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ABSTRACT

The molecular mechanisms of aging are unsolved
fundamental biological questions. Caenorhabditis el-
egans is an ideal model organism for investigating
aging. PUF-8, a PUF (Pumilio and FBF) protein in C.
elegans, is crucial for germline development through
binding with the 3’ untranslated regions (3’ UTR) in
the target mRNAs. Recently, PUF-8 was reported to
alter mitochondrial dynamics and mitophagy by reg-
ulating MFF-1, a mitochondrial fission factor, and
subsequently regulated longevity. Here, we deter-
mined the crystal structure of the PUF domain of
PUF-8 with an RNA substrate. Mutagenesis experi-
ments were performed to alter PUF-8 recognition of
its target mRNAs. Those mutations reduced the fer-
tility and extended the lifespan of C. elegans. Deep
sequencing of total mMRNAs from wild-type and puf-8
mutant worms as well as in vivo RNA Crosslinking
and Immunoprecipitation (CLIP) experiments identi-
fied six PUF-8 regulated genes, which contain at least
one PUF-binding element (PBE) at the 3’ UTR. One of
the six genes, pgm-1, is crucial for lipid storage and
aging process. Knockdown of pgm-1 could revert the
lifespan extension of puf-8 mutant animals. We con-
clude that PUF-8 regulate the lifespan of C. elegans
may not only via MFF but also via modulating pgm-
1-related pathways.

INTRODUCTION

The molecular and cellular mechanisms of aging and lifes-
pan are a complex biological process which involve numer-
ous factors and regulators. Due to the short and repro-
ducible lifespan (~18 days at 20°C), Caenorhabditis elegans
is an ideal model organism to investigate the aging pro-
cess. The entire genome of C. elegans has been sequenced,
and most of the signaling pathways are evolutionarily con-

served. The aging process is widely studied in C ele-
gans. One well-characterized pathway is the insulin/insulin-
like growth factor 1 (IGF-1)-like signaling (IIS) path-
way (1,2). 1IS pathway comprises many genes, including
DAF-2, an insulin/IGF-1 receptor homolog. Signals from
insulin/IGF-1 phosphorylate and suppress the activity of
DAF-16, a forkhead transcription factor (FOXO) (2,3). The
daf-2 mutation leads to the de-phosphorylation and nuclear
accumulation of DAF-16, which in turn regulates numer-
ous target genes at transcriptional level and regulate vari-
ous processes, including lifespan (4). Reduced IIS extends
the C. elegans lifespan via a series of up-regulated (class
I) and down-regulated genes (class II) simultaneously (4).
DAF-16 is responsible for the activation of class I genes
through the DAF-16-binding element (DBE) (5). Another
transcription factor PQM-1 is responsible for the activation
of class II genes through the DAF-16-associated element
(DAE) (5). DAF-16 and PQM-1 work together in regulating
the longevity, although their functions are antagonistic (6).
The signaling pathway of DAF-16 has been well character-
ized in the past decade, yet the mechanism and regulation
of PQM-1 remains to be elucidated.

The PUF (Pumilio and FBF) family are posttranscrip-
tional regulators that modulate various processes through-
out the eukaryotic kingdom (7-9). PUF proteins regulate
mRNA stability and translation by directly binds to the
3" UTR of target mRNAs via the PUM homology do-
main (PUM-HD), also named as PUF domain (7,10). The
classical PUM-HD consists of eight tandem PUF repeats
(namely REP-1,2...,8 hereafter) (11). Each REP contains
approximately 36 amino acids which fold into three a-
helixes (12). Generally, each REP recognizes one nucleotide.
The specificity of RNA base recognition is determined by
three key residues within a five-residue RNA recognition
motif (PUF motif) at the second helix of the REP (13,14).
Triumvirate residues at positions 1, 2 and 5 of the PUF mo-
tif directly interact with one specific RNA nucleotide base.
The first and fifth residues bind the RNA nucleotide base
via hydrogen bonds or hydrophobic interactions; the sec-
ond residue forms a stacking interaction with the adjacent
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nucleotide base, and the residues at positions 3 and 4 are hy-
drophobic and positioned at the back of the RNA binding
surface (15). The ‘code’ for RNA recognition by each PUF
repeat has been deduced from the structure of the PUF pro-
teins. The amino acids of PUF repeats can therefore be en-
gineered to develop RNA binding proteins that recognize
desired RNA sequences (14).

PUF-8 is one of the PUF proteins which is the homolo-
gous of Homo sapiens PUM?2 (HsPUM2). PUF-8 contains
535 amino acid residues and can be divided into two parts:
an N-terminal low-complexity (LC) region (1-171 aa) and
a C-terminal PUF domain (172-535 aa) (16). The LC re-
gion is essential for the interaction of PUF-8 with other
proteins (17). The PUF domain contains eight PUF re-
peats, REP-1 to -8. The putative PUF-8 target mRNASs con-
tain PUF-binding elements (PBEs, 5-UGUANAUA-3’ or
5-UGUAHAUA-3'; N refers to A/U/C/G, and H refers to
A/U/C) at their 3’ UTR (16,18,19). RNA binds to PUF-8
in an antiparallel form, the 5 terminal of RNA binds to the
C-terminal of the PUF domain (13). PUF-8 and HsPUM?2
share high similarity in both protein sequences and their
substrate PBE sequence (5-UGUANAUA-3) (18). The
crystal structure of PUF-8 together with PBE-5U has been
determined recently (16).

PUF-8 is highly expressed in the gonad and enriched in
germline stem cells (GSCs) (20), which is crucial for the
development of germline stem and progenitor cells (21,22)
by promoting germline stem cell mitosis (23), regulating
the sperm-oocyte transition process (24,25), maintaining
GSCs from repressing myogenesis (22), promoting the mei-
otic progression of spermatocytes (26), and regulating the
development and morphology of the endoplasmic reticu-
lum (27). Recently, D’ Amico et al. (28) found that the mouse
RNA binding protein Pumilio2 (PUM2) is induced upon
aging and acts as a negative regulator of lifespan. PUM2
inhibits the translation of the mRNA encoding Mitochon-
drial Fission Factor (MFF), leading to aberrant mitochon-
drial dynamics, and reduced mitophagy and mitochondrial
function in mice. This mechanism is conserved in C. elegans.
Knockdown of puf-8 altered the mitochondrial dynamics
and mitophagy in old nematodes and negatively regulate the
longevity of C. elegans as well.

In C. elegans, lifespan is influenced by the proliferation
of germline stem cells. Removing of the germline precur-
sor cells Z2 and Z3 abolished the development of germline
and extended the lifespan by 60% (29). These cells, together
with downstream transcriptional regulators, influence aging
in adults. We speculate that, in addition to inhibiting m/ff-
I mRNA translation, PUF-8 may function via other path-
ways to regulate the lifespan of C. elegans.

In this work, we determined the complex structure of
PUF-8 with an RNA substrate and revealed non-classical
structural features in REP-4 and REP-8. Then, we per-
formed a series of mutagenesis experiments that altered
PUF-8 recognition of its target mRNA. We performed
RNA-seq experiments of wild-type and PUF-8 mutant
worms. The mRNA of six genes (pgm-1, ctl-2, blmp-1, hih-
30, pha-4 and vhp-1) which contain at least one PBE at their
3’ UTR were identified. We confirmed the direct interaction
of PUF-8 with these mRNAs in vivo by RNA-Crosslinking
and Immunoprecipitation (CLIP) assay. pgm-1 is one of the

six target genes. PUF-8 directly binds to the 3’ UTR of
pgm-1 mRNA. The depletion of PUF-8 or disruption of
its target recognition ability extended the lifespan of C. ele-
gans. The knockdown of pgm-1 by RNAI reverted the lifes-
pan extension effect in puf-8 mutant animals. Therefore, we
conclude that PUF-8 not only regulates the development
of germline stem and progenitor cells, but also controls the
lifespan through multiple pathways, such as regulating pgm-
1 and mff-1.

