Somatic niche cells regulate the CEP-1/p53-mediated DNA damage response in
primordial germ cells
One sentence summary: The CEP-1/p53-mediated DNA damage response in primordial
germ cells is controlled by the translation initiation factor IFE-4/eIF4E2 in somatic niche
cells through FGF-like signaling.
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Genome integrity in primordial germ cells (PGCs) is a prerequisite for fertility and
species maintenance. In C. elegans, PGCs require global-genome nucleotide excision
repair (GG-NER) to remove UV-induced DNA lesions. Failure to remove the lesions
leads to the activation of the C. elegans p53, CEP-1, resulting in mitotic arrest of the
PGCs. We show that the eIF4E2 translation initiation factor IFE-4 in somatic gonad
precursor (SGP) niche cells regulates the CEP-1/p53-mediated DNA damage
response (DDR) in PGCs. We determine that the IFE-4 translation target EGL15/FGFR regulates the non-cell-autonomous DDR that is mediated via FGF-like
signaling. Using hair follicle stem cells as paradigm, we demonstrate that the
eIF4E2-mediated niche cell regulation of the p53 response in stem cells is highly
conserved in mammals. We thus reveal that the somatic niche regulates the CEP1/p53-mediated DNA damage checkpoint in PGCs. Our data suggest that the
somatic niche impacts the stability of heritable genomes.
1

