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ABSTRACT

During starvation, organisms modify both gene ex-
pression and metabolism to adjust to the energy
stress. We previously reported that Caenorhabditis
elegans lacing AMP-activated protein kinase (AMPK)
exhibit transgenerational reproductive defects asso-
ciated with abnormally elevated trimethylated his-
tone H3 at lysine 4 (H3K4me3) levels in the germ
line following recovery from acute starvation. Here,
we show that these H3K4me3 marks are significantly
increased at promoters, driving aberrant transcrip-
tion elongation resulting in the accumulation of R-
loops in starved AMPK mutants. DNA-RNA immuno-
precipitation followed by high-throughput sequenc-
ing (DRIP-seq) analysis demonstrated that a signif-
icant proportion of the genome was affected by R-
loop formation. This was most pronounced in the
promoter—transcription start site regions of genes,
in which the chromatin was modified by H3K4me3.
Like H3K4me3, the R-loops were also found to be
heritable, likely contributing to the transgenerational
reproductive defects typical of these mutants follow-
ing starvation. Strikingly, AMPK mutant germ lines
show considerably more RAD-51 (the RecA recombi-
nase) foci at sites of R-loop formation, potentially se-
questering them from their roles at meiotic breaks or
at sites of induced DNA damage. Our study reveals
a previously unforeseen role of AMPK in maintain-
ing genome stability following starvation. The down-
stream effects of R-loops on DNA damage sensitiv-
ity and germline stem cell integrity may account for
inappropriate epigenetic modification that occurs in
numerous human disorders, including various can-
cers.

INTRODUCTION

In most organisms, a highly conserved enzyme called
adenosine monophosphate (AMP)-activated protein kinase
(AMPK) acts as an important metabolic master regula-
tor through its ability to sense reduced energy levels (1).
In situations of stress such as starvation, AMPK ensures
that energy is appropriately allocated to all essential cellular
processes (1-3). As embryogenesis terminates, the emergent
Caenorhabditis elegans 11 larvae will only begin to develop
post-embryonically if nutritional resources are adequate. If
food is limiting, the animal enters a quiescent, nondevel-
oping stage called the L1 diapause and can remain in this
state for up to 2 weeks. In the diapause, all cell divisions
are arrested, transcription and translation are maintained
at a minimum, and the animals wait for an improvement
in growing conditions to trigger the changes typical of the
onset of postembryonic development.

We noted previously that following recovery from acute
starvation as emergent L1 larvae, C. elegans that lack
AMPK are often sickly, have reduced brood sizes or are ster-
ile (2). Intriguingly, these reproductive defects are transmit-
ted to subsequent generations of animals that were never
starved, suggesting that a molecular memory of the stress is
transmitted to future generations when this enzyme is dis-
rupted. Later generations show spontaneous somatic mu-
tant phenotypes, much like mutant animals that lack his-
tone demethylase activity (4,5), and often become sterile af-
ter one to several (up to 10) generations. These transgener-
ational reproductive defects can also occur at very low fre-
quency in wild-type (WT) animals that are starved for ex-
tended durations (6). This suggests that the epigenetically
inherited reproductive defects documented in the descen-
dants of mutants lacking AMPK very likely reflect the ex-
treme effects of starvation on the germ line, although they
occur after a much shorter delay in AMPK mutants.

Transgenerational epigenetic inheritance has been ob-
served in several contexts in C. elegans, and the progres-
sive “mortalization” of the germ line is often associated
with aberrant changes in the histone modifications typically
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present in the affected germ cells (7-9). In animals lacking
AMPK signaling, starvation results in a significant accumu-
lation of trimethylated histone H3 at lysine 4 (H3K4me3) in
the primordial germ cells (PGCs) of post-L1 diapause, while
the levels of other chromatin marks are not appreciably dif-
ferent. In contrast, the levels of H3K4me3 present in the
PGCs of WT animals are quite low during starvation, con-
sistent with their low transcriptional activity. This change in
the H3K4me3 levels in the PGCs is due to the misregulation
of the Mixed Lineage Leukemia (MLL)/SET-2/Complex
Proteins Associated with Setl (COMPASS)-like complex.
This inappropriate activation of the COMPASS-like com-
plex results in the unscheduled activation of transcriptional
elongation during a period when gene expression as a whole
should be attenuated (2,10).

Our previous study revealed that misregulated transcrip-
tional elongation contributes to the sterility of post-L1 di-
apause AMPK mutants (2). Efficient transcriptional elon-
gation only occurs following multiple changes within the
post-initiation RNA polymerase II (Pol II) complex that
enhances RNA processing. In the absence of these compo-
nents, the elongating complex pauses until these contingen-
cies are satisfied (11-13). In some cases, the nascent RNA
associated with these stalled complexes can thread back into
the transcription bubble, where it can base pair with the
noncoding strand of DNA. These three-stranded structures
harboring an RNA:DNA hybrid are referred to as R-loops,
and they are abundant non-B DNA structures that often
form during transcriptional pausing (14). The persistence
of R-loops is associated with replication/transcription con-
flicts that can result in DNA damage. Furthermore, they
are also a source of genome instability resulting from single
nucleotide changes catalyzed by DNA modifying enzymes,
such as cytosine deaminases, that can access the vulnerable
single-stranded DNA (15,16).

Here, we describe that the aberrant H3K4me3-induced
transcription elongation that occurs in starved AMPK mu-
tants results in the accumulation of R-loops at numerous
loci and is most pronounced at the promoter—transcription
start site (TSS) regions of the affected genes. The observed
increase in R-loop frequency is transmissible into subse-
quent generations and likely contributes to the transgener-
ational reproductive defects typical of AMPK mutants fol-
lowing starvation. RAD-51 foci accumulate at sites of R-
loop formation in post-L1 diapause AMPK mutant germ
lines, while introducing extra copies of RAD-51 could par-
tially restore fertility in these animals. Taken together, our
data suggest that AMPK blocks the inappropriate deposi-
tion of H3K4me3 marks during this period of energy stress
and in its absence these ‘ectopic’ chromatin marks result in
untimely transcriptional elongation and consequent R-loop
formation. These structures eventually sequester RAD-51,
limiting the availability of this important DNA repair factor
and thus compromising its roles in both the DNA damage
response and meiosis.

MATERIALS AND METHODS
Caenorhabditis elegans strains and genetics

Caenorhabditis elegans were cultured at 20°C on OPS50.
Strains used in this study include the following: Bristol
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N2, aak-1(tmi1944) 111; aak-2(0k524) X, thoc-2(tmi310)
I/ hT2[bli-4(e937) let-?(q782) qls48 ] (I;111) and smis34.

