ‘‘dissolution’’ by the combined activity of

the Bloom’s syndrome helicase and topoisomerase III (Ira et al., 2003; Wu and

Hickson, 2003). The worm GEN-1 homolog was recently identified and shown to

have HJ resolvase and checkpoint signaling functions (Bailly et al., 2010). HR is the

main form of DNA DSB repair in the worm germ line, presumably to ensure the

fidelity of genome transmission from one generation to the next (Clejan et al., 2006).

In contrast, NHEJ makes little or no contribution to germ line DSB repair, but has a

more prominent function in postmitotic somatic cells (Clejan et al., 2006).
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C. DNA Checkpoint Signaling in the C. elegans Germ Line
Following DNA damage, sensors initiate appropriate cellular responses including

DNA repair, cell cycle arrest, and apoptosis. The first mutations associated with

defects in IR-induced apoptosis in C. elegans were found to be defective in all of

these DNA damage responses and were mapped to the clk-2, mrt-2, and hus-1 loci

(Ahmed et al., 2001; Gartner et al., 2000; Hofmann et al., 2002). The clk-2 check-

point gene is functionally conserved in mammals and has also been implicated in

sensing misincorporation of uracil into DNA in C. elegans (Dengg et al., 2006).

Human CLK2 physically interacts with the ATR complex, is required for both the

DNA replication checkpoint and the DNA cross-link repair pathway (Collis and

Boulton, 2007), and may promote S-phase checkpoint activation by preventing

CHK-1 kinase degradation (Collis et al., 2007). mrt-2 and hus-1 are conserved in

mammals and yeasts, and the corresponding proteins form part of the conserved 9-1-

1 PCNA-like DNA sliding complex that associates with DSBs in vivo (Ahmed and

Hodgkin, 2000; Gartner et al., 2000; Hofmann et al., 2002).

Theworm homologs of themammalianATMandATR kinases (ATM-1 andATL-1)

have also been implicated in DNA damage checkpoint signaling (Garcia-Muse and

Boulton, 2005; Stergiou et al., 2007). They function as key DNA damage sensors and

aremutated in human genome instability syndromes. ATL-1 is required for checkpoint

responses to IR, UV, and replication stress, and is essential for germ cell development

(Garcia-Muse and Boulton, 2005; Stergiou et al., 2007). In contrast, worm ATM is

thought to play a minor role in the DNA damage checkpoint response, as atm-1

mutants are only partially defective in responding to IR (Lee et al., 2003; Stergiou

et al., 2007). The downstream checkpoint kinases chk-1 and chk-2 have distinct

functions in the C. elegans germ line (Kalogeropoulos et al., 2004; MacQueen and

Villeneuve, 2001). chk-1 has been implicated inmediating IR-induced cell cycle arrest

and apoptosis (Kalogeropoulos et al., 2004), and damage-induced CHK-1 phosphor-

ylation mediated by the ATM-1 and ATL-1 kinases correlates with kinase activation

(Kim et al., 2007). In contrast, chk-2 is needed for meiotic chromosome pairing and

also formediatingUV-triggered germ cell apoptosis, but not for the IR- and replication

stress-induced checkpoint responses (MacQueen and Villeneuve, 2001).
II. Assay Development
TheC. elegans germ line DDR involves the coordinated induction of DNA repair,

cell cycle arrest, and apoptotic processes, and a comprehensive panel of assays is

available to measure the effects of unrepaired DNA damage directly on worm germ

cells and also on the survival and development of embryos and F1 progeny. By

analyzing DDR mutants defective in DNA damage-induced apoptosis, we can dis-

tinguish DNA checkpoint and repair mutants from those specific to the apoptotic

response. In general, DNA checkpoint mutants exhibit less germ cell death than

wild-type worms, whereas DNA repair mutants tend to exhibit increased levels of

apoptosis (Gartner et al., 2000).
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The original Rad (radiation sensitive) survival assays were developed to measure

IR and UV sensitivity of C. elegans embryos (Hartman and Herman, 1982).

Subsequently, these radiation sensitivity assays were adapted to assess the sensitivity

of meiotic germ cells by scoring survival rates of the resulting F1 progeny (Gartner

et al., 2000, 2004). By varying assay conditions, we can now test damage sensitivity

of cells residing in distinct germ line compartments. In the L4 survival assay, damage

sensitivity of meiotic pachytene cells is determined by measuring the survival of

embryos produced 24–36 h after irradiation of L4 stage hermaphrodites (Fig. 3A).
assays. (A) Sensitivity of wild-type, mutant, and RNAi-treated L4 stage worms to IR. Percent survival of

) Sensitivity of wild-type and mutant L1 stage worms to IR. Number of living F1 offspring is shown.

mentation assay. L4 worms were irradiated with 90 Gy of IR, and dissected and analyzed 48 h later. Scale

is a single nucleus, which normally contains six chromosomes (N2). DDR mutants show numerous

mes upon irradiation (+IR). (D) RPA-1 and RAD-51 loading occurs in gen-1 (tm2940) mutants. RPA-1

wild-type and gen-1(tm2940)worms dissected for immunostaining 60 min after treatment (30 Gy). Scale

) reproduced from Bailly et al. (2010). (See color plate.)
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Significantly, these embryos are derived from pachytene cells that are arrested in the

G2 cell cycle stage for more than 10 h prior to completing meiosis and oogenesis. In

the more recently developed L1 survival assay (Bailly et al., 2010), the DNA damage

sensitivity of mitotic germ cells is evaluated by subjecting L1 larvae to genotoxic

agents and assaying for either sterility, by counting the number of worms in the

following generation (Fig. 3B), or slow development of the resulting progeny. It

should be noted that DDR mutants may be only defective in either the L1 or the L4

assay, for example, following IR, gen-1 (yp30) is only defective in the L1 assay

(Bailly et al., 2010). Although L1 and L4 survival assays show reduced DNA repair

capacity in mutants defective in HR genes, mutants affecting NHEJ pathway genes

such as cku-70, cku-80, and lig-4 exhibit weak or no radiation sensitivity. However,

NHEJ repair capacity can be measured by irradiating late-stage embryos and asses-

sing the extent of developmental retardation in subsequent developmental stages

(Clejan et al., 2006).While it is apparent that DNA end-joining ismainly used during

somatic development and HR provides the major DSB repair pathway in germ cells

(Clejan et al., 2006), recent evidence suggests both these pathways, as well as

synthesis-dependent strand annealing, occur in somatic cells (Pontier and

Tijsterman, 2009). The relative contribution of these pathways to repair a defined

DNA DSB introduced into the 18-nucleotide SceI restriction site can be assessed

using a reporter construct. This construct contains two nonfunctional copies of LacZ

that can be restored to a single functional copy by HR and synthesis-dependent

strand annealing events. These assays were developed by the Tijsterman lab and are

beyond the scope of this chapter (Pontier and Tijsterman, 2009). Furthermore, the

‘‘mutator phenotype’’ of mutations affecting DNA repair capacity can be assayed by

scoring the reversion rate of unc-58(e665) worms (Hodgkin et al., 1979) from an

‘‘uncoordinated’’ to awild-type or ‘‘coordinated’’ phenotype. In this assay, mutations

affecting mrt-2, hus-1, and clk-2 DDR genes cause an 8- to 15-fold increase in wild-

type revertants in an unc-58(e665) population (Harris et al., 2006).