MATERIALS AND METHODS
Plasmid construction

DNA sequences of C. elegans PUF-8'7>% and PUF-
8172522 were amplified from the optimized puf-8 sequence in
pUCS57::PUF-8!% (General Biology, Anhui, China) and
cloned into a modified pET28a vector (Novagen) that con-
tains an N-terminal 6 x His tag, namely, p28a vector. Muta-
tions of PUF-8 (Supplementary Table S1) were generated by
the MutanBEST Kit (Takara) using p28a-PUF-87>3% and
p28a-PUF-8!72522 a5 the templates and verified by sanger
sequencing (General Biology, Anhui, China).

Protein expression and purification

All the wild-type and mutant proteins of PUF-8!7233
and PUF-8!72522 were expressed in Escherichia coli BL21-
GOLD (DE3) cells (Novagen). Cells were grown in Luria-
Bertani (LB) medium at 37°C to an ODg of 0.7-1.0 and
induced with 0.4 mM isopropyl B-D-thiogalactopyranoside
(IPTG) for 22 h at 16°C. The cells were pelleted and resus-
pended in lysis buffer (25 mM Tris—-HCI, pH 8.5, 500 mM
NacCl, 20 mM imidazole, and 5% (v/v) glycerol) and lysed
by sonication. The supernatant were purified by His tag
purification resin (Roche), followed by size exclusion chro-
matography on a HiLoad Superdex 200 16/60 column (GE
Healthcare) in buffer A (25 mM Tris—HCI, pH 8.5, 250 mM
NaCl).

Native RNA: PBE-5A (5-UGUAAAUA-3'), PBE-5U
(5-UGUAUAUA-3'), PBE-5C (5-UGUACAUA-3"), PBE-
5G (5-UGUAGAUA-3"), PBE-1G (5-GGUAAAUA-3'),
PBE-2U (5-UUUAUAUA-3"), RNA. (5-AUAAAUGU-
3’), and the 5-Fam-tagged RNAs (PBE-5A, PBE-5U, PBE-
5C, PBE-5G, PBE-1G and Ctrl) were purchased from
Takara Bio Inc. (Dalian, China). RNA oligomers were dis-
solved in diethyl pyrocarbonate (DEPC)-treated water to a
concentration of 2 mM as the stock solution.

Crystallization and data collection

All the crystals of the PUF-8/RNA complexes and their
mutants were grown by the hanging-drop vapor diffusion
method at 10°C. The PUF-8 proteins were mixed with RNA
at a molar ratio of 1:1 to a final concentration of 10 mg/ml
protein. All of the protein/RNA complexes were crystal-
lized in 1 M LiCl, 0.1 M citric acid, pH 5.0 and 15% PEG
6000.

The X-ray diffraction data were collected at beamline
BL19U1 of the Shanghai Synchrotron Radiation Facility
(SSRF, Shanghai, China). The X-ray diffraction data are
shown in Supplementary Table S2.
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Structure determination and refinement

The diffraction data sets were indexed and scaled with
HKIL.2000 (30). The initial model of the PUF-8/PBE-5U
complex was determined by Phaser MR using the crys-
tal structure model of human PUM2 (PDB ID: 3Q0Q,
43% sequence identity with PUF-8'7222), The structure
of PUF-8/PBE-5U was modified and refined by a combi-
nation of the CCP4i suite (31,32), PHENIX (33,34) and
Coot (35). The other PUF-8/RNA complexes were deter-
mined by molecular replacement using the crystal structure
of PUF-8/PBE-5U as the initial model and modified and
refined using the same method used for the PUF-8/PBE-
5U complex structure. Refinement statistics are shown in
Supplementary Table S1. Structural figures were generated
using PyYMOL (www.pymol.org).

Florescence polarization assay

The florescence polarization (FP) assays were performed
by a SpectraMax M5 Microplate Reader System (Molecu-
lar Devices). The RNA fragments were synthesized with 5'-
FAM (carboxy-fluorescein) by Takara Bio Inc. The RNA
was dissolved in buffer A (25 mM Tris—HCI, pH 8.5, 250
mM NacCl). The reaction sample was 200 wl in total and
was placed in a black 96-well plate. Each of the samples con-
sisted of 40 nM RNA and logarithmically increasing con-
centrations of proteins from 5 nM to 2.56 wM. Every bind-
ing reaction plate was equilibrated for 5 min at 20°C before
measurement. The fluorescence polarization P (preferred to
use mP) was fit to the equation below:

Brax
P:Pini —— (K P R
m + g (Kot [Prol 4 n[R

- \/—4n [Pro][R]+ (K4 +[Pro] +n [R])2>

where P;,; is the initial fluorescence polarization of the sam-
ple with RNA, P, is the maximum fluorescence polariza-
tion, [Pro] is the concentration of protein, [R] is the con-
centration of RNA, n referred to the binding stoichiometry
(protein : RNA binding ratio, n fixed to 1 in our experiment
as the 1:1 binding model) and K} is the dissociation con-
stant. The data and figures were analyzed and visualized by
Origin 2019 (OriginLab).

Circular dichroism (CD)

Far-UV CD spectra were detected by J-1700 Circular
Dichroism Spectrophotometer (JASCO). All measurements
were carried out at 20 °C in the buffer containing 10 mM
Tris—HCI, pH 7.4, and 100 mM NaCl, and the spectra were
recorded at wavelengths ranging from 190 to 260 nm. All
samples were recorded in triplicate and the final curve was
the average of three scans.

C. elegans strains

Bristol strain N2 was used as the wild-type strain. Strains
were maintained at 20°C. The strains used in this study are
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shown in Supplementary Table S6. To generate the plas-
mid containing the homologous arm sequence, we first am-
plified the endogenous sequences of PUF-8 from the N2
worms that included the 1500 bp upstream and down-
stream homologous arm sequences. The amplicons were
then cloned into the optimized pCFJ151 vector (contain-
ing only the Ori and Amp™ sites, namely, pCFJOA here-
after) using the ClonExpress MultiS One Step Cloning
Kit (Vazyme C113-02, Nanjing). The point mutations at
Rep-4 and Rep-8 on pCFJOA-PUF-8 were constructed
with the MutanBEST Kit (TAKARA, R401) to generate
the plasmids pCFJOA-PUF-8 (MUT-4A), pCFJOA-PUF-
8 (MUT-4N) and pCFJOA-PUF-8 (MUT-8G).

Similarly, we constructed the plasmids pCFJOA-
PUF-8::gfp.:3xflag and -PUF-8(Mut-8G)::gfp::3xflag.
The gfp::3xflag sequence was inserted at the C-
terminus of PUF-8 via a linker sequence (5'-
GGAGGTGGAGGTGGAGCT-3/, which was inserted
between PUF-8 and GFP::3 x FLAG).