The genome is constantly challenged by exogenous and endogenous genotoxic attacks.
Specialized DNA repair systems recognize and remove the lesions and are essential for
genome integrity (Jackson and Bartek, 2009). DNA damage checkpoints respond to the
presence of DNA damage by halting cell cycle progression until the damage is repaired or
induce programmed cell death or cellular senescence (Bartek and Lukas, 2007). As germ
cells carry the genetic information throughout the generations, their genome integrity is
of paramount importance for the maintenance of a species. Particularly the primordial
germ cells (PGCs) require a high degree of genome stability, as they give rise to all germ
cells and thus to all progeny. DNA damage that causes replication blockade poses a
deleterious threat to rapidly proliferating PGCs, leading to depletion of germ cells and
ultimately compromising fertility (Luo et al., 2014). Despite their significance, the genome
surveillance mechanisms in the PGCs are yet poorly understood. The earliest C. elegans
larval stage L1 contains two PGCs, the Z2 and Z3 cells, that are surrounded by two flanking
somatic gonad precursors (SGPs), called Z1 and Z4. The PGCs remain proliferatively
quiescent until the L1 animal receives nutritional cues (Fukuyama et al., 2006; Sulston et
al., 1983). The relative simplicity of the nematode’s primordial germline thus provides an
experimentally accessible in vivo system to investigate PGC biology. Moreover, the distinct
DNA damage responses in germline and somatic tissues are particularly well
characterized in C. elegans. Conserved DNA damage checkpoints function specifically in
the germline to arrest mitotically dividing cells or to eliminate meiotic pachytene cells
(Gartner et al., 2000). The p53 homolog, CEP-1, transcriptionally induces the BH3-only
domain proteins EGL-1 and CED-13 to execute the apoptotic program in pachytene cells
in the presence of DNA damage (Derry et al., 2001; Hofmann et al., 2002; Schumacher et
al., 2001; 2005b). In the mitotic cell cycle arrest, CEP-1/p53 responds to specific types of
DNA damage, such as UV-induced lesions, but is dispensable for the cell cycle arrest upon
ionizing radiation (IR). During embryogenesis, DNA damage checkpoints are switched off
as cells terminally differentiate to form somatic tissues (Gartner et al., 2000).
UV-induced DNA lesions distort the double helix structure and are removed by the
nucleotide excision repair (NER) pathway (Hoeijmakers, 2001). Global-genome (GG-)
NER surveys the entire genome for helix-distorting lesions, while the transcriptioncoupled (TC-) NER branch only recognizes the lesions on the actively transcribed strand.
In humans, mutations in GG-NER genes such as the damage recognition factor XPC lead to
the skin cancer susceptibility disorder Xeroderma pigmentosum (XP), while CSA or CSB
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mutations cause developmental growth retardation and premature aging in Cockayne
syndrome (CS) patients (Cleaver et al., 2009). The distinct consequences of GG- and TCNER defects are intriguingly phenotypically conserved in C. elegans, where mutations
inactivating GG-NER lead to genome instability in mitotically dividing germ cells while
TC-NER mutants cease developmental growth and somatic tissue functioning following
UV treatment (Lans et al., 2010; Mueller et al., 2014; Stergiou et al., 2007).
To better understand how genome integrity is maintained in PGCs, we employed a
forward genetic screening approach to identify mutations that could overcome the arrest
of PGCs that follows UV-treatment in GG-NER deficient xpc-1 mutants. Inactivation of cep1/p53 suppresses the PGC arrest upon UV treatment and allows germ cells to proliferate,
despite unrepaired DNA damage. We identified a mutation in the translation initiation
factor ife-4 that similarly to cep-1/p53 ablation alleviates UV-induced germ cell arrest
even when DNA lesions remain unrepaired. IFE-4 is one of the five C. elegans eIF4E
homologs, is most closely related to eIF4E2, and regulates the translation initiation of a
small subset of mRNAs (Dinkova et al., 2005). Strikingly, IFE-4 acts specifically in the
somatic tissues while other eIF4E homologs regulate translation initiation in the germline
(Keiper, 2000). We demonstrate that IFE-4 functions exclusively in the somatic niche SGP
cells, to regulate the DNA damage response in PGCs. We determine that the non-cellautonomous control of the CEP-1/53 response is mediated through FGF-like signaling via
the ERK MAPK MPK-1. The IFE-4 target mRNA egl-15 encodes the nematode’s FGF
receptor that is required in the SGP, while the FGF-related short extracellular region
family receptor tyrosine kinases (SERF RTKs) function in the PGC to regulate the niche
control of the DDR in PGCs. We further demonstrate that the non-cell-autonomous
regulation of the DDR is conserved in the mammalian hair follicle stem cell (HFSC) niche,
in which eIF4E2 in niche-resident HFSC progeny participates in rapid p53 induction in
stem cells upon DNA damage. We define a novel non-cell-autonomous mechanism
through which the somatic niche regulates the CEP-1/p53-controlled DNA damage
response in PGCs and mammalian stem cells.
Results
Forward genetic screen identifies the eIF4E2-like ife-4 as a DNA damage response mediator
in the cep-1/p53 pathway
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GG-NER-defective xpc-1 mutant animals have been previously employed to assess
consequences of DNA damage that specifically remains unrepaired in germ cells
(Ermolaeva et al., 2013). When L1 animals hatch in the absence of food, they arrest larval
development until food becomes available. As starvation-arrested animals form a highly
synchronized population, we have UV-treated starvation arrested animals and ignited
their development by feeding immediately following UV or mock treatment. Following UV
treatment GG-NER deficient xpc-1 mutants transiently delay development, similarly to
repair-proficient wild type (wt) animals, before they continue to grow to adulthood.
However, in contrast to wt, xpc-1 mutants that were UV-treated as L1 larvae fail to develop
a germline (Mueller et al., 2014). Also in adult worms, UV irradiation of GG-NER mutants
leads to genome instability specifically in germ cells. In contrast, somatic tissues employ
TC-NER to remove UV-induced DNA lesions (Lans et al., 2010; Mueller et al., 2014).
Similar as in humans, the cep-1 homolog of the tumor suppressor gene p53 responds to
DNA damage leading to cell cycle arrest in mitotically dividing germ cells (Derry et al.,
2001; 2007). Consistently, ablation of cep-1/p53 partially suppressed the germline
development defect in GG-NER deficient xpc-1 mutants (Figure 1A, B).
To identify mechanisms that regulate the germ cell response upon persistent DNA
damage similarly to cep-1/p53, we designed a forward genetic screen for suppressors of
the defective germline development in UV-treated xpc-1 mutants (Suppl. Figure 1A, B).
While UV-treated GG-NER-deficient xpc-1 mutants developed into adult worms devoid of
germ cells, genetic suppressors of xpc-1 developed germline tissues similar to xpc-1;cep1 double mutants (Figure 1A, B). We identified the sbj9 allele that similarly to xpc-1;cep-1
double mutants restored germline development following UV irradiation. Mapping of the
sbj9 allele yielded a mutation in the translation initiation factor ife-4. To validate the
causal effect of the ife-4(sbj9) point mutation in suppressing the defective germline
development in xpc-1 mutants, we performed genetic non-complementation with two
independently generated ife-4 deletion alleles and found that compound heterozygous
mutants ife-4(sbj9)/ife-4(ok320) or ife-4(sbj9)/ife-4(tm684) showed similar suppression
of germline developmental defect as homozygous ife-4(sbj9) mutants (Suppl. Figure 1C).
Consistently, xpc-1;ife-4(ok320) and xpc-1;ife-4(tm684) mutants showed similar
suppression of the xpc-1 germline development defect upon UV treatment as xpc-1;ife4(sbj9) mutants (Figure 1E). Germline development was not affected by a cep-1 or ife-4
mutation in a repair proficient background (Figure 1C-E).
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To validate the causal effect of unrepaired DNA lesions in the germ cells in an
independent model, we employed a transgenic strain that reconstitutes the expression of
the core NER pathway components XPA-1 in xpa-1 mutant animals in somatic tissues; but
likely due to transgene silencing XPA-1::GFP expression is absent in the germline.
Following treatment with much milder UV doses, these animals showed retarded yet
completed somatic development but failed to generate a germline, indicating the partial
rescue of the NER in the soma but not in the germline (Suppl. Figure 1D, E). Similar to our
observations in xpc-1 mutants, cep-1 or ife-4 RNAi alleviated the germline development
defect indicating that CEP-1 and IFE-4 are required for the response to DNA damage that
persists in germ cells (Suppl. Figure 1F).
NER mutants were shown to also display sensitivity to ionizing radiation (IR)
(Roerink et al., 2012). While somatic tissues are highly IR resistant, xpc-1 but not xpc1;cep-1 or xpc-1;ife-4 mutants showed germline development defects upon IR treatment.
At high IR doses also WT worms showed defective germline development that was
suppressed by cep-1 or ife-4 (Suppl. Figure 2A).
C. elegans possesses five eIF4E genes named ife-1 to ife-5, of which ife-1 ,-3, and -5
are expressed in the germline and ife-2 and -4 in somatic tissues (Amiri et al., 2001;
Keiper, 2000). To clarify whether specifically IFE-4 or also any other eIF4E isoform might
function in the response to persistent UV-induced lesions, we inactivated each isoform in
xpc-1 mutant animals. In line with the mutant phenotypes, RNAi knockdown of ife-4 also
suppressed the xpc-1 phenotype similarly to cep-1/p53 knockdown but, in stark contrast,
knockdown of the other eIF4E genes could not alleviate the germline development defect
in UV-treated xpc-1 mutants (Suppl. Figure 2B).
As mutant ife-4 recapitulates the effect of inactivated cep-1/p53, we assessed
whether both xpc-1 suppressors function in the same pathway. We performed genetic
epistasis analysis by generating a triple mutant strain carrying deletion mutations of xpc1, cep-1, and ife-4 (Figure 1F). We found that xpc-1;cep-1;ife-4 triple mutants displayed a
similar degree of restoration of the germline development upon DNA damage in xpc-1
mutants as xpc-1;cep-1 or xpc-1;ife-4, indicating that IFE-4 and CEP-1/p53 act in the same
genetic pathway. Finally, we could reverse the ife-4 mutant phenotype by expressing an
ife-4::GFP transgene lsEx385[Pife-4::ife-4::GFP + rol-6(su1006)] driven by the ife-4 promoter
in xpc-1;ife-4 double mutants further validating that IFE-4 is required for arresting
germline development when UV-induced DNA damage remains unrepaired (Figure 1F).
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IFE-4 functions in somatic gonad precursors (SGPs) to impact CEP-1/p53 levels and activity
in PGCs
The C. elegans germline is derived from the first primordial germ cell P4 during
early embryogenesis, which then divides to form the PGCs, Z2 and Z3 cells, at the 100-cell
stage (Sulston et al., 1983). After one round of DNA replication, the Z2 and Z3 cells that
are flanked by two somatic gonad precursor (SGP) Z1 and Z4 cells, remain arrested at
G2/prophase and only resume the cell cycle about 3 to 4 hours after the L1 larvae are fed
(Fukuyama et al., 2006)(Figure 1G). Utilizing a CRISPR/Cas9-generated strain (BJS823
xpc-1(sbj17)[xpc-1::his6 + TEV + mCherry]) that carries an mCherry insertion in the Cterminus of the xpc-1 open reading frame, we confirmed that endogenous XPC-1 was
indeed expressed in the PGCs in L1 larva (Figure 1H), consistent with its role in
maintaining genome integrity specifically in germ cells. Moreover, RAD-51 foci that
persist specifically in xpc-1 mutant PGCs, as assessed 20 h post UV treatment, were also
retained in xpc-1;ife-4 double mutants indicating that instead of impacting lesion removal,
IFE-4 was required for the arresting germline development upon DNA damage (Suppl.
Figure 2C). Note that the endogenous DNA damage caused by zygotic genome activation
occurs within 3 h-post feeding and is already resolved after 5 h (Butuči et al., 2015). The
defect of germline development in xpc-1 mutants prompted us to investigate whether ife4 and cep-1 respond to UV-induced DNA damage at the early development of the PGCs.
We employed the strain expressing the transgene bnIs1[Ppie-1::GFP::pgl-1+ unc-119(+)]
that marks the PGCs to monitor the proliferation of Z2 and Z3 after UV-treatment of L1
larvae. The resumption of the cell cycle following release from the starvation arrest was
unaffected by either mutations in xpc-1, cep-1, ife-4 or combinations thereof (Suppl. Figure
2D). However, after UV irradiation the PGCs in the wt strain resumed proliferation at 8 h,
while the PGCs in the xpc-1 mutant strain remained permanently arrested at the 2-cell
stage (Figure 1I). Strikingly, RNAi-mediated knockdown and the deletion mutation of ife4 and cep-1 effectively allowed the proliferation of PGCs in the xpc-1-mutant strain within
20 h following UV treatment (Figure 1J, K and Suppl. Figure 2E). Thus, CEP-1 and IFE-4
are required for the DNA damage-induced PGC arrest, which consequently results in the
germline development defect in GG-NER-deficient worms.
ife-4 has been shown to be specifically expressed in the somatic tissues to mediate
translation initiation (Dinkova et al., 2005) while cep-1 functions in germ cells to regulate
the response to DNA damage and was, moreover, suggested to counteract environmental
stress in somatic tissues of adult animals (Derry et al., 2001; Schumacher et al., 2001). To
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address how IFE-4 and CEP-1/p53 might be functionally interconnected, we localized
their respective expression by monitoring GFP-fusion proteins in vivo or by
immunofluorescence staining, respectively. In accordance with IFE-4 functioning as a
translation initiation factor in somatic tissues, IFE-4::GFP, which fully rescued the ife-4
mutant, was exclusively expressed in somatic cells (Figure 2A). Following release of the
starvation arrest, IFE-4 expression in somatic tissues generally increased, while
specifically upon UV treatment the SGPs Z1 and Z4 that are adjacent to the PGCs Z2 and
Z3 showed high IFE-4::GFP protein expression levels (Figure 2B, Suppl. Figure 3). In
contrast, in L1 animals CEP-1/p53 protein was specifically induced upon DNA damage in
the PGCs Z2 and Z3 (Figure 2A, Suppl. Figure 4A).
To test whether CEP-1/p53 and IFE-4 might indeed function in distinct tissues, we
used RNAi knockdown in C. elegans strains that are either proficient for RNAi only in
germline tissues (xpc-1;rrf-1) (Sijen et al., 2001) or only in somatic tissues (xpc-1;ppw-1)
(Tijsterman et al., 2002). Recent detailed analysis of the somatic RNAi deficiency of rrf-1
has validated the resistance of RNAi in the somatic gonad, while –in addition to germ
cells– showed some RNAi capability specifically in the intestinal and seam cells (Kumsta
and Hansen, 2012). Consistent with RNAi deficiency in the somatic gonad, RNAi of ife-4 in
xpc-1;rrf-1 did not affect IFE-4 levels in SGPs, while ife-4 was efficiently knocked down in
SGPs in xpc-1;ppw-1 (Figure 2C, D). On the contrary, cep-1 was strongly reduced in PGCs
in xpc-1;rrf-1 but not in xpc-1;ppw-1 thus confirming the cell type specific knockdown of
those strains (Figure 2E, F). Remarkably, ife-4 knockdown in somatic tissues but not in
germ cells and cep-1/p53 knockdown in germ cells but not somatic tissues rescued the
UV-induced germline development defect in xpc-1 mutants (Figure 2G). To further specify
the cell type in which IFE-4 exerts its role in the PGC DNA damage response, we next used
an RNAi-defective strain that only reinstates RNAi proficiency in SGPs, as the rde-1 gene
is expressed under the somatic gonad specific fos1a promoter in an rde-1 mutant strain
(xpc-1(tm3886); rde-1(ne219); qyIs102[Pfos-1a::rde-1+ Pmyo-2::YFP + unc-119(+)]) (Qin and
Hubbard, 2015). Indeed, RNAi knockdown of ife-4 specifically in the SGPs reinstated
germline development following UV treatment (Figure 2H). In addition to the SGP-specific
RNAi KD, we generated a transgenic strain, in which the wt ife-4 gene is specifically
expressed in SGPs using somatic gonad specific lag-2 promoter (xpc-1(tm3886);ife4(tm684);sbjIS68[Plag-2::ife-4::GFP + Pmyo-2::tdTomato]) (Gao and Kimble, 1995). Consistent
with our tissue-specific RNAi results, re-establishing ife-4 expression specifically in SGPs
abrogated the rescued germline development in xpc-1:ife-4 double mutants (Figure 2I, J,
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whole worm in Suppl. Figure 4B). Taken together, IFE-4 impacts the DNA damage
response in PGCs by functioning in SGPs.
We next tested whether CEP-1/p53 signaling in PGCs might be affected by IFE-4 in
SGPs. We therefore monitored the protein levels of CEP-1/p53 in PGCs. Following UV
treatment endogenous CEP-1/p53 levels were strongly elevated in PGCs of xpc-1 mutant
animals. In contrast, the induction of CEP-1/p53 protein levels following UV treatment
was blunted in xpc-1;ife-4 mutant when compared to xpc-1 mutant worms, while basal
expression was unaffected (Figure 3A, B). To independently validate this finding, we also
used anti-histone H3 antibodies as additional reference staining. The blunted CEP-1/p53
protein levels in the xpc-1;ife-4 mutant compared to xpc-1 mutant in response to UV were
indeed highly consistent when normalized either to DAPI or to histone H3 staining
(comparing Figure 3A, B with Suppl. Figure 4C, D). Reconstitution of IFE-4 by transgenic
IFE-4::GFP expression in the xpc-1;ife-4 strain significantly restored the UV-dependent
induction of CEP-1 in PGCs (Figure 3B, comparing xpc-1;ife-4 with xpc-1;ife-4;lsEx385),
while basal CEP-1/p53 levels were unaffected (Figure 3A), thus validating the specific
role of IFE-4 in controlling CEP-1/p53 induction upon DNA damage.
The activity of CEP-1/p53 in the DNA damage response can be followed by the
transcriptional regulation of the bona fide target gene egl-1 that is strictly dependent on
the presence of CEP-1/p53 (Hofmann et al., 2002; Schumacher et al., 2005b). Indeed, in
the absence of either cep-1/p53 or ife-4 the xpc-1 animals failed to induce egl-1 following
UV irradiation indicating that IFE-4 impacts CEP-1/p53 activity (Figure 3C). Taken
together, IFE-4 in SGPs is required for induction and activation of CEP-1/p53 in PGCs
upon DNA damage.
To assess whether IFE-4 might also be impacted in the UV-induced cell cycle arrest
in mitotically dividing cells in adults, we treated young adult animals and monitored
mitotic arrest. Arrested mitotic cells show a typical increase in nuclear size while they
decrease in number compared to actively dividing cells. While cep-1 significantly
suppressed the cell cycle arrest, xpc-1;ife-4 double mutants displayed a similar cell cycle
arrest as xpc-1 single mutants (Suppl. Figure 5). These data indicate that the role of IFE-4
to regulate germ cell arrest is specific to the primordial germline.
FGF-like signaling mediates somatic response to DNA damage in PGCs
We next addressed through which target mRNAs IFE-4 contributes to DNA
damage-induced PGC arrest. In contrast to other eIF4E isoforms that generally regulate
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the translation initiation of mRNAs, IFE-4 has been demonstrated to regulate the
translation of only 33 mRNAs (Dinkova et al., 2005). After validation with two rounds of
RNAi screen, we found that only the knockdown of 3 of those previously defined IFE-4
targets (rnh-1.3, kin-29, and egl-15) could significantly alleviate the UV-induced germline
development defect in xpc-1 mutants similarly to the knockdown of cep-1 or ife-4 (Suppl.
Figure 6A, B).
As egl-15 encodes the sole fibroblast growth factor receptor (FGFR) in C. elegans,
we decided to focus on further investigating whether FGF signaling might play a critical
role in the communication between PGCs and SGPs in the DDR. In accordance with our
data on ife-4 RNAi knockdown, the knockdown of egl-15 specifically in somatic cells, but
not in germ cells, could overcome the UV-induced germline development defect of xpc-1
mutants (Figure 3D). Furthermore, knockdown of egl-15 alleviated the PGC arrest
following UV treatment similarly to ife-4 knockdown (Figure 3E).
We further tested whether the FGFR ligand egl-17 might be involved in mediating
signals between genomically compromised PGCs and the SGPs. The FGF-like EGL-17 has
previously been shown to mediate attraction of the egl-15-dependent sex myoblast
migration in a later stage of the L1 larvae (Burdine et al., 1997). We employed two
independent egl-17 mutant alleles to examine the role of the FGF-like ligand in the UVinduced germline arrest in xpc-1 mutants. Indeed, egl-17(ay8) as well as egl-17(e1313)
mutants restored germline development in the GG-NER deficient xpc-1 mutant
background following UV irradiation (Suppl. Figure 6C). We further investigated whether
the FGF-like ligand functions in a tissue-specific manner using the somatic or germ cell
RNAi knockdown of egl-17. Strikingly, egl-17 RNAi in xpc-1;rrf-1 and in xpc-1;ppw-1
mutant animals alleviated the germline defects to a similar extent indicating that FGF-like
ligand needs to be produced in both PGCs and somatic cells for mediating the UV-induced
response (Figure 3D). In accordance with the restoration of UV-induced germline
development defect, egl-17 knockdown could overcome the DNA damage-induced PGC
arrest in the xpc-1 mutant animals (Figure 3E).
We next addressed whether EGL-17-mediated FGF signaling might affect IFE-4 and
CEP-1/p53 induction in response to DNA damage. We found that the elevated IFE-4::GFP
levels in UV-treated xpc-1 mutants was blunted in the absence of egl-17 (Figure 4A).
Tissue-specific RNAi results further showed that EGL-17 is required in both germ and
somatic cells for IFE-4 elevation in response to UV (Figure 4B). In line with the role of IFE4 for the induction of CEP-1/p53, egl-17 RNAi either in germ or somatic cells strongly
9