Several assays can be used to measure germ cell apoptosis, and we will review the

advantages and disadvantages of some common methods. As C. elegans is trans-

parent, the most straightforward method to score germ cell apoptosis is to identify

cell corpses in live worms based on their distinct morphology, as seen using DIC

microscopy (Fig. 4) (Gumienny et al., 1999). DICmicroscopy of liveworms can also

identify DNA damage-induced G2-arrested cells with enlarged nuclei in the mitotic

zone (Fig. 5A). The first morphological sign of impending germ cell death is a

decrease in the refractivity of the cytoplasm that occurs alongside an increased

nuclear refractivity. In addition, a distinct boundary between dying cells and the

surrounding germ line becomes visible (Fig. 4.2; early corpse); soon thereafter both

nucleus and cytoplasm become increasingly refractile and start to blend with each

other until they resemble a flat round highly refractile disc (Fig. 4.3; corpse). After

about 10–30 min, this flat disc often becomes distorted and finally starts to disappear

(Fig. 4.4). In late-stage corpses, nuclei decrease in refractivity and start to accumu-

late granular structures at the rim (Fig. 4.5), finally vanishing within less than 1 h.
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Fig. 4 Morphology of apoptotic germ cell corpses visualized by DICmicroscopy. Example of massive

germ-cell death in meiotic pachytene cells of the germ line. The morphologies of (1) normal pachytene

meiotic prophase nuclei, and of (2) early-stage corpses, (3) mid-stage corpses, (4) late-stage corpses, and

(5) very late-stage corpses are indicated by arrows and inset figures.
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The morphology of apoptotic corpses and the kinetics of their disappearance is

similar between somatic and germ cells (Gartner et al., 2000). However, as germ

cells are only partially surrounded by plasma membrane, the first step in germ cell

death is the full cellularization of the apoptotic cell. Under conditions where massive

germ cell death occurs, corpses tend to accumulate next to each other (see Fig. 4). It

is possible to monitor the kinetics of apoptotic corpse formation and removal in live

animals using real-time imaging under DIC optics.

Apoptotic germ cells can also be detected by the TUNEL (TdT-mediated dUTP

nick end labeling) assay or by the high degree of DNA condensation that can be

visualized by 40,6-diamidino-2-phenylindole (DAPI) staining. However, both techni-

ques require fixation and are less sensitive than other methods as they only detect

late-stage corpses where chromatin has already started to condense. Steady-state

numbers of apoptotic cells can also be quantified in live animals by fluorescence

microscopy using dyes such as acridine orange (AO) and SYTO 12 (Gumienny et al.,

1999), both of which preferentially stain nucleic acids in the low-pH environment

associated with apoptotic corpses. A further assay introduced by the Barbara Conradt

lab makes use of the CED-1::GFP transgene. The CED-1 transmembrane receptor is

related to the human SREC scavenger receptor, and is expressed at the surface of

engulfing cells facing apoptotic corpses (Zhou et al., 2001). Therefore, CED-1::GFP

accumulates at the surface of somatic sheath cells when they surround apoptotic germ

cells during the engulfment process, and provides a highly sensitive method to

visualize early-stage germ cell apoptotic corpses that are often undetectable by

DIC optics. Although this method is very convenient, it is not suitable when large
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Fig. 5 Mitotic germ cell assays. (A) Representative pictures of wild-type mitotic germ lines with and

without IR treatment, visualized by DIC microscopy. The black arrow depicts a small nucleus of an

untreated wild-type germ line. The white arrow indicates an enlarged nucleus in an IR-treated wild-type

germ line. Numbers in each panel indicate the respective numbers of nuclei occurring within the first

50 mm from the distal tip cell. (B) gen-1(yp30)mutant worms fail to arrest at the G2 stage following DNA

damage. Wild type and gen-1(yp30) worms expressing Cyclin B1 fused to YFP (gift from Michael O.

Hengartner), unirradiated or irradiated (60 Gy IR) and assayed 8 h after treatment. (C) Representative

pictures of N2 wild type, mrt-2(e2663), and gen-1 mitotic germ lines with and without IR treatment

(60 Gy). Germ lines were dissected and stained with DAPI. Scale bar 10 mm. (D) gen-1mutant germ cells

fail to arrest in G2. Dissected germ lines were stained with the human Cdk1 phosphotyrosine-15 antibody

(Hachet et al., 2007) as a G2 marker (red) with and without IR treatment (60 Gy). (E) Phospho-Chk1

antibody staining 6 h after IR (60 Gy) treatment of the indicated genotypes. Scale bar is 10 mm. (A)–(E)

reproduced from (Bailly et al., 2010). (For interpretation of the references to color in this figure legend,

the reader is referred to the web version of this book.)
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numbers of cell deaths occur, as dilution of the CED-1::GFP signal among a large

number of dying cells makes detection of individual cells difficult. In addition, time-

lapse analyses indicate that some cells surrounded by CED-1::GFP may not continue

to form apoptotic corpses (Aymeric Bailly and Anton Gartner, unpublished). An

important consideration, especially when scoring apoptotic corpses by AO and SYTO

12 staining, and potentially also for CED-1::GFP use, is that corpse-like structures

might be necrotic instead of apoptotic cells. Thus, identification of apoptotic corpses

must be confirmed by their absence in ced-3 or ced-4 loss-of-function mutants.

The number of apoptotic germ cells detected in the gonad at any given time can be

affected by additional variables besides the proportion of germ cells that undergo

apoptosis. For example, the steady-state number of apoptotic cells is influenced by

changes in the rate of corpse engulfment, and it is important to investigate whether a

particular stimulus or mutant alters the frequency of apoptosis independently of

possible effects on engulfment. This issue can be addressed by using DIC micros-

copy to count the number of germ cell corpses that accumulate in the engulfment-

defective ced-1 background (Gumienny et al., 1999). However, it is important to note

that AO does not work in engulfment-defective mutants. It is therefore preferable to

monitor the kinetics of apoptotic germ cell corpse formation and removal directly by

performing time-lapse analysis. In addition, the rate at which corpses are generated

is theoretically determined not only by the rate of oogenic germ cell death but also by

the rate at which germ cells are produced. It is therefore important to examine the

rate of germ cell proliferation in parallel to apoptosis. Common methods to assess

proliferation include counting total germ cell number, analysis of the mitotic index,

or determining the rate of egg laying (Gartner et al., 2004). In general, given that

multiple variables can influence germ cell apoptosis, it is impossible to discriminate

among small differences in germ cell apoptosis frequency, as can be done for somatic

apoptotic death during development (Schwartz and Horvitz, 2007).

More recently, sophisticated tools have been developed to monitor molecular

changes associated with DNA repair, apoptosis, or cell cycle arrest in germ cells.