Reagents and antibodies

Methyl methanesulfonate (MMS, 129925, Sigma-Aldrich),
hydroxyurea (HU, HS8627, Sigma-Aldrich), Agencourt
AMPure XP (A63880, Beckman Coulter), 4,6-diamidino-2-
phenylindole (DAPI, 10236276001, Roche), Halt Protease
and Phosphatase Inhibitor Cocktail (1861281, Thermo Sci-
entific), VECTASHIELD Antifade Mounting Medium (H-
1000, Vector Laboratories), RNase H (M0297, NEB) and
cycloheximide (CHX, 1041-1, BioVision). The following
antibodies were used: anti-DNA-RNA hybrid, clone S9.6
(MABEI1095, Millipore), anti-RAD-51 (gift from Monique
Zetka), anti-H3K4me3 (ab8580, Abcam), anti-Pol IT S2
(RNA Pol II phosphorylated serine 2; ab5095, Abcam),
Goat anti-Rabbit IgG (H + L) highly cross-adsorbed sec-
ondary antibody, Alexa Fluor 488 (A-11034, Invitrogen)
and Goat anti-Mouse IgG (H + L) highly cross-adsorbed
secondary antibody, Alexa Fluor 594 (A-11032, Invitro-

gen).

ChIP-Seq and DRIP-seq

L1 hatchlings were maintained for 3 days in a sterile
M9 buffer without bacteria (2). After this period, L1 lar-
vae were transferred to nematode growth media (NGM)
plates and fed for two generations until F, adults were
harvested to generate extracts for both chromatin im-
munoprecipitation (ChIP) and DRIP. Immunoprecipita-
tion was performed from three3 biological repeats. DRIP
in C. elegans was performed as described with minor
modifications (17). Primers used for DRIP-qPCR are as
follows: tig-3 (forward: 5-ACTCCAAATGCTCTAAGT
ACAACTG-3, reverse: 5~ ACACAGTGTGCTCCACAG-
3); K07C5.6 (forward: 5-CCTTCTCGCGTTCTTTTT
CTTTTTC-3/, reverse: 5Y-CAAAGTTCCGAAGTTAGT
AGAGAAGAC-3); cit-1.2 (forward: 5-GCTCTTTATT
TGGGTTCAATTCCTG-3, reverse: 5-GTCGACAACA
AGAGTGGAAACC-3) and rrn-3.56 (forward: 5'-CCCA
CAGATCTACTATATTAAATGTGCCC-3, reverse: 5'-
TCCCCGCTTGACACTGT-3).

The libraries were prepared and sequenced by the In-
stitute for Research in Immunology and Cancer (IRIC) in
Montreal, Canada. The sequencing data were obtained us-
ing an Illumina Nextseq instrument, and data were an-
alyzed with the ChIP-seq pipeline implemented by the
Canadian Centre for Computational Genomics. Reads were
trimmed from the 3’ end to have a Phred score of at least
30. Illumina sequencing adapters were removed from the
reads, and all reads were required to have a length of at
least 50 bp. Trimming and clipping were performed using
Trimmomatic (18). The filtered reads were aligned to the
cell genome (Caenorhabditis_elegans assembly WBcel235).
Each readset was aligned using Burrows—Wheeler Aligner
algorithm (19), which creates a Binary Alignment Map file
(.bam). Then, all readset BAM files from the same sam-
ple were merged into a single global BAM file using Pi-
card. Base quality filtering of the aligned reads was then
performed based on the quality of the BAM file, where each
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alignment file per sample was filtered using SAMtools (20).
All alignments with MAPping Quality (MAPQ) <20 and
samflag 4 (read unmapped) are excluded from the resulting
file in BAM format. Duplicated aligned reads that have the
same 5" alignment positions were made with Picard. All but
the best pair (based on alignment score) was marked as a
duplicate in the BAM file. Duplicate reads were excluded
from subsequent analysis.

To facilitate the analysis of ChIP-Seq, the HOMER
software (21) was used to transform the sequence align-
ment into a platform-independent data structure represent-
ing the experiments. All relevant information about the
experiment was organized into a ‘Tag Directory’. Dur-
ing the creation of tag directories, several quality control
routines were run to help provide information and feed-
back about the quality of the experiment. BedGraph track
format files were generated from the aligned reads using
HOMER. Peaks were called using MACS software (22) and
were annotated with HOMER using RefSeq annotations.
Gene ontology and genome ontology analyses are also
performed at this stage by DAVID functional annotation
bioinformatics microarray analysis https://david.ncifcrf.gov
(23). De novo motif analyses were also performed with
HOMER.

Cross-linking immunoprecipitation of transcribing RNA
Pol 11

Cross-linking immunoprecipitation with anti-H3K4me3
was performed according to the manufacturer’s protocol.
Briefly, animals were collected in phosphate buffered saline
(PBS) buffer followed by 15 min fixation in 0.75% formalde-
hyde solution. About 125 mM glycine was added to quench
the fixation and animals were transferred to lysis buffer
and subjected to sonication to obtain a DNA fragment size
of 600-1600 bp. Debris was removed by centrifugation at
8000 g. DNA concentration was estimated by measuring
absorbance at 260 nm, in order to adjust and obtain the
same amount of material for the subsequent immunopre-
cipitations. About 1.5 pg of anti-H3K4me3 antibody and
20 w1 of protein A beads were incubated with each sample
overnight at 4°C. Protein A beads were then collected and
washed three times with wash buffer. 2x protein loading
buffer was added to the beads and boiled for 3 min to elute
the binding DNA-protein complexes. The elution was col-
lected by centrifugation and subjected to western analysis
using anti-Pol 1T S2.

4sU labeling

L1 hatchlings were maintained for 3 days in sterile M9
buffer without bacteria and transferred to NGM plates and
fed until the F;, generation. F, adult hermaphrodites were
harvested and washed with M9, transferred to new plates
with food containing 4sU of the concentrations shown and
treated for indicated periods before collection. Total RNA
was isolated with TRIzol™ Reagent (Invitrogen) and pu-
rified with MaXtract High-Density tubes (Qiagen). Thiol-
specific biotinylation and isolation using streptavidin beads
was carried out as described previously (24).

Visualization of superimposed track heat maps

EaSeq software (25) was used for visualization to gener-
ate superimposed track heat maps as previously described
(26). The .bam files were imported using default settings
and all values were normalized to reads per kilobase million
(RPKM). Line tracks of the superimposed signal were gen-
erated using the ‘LineTrack’ tool, and 1000 bp surrounding
each region was segmented into 400 bins and smoothed for
1 bin. Heat maps were made by the ‘HeatMap’ tool. The
‘Colocalize’ tool was used to determine the distances from
and orientation of each TSS to the nearest peak center. Heat
maps were ordered according to increasing size using the
‘Sort’ tool.