CRISPR/Cas9 plasmid cloning

We constructed mutant worms by CRISPR /Cas9 gene edit-
ing technology. Small guide RNAs targeting the puf-8 genes
were designed by CRISPOR (36). The primers that were
used for the sgRNAs were designed and cloned into the Pu6
plasmid to obtain the following plasmids: sg-1~6 (Supple-
mentary Table S8), which were subsequently used for the
construction of the MUT-4A, 4N, 8G (sg-1~3) and GFP-
3xFLAG tag (sg-4~6) fusion mutant worms.

mRNA isolation, deep sequencing and data analysis

Animals were synchronized and collected at the young
adult stage. Worms were sonicated with a Bioruptor-100
in sonication buffer (20 mM Tris-HCI, pH 7.5, 200 mM
NaCl, 2.5 mM MgCl,, 0.5% NP-40 and 1% RNase in-
hibitor (TAKARA)). The eluate was incubated with TR1zol
reagent (Invitrogen), and RNA was precipitated with iso-
propanol. Then, the samples were subjected to library con-
struction (Novogene, Beijing, China). The mRNA was then
deep sequenced by Novogene.

Raw data were processed through in-house Perl scripts by
Novogene. The reference genome was built by Hisat2 v2.0.5,
and the number of reads per gene was counted by Feature-
Counts v1.5.0-p3. The differential expression analysis was
performed by the DESeq2 R package (1.16.1). The resulting
P-values were adjusted using Benjamini and Hochberg’s ap-
proach for controlling the false discovery rate. Genes with
an adjusted P-value <0.05 found by DESeq2 were assigned
as differentially expressed (Supplementary data 1).

A gene list related to adult lifespan was downloaded from
WormBase (GO: 0008340). The numbers of PBEs in the 5
UTR, CDS, and 3 UTR of the genes were counted by using
custom Python scripts (Supplementary data 2).

Gene Ontology (GO) enrichment analysis of differen-
tially expressed genes was implemented by the clusterPro-
filer R package, in which gene length bias was corrected.
P <0.05 was considered statistically significant (Supple-
mentary data 3 and 4).
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‘Western blot

Primary antibodies for western blots were anti-FLAG mon-
oclonal antibody clone M2 (Sigma, F3165) at 1:1000,
and anti-B-actin monoclonal antibody produced in mouse
(clone DM1A, Sigma) used at 1:1000. Secondary antibodies
used for western blots were ImmunPure Peroxidase Conju-
gated Goat anti-Mouse IgG (H + L) (PIERCE, 31430) used
at 1:2000.

RNA-crosslinking and immunoprecipitation (CLIP)

The RNA-crosslinking and immunoprecipitation were per-
formed as previously described (28,37,38). All the steps
were carried out at 4°C. Briefly, approximately 10 000 syn-
chronized young adult worms were collected and rinsed to
a new unseeded 10 cm NGM plates (pre-cooled at 4°C).
Worms were then irradiated at 254 nm with a power of 400
mJ/cm? in a UV crosslinker for 2 min for three times (SCI-
ENTZ 03-11, Scientz Biotechnology). The worms were then
rinsed from the plates with cold CLIP Buffer A (20 mM Tris
(pH 7.5), 200 mM NacCl, 2.5 mM MgCl,, 10% Glycerol,
0.5% NP-40 and 0.1% SDS) and pelleted at 200 RCF for
1 min. The supernatant was discarded and the worms were
resuspended with CLIP Buffer B (CLIP Buffer A, supple-
mented with 0.05% BSA, 0.2 pg/ml yeast tRNA (Thermo
Fisher), protease inhibitor (Roche) and Ribolock RNase
Inhibitor (Thermo Fisher)). Worms were lysed by sonica-
tion (5 son/15 s off, 20 cycle). Lysate were centrifuged at 14
000 g for 20 min, and pre-cleared by Protein A beads (BBI
life sciences). Five percent supernatant were collected as the
input. The rest of the supernatant were incubated with Anti-
FLAG M2 magnetic beads (sigma) overnight. Beads were
washed five times with CLIP buffer B and one time with
buffer A. Beads were treated with DNase I for 20 min at
37°C and followed by Proteinase K (50 pg, Protein Biotech-
nologies) treatment for 30 min at 37°C. The RNAs were
isolated from the beads using TRIzol reagent (Invitrogen),
and precipitated with isopropanol. The input RNA was dis-
solved in 50 wl DEPC-treated water, and 12 wl were used for
reverse transcription. The CLIP-RNA were dissolved in 12
wl DEPC-treated water, and used for reverse transcription.
Four biological repeats were performed and averaged.

Quantitative real-time PCR (qRT-PCR)

RNAs were extracted as above, and reversed transcribed
to cDNA by the GoScript Reverse Transcription System
(Promega, A5001) following the manufacturer’s instruc-
tions. The qRT-PCR reaction was performed by MyiQ2
(BIO-RAD) and analyzed by the iQ5 Optical System
Software V2.1 (BIO-RAD) and SYBR Green chemistry
(Vazyme). All the PCR results were presented relative to the
mean of input data, negative control pie-I mRNA (39) and
mean of N2 worms (Supplementary data 6 and 7). Primers
for gqRT-PCR analyses are shown in Supplementary Table
S9. The data and figures were analyzed and visualized by
Origin 2019 (OriginLab).

Brood size assay

Brood size assays were performed at 20°C. Adult animals
were selected and transferred onto an NGM plate to gener-

ate the first progeny. The L3-L4 staged worms were trans-
ferred to a new NGM plate and then transferred every day
until no eggs were found on the plate. The hatched worms
were counted and summarized. Each experiment was re-
peated at least 20 times.

RNAi

RNAI experiments were conducted as previously described
(40).

Lifespan assay

Lifespan experiments were performed at 20°C. Animals
were first grown on NGM plates until the worms reached
the L4 stage. The animals were transferred to a new NGM
plate, and L1 stage progeny were transferred to another
plate, which was counted as day 0 in the lifespan assay. At
the beginning, animals were transferred every 2 days until
they stopped breeding (normally at days 5-7). Then, the an-
imals were transferred to new plates every day, and the num-
ber of survivors was counted.

Animals that had an ‘exploded vulva’ phenotype and
crawled off the plate were checked and excluded. Over 100
worms were used for each strain. The RNAi-treated lifespan
experiments were performed using the same procedure, ex-
cept the E. coli strain was changed from OP50 to HT115.
The lifespan data and statistical analysis were evaluated
using OASIS2 survival analysis software (41), the analysis
data are shown in Supplementary data 5.

DAPI staining of gonads

Dissection and fixation of gonads of young adult animals
for staining with the DNA-binding dye, 4,6-diamidino-
2-phenylindole (DAPI) were performed as previously de-
scribed (23).

Statistical analysis

Experimental data are expressed as mean + standard devia-
tion (s.d.) or standard error of mean (s.e.). Statistical signif-
icance was made by two-sided unpaired Student’s z-test on
two experimental conditions with P < 0.05 considered sta-
tistically significant. The level of statistical significances was
denoted as follow: * P <0.05; " P <0.01; " P <0.001. No
statistical methods were used to predetermine sample size.
For data presented without statistics, experiments were re-
peated multiple times (N > 3) to ensure reproducibility un-
less otherwise stated.