These include the development of antibodies against DNA repair and DNA check-

point signaling molecules that can be used to observe damage-induced proteins and

protein modifications, as well as changes in subcellular localization, in fixed worms

and in whole worm extracts. For instance, detection of a damage-activated phospho-

CEP-1 species with reduced mobility by immunoblotting whole worm extracts

(Gao et al., 2008) and increased induction of transcripts from the pro-apoptotic

CEP-1 target genes egl-1 and ced-13 can be quantified following damage

(Hofmann et al., 2002). It is now also possible to detect persistent DNA damage

resulting from reduced germ line DNA repair capacity by immunostaining for

components of DNA repair foci, such as RPA-1 and RAD-51 (Fig. 3D). This

technique parallels that of the widely used H2AX focus assay that detects persistent

DSBs in mammalian cells; however, to our best knowledge, no worm H2AX homo-

logue exists. As RPA-1 and RAD-51 are loaded onto ssDNA intermediates during an

early step in DSB processing, immunostaining germ cells for foci containing these
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proteins can identify DSBs in the initial processing stages. In addition, RPA-1 and

RAD-51 foci can be used as markers to detect ongoing meiotic recombination in

germ cells. Similarly, RPA1-dependent recruitment of ATL-1 to sites of processed

DSBs can be visualized using immunochemical reagents (Garcia-Muse andBoulton,

2005), and RPA-1-dependent nuclear translocation of WRN-1 (the Werner

Syndrome helicase) can be demonstrated cytologically following inhibition of

DNA replication (Lee et al., 2010). Further, DSB activation of the cell cycle check-

point kinase CHK-1 can be detected in worm germ cells using an antibody that

detects a conserved epitope surrounding human Chk1 phophoserine-345 (Khim

et al., 2001; Kim et al., 2007). In our hands, immunostaining for phospho-CHK1

has been most successful for assaying checkpoint activation in mitotic germ cells

(Fig. 5E). Finally, immunostaining worm germ lines with an antibody recognizing a

conserved phosphoepitope on worm NCC-1 protein (homologous to mammalian

Cdk1 tyrosine-15) can highlight cells undergoing G2 cell cycle arrest in the mitotic

zone of the germ line (Moser et al., 2009).

Importantly, with recent advances in obtaining stable expression of transgenes in

the germ line by bombardment-based transformation protocols (Green et al., 2008;

Praitis et al., 2001; Rieckher et al., 2009) and site-specific integration of transgenes

(Robert and Bessereau, 2007), direct visualization of checkpoint activation in live

worms is now possible by monitoring changes in the expression or subcellular

localization of fluorescently tagged proteins. For example, transgenic worms expres-

sing GFP–Histone 2B allow direct visualization of DNA, and this method is partic-

ularly useful for studying G2-arrest of germ cells in the mitotic compartment of the

germ line (Bailly, unpublished). The formation of DNA damage-induced HUS-1::

GFP and FAN-1::GFP foci can also be readily observed in DDR-mutant worms

(Hofmann et al., 2002; Kratz et al., 2010) after crossing into the appropriate strain

backgrounds. These transgenic strains are available from the C. elegans strain

collection (http://www.cbs.umn.edu/CGC/strains). In addition, ectopic expression

of Cyclin B1–YFP (a construct provided by the Hengartner lab) can be used to

directly visualize germ cells in G2 and early mitosis (Fig. 5B).

The availability of these new assays and reagents enables the development of more

sophisticated genetic screening regimes to identify and characterize novel DDR

pathway components in mutant worms. In addition, although a detailed functional

analysis of a candidate DDR gene is best done using a permanent chromosomal

mutation, in practice it is convenient to perform initial studies using posttranscriptional

gene silencing (PTGS) methods to inhibit candidate checkpoint gene function. Two

methods for obtaining PTGS are available for use in theC. elegans germ line: (1) RNA

interference (RNAi)-based methods, which deliver double-stranded RNA (dsRNA)

molecules that direct the degradation of corresponding target mRNAs (Fire et al.,

1998) and (2) transgene-mediated cosuppression, wherein a high-copy transgene array

elicits PTGS of the corresponding endogenous gene in the germ line (Dernburg et al.,

2000; Ketting and Plasterk, 2000). For gene silencing, dsRNA can be delivered to

C. elegans by avariety of routes, including injection and feeding (Timmons, 2006). For

the RNAi injection procedure, dsRNAs are produced by in vitro transcription and

http://www.cbs.umn.edu/CGC/strains
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annealing of the complementary RNA strands, and dsRNA is injected into either the

gonad or the body cavity of adult worms (Fire et al., 1998). In the RNAi feeding

procedure, the gene to be inactivated is cloned into an Escherichia coli vector that

allows inducible transcription of both DNA strands (Kamath et al., 2001). We have

found that delivery of RNAi by feeding is the most successful technique for inactivat-

ing DNA damage checkpoint genes (Anton Gartner, unpublished), and this method

can be scaled up in liquid cultures using a 96-well microtiter plate format to facilitate

genome-wide screening (Kamath et al., 2003; Lee et al., 2003). For cosuppression,

transgenes are not designed explicitly to express dsRNAs; rather, this technique

depends on inserting high levels of ectopic cDNA copies of a gene of interest into

germ cells, leading to silencing of both exogenous and endogenous genes.
III. Assays

A. Worm Preparation and Growth Conditions
All treatments are done under standard conditions using 60 mm � 15 mm petri

dishes containing 10 mL 1 � NGM, seeded with E. coli OP50 bacteria, unless

otherwise stated (Brenner, 1974). Seed plates at least 2 days before needed, and

dry on the bench (not in a humid box) at room temperature.
1.
 Prepare L1 larval-stage worms either by bleaching gravid adults (Stiernagle,

2006) or by filtration of asynchronous cultures.

1A. For bleaching, carry out a standard bleaching/washing protocol to obtain

embryos from gravid adult hermaphrodites. Briefly, wash worms off plates

using M9 buffer and collect in 15 mL falcon tubes. Sediment worms at

1000 rpm for 2 min. Replace supernatant with 10 mL freshly prepared

bleach solution. Incubate for 5–30 min with regular vortexing until the

majority of adult worms have broken up and released eggs. Note that bleach-

ing for too long will kill the embryos. Wash twice with M9 buffer to remove

the bleach solution. Resuspend worm eggs in 3–5 mL M9 buffer and incu-

bate on a shaker at room temperature for approximately 36 h. Embryos will

hatch and the resulting L1 stage larvae arrest through starvation.

1B. Alternatively, obtain a homogeneous population of L1 larvae by washing an

asynchronous worm population off plates using M9 buffer and filtering

through an 11 mm hydrophilic nylon net filter. For this, apply the worm

suspension to the filter and pipette up and down to facilitate passage of

worms through the filter. Only L1 larvae stage worms are small enough to

pass through.
N.B. Freshly starved plates contain mainly L1 larvae.
2.
 Count the number of L1 larvae in 10 mL of suspension on a microscope slide and

calculate the concentration (or density) of the L1 larvae suspension. Either treat
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L1 larvae with genotoxic agents as described below (see Section III.B) or plate

out, grow at 20 �C and treat at the L4 larval stage.
B. Treatment with Genotoxic Agents
Worm germ cell sensitivity to different types of DNA damage is assayed following

treatment with genotoxic agents applied at either the L1 stage or the L4 larval stage.
1. IR Sensitivity
Irradiate worms on plates with IR using a caesium-137 source. A standard dose

range is 0–120 Gy, and users are referred to their particular caesium-137 source

guide to determine IR dosage to animals on the plate.
2. UV Sensitivity
Irradiate worms on plates with UV-C using a XL-1000 Spectrolinker UV-C light

source. A standard dose range is 0–30 J/m2.
3. Sensitivity to Chemical Mutagens
1.
 Incubate worms for 12 h with 0–0.01% MMS or 0–300 mM Nitrogen

Mustard dissolved in M9 buffer. For treatment with cisplatin, incubate larvae

with 0.3 mM cisplatin dissolved in M9 buffer for 3 h (van Haaften et al.,

2006). For campothecin treatment, soak worms in 0.14 mM camptothecin

dissolved in M9 buffer for 2 h (van Haaften et al., 2006). Incubations require

gentle agitation on a rocker or shaker. Take care when handling these

mutagenic compounds. For all treatments, mock-treat control animals with

buffer only.
2.
 Plate out five worms per plate.
4. HU Sensitivity
1.
 A standard dose range of HU is 0–25 mM. For HU treatment, overlay each dish

(containing 10 mL NGM) with 0–250 mL of 1 M HU solution, made up to

250 mL final volume in M9 buffer. Spread this solution over the entire plate.