reduced the induction of CEP-1/p53 protein levels in PGCs following UV treatment
(Figure 4C, D) and activity as assessed by the transcriptional induction of the CEP-1/p53
target gene egl-1 (Figure 4E). Thus, in responding to unrepaired DNA damage in PGCs,
FGF-like signaling is required for IFE-4 induction in SGPs and consequent CEP-1/p53
induction in PGCs.
In species ranging from nematodes to mammals FGF receptors transduce signals
through the downstream Ras-MAPK pathway (Borland et al., 2001). To further
characterize the role of FGF-like signaling in mediating the DNA damage response in PGCs
and SGPs, we performed epistasis analysis between EGL-17 and the ERK1/2 MAPK
counterpart in C. elegans – MPK-1 – in the response to DNA damage. Similarly to egl-17,
tissue-specific knockdown of mpk-1 either in germ or somatic cells alleviated the germline
development defect in UV-treated xpc-1 mutant animals (Suppl. Figure 6D). Furthermore,
mpk-1 RNAi did not further enhance two independent egl-17 mutant alleles in
suppressing the xpc-1 phenotype indicating that EGL-17 and MPK-1 function in the same
pathway in mediating the DNA damage response (Figure 5A).
To further corroborate the role of MPK-1, we took advantage of a strain expressing
gain-of-function alleles of MPK-1 and the MAPK kinase MEK under the control of a heatshock promoter (Lackner and Kim, 1998) thus activating MPK-1 signaling independently
of EGL-17/FGF-mediated cues. Strikingly, the rescued germline development of xpc-1
animals by egl-17 mutations was abrogated upon MPK-1 activation, providing evidence
that MPK-1 indeed functions downstream of EGL-17/FGF signaling pathway and was
sufficient to confer the UV-induced DNA damage response (Figure 5B, grey bar). In
contrast, germline development in the absence of DNA damage was unaffected (Figure
5B, black bar). In accordance with the egl-17 RNAi results, mpk-1 knockdown attenuated
the elevated IFE-4::GFP levels in SGPs of UV-treated xpc-1 mutant animals (Figure 5C). To
dissect whether MPK-1 was only required to induce IFE-4 in SGPs downstream of FGFsignaling or also in the PGCs, we resorted again to the xpc-1;rrf-1 and xpc-1;ppw-1 mutant
strains allowing RNAi knockdown specifically in germ and somatic cells, respectively.
Indeed, mpk-1 RNAi both in germ and somatic cells abrogated the induction of IFE-4 in
SGPs, establishing that MPK-1 signaling in both PGCs and SGPs functions upstream of IFE4 activation (Figure 5D). These results indicate that MPK-1 functions in the initial DNA
damage signaling in PGCs and functions in SGPs to mediate the FGF-like signal to activate
IFE-4. Consistent with our data that FGF-signaling and IFE-4 in SGPs are required for
mediating the induction of CEP-1/p53 in PGCs, the mpk-1 knockdown in both germ and
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somatic cells markedly attenuated the induction of CEP-1/p53 levels following UV
irradiation (Figure 5E and 5F).
The fact that EGL-15/FGFR is only required in the somatic niche cells but not the
PGCs for mediating the UV-induced response, further prompted us to search for the
receptors responsible for receiving the non-cell autonomous signals back in the PGCs. As
MPK-1/MAPK is essential for both tissues for the UV-induced DNA damage response, we
performed a RNAi screen of 23 known receptor tyrosine kinase (RTK) genes (Popovici et
al., 1999) in xpc-1;rrf-1 mutants that are RNAi proficient only in germ cells. Specifically,
kin-15, kin-16, and old-1 knockdown suppressed the germline development defect
similarly to cep-1 RNAi (Figure 5G). KIN-15, KIN-16, and OLD-1 are highly related short
extracellular region family (SERF) RTK genes whose closest human homologs are FGFRs,
even though they are more distantly related than the FGFR orthologue EGL-15.
Intriguingly, the RNAi knockdown in the somatic gonad using the SGP-specific rde-1
rescue strain xpc-1; rde-1; qyIs102[Pfos-1a::rde-1 + Pmyo-2::YFP + unc-119(+)] had no effect
on the UV-induced germline developmental defect in the xpc-1 mutants, indicating that
these SERF RTKs are receiving signals from the niche cells in the PGCs (Suppl. Figure 7A).
OLD-1 (also known as TKR-1) has been previously shown to be implicated in lifespan
regulation and stress response (Murakami and Johnson, 2001). We utilized an available
deletion allele of old-1 and confirmed a significant alleviation of the defective germline
development in xpc-1;old-1 mutant animals upon UV treatment (Suppl. Figure 7B).
Moreover, epistatic analysis revealed that old-1 functions in the same genetic pathway as
cep-1 and ife-4 to mediate the UV-induced germline developmental defect when GG-NER
is compromised (Suppl. Figure 7C). Taken together, our data indicate that FGF-MAPK
signaling mediates the non-cell-autonomous DDR in the primordial germline, where EGL15/FGFR receives the signal in the SPGs, while the signal feedback to the PGCs is mediated
by SERF RTKs.
Non-cell-autonomous regulation of the p53-mediated DNA damage response in stem cells by
eIF4E2 in mammals
IFE-4 is most closely related to mammalian eIF4E2. We finally asked whether the
role of eIF4E2 in the regulation of the p53-mediated DNA damage response might be
evolutionarily conserved. UV irradiation is a highly physiologically and clinically relevant
DNA damage modality in the skin, where the HFSCs represent a well-established
paradigm for studying intercellular communication of stem cells and their niches
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(Blanpain and Fuchs, 2014). HFSCs reside in a defined niche termed the bulge, where they
are surrounded by their own progeny as well as other heterologous cell types, which both
act as niche cells that regulate HFSC fate and function (Chacón Martínez et al., 2018)
(Figure 6A). We observed that eIF4E2 expression was absent in CD34-positive HFSCs, but
expressed in very low levels in the directly adjacent CD34-negative bulge cells, which are
progeny of the HFSCs (Blanpain and Fuchs, 2014). Upon exposure to UV (2 kJ/m2), we
observed a rapid elevation of eIF4E2 exclusively in the CD34-negative bulge cells 6 h-post
UV irradiation (Figure 6B upper panel, 6C; Suppl. Figure 7D), whereas p53 was at this
timepoint predominantly induced in HFSCs surrounding eIF4E2-positive niche cells
(Figure 6B lower panel, 6D; Suppl. Figure 7E). To study the functional interaction of
eIF4E2 and p53 in HFSCs and their niche-resident progeny, we took advantage of an ex
vivo organoid-type system that consists of CD34-positive HFSCs and progenitor cells but
lacks all heterologous niche cell types (Chacón Martínez et al., 2017). Consistent with in
vivo observations, eIF4E2 and p53 were up-regulated in response to UV exposure, and
that eIF4E2 was specifically elevated in CD34-negative progenitor cells, while p53 was
predominantly elevated in CD34+ HFCSs (Figure 6E-G). To assess if eIF4E2 induction in
progenitor cells was required in the observed p53 induction, as observed in C. elegans, we
used siRNA to deplete eIF4E2 expression (Figure 7A, B; Suppl. Figure 7F). Remarkably,
eIF4E2 knockdown was sufficient to attenuate p53 up-regulation in response to UV,
demonstrating a non-cell-autonomous effect of eIF4E2 on p53 regulation in HFSCs
(Figure 7C, D). In summary, these data show a conserved non-cell-autonomous regulation
of p53 in stem cells by eIF4E2 in niche cells upon DNA damage.
Taken together, we demonstrate a non-cell-autonomous mechanism of p53
regulation in two stem cell niche models: 1) The DNA damage response in PGCs is
regulated via EGL-17/FGF communication with the SGPs where EGL-15/FGFR-MPK-1
signaling induces IFE-4 and exerts a reverse signal that is received via the FGFR-related
SERF RTKs. Given that IFE-4 regulates the translation of egl-15 mRNA and that EGL17/FGF is required in both stem and niche cells, it is likely that the paracrine FGFsignaling loops are amplified between the SGPs and the PGCs to control the CEP-1/p53
activation (Figure 7E); 2) the p53 induction in HFSCs requires eIF4E2 induction in niche
resident progenitor cells (Figure 7F).
Discussion
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Genome stability in PGCs is of utmost importance for inheritance. The CEP-1/p53mediated DNA damage checkpoint allows halting cell cycle progression to facilitate repair
of the lesions. In adult mammalian tissues, stem cells are at high risk of accumulating
deleterious mutations because of their long residence times and extensive self-renewing
capacities. Thus, various mammalian stem cell compartments have been shown to display
specific p53 responses compared to their surrounding niche (Merritt et al., 1994;
Sotiropoulou et al., 2010), highlighting the presence of stem cell-specific mechanisms to
guard genome integrity.
The p53 family exerts a highly conserved role in responding to DNA damage in
PGCs as Drosophila p53 regulates PGC apoptosis (Yamada et al., 2008), murine p63
controls the DNA damage response in female primordial follicle oocytes (Kerr et al.,
2012), while mouse p53 halts proliferation of genomically instable male PGCs (Luo et al.,
2014), and a p53 SNP in humans has been associated with female infertility (Hu et al.,
2011). Thus far it was thought that cell-autonomous DNA damage checkpoint signaling
activates p53 to then confer cell cycle arrest or apoptosis. However, we uncovered that
CEP-1/p53 response in genomically compromised PGCs is regulated via their somatic
niche. PGCs indeed intimately interact with the surrounding niche cells. In C. elegans the
PGCs (Z2 and Z3) have been demonstrated to closely interact with SGPs (Z1 and Z4)
whose plasma membrane wraps around the PGCs (Rohrschneider and Nance, 2013). In a
forward genetic screen, we isolated a mutation in the eIF4E2 homolog ife-4 that
suppresses the arrest of PGCs when UV-induced DNA lesions persist in GG-NER deficient
xpc-1 mutants. XP patients who carry mutations in XPC are highly susceptible to skin
cancer, as UV-induced DNA lesions remain unrepaired and fuel genome instability and
mutagenesis. Thus far non-cell-autonomous consequences of UV-induced DNA lesions
have been observed in the mammalian skin where resident Langerhans cells migrate to
the lymph nodes to confer a systemic immune suppression to counteract the
inflammation at the site of the UV injury (T. Schwarz and A. Schwarz, 2011). In mammals,
non-cell-autonomous interactions with stem cell niches and the endocrine environment
play an important role for the response to DNA damage for example in hematopoietic
stem cells with either critically shortened telomeres or genome instability due to a defect
in Sirt6 whose ability to engraft is determined by the endocrine environment of the host
animal (Mostoslavsky et al., 2006; Song et al., 2009). Our observations add a new
dimension to the role of non-cell-autonomous mechanisms as they establish that the DNA
damage response in PGCs requires regulatory input via the SGP niche cells.
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In responding to DNA damage, mammalian p53 takes a central role in preventing
malignant transformation by halting proliferation or eliminating severely damaged cells
through apoptosis (Reinhardt and Schumacher, 2012). eIF4E expression is associated
with carcinogenesis as elevated eIF4E is thought to facilitate the high translational
demands of tumor cells. Recently, specific roles of eIF4E in regulating target mRNAs such
as those involved in defense against oxidative stress have been implicated in allowing
cancer cell growth amid high reactive oxygen species levels (Truitt et al., 2015). In
mammalian cells protein synthesis is dynamically responding to DNA damage
(Braunstein et al., 2009) and translation of specific DNA damage response proteins is
induced (Powley et al., 2009) amid a general translation inhibition following UV
irradiation (Deng et al., 2002).
As the least abundant eIF involved in the translation initiation complex, eIF4E has
been recognized as the rate-limiting factor in the translation initiation process (Duncan
and Hershey, 1983; Duncan et al., 1987; Hiremath et al., 1985). In mammals three
different eIF4E isoforms have been identified and classified as eIF4E1, eIF4E2 (also
known as 4E-HP for eIF4E-homologous protein, or 4E-LP for eIF4E-like protein), and
eIF4E3 based on their structural signatures (Joshi et al., 2004). In contrast to the wellrecognized implication of eIF4E1 in the global translation, the roles of eIF4E2 and eIF4E3
have remained less well characterized. For example, under hypoxia stress conditions,
when protein synthesis is generally repressed, eIF4E2 forms a complex with hypoxiainducible factor 2a (HIF-2a) to promote translation of selective mRNAs (Uniacke et al.,
2012; 2014). Recently, eIF4E2 was shown to function in systemic reprogramming of
translation efficiencies, through which mRNAs for survival under hypoxic conditions can
still be efficiently translated despite stress-induced inhibition of general translation,
suggesting a critical role of eIF4E2 in the cellular stress response (Ho et al., 2016).
We demonstrate that eIF4E2 is induced upon UV irradiation in niche cells of
mammalian skin in vivo and that depletion of mammalian eIF4E2 by siRNA hampers
induction of p53 in ex vivo HFSC cultures. Our results thus indicate that the role of eIF4E2
in regulating the p53-mediated DNA damage response in stem cells is evolutionarily
conserved. Consistently, it has been reported that in mammals eIF4E phosphorylation
through Mnk1 is increased upon etoposide treatment (Zhang et al., 2008) and eIF4E was
shown to promote the synthesis of FGF2 leading to enhanced vascularization of breast
carcinomas (Nathan et al., 1997). Moreover, consistent with a role of FGF signaling in
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regulating the DNA damage response, mammalian FGF4 was shown to promote the G2
arrest following IR-induced DNA damage (Jung et al., 1994).
Translation control of mRNAs has in recent years been determined to bear major
importance in various cellular responses and during development (Kong and Lasko,
2012). eIF4E plays distinct roles in the regulation of mRNAs likely by functioning in
different complexes involved in nuclear export of mRNA, mRNA stability, and the
initiation of translation (Tavernarakis, 2007). In C. elegans distinct roles of target mRNA
regulation are executed through the five different eIF4E homologs (Keiper, 2000). IFE-4
specifically binds 7-monomethyl guanosine caps and has been demonstrated to regulate
the translational initiation of a specific subset of mRNAs in somatic tissues of the animals
(Dinkova et al., 2005).
Intriguingly, the IFE-4 target FGFR-like ELG-15 is required in somatic niche cells
and the FGFR-related SERF RTKs function in PGCs, while the FGF-like ligand is required
in both PGCs and SGPs for responding to DNA damage (Figure 7E). These results suggest
that EGL-17/FGF signaling functions in a paracrine fashion emanating from genomically
compromised PGCs to initiate EGL-15/FGFR signaling in SGPs that through MAPK
signaling induces IFE-4. IFE-4 dependent translation of EGL-15/FGFR might then amplify
FGF signal reception in SGPs. The SGPs exert an EGL-17/FGF signal that is likely to be
received by the SERF RTKs consequently leading to the CEP-1/p53 response in PGCs. It is
conceivable that the FGF-like signaling is amplified by reciprocal paracrine but also by
autocrine signaling in the SGP as EGL-17/FGF in PGCs and SGPs is required for the
induction of IFE-4 in SGPs. Both paracrine and autocrine signaling has indeed been
established as a typical feature of FGF signaling in mammals and in murine PGC
proliferation (Kawase et al., 2004). The somatic niche response is required for inducing
CEP-1/p53 in PGCs to then orchestrate PGC arrest amid genome instability. Indeed, PGC
activity depends on somatic inputs as for example PGCs are only activated once the soma
senses the availability of nutrients, while under starvation conditions PGCs remain
arrested (Butuči et al., 2015; Fukuyama et al., 2006). We extend the somatic surveillance
of PGC activity to the DNA damage response that requires the IFE-4-mediated somatic
regulation of the CEP-1/p53-dependent DNA damage checkpoint response in PGCs. Taken
together, our data suggest that the stability of heritable genomes is subjected to somatic
control. This somatic influence on the heritability of germline mutations thus challenges
the Weismann barrier that pertains that germline genomes are protected from any
somatic influence (Weismann, 1893).
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Material and Methods
Experimental model and subject details
C. elegans strains
Strains used in this study were derived from N2 Bristol wild type. Unless otherwise
indicated. Worms were grown under standard laboratory conditions (20°C) and fed with
OP50 Escherichia coli on nematode growth medium (NGM) agar. Strains used for this
study are as following: BJS355 xpc-1(tm3886), XY1054 cep-1(lg12501), KX17 ife-4(ok320),
FX00684 ife-4(tm684), BJS68 xpc-1(tm3886); cep-1(lg12501), BJS250 xpc-1(tm3886); ife4(ok320), BJS251 xpc-1(tm3886); ife-4(tm684), BJS448 xpc-1(tm3886); ife-4(sbj9), BJS284
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xpc-1(tm3886); cep-1(lg12501); ife-4(tm684), SS747 bnIs1[Ppie-1::GFP::pgl-1 + unc-119(+)]
, BJS261 xpc-1(tm3886); bnIs1[Ppie-1::GFP::pgl-1 + unc-119(+)], BJS289 xpc-1(tm3886); cep1(lg12501); bnIs1[Ppie-1::GFP::pgl-1 + unc-119(+)], BJS290 xpc-1(tm3886); ife-4(tm684);
bnIs1[Ppie-1::GFP::pgl-1