RAD-51 and RNH-1 overexpression lines

Germline expression of rad-51 or rnh-1 was driven by a pie-
1 promoter assembled into complex arrays (27). Genomic
rad-51 and rnh-1.0 were amplified and cloned into pBlue-
script vector by Gibson assembly. Primers used for PCR are
as follows: rad-51 (forward: 5-ATGGGACAATCTTGGG
GATATGAAG-3, reverse: 5-CTAGTCCTCGCGTGCG
TCCT-3') and rnh-1 (forward: S-ATGAGCAAGTTCTA
TGGTGTGG-3, 5-TCAAAATCTGAAATTTTTCAAG
TTTTGAGT-3'. The pie-1 promoter and the pie-1 3’ UTR
were used to drive germline expression throughout devel-
opment. Transgenic lines were generated by microinjecting
constructs at Ing/wl as a complex array with ro/-6 marker.

Drug treatments

CHX treatment of L1 larvae during starvation was per-
formed as described previously with 5,6-dichloro-1-B-D-
ribofuranosylbenzimidazole (DRB) (2). Brieflyy, WT and
aak-1/2 L1 larvae obtained by alkaline hypochlorite treat-
ment were maintained in M9 buffer without or with 20 uM
CHX during the 3-day period of diapause. Following this
period, L1 larvae were transferred to OP50-seeded NGM
plates. When they reached the L4 stage, 50 larvae per con-
dition were isolated, and after 3 days, their fertility and
brood size were assessed. Experiments were performed at
least thrice. HU and MMS treatments were performed ac-
cording to previous descriptions (28). For HU treatment,
the synchronized L1 larvae without or with 3-day starvation
in M9 buffer were transferred to OP50-seeded NGM plates
containing HU of indicated concentration and treated for
48 h before being singled into a plate for scoring the fer-
tility. MMS treatment was done similarly to HU treatment
except that MMS was added to the M9 buffer at the indi-
cated concentration and treated for the last 12 h of the 3-day
starvation.

S9.6 and RAD-51 immunofluorescence

S9.6 immunofluorescence was performed as previously de-
scribed (29) using secondary antibodies conjugated with
Alexa 594. Immunofluorescence analysis of RAD-51 was
performed as previously described (30) using secondary
antibodies conjugated with Alexa 488. Immunofluores-
cence images were acquired and processed using a Leica
DMI 6000B inverted microscope equipped with a Quorum
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WaveFX spinning Disc and EMCCD camera. S9.6 signal
intensity and quantification of RAD-51 foci were analyzed
and processed with Image] software. For quantification of
RAD-51 foci, images of the gonads were separated into six
equal zones by equally dividing the number of cell rows
from the distal end of the gonad to the onset of diakinesis.
More than 100 cells were scored in each experiment.

Live imaging

Animals were placed on a slide with a 3% agarose pad and
a drop of 0.2 mM levamisole in the M9 buffer. A coverslip
was placed on to the drop and sealed with nail polish. Im-
ages were taken using spinning-disk confocal microscopy as
described above.

PLA

Proximity ligation assay (PLA) was performed with
Duolink In Situ PLA® Probe Anti-Rabbit PLUS
(DU092002, Sigma-Aldrich), Duolink In Situ PLA®
Probe Anti-Mouse MINUS (DUO092004, Sigma-Aldrich)
and Duolink In Situ Detection Reagents Red (DU092008,
Sigma-Aldrich), according to manufacturer’s instructions.
The dissected gonads were freeze-cracked with liquid
nitrogen before fixation with cold methanol for 10 min.
Anti-DNA-RNA hybrid (mouse, 1:50) and anti-RAD-51
(rabbit, 1:1000) antibodies were used.

Statistical analysis

All statistical analyses were performed using GraphPad
Prism Software. Error bars indicate standard errors of the
mean (S.E.M.) or confidence interval at 95% (95% CI) as in-
dicated. Statistical significance was assessed by Fisher’s ex-
act test, Mann—Whitney U-test, two-tailed unpaired #-test
with Welch’s correction or one-way ANOVA, as indicated.
Statistical significance was considered at P < 0.05.

RESULTS

Transgenerational aberrant H3K4me3 deposition occurs pre-
dominantly at TSS regions in starved AMPK mutants

The gonads of AMPK mutants recovered from starvation
and developed to adulthood are often very disorganized
and morphologically abnormal, which is the prominent
cause of the sterility observed in the parental generation
(Po). Nevertheless, some of the animals seem to resolve the
problems caused by the initial starvation and generate an
F| brood that appears only mildly or even unaffected. How-
ever, in subsequent generations, reproductive defects begin
to manifest that become progressively worse with subse-
quent generations, despite that these later generations of
progeny were never starved. The increased abundance of the
H3K4me3 sites in the PGCs is propagated to all the germ
cells and is maintained over several generations and there-
fore could be responsible for the transgenerational epige-
netic defects in these mutant animals following the acute
starvation (2).

To determine how these marks were distributed in the
genome and if any suite of affected genes might explain
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the sterility and transgenerational epigenetic inheritance,
we performed chromatin immunoprecipitation sequencing
(ChIP-seq) to generate genome-wide H3K4me3 maps from
the F, adult descendants of post-L1 diapause (which we
refer to hereafter as ‘starved’) AMPK mutants (31) (Fig-
ure 1A). We focused on the F, since it is the first genera-
tion that is not directly exposed to the starvation (the first
transgenerational brood) (31-33). Consistent with our pre-
vious findings, H3K4me3 levels are abnormally high in the
F, descendants of starved AMPK mutants, these ‘ectopic’
sites of deposition result in a distinct H3K4me3 signature in
the starved AMPK mutants (Figure 1B and Supplementary
Figure S1A).

H3K4me3 is found primarily on chromatin near or
around proximal promoters or TSSs (26). Consistent with
this feature, we noted that a high proportion of the ‘ectopic’
H3K4me3 peaks identified in AMPK mutants were posi-
tioned at, or around, promoter regions (Figure 1B-E and
Supplementary Figure S1B). Annotation and peak location
statistics revealed that the F, descendants of starved AMPK
mutants harbored more H3K4me3 signals spanning TSSs
(Figure 1C, D and Supplementary Figure S1C-E). Further
global analysis of H3K4me3 signals indicated that ~88% of
the peak calls in the descendants of starved AMPK mutants
accumulated at promoter—TSSs, while only ~36% are found
at such loci in starved WT animals (Figure 1E).

Blocking the formation of H3K4me3 at TSS—proximal
regions is critical for early embryonic development in C. el-
egans (34). We identified that 40% of the total H3K4me3
was deposited at proximal regions (2 kb upstream of TSS)
in AMPK mutants compared to only ~24% in WT an-
imals (Supplementary Figure S2A). Moreover, these ‘ec-
topic’ sites do not correlate strongly with previously de-
scribed loci occupied by the nontranscribing paused/poised
form of Pol II (35) (Supplementary Figure S2B). This sug-
gests that the ‘ectopic’ deposition of these H3K4me3 marks
could generate an abnormal transcription-activating signal
at the TSS—proximal regions of these loci that would other-
wise not be earmarked for expression.

