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Abstract

Radiation-induced bystander effects (RIBE) refer to a unique process, in which factors released by 

irradiated cells or tissues exert effects on other parts of the animal not exposed to radiation, 

causing genomic instability, stress responses, and altered apoptosis or cell proliferation1–3. Despite 

important implications in radioprotection, radiation safety and radiotherapy, the molecular 

identities of RIBE factors and their mechanisms of action remain elusive. Here we use C. elegans 
as an animal model to study RIBE and have identified a cysteine protease CPR-4, a human 

cathepsin B homolog, as the first RIBE factor in nematodes. CPR-4 is secreted from animals 
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irradiated with ultraviolet (UV) or ionizing gamma rays (IR) and is the major factor in the 

conditioned medium that leads to inhibition of cell death and increased embryonic lethality in 

unirradiated animals. Moreover, CPR-4 causes these effects and stress response at unexposed sites 

distal to the irradiated tissue. The activity of CPR-4 is regulated by the p53 homolog cep-1 in 

response to radiation and CPR-4 appears to act through the insulin-like growth factor receptor, 

DAF-2, to exert RIBE. Our study provides critical insights into the elusive RIBE and will facilitate 

identification of additional RIBE factors and their mechanisms of action.

We tested whether C. elegans can serve as an animal model to study RIBE using UV 

radiation, because UV-induced damage in C. elegans is well characterized4. Wild-type (N2) 

animals cultured in the liquid S-Medium were irradiated with 100 J/m2 UV or sham-

irradiated. This UV dosage induced significant embryonic lethality (Extended Data Fig. 1a), 

which was exacerbated in cep-1(gk138) animals defective in the C. elegans p53 homolog 

CEP-1 that is involved in DNA damage repair4–6. The medium used to culture irradiated and 

sham-irradiated animals was called “UV conditioned medium” (UV-CM) and “UV control” 

(UV-Ctrl), respectively, and used to treat unexposed animals (Fig. 1a). N2 animals treated 

with UV-CM showed increased embryonic lethality compared with those treated with UV-

Ctrl (Extended Data Fig. 1b), indicating that UV-CM contains substances capable of 

inducing damage in unexposed animals. UV-CM also reduced germ cell death in 

ced-1(e1735) animals, which have many unengulfed apoptotic cells that sensitizes detection 

of apoptosis, in a manner dependent on the UV dosages (Fig. 1b), reaching maximal death 

inhibitory activity at 100 J/m2. These results are consistent with published reports that 

reduced apoptosis or increased survival of unexposed cells is one of the endpoints of 

RIBE3,7–9.

We probed the nature of RIBE factors by treating UV-CM with enzymes that destroy DNA, 

RNA or proteins. The apoptosis-inhibitory activity in UV-CM was resistant to treatment of 

DNase or RNase (Extended Data Fig. 2a, b), but obliterated by the Trypsin protease (Fig. 

1c), suggesting that the RIBE factors are proteins. UV-CM collected from cell-death 

defective ced-3(n2433) animals, germline-deficient glp-1(e2141) animals, or N2 animals fed 

with dead bacteria retained the death inhibitory activity (Extended Data Fig. 2c–f), 

indicating that the RIBE factors are unlikely factors generated by bacteria or byproducts of 

cell death induced by radiation and can be made without the germline.

Using 10 kD molecular weight cut-off filter units, we separated UV-CM into two fractions, 

one containing proteins likely larger than 10 kD and one with proteins smaller than 10 kD. 

The RIBE activity appeared in the > 10 kD fraction (Extended Data Fig. 3a), which were 

resolved on a SDS polyacrylamide gel (Fig. 1d). Protein bands unique to UV-CM were 

analyzed by mass-spectrometry, from which 19 proteins were identified (Fig. 1e; Extended 

Data Fig. 4 and Table 1).

We used RNA interference (RNAi) to examine if one of the 19 genes is responsible for 

RIBE. UV-CM from cpr-4 RNAi-treated animals displayed a greatly reduced RIBE activity, 

whereas UV-CM from animals treated with RNAi of other genes retained the RIBE activity 

(Extended Data Fig. 3b). cpr-4 encodes a homolog of the mammalian cathepsin B lysosomal 

protease, which is secreted to act as an extracellular protease10–12. Because a deletion 
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mutation (tm3718) in cpr-4, which removes one third of the CPR-4 protein (Extended Data 

Fig. 5a), obliterated the RIBE activity and a single-copy integrated transgene carrying a 

cpr-4 genomic fragment with a carboxyl terminal Flag tag (Pcpr-4::cpr-4::flag) restored 

RIBE to cpr-4(tm3718) animals (Fig. 2a), cpr-4 is required for this RIBE activity in UV-CM.

We examined whether CPR-4 is secreted into the medium upon UV irradiation. CPR-4::Flag 

was detected in UV-CM, but not in UV-Ctrl, from Pcpr-4::cpr-4::flag animals (Fig. 1f). 

Immunodepletion of CPR-4::Flag from UV-CM of Pcpr-4::cpr-4::flag; cpr-4(tm3718) 
animals abolished its RIBE activity (Extended Data Fig. 2g, h), confirming that secreted 

CPR-4 is the RIBE factor in UV-CM. Because UV-CM from cep-1(gk138) animals lost the 

RIBE activity (Fig. 2a) and UV-CM from cep-1(gk138); Pcpr-4::cpr-4::flag animals showed 

greatly reduced secretion of CPR-4::Flag (Extended Data Fig. 3c), the CPR-4-mediated 

RIBE are induced through a cep-1-dependent mechanism, like some reported p53-dependent 

RIBE in mammals3,13.

RIBE often refer to intra-animal bystander effects. We tested if localized UV irradiation 

(LUI) at the head of an animal might induce bystander effects in other areas of the animal 

not exposed to radiation (Fig. 3a). Using a stress-response reporter, Phsp-4::gfp (zcIs4), that 

also reacts to radiation14,15, we observed increased GFP expression in multiple unexposed 

regions of LUI-treated zcIs4 animals 24 hours post radiation, including strong GFP 

expression in the posterior region (Fig. 3b, c). This bystander response was strongest in L4 

larvae (Fig. 3d), but lost in cpr-4(tm3718) and cep-1(gk138) mutants (Fig. 3e; Extended 

Data Fig. 6a), indicating that both cpr-4 and cep-1 are required for intra-animal RIBE. LUI 

also led to increased embryonic lethality in unexposed progeny (Fig. 3a, f) and reduced germ 

cell death in nonirradiated posterior gonads in a cpr-4-dependent manner (Fig. 3a, g), 
indicating that LUI-induced intra-animal RIBE are similar to inter-animal RIBE induced by 

UV-CM and that CPR-4 is a bona fide RIBE factor.

CPR-4 and cathepsin B are highly conserved and have identical catalytic residues (Extended 

Data Fig. 5b), including the active-site Cysteine and a Histidine residue acting as a general 

base16. Using a cathepsin B-specific fluorogenic substrate, z-Arg-Arg-AMC, we detected a 

cathepsin B-like protease activity in UV-CM, but not in UV-Ctrl, from N2 animals (Fig. 2b). 

This activity was absent in UV-CM from cpr-4(tm3718) animals, greatly reduced in UV-CM 

from cep-1(gk138) animals, but restored in Pcpr-4::cpr-4::flag; cpr-4(tm3718) animals, 

confirming that CPR-4 confers this cathepsin B-like activity in UV-CM through a cep-1-
dependent mechanism.