+

unc-119(+)],

BJS279

xpc-1(tm3886);

ife-4(tm684);

lsEx385[Pife−4::ife-4::GFP + rol-6(1006)], BJS359 xpc-1(tm3886); rrf-1(pk1417), BJS450
xpc-1(tm3886); ppw-1(pk1425), BJS583 xpc-1(tm3886); rde-1(ne219); qyIs102[Pfos-1a::rde1 + Pmyo-2::YFP + unc-119(+)], BJS624 xpc-1(tm3886); egl-17(ay8), BJS626 xpc-1(tm3886);
egl-17(e1313), BJS680 xpc-1(tm3886); egl-17(ay8); gaEx40[hs-mpk-1(gf) + hs-dMEK(+) +
rol-6(su1006)], BJS682 xpc-1(tm3886); egl-17(e1313); gaEx40[hs-mpk-1(gf) + hs-dMEK(+)
+ rol-6(su1006)], BJS695 xpc-1(tm3886); ppw-1(pk1425); ife-4(tm684); lsEx385[Pife−4::ife4::GFP

+

rol-6(1006)],

BJS697

xpc-1(tm3886);

rrf-1(pk1417);

ife-4(tm684);

lsEx385[Pife−4::ife-4::GFP + rol-6(1006)] , BJS741 xpa-1(ok698); sbjIn27[Pxpa-1::GFP::xpa-1 +
Pmyo-2::tdTomato], BJS779 xpc-1(tm3886); ife-4(tm684); sbjEx68[Plag-2::ife-4::GFP)+Pmyo2::dtTomato],
2::dtTomato],

BJS792

xpc-1(tm3886);

ife-4(tm684);

sbjIn68[Plag-2::ife-4::GFP)+Pmyo-

BJS823 xpc-1(sbj17)[xpc-1::his6 + TEV + mCherry], and BJS735 xpc-

1(tm3886); old-1(ok1273).
For preparation of tissue specific rescue construct in Z1/Z4 somatic gonad cells utilizing
the lag-2 promoter, ife-4 cDNA sequence was amplified using PCR and inserted in pJK590
plasmid, which was a gift from Judith Kimble (Addgene plasmid # 26814, (Gao and
Kimble, 1995)), containing the lag-2 promoter and GFP using a modified Gibson Assembly
cloning method. The 642 bp sequence of ife-4 was inserted using XmaI and AgeI for
linearization of the pJK590 plasmid. Utilizing homology overhangs of the PCR product the
fragment could be ligated in frame to create a C-terminal GFP fusion using an assembly
mix (as plasmid pBS358). BJS251 xpc-1(tm3886); ife-4(tm684) double mutant worms
were microinjected with the plasmid pBS358 containing the lag-2 driven ife-4::GFP
construct as well as the myo-2 driven tdTomato co-injection marker. The DNA Injection
mix contained 50 ng/µl of the rescue plasmid pBS358 and 7 ng/µl of the selection plasmid
Pmyo-2::tdTomato along with 125 ng/µl Salmom Sperm DNA (Invitrogen, 15632011). The
BJS779 worm strain (xpc-1(tm3886); ife-4(tm684); sbjEx68[Plag-2::ife-4::GFP)+Pmyo2::dtTomato])

was generated, carrying the transgene as an extrachromosomal array. In

order to create a stable expression line, the transgene of the strain BJS779 was integrated
by ionizing irradiation. Worms at the L4 larval stage were irradiated at 40 Gy using an
irradiation source (Gamma-Service Medical, Biobeam 8000). BJS792 xpc-1(tm3886); ife17