RESULTS
Complex structure of PUF-8 with PBE-5U RNA

The PUF domain of PUF-8 has eight PUF repeats (REP-
1 to -8). Each REP recognizes one RNA nucleotide in the
target mRNA sequence, named the pum binding element
(PBE) (Figure 1A) (16). Three residues on each REP, which
are called PUF motifs, are crucial for direct binding to
the RNA nucleotide base (Figure 1B). The PUF motif of
each repeat is similar to those of the homology HsPUM1/2
and CeFBF1/2, and was predicted to bind PBE sequence:
5- UGUANAUA -3’ (9,18,42). To investigate the structural
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puf motif

R1{R2(R3(R4(R5(R6(R7(RS8 m Q476
CEICIGICICIE

1

R7 E433
PUF repeat E_ZRZ_Z N430

12 5
-+ - VGSRFIQQE - - -

PUF motif

C

[] CePUF-8

535

N393
Y394
C357

[ CePUF-g°

Figure 1. Crystal structure of PUF-8. (A) The domain structure of PUF-8. The core residues that recognize RNA bases are numbered and marked in red.
(B) Sequence alignment of REP-4 of PUF proteins. The recognition motif N315H319Q322 is conserved in paralogs. (C) Overall structure of PUM-HD in
PUF-8 with PBE-5U (5'-UGUAUAUA-3’), the protein exhibits a crescent shape, and RNA binds to the inner concave region of the domain with its base
group. (D) Alignment of the RNA complex structure of PUM-HD in PUF-8 (yellow) and CeFBF-2 (blue, PDB ID: 3K5Q). (E) Alignment of the RNA
complex structure of PUM-HD in PUF-8§ (yellow) and HsPUM2 (orange, PDB ID: 3Q0Q). (F) Alignment of the RNA complex structures of PUM-HD

in PUF-8 (in this study, yellow) and PUF-8H2!l (green, PDB ID: 6NOD).

bases and functions of PUF-8 in gene regulation. We deter-
mined the crystal structure of the PUF domain (residues
172-522) of PUF-8 in complex with PBE-5U (resolution
2.70 A) (Figure 1C) (The X-ray crystal structure statis-
tics are presented in Supplementary Table S2). The crys-
tal structure of PUF-8 was previously determined by Hall’s
laboratory (PDB ID: 6NOD, namely PUF-8°NOP hereafter)
(Supplementary Figure S1A) (16). Superposition of our
PUF-8-PBE-5U complex structure with those of the PUF-
§6NOD  [IsPUM?2 (PDB ID: 3K 5Q) and CeFBF-2 (PDB ID:
3Q0Q) respectively, revealed that the overall structure of
the PUF domain in complex with RNAs is similar (Figure
1D-F). The RMSDs (root-mean-square deviations) for C,
atoms between the PUF domains of PUF-8 with HsPUM?2
and PUF-8NOD are about 1.57 and 0.633 A, respectively
(Supplementary Figure S1).

The RNA nucleotide bases are sequentially recognized by
the motif of PUM repeat 8§ to 1 (called REP-8 to -1 here-
after) and stacked into the inner surface of the protein. G4,
U3, Ats, Avg, Uy and A g are recognized by the three con-
served residues in the motif of the corresponding repeat in
a classical mode (18). The PUF motif of REP-2 and REP-6
are N;Y,Qs, which prefers to recognize uracil and binds to
the U,; and U,s, respectively. The side chains of residues
Asn; and Glns in each motif bind to a uracil via hydrogen
bonds. In REP-1, -3 and -5, three residues in PUF motif,
C(S)1R,Q:s, interact with Atg, A+ and Ay, respectively.
Gy, is recognized S;N,Es in REP-7. The hydroxide side
chain groups of S429 and E433 in REP-1, -3, and -5 form
hydrogen bonds with the guanine (Figure 2A—C). These
repeats, except REP-4 and REP-8, were shown to bind to
the above RNA in a common mode.
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Figure 2. The special mode of REP-4 and REP-8 in RNA recognition. The interface between PUF-8 and PBE-5U is shown. (A) RNA binds to PUM-HD
with an antiparallel form. The U4, G4, and U3 bases are recognized by the three conserved residue in REP-8, REP-7 and REP-6, respectively. (B, C) The
Us4, Atg, Uy7 and Ag bases are recognized by similar motifs in REP-5, REP-3, REP-2 and REP-1, respectively. (D) The base group of Uys is positioned
in the solvent and atypically binds to Q322 in REP-4 with its 2’-OH group on ribose via a water molecule. (E) K513 at the C-terminal cap recognizes the
base group of Uy instead of Q476, which is the key residue in the recognition motif of REP-8.

The RNA binding modes of REP-4 and REP-8 are unique

According to the structure of the PUF motif and its target
nucleotide base, the N1H,Qs of the PUF motif in REP-4 is
predicted to bind to a uracil (13,14). However, our complex
crystal structure shows that the base group of Uys is po-
sitioned in the solvent instead of forming hydrogen bonds
with N318 and Q322. The Q322 in REP-4 interacts with the
2'-OH group on the ribose of U5 via a water molecule (Fig-
ure 2D). This conformation is consistent with previously re-
ported PUF-§ structure (Supplementary Figure S1E) (16).

The Uy, is predicted to be recognized by the three con-
served residues (N472, Y473 and Q476) in REP-8. However,
our structure showed that the side chain of Q476 in REP-8
faced away from the recognition pocket (Figure 2E). The
base group of U, forms a hydrogen bond with the side
chain of K513, which is located in the C-terminal cap of
the PUF domain. The K513 of PUF-8°NOP shows similar
conformation, but the side chain of Q476 in PUF-8NOD is
positioned to the binding surface and interacts both with
K513 and Uy (Supplementary Figure S1F).

Mutations in REP-4 and REP-8 changed the RNA recog-
nition affinity but did not significantly change the sequence
recognition preferences

To test whether the mutations in REP-4 and REP-8
alter their substrate RNA sequences preferences. We
constructed five mutant PUF-8!72% proteins: MUT-4A
(N318C/H319R), MUT-4C (N318C/H319Y/Q322R),
MUT-4G (N318S/H319N/Q322E), MUT-
4N (N318A/H319A/Q322A) and MUT-8G
(N472S/Y473N/Q476E) (Figure 3A and Supplemen-
tary Table S1). Consistent with the target recognition
pattern of the PUF motif, MUT-4N was not able to
recognize a specific base. MUT-4A, -4C and -4G changed
its putative target RNA from Uys to Ass, Cis and Gas
respectively. MUT-8G changed its putative target RNA
from Uy to G4 (14,43). To examine whether the muta-
tions alter the secondary structure of PUF-8, we performed
the Circular Dichroism (CD) spectra assay. Every mutant
protein has similar secondary structure to that of wild-type
PUF-8 (Supplementary Figure S3A).
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Figure 3. Binding affinity of PUF-8 mutants with distinct PBE sequence substrates. Fluorescence polarization assay of the indicated PUF-8 mutants with
different PBE sequence substrates. Six RNAs were used, and the control RNA (gray, left triangle) sequence was the reverse sequence of the normal PBE (5'-
AUACAUGU-3). (A) Schematic of the mutations at REP-4 and REP-8. The mutated residues in REP-4 and REP-8 are marked in red, and the predicted
binding nucleotides are shown on the right. (B) Wild-type PUF-8 reveals a high affinity in binding with PBE-5N and weak binding affinity with PBE-1G and
control RNA. (C) MUT-4A shows a similar binding ability to that of PUF-8. (D) MUT-4C shows no preference to bind PBE-5N RNAs, but the binding
affinity slightly decreased in all of the target RNAs. (E) MUT-4G prefers to bind PBE-5G rather than the other PBE-RNAs. (F) The binding affinity of
MUT-4N with PBE-RNAs are significantly decreased. (G) MUT-8G has no detectable affinity for all RNAs, including PBE-1G (5-GGUACAUA-3'),
which is the putative target of MUT-8G.
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Table 1. Fluorescence polarization assay of PUF-8 REP4 Mutants with RNAs