We tested if recombinant CPR-4 recapitulated the RIBE activity. A truncated CPR-4 lacking 

its signal peptide (residues 1-15), tCPR-4, exhibited a similar protease activity to that of 

recombinant human cathepsin B (rhCTSB)(Extended Data Fig. 3d). Mutations altering the 

conserved catalytic residues, C109A and H281A, abolished the protease activity of tCPR-4 

(Fig. 2c), whereas a mutation (N301A) changing a non-catalytic residue did not affect 

tCPR-4 protease activity16. Like UV-CM from N2 animals, tCPR-4, tCPR-4(N301A), and 

rhCTSB reduced germ cell corpses (Fig. 2d; Extended Data Fig. 3e) and increased 

embryonic lethality (Extended Data Fig. 1c), whereas tCPR-4(H281A) and tCPR-4(C109A) 

failed to do so, indicating that the CPR-4 protease activity is critical for its RIBE activities.
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We tested conditioned medium from animals irradiated by a different radiation source, 

ionizing radiation (IR-CM), and its sham-irradiated control (IR-Ctrl). IR-CM from N2 or 

Pcpr-4::cpr-4::flag; cpr-4(tm3718) animals reduced germ cell corpses in ced-1(e1735) 
animals, whereas IR-CM from cpr-4(tm3718) or cep-1(gk138) animals had no such activity 

(Fig. 2e). Likewise, IR-CM, but not IR-Ctrl, from N2 animals caused increased embryonic 

lethality (Extended Data Fig. 1b) and contained a cathepsin B-like activity that was lost in 

IR-CM from cpr-4(tm3718) or cep-1(gk138) animals, but restored in Pcpr-4::cpr-4::flag; 
cpr-4(tm3718) animals (Fig. 2f). Moreover, secreted CPR-4::Flag was detected in IR-CM, 

but not in IR-Ctrl, from Pcpr-4::cpr-4::flag animals (Fig. 2g). Therefore, CPR-4 is a shared 

RIBE factor induced by different radiation sources.

Using quantitative RT-PCR analysis, we found that the transcription of the cpr-4 gene in N2 

animals was elevated by approximately 1.6 fold after UV or IR irradiation, compared with 

sham-irradiated controls (Fig. 2h). By contrast, cpr-4 transcription in cep-1(gk138) animals 

was not altered by either radiation. These results indicate that ionizing and non-ionizing 

radiation increases cpr-4 transcription through a CEP-1-dependent mechanism, leading to 

synthesis of more CPR-4 proteins and enhanced secretion of CPR-4.

Using a single-copy insertion transgene carrying a cpr-4 transcriptional fusion with green 

fluorescent protein (GFP) and a nuclear localization signal (Pcpr-4::nls::gfp), we examined 

when and where cpr-4 is expressed. In N2 animals, NLS::GFP expression was not detected 

in embryos, was observed in the intestine of early stage larvae (L1 to L3), peaked at the L4 

larval stage, and declined when animals entered the adulthood (Extended Data Fig. 7a–h, j). 

Similar spatiotemporal NLS::GFP expression patterns were observed in cep-1(gk138); 
Pcpr-4::nls::gfp animals (Extended Data Fig. 7i, j). When irradiated with UV, N2 animals, 

but not cep-1(gk138) animals carrying Pcpr-4::nls::gfp, showed elevated NLS::GFP 

expression (Extended Data Fig. 7k), confirming that radiation induces increased cpr-4 
transcription through a cep-1-dependent mechanism.

To investigate the effects of secreted CPR-4 in vivo, we generated transgenic 

Pmyo-2::CPR-4::mCherry animals expressing CPR-4::mCherry specifically in C. elegans 
pharynx under the control of the myo-2 gene promoter (Extended Data Fig. 8a). As expected 

of a secreted protein, CPR-4::mCherry was made in and secreted from the pharynx and 

taken up by cells in the whole body, including the phagocytic coelomocytes (arrowheads, 

Extended Data Fig. 8a). Removal of the CPR-4 signal peptide blocked tCPR-4::mCherry 

secretion from the pharynx in transgenic animals (Extended Data Fig. 8b). Like UV-CM, IR-

CM or LUI treatment, pharyngeal expression of CPR-4::mCherry increased embryonic 

lethality, decreased germ cell death, and in addition, caused substantial larval arrest 

(Extended Data Fig. 8c, d), which were not seen or greatly attenuated in animals expressing 

tCPR-4::mCherry or catalytically inactive CPR-4::mCherry proteins. These results from 

ectopic expression of CPR-4 provide further evidence to support a long-range signaling role 

of CPR-4 as a RIBE factor.

Given the various RIBE effects mediated by CPR-4, we investigated how CPR-4 influences 

unexposed cells or animals through examining genes that affect multiple cellular processes. 

The daf-2 gene, which encodes a C. elegans ortholog of the human insulin/IGF receptor and 
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regulates multiple signaling pathways17–20, was examined, as reduced daf-2 activity 

increases life span and stress resistance17,18 and decreases germ, muscle and neuronal cell 

death induced by genotoxic and hypoxic stresses19,20. Similarly, reduced daf-2 function by a 

temperature-sensitive mutation (e1370) decreased physiological germ cell death (Fig. 4a). 

Interestingly, purified tCPR-4 did not further reduce germ cell death in the ced-1(e1735); 
daf-2(e1370) mutant (Fig. 4a), suggesting that tCPR-4 and daf-2 act in the same pathway to 

affect germ cell death. Moreover, tCPR-4 did not reduce germ cell death in ced-1(e1735); 
pdk-1(sa680) animals, which are defective in the PDK-1 kinase, a key downstream signaling 

component of DAF-221, but could do so in daf-16(mu86) ced-1(e1735) animals, which lack 

DAF-1622,23, one of the major transcription factors acting downstream of DAF-2 (Extended 

Data Fig. 6b). We observed similar results using the LUI assays wherein inactivation of 

daf-2 and pdk-1, but not daf-16, prevented increased GFP expression from Phsp-4::gfp in the 

posterior unexposed regions (Fig. 3e and Extended Data Fig. 6a) and loss of daf-2 blocked 

increased embryonic lethality and reduced germ cell death in unexposed tissues (Fig. 3f, g). 

Because loss of daf-2 did not seem to affect the secretion of CPR-4 into UV-CM or the 

apoptosis-inhibitory activity of UV-CM (Extended Data Fig. 6c, d), these results support a 

model wherein the secreted CPR-4 acts through the DAF-2 insulin/IGF receptor and the 

PDK-1 kinase, but not the DAF-16 transcription factor, to exert RIBE in unexposed cells.

Because daf-2 also affects germ cell proliferation24,25, we examined if tCPR-4 treatment 

alters germ cell proliferation by scoring the number of nuclei in the germline mitotic 

region24. tCPR-4 treatment of N2 animals resulted in more germ cell nuclei and more 

metaphase nuclei in the mitotic zone (Fig. 4b), suggesting a stimulating effect. Reduced 

daf-2 activity or loss of cep-1 blocked increased germ cell proliferation induced by tCPR-4 

(Fig. 4b and Extended Data Fig. 6e), indicating that tCPR-4 promotes germ cell proliferation 

through DAF-2 and CEP-1.