4(tm684); sbjIn68[Plag-2::ife-4::GFP)+Pmyo-2::dtTomato] was one of the independent lines
obtained after screening, which carries the integrated transgene.
BJS823 xpc-1(sbj17)[xpc-1::his6 + TEV + mCherry] was generated using CRISPR/Cas9 gene
editing approach. A sequence encoding his6, a TEV protease sequence and mCherry was
amplified from the plasmid pET Biotin His6 mCherry LIC cloning vector (H6-mCherry)
(Addgene plasmid #29722 from Scott Gradia) and added homology arms to the 3’ region
before and after the stop codon of the xpc-1 gene via PCR amplification. This amplicon
included a mutation in the PAM sequence to prevent cutting by Cas9 after the gene editing
(Hsu PD et al 2017). Young adult N2 wild type worms were injected a CRISPR/Cas9 mix
(25mM KCL, 7.5mM Hepes pH7.4, 200 ng/ul tracrRNA (IDT #1072534), 150 ng/ul dpy10 crRNA (IDT), 13.75 ng/ul dpy-10 ssODN (IDT), 20 ng/ul co-injection marker pmyo2::mCherry (pCFJ90 from Erik Jorgensen, Addgene plasmid #19327), 860 ng/ul homology
repair template, 416 ng/ul Cas9 (NEB #M0386T) and water, up to a 20 ul final volume)
using an Axio Observer microscope (Carl Zeiss) equipped with a FemtoJet injection
system (Eppendorf) and Femptotip microinjection needles (Eppendorf #930000035).
The preselection of worms was based in the presence the of co-injection marker and
dumpy and roller phenotypes (Arribere et al., 2014), followed by XPC-1::mCherry
expression confirmation and genotyping.
Mice
48d- to 60d-old C57BL/6J male mice were used for in vivo studies and for isolating
epidermal cells for HFSC cultures. Animals were housed and maintained according to
FELASA guidelines in the animal facility of the Max Planck Institute for Biology of Ageing
and CECAD, Cologne, Germany. All experiments were approved by local authorities.
Cell isolation and HFSC culture
HFSC cultures were performed essentially as described earlier (Chacón Martínez et al.,
2017). Briefly, epidermal cells were isolated from back skin using trypsin digestion. After
separating the epidermis from the underlying dermis, cells were passed through cell
strainers (BD Biosciences) and pelleted at 900 rpm for 3 min. For 2D culture of epidermal
cells, tissue culture petri dishes were coated with a mixture of collagen I (30 µg/ml) and
fibronectin (10 µg/ml; Millipore) in MEM for 1h at 37°C after which cells resuspended in
keratinocyte growth medium (3C-KGM; (Chacón Martínez et al., 2017). For 3D culture,
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cells were suspended in 40 µl ice-cold 1:1 mixture of 3C-KGM and growth factor-reduced
Matrigel (Corning) that was dispensed as a droplet in 24-well cell culture dishes. The
suspension was allowed to solidify for 15 min after which it was overlaid with 500 µl of
medium. All cultures were incubated at 37°C, 5% CO2. Medium was exchanged the next
day after initial seeding and thereafter every second day.
Method Details
Germline development assay
Worms were synchronized either through bleaching or time-restricted egg-laying, and
irradiated with UV or mock-treated at the L1 larval stage. Three or four days later, worms
were examined utilizing the stereomicroscope (Leica M80) and the percentage of worms
with developed germlines was scored.
Primordial germ cell (PGC) proliferation assay
Strains carrying the transgene bnIs1[Ppie-1::GFP::pgl-1 + unc-119(+)] were synchronized at the
L1 larval stage and subjected to UV irradiation or mock treatment before feeding. For the
kinetic assays, the number of germ cells was scored every 2 hours until 12 h-post UV irradiation
with fluorescence microscope. For PGC proliferation assays the number of germ cells was
scored at 0 h and the indicated time points.
UV irradiation
Worms were irradiated with 310 nm UVB light using Philips UV6 bulbs in a Waldmann
UV236B irradiation device. The irradiance was measured using a UVX digital radiometer
and a UVX-31 probe from UVP prior to the irradiation every time. For the treatment in
this study, irradiance of 25 mJ/cm2 was used except additionally specified.
For UV irradiation experiments of mice, PL-L 36W TL01 Waldmann TL01 Narrowband
UVB (310-315nm) in a UV 181 BL Waldmann irradiation device was utilized. Irradiation
doses were measured using a UVX digital radiometer and a UVX-31 probe from UVP prior
to the irradiation. All mice were shaved one day before exposure to 2 kJ/m2 UVB or mock
treatment, and then sacrificed 6 h later. A pair of mice were subjected to mock treatment
or and UV treatment at each independent experiment, and skin sections from the paired
animal were processed to be compared pair-wise.
For UV irradiation of cultured cells, medium was removed and cells were exposed to 25
J/m2 UVB using Philips UV6 bulbs in a Waldmann UV236B irradiation device. The
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irradiance was measured using a UVX digital radiometer and a UVX-31 probe from UVP
prior to the irradiation every time. Fresh medium was then added to the cells and
incubated at 37°C for 6h.
Microscopy
For the microscopy of worms, differential interference contrast (DIC) and fluorescence
images for quantification were taken using Zeiss Axio Imager. M1 microscope while the
evaluation of germline development phenotype was carried out using Leica M80
stereomicroscope. For the representative images with high resolution, the Zeiss Meta 510
and Zeiss Meta 710 confocal laser scanning microscope was used.
For the microscopy of mice skin and HFSC cultures, images were acquired using a Leica
SP8 DLS confocal microscope.
IR irradiation
Worms were synchronized via time-restricted egg-laying and irradiated with ionizing
irradiation (IR) after hatching using the Biobeam 8000 (Eckert & Ziegler, Gamma-Service
Medical GmbH, Leipzig) with Cs137 radionucleotide source. Germline development was
scored as previously described. Worms with IR-induced vulval development defects and
expulsion of the intestine and germline were censored.
Immunofluorescence staining
Worms of each strain were synchronized by bleaching at L1 larval stage and subject to UV
irradiation or mock-treated on NGM plates without OP50 E. coli. For the 0 h control group,
worms were directly harvested for the staining procedure. For the UV-treated group,
worms were collected after 12-16 hours of feeding and incubation in a 15-ml Falcon tube
(Corning Science) and washed 2 times with M9 buffer to remove bacteria. Worms were
centrifuged at 800 x g for 3 min and the supernatant was discarded. Prior to the staining
procedure, 5 µl fixing buffer (consisting of 27.5 mM HEPES pH7.4, 130 mM NaCl, 52.8 mM
KCl, 2.2 mM EDTA, 550 µM EDGA, 0.1 % Tween 20, and 3 % Paraformaldehyde) was
prepared and aliquoted to 0.5-ml tubes and a box was filled with dry ice. 5 µl of
concentrated worms was transferred to the fixing buffer and mixed thoroughly before
further transferred to a HistoBond+ Adhesion Microscope Slide (Marienfeld, #0810461).
A 24 x 24 mm coverslip was then attached to the transferred drop and the slide was left
at room temperature for 2 minutes of incubation. The slide was put into the box with dry
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ice and kept for at least 10 minutes until performing freeze-cracking procedure. Once the
freeze-cracking was done, slides were immediately transferred to the methanol chamber
at -20°C freezer. After 10 minutes of incubation, slides were washed 3 times with PBST
(dissolving 240 mg KH2PO4, 1.44 g NaHPO4, 8 g NaCl, 200 mg KCl, and 1 ml of Tween 20
in 1 L of distilled H2O), 10 minutes each time. For blocking, slides were incubated with 10
% donkey serum diluted in PBST for 30 min at room temperature. The primary antibodies
was diluted in 10% donkey serum with PBST in various dilution (goat anti-CEP-1
antibody, 1:300 dilution, described in (Schumacher et al., 2005a); rabbit anti-PGL-1,
1:50000 dilution; rat anti-PGL-3, 1:10000 dilution (both PGL-1 and PGL-3 antibodies
were generously provided by Prof. Susan Strome, University of California Santa Cruz,
USA), rabbit anti-histone H3, 1:100 dilution (Abcam #ab1791); rabbit anti-GFP, 1:300
dilution, (Abcam #ab290); rabbit anti-RAD-51, 1:350 dilution (Novus Biologicals
#29480002)) and the slides were incubated in the humid chamber at 4°C overnight. The
slides were washed 3 times with PBST, 10 minutes each time before incubated with
secondary antibodies: donkey anti-goat IgG DyLight 488 or DyLight 594 (Jackson Immuno
Research #705-485-147 and #711-505-152); donkey anti-rat IgG Alexa 488 or Alexa 594
(Invitrogen #A21208 and #A21209); donkey anti-rabbit IgG Alexa 594 (Invitrogen
#A21207); all in 1:350 dilution with incubation at room temperature for 2 hours. After 3
times washing with PBST, slides were mounted with DAPI Fluoromount-G mounting
medium (Southern Biotech) and sealed with nailpolish when the mounting medium was
dry. The slides were then ready for microscopy imaging.
IFE-4::GFP expression examination
The KX24 lsEx385[Pife−4::ife-4::GFP+rol-6(1006)] strain was kindly provided by Dr. Brett D.
Keiper from Brody School of Medicine at East Carolina University, USA. In order to have the
transgene expressed in the xpc-1;ife-4 mutant background, the KX24 strain was crossed with
males of the BJS251 strain, and the fluorescent worms were isolated and genotyped for the xpc1(tm3886) deletion mutation. The non-roller progeny was genotyped for the ife-4(tm684)
deletion mutation to further confirm the exogenous re-expression of IFE-4. The validated strain
was synchronized at the L1 larval stage. Before irradiated with UV, some worms were mounted
and examined for the IFE-4::GFP expression with fluorescence microscope as the 0 h group.
The rest of the worms were subjected to UV irradiation or mock-treated, and the IFE-4::GFP
expression was examined at 16 h-post UV irradiation. In the experiment co-stained with CEP1 antibody, the transgenic worms were fixed and processed as described in the
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immunofluorescence staining section. Since strains with the transgene lsEx385[Pife−4::ife4::GFP + rol-6(1006)] express high levels of the IFE-4::GFP, no further GFP antibody was
required for visualization after fixation procedure. In the case of strain carrying transgene
sbjEx68[Plag-2::ife-4::GFP)+Pmyo-2::dtTomato], GFP antibody (as indicated in previous
section for Immunofluorescence staining) was applied in order to amplify the signal after
fixation.
RNAi knockdown
For the RNAi experiments, strains of E. coli HT115 (DE3) transformed with isopropyl-βD-thiogalactopyranosid (IPTG)-inducible vectors that encoding double-stranded RNA
against target genes were thawed from the C. elegans RNAi feeding library constructed by
Julie Ahringer’s group at The Wellcome CRC Institute (University of Cambridge,
Cambridge,