Cover plateswith lids and allow theHU solution to soak into plates overnight, and

use within 24 h. Alternatively, dissolve HU directly in autoclaved 1 � NGM

medium before pouring plates.
2.
 Pick at least 40 L1 or L4 larvae of each genotype onto a single HU plate. Excess

worms should be treated as somemay die due to low-level HU toxicity. If toxicity

is a problem, reduce the HU concentration or exposure time to obtain conditions

that are less harsh, but still elicit a damage response.
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C. Germ Line Proliferation Assays

1. Counting Total Germ Cell Number
1.
 Treat late L4 larval stage worms with genotoxic agents.
2.
 After 8–12 h, dissect worm gonads for DAPI staining. Transfer 10–20 worms

into 30 mL of 1 � egg salts buffer on a slide. Polylysine-coated SuperFrost1

slides (or uncoated SuperFrost1 Plus slides) should be used, as the internal

tissue released from the worms sticks best to positively charged slides (Thermo

Scientific). Add 2 mM levamisole to buffer to immobilize worms if necessary

(note that 0.2 mM levemisole is sufficient to immobilize worms, while keeping

them alive).
3.
 Use a pair of 25-gauge needles to quickly cut each worm, either in the posterior

bulb of the pharynx or near the anus. A successful cut will result in extrusion of

one of the two gonad arms; however, a nick will often only partially release the

gonad arm, which is not good for staining. Dissections must be performed

quickly, as dissected worms should spend no longer than 5 min in buffer prior

to fixation.
4.
 Allow dissected worms to settle briefly, and carefully remove 15 mL of the buffer

using a micropipette. Add 15 mL of formaldehyde fixing solution, and incubate

the gonads in fixing solution for 5–10 min.
5.
 Place a 22 mm � 40 mm coverslip on top of fixed worms. After 5–50 min, freeze

the slide coverslip side up in liquid nitrogen, using wooden pegs to handle the

slides. Alternatively, freeze the slide on an aluminum block precooled on dry ice.
6.
 After 20 s, crack the frozen coverslip off with a single downward slice of a razor

blade between the edge of the coverslip and the slide itself. This process is known

as ‘‘freeze-cracking.’’
7.
 Add DAPI to 5 mg/mL final concentration. Incubate for 5 min in the dark, then

rinse 2–3 times for 5 min in PBST, and mount in mounting solution. Cover with a

coverslip and seal edges with clear nail polish.
8.
 Select only intact, fully released germ lines for scoring. For consistent quantifi-

cation, count all mitotic germ cells within 50 mmof the distal tip cell in at least 10

germ lines of each genotype or treatment. The distal tip cell is found at the distal-

most tip of the mitotic germ line, and is characterized by its half moon-like shape.

N.B. It is also possible to DAPI stain whole worms, as previously described

(Shaham, 2006).
2. Determining Egg-Laying Rates
1.
 Pick 10 egg-laying 24 h post-L4 stage adult worms onto a seeded petri dish.
2.
 After 4–5 h, remove adult worms and use a dissection microscope to count the

number of eggs laid.

Egg� laying rate ¼ number of eggs

number of hours
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D. DNA Repair Assays
Assays to measure DNA repair capacity of germ cells from both wild-type and

DDR mutant worms include the Rad survival and chromosome fragmentation

assays, the unc-58 reversion assay, the NHEJ assay, and the more recent RPA-1

and RAD-51 foci assays.
1. Rad Survival Assay
It takes approximately 20 h for meiotic pachytene stage cells to mature and

become fertilized, and 48 h for mitotic germ cells to reach the same point

(Crittenden et al., 2006; Jaramillo-Lambert et al., 2007). It is therefore possible to

stage this assay in order to distinguish between the repair capacities of both germ cell

populations. The L4 assay measures the damage sensitivity of meiotic pachytene

cells by scoring for the survival of the F1 progeny (Fig. 3A). The L1 assay measures

the damage sensitivity of proliferative mitotic germ cells by scoring for sterility of

the adult worms, indicated by the number of surviving animals in the next generation

compared to wild-type controls (Fig. 3B) (Bailly et al., 2010). In addition, a recent

study describes a refinement of the L1 assay that involves scoring the developmental

delay or arrest as well as the sterility caused by treating L1 larvae with genotoxic

agents (MacKay et al., 2010).Worms are scored 2 days after treatment. At this stage,

all untreated worms are adult and contain fertile germ lines producing healthy

embryos. In contrast, depending on the dose of genotoxin applied, worms may arrest

at various larval stages or develop to sterile adult worms. Plotting the proportion of

L1/L2 arrested worms, L3/L4 arrested worms, sterile adult worms, and fertile adult

worms gives an estimate of damage-sensitivity when wild-type and mutant worms

are compared (MacKay et al., 2010). L1 larvae treated with UV, MMS, and ICL

agents will exhibit adult sterility and developmental delay or arrest phenotypes, with

developmental arrest at the L1/L2 being the most severe phenotype. Worms scored

as reaching only the L1/L2 or L3/L4 stages after 2 days tend to be permanently

developmentally arrested. In contrast, at doses commonly used, IR does not reduce

the developmental rate but instead leads to the sterility of the resulting adult animals.
L4 Survival Assay
1.
 Treat late-L4 larval worms with genotoxic agents, as described in Section III.B.
2.
 After 24 h, plate five P0 worms each onto 3 NGM plates containing a 1 cm

diameter bacterial lawn in the center of the dish for each strain. Experiments

are done in triplicate.
3.
 Remove adult worms after 10–12 h, and count the number of eggs laid using a

dissection microscope.
4.
 Count the number of hatched F1 larvae and dead embryos (= unhatched eggs) in

the F1 generation 24 h later using a dissection microscope. Calculate egg-laying

rate by combining the numbers of hatched larvae and dead embryos. In a typical
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experiment, the viability of wild-type animals is approximately 70% and 30%

after irradiation with 60 and 120 Gy, respectively. DDR-defectivemutants exhibit

decreased viability.

N.B.Waiting for 36 or up to 48 h could makeworm scoring easier. Scoring is also

easier if (1) freshly seeded plates are used, as embryos are then more visible, and

(2) only the center of the plate is seeded as then only a small area of the plate has

to be scored.