RIBE is a major factor in determining the efficacy and success of radiotherapy in cancer 

treatment2,26,27, not only because it affects and causes damage in nonirradiated cells, but 

also because it can affect irradiated cells through paracrine signaling. Thus, identification of 

RIBE factors is a fundamental issue in cancer radiotherapy and radioprotection1. Using the 

C. elegans animal model, we identify CPR-4, a cathepsin B homolog, as the major RIBE 

factor that induces multiple, typical RIBE effects1,27, including apoptosis inhibition and 

increased cell proliferation, lethality, and stress response. In mammals, cathepsin B is 

secreted from lysosomes to exert extracellular activities, including regulation of apoptosis, 

and plays roles in neoplastic and inflammatory disease states28,29. Recent studies show that 

extracellular cathepsin B enhances breast cancer resistance to drug-induced apoptosis during 

chemotherapy30, which is consistent with our observations in C. elegans. We show that 

radiation increases cpr-4 transcription and CPR-4 protein production and secretion in C. 
elegans through a p53/CEP-1-dependent mechanism. The secreted CPR-4 then induces 

multiple RIBE responses, either directly or indirectly, through regulating the activity of the 

DAF-2 insulin/IGF receptor that is critical for multiple conserved signaling pathways, from 

aging, stress response, metabolism, to apoptosis17,18. Therefore, our study provides critical 

insights into the elusive RIBE phenomenon, not only on how it is generated and what the 

RIBE factor is, but also on how the RIBE factor impacts non-irradiated cells. This C. elegans 
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model will facilitate identification of additional RIBE factors and underlying mechanisms in 

worms and in other organisms.

Methods

Strains and culture conditions

We cultured C. elegans strains at 20°C using standard procedures31, unless otherwise 

noticed. We used the N2 Bristol strain as the wild-type strain. The following stains were 

used in the genetic analyses: LGI, cep-1(gk138), daf-16(mu86), ced-1(e1735); LGII, single 

copy insertion of Pcpr-4::cpr-4::flag32, single copy insertion of Pcpr-4::nls::gfp; LGIII, 

daf-2(e1370), glp-1(e2141); LGV, cpr-4(tm3718), zcIs4 (Phsp-4::gfp); LGX, pdk-1(sa680). 
Each single-copy insertion transgene was backcrossed at least four times with N2 animals 

before being used.

Irradiation

Adult animals grown on Nematode Growth Media (NGM) plates or in plastic tubes with 

liquid culture media were irradiated at room temperature using a UV-cross-linker or a Co60 

radiation source. The dosage of UV irradiation was 100 J/m2. The dosage of Co60 irradiation 

was 500 Gy at a dosage rate approximately 33.3 Gy/minute. Plates were returned to 20°C 

incubators immediately after irradiation. Plastic tubes were placed in a 20°C shaker after 

irradiation to generate conditioned medium. Sham-irradiated controls were used in all 

irradiation experiments.

Generation of conditioned medium from irradiated animals

C. elegans animals close to starving were washed off from three NGM plates (6 cm in 

diameter) and cultured for six days in 250 mL of S-Medium (100 mM NaCl, 5.8 mM 

K2HPO4, 44 mM KH2PO4, 0.013 mM cholesterol, 1 mM citric acid monohydrate, 9 mM tri-

potassium citrate monohydrate, 0.05 mM disodium EDTA, 0.025 mM FeSO4, 0.01 mM 

MnCl2, 0.01 mM ZnSO4, 0.001 mM CuSO4, 1.5 mM CaCl2, 3 mM MgSO4, 0.13 mM 

ampicillin, 0.007 mM streptomycin sulfate, 0.16 mM neomycin sulfate, and 0.02 mM 

Nystatin) using plentiful Escherichia coli strain HB101 as a food source. The animals were 

harvested by precipitation at 4°C for 10 minutes, which were mostly adults, and washed 

with S-Medium three times. We adjusted the animal density to approximately 2 animals/μL 

in S-Medium, transferred them to a quartz plate (with lid), and irradiated them using UV 

with the desired dosages or sham-irradiated. For IR irradiation, animals at the same density 

were transferred to 15 mL Corning centrifuge tubes and irradiated using 500 Gy IR or sham-

irradiated. The irradiated or sham-irradiated animals were washed with fresh S-Medium, 

transferred to 15 mL Corning centrifuge tubes in 6 mL S-Medium supplemented with the 

HB101 bacteria, and grown in a 20°C shaker for 24 hours with constant 200 rpm shaking. 

After that, we removed the animals and bacteria by centrifugation at 3000 rpm for 10min 

and filtrated the medium with a 0.22 μm filter unit to obtain conditioned medium. The 

conditioned medium was then concentrated by passing through a 10 kD ultrafiltration tube 

(Amicon Ultra-15, Millipore) and adjusted to 0.1 μg/μL total protein concentration using S-

Medium. To generate UV-CM and UV-Ctrl from Pcpr-4::cpr-4::flag; daf-2(e1730); 
cpr-4(tm3718) animals, starved plates containing the animals were chunked to 300 new 
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NGM plates, which were placed at 20°C for 2 days before being shifted to 25°C for one 

more day. UV-irradiated or sham-irradiated animals were grown in a 25°C shaker for 24 

hours to obtain UV-CM and UV-Ctrl.

Localized irradiation in C. elegans

C. elegans L4 larvae were mounted on an agarose pad (2%) with 10 nM Sodium Azide and 

irradiated at the head region using a Nikon A1 laser scanning confocal on an inverted Ti-E 

microscope with a 40x/0.9 NA Plan Apo Lambda objective lens. At installation, the 405 nm 

laser power, which is very close to the wavelength of UV, was measured at 23.32 mW at the 

fiber. Irradiation was performed using 60% 405 nm laser power at 512×512 with a pixel size 

of 0.58 micron × 0.58 micron for 2.2 microseconds/pixel. Using a Thor labs power meter 

(PM100D) and photosensor (S140C), we measured the power at the sample plane to be 

approximately 0.25–0.30 mW. This corresponds to approximately 0.75 – 0.89 mW/micron2 

at the sample. For sham-irradiation controls, a region slightly away from the animal on the 

agarose pad was irradiated. After irradiation, the animals were immediately rescued from the 

agarose pad and transferred to a regular NGM plate to recover at 20°C for 24 hours or at 

25°C for 20 hours (embryonic lethality assays) before being assayed for intra-animal 

bystander effects. Three assays were conducted to monitor intra-animal bystander effects in 

unexposed areas. They are germ cell corpse assays in the posterior gonads, embryonic 

lethality assays of the F1 progeny of irradiated animals, and Phsp-4::gfp stress response 

assays in the posterior region. For Phsp-4::gfp stress response assays, experiments using the 

daf-2(e1370ts) strains and corresponding control strains were performed at 25°C after LUI. 

For the embryonic lethality assays, after 20-hour recovery at 25°C, irradiated or sham-

irradiated animals were placed on NGM plates to lay eggs for 4 hours at 25°C and then 

transferred to new NGM plates. After two more transfers, the animals were discarded. The 

number of eggs that did not hatch (scored as dead eggs) and the number of eggs that 

developed into larvae were scored and used to determine the rate of embryonic lethality.

Formaldehyde-treated bacteria as the food source

HB101 bacteria were treated with 3.7% formaldehyde for 10 minutes, washed three times 

with S-medium, and collected by centrifugation. The death of bacteria was verified by 

spreading them on a plate with no antibiotics and observing no bacterial colony. The 

bacterial pellets were added to S-medium to grow worms.