If this was indeed the case and the ectopic sites of
H3K4me3 were functional, they should be associated with a
larger fraction of Pol II that is engaged in transcription. Pol
1T is phosphorylated by two different kinases, each of which
acts at distinct stages of transcription. Serine 5 phospho-
rylation of the heptapeptide repeats in the Pol II carboxyl
terminal domain (S5) occurs after transcription initiation.
This form is typically found at the 5’ end of genes, where the
enzyme pauses prior to promoter clearance. Actively tran-
scribed genes have increased levels of elongating Pol II in
the body of the gene that can be distinguished from the post-
initiation/poised enzyme (S5) by its characteristic phospho-
rylation on serine 2 of its carboxyl terminal domain (S2)
(12,13). We therefore assessed the levels of the S2-modified
form of Pol II in the F, descendants of starved WT and
AMPK mutants and found that its abundance was higher
in the AMPK mutants. The S2-phosphorylated Pol II lev-
els were also enriched in ChIPs of H3K4me3-associated
fragments isolated from the AMPK mutants compared to
WT animals (Figure 1F). These data are consistent with
Pol IT being more globally engaged in elongation in starved
AMPK mutants, and this is particularly true at the sites of
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Figure 1. Aberrant H3K4me3 deposition occurs predominantly at TSS regions in starved AMPK mutant descendants. (A) Sample collection scheme for
H3K4me3 ChIP-seq analysis. Py L1 diapause animals were starved for 3 days in M9 buffer, after which larvae were fed until F, adult collection. (B)



H3K4me3. However, this analysis cannot distinguish an ac-
tively elongating enzyme from Pol II that is stalled in the
gene body and no longer actively transcribing. This kind of
stalling can occur in genomic regions where the GC content
of the template is abnormally high, while also causing ad-
ditional elongating Pol II complexes to pile up behind the
stalled enzyme (12,13).

By performing 4sU run-on assays to monitor the activ-
ity of Pol II, we show the direct evidence that in starved
AMPK mutants the increased level of Pol II S2 corresponds
to complexes that were actively transcribing and not simply
paused, or complexes that were piling up behind a stalled
enzyme (Figure 1G). This is once again consistent with
our previous analyses with the transcription elongation in-
hibitor, DRB, which showed that blocking transcriptional
elongation during the period of quiescence could improve
the sterility typical of AMPK mutants (2). Taken together,
these data suggest that the ectopically deposited H3K4me3
marks that occur in the AMPK mutant animals are asso-
ciated with an increased fraction of elongating Pol 11, re-
sulting in the inappropriate transcription of a suite of genes
in proximity to these histone marks. This unscheduled, pre-
mature transcription during the quiescent period of the L1
diapause contributes to the subsequent reproductive defects
observed in the recovered mutant animals.

Enhanced R-loop formation within the germ line of starved
AMPK mutant descendants

If the accumulation of these transcripts is miscoordinated
with their functional requirement during post-embryonic
developmental progression, they could negatively impact
cellular homeostasis and growth, thus accounting for the
numerous defects typically observed in these mutants. To
determine if this unscheduled transcription affects the
starvation-induced sterility through untimely protein syn-
thesis from the aberrant RNA transcripts, we treated the
AMPK mutant L1 larvae with the translation inhibitor
CHX during the period of starvation (Supplementary Fig-
ure S3), exactly as we had done with DRB. We evalu-
ated sterility following recovery of the starved animals af-
ter being transferred to replete growth conditions. Un-
like treatment with the transcription inhibitor (2), block-
ing translation during the L1 diapause did not improve
the starvation-induced sterility of the AMPK mutants (Fig-
ure 2A). These results strongly suggest that many of the
starvation-induced reproductive defects typical of AMPK
mutants arise, at least partially, from the inappropriate
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transcription/elongation that initially occurs in the PGCs
(2), or potentially from the untimely expression or incorrect
noncoding RNA products that are generated during the pe-
riod of acute starvation.

Because elongating Pol I often pauses when not asso-
ciated with critical factors required for RNA processing
and efficient processivity, we wondered if the hyperacti-
vated transcriptional elongation could lead to abnormal
R-loop formation in AMPK mutants. R-loops commonly
arise at transcriptional pause sites, whereby the nascent
pre-mRNA can thread back into the transcription bub-
ble to form an RNA-DNA duplex with the exposed DNA
template strand. Using S9.6 antibody that recognizes these
structures, we first compared the frequency of R-loops in
unstarved WT and AMPK mutant germ lines and found no
significant difference (Supplementary Figure S4A). How-
ever, we noted that starved AMPK mutant germ lines dis-
played significantly higher levels of R-loop foci. In paral-
lel, as a positive control, we stained the germ line of a mu-
tant that is deficient for the Tho—Trex complex (thoc-2) that
results in an increased abundance of R-loops (Figure 2B)
(36). The S9.6 signal could be partially alleviated by mi-
croinjecting RNaseH (RNH) (37) (Supplementary Figure
S4B) or by inhibiting inappropriate transcriptional elon-
gation with DRB during the period of starvation (Supple-
mentary Figure S4C). Moreover, transgenic expression of
the C. elegans RNH ortholog (rnh-1) in the germ cells also
improved the fertility of the starved P, generation (Figure
2C). Importantly, like the H3K4me3 levels (2), the abnor-
mal abundance of R-loops was gradually resolved over mul-
tiple generations, whereby R-loop numbers were most abun-
dant in the germ cells of Py adult animals following the ini-
tial starvation > F, descendants > F5 descendants (Figure
2D).

R-loop accumulation results from increased H3K4me3

To better understand the relationship between elevated
H3K4me3 level and the increased frequency of R-loop for-
mation in AMPK mutants, DRIP-seq were performed
using genomic DNA obtained from the F, generation of
starved WT and AMPK mutant animals (Supplementary
Figure S5A). We noted a dramatic expansion in the number
of R-loops at loci that had not previously been associated
with these structures (36) but also in overall abundance at
individual loci throughout the entire genome (Supplemen-
tary Figure S5B) of the starved AMPK mutants by compar-
ing both read coverage and depth (Figure 3A and B), with