Protein RNA RNA sequence Ky (aM)* Relative Ko™
wild type PBE-5A UGUAAAUA 249 + 1.50 1
PBE-5U UGUAUAUA 1.27 £ 1.16 1
PBE-5C UGUACAUA 0.84 + 1.08 1
PBE-5G UGUAGAUA 12.76 + 5.63 1
PBE-1G GGUACAUA 128.31 + 25.05 1
Control RNA AUACAUGU ND** -
MUT-4A PBE-5A UGUAAAUA 0.44 + 0.39 0.18
PBE-5U UGUAUAUA 5.85 + 1.64 4.61
PBE-5C UGUACAUA 0.64 + 0.20 0.76
PBE-5G UGUAGAUA 9.99 + 3.11 0.78
PBE-1G GGUACAUA 158.51 + 34.06 1.23
Control RNA AUACAUGU ND -
MUT-4C PBE-5A UGUAAAUA 16.26 + 4.64 6.53
PBE-5U UGUAUAUA 3.72 + 0.94 2.93
PBE-5C UGUACAUA 291 £ 0.36 3.46
PBE-5G UGUAGAUA 11.32 + 3.43 0.89
PBE-1G GGUACAUA 207.40 £+ 22.99 1.62
Control RNA AUACAUGU ND -
MUT-4G PBE-5A UGUAAAUA 238.69 + 48.03 95.86
PBE-5U UGUAUAUA 774.60 £ 276.44 609.92
PBE-5C UGUACAUA 1349.1 £+ 506.58 1606.07
PBE-5G UGUAGAUA 29.77 + 9.14 2.33
PBE-1G GGUACAUA ND -
Control RNA AUACAUGU ND -
MUT-4N PBE-5A UGUAAAUA 160.90 + 21.98 64.62
PBE-5U UGUAUAUA 312.53 + 58.21 246.09
PBE-5C UGUACAUA 349.40 + 83.24 415.95
PBE-5G UGUAGAUA 179.85 + 22.81 14.09
PBE-1G GGUACAUA ND -
Control RNA AUACAUGU ND -
MUT-8G PBE-5A UGUAAAUA ND -
PBE-5U UGUAUAUA ND -
PBE-5C UGUACAUA ND -
PBE-5G UGUAGAUA ND -
PBE-1G GGUACAUA ND -
Control RNA AUACAUGU ND -

*Mean =+ s.d., n=3.

** Ky are calculated for each protein and normalized to that of wild type protein.

**%* ND represents not detected.

Then, Six PBE-RNA were generated: PBE-5A
(which means the fifth base group is an adenine) (5'-
UGUAAAUA-3), PBE-5U (5-UGUAUAUA-3'), PBE-5C
(5-UGUACAUA-3), PBE-5G (5-UGUAGAUA-3),
PBE-1G (5-GGUACAUA-3') and the control sequence
(5-AUACAUGU-3). PBE-5A, -5U, -5C and -5G are puta-
tive targets of wild-type PUF-8 and MUT-4A, -4C and -4G,
respectively. PBE-1G is the putative target of MUT-8G.

Fluorescence polarization (FP) assays were performed to
explore the binding affinity of PUF-8 mutants with various
PBE sequences. The binding curves of each PUF-8 mutant
protein with different PBE-RNAs are shown in Figure 3,
the K, value are listed in Table 1. The base group of + 5 nu-
cleotide rotates and faces to the solvent in the crystal struc-
ture (Figure 2D), indicating that PUF-8 protein may bind
PBE-5N (5/-U+1G+2U+3A+4N+5A+6U+7A+8*3/). Wlld-type
PUF-8 binds to the PBE-5A, -5U, -5C with a higher binding
affinity (K; ~1 nM) compared to PBE-5G (K,; ~ 12 nM)
(Figure 3B and Table 1).

MUT-4A shows similar binding affinity with PBE-5C, -
5G and -1G as those of wild-type PUF-8. Yet MUT-4A
has a stronger binding affinity with PBE-5A (K;=0.44
nM, K =0.18) but lower binding affinity with PBE-5U
(K;=5.85nM, K,y =4.61) (Figure 3C and Table 1). MUT-

4C has reduced PBE binding affinity compared to that of
the wild-type protein (Figure 3D). MUT-4G strongly re-
duced the PBE-RNA binding affinity (K > 95), except
for its putative target PBE-5G (K;=29.77 nM, K =2.33)
(Figure 3E). MUT-4N lost its RNA binding sequence pref-
erence and exhibited a similar K; and K, to all of the PBE-
RNA sequences (Figure 3F).

According to the target recognition rule of the PUF
proteins, MUT-8G was predicted to bind PBE-1G with
a higher affinity than other PBE-RNAs. However, FP
experiment failed to detect the binding of MUT-8G to
any of the PBE-RNAs (Figure 3G). Suggesting that the
N472S/Y473N/Q476E mutation may have strongly re-
duced the RNA binding ability of the PUF domain.

Together, we concluded that mutation of the conserved
residues at REP-4 altered the RNA recognition module, and
changed the preferred target RNA sequences. However, mu-
tation of REP-8 strongly reduced the RNA binding ability
to all PBE-RNA:s.

MUT-4A changed the RNA recognition mode of REP-4

Although REP-4 exhibited a special RNA binding mode
(Figure 2), the FP assay of MUT-4A revealed similar bind-
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Figure 4. Interaction of the RNA base with PUF-8 and MUT-4A. The inter position of REP-4 in PUF-8 (yellow) and MUT-4A (pink, N318C/H319R
double mutant) shows a different binding mode with C+s or U+s. The base groups of C+s and U+s are away from the recognition pocket, as the base-
omission formation, where a water molecule occupies and links U5 and Q322 with hydrogen bonds (A and B). However, in the crystal structure of MUT-4A
with RNA PBE-5U and PBE-5C, the base groups of C+5 (C) and U4s (D) are stacked into the binding pocket. (E and F) View of the alignment between
PUF-8 and MUT-4A with the C+s and U5 bases. (G) The 2F, — F. electron density map contoured at the 1.2¢ level for the Uy RNA and key residues is
shown as a blue grid line. K513 recognizes the base group of Uy4. (H) FP affinity results of K513 and Q476 mutant PUF-8 reveal that K513 contributes

to the binding of U with REP-8.

ing affinity to PBE-RNAs, comparing to those of wild-type
protein (Figure 3 and Table 1). To explore how the residues
in the PUF motif of REP-4 contribute to the RNA recogni-
tion, we solved the complex structures of PUF-8 and MUT-
4A with PBE-5A, -5U, -5C and -5G, respectively (Crystal
statistics: Supplementary Table S2).