RNA interference (RNAi) experiments

RNAi experiments were performed using a bacterial feeding protocol33. HT115 bacteria 

transformed with the pPD129.36-cpr-4 or the pPD129.36 plasmid were used in cpr-4 RNAi 

and control RNAi experiments, respectively. Bacterial clones used in other RNAi 

experiments are from an RNAi library purchased from ThermoFisher. To perform RNAi 

experiments in liquid culture, three NGM plates with RNAi bacteria were used to feed 30 

larval stage 4 (L4) N2 animals until the plates were almost starved. We then washed the 

animals off the plates and transferred them to glass flasks with 250 mL of S-Medium 

containing 0.5 mM Isopropyl β-D-1-thiogalactopyranoside (IPTG) and the RNAi bacteria 

and grew them for one more generation. The procedure to obtain conditioned medium is 

similar to that described above.
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Growing C. elegans animals in 96-well plates

HB101 bacteria were mixed with 100 μL conditioned medium (0.1 μg/μL) or 100 μL S-

Medium containing 2.8 μM of recombinant tCPR-4 proteins (wild-type or mutant) or 0.27 

μM recombinant human cathepsin B in a 96-well plate. Approximately 60 L4 larvae were 

transferred into each well of the plate. After being cultured in liquid media for 48 hours, 

these animals were scored for the numbers of germ cell corpses and mitotic nuclei.

Enzyme treatment of conditioned medium

The nature of the RIBE factor was analyzed by treating conditioned medium with different 

enzymes. 1 μL DNase (1 Unit/μL, QIAGEN), 1 μL RNase (100 μg/μL, QIAGEN) or 1 μL 

Trypsin (5μg/μL, Sigma) was mixed with 100 μL conditioned medium for 1 hour at 30°C. 

The treated or untreated conditioned medium was then used to culture ced-1(e1735) animals 

for 48 hours at 20°C in a 96-well plate.

Quantification of germ cell corpses

L4 animals were cultured in liquid media in a 96-well plate as described above. After 48 

hours, they were transferred to NGM plates and allowed to recover for 1 hour at 20°C. The 

animals were then anesthetized by 20 mM NaN3, mounted onto 2% agar pad, and scored 

under Nomarski optics. For transgenic animals expressing CPR-4 in the pharynx, L4 animals 

were grown on NGM plates for 24 hours at 20°C before they were scored for germ cell 

corpses. Only the posterior arms of intact gonads were scored. Blind tests were carried out in 

all germ cell corpse quantification experiments.

Quantification of mitotic nuclei

L4 animals treated with 2.8 μM of purified tCPR-4 proteins in liquid culture for 48 hours 

were transferred to NGM plates and allowed to recover for 1 hour at 20°C. They were then 

dissected to expose their gonads following the protocol described previously24. Dissected 

gonads were fixed and stained with DAPI34. The number of germ nuclei and the number of 

metaphase nuclei in the mitotic zone of each gonad were scored using a Zeiss Nomarski 

microscope with a DAPI filter24.

Quantification of the expression levels of cpr-4 through the GFP reporter

A single-copy insertion of the Pcpr-4::nls::gfp transgene32 was used to determine the 

expression levels of cpr-4 before and after irradiation. Middle stage L4 Pcpr-4::nls::gfp and 

cep-1(gk138); Pcpr-4::nls::gfp larvae were irradiated with 100 J/m2 UV and allowed to 

recover for 2 hours at 20°C before imaging. The GFP expression patterns of the animals 

were recorded by capturing images under Nomarski optics. The exposure times of all images 

were fixed at 100 ms. The intensity of GFP fluorescence in each animal was quantified using 

the Image J software (NIH). The expression levels of cpr-4 at different developmental stages 

(embryos, L1, L2, L3, L4 larvae, adults at 24 hours and 48 hours post L4) without 

irradiation were determined using the same method.
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Embryonic lethality and larval arrest assays

For embryonic lethality assays caused by direct irradiation, after irradiated with 100 J/m2 

UV or 500 Gy gamma ray, gravid adults were placed on NGM plates to lay eggs for 4 hours 

at 25°C and then removed from the plates. For embryonic lethality assays in liquid media, 

L4 larvae were cultured in conditioned medium or S-Medium containing the purified 

proteins at 20°C for 48 hours, transferred to fresh NGM plates from the liquid media, and 

allowed to lay eggs for 4 hours at 25°C, before the adult animals were removed. For 

embryonic lethality assays in transgenic animals expressing CPR-4 in the pharynx, 

transgenic gravid adults at 24 hours post L4 were placed on NGM plates to lay eggs for 4 

hours at 25°C and then removed from the plates. In all cases, after 24 hours at 25°C on 

NGM plates, the number of eggs that did not hatch (scored as dead eggs) and the number of 

eggs that developed into larvae were scored and used to determine the rate of embryonic 

lethality.

For the larval arrest assays, gravid transgenic adults were placed on NGM plates, control 

RNAi plates, or cpr-4 RNAi plates to lay eggs for 4 hours at 25°C. The number of transgenic 

larvae that hatched out was scored under the fluorescence stereoscope before the plates were 

returned to the 20°C incubator. After 3 days, the number of transgenic animals that did not 

enter the adult stages was scored and used to determine the rate of larval arrest.

Molecular biology

Full-length cpr-4 cDNA was amplified by polymerase chain reaction (PCR) from a C. 
elegans cDNA library. The signal peptide of CPR-4 is predicted using the SignalP 3.0 

Server35. To construct the pGEX4T-2-tCPR-4 plasmid, a cpr-4 cDNA fragment encoding 

residues 16-336 was PCR amplified from the full-length cpr-4 cDNA clone and subcloned 

into a modified pGEX4T-2 vector through its NdeI and XhoI sites, which has a PreScission 

Protease cleavage site LEVLFQGP inserted right after the GST coding sequence. To make 

the pGEX4T-2-tCPR-4(C109A), pGEX4T-2-tCPR-4(H281A) and pGEX4T-2-

tCPR-4(N301A) vectors, two-step PCR was used to generate the tCPR-4 cDNA fragment 

carrying the indicated mutation, which was subcloned into the same modified pGEX4T-2 

vector through its NdeI and XhoI sites. To construct Pmyo-2::CPR-4::mCherry, 

Pmyo-2::tCPR-4::mCherry, Pmyo-2::CPR-4(C109A)::mCherry, 

Pmyo-2::CPR-4(H281A)::mCherry, and Pmyo-2::CPR-4(N301A)::mCherry expression 

vectors, the cDNA fragments encoding full-length CPR-4(C109A), CPR-4 (H281A) and 

CPR-4 (N301A) were first generated using a two-step PCR method. The DNA fragments 

encoding CPR-4::mCherry, tCPR-4::mCherry, CPR-4(C109A)::mCherry, 

CPR-4(H281A)::mCherry and CPR-4(N301A)::mCherry were similarly PCR amplified and 

subcloned into a modified pCFJ90 vector (Addgene) through its NheI sites.

To make the plasmid pCFJ151-Pcpr-4::cpr-4::flag for generating the single copy integrated 

transgene, a cpr-4 genomic fragment (Pcpr-4::cpr-4::utr), containing 4018 bp of the cpr-4 
promoter sequence, 1196 bp of the cpr-4 genomic coding sequence, and 2267 bp of the cpr-4 
3′ untranslated region (UTR), was excised from a fosmid WRM0619bH11 through 

digestion with PmlI and BssHII and then subcloned into a modified pCFJ151 plasmid 

through its BssHII site and a blunted AvrII site. This Pcpr-4::cpr-4::utr genomic fragment 
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was then excised from the plasmid through AflII and NheI digestion and subcloned into a 

plasmid pSL1190 through its AflII and NheI sites. A Flag tag (DYKDDDDK) was inserted 

immediately after the cpr-4 coding region through the QuickChange method. The modified 

Pcpr-4::cpr-4::flag::utr genomic fragment was subcloned back to pCFJ151 through its AflII 
and NheI sites to obtain the plasmid pCFJ151-Pcpr-4::cpr-4::flag.