Percentage viability ¼ number of hatched larvae

½ðnumber of dead embryosÞ þ ðnumber of hatched larvaeÞ
L1 Survival Assay
1.
 Treat L1 larvae with genotoxic agents, as described in Section III.B.
2.
 For each strain, plate five L1 stage P0 worms each onto 3 NGM plates containing

a 1 cm diameter bacterial lawn in the center of the dish. Experiments are done in

triplicate.
3.
 Using a dissection microscope, count the number of living worms (post-L1 stage)

present in the F1 generation within 48 h of untreated wild-type P0 worms

reaching the L4 stage to determine the viability percentage (see L4 Survival

Assay).
L1 Developmental Arrest and Sterility Assay
1.
 Treat L1 larvae with genotoxic agents, as described in Section III.B.
2.
 For each strain, plate�100 P0 L1 stage worms each onto NGM plates containing

a 1 cm diameter bacterial lawn in the center of the dish.
3.
 Score worms after 2 days (�48–60 h), when control worms are fully fertile, by

determining the portion of F1 worms arrested in the L1 and L2 stages, the L3 and

L4 stages, and the adult stage. Examine the germ lines of adult worms for

developing oocytes to indicate whether they are sterile or fertile.
4.
 Present data in 100% stacked column format to assess the level of damage

sensitivity (for presentation details, see Fig. 3B (MacKay et al., 2010)).
2. Chromosome Fragmentation Assay
Measuring chromosome fragmentation can confirm whether DNA damage sen-

sitivity directly correlates with increased DNA double-strand breakage, as shown

previously (Clejan et al., 2006). Chromosome fragmentation can be directly studied

in late-stage oocytes that contain six pairs of highly condensed meiotic chromo-

somes that are readily visualized by DAPI staining. Although it should be possible to

stain extruded germ lines with DAPI for this assay (Saito et al., 2009), obtaining

intact germ lines containing oocytes in diakinesis requires a high level of skill, and it

may be easier to DAPI stain intact worms.
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1.
 Treat synchronized L4 larval worms with a DSB-inducing agent, as described in

Section III.B.
2.
 After 48 h, transfer worms to a watch glass containing 1 mL M9 buffer. Wash

3 � with M9 buffer to remove all external OP50 bacteria.
3.
 Remove M9 buffer and replace with 200 mL � 0.2 mg/mL DAPI in ethanol.

Incubate in the dark until all ethanol has evaporated.
4.
 Rehydrate in 1 mL M9 buffer for 1 h.
5.
 Remove buffer and mount worms in mounting solution. Cover with a coverslip

and seal edges with clear nail polish.
6.
 Count the number of diakinesis chromosomes and/or chromosome fragments in

20 nuclei for each treatment or genotype. Expect to score up to three nuclei per

germ line (Fig. 3C).

In wild-type worms, DNA damage is repaired and oocyte chromosomes

arrested in metaphase I appear as six intact condensed DAPI-stained structures;

fragmented chromosomes are observed in DNA repair mutants (Fig. 3C) (Bailly

et al., 2010; Clejan et al., 2006).
3. Mutator Assay
This assay measures defects in DNA repair capacity of DDR checkpoint mutants

by scoring for reversion of the mutant ‘‘uncoordinated’’ phenotype to a wild-type

phenotype, caused by spontaneous unc-58(e665) intra- and extragenic suppressor

mutations (consisting of long or short DNA deletions) (Harris et al., 2006).
1.
 Make the respective double mutants with unc-58(e665).
2.
 For each genotype to be tested, seed forty 9 cm plates with five unc-58(e665) L4

larvae.
3.
 Allow worms to grow until starved. (This may take a month.)
4.
 Transfer the agar from each 60 mm plate to a 90 mm 1 � NGMplate containing a

streak of OP50 bacteria to one side. Wild-type worms will crawl over to the OP50

streak.
5.
 After 3–4 days, score plates for worms with the wild-type phenotype, which

indicates the presence of suppressor mutations. If necessary, optimize experi-

mental conditions to obtain no more than one reversion per plate. For this, try

either plating fewer than five worms per dish or using more replicate plates for

each experiment.
6.
 Assess the frequency of spontaneous germ line mutations conferring suppression

of unc-58(e665) by first estimating the total number of worms on each plate, as

described previously (Harris et al., 2006).

Mutation frequency ¼ mean number of spontaneous mutations per plate

number of haploid genomes per plate

(Zalevsky et al., 1999). Present standard deviations for mean mutation frequen-

cies of replicates.
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4. NHEJ Repair Assay
This is an adaptation of the somatic cell DNA NHEJ repair assay (Clejan et al.,

2006) in which embryonic NHEJ capacity is measured by scoring the Slow Growth

(Gro) phenotype 48 h postirradiation.
1.
 Plate out L4 larvae and let them mature to fecund adults.
2.
 Transfer up to 20 well-fed young adults to a new plate and let them lay eggs for

1–2 h. Remove adults.
3.
 Allow eggs to develop for 3 h, and verify that late-stage embryos are synchro-

nized at the bean stage by DIC microscopy.
4.
 Treat with 0–100 Gy IR (see Section III.B.1).
5.
 After 48 h, count the number of worms that have reached the L4 stage. Mutants

defective in the NHEJ DNA repair pathway (e.g., cku-70/80, lig-4) show a

developmental delay, and larvae will not have reached the L4 stage within this

time frame. Calculate the percentage of irradiated worms reaching the L4 stage

relative to untreated controls.

Growth defective animals

¼ ðnumber irradiated animals at L4Þ=ðnumber all irradiated animalsÞ
ðnumber untreated animals at L4Þ=ðnumber all untreated animalsÞ
5. Damage Foci Assays
RPA-1 and RAD-51 foci assays can be used to assess whether DSBs are being

processed in worm germ lines.
RPA-1 Focus Formation
As RPA-1 is required for coating ssDNA resulting from resection of DSBs,

visualizing RPA-1 foci in germ line nuclei can reveal whether mutant genes are

implicated in early-stage DNA repair processes. For example, this assay has been

used to show that IR-dependent RPA-1 loading is not compromised in gen-1

(tm2940) worms (Bailly et al., 2010).
1.
 Treat L4 worms with genotoxic agent (see Section III.B).
2.
 Dissect and fix at time points from 0.5 to 48 h posttreatment (see Section III.

C.1: steps 2–6).
3.
 Immediately transfer the slide to 1:1 acetone:methanol mixture (at � 20 �C)
and incubate for at least 20 min.
4.
 Transfer slides into liquid nitrogen for at least 10 min (slides can be then stored

at -80 �C for 2–3 months).
5.
 Freeze-crack to remove the coverslip. Wash slide in PBSTx 3 times for 10 min

each to permeabilize tissue.
6.
 Remove Triton1 X-100 by washing in PBST 3 times for 10 min each.
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7.
 Incubate samples in blocking buffer (1% BSA in PBST) for 30 min at room

temperature.
8.
 Incubate samples with a 1/100 dilution of rat anti-RPA-1 antibody (Bailly et al.,

2010) in blocking buffer at 4 �C overnight. The Gartner or Koo laboratories may

be contacted for antibody availability (Lee et al., 2010). It is also hoped that

RPA-1::GFP transgenes expressed in the germ line will soon be generated.
9.
 Wash samples 3 times in PBST for 10 min each. Incubate with a 1/200 dilution

of FITC-labeled anti-rat secondary antibody in blocking buffer (containing

5 mg/mL DAPI to visualize DNA) for 1 h at room temperature in the dark.
10.
 Wash slides 3 times with PBST for 10 min each. Mount samples with a few

drops of mounting solution. Cover with a coverslip and seal edges with clear nail

polish.
11.
 Observe germ cells using fluorescence microscopy. In wild-type controls, RPA-

1 foci should be visible between 0.5 and 24 h after treatment and disappear by

48 h (Fig. 3D).
RAD-51 Focus Formation
RAD-51 foci indicate cells undergoing both processing of dsDNA breaks and

stalled replication forks, and can therefore highlight sites of persistent DNA damage

caused by a number of genotoxic agents in repair defective mutants (Alpi et al.,

2003; Bailly et al., 2010).