There is a conformational change of the fiftth RNA nu-
cleotide base group at the portion of REP-4 between in the

MUT-4A and wild-type structures. In the wild-type PUF-
8, the 5th pyrimidine base faces outward toward the con-
cave surface of the protein, and R358 (R; in the motif of
REP-5) is inserted into this surface. R358 forms two hydro-
gen bonds with the ribose 2'-OH group and 4’-OH group
of the 5th nucleotide and forms another hydrogen bond
with N318 on the other side (Figure 4A, B and Supple-
mentary Figure S2). In addition, Q322 forms a hydrogen
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Table 2. Fluorescence polarization assay of K513/Q476 mutation of PUF-
8 with RNA

Relative
Protein RNA K; (nM)* Ko™
Wild type PBE-5A 249 + 1.50 1
MUT-#9 (Q476A) PBE-5A 63.5 + 11.07 25.50
MUT-#10 (Q476E) PBE-5A  519.29 + 63.10 208.55
MUT-#11 (K513A) PBE-5A  133.48 + 29.76 53.61
MUT-#12 (K513E) PBE-5A  208.63 + 29.07 83.79
MUT-#13 (K513R) PBE-5A  60.04 + 13.21 24.11
MUT-#14 (Q476A/K513A)  PBE-5A  209.66 + 27.4 84.20

*Mean =+ s.d., n=3.
K. are calculated for each protein and normalized to that of wild type
protein.

bond with the 2’-OH group of U,s via a water molecule.
In the MUT-4A /PBE complex, the C;R,Qs motif of REP-
4 formed a traditional pocket. The pyrimidine base of the
5th nucleotide is precisely stacked into this pocket (Figure
4C, D). The differences in binding with PBE-5C/PBE-5U
between wild-type REP-4 and MUT-4A are also observed
(Figure 4E, F). R319 in MUT-4A provides a narrow space,
which restrains the position of A.4. For purine bases, the
guanine groups and adenine groups exhibited similar bind-
ing modes with the wild-type REP-4 and MUT-4A proteins,
but an orientation change occurred at the base groups be-
tween the wild-type and MUT-4A proteins (Supplementary
Figure S2). The complex conformation of REP-4 with PBE-
5A RNA is similar to that of HsPUM?2 (PDB: 3Q0Q) (Sup-
plementary Figure S2I, J).

Therefore, MUT-4A has a similar binding affinity with
PBE RNAs compared to that of wild type protein, but ex-
hibits a different binding mode to the fifth RNA base.

Residues Q476 and K513 recognize U, synergistically with
residues in REP-8

In the PUF-8/PBE complex structure, K513 interacts with
U, (Figures 2E and 4G), suggesting that K513 may also
influence RNA recognition of REP-8. We found that K557
(homolog of K513 in PUF-8) in CeFBF-2 has the same con-
formation as K513 in PUF-8 (Supplementary Figure S1G).
However, residue K1163 in HsPUM2 is located at the top of
Q1126 (homolog of Q476 in PUF-8) and keeps Q1126 fac-
ing the basic group of U, by a hydrogen bond (Supplemen-
tary Figures S1H, S2K and S2L). These structural features
indicate that K513 may function in RNA recognition.

We mutated K513 and Q476 in PUF-8 and measured
the binding affinity to PBE-RNAs by the FP assay (Fig-
ure 4H, mutant information shown in Supplementary Ta-
ble S1). K513A mutant binds to the PBE-5A RNA with
an affinity 53.61-fold less than that of the wild-type pro-
tein. The binding affinity of Q476 A mutant is 25.50-fold less
than that of wild-type protein. The Q476A; K513A double
mutant binds to PBE-5A with a weaker affinity than that
of each single mutant (Table 2). Q476E mutant strongly re-
duced the RNA binding ability (K, 208.55).

Therefore, we concluded that both K513 and Q476 in
REP-8 are essential in recognizing substrate RNAs.

PUF-8 mutants reduced the fertility and increased the lifes-
pan of C. elegans

To investigate whether PUF-8 mutants affect the biological
functions of PUF-8, we generated several PUF-8 mutant
worms, including MUT-4A, MUT-4N and MUT-8G, by
oligonucleotide-guided CRISPR/Cas9 gene editing tech-
nology (Supplementary Table S3). The puf-8(0k302 ) allele,
which deleted the sequence from the middle of REP-2 to
the end of the PUF domain, was considered as a null allele
(20,22).

We first examined the brood size and lifespan of these
PUF-8 mutant worms. The brood sizes decreased in the mu-
tant worms (Figure 5A and Table 3). In addition, all these
PUF-8 mutant animals have an extended lifespan compared
to that of wild-type animals. The lifespan of MUT-4N,
MUT-8G and puf-8(0k302) animals increased ~20% com-
pared to that of wild-type worms, and the lifespan of MUT-
4A animals increased ~11% (Figure 5B and Table 3), sug-
gesting that PUF-8 may contribute to lifespan regulation.

We conducted DAPI staining for the gonad of wild-type
N2 and mutant animals (Figure SC-E). The number of
germ cells were counted (Figure 5SC—-E and supplementary
S4A-D). The result shows that the number of germ cells of
puf-8 mutant worms were similar in compared with that of
wild-type N2 worms at young adult stage (cultured at 20°C)
(Supplementary Figure S4E).

Identification of PUF-8 target genes

To investigate how PUF-8 regulates the aging process of C.
elegans, we isolated total RNAs from young adult wild-type
and mutant animals, and performed mRNA-seq analysis.

Compared to that of wild-type animals, 4638 genes were
up regulated and 4855 genes were down regulated in the puf-
8(0k302 ) null mutant (Figure 6A and Supplementary Table
S4). GO enrichment analysis of the up and down regulated
genes showed that molecular function (MF) related genes
are mainly up regulated (Figure 6C), whereas most down
regulated genes are clustered in cell component (CC) (Fig-
ure 6D).

We then screened for the genes that contain at least one
PBE at the 5 UTR, 3’ UTR or CDS in the up regulated
and down regulated genes using 5-UGUANAUA-3’ as the
target PBE sequence. We found that more than 500 genes
contained the PBE sequence in both groups of the genes,
and nearly 60% of the genes contained one PBE at their 3’
UTR (Supplementary Figure S5A), which is consistent with
previous research showing that PUF-8 preferentially binds
to the 3 UTR of mRNAs (22,44).

We compared the mRNA expression levels in MUT-4A,
MUT-4N, MUT-8G and puf-8(0k302) mutants. The num-
ber of genes that were changed in puf-8(0k302) and MUT-
4N were similar (9501 and 8090 genes, respectively), and
more than half of the genes (4927) were similarly regu-
lated. MUT-4A and MUT-8G influenced 1388 and 2829
mRNAs, respectively (Supplementary Table S4). GO en-
richment analysis showed that MUT-4A, MUT-8G and
puf-8(0k302) share similar MF pathways in the up reg-
ulated genes and CC-related pathways in the down regu-
lated genes (Supplementary Figure S6). MUT-4N reveals
distinct GO enrichment pathways in which the biological
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Figure 5. Mutant PUF-8 reduces worm brood size and extends lifespan. (A) Brood size of indicated animals at 20°C. N > 20; mean = s.c.; ***P < 0.0001.
(B) Survival curves of the indicated animals. The gray line refers to the 50% survival rate of worms (N > 100). N2 versus MUT-4A, P = 0.02; N2 versus
MUT-4N, P < 0.0001; N2 versus MUT-8G, P < 0.0001; N2 versus puf-8(0k302), P < 0.0001. (C-E) Dissected young adult gonads of the indicated
genotype (C, N2; D, puf-8(0k302); E, MUT-8G) stained with DAPI. See more in Supplementary Figure S4. Scale bar: 10 pm.