Genome browser snapshots of H3K4me3 ChIP-seq signals at the promoter—TSS regions of rps-20, orc-5, tlf-1, mdt-18 and rpb-10 genes. Green bars show
promoter—TSS H3K4me3 calls. Track height represents read counts. (C) Line tracks of H3K4me3 signal at TSSs in WT versus AMPK mutants. Colors
indicating H3K4me3 levels are shown on the right. (D) k-means clustered heat maps of H3K4me3 signal for WT and aak-1/2 animals at TSSs. Five different
clusters were identified at the 1 kb regions flanking the TSSs, and densities correspond to H3K4me3 signal; C1-C5, clusters 1-5. (E) Annotation and peak
location analyses for called H3K4me peaks that map to promoter—TSS, transcription termination site (TTS), exon and the other regions. Peak percentage is
shown. In aak-1/2 mutants, peaks accumulate at the promoter-TSS fraction. (F) Aberrant H3K4me3 sites in starved AMPK mutants are transcriptionally
engaged. ChIP was performed with anti-H3K4me3 in both post-L1 diapause WT (N2) and AMPK mutant F, adults. The levels of Pol 11 S2 were first
analyzed by western blot using total C. elegans lysates immediately following sonication (before IP reaction). A second western blot was performed to
ensure that the Pol IT S2 was not degraded or dephosphorylated during the IP reaction. The immunoprecipitates were eluted and then immunoblotted with
antibodies that recognize Pol 11 S2 and H3K4me3. The ratio of Pol II S2 to H3K4me3 signal was quantified as indicated in the right panel. The asterisk
(*) indicates P < 0.05 by Student’s 7-test. (G) Ongoing active transcription is higher in starved AMPK mutants. 4sU labeling was used to assess active
transcription in the F, descendants of starved AMPK mutant L1 larvae similarly treated WT controls (left panel). Rates of incorporation were assessed

after a 10-min pulse and quantified (right panel).
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AMPK mutant larvae treated with CHX during the period of starvation. The frequency of animals with reduced brood size in aak-1/2 mutants and in
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hybrids in the immunofluorescence demonstrated a clear increase in overall R-loop abundance in the germ lines of starved AMPK mutants; n = 100,
*¥*%P < (0.001 by one-way ANOVA, mean + S.E.M. (C) R-loops form in the PGCs during the period of starvation in AMPK mutants and are resolved
following expression of RNH-1. Emergent WT and aak-1/2 L1 larvae were starved 3 days then immunostained with S9.6 antibody (R-loops-green) and
counterstained with the germ cell specific marker HIM-3 Paralog (HTP)-3 (red). Similar starved mutant animals expressing a germline-specific RNH-1
transgene (pie-1p::rnh-1) possessed R-loop levels similar to controls. R-loop levels in the PGCs of each genotype were quantified and shown graphically
below. White arrowheads indicate PGCs (note that starved AMPK mutants possess additional PGCs); scale bar: 5 wm, n = 25, **P < 0.01 according
to ANOVA with multiple comparisons. (D) R-loops are progressively resolved with successive generations in AMPK mutants. Representative images of
DNA-RNA hybrids in the nuclei of Py (n = 83), F» (n = 100) and Fs (n = 81) adult germ lines determined by immunofluorescence using the S9.6 antibody
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immunofluorescence using the S9.6 antibody. Representative images are shown; scale bars: 5 pm, N = 2; **P < 0.01, **P < 0.001 by Mann—Whitney test.
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Figure 3. R-loop formation correlates with ectopic deposition of H3K4me3. (A) Genome browser snapshots of DRIP-seq signals at regions proximal to
genes and RNH tracks. Green bars show R-loop peak calls. Track height represents read counts. (B) Overall comparison of DRIP-seq output (peak score
and number) in WT versus aak-1/2 genome. (C) DRIP-qPCR validation. WT or F, descendants of starved aak-1/2 mutants cultured with or without DRB
treatment during starvation for 3 days were collected for DRIP. tig-3 was selected as a negative control; n = 3, mean + S.E.M. Signal values normalized
with respect to input genomic DNA are plotted. *P < 0.05, **P < 0.01, ***P < 0.001 by Mann-Whitney U-test. (D) Metaplot of GC skew centered
on all R-loop peaks. (E) Four enriched de novo motifs identified by HOMER analysis of AMPK mutant versus WT DRIP-seq. (F) Upper: annotation
and peak location analyses for called R-loop peaks mapping to promoter—TSS, TTS, exon, intron and the other regions. Genomic peak proportion in per
thousand is shown. Peaks accumulate predominantly at the promoter—TSS fraction in aak-1/2 mutants. Lower: pie charts of DRIP-seq signal distribution
for genic versus intergenic regions in WT or F, descendants of starved aak-1/2 mutants. (G) Genome browser snapshots showing a representative sample
of positively correlated R-loop signals and H3K4me3 levels in the F, descendants of starved AMPK mutants.



92 Nucleic Acids Research, 2023, Vol. 51, No. 1

high reproducibility between biological replicates (Supple-
mentary Figure S6A,B). The locus-specific enrichment of
R-loops was validated by DRIP-qPCR in which about half
of the enhanced R-loops in AMPK mutants could be re-
solved by blocking elongation during the period of starva-
tion (Supplementary Figure S4C), while others remained
unchanged (e.g. cit-1.2, Figure 3C).

Genome-wide DRIP-seq allowed us to identify a signif-
icant proportion of the genome (3.1% and 4.7% in starved
WT and AMPK mutants, respectively) that was associated
with R-loops in C. elegans (Supplementary Figure S6C). A
considerable number of the identified R-loop-associated ge-
nomic regions were conserved between the both WT and
AMPK mutants (Supplementary Figure S6D), suggesting
the presence of a common R-loop forming feature in or
around these loci (38). Consistent with the report in Saccha-
romyces cerevisiae (39) and human cells (40) that R-loops
are not restricted to nuclear genes, we also detect them in the
mitochondrial genome of C. elegans (Supplementary Fig-
ures S5B and S6E). In Drosophila, R-loops are highly en-
riched in repetitive DNA sequences such as satellite DINAs
(41). We also observed that a substantial number of R-loops
arise within satellite DNA regions, preferentially at cen-
tromeric heterochromatin (Supplementary Figure S6F).

GC skew contributes to R-loop formation in humans
(14,41). The genomic sequence present within the extracted
R-loop peaks from 1 kb up- and downstream exhibit strong
GC skew in C. elegans, especially in the regions adjacent
to the R-loop peaks (Figure 3D). Although AT skew (42)
was not revealed in our genome-wide analysis, we did note
that there are a substantial number of R-loop-associated se-
quences with strong AT skew in C. elegans (Supplementary
Figure S7), especially in starved AMPK mutants (Figure
3E). Two polypyrimidine sequences and two poly(A) tracts
were identified by HOMER de novo motif analysis (Figure
3E) in AMPK mutant versus WT, suggesting the possibility
that a subset of R-loops can form in sequences associated
with trans-splicing and/or polyadenylation (38,39).