Follow method outlined in the section on RPA-1 Focus Formation: steps 1–7.
8.
 Incubate samples with a 1/200 dilution of rabbit anti-RAD-51 antibody (Gartner

laboratory reagent) in blocking buffer at 4 �C overnight. RAD-51 antibodies are

commercially available (SEQer antibodies).
9.
 Wash samples 3 times in PBST for 10 min each. Incubate with a 1/1000 dilution

of Cy3-labeled anti-rabbit secondary antibody in blocking buffer (containing

5 mg/mL DAPI to visualize DNA) for 1 h at room temperature in the dark. (The

fluorescent label used should be selected on the basis of which filters are

available to the individual researcher.)
10.
 Wash slides 3 times with PBST for 10 min each. Mount tissues in a few drops

of mounting solution. Cover with a coverslip, and seal edges with clear nail

polish.
11.
 Observe germ cells using fluorescence microscopy (600� to 1000� magnifi-

cation). In wild-type worms, RAD-51 foci should be visible 0.5–24 h after

treatment, and disappear by 48 h (Fig. 3D).
E. Apoptosis Assays
Germ cell apoptosis can be measured using a number of assays including direct

visualization by DIC optics, by AO staining, and by the CED-1::GFP engulfment

assay. To compare apoptotic responses in different mutant worm strains, first show
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that age-matched germ lines are of approximately equal size and proliferate at

similar rates (see Section III.C).

The following two treatment protocols should be used for a thorough investigation

of potential DDR mutants.

Method 1: Treat late L4 worms with a dose range of the genotoxic agent. Score

germ lines for apoptosis after 12, 24, and 36 h.

This method is easiest to perform, and high levels of germ cell death are generally

obtained. However, although corpses scored 12 h (and probably those scored 24 h)

after insult would have already been in meiotic prophase when damaged, those

scored at the 36 h time point would probably have been premeiotic at the time of

exposure. As these cells may have first undergone a transient arrest and recovery

before entering meiotic prophase, differences in the kinetics of damage recovery or

entry to meiosis could contribute to differences in levels of apoptosis between strains

and complicate the interpretation of results.

Method 2: Pick late-L4 worms, age for 24 h, then treat with a dose range of the

genotoxic agent. Score for apoptosis after 2, 4, 6, and 12 h.

This method generates more straightforward data, as apoptosis is directly scored

in cells that would all have been in the pachytene stage at the time of exposure.

However, considerably fewer numbers of apoptotic corpses are detected using this

method.

For both methods, score approximately 15 germ lines for each time point and for

each dose to achieve statistically significant results.
1. Visualization of Apoptotic Corpses by DIC Microscopy
Standard light microscopy can be used to count the number of germ cell corpses

that accumulate following a genotoxic insult.
1.
 Treat worms with genotoxic agents according to method 1 or 2 and analyze at the

recommended time points.
2.
 Transfer treated worms onto a slide covered with an agarose pad, and anesthetize

with 2 mM levamisole.
3.
 Observe germ lines under DIC optics and score apoptotic cells (Fig. 4).
2. Visualization of Apoptotic Corpses Using AO or SYTO 12
1.
 Treat worms with genotoxic agents according to method 1 or 2 and analyze after

the recommended time points.
2.
 Make up fresh AO staining solution (see Section IV), and add 0.5 mL to each

60 mm plate of worms.
3.
 Rotate plates to make sure that the staining solution is distributed evenly, and

incubate plates in the dark for approximately 1 h at room temperature.

Alternatively, incubate worms in a 33 mM aqueous solution of SYTO 12 for

4–5 h at 23 �C.
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4.
 Wash worms from plate using 1.5 mL M9 buffer and transfer to a 1.5 mL tube.

Sediment worms at 1000 rpm for 2 min and remove buffer by aspiration. Repeat

twice to wash worms.
5.
 Plate worms onto a new dish and incubate them in the dark for approximately

45 min.
6.
 Score worms with a fluorescence microscope within 1 h for the presence of

fluorescent bodies indicating cells undergoing apoptosis.

In wild-type animals, SYTO 12 has a granular cytoplasmic staining pattern in

mid- to late-stage oocytes and in embryos, and the posterior half-gonad typically

stains more brightly than the anterior half. SYTO 12 stains both corpses visible by

DIC optics as well as late-stage germ cell corpses, which cannot be scored by DIC

optics. Thus, the number of SYTO-positive germ cells is consistently higher than the

number of corpses observed by DIC optics.
3. Visualization of Apoptotic Corpses by Sheath Cell Engulfment
1.
 Cross candidate DDR mutants with the smIs34 (Pced-1ced-1::gfp) strain using

standard methodology.
2.
 Treat worms with genotoxic agents according to Method 2.
3.
 Transfer treated worms individually onto a slide covered with an agarose pad and

anesthetize with 2 mM levamisole.
4.
 Score worms with a fluorescence microscope. Representative images are avail-

able in Boulton et al., 2004).

Although this method is highly sensitive, it not suited for use in conditions where

high levels of cell death occurs, as the CED-1::GFP signal then appears diluted, thus

making detection of individual cells difficult. Furthermore, time-lapse analyses

indicate that some cells surrounded by CED-1::GFP may not end up forming

apoptotic corpses (Aymeric Bailly and Anton Gartner, unpublished data).
4. Induction of egl-1 Transcription Is an Apoptotic Marker
1.
 Synchronize worms and treat with genotoxic agents 24 h after the L4 stage.
2.
 Isolate total RNA 0.5–36 h postirradiation with Qiazol according to the manu-

facturer’s protocol, treat with DNAse I, and purify using an RNeasy kit.
3.
 For cDNA synthesis, reverse transcribe 500 ng purified total RNAwith 250 U of

MultiScribe Reverse Transcriptase using random hexameric primers (Qiagen).
4.
 Estimate relative amounts of egl-1 and ced-13 cDNAs by quantitative PCR

(qPCR) using a Quantitect kit (Qiagen) PCR kit, normalized to g-tubulin

(tbg-1). Use 1 mL of the reverse transcription reaction for qPCR with

MesaGreen Mix (Eurogentec) according to manufacturer’s recommendations

on an iCycler iQ5 (BioRad). Cycling conditions are 1 � (95 �C for 5 min) and

50 � (95 �C for 15 s, 60 �C for 20 s, 72 �C for 40 s). Fluorescence is measured

after each 72 �C step.
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Primer sequences are taken from Schumacher et al. (2005).
egl-1 primers:
50-TACTCCTCGTCTCAGGACTT-30
50-CATCGAAGTCATCGCACAT-30
ced-13 primers:
50-ACGGTGTTTGAGTTGCAAGC-30
50-GTCGTACAAGCGTGATGGAT-30
tbg-1 primers:
50-CGTCATCAGCCTGGTAGAACA-30
50-TGATGACTGTCCACGTTGGA-50
F. Cell Cycle Arrest Assays and Cytological Markers of Checkpoint Activation
A number of techniques can be used to assay DNA damage-induced cell cycle

arrest of germ cells of residing in the mitotic zone (Chin and Villeneuve, 2001;