To construct the plasmid pSL1190-Pcpr-4::nls::gfp for single copy insertion, a 4114 bp 

fragment containing the cpr-4 promoter and the first 58 bp of the cpr-4 coding region, a 1767 

bp fragment containing the NLS::GFP coding sequence and the unc-54 3′UTR, a 1337 bp 

upstream homologous recombination fragment of the LGII Mos I site (ttTi5605) and a 1418 

bp downstream homologous recombination fragment of the LGII MosI site were ligated into 

the pSL1190 plasmid backbone through its PstI and BamHI sites using the Gibson ligation 

method.

To construct the plasmid for cpr-4 RNAi, full-length cpr-4 cDNA fragment was PCR 

amplified and subcloned into the pPD129.36 vector through its Nhe I and Xho I sites. All 

clones generated were confirmed by DNA sequencing.

Transgenic animals

Transgenic animals were generated using the standard protocol36. 

Pmyo-2::CPR-4::mCherry, Pmyo-2::tCPR-4::mCherry, Pmyo-2::CPR-4(C109A)::mCherry, 

Pmyo-2::CPR-4(H281A)::mCherry, or Pmyo-2::CPR-4(N301A)::mCherry was injected into 

ced-1(e1735); cpr-4(tm3718) animals at 20 ng/μL (for quantification of germ cell corpses) or 

2 ng/μL (for embryonic lethality and larval arrest assays) along with the pTG96 plasmid (at 

20 ng/μL) as a co-injection marker. The pTG96 plasmid contains a sur-5::gfp translational 

fusion that is expressed in many cells and in most developmental stages37. Single-copy 

insertion Pcpr-4::cpr-4::flag transgene and Pcpr-4::nls::gfp transgene were generated using a 

method described previously32.

Immunoblotting detection of secreted CPR-4::Flag

Conditioned medium derived from irradiated N2, Pcpr-4::cpr-4::flag, Pcpr-4::cpr-4::flag; 
cpr-4(tm3178), cep-1(gk138); Pcpr-4::cpr-4::flag, or Pcpr-4::cpr-4::flag; 
daf-2(e1370);cpr-4(tm3178) animals was concentrated using a 10 kD molecular weight cut-

off (MWCO) centrifugal filter column (1 μg/μL final protein concentration). Concentrated 

conditioned media were resolved on a 12% SDS polyacrylamide gel (SDS-PAGE) and 

transferred to a PVDF membrane. Secreted CPR-4::Flag was detected using a monoclonal 

antibody to the Flag tag (Sigma, catalog number F3165, 1:2000 dilution) and a goat-anti-

mouse secondary antibody conjugated with horseradish peroxidase (HRP, Bio-Rad, catalog 

number 1705047, 1:5000 dilution).

CPR-4::Flag depletion

UV-CM or UV-Ctrl derived from Pcpr-4::cpr-4::flag; cpr-4(tm3718) animals were incubated 

with 20 μL bed volume anti-Flag M2 affinity gel (Sigma, catalog number A2220) overnight 

at 4°C on a rotary shaker. The anti-Flag beads were spun down by centrifugation at 10,000 

Peng et al. Page 10

Nature. Author manuscript; available in PMC 2018 April 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



rpm for 2 minutes and the supernatant was collected and used as anti-Flag-depleted 

conditioned medium.

Protein expression and purification

tCPR-4 or mutant tCPR-4 proteins (C109A, H281A, or N301A) were expressed in the 

Escherichia coli strain BL21(DE3) with a N-terminal GST tag and a C-terminal His6-tag. 

The soluble fraction of bacteria was purified using a Glutathione Sepharose column (GE 

Healthcare, catalog number 17-0756-01) and cleaved by the PreScission Protease at room 

temperature for 2 hours to remove the GST tag. The proteins were then affinity purified 

using a Ni2+ Sepharose column (GE Healthcare, catalog number 17-5268-01) and eluted 

from the column with 250 mM imidazole. Purified proteins were concentrated using 5 kD 

MWCO centrifugal filter units to approximately 200 ng/μL final concentration and dialyzed 

twice using a dialysis buffer containing 25 mM Tris-HCl (pH 8.0), 100 mM NaCl, 1mM 

DTT and 10%(v/v) glycerol at 4°C for 4~6 hours with magnetic stirring. Insoluble 

aggregates after dialysis were removed by high-speed centrifugation. The proteins were then 

diluted to 100 ng/μL final concentration with the dialysis buffer and stored at -80°C in 

aliquots. The concentrations of purified proteins were determined by anti-His6 

immunoblotting, using tCPR-4-His6 with a known concentration as a normalizing control.

Mass spectroscopy analysis

The protein bands of interests excised from the silver-stained gels were destained by 1% 

potassium ferricyanide and 1.6% sodium thiosulfate, subjected to reduction and alkylation 

by 10 mM DTT and 55 mM iodoacetamide in 25 mM NH4HCO3, and then in-gel digested 

with trypsin (20 μg/mL in 25 mM NH4HCO3) at 37 °C for 16 hours. The reaction products 

were analyzed with liquid chromatography tandem mass spectrometry (LC-MS/MS) using a 

linear ion trap mass spectrometer (LTQ-Orbitrap, Thermo Fisher). Samples were loaded 

across a trap column (Zorbax 300SB-C18, 0.3 × 5 mm, Agilent Technologies) and peptides 

were separated on an analytical column (capillary RP18 column, Synergy hydro-RP, 2.5 μm, 

0.075 × 100 mm, packed in house) with a gradient of 2–95% HPLC buffer (99.9% 

acetonitrile containing 0.1% formic acid) in 75 minutes. For the MS analysis, we used a 

data-dependent procedure that alternated between one MS scan and six MS/MS scans for the 

six most abundant precursor ions. The resulting spectra were used in searches of the 

sprot_20140416 database (selected for Caenorhabditis elegans, 3466 entries) assuming the 

digestion enzyme trypsin. The MASCOT search engine (http://www.matrixscience.com; v.

2.2.2 Matrix Science) was used, allowing two missing cleavage sites with charge states from 

2+ to 3+. The parent ion mass tolerance was set to 10 ppm and the fragment ion mass 

tolerance was set to 0.5 Da for both fix modification (carbamidomethylation of cysteine) and 

variable modifications (acetylation at protein N-terminal, oxidation of methionine, and Gln 

change to pyro-Glu). The DAT files produced by Mascot Daemon were subjected to search 

using Scaffold 3 search engine (v.3.06.01; http://www.proteomesoftware.com). Protein 

identification is accepted if protein probability is > 95%, containing at least two peptides 

with peptide prophet algorithm probability > 95%.
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Measurement of protease activity in vitro

The CPR-4 enzymatic assays were performed following the method described previously 

with some modifications38. The cathepsin B-specific fluorogenic substrate, Z-Arg-Arg-7-

amido-4-methylcoumarin hydrochloride (z-Arg-Arg-AMC; Peptanova, catalog number 

88937-61-5), was dissolved in 2 × reaction buffer, containing 25 mM Tris-HCl (pH 8.0), 100 

mM NaCl, 10% (v/v) Glycerol, 0.8 mM Sodium Acetate (pH6.0), and 8 mM EDTA. For the 

assays, 10 μL of proteins (100 ng/μL) or 10 μL of conditioned medium (100 ng/μL) were 

incubated with 10 μL of 20 μM z-Arg-Arg-AMC at 25°C for 10 minutes before measuring 

the luminescence. Enzymatic activities were determined as the mean velocities at 25°C in a 

dual luminescence fluorometer EnVision (Perkin-Elmer) at an excitation wavelength of 380 

nm and an emission wavelength of 460 nm, and expressed as relative intensity in kilo 

relative fluorescence unit (kRFU). Recombinant human cathepsin B (rhCTSB; Sino 

Biological Inc., catalog number 10483-H08H-10) was dissolved in a buffer recommended by 

the manufacturer [25 mM Tris-HCl (pH 8.0), 100 mM NaCl, 10% (v/v) glycerol, 5mM DTT, 

and 0.1% Triton-X]. The buffer control unique to the CPR-4 proteins or the rhCTSB protein, 

or the sham-irradiated conditioned medium, was also measured using the same procedures. 