UK)

(obtained

via

Source

BioScience

with

the

product

code

3318_Cel_RNAi_complete) or the C. elegans ORFeome-RNAi v1.1 library generated by
Prof. Marc Vidal’s group at Center for Cancer Systems Biology and Department of Cancer
Biology, Dana-Farber Cancer Institute and Department of Genetics, (Harvard Medical
School, Boston, USA) (obtained via Geneservice (now as Source BioScience) with the
product code 3320_Cel_ORF_RNAi). The E. coli feeding strain HT115 (DE3) with the
corresponding RNAi was cultured using LB medium containing ampicillin (100 µg/mL)
over-night and the RNAi production was induced by addition of IPTG (1 mM) before
seeded on RNAi agar plates. For the RNAi feeding, worms of each strain were
synchronized at L4 larval stage as P0 generation when transferred to RNAi agar plates
that contain standard NGM agar, Ampicillin, IPTG, and E. coli feeding strain HT115 (DE3)
with the corresponding RNAi. Every four days the L4 larvae of the next generation were
transferred to fresh RNAi plates to maintain the RNAi knockdown efficiency until
performing further experiments.
Quantitative RT-qPCR
Worms of each strain (more than 7500 worms per strain and condition each experiment) were
synchronized at the L1 larval stage and irradiated with UV or mock-treated. After incubation
for 24 hours, worms were harvested in TRIZOL solution (Invitrogen) and RNA was
extracted with RNeasy mini kit (Qiagen) and the RNA quality was assessed using a
Nanodrop 8000 spectrophotometer (Thermo Scientific) and a Bioanalyzer (Agilent)
before subject to reverse transcription using Superscript III (Invitrogen) for obtaining the
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complementary DNA. Quantitative PCR was performed using SYBR Green I (Sigma) and
Platinum Taq polymerase (Invitrogen) on CFX96TM Real-Time PCR Detection System
(Bio-Rad). The actin (act-1) and g-tubulin (tbg-1) were used as internal control to which
the expression levels were normalized. The sequence of primers used in this study is as
following:

egl-1_fwd

5-’TACTCCTCGTCTCAGGACTT-3’;

egl-1_rev

5’-

CATCGAAGTCATCGCACAT-3’; tbg-1_fwd 5’-CAATGTGCCCATCAATTCGG-3’; tbg-1_rev 5’AACAAGAAGCGAGTGACGTC-3’; act-1_fwd 5’-CCACCATGTACCCAGGAATT-3’; act-1_rev 5’AGAGGGAAGCGAGGATAGAT-3’; eIF4E2_fwd 5’-TTTACAGCCACATGGTACG-3’; eIF4E2_rev
5’-ATTTGCATCATCCTCCCAC-3’;

mGAPDH_fwd

5’-ACCACAGTCCATGCCATCAC-3’;

mGAPDH_rev 5’-TCCACCACCCTGTTGCTGTA-3’.
MPK-1 re-establishment by heat-shock treatment
Strain carrying the transgene gaEx40 [hs-mpk-1(gf) + hs-dMEK(+) + rol-6(su1006)] was
crossed into the xpc-1; egl-17 double-mutant background. The L1 larvae of indicated strains
were synchronized and UV-irradiated or mock treated before fed with OP50. Worms were
recovered for 30 min at room temperature before subject to heat-shock treatment at 30°C for
30 min, which induces mpk-1 and dMEK expressions driven by the heat-shock promoter. The
percentage of worms with germline development was scored after three days of incubation. For
the transgenic strain, those who showed the roller phenotype were scored as groups with
reinstated MPK-1 levels while the non-roller siblings were scored as control for the original
genetic background.
Assessing mitotic germ cell cycle arrest
To verify the role of IFE-4 in the developed germlines, we assessed the cell cycle arrest
response to UV irradiation at the L4 larval stage. Worms of indicated strains were
synchronized by hand-picking and subjected to UV irradiation (40 mJ/cm2) or mock
treatment. Fifteen worms per condition were mounted 16 h post-treatment on 2%
agarose pad and immobilized using 80 mM sodium azide for DIC microscopy. The germ
cell number of five individual worms per condition was scored within an area specifically
defined utilizing a net micrometer that can be incorporated into the microscope ocular (d
= 26mm, 12,5 × 12,5/5;10, Zeiss, Germany). The defined region corresponds to an area of
3.125 × 6.25 μm in the most distal region of the germlines (Rieckher et al., 2017).
Immunofluoresence staining of skin and HSFC cultures
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Skin tissues were fixed with ice-cold 4% PFA for 1h on ice, dehydrated with 50% ethanol
overnight, processed using ExcelsiorTM AS Tissue Processor (Thermo Fisher Scientific),
and embedded in paraffin. Paraffin-embedded skin tissues were sectioned, and processed
to remove paraffin using automated Gemini slide stainer. Antigen retrieval was
performed using target retrieval solution of pH 6.0 and pH 9.0 (Agilent Dako). Samples
were then blocked with 3% BSA, 5% goat serum, 0.05% Triton X-100 in PBS for 30 min.
Primary antibodies were incubated in antibody diluent (Agilent Dako) at 4°C overnight.
Samples were then washed twice with wash buffer (0.145M NaCl, 2.7mM KCl, 8.1M
Na2HPO4, 1.5M KH2PO4, pH 7.4 in PBS), incubated with secondary antibodies with DAPI
(1mg/mL) in PBS for 45min at room temperature, rinsed once with 0.05% Triton X-100
in PBS and mounted using Elvanol.
For HSFC cell cultures, cells were rinsed once with PBS and fixed with lukewarm 4% PFA
for 30 min at room temperature, rinsed with 100mM glycine in PBS twice and blocked
with permeabilizing solution (0.3% Trition X-100, 5% BSA, 5% goat serum in PBS) at 37°C
for 2 h. Cells were then incubated with primary antibodies in 0.3% Triton X-100, 5% BSA
in PBS at room temperature overnight. Subsequently, cells were washed with 0.3% Triton
X-100 in PBS twice and incubated with secondary antibodies for 2 h and subsequently
with DAPI for 30 min at room temperature. Cells were washed once with distilled water
and mounted onto the slide using Elvanol.
The following antibodies were used: mouse anti-eIF4E2 (Sigma #WH0009470M1),
mouse anti-p53 (Cell Signaling #2524), and rabbit anti-CD34 (Manuel Koch, University of
Cologne). For the immunofluorescence of the tissue sections, rabbit anti-p53 (Leica #NCLp53-CM5p) was additionally used. For the secondary antibodies, goat anti-mouse IgG1
Alexa 488 or Alexa 546 (Invitrogen, #A21121 and #A21123) and goat anti-rabbit Alexa
488 or Alexa 647 (Invitrogen, #A11008 and #A21244) were used.
RNAi knockdown of HFSC cultures
Pre-designed eIF4E2 siRNA was from Thermo Fisher Scientific (Silencer Select
#4390771). Lipofectamine RNAiMAX (Thermo Fisher Scientific) and siRNA were
prepared in OPTI-MEM following the manufacturer’s protocol. Cell medium was removed
and replaced with DMEM without supplementation and the RNAiMAX/siRNA mixture
was added for 6 h. The next day, second round of transfection was done in the same
manner. On the third day, single cell suspensions were prepared and cells were re-seeded
on 24-well plate in Matrigel as described above. Cells were used for experiment after 3
days.
24

Quantification and statistical analysis
Quantification of immunofluorescence images
The worms with immunofluorescence staining or IFE-4::GFP expression were imaged
with fixed exposure time in order to compare between different strains and treatments in
independent experiment and exported as TIFF files. In the CEP-1 immunofluorescence
staining assay, PGCs were manually selected and the fluorescence intensity of both CEP1 and DAPI (or the co-stained histone H3) were measured with ImageJ software. Each
value shown was calculated using CEP-1 fluorescence intensity normalized with
corresponding DAPI intensity (or the intensity of co-stained histone H3) before plotted.
In the IFE-4::GFP expression assay, the SGP cells or soma were identified and the
fluorescence intensity was measured and shown as arbitrary units obtained from ImageJ
measurement (Rasband, W.S., ImageJ, U. S. National Institutes of Health, Bethesda,
Maryland, USA, http://imagej.nih.gov/ij/, 1997-2015).
For the quantification of the mice skin tissue sections, pairs of mock- and UV-treated
samples, which were processed at the same time on the same slide, were imaged at the
fixed laser power. Mock- and UV-treated samples were imaged in pairs per donor and
normalized to the mock-treated sample of each pair. Per donor, three different fields of
view were imaged. The region of interest was set to the hair follicle bulge area to measure
the fluorescence intensity. Measurement of three images were averaged to result in a
representative value.
For the quantification of the mice keratinocyte ex vivo experiments, for each donor,
duplicate or triplicate cultures were grown and processed in a pair of mock- and UVtreated conditions. Images were acquired in the pair of mock- and UV-treated conditions
per donor at a fixed laser power. Per replicate for each donor, three different field of views
were imaged. These three images were averaged to result in a representative value per
culture. For each culture, values were normalized to its respective mock-treated values.
Statistical analysis
Statistical methods that were used and error bar descriptions are specified in the figure
legends. Information about sample size and the individuals analysed are described in all
figure legends. Randomization was not applied because the group allocation was guided
by the genotype of the respective mutant worms. Worms of a given genotype were
randomly selected from large strain populations for each experiment without any
preconditioning. Blinding was not applied as the experiments were carried out under
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highly standardized and predefined conditions such that an investigator-induced bias can
be excluded. Statistical analyses were performed using GraphPad Prism 6 software
package (GraphPad Software, La Jolla California USA, www.graphpad.com) or Microsoft
Office Excel 2013.