Gartner et al., 2000), including direct visualization of enlarged G2-arrested cells

using DIC optics, DAPI staining of dissected germ lines, fluorescent microscopy of

Cyclin B1::YFP transgenic worms (wherein the nuclear accumulation of Cyclin B1

serves as a G2 and M phase marker), or by assaying for tyrosine-phosphorylated

CDK-1, which serves as a G2marker. In addition, ATR andATM localization to sites

of DNA damage has been used as a marker of checkpoint activation. These assays

have not yet been reproduced in our laboratory, and hencewe refer researchers to the

original publications (Garcia-Muse and Boulton, 2005; Lee et al., 2010).
1. Visualization by DIC Microscopy
Unlike meiotic pachytene cells, mitotic germ cells do not initiate a cell death

response to genotoxic insult, but rather undergo a transient cell cycle arrest at the G2/

M checkpoint. As G2-arrested germ cells stop dividing but continue to grow, they

can therefore be easily recognized on the basis of their relatively large size.
1.
 Treat worms and prepare for DIC microscopy according to Section III.E.1.
2.
 Score the distal-most premeiotic region of the germ line for widely spaced,

enlarged nuclei. For this, count the number of nuclei in all focal planes within

a defined field corresponding to an area 3.125 mm � 6.25 mm. Score five germ

lines for each genotype and treatment dose (Fig. 5A).
2. Visualization by DAPI Staining
In addition to highlighting G2-arrested nuclei, the DAPI staining procedure can

detect chromatin bridges and provide evidence for unequal mitotic chromosome

segregation in DDR mutants (Fig. 5C).

For method, see Section III.C.1.
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3. CDK-1 Phosphotyrosine Staining to Identify G2-Arrested Germ Cells
1.
 Treat L4 worms with genotoxic agent.
2.
 Dissect adult worms and freeze without fixing (Section III.C.1: steps 2–6).
3.
 Remove the coverslip and fix tissue in 100% methanol (at � 20 �C) for 10 min.

Wash with PBSTx buffer for 10 min to permeabilize, then twice with PBST for

10 min each to remove Triton1 X-100.
4.
 Block samples with blocking buffer (PBST, containing 0.5% BSA) for 30 min at

room temperature.
5.
 Incubate samples with a 1/100 dilution of antiphosphotyrosine-15 CDK-1 anti-

body in blocking buffer either at 4 �C overnight or for 1 h at room temperature.
6.
 Wash samples 3 times for 10 min with blocking buffer. Incubate with a 1/1000

dilution of Cy3-labeled anti-rabbit secondary antibody (N.B. The secondary

antibody may be labeled with an alternative fluorescent tag) in blocking solution

(containing 5 mg/mLDAPI for DNAvisualization) for 1 h at room temperature in

the dark.
7.
 Wash slides three times with PBST for 10 min each.
8.
 Mount tissues in a few drops of mounting solution. Cover with a coverslip and

seal edges with clear nail polish.
9.
 Observegermlinesusingfluorescencemicroscopy(600� to1000� magnification)

(Fig. 5D).
4. YFP::Cyclin B1 Transgenic Worm Assay
As Cyclin B1 accumulates in the G2 stage of the cell cycle, ectopic fluorescently

tagged Cyclin B1 can be used as a marker for G2-arrested cells in the mitotic zone of

the germ line. In practice, it can be difficult to see the YFP–Cyclin B1 signal in live

worms, so we recommend dissecting them.
1.
 Cross candidate DDR mutants with the opIs76(CYB-1::YFP) strain using stan-

dard methodology. WS2072 opIs76; unc-119(ed3) is available from the

Caenorhabditis Genetics Center.
2.
 Treat worms with genotoxic agents (see Section III.E, method 2).
3.
 Dissect and mount worms without fixation (Section III.C.1: steps 2–6).
4.
 Score G2-arrested cells using fluorescence microscopy to count YFP positive

cells (Fig. 5B).
G. Phospho-CHK-1 Staining Indicates Germ Cell Checkpoint Activation
Phospho-CHK-1 immunostaining identifies germ cells with damage-activated

checkpoints.

Follow method outlined in the section on RPA-1 Focus Formation: steps 1–7.
8.
 Incubate samples with a 1/50 dilution of rabbit anti-phospho-CHK-1 antibody

(Santa Cruz) in blocking buffer at 4 �C overnight.
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9.
 Wash samples 3 times in PBST for 10 min each. Incubate with a 1/1000

dilution of Cy3-labeled anti-rat secondary antibody in blocking buffer (con-

taining 5 mg/mL DAPI for DNAvisualization) for 1 h at room temperature in

the dark.
10.
 Wash slides 3 times with washing PBST for 10 min each. Mount tissues in a few

drops of mounting solution. Cover with a coverslip and seal edges with clear nail

polish.
11.
 Observe germ lines using fluorescence microscopy (Fig. 5E).
H. Using RNAi and Cosuppression to Inhibit the Function of Candidate Checkpoint Genes
We have found empirically that some genes respond more robustly to RNAi,

whereas others respond better to cosuppression (Boulton et al., 2002). As the reasons

for this are currently unknown, researchers particularly interested in investigating a

few specific candidate genes are encouraged to try both approaches. Similarly, we

have found that RNAi-mediated depletion works well for some genes including cep-

1, chk-1, and atl-1, while it is less effective for hus-1 andmrt-2, and does not work at

all for sir-2.1.
1. RNAi of Checkpoint Genes
In our hands, we find it easier to block mitotic proliferation arrest using RNAi

feeding than to block IR-induced apoptosis, and that therefore RNAi screening

methods are most suited to studying damage-induced germ line cell cycle arrest.

However, as an exception, RNAi-mediated knockdown of CEP-1works very well in

meiotic germ cells.
1.
 Using standard methodology, clone either cDNA or approximately 1 kb of a

genomic exon-rich sequence into the L4440 RNAi feeding vector, which allows

inducible transcription of both strands of the insert. Alternatively, clones may be

ordered individually or obtained as part of libraries covering the majority of the

genome from the MRC Geneservice, Ltd. (http://www.geneservice.co.uk/pro-

ducts/rnai/Celegans.jsp) or Open Biosystems. Two libraries have been depos-

ited with these companies: one from the Vidal laboratory and another from the

Ahringer laboratory. Transform into the HT115 E. coli strain (Kamath et al.,

2001).
2.
 Inoculate a single colony into 3 mL LB containing 100 mg/mL ampicillin and

15 mg/mL tetracycline. Incubate overnight at 37 �C, 220 rpm.
3.
 At this point, pour NGM plates supplemented with 1 mg/mL carbenicillin and

1 mM IPTG. Add carbenicillin and IPTG directly to 1 � NGM before pouring

plates (make sure the temperature of media is less than 65 �C before making

additions). Dry plates on the bench.
4.
 Add 50 mL overnight culture to 1.2 mL LB containing 100 mg/mL ampicillin,

and incubate at 37 �C, 220 rpm for roughly 4 h until OD600 nm � 0.6–1.

http://www.geneservice.co.uk/products/rnai/Celegans.jsp
http://www.geneservice.co.uk/products/rnai/Celegans.jsp
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5.
 Induce by adding IPTG to a final concentration of 1 or 6 mM, and incubate for

1 h.