Genome-wide analyses indicate that overall R-loop in-
tensity in C. elegans is most pronounced at the promoter—
TSS region (Figure 3F and Supplementary Figure S§A-
C). Notably, R-loops that accumulate at the promoter—
TSS region occupy ~2.4% of the genome in AMPK mu-
tants, compared to only ~1.7% in WT controls. Besides
the promoter—TSS regions, R-loops at transcriptional ter-
mination sites (TTSs) occupied ~20% of the total peaks
(Figure 3F), which is comparable to estimates of preva-
lent and conserved R-loop formation at promoter and ter-
minator regions of Pol II-dependent genes in human and
mouse genomes (43,44). Among those genes with common
promoter-associated R-loops in WT and the F, descen-
dants of starved AMPK mutant animals, only a small num-
ber of them (~5.6%) also share R-loops at the correspond-
ing TTS regions (Supplementary Figure S§D), suggesting
that distinct mechanisms are involved in the regulation of
R-loop dynamics at these two intragenic hotspots. The pro-
portion of R-loop peaks in the intron regions was relatively
low in both samples (Figure 3F and Supplementary Figure
S8A, B). However, genome-wide R-loop signal distribution
was higher throughout intergenic regions in AMPK null an-
imals (Figure 3F), suggesting that AMPK could potentially

regulate R-loop formation by restricting the expression of
intergenic sequences (45).

Considering that our H3K4me3, ChIP-seq and DRIP-
seq signals have similar distribution patterns at the
promoter—TSS regions in starved AMPK mutants (Figures
1E and 3F) and that genes with promoter-localized R-loops
coincide with significantly higher transcription activity of
the resident genes (43), our data suggest that the increased
abundance of conserved and ectopic H3K4me3 deposition
correlates with the formation and/or maintenance of R-
loops in AMPK mutants (Figure 3G and Supplementary
Figure S§E). We characterized 110 genes with both ectopic
R-loops and H3K4me3 marks (Supplementary Table S2)
using the Enrichment Analysis tool from wormbase.org and
found that the majority of these genes are indeed expressed
in the germ line and the reproductive system (Supplemen-
tary Figure SS9A), which is consistent with the sterile phe-
notype that is typical of these animals.

We reported previously that PGCs of starved AMPK mu-
tant L1 larvae have abnormally high levels of nuclear lo-
calized SET-2. The COMPASS-like SET-2 histone methyl-
transferase complex is targeted by AMPK during the L1 di-
apause, thereby preventing nuclear localization of the com-
plex and corresponding increases in H3K4me3 in the germ
line (2). The association between aberrant H3K4me3 and
R-loop formation was further supported by the RNA inter-
ference (RNAi) compromise of the SET-2 histone methyl-
transferase. ser-2 RINAI results in a significant suppression
of R-loop abundance (Supplementary Figure S9B), indi-
cating once more that the R-loops arise from the aberrant
H3K4me3 deposition that occurs during the L1 diapause in
the absence of AMPK regulation. Moreover, the converse
is not true: the H3K4me3 levels were not affected by the
reduction in R-loop abundance in the rnh-1-expressing an-
imals (Supplementary Figure S9C).

Abnormal recruitment of RAD-51 to R-loop-associated loci

Persistent, unresolved R-loops have been shown to promote
DNA damage and genomic instability (41,46). In yeast, el-
evated R-loop levels strongly correlate with sites of repli-
cation stress-induced DNA damage (47). We noted that
both the AMPK mutants and the F, descendants of starved
AMPK mutant animals were hypersensitive to HU and the
alkylating agent MMS, both of which are genotoxic drugs
that compromise DNA replication (48) (Figure 4A and Sup-
plementary Figure S10). These findings implicate AMPK
function in the normal DNA repair process that occurs in
response to genotoxic insult. However, the effects of its ab-
sence are exacerbated following starvation, as AMPK mu-
tants are hypersensitive to DNA damage and/or replica-
tion stress, potentially due to the increased abundance of
R-loops.

RAD-51 plays a critical role in the recognition of damage
sites and their eventual repair (49,50). During meiosis, the
DSBs typical of meiotic intermediates are also recognized
and bound by RAD-51 in the C. elegans germ cells (51,52).
We observed comparatively more RAD-51 foci (markers
of DSB repair intermediates) in the germ lines of starved
AMPK mutants, and this is observed at each stage of mei-
otic prophase (Figure 4B and C). The RAD-51 recruit-
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Figure 4. Starvation results in the abnormal recruitment of RAD-51 to R-loop associated loci in AMPK mutants. (A) AMPK mutant L1 larvae are sensitive
to genotoxic stress and become hypersensitive following starvation. L1 larvae that were starved or fed for 4 h were subjected to 25 mM HU and 0.01%
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ment already occurs during the period of starvation in the
PGCs of the AMPK mutant L1 larvae and is entirely de-
pendent on the formation of R-loops, as it is suppressed
by RNH-1 expression (Figure 4D). The situation is simi-
lar in the adult germ line, where the RAD-51 aggregates
that form in starved AMPK mutants are also eliminated
by the expression of additional copies of RNH-1 specifi-
cally in the germ line (Figure 4E). This suggests that the
recruitment and abnormal accumulation of RAD-51 in the
germ cells of AMPK mutants is associated with the abnor-
mal R-loop formation, potentially on the accessible single-
stranded DNA present in these structures or at sites of DNA
damage that arise due to their presence.

To address the possibility that RAD-51 might be accu-
mulating at loci associated with R-loops, we determined the
physical overlap between RNA-DNA hybrids and RAD-
51 in the germ lines of the descendants of starved AMPK
mutants using a PLA that detects interactions to a limit
30-40 nm (53). Indeed, RAD-51 is localized to R-loops at
a subset of these supernumerary RAD-51 foci, while pos-
itive PLA signals were nearly undetectable in starved WT
germ lines (Figure 4F). This indicates that DNA damage is
induced at these R-loops, potentially due to transcription—
replication conflicts that arise in the mitotic zone and per-
sist, or alternatively, it may represent collateral sites of dam-
age that arise during the process of R-loop resolution or
interference with normal meiotic progression (54). More-
over, we noticed that nuclei with highly abundant RAD-
51 foci often appeared in the pachytene region of the germ
line of AMPK mutants (Figure 4B and C), suggesting that
these nuclei may have irreparable damage and could be des-
tined for elimination (55). The membrane bound phago-
cytic receptor CED-1 surrounds apoptotic cells undergo-
ing corpse engulfment and therefore is an excellent proxy to
quantify cells undergoing the final steps of apoptosis (36).
We observed an increased number of CED-1::GFP positive
cells indicating that the frequency of apoptotic cell death
(36) was significantly enhanced in the germ lines of starved
AMPK mutants (Figure 4G).