S-Medium was used in each experiment as the background control.

Quantitative RT-PCR analysis of the cpr-4 transcriptional levels

N2 and cep-1(gk138) L4 larvae were transferred to fresh NGM plates and cultured at 20°C 

for 24 hours. Two hours after they were subjected to 100 J/m2 UV or 500 Gy gamma ray 

irradiation or sham-irradiation, they were lysed for total RNA extraction using the RNAiso 

kit (TaKaRa, catalog number 9108). Isolated total RNAs were used as templates in reverse 

transcription (RT) using the ImProm-II™ Reverse Transcription System (Promega, catalog 

number A3800) to obtain the first strand cDNA according to manufacturer’s instructions.

Quantitative PCR analysis was carried out using a Bio-Rad CFX96 Touch real-time PCR 

detection system using the iTaq™ SYBR® Green Supermix with ROX (Bio-Rad, catalog 

number 1725151). Each PCR reaction contained 12.5 μL of the Bio-Rad supermix solution, 

50 nM of forward and reverse primers, and 5 μL cDNA (150 ng/μL) in a final volume of 25 

μL. Amplifications were performed in real-time PCR tubes (Bio-Rad, catalog number 

TLS0851) placed in the 96-well of the real-time PCR detection system. The cycling 

conditions were as follows: 95°C for 3 minutes for denaturation, followed by 50 cycles of 20 

seconds at 95°C, 30 seconds at 60°C, and 20 seconds at 72°C. Melting curve analysis was 

performed after the final cycle to examine the specificity of primers in each reaction. PCR 

reactions were run in triplicate and three independent experiments were performed. The 

transcription of pmp-3 was used as the internal reference due to its unusually stable 

expression levels in adults39. The data were analyzed by the Livak method. The primers to 

detect cpr-4 are 5′-TCGGAAAGAAGGTCTCCCAGAT-3′ (forward primer) and 5′-

GGTAGAAGTCCTCGTAGACAGTGAAT-3′ (reverse primer). The primers to detect 

pmp-3 are 5′-GTTCCCGTGTTCATCACTCAT-3′ (forward primer) and 5′-

ACACCGTCGAGAAGCTGTAGA-3′ (reverse primer).
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Data availability

The uncropped versions of the blots are provided as Supplementary Figure 1 in 

Supplementary Information (SI). The majority of the raw data for the figures and tables 

presented in this paper are also provided in SI. The other data that support the findings of 

this study are available from the corresponding author upon reasonable request.

Extended Data

Extended Data Figure 1. Conditioned medium generated from UV or ionizing irradiation (IR) 
and purified tCPR-4 proteins cause embryonic lethality
a, The embryonic lethality rate of wild type (N2) or cep-1(gk138) animals after 100 J/m2 

UV irradiation or 500 Gy IR compared with sham-irradiation controls. b, N2 animals were 

used to generate UV-CM, UV-control, IR-CM and IR-control, which were used to treat 

unexposed N2 animals in the embryonic lethality assays (Methods). c, 2.8 μM of 

recombinant tCPR-4 proteins (wild-type or mutant), 0.27 μM recombinant human Cathepsin 

B (rhCTSB), or the buffer control were used to treat N2 animals in the embryonic lethality 

assays. Total numbers of embryos scored: 1781, 805, 1249, 2645, 596, and 1862 embryos, 

from the left bar to the right bar in a; 2721, 2484, 880, and 743, from left to right in b; and 

979, 875, 929, 939, 907, and 777, from left to right in c. Six independent assays (a, UV-Ctrl 

and UV-CM in b) and three independent assays (IR-Ctrl and IR-CM in b, c) were performed 

for each condition. Data are mean ± s.e.m. **P <0.01, ***P <0.001, “ns” is non-significant, 

two-sided, unpaired t test.
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Extended Data Figure 2. Characterization of the nature and the source of the RIBE factors
a, b, Treatment of UV-CM and UV-Ctrl collected from N2 animals irradiated at 100 J/m2 

with RNase (1μg/μL) or DNase (0.01 Unit/μL) did not alter the apoptosis-inhibitory effect 

on ced-1(e1735) animals (Methods). Germ cell corpses were scored after 48-hour treatment 

of ced-1(e1735) L4 larvae. c, e, f, g, ced-1(e1735) L4 larvae were treated with UV-CM and 

UV-control (0.1 μg/μL) prepared from ced-3(n2433) animals (c), glp-1(e2141ts) animals 

grown at 25°C (e), N2 animals fed with formaldehyde-treated HB101 bacteria (f), and 

Pcpr-4::cpr-4::flag; cpr-4(tm3718) animals with or without anti-Flag depletion (g), 

respectively. Data are mean ± s.e.m. The numbers of gonad arms scored are indicated inside 

the bars (a–c, e–g). ** P < 0.01, *** P <0.001, “ns”, non-significant, two-sided, unpaired t 
test. d, Representative differential interference contrast (DIC) images (at least 10) of N2 and 

glp-1(e2141) adult animals grown at 25°C. The gonads of the N2 animal with multiple 

oocytes and fertilized eggs are outlined with dash lines. glp-1(e2141) animal had no visible 

germline. Scale bars indicate 100 μm. h, Immunoblotting analysis of secreted CPR-4::Flag 

in UV-CM and UV-Ctrl prepared from Pcpr-4::cpr-4::flag; cpr-4(tm3718) animals with or 

without anti-Flag depletion treatment. For gel source data, see Supplementary Fig. 1.
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Extended Data Figure 3. Identification of CPR-4 as the RIBE factor
a, Full medium, >10 kD fraction, and <10 kD fraction of UV-CM and UV-Ctrl derived from 

N2 animals were used to treat ced-1(e1735) animals in germ cell corpse assays as in Fig. 1b. 

Data are mean ± s.e.m. The numbers of gonad arms scored are indicated inside the bars. b, 
Identification of CPR-4 as the RIBE factor through the RNAi screen. UV-Ctrl and UV-CM 

prepared from RNAi-treated animals were used to treat ced-1(e1735) animals. The number 

of germ cell corpse decrease (y axis) was calculated by subtracting the number of average 

germ cell corpses under UV-Ctrl treatment from that under UV-CM treatment. Among the 

candidate genes, RNAi of eft-3, ubq-2 and act-1 caused strong embryonic lethality and we 

were unable to obtain their UV-CM. RNAi of his-1, his-4 and his-71 caused partial 

embryonic lethality. 20 gonad arms were scored in each RNAi experiment. c, Secretion of 

CPR-4::Flag into UV-CM was greatly reduced in irradiated cep-1(gk138) animals carrying a 

single copy integration of Pcpr-4::cpr-4::flag compared with that from irradiated N2 animals 

carrying the same Pcpr-4::cpr-4::flag transgene. Concentrated UV-CM or UV-control (1 μg/

μL) from the indicated strains was subjected to the immunoblotting analysis using an 

antibody to the Flag epitope. d, The protease activity of 0.27 μM recombinant human 

Cathepsin B (rhCTSB) or 2.8 μM recombinant tCPR-4 protein was measured as in Fig. 2b. 