Contact for reagent and resource sharing
Information regarding requests for materials used in this paper are listed in Key
Resources Table. C. elegans strains generated in this study will be deposited to
Caenorhabditis Genetics Center with strain names as described. Further information and
requests for reagents, strains in use, protocols, or other resources should be directed to
and will be fulfilled by the Lead Contact, Björn Schumacher (bjoern.schumacher@unikoeln.de).
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Figure legends
Figure 1. CEP-1/p53 and eIF4E2 homolog IFE-4 is required for the DNA damage
response in primordial germ cells.
(A) Representative images and (B) ratio of worms with germline development of xpc-1, xpc1;cep-1, and xpc-1;ife-4 mutant animals after UV or mock treatment at the L1 larval stage. (C)
Representative images and (D) ratio of worms with germline development in wt, cep-1, and ife4 strains. The position of vulva is marked with a white asterisk and the shape of germline is
delineated with white lines; scale bars represent 50 µm (A, C); representative results of 3
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independent experiments are shown as mean ± SD; two-way ANOVA followed by Tukey’s
multiple comparisons test; **** p < 0.0001 (B, D). (E) Similar rescue effect on the UV-induced
germline developmental defect by cep-1 or ife-4 mutations. Representative result of 2
independent experiments is shown as mean ± SD; one-way-ANOVA followed by Tukey’s
multiple comparisons test; **** p < 0.0001. (F) Epistasis between cep-1 and ife-4 and reversal
of rescued germline development by transgenic re-expression of wildtype IFE-4.
Representative result of 3 independent experiments is shown as mean ± SD; one-way-ANOVA
followed by Tukey’s multiple comparisons test; **** p < 0.0001. For the transgene reexpression array, only those who showed the roller phenotype, which indicates the presence of
the transgene, were scored. (G) Schematic illustration of the position and arrangement of
somatic gonad precursor (SGP) cells, Z1 and Z4, and primordial germ cells (PGCs), Z2 and Z3.
(H) Endogenous XPC-1 expression pattern in the L1 larvae. BJS823 xpc-1(sbj17)[xpc-1::his6
+ TEV + mCherry] strain was generated using CRISPR/Cas9 gene editing approach for
demonstrating the endogenous expression pattern of XPC-1. PGL-3 was used as markers for
PGCs; higher-resolution images of Z1-Z4 region showed in insets; scale bars 10 µm. (I)
Kinetics of primordial germ cell proliferation after UV irradiation in wt and xpc-1 strain
expressing transgene bnIs1[P ::GFP::pgl-1 + unc-119(+)]. Results from 3 independent
pie-1

experiments are shown mean ± SD (8-37 individuals analyzed per time point each experiment);
two-tailed t-test was applied for statistical analysis; * p < 0.05 and ** p < 0.01 compared to wt
of each time point. (J) Representative images and (K) PGC proliferation of xpc-1, xpc-1;cep1, and xpc-1;ife-4 mutant strains expressing transgene bnIs1[P ::GFP::pgl-1 + unc-119(+)].
pie-1

PGCs are marked with white arrowheads; scale bars 10 µm (J). Representative result of 3
independent experiments is shown in box-and-whisker graph; one-way-ANOVA followed by
Tukey’s multiple comparisons test; **** p < 0.0001 (K).
Figure 2. CEP-1/p53 and IFE-4 function in PGCs and SGPs, respectively, to mediate the
DNA damage response in PGCs.
(A) Representative images showing expression pattern of IFE-4::GFP and CEP-1 in untreated
control (0 h) or UV-treated (16 h) animals. PGCs are marked with white arrowheads while
SGPs are marked with red arrowheads; scale bars 10 µm. (B) Quantification results of IFE4::GFP expression in 0 h control and 16 h-post UV treatment animals. Representative result of
2 independent experiments is shown in box-and-whisker graph; two-tailed t-test; **** p <
0.0001; a.u., arbitrary unit. (C-F) Representative images and quantification results for verifying
tissue-specific RNAi knockdown of ife-4 (C, D) or cep-1 (E, F). PGCs are marked with white
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arrowheads while SGPs are marked with red arrowheads; scale bars 10 µm; two-tailed t-test;
*** p < 0.001; **** p < 0.0001; lsEx385[Pife−4::ife-4::GFP + rol-6(1006)]; ev, empty vector;
ns, not significant. (G) Function of IFE-4 and CEP-1 in somatic cells and germ cells,
respectively, in mediating germline development defect in response to UV. Representative
results of 4 independent experiments are shown as mean ± SD; two-way ANOVA followed by
Tukey’s multiple comparisons test; **** p < 0.0001. (H) Requirement of IFE-4 in Z1/Z4 SGPs
for UV-induced DNA damage response in PGCs. Representative results of 6 independent
experiments are shown as mean ± SD; two-tailed t test; *** p < 0.001. (I-J) Abrogation of
rescued germline development by SGP-specific re-established IFE-4. Representative images
showing the SGP-specific re-establishment of IFE-4; PGCs are marked with white arrowheads
while SGPs are marked with red arrowheads; scale bar 10 µm; imaged using worms fixed at 16
h-post UV treatment (I). Representative results of germline developmental assay from 3
independent experiments showed as mean ± SD; For SGP-specific re-establishment of IFE-4
array, only those showed presence of transgenes were scored; one-way ANOVA followed by
Tukey’s multiple comparisons test; ** p < 0.01 (J).
Figure 3. FGF signaling is involved in intercellular communication, through which IFE4 in SGPs mediates the UV-induced CEP-1/p53 response in PGCs.
(A-B) Requirement of IFE-4 in SGPs for UV-induced CEP-1 expression in PGCs. CEP-1 and
IFE-4::GFP expression at basal level (A, 0 h control) or upon UV treatment (B, 16 h-post UV
irradiation). PGCs are marked with white arrowheads while SGPs are marked with red
arrowheads; scale bars 10 µm. Representative results of 2 (A) or 3 (B) independent experiments
are shown in box-and-whisker graph; one-way ANOVA followed by Tukey’s multiple
comparisons test; ** p < 0.01; **** p < 0.0001; lsEx385[Pife−4::ife-4::GFP + rol-6(1006)]; ns,
not significant. (C) Requirement of IFE-4 for CEP-1-mediated transactivation of downstream
target egl-1 in response to UV. Results of 3 independent experiments are shown as mean ± SD;
one-way ANOVA followed by Tukey’s multiple comparisons test; ** p < 0.01; *** p < 0.001.
(D) Tissue-specificity of FGFR/EGL-15 and FGF/EGL-17 in mediating the DNA damage
response in PGCs. Representative results of 4 independent experiments are shown as mean ±
SD; two-way ANOVA followed by Tukey’s multiple comparisons test; **** p < 0.0001. (E)
UV-induced PGC arrest rescued by FGFR/EGL-15 and FGF/EGL-17 KD. Strain expressing
transgene bnIs1[P ::GFP::pgl-1 + unc-119(+)] with GG-NER deficiency was subjected to
pie-1

indicated RNAi KD. Representative result of 3 independent experiments is shown in box-and-
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whisker graph; one-way-ANOVA followed by Tukey’s multiple comparisons test; **** p <
0.0001.
Figure 4. EGL-17/FGF signaling is required for IFE-4 and CEP-1/p53 induction in
response to DNA damage.
(A-B) Requirement of EGL-17/FGF in both germ cells and somatic cells for mediating UVinduced IFE-4 up-regulation in Z1/Z4 SGPs. Representative images and quantification results
showing general KD (A, 0 h control vs 16 h-post UV treatment) or tissue-specific KD (B, 16
h-post UV treatment) of egl-17 on IFE-4 expression in SGPs. Representative results of 3
independent experiments are shown in box-and-whisker graph; one-way ANOVA followed by
Tukey’s multiple comparisons test (A) or two-tailed t-test (B); ** p < 0.01; **** indicates p <
0.0001; scale bars 10 µm; ev, empty vector. (C-E) Requirement of EGL-17/FGF in both germ
cells and somatic cells for mediating UV-induced CEP-1 expression and transcriptional activity
in Z2/Z3 PGCs. Representative images and quantification results showing germ cell-specific
KD (C, 0 h control vs 16 h-post UV treatment) or somatic cell-specific KD (D, 0 h control vs
16 h-post UV treatment) of egl-17 on CEP-1 expression in PGCs. Representative results of 2
independent experiments are shown in box-and-whisker graph; one-way ANOVA followed by
Tukey’s multiple comparisons test; *** p < 0.001; **** p < 0.001; scale bars 10 µm; ev, empty
vector (C, D). Results of 3 independent experiments are shown as mean ± SD; two-way
ANOVA followed by Tukey’s multiple comparisons test; ** p < 0.01; *** p < 0.001; ev, empty
vector (E).
Figure 5. MPK-1/ERK functions downstream of FGF signaling to regulate the IFE-4
response of PGC-DNA damage.
(A) Epistatic analysis between mpk-1 and egl-17. Representative result of 6 independent
experiments is shown as mean ± SD; two-way ANOVA followed by Tukey’s multiple
comparisons test; ** p < 0.01; *** p < 0.001; ev, empty vector. (B) Abrogation of egl-17
mutant-rescued germline development by re-established MPK-1. Representative result of 3
independent experiments is shown as mean ± SD; two-way ANOVA followed by Tukey’s
multiple comparisons test; **** p < 0.0001; gaEx40[hs-mpk-1(gf) + hs-D-mek(+) + rol6(su1006)]. (C-D) Requirement of MPK-1/ERK in both germ cells and somatic cells for
mediating UV-induced IFE-4 up-regulation in Z1/Z4 SGPs. Representative images and
quantification results showing general KD (C, 0 h control vs 16 h-post UV treatment) or tissuespecific KD (D, 16 h-post UV treatment) of mpk-1 on IFE-4 expression in SGPs. Representative
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results of 3 independent experiments are shown in box-and-whisker graph; one-way ANOVA
followed by Tukey’s multiple comparisons test (C) or two-tailed t-test (D); * p < 0.05; *** p <
0.001; **** indicates p < 0.0001; scale bars 10 µm; ev, empty vector. (E-F) Requirement of
MPK-1/ERK in both germ cells and somatic cells for mediating UV-induced CEP-1 expression
in Z2/Z3 PGCs. Representative images and quantification results showing germ cell-specific
KD (E, 0 h control vs 16 h-post UV treatment) or somatic cell-specific KD (F, 0 h control vs
16 h-post UV treatment) of mpk-1 on CEP-1 expression in PGCs. Representative results of 2
independent experiments are shown in box-and-whisker graph; one-way ANOVA followed by
Tukey’s multiple comparisons test; ** p < 0.01; **** p < 0.0001; scale bars 10 µm; ev, empty
vector. (G) PGC-specific RNAi screening of RTK genes for their involvement in transmitting
signals from SGPs upon UV-induced DNA damage. SERF, short extracellular region family;
LERF, long extracellular region family categorization according to Popovici et al. (Popovici et
al., 1999).
Figure 6. UV irradiation induces p53 expression in mouse skin HFSCs and eIF4E2
in adjacent niche cells.
(A) Schematic illustration of the murine hair follicle where CD34-positive HFSCs reside in
the bulge niche surrounded by niche-resident cells that consist of HFSC progeny in the
bulge and hair germ, as well as other heterologous niche cells such as the dermal papilla
fibroblasts. (B) (Upper panel) Representative images of CD34 (red), eIF4E2 (green), and
DAPI (blue) staining of hair follicles from control and UV-treated mice. (Lower panel)
Representative images of p53 (red), eIF4E2 (green), and DAPI (blue) staining of hair
follicles with or without UV. Note up-regulation of eIF4E2 in CD34-negative bulge cells
(white arrow) and up-regulation of p53 in HFSCs surrounding eIF4E2-positive bulge cells
(yellow arrows). (C) Quantification of eIF4E2 intensity within the bulge niche. Measured
fluorescent intensities were normalized to mock treated controls (mean ± SD; n=4
mice/condition * p < 0.05; Mann-Whitney U-test; scale bars 50 µm). (D) Quantification of
p53 within the hair follicle bulge niche (marked with yellow squares). Measured
fluorescent intensities were normalized to mock treated controls (mean ± SD; n=4
mice/condition * p < 0.05; Mann-Whitney U-test; scale bars 50 µm). Mock- and UV-treated
samples were imaged in pairs per donor and normalized to the mock-treated sample of each
pair. Per donor, three different fields of view were imaged. The region of interest was set to the
hair follicle bulge area to measure the fluorescence intensity. Measurement of three images
were averaged to result in a representative value (C-D, raw data prior to normalization shown
34