If these germline cell deaths are triggered by excess ir-
reparable DNA damage incurred in these post-starvation
AMPK mutans, the C. elegansp53 ortholog cep-I1 should
become activated to specify their elimination (56,57). We

thus quantified the frequency of germ cells expressing CED-
1::GFP in the starved mutant animals that lack cep-1
function. Our analysis indicated that the levels of CED-
1::GFP were suppressed in the AMPK mutant animals
that lack cep-1/p53 function, consistent with a requirement
for pS3-mediated signaling to trigger germline apoptosis
in response to increased R-loop formation and subsequent
RAD-51 aggregation (Figure 4G). Furthermore, if the cells
that were not culled due to the lack of cep-1 were permitted
to contribute to the F; brood by eliminating the critical cell
death effector ced-3, we noted that embryonic lethality was
consequently increased in the AMPK mutants that lacked
cep-1 function (Figure 4G). These data suggest that in these
mutant animals, the germ cells that would normally have
been culled in a p53-dependent manner, instead progress
through oogenesis to eventually generate embryos that die
in the early stages of development, presumably due to an
accumulation of excessive unrepaired damage.

RAD-51 sequestration at R-loop loci limits its availability
during meiosis, resulting in starvation-dependent sterility

If RAD-51 is sequestered at these sites, it could potentially
limit its normal involvement in the resolution of double-
strand break that occurs during meiosis, thereby contribut-
ing to the sterility observed in the AMPK mutant adults
that were previously starved as larvae. To determine if
RAD-51 function is limiting in the germ line due to its se-
questration at R-loops, we expressed additional copies of
RAD-51 in the germ cells of AMPK mutants. The sterility
of the affected Py animals is most likely a result of both de-
fects in somatic gonad development and germ cell integrity,
thus resulting in a highly disorganized gonad with almost
no surviving F; progeny. However, by providing a surplus
of RAD-51, driven by a germ-cell specific promoter, par-
tially suppressed the sterility of previously starved AMPK
mutant Py hermaphrodites to a degree that was comparable
to that observed when RNH-1 was expressed in the germ
line using the same promoter (Figure SA).

Taken together, these data suggest that C. elegans larvae
that lack AMPK signaling ectopically deposit H3K4me3
marks in the PGCs during the L1 diapause. These modifica-
tions trigger unscheduled transcriptional elongation that is

MMS at sub-threshold concentrations previously determined to cause sterility in WT animals (48); mean &+ S.E.M, ***P < 0.001 by unpaired -test with
Welch’s correction. Each assay was independently performed at least thrice. (B) RAD-51 foci are abnormally increased in the germ lines of starved AMPK
mutants. Gonads were stained with RAD-51 antibody (red) and counterstained with HTP-3 (green). White framed regions are shown in high magnification
in the insets; scale bar: 10 pm. (C) Quantification of number and time of appearance of RAD-51 foci in six zones of the germ line: mitotic, transition zone,
early pachytene, mid-pachytene, late pachytene and diplotene, n > 5. (D) Representative micrographs showing RAD-51 foci in the PGCs of 3-day starved
L1 larvae. Whole larvae were collected and immunostained with RAD-51 antibody (green) and counterstained with HTP-3 (red). Arrowheads indicate
PGCs (note that starved AMPK mutants possess additional PGCs); scale bar: 5 pm. (E) Immunofluorescence micrographs showing RAD-51 foci in the
late pachytene region of young adult germ lines of starved WT, aak-1/2 mutants and aak-1/2; pie-1p::rnh-1. Gonads were immunostained with RAD-51
antibody (red) and counterstained with DAPI (blue). White framed regions are shown in higher magnification in insets; scale bar: 10 wm. (F) Abnormally
abundant RAD-51 signals overlap with R-loops in the germ cells of F, descendants of previously starved AMPK mutants. Upper: PLA signals are indicated
by red spots. Asterisk (*) indicates the distal tip cell. Framed regions in each merged micrograph are shown in higher magnification directly below for each
genotype; scale bar: 5 wm. Lower: Quantification of the percentage of nuclei with PLA foci per germ line. Single-antibody controls from AMPK mutant
germ lines are shown; n = 5. ***P < (0.001 by Student’s ¢-test, mean + S.E.M. (G) Left: The increased cell death in the gonads of starved WT versus AMPK
mutants is DNA damage dependent. Apoptotic bodies were quantified by counting Cell Death Abnormal (CED)-1::GFP positive cells in the gonad arms.
Boxplots show average, boxes 50% and whiskers min to max of the group, n = 25. **P < 0.01 by ANOVA with multiple comparisons test. Right: Removal
of cep-1 signaling increases embryonic lethality in the gonads of starved WT versus AMPK mutants. Quantification of embryonic lethality among the F;
descendants of the previously starved animals of indicated genotype. Individuals scored: WT, n = 10, aak-1(tm1844) 1, aak-2(0k524) X, n = 10, aak-
1(tml844) 1, aak-2(0k524)X; cep-1(gkl138) 1, n = 20, cep-1(gk138) 1, n = 20. Bar graph shows group average with SD and assessed by ANOVA with
multiple comparisons tests; **P < 0.01.
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Figure 5. RAD-51 sequestration at R-loop sites limits its availability during meiosis, resulting in starvation-dependent sterility. (A) Multicopy arrays
of pie-1p::rad-51 can partially restore poststarvation fertility in AMPK mutants. Transgenic L1 larvae were maintained in M9 buffer for 72 h at 20°C.
Animals were then recovered to replete conditions. The percent fertility was assessed 96 h following recovery. Error bars represent the SD. **P < 0.01 when
compared to controls using unpaired 7-test, n = 25. (B) Model depicting AMPK-dependent events that occur during acute starvation. AMPK constrains
inappropriate H3K4me3 deposition and consequent transcription that causes increases R-loop formation and genomic instability.

associated with a consequent increased frequency of R-loop
formation. These hybrid structures are transmissible ow-
ing to their association with their corresponding H3K4me3
marks. This failure in AMPK-dependent epigenetic regula-
tion could therefore account for the inheritable abnormali-
ties in reproductive development, DNA damage hypersen-
sitivity, enhanced germline apoptosis and the sterility that
is typical of the post-L1 diapause AMPK mutants (Figure
5B).

DISCUSSION

The importance of developmental quiescence is most clearly
revealed in the phenotypes that arise following its untimely
reversal (2,58-62). When first stage C. elegans larvae are
subjected to acute starvation, there are very few, if any,
consequences that persist following recovery, although this
changes with more chronic starvation (6). This resilience is
largely dependent on the efficient activity of AMPK to real-
locate resources and protect both the individual cells, most
importantly the germ cells, and the organism as a whole. As
we have previously shown, animals that lack AMPK sig-
naling abnormally undergo supernumerary germ cell divi-
sions during the period of starvation. This ‘escape’ from
quiescence is accompanied by both short- and long-term
(transgenerational) consequences, many of which arise due
to inappropriate SET1/MLL-dependent chromatin modifi-
cations in the germ cells that occur during a relatively short
period when the animals should normally be in quiescent
state. This is by no means unique to C. elegans; the misregu-
lated gene expression associated with aberrant SET1/MLL
activity has been associated with various types of cancer
and/or inappropriate developmental outcomes (63).