Table 3. Fertility and lifespan assay fed with OP50

Strains Description Brood size” Fold change Lifespan™ (fmean, day) Fold change
N2 Wild type 296.0 + 24.51 1 17.22 + 0.45 1
MUT-4A N318C/H319R 198.3 + 24.96 0.66 18.98 + 0.34 1.10
MUT-4N N318A/H319A/Q322A 175.5 + 28.84 0.59 20.55 £+ 0.37 1.19
MUT-8G N472S/Y473N/Q476E 48.57 + 34.68 0.16 20.53 + 0.37 1.19
JH1521 0k302 17.8 + 9.85 0.06 21.05 £ 0.43 1.22

TN > 20 animals, mean =+ s.d.
"N > 100 animals, mean =+ s.d.

process (BP) pathways and CC pathways were more en-
riched in the up regulated genes (Supplementary Figure
S6). Venn diagram analysis showed that 266 genes (namely,
Gr266 hereafter) were regulated in all the mutants, and 1165
genes (Gr1165 hereafter) were regulated in all mutants ex-
cept MUT-4A worms (Figure 6B). We compared the com-
bination of Gr266 and Gr1165 dataset with iCLIP data of
C. elegans FBF-1 and FBF-2 (Supplementary Figure S7A),
99 genes and 58 genes were overlapped in FBF-1 versus
PUF-8 and FBF-2 versus PUF-8, respectively. The over-
lapped genes of FBF-1 and PUF-8 are involved in organelle
function (terms: organelle lumen and membrane-enclosed
lumen), germline development (terms: meiotic cell cycle, P
granule and germ plasm), and mRNA metabolism (terms:
translation and regulation of translation) (Supplementary
Figure S7B). The overlapped genes of FBF-2 and PUF-
8 are enriched in mRNA metabolism (term: translation,
RNA processing and regulation of translation) (Supple-
mentary Figure S7C). The comparison of PUM2 (iCLIP)

(45) vs PUF-8 (Gr266 and Gr1165) showed 93 overlapped
genes, which are involved in transcription regulation (Sup-
plementary Figure S7D, E).

To investigate how PUF-8 controls the lifespan of C. el-
egans, a list of 252 genes was collected from WormBase
using the GO term determination of adult lifespan (GO:
0008340). Among these 252 genes, 65 contained putative
PBE sequences (5Y-UGUMNAWA-3'; M refers to A/C, W
refers to A/T, and N refers to A, U, C and G) in the 3
UTRs of the mRNAs. Six genes are significantly up regu-
lated in PUF-8 mutant worms among these 65 genes (Fig-
ure 6E and Supplementary Figure S5B). Five genes, pgm-
1, pha-4, blmp-1, vhp-1 and hlh-30, are collectively up reg-
ulated in Gr1165, while ct/-2 is up regulated in Gr266. The
six up regulated genes are also confirmed by gRT-PCR in
the puf-8 mutants (Supplementary Figure S8).

To test whether these genes interact with PUF-8
in vivo, we constructed puf-8::gfp::3xflag and MUT-
8G::gfp::3xflag worms. The protein levels of these two Flag
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Figure 6. Identification of PUF-8 target genes. (A) Volcano view of the differential mRNA expression in wild-type and puf-8(0k302) animals. (B) Venn
diagram of differentially expressed genes in the indicated animals. The white-colored numbers refer to group Gr266, which included genes collectively
regulated by all the mutant. Group Grl1165 contains genes that were collectively regulated by all the worms except MUT-4A. (C, D) GO enrichment
analysis of the up regulated (C) and down regulated (D) genes for puf-8(0k302) vs N2, top 20 pathways are shown (the overlapped pathways of MUT-4A
vs N2 or MUT-8G vs N2 are marked in red, see also in Supplementary Figure S6). (E) Six genes that contain PBE sequence elements in the 3’ UTR are
identified and are up regulated in mutant worms. c#/-2 is included in the Gr266 group. Other genes are included in the Gr1165 group. (F) RNA-CLIP assay
followed by qRT-PCR reveals that PUF-8 can bind to the lifespan-regulating genes in vivo. mean + s.e.;* P < 0.05; ™ P < 0.01; ™" P < 0.001.

tagged protein are similar (Supplementary Figure S9A) and
the puf-8::gfp::3xflag and MUT-8G::gfp::3xflag revealed
similar expression pattern in the germline (Supplementary
Figure S9B). Therefore, we performed the CLIP assay fol-
lowed by qRT-PCR. pie-I mRNA was used as a negative
control (39). We found that the six mRNAs were all en-
riched in PUF-8::GFP::3xFLAG but not effectively in the
MUT-8G::GFP::3xFLAG mutant worms (Figure 6F and
Supplementary Figure S9C). These data suggest that PUF-
8 can interact with these mRNAs in vivo.

Knockdown of PQM-1 by RNAIi suppressed the lifespan ex-
tension of puf-8(0k302)

To further confirm that PUF-§ target genes contributing to
the lifespan extension in puf-8(0k302) worms, we fed N2
and puf-8(0k302 ) worms with dsRNA targeting these genes
(Supplementary Figure SI0A).

RNAIi knockdown of pgm-I significantly reduced the
lifespan of puf-8(0k302 ) worms but not of N2 worms. The
average lifespan of puf-8(0k302) was reduced about 10%
(24.01 days (EV) to 21.68 days (pgm-1)) (Figure 7A and
Supplementary Table S5). Meanwhile, the average lifespan
of MUT-8G worms after knock down of pgm-1 was signifi-
cantly reduced from 23.35 to 18.62 days (around 20% reduc-
tion) (Figure 7B and Supplementary Table S5). The brood
size of different worms shows no significant difference be-

tween EV and the pgm-1 knockdown worms (Figure 7 and
Supplementary Table S7).

Interestingly, the MUT-8G worms reduced fertile rate
when fed with HT115 bacterium instead of OP50 (both in
empty vector or pgm-I RNAI vector) (Supplementary Fig-
ure S11A). Moreover, MUT-8G revealed high ‘exploded
vulva’ phenotype when fed HT115 comparing to fed OP50
(Supplementary Figure S11B, C). This phenotype led to a
large amount of abnormal dead MUT-8G worms during
day 9 to 12.

The spermatogenesis initiation of puf-8(0k302) was de-
layed (17). To exclude the influence of development delay on
the lifespan extension analysis, we also examined the lifes-
pan of these worms from L4 stage (Supplementary Table
S5). We tested the development time of N2, puf-8(0k302)
and MUT-8G animal fed with pgm-I RNAi. The devel-
opment time delayed in puf-8(0k302) and MUT-8G com-
pared with N2. Knock down of pgm-1 in N2, puf-8(0k302)
and MUT-8G worms have no effect on the development
time (Supplementary Figure S11D).