in Suppl. Figure 15). (E) Representative images of CD34 (red), eIF4E2 (green), and DAPI
(blue) staining of HFSC cultures with or without UV. (F) Representative images of CD34
(red), p53 (green), and DAPI (blue) staining of HFSC cultures with or without UV. (G)
Quantification of eIF4E2 (left) and p53 (right) fluorescent intensities of CD34-positive
and CD34-negative cells. Measured intensities were normalized to CD34-negative cells
without UV. Note upregulation of p53 predominantly in CD34-positive HFSCs and specific
upregulation of eIF4E2 in CD34-negative cells (mean ± SD; n=6-7, 3 independent
experiments with technical duplicate or triplicates; * p < 0.05; ** p < 0.01, KruskalWallis/Dunn’s; ns, not significant). Scale bars 50 µm.
Figure 7. eIF4E2 depletion attenuates induction of p53. (A) Representative images of
CD34 (red), eIF4E2 (green), DAPI (blue) staining of scrambled control and eIF4E2 siRNA
HFSC cultures with or without UV. Scale bars 50 µm. (B) Quantification of eIF4E2 signal
for each condition. Fluorescent intensities were normalized to control cells without UV.
All plots show mean ± SD; n=8-9, 3 independent experiments with duplicate or triplicates;
** p < 0.01, **** p < 0.0001, Kruskal-Wallis/Dunn’s. (C) Representative images of CD34
(red), p53 (green), DAPI (blue) staining of scrambled control and eIF4E2 siRNA HFSC
cultures with or without UV. Scale bars 50 µm; yellow squares highlight the CD34-positive
clusters with attenuated p53 induction (D) Quantification of p53 signal for each
condition. Fluorescent intensities were normalized to no UV controls. All plots show mean
± SD; n=9, 3 independent experiments with triplicates; ** p < 0.01, Kruskal-Wallis/Dunn’s.
(E) Model for non-cell-autonomous control of CEP-1-mediated DNA damage response in
PGCs by IFE-4 in SGPs. (F) Model for non-cell-autonomous regulation of p53 in hair follicle
stem cells by eIF4E2 in niche cells.
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Supplementary Figure Legend
S. Figure 1 (related to Figure 1). (A+B) Genetic screen for regulators of the response to
persistent DNA damage in germ cells. (A) The phenotype used for genetic screening. Red
arrow heads indicate the developed germline structures and embryos. The scale bar represents
100 µm. (B) Scheme showing the workflow of forward genetic screening for identifying
suppressors of the UV-induced germline developmental defect in xpc-1 mutant animals. Red
arrow heads indicate the developed germline structures and embryos. (C) Genetic
complementation test confirming the ife-4 mutation as responsible for rescuing UVinduced germline developmental defect in xpc-1 mutant animals. Representative result of
2 independent experiments is shown as mean ± SD; one-way ANOVA followed by Tukey’s
multiple comparisons test; ** p < 0.01. (D-F) Somatic rescue of NER by transgenic XPA-1
and the involvement of CEP-1 and IFE-4 in mediating the germline specific UV
response. (D) Representative images of XPA-1 rescue in part of the soma, but not in PGCs;
white arrow heads indicate PGCs; scale bars 10 µm. (E) Ratio of transgenic adult xpa1;sbjIn27[Pxpa-1::GFP::xpa-1 + Pmyo-2::tdTomato] worms with germline development after
UV irradiation at the L1 larval stage. Representative result of 2 independent experiments is
shown as mean ± SD. (F) Partial repression of the germline developmental defect in the
transgenic worm xpa-1;sbjIn27[Pxpa-1::GFP::xpa-1 + Pmyo-2::tdTomato] by cep-1 or ife-4
RNAi after UV irradiation at the L1 larval stage. Representative result of 4 independent
experiments is shown as mean ± SD; one-way ANOVA followed by Tukey’s multiple
comparisons test; **** p < 0.0001.
S. Figure 2 (related to Figure 1). (A) Involvement of IFE-4 and CEP-1 in IR -induced
DDR. Representative result of 3 independent experiments is shown as mean ± SD; two-way
ANOVA followed by Tukey’s multiple comparison test; statistics are just shown for specific
dosages and comparisons; **** p < 0.0001. (B) Involvement of IFE-4 but no other eIF4E
isoforms in regulating the germline development upon UV irradiation. Representative
result of 2 independent experiments is shown as mean ± SD; one-way ANOVA followed by
Tukey’s multiple comparison test; **** p < 0.0001; ns, not significant. (C) Persistent DNA
damage in PGCs due to GG-NER deficiency. Worms of indicated genetic backgrounds
were synchronized at the L1 larval stage for UV treatment and fixed at 16 h-post UV
irradiation for immunofluorescence staining. The PGL-3 staining marks the P granules
expressed only in the germ cells (PGC labelled with white arrow heads) while RAD-51 marks
the impaired DNA. The scale bar represents 10 µm. (D) Normal recovery from starvation-

induced PGC arrest and germ cell proliferation in the xpc-1, and xpc-1;cep-1 or xpc1;ife-4 mutant strains. Kinetics of PGC proliferation upon feeding in the absence of UV
treatment. Representative results of 3 independent experiments is shown (15-49 individuals
analyzed per time point each experiment). Two-tailed t-test was applied for statistical analysis
and no significant difference was found among strains examined at any time point. (E)
Restoration of PGC proliferation in the xpc-1 mutant strain by cep-1 or ife-4 RNAi.
Single experiment shown in box-and-whisker plot; one-way ANOVA followed by Tukey’s
multiple comparison test; *** p < 0.001.
S. Figure 3 (related to Figure 2). IFE-4 expression in SGPs and soma upon UV
treatment. IFE-4 in SGPs is specifically elevated upon UV-treatment while IFE-4 levels in
other somatic tissues increase during normal development regardless of UV. Representative
result of 3 independent experiments shown in box-and-whisker graph; one-way ANOVA
followed by Tukey’s multiple comparison test; ** p < 0.01; *** p < 0.001; ns, not significant;
a.u., arbitrary unit; red arrow heads mark SGPs; yellow arrows mark other somatic cells; scale
bars 10 µm.
S. Figure 4 (related to Figure 2 (A-B) and Figure 3 (C-D)). (A) Whole worm images of
CEP-1 immunofluorescence staining. Representative images of CEP-1 immunofluorescence
staining showing the expression pattern in the L1 larvae. The xpc-1;cep-1 strain was used as a
negative control indicating the specificity of CEP-1 staining. Scale bars 10 µm. (B) Whole
worm images of SGP-specific re-establishment of IFE-4. PGCs are marked with white
arrowheads while SGPs are marked with red arrowheads; scale bar 10 m; imaged using
worms fixed at 16 h-post UV treatment. (C+D) Quantification of CEP-1/p53 levels in (C) 0
h control and (D) 16 h-post UV treatment animals using histone H3 as reference
staining. Representative results of 2 independent experiments are shown in box-and-whisker
graph; two-tailed t-test; *** p < 0.001; ns, not significant; scale bar 10 m.
S. Figure 5 (related to Figure 3). Assessing role of IFE-4 in mitotic germ cell cycle arrest.
Representative DIC images from xpc-1, xpc-1;cep-1, xpc-1;ife-4 (A) and N2 wt, cep-1, ife-4 (B);
asterisk, the distal tip of the germline; scale bar, 10 m; red arrow head, enlarged arrested cell at the
most distal region of germlines. (C) Representative results from three independent experiments. Twoway ANOVA followed by Sidak’s multiple comparison test; *** p < 0.001; **** p < 0.0001; ns, not
significant.

S. Figure 6 (related to Figure 3 (A-C) and Figure 5 (D)). (A+B) RNAi screening of IFE-4
targets. (A) RNAi screening of genes whose translation initiation is known to be regulated by

IFE-4 targets for their involvement in regulating germline development upon UV-induced
DNA damage. (B) Validation of potential candidate genes involved in regulating germline
development in response to UV-induced DNA damage. Results are shown as mean ± SD from
analyzing offspring of 3-9 parental individuals per strain and condition; two-tailed t-test; * p <
0.05 and ** p < 0.01 compared to ev group. (C) Verification of FGF signaling involvement
in the UV-induced DNA damage response. Two independent egl-17 alleles were crossed
into the GG-NER deficient background for evaluating the involvement of FGF signaling
pathway in regulating germline development upon UV-induced DNA damage. Representative
result of 6 independent experiments is shown as mean ± SD; one-way ANOVA followed by
Tukey’s multiple comparisons test; **** p < 0.0001. (D) Requirement of MPK-1 in both
germ cells and somatic cells for mediating germline developmental defect in response to
UV. Representative result of 3 independent experiments is shown as mean ± SD; two-tailed ttest for comparing KD to ev-treated group of each strain; ** p < 0.01; *** indicates p < 0.001;
ev, empty vector.
S. Figure 7 (related to Figure 5 (A-C), Figure 6 (D-E), and Figure 7 (F)). RNAi screening
of receptor tyrosine kinases (RTKs). (A) Validation of KIN-16 family RTKs PGC-specific
functioning in response to UV-induced DNA damage as SGP-specific RNAi of which showed
no rescue effect on germline developmental defect. Representative result of 3 independent
experiments is shown as mean ± SD; one-way ANOVA followed by Tukey’s multiple
comparisons test; *** p < 0.001. (B) Rescue of germline developmental defect by old-1
deletion mutation. Representative result of 3 independent experiments is shown as mean ±
SD; two-tailed t-test; ** p < 0.01. (C) Epistatic analysis between OLD-1 and CEP-1 or IFE-4.
Representative result of 3 independent experiments is shown as mean ± SD; one-way
ANOVA followed by Tukey’s multiple comparisons test; ns, not significant. (D+E) Plotting
of tissue staining data from 4 individual donor pairs. Pairs of mock- and UV-treated
samples, which were processed at the same time on the same slide, were imaged at the fixed
laser power. Per donor, three different fields of view were imaged and shown here as absolute
fluorescence intensity of (D) eIF4E2 and (E) p53 prior to normalization. (F) Verification of
eIF4E2 siRNA efficiency by qPCR. Results of 3 independent experiments are shown as
mean ± SD; two-tailed t-test for comparing scrambled control to eIF4E2 siRNA HFSC
cultures 6 h-post UV treatment; ** p < 0.01; mGAPDH, mouse glyceraldehyde-3-phosphate
dehydrogenase.