Data are mean ± s.e.m. (n= 6 in each assay). e, 0.27 μM of rhCTSB or the buffer control 

were used to treat ced-1(e1735) animals. Animals cultured in the rhCTSB buffer grew 

slower than in the tCPR-4 buffer and had less germ cell corpses. Data are mean ± s.e.m. (n= 

21 in each assay). Germ cell corpses were scored after 48 hour treatment (a, b, e). *** P 
<0.001, “ns”, non-significant, two-sided, unpaired t test (a, e). For gel source data, see 

Supplementary Fig. 1.
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Extended Data Figure 4. Representative MS/MS spectra from LTQ-Orbitrap used to confirm the 
identity of CPR-4 in UV-CM
a, Tryptic peptides of protein band 6 in the SDS PAGE gel (Fig. 1d) were analyzed by LC-

MS/MS using LTQ-Orbitrap. The amino acid sequences of peptides identified by MS/MS 

analysis and matched to the amino acid sequences of CPR-4 are underlined and in Red. b, 
The MS/MS spectra of the two peptides identified in a are shown. The assignments of the 

fragmented ions observed to specific amino acid residues were performed using the Scaffold 

3 search engine, and the search results are shown below the MS/MS spectra. The lower case 

“c” indicates the carbamidomethyl-modified cysteine residue in the tryptic peptide.
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Extended Data Figure 5. The cpr-4 deletion mutation and sequence alignment of human and 
mouse cathepsin B and CPR-4
a, A schematic representation of the cpr-4 gene structure and the tm3718 deletion. Exons are 

depicted as blue boxes and introns and the untranslated region as lines. The red box indicates 

the region of cpr-4 removed by the 406 bp tm3718 deletion. The green box indicates a 12 bp 

insertion. b, Sequence alignment of human cathepsin B, mouse cathepsin B, and CPR-4. 

Residues that are identical in all three proteins are shaded in pink. The two catalytic residues 

are shaded in green, which are the active-site Cysteine residue that serves as a nucleophile 

and the Histidine residue that acts as a general base to facilitate hydrolysis of the peptide 

bonds of the substrates16, respectively.
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Extended Data Figure 6. Analysis of the roles of additional genes in mediating RIBE
a, Localized UV irradiation assays. Animals of the indicated genotype were analyzed for the 

bystander Phsp-4::gfp response 24 hours post localized irradiation at the head region as 

described in Fig. 3. Data are mean ± s.e.m. The numbers of animals scored are indicated 

inside the bars. b, Germ cell corpse assays after tCPR-4 treatment. 2.8 μM recombinant 

tCPR-4 protein or buffer control was used to treat L4 larvae of the indicated genotype as 

described in Fig. 4a. Data are mean ± s.e.m. The numbers of gonad arms scored are 

indicated inside the bars. c, Immunoblotting analysis of secreted CPR-4::Flag in UV-CM 

and UV-Ctrl from Pcpr-4::cpr-4::flag; daf-2(e1730); cpr-4(tm3718) animals was done as in 

Fig. 1f. d, Germ cell corpse assays. ced-1(e1735) L4 larvae were treated with UV-CM and 

UV-control (0.1 μg/μL) prepared from c. Data are mean ± s.e.m. The numbers of gonad arms 

scored are indicated inside the bars. e, Germ cell proliferation assays. N2 and cep-1(gk138) 
L4 larvae were treated in S-Medium containing 2.8 μM of recombinant tCPR-4 or buffer 

control for 48 hours. The numbers of nuclei and metaphase nuclei in the mitotic zone of the 
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germline were scored (Methods). Data are mean ± s.e.m. In a, b, d, e, * P <0.05, ** P < 

0.01, *** P < 0.001, “ns”, non-significant, two-sided, unpaired t test. For gel source data, see 

Supplementary Fig. 1.

Extended Data Figure 7. The expression patterns of cpr-4 in C. elegans
a–g, i, Representative GFP and DIC images (at least 15 each) of N2 animals (a–g) or 

cep-1(gk138) animals (i) carrying a single-copy integration of Pcpr-4::nls::gfp at the 

indicated developmental stages. Arrows point to the embryo and the L1 larva that showed no 

or very dim GFP (a, b). Scale bar, 100 μm. h, Representative DIC, GFP, and DIC/GFP 
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merged images (at least 15) of a L4 larva carrying the same Pcpr-4::nls::gfp transgene (left 

column) and corresponding 10-fold magnified images showing GFP expression in intestinal 

cells (right column). GFP was seen mostly in the nuclei (indicated by arrows). Scale bars, 

100 μm (left) and 10 μm (right), respectively. j, The intensity of GFP fluorescence in 

Pcpr-4::nls::gfp and cep-1(gk138); Pcpr-4::nls::gfp animals at different developmental stages 

was quantified using the Image J software. Data are mean ± s.e.m. n= 28, 28, 24, 31, 30, 33, 

52, 52, 19, 28, 52, 52, 24, and 25 animals scored, from the left bar to the right bar, 

respectively. The significance of difference between two different strains at the same 

developmental stage was determined by two-sided, unpaired t test. ** P < 0.01, ***P < 

0.001, “ns”, non-significant. k, Quantification of GFP intensity in N2 and cep-1(gk138) 
animals carrying the same single-copy Pcpr-4::nls::gfp transgene irradiated by UV or sham-

irradiated using Image J. Data are mean ± s.e.m. n= 38, 37, 32, and 30 animals scored, from 

the left bar to the right bar, respectively. The significance of difference between different 

conditions was determined by two-sided, unpaired t test. *** P <0.001, “ns”, non-

significant.
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Extended Data Figure 8. Pharyngeal expression of CPR-4 results in embryonic lethality, larval 
arrest, and reduced germ cell death
a, b, Representative DIC and mCherry images (at least 10) of adult animals with pharyngeal 

expression of CPR-4::mCherry (a) and tCPR-4::mCherry (b). White dash lines highlight the 

edge of the pharynx. Arrowheads indicate cells, including coelomocytes, that had taken up 

CPR-4::mCherry (a), which was made in and secreted from the pharynx and transported to 

other parts of the animal, probably through the pseudocoelom, a fluid-filled body cavity. The 

enlarged images of two pairs of posterior cells with weak fluorescence (indicated by color 

arrowheads) are shown in dash boxes with corresponding colors. Scale bars, 100 μm. c, The 

percentages of embryonic lethality and larval arrest were scored in embryos or larvae 

carrying Pmyo-2::CPR-4::mCherry (wild-type or mutant) or Pmyo-2::tCPR-4::mCherry 

transgenes. Three independent transgenic lines were scored for each construct. The number 

of newly hatched transgenic L1 larvae scored and the number of transgenic embryos scored 
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are indicated in parentheses. The increased larval arrest seen in Pmyo-2::CPR-4::mCherry 

transgenic animals was blocked when transgenic animals were treated with cpr-4 RNAi 

(Extended Data Table 2), indicating that reducing cpr-4 expression prevents larval arrest. All 

animals carry the ced-1(e1735) and cpr-4(tm3718) mutations (a–c). d, Quantification of 

germ cell corpses in transgenic animals. L4 ced-1(e1735); cpr-4(tm3718) animals carrying 

the indicated transgenes were grown on regular NGM plates for 24 hours before 

examination. Data are mean ± s.e.m. The numbers of gonad arms scored are indicated inside 

the bars. The significance of difference between transgenic and non-transgenic animals was 

determined by one-way analysis of variance (ANOVA). *** P < 0.001, “ns”, non-significant.

Extended Data Table 1

A summary of peptide identification information in bands 1–10 by LC-MS/MS analysis 

using LTQ-Orbitrap.