We have previously found that using 1 mM IPTG versus 6 mM IPTG can

make a difference to knockdown efficiency. Although we routinely use 6 mM,

this concentration was ineffective at downregulating gen-1, and 1 mM IPTG

was successful. Incubation temperatures can also affect RNAi efficiency – try

15, 20, or 25 �C for optimization.
6.
 Seed 1 � NGM plates (containing 1 mg/mL carbenicillin and 1 mM IPTG) with

50 mL of induced bacterial suspension. Seeded plates containing RNAi expres-

sing bacterial suspension can be stored at 4 �C for use within 2 weeks.
7.
 Add approximately 3 P0 worms to each plate and incubate at 20 �C for 3–4 days.

Check the phenotype and grow on to second generation.
8.
 Transfer three early L4 stage F1 worms individually to 3 plates freshly seeded

with IPTG induced bacteria (see 4), and allowed to lay eggs for approximately

24 h.
9.
 Remove F1 worms and allow F2 larvae to develop to the L4 stage.
10.
 Treat with genotoxic agents and analyze for cell cycle arrest as described above

(see Section III.F).
For some open reading frames, a variation of the above protocol tends to givemore

robust and reproducible results. In some cases, the above protocol works better.

Carry out steps 1 and 2 (above).
3.
 Add 1 mL overnight culture to 20 mL LB containing 100 mg/mL ampicillin and

15 mg/mL tetracycline, and incubate at 37 �C, 220 rpm until OD600 nm = 1.
4.
 Add IPTG to 1 mM and incubate for 1 h at 37 �C, 220 rpm.
5.
 During this time, prepare L1 worms from a fresh asynchronously growing pop-

ulation in M9 buffer (see Section III.A; steps 1B-2).
6.
 Add�2000 L1 worms suspended in 2 mLM9 buffer to 5 mL of bacterial culture

(at OD600 nm = 1). Supplement with 1 mg/mL carbenicillin, 15 mg/mL tetracy-

cline, and 1 mM IPTG. Use a 50 mL tube to ensure good oxygenation.
7.
 Incubate at 20 �C, 180 rpm for 24 h.
8.
 Spin downworms and plate up to 100worms onto 1 � NGMplates supplemented

with 1 mg/mL carbenicillin and 1 mM IPTG.
9.
 Treat L4 worms with genotoxic agent and score the phenotype.

This protocol allows the analysis of F1 generation worms, which is useful for

studying essential genes.
2. Cosuppression of Checkpoint Genes
1.
 Amplify the promoter sequence and the first two exons of a target gene by PCR

using cDNA template.
2.
 Phenol–chloroform extract the PCR product and the rol-6 dominant negative

transformation marker (Dernburg et al., 2000).
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3.
 Coinject 50 ng/mL PCR product with an equal concentration of rol-6 transfor-

mation marker (Dernburg et al., 2000).
4.
 Select stable transformants according to standard procedures in the next 2 gen-

erations and analyze animals harboring the transgene array for the selected DDR

using appropriate assays.

This method has been used for genome-wide screens to identify DDR orthologs

and novel worm-specific genes (Boulton et al., 2002).
IV. Materials

A. Chemicals and Reagents
Acridine orange (AO)
Ampicillin
Campothecin (dissolve in 0.5% DMSO)
Carbenicillin
Cisplatin (dissolve in 0.9% NaCl; Platosin Pharmachemie BV)
40,6-Diamidino-2-phenylindole (DAPI)
DNase I
37% Formaldehyde solution
Hydroxyurea (HU)
Isopropyl b-D-1-thiogalactopyranoside (IPTG)
Levamisole
Methyl methanesulfonate (MMS)
MultiScribeTM reverse transcriptase (Applied Biosystems)
Nitrogen mustard
p-Phenylenediamine (PPD)
Quiazol (Quiagen)
RNeasy kit (Qiagen)
SYTO1 12 (Molecular Probes, Inc., S-7574)
Tetracycline
B. Antibodies
Anti-RPA-1 antibody (Gartner or Koo laboratory)
Anti-RAD-51 antibody (Gartner laboratory, or SEQerTM Antibodies, 2948.00.02)
PhosphoDetectTM anti-Cdk1(pTyr15) (Calbiochem, 219440)
Anti-Chk1(pSer345) (Santa Cruz, sc-17922)
Cy3- or FITC-labeled anti-rabbit secondary antibody (Jackson ImmunoResearch

Laboratories, Inc., 711-165-152 and 711-095-152, respectively)
FITC-labeled anti-rat secondary antibody (Jackson ImmunoResearch

Laboratories, Inc., 712-095-150)
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C. Buffers and Media
1 � NGM: 16 g/L agar, 3 g/L NaCl, 2.5 g/L Bacto-peptone, 1 mM CaCl2, 1 mM

MgSO4, 5 mg/mL cholesterol, 25 mM KPO4 pH 6.0.
Bleach solution: 1/10 dilution household bleach (5% hypochlorite solution), 0.5 M

NaOH.
Formaldehyde fixing solution: 2% formaldehyde in 1 � egg salts buffer, diluted

freshly from stock.
AO staining solution: 5 mL/mL of 10 mg/mL AO stock in M9 buffer. As AO is

light-sensitive, store stock solution in the dark.
M9 buffer: 3 g/L KH2PO4, 6 g/L Na2HPO4, 5 g/L NaCl, 1 mM MgSO4 (added

after autoclaving). Final pH should be 6.9–7.0.
1 � Egg Salts Buffer: 25 mMHEPES, pH 7.4, 0.118 M NaCl, 48 mMKCl, 2 mM

CaCl2, 2 mM MgCl2.
PBS: 140 mM NaCl, 3 mM KCl, 2 mM KH2PO4, 10 mM Na2HPO4.
PBST: PBS, 0.1% Tween-20.
PBSTx: PBS, 0.1% Triton1 X-100.
Blocking buffer: 1% bovine serum albumin (BSA) in PBST.
Mounting solution: 90% glycerol, 20 mM Tris pH 8.0, 1 mg/mL p-phenylenedia-

mine (PPD).
D. Kits and Equipment
11 mm hydrophilic nylon net filters, 47 mm (Cat. No. NY1104700, Millipore)
SuperFrost1 and SuperFrost1 Plus slides (Thermo Scientific)
RNeasy Mini kit (Qiagen)
QuantiTect SYBRGreen PCR kit (Qiagen)
MESAGREEN qPCRMix (Eurogentec S.A.) on an XL-1000 Spectrolinker UV-C

light source
iCycler iQ5 (BioRad Laboratories)
Cesium-137 or other IR source
V. Discussion
Over the past four decades since C. elegans was first introduced as a model

system (Brenner, 1974), the worm research community has produced a range of

invaluable resources such as a centralized strain depository, gene knockout mutant

collections, and genome-wide RNAi libraries. We predict that the C. elegans DNA

damage response field will benefit tremendously from new technology including

new immunochemical reagents and immunohistological techniques that will also be

made generally available.

Many assays are now available to investigate DDR pathways in the worm germ

line, and continuing to improve and adapt these assays in the light of new discoveries
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will facilitate a more comprehensive understanding of DDR processes.

Identification of both evolutionarily conserved and worm-specific DDR pathway

genes will add to our current knowledge of DNA damages responses and may be

relevant to the mechanistic understanding and treatment of human diseases.
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