Using C. elegans as a model, we showed that the protein
kinase AMPK links physiological and/or metabolic status
to adaptive changes in gene regulation that are critical for
adjustment during periods of duress. During the L1 dia-
pause, this is mediated in part by regulating the nuclear ac-
cumulation of the MLL ortholog SET-2, an important his-

tone methyltransferase enzyme associated with earmarking
chromatin for transcriptional activation.

The loss of AMPK during the diapause results in prema-
ture lethality, but this can be reversed following feeding in
the first few days. Although the reason for the premature
lethality seen in starved AMPK mutant L1 larvae remains
unclear, the surviving animals that recover following trans-
fer to sufficient growth conditions grow to become sterile
adults, and this sterility is partially due to the inappropriate
regulation of SET-2. Curiously, the sterility observed in the
Py could be partially reversed by blocking transcriptional
elongation but not by inhibiting protein synthesis. There-
fore, at least part of the sterility that occurs in these mutant
adults must result from the process of transcription per se
or the RNA products that arise from these events.

We noted that the increase in the SET-2-dependent
H3K4me3 marks that accumulate in starved AMPK mu-
tants results in a consequent increase in R-loop formation,
presumably due to the premature activation of Pol II com-
plexes. If Pol II stalls, the nascent pre-mRNA may then
thread back to form R-loops at these sites, increasing the
risk of DSB formation due to replication/transcription con-
flicts or simply the sequestration of key players in the DNA
damage response such as RAD-51.

Although we have determined that the aberrant R-loop
formation in starved AMPK mutants is intimately linked
to the resultant transcription that occurs at many of these
ectopic H3K4me3 sites, it remains unclear what distin-
guishes where the SET-2/COMPASS-like complex will de-
posit these ectopic H3K4me3 sites in the PGCs of starved
mutant animals. Our sequence analysis of the genes that be-
come marked in starved mutants did not reveal any appar-
ent common signature that would suggest some functional
or adaptive rationale that dictates the location of this depo-
sition. The entire process may occur as the result of a popu-
lation of residual small RNAs that recruit the methyltrans-
ferase complex to the incorrect loci. This would not occur in
animals that possess active AMPK, since the enzyme would
be excluded from the nucleus. In WT, these RNAs might
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be eliminated as post-embryonic development is triggered
with feeding, allowing the SET-2/COMPASS-like complex
to access the chromatin in order to couple the necessary epi-
genetic changes and consequent gene expression program
with larval growth and development.

The same question is relevant for the R-loops. Why are
some H3K4me3 modified loci associated with increased R-
loop formation, while others are not? Is there some molec-
ular feature(s) that predisposes a given H3K4me3-marked
locus to form an R-loop beyond simply the GC sequence
content that is typical of most endogenous R-loops? Once
again, our analysis did not reveal any common feature that
appears to be shared among the various loci that are asso-
ciated with these ectopic R-loops. It is possible that the for-
mation and the overall abundance of these R-loops may de-
pend on the various protein components that are bound to
these H3K4me3-marked TSSs, which ultimately affect Pol
II elongation and/or its processivity (64). In a recent study
where R-loop formation was enhanced by the genetic re-
moval of RNH activity, R-loops result in irreparable DNA
damage and activation of a damage-sensitive checkpoint.
This too seems to be very context dependent where the ex-
cess presence of R-loops only triggers apoptosis when they
occur in specific genes/loci (55).

Nevertheless, the relationship between the aberrant chro-
matin marks, the formation of the R-loops, the RAD-51 se-
questration and impaired DNA damage response that we
describe here may be relevant in other contexts where the
deposition of such important epigenetic marks is misregu-
lated. This may be particularly important in cases where the
MLL family of histone methyltransferases have been impli-
cated in the etiology of various forms of cancer (65).

The H3K4me3 sites and the associated R-loops first ap-
pear during the period of starvation. The R-loops either are
not resolved and persist into the adult germ line or are con-
stantly reformed in the germ cell daughters during the en-
suing cell divisions. Curiously, from their initial formation
until their abundance peaks in the adult germ line, the R-
loops are bound by RAD-51. The association of RAD-51
with the ‘ectopic’ R-loops may compromise its normal func-
tion during the early stages of the L1 stage and/or later dur-
ing meiosis. The initiation of postembryonic development is
associated with a rapid increase in gene expression that, like
in other organisms, occurs with a concomitant increase in
DNA damage, including DSBs and ensuing RAD-51 inter-
vention (66-68). Similarly, during meiosis, RAD-51 is re-
quired to bind to recombination intermediates to stabilize
and protect these structures during strand invasion and re-
section. If RAD-51 is stably bound to R-loops, it may be
limiting for its function in resolving the DSBs that arise
in both cases, resulting in soma/germ line developmental
asynchrony in one case and meiotic failure in the other.
Both of these scenarios are consistent with the somatic and
germline phenotypes we observe in AMPK mutants.

Beyond the apparent reproductive phenotypes that arise
in the Py and the F, generations, the possibility that these
aberrant R-loops could result in long-term genetic change
cannot be excluded (55). Although the increased frequency
of R-loops in starved AMPK mutants is resolved in five
generations, the consequences of these mutagenic struc-
tures may persist for much longer. During the period that
the triplex remains unresolved, the coding strand is highly

vulnerable to sequence-altering enzymes. These modifica-
tions are among the most common mutations detected in
a wide array of cancer types (69), suggesting that these en-
zymes are both prevalent and highly active. Any resultant
nucleotide substitution can potentially become fixed, giv-
ing rise to a permanent genetic change that persists long
after the R-loop has been resolved. This may also account
for some of the observed spontaneous phenotypes that arise
in later generation AMPK mutants that were previously
starved, or in the late generation spr-5 mutants, which have a
genome-wide increase in H3K4me?2, another transcription-
activating chromatin mark that arises due to the lack an
Lysine-specific demethylase 1 (LSD1)-like histone demethy-
lase (5).

The genome instability and compromised germline in-
tegrity that arises in AMPK mutants due to the increased
R-loop frequency is almost certainly not adaptive. On the
other hand, it does generate a previously unexpected source
of genetic diversity that arises during an otherwise desper-
ate, yet evolutionarily relevant challenge, that being star-
vation. The maladaptive consequences of these starvation-
induced epigenetic modifications may nevertheless presage
genetic change or even enhance genetic diversity in these
compromised animals (70). The R-loops that form in this
context may represent a similar double-edged sword by pro-
viding animals with an increased rate of genetic change
that is nevertheless accompanied by a corresponding fitness
trade-off.
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