Knockdown of cz/-2 partially reverted the lifespan exten-
sion of puf-8(0k302) (Supplementary Figure S10C). There
were no significant lifespan differences after depletion of
pha-4 in either N2 or puf-8(0k302 ) worms (Supplementary
Figure S10D). The depletion of Alh-30, vhp-1 and blmp-1
by RNAI induced animal lethality (Supplementary Figure
S10B).
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Figure 7. PUF-8 regulates lifespan by targeting pgm-1. (A) Knockdown of pgm-1 reduced the lifespan extension of puf-8(0k302) mutant. See also sup-
plementary data 5. N2 (EV) versus N2 (pgm-1), P < 0.05; N2 (EV) versus puf-8(0k302) (EV), P < 0.0001; N2 (EV) vs puf-8(0k302) (pgm-1), P = 0.36;
puf-8(0k302) (EV) vs puf-8(0k302) (pgm-1), P < 0.0001. (B) Lifespan curves of MUT-8G and N2 worms fed with HT115 empty vector (EV, L4440) and
pgm-1, versus N > 250. MUT-8G (EV) versus N2 (EV), P < 0.0001; MUT-8G (pgm-1) versus N2 (EV), P < 0.0001; MUT-8G (EV) versus MUT-8G
(pgm-1), P < 0.0001. (C) The brood size of N2, MUT-8G and puf-8(0k302) worms. mean = s.e.; n.s., not significant.

Together, these data suggested that PUF-8 may control
lifespan by regulating pgm-1.

DISCUSSION

The complex structure of PUF-8 with an RNA substrate re-
vealed unique structural features in REP-4 and REP-8

The structure of PUF proteins and the complex structure of
PUF proteins with target RNAs have been extensively stud-
ied over the past decade (11,42,46,47). The RNA binding
module, the PUM repeat, recognizes bases through its spe-
cific residue motif (46,48,49). Therefore, PUF proteins can
be designed to recognize a given RNA sequence and used as
a tool to manipulate the stability and translation efficiency
of target RNAs (50-52).

In this study, we determined the crystal structures of
PUF-8 in complex with a number of RNA substrates and
found unique structural features in REP-4 and REP-8. We
generated PUF-8 mutants in REP-4 and REP-8 to alter the
affinity and sequence specificity of the target RNAs. These
mutants reduced the fertility and increased the lifespan of
C. elegans.

The MUT-8G mutation (N472S/Y473N/Q476E) signif-
icantly reduced its RNA binding ability rather than altered

the sequence specificity of target RNAs. In addition, K513
of PUF-8 in the cap region, together with REP-§, is es-
sential for U, base recognition. It is speculated that other
residues in the cap region may also facilitate the recognition
between REP-8 and RNA bases.

REP-4 plays important role in the recognition of RNA
bases. From the FP assay, although the wild-type REP-
4 (N1H2Q5), MUT-4A (C1R2Q5) and MUT-4C (C1Y2R5)
proteins could bind all four types of PBE-RNAs, the con-
formation of the + 5 base was different in MUT-4A. MUT-
4G (S1N;Es) preferentially binds to PBE-5G but not to
PBE-5A, -5C, or -5U. The result suggested that the motif of
SN, Es has a stronger selectivity for guanine than for other
bases. Consistently, Bhat, V.D. et al. found that a REP-4
mutation in FBF-2 could change the length of the target
RNA and regulates distinct biological processes (16).

The function of the RNA binding ability of PUF-8

PUF-8 protein plays fundamental roles in the germline de-
velopment (20-22). Depletion of puf-§ in 0k302 strain re-
vealed lower brood size, deficiency in spermatogenesis, and
delayed larva development (17). The puf-8(0k302) allele
contained a 1249 bp deletion that removed all the 3YUTR
and nearly all the PUM-HD. The germline development
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was regulated by numerous RNA binding factors, for ex-
ample, puf-8, mex-3, glp-1, fbf-1/2 and tcer-1(17,21,23,25).

The function of PUF domain remains to be elucidated.
We found that PUF domain mutation can influence the
brood size and lifespan of animals as well as puf-8(0k302)
deletion allele, yet the number of germ cells are similar. Pre-
vious report revealed that the brood size reduction of puf-
8 mutant was temperature-dependent and was due to de-
fective sperm (20). Interestingly, only MUT-8G revealed a
higher ‘exploded vulva’ phenotype when fed with HT115
comparing to feed with OP50 (Supplementary Figure S10),
yet the reason is unclear.

The mRNA-seq data showed that plenty of genes have
been changed in different PUF-8 mutant worms, suggest-
ing that the RNA binding ability of PUF-8 is crucial for
the function of PUF-8. In addition, there are also a num-
ber of genes that are differently regulated between MUT-
4N, MUT-8G and puf-8(0k302). We speculated that the
differences in the miss-regulated genes may due to the pro-
tein expression level and the function of N-terminal domain
of PUF-§, which was reported in mediating protein-protein
interaction and the accumulation of PUF-8 in P granule
(17,23).

PUF-8 regulates the lifespan of C. elegans through multi-
pathways

PUF-8 was previously reported as a negative regulator that
controls the lifespan of C. elegans by regulating the mRNA
stability of MFF-1 and leads to aberrant mitochondrial dy-
namics and mitophagy (28).

In addition to inhibiting mff-/ mRNA stability, we found
that PUF-8 may also control other pathways to negatively
regulate the lifespan. Six genes, pgm-1, pha-4, blmp-1, vhp-1,
hlh-30 and ctl-2, that were identified to bind PUF-8. These
genes have been reported previously to regulate aging pro-
cesses in C. elegans (5,53-56). Depletion or mutation of
PUF-8 up-regulated the mRNA levels of these genes.

HLH-301s a TFEB transcription factor that regulates the
aging process by controlling lipid metabolism and regulat-
ing the ‘sperm competition’ process (56). HLH-30 regulates
autophagy processes and longevity cross-talking with DAF-
16/FOXO under harmful conditions (57,58). CTL-2 is a
peroxisomal catalase, and ct/-2 mutation shortens the lifes-
pan of long-lived mutant worms (53). VHP-1 and PHA-4
control lifespan by regulating the JNK signaling pathway
(54) and TOR signaling pathway (55), respectively.

In this study, we found that pgm-1 is essential for the lifes-
pan extension of puf-§ mutant worms. PQM-1 is a transcrip-
tion factor and regulates class II aging-related genes via the
DAE (5,56). DAF-16 and PQM-1 work together in regu-
lating the longevity, yet their functions are antagonistic (6).
The signaling pathway of DAF-16 has been well elucidated
in the past decade, but the signaling pathway of PQM-1 re-
mains to be elucidated. Here, we show that RNAi1 knock-
down of pgm-1 significantly reduces the lifespan extension
of puf-8(0k302 ) worms and MUT-8G worms (Figure 7), in-
dicating that PUF-8 may control the lifespan of C. elegans
by regulating pgm-1.

PQM-1 is a fat metabolic regulator (59,60), and positively
regulates fat transport to develop oocytes through vitel-

logenins (59). As lipids provide energy, fat storage and mo-
bilization from intestinal cells to germline cells have an inti-
mate relationship with oogenesis and early embryogenesis.
Previously, Wang et al. reported that fat metabolism linked
to the development of germline stem cell to longevity (61).
We speculates that PUF-8 may modulate lipid metabolism,
and the development of germline stem cells via pgm-1 to
regulate the lifespan.

The germline development is highly correlated with lifes-
pan of C. elegans (61,62). PUF-8 plays important roles
both in germline development (21-25) and lifespan (28).
Our study showed that PUF-8 can not only regulate mff-
1 but also regulate multiple target genes, including pgm-1,
to modulate the lifespan of C. elegans. In addition, knock-
down of h/h-30 by RNAI, caused remarkable shortening of
lifespan, both in N2 and puf-8 mutants, suggesting the im-
portance of Alh-30 in the lifespan regulation. Further in-
vestigations are required to examine the precisely mecha-
nisms by which PUF-8 identifies and regulates specific tar-
get genes to control aging and lifespan processes.
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