Band No. Protein name Gene name Protein ID probability
No. of 
unique 

peptides

Percentage 
of sequence 

coverage

1 Not determined

2 Putative serine protease K12H4.7 K12H4.7 99.80% 2 5.29%

Elongation factor 1-alpha eft-3 99.80% 2 4.10%

3 Putative serine protease K12H4.7 K12H4.7 100.00% 3 7.65%

Putative phospholipase B-like 1 Y37D8A.2 100.00% 2 5.78%

4 Aspartic protease 6 asp-6 100.00% 4 19.00%

5 Cathepsin B-like cysteine 
proteinase 4

cpr-4 100.00% 3 11.30%

Muscle M-line assembly protein 
unc-89

unc-89 99.90% 2 0.24%

Uncharacterized serine 
carboxypeptidase F13S12.6

F13D12.6 99.80% 2 4.41%

Aspartic protease 6 asp-6 99.80% 2 10.80%

6 Aspartic protease 6 asp-6 100.00% 6 19.00%

Uncharacterized serine 
carboxypeptidase K10B2.2

K10B2.2 100.00% 3 7.66%

DNA repair protein rad-50 rad-50 99.80% 2 0.92%

Cathepsin B-like cysteine 
proteinase 4

cpr-4 99.80% 2 8.36%

7 Actin-1 act-1 100.00% 7 18.40%

Histone H4 his-1 100.00% 5 41.70%

Elongation factor 1-alpha eft-3 100.00% 3 6.26%

Superoxide dismutase [Cu-Zn] sod-1 100.00% 3 23.30%

14-3-3-like protein 1 par-5 99.80% 2 7.26%

Histone H3.3 type 1 his-71 100.00% 2 10.30%

Ubiquitin-60S ribosomal protein 
L40

ubq-2 99.80% 2 11.70%

Histone H2B 2 his-4 99.80% 2 13.00%
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Band No. Protein name Gene name Protein ID probability
No. of 
unique 

peptides

Percentage 
of sequence 

coverage

8 Uncharacterized serine 
carboxypeptidase F13S12.6

F13D12.6 100.00% 5 10.40%

Fatty-acid and retinol-binding 
protein 2

far-2 100.00% 3 17.00%

UPF0375 protein C08F11.11 C08F11.11 100.00% 3 36.00%

Actin-1 act-1 99.90% 2 7.45%

RutC family protein C23G10.2 C23G10.2 99.80% 2 13.50%

9 Aspartic protease 6 asp-6 100.00% 3 11.60%

Uncharacterized serine 
carboxypeptidase F13S12.6

F13D12.6 99.70% 2 4.85%

Cathepsin B-like cysteine 
proteinase 4

cpr-4 99.70% 2 8.36%

10 Aspartic protease 6 asp-6 100.00% 4 9.77%

Uncharacterized serine 
carboxypeptidase F13S12.6

F13D12.6 99.80% 2 4.85%

Cathepsin B-like cysteine 
proteinase 4

cpr-4 99.80% 2 10.40%

Histone H4 his-1 99.80% 2 17.50%

Extended Data Table 2

cpr-4 RNAi treatment of Pmyo-2::CPR-4::mCherry transgenic animals. All strains contain 

the ced-1(e1735) and cpr-4(tm3718) mutations. RNAi experiments were carried out using a 

bacteria-feeding protocol40. Larval arrest was scored as described in Methods.

Genotype Larval arrest (%) n

Control RNAi 0% 150

cpr-4 RNAi 0% 150

Ex[Pmyo-2::CPR-4::mCherry]#1; Control RNAi 9% 135

Ex[Pmyo-2::CPR-4::mCherry]#2; Control RNAi 7% 172

Ex[Pmyo-2::CPR-4::mCherry] #1; cpr-4 RNAi 1% 136

Ex[Pmyo-2::CPR-4::mCherry] #2; cpr-4 RNAi 1% 163

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Identification of the RIBE factor
a, Schematic presentation of the RIBE assay in C. elegans (Methods). b, c, ced-1(e1735) L4 

larvae were cultured in UV-CM from N2 animals irradiated at the indicated dosage (b) or 

UV-CM (100 J/m2) treated with Trypsin protease (50 ng/μL)(c). Germ cell corpses were 

scored after 48 hours. Data are mean ± s.e.m. The numbers of gonad arms scored are 

indicated inside the bars. * P <0.05, ** P <0.01, *** P <0.001, “ns”, non-significant, two-

sided, unpaired t test. d, e, Mass spectrometry analysis. Concentrated >10 kD UV-CM and 

UV-Ctrl fractions were resolved on SDS polyacrylamide gel (PAGE) and silver stained (d). 

Protein identities in bands unique to UV-CM (marked by numbers) are shown (e). f, 
CPR-4::Flag was secreted into UV-CM from Pcpr-4::cpr-4::flag animals. UV-CM and UV-

Ctrl (1 μg/μL) were resolved on SDS PAGE and detected by immunoblotting (IB). For gel 

source data, see Supplementary Fig. 1.
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Figure 2. CPR-4 is a RIBE factor
a, d, e, Conditioned medium (0.1 μg/μL) from the indicated strains (a, e) or 2.8 μM of 

recombinant tCPR-4 proteins (d) were used to treat ced-1(e1735) animals as in Fig. 1b. b, c, 

f, Protease activity of conditioned medium (0.1 μg/μL) from the indicated strains (b, f) or 2.8 

μM tCPR-4 proteins (c). Immunoblotting image of tCPR-4 proteins is below c. g, 
CPR-4::Flag was secreted into IR-CM from Pcpr-4::cpr-4::flag animals. IR-CM and IR-Ctrl 

(1 μg/μL) resolved on SDS PAGE were detected by immunoblotting. h, Relative cpr-4 
mRNA levels (fold change) in the indicated strains were determined by quantitative RT-

PCR, compared to those of sham-irradiated samples (Ctrl). Data are mean ± s.e.m. (a–f, h). 

The numbers of gonad arms scored are indicated inside the bars (a, d, e) and n=6 in each 

group for other assays (b, c, f, h); *** P <0.001, “ns”, non-significant, two-sided, unpaired t 
test (a, d, e, h). For gel source data, see Supplementary Fig. 1.
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Figure 3. CPR-4 and DAF-2 mediate RIBE in a localized UV irradiation (LUI) model
a, Schematic presentation of an intra-animal model to assay RIBE. The pharyngeal area of 

the animal was irradiated and RIBE were analyzed in three unexposed areas as indicated 

(Methods). b, c, Representative images (at least 20) of Phsp-4::gfp animals with or without 

LUI. Animal tails to the upper right. Scale bars, 50 μm. d, Assays of the Phsp-4::gfp 
response to LUI at different developmental stages. e-g, The indicated strains were analyzed 

for the Phsp-4::gfp response (e), F1 embryonic lethality (f), and germ cell corpses in 

posterior gonads (g) 24 hours post LUI. Some experiments in e and all in f were done at 

25°C. Data are mean ± s.e.m. The numbers of animals (d, e), plates with embryos (f), or 

gonad arms (g) scored are indicated inside the bars. * P <0.05, ** P <0.01, *** P <0.001, 

“ns”, non-significant, two-sided, unpaired t test (d–g).
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Figure 4. CPR-4 acts through DAF-2 to exert RIBE
a, b, L4 larvae of the indicated strains were treated with 2.8 μM of tCPR-4 or buffer control 

for 48 hours. Data are mean ± s.e.m. The numbers of gonad arms scored are indicated inside 

the bars. ** P <0.01, *** P <0.001, “ns”, non-significant, two-sided, unpaired t test.
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