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Animal lifespan depends on coordinated gene expression networks that regulate metabolic adaptation, proteo-

Aging stasis, and stress resilience in response to environmental challenges. Histone variants are key regulators of
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chromatin dynamics, orchestrating nucleosome remodeling, DNA accessibility, and gene expression. While the
role of histone H3.3 in aging and animal survival has been explored across model systems, the contribution of
other replication-independent histone variants remains less well-defined. Here, we demonstrate that the
evolutionarily conserved histone variant HTZ-1/H2A.Z is essential for organismal survival. In the nematode
Caenorhabditis elegans, loss of HTZ-1/H2A.Z disrupts gene expression programs associated with longevity,

including those activated in insulin/IGF-1 deficient daf-2 mutants and in mitochondrial Complex I deficient
animals. Together, our findings show that HTZ-1/H2A.Z regulates gene expression programs that coordinate
metabolic and proteostatic pathways, thereby fine-tuning stress responses and promoting lifespan in animals.

1. Introduction

Histones are highly abundant and long-lived proteins (Commerford
et al., 1982; Pina and Suau, 1987) that belong to one of the most
conserved protein families in the Eukarya domain (Allis and Jenuwein,
2016; Soshnev et al., 2016). In dividing as well as postmitotic cells,
histones contribute to the organization of DNA into chromatin, a com-
plex macromolecular structure that packages and regulates access to the
genetic information within the nucleus. As the basic building blocks of
the chromatin, nucleosomes consist of DNA bound to histone octamers
that contain two H2A/H2B dimers and two copies of H3 and H4 (Fierz
and Poirier, 2019; Maeshima et al., 2019). To achieve higher-order
genomic  compaction, the linker histone H1l promotes

intra-nucleosome interactions that further inhibit DNA accessibility. All
nucleosomal histones have unstructured N- and C-terminal tails that
protrude from the globular domains. These flexible tails contain several
amino acids that can undergo posttranslational modifications (PTMs)
(Millan-Zambrano et al., 2022). These PTMs alter DNA-histone in-
teractions and act as a rich alphabet code to regulate gene transcription,
heterochromatin formation, DNA replication and damage response
(Allis and Jenuwein, 2016; Millan-Zambrano et al., 2022; Soshnev et al.,
2016). As an additional layer of complexity to an extensive combination
of epigenetic marks, canonical histones can be replaced by
non-canonical histone variants with unique biological properties,
including DNA binding and nucleosome stability (Talbert and Henikoff,
2021). These histone variants differ by a few amino acids that are
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essential for their binding to dedicated chaperones (e.g., H3.1 vs H3.3),
or they possess longer terminal tails on which distinct PTMs occur (e.g.,
H2A vs H2A.X). Importantly, the deposition of these histone variants
may establish specialized chromatin regions that regulate the recruit-
ment of dedicated molecular machineries involved in various epigenetic
programs, such as DNA damage response, gene transcription and
silencing (Buschbeck and Hake, 2017; Martire and Banaszynski, 2020;
Talbert and Henikoff, 2021). While canonical histones are expressed
almost exclusively during the DNA synthesis phase (S phase) by
multi-copy genes, replication-independent (RI) histone variants are
expressed throughout the cell cycle by one or two intronic genes (Biterge
and Schneider, 2014; Martire and Banaszynski, 2020; Talbert and
Henikoff, 2021). Apart from histone H4 (only one variant in human
cells), all the other histone families have many variants with unique
amino acid sequences or domains that account for their distinct bio-
logical features (Kurumizaka et al., 2021; Sokolova et al., 2023). For
example, RI histone variant H3.3 differs from canonical H3.1 and H3.2
by five and four amino acids, respectively, three of which determine the
binding specificity to the dedicated histone H3.3 chaperones (Bano
et al., 2017; Buschbeck and Hake, 2017; Sokolova et al., 2023). Among
the most studied RI histone variants, the histone H2A.Z is found in all
eukaryotes and has unique functional features with profound effects on
nucleosome dynamics, regulation of gene transcription and DNA dam-
age response (Diegmuller et al., 2025; Oberdoerffer and Miller, 2023).
While H2A.Z shares ~60% of its amino acid sequence with canonical
H2A, it has high sequence homology across orthologs in different phyla,
suggesting evolutionarily conserved functions in chromatin remodeling
(Biterge and Schneider, 2014; Diegmuller et al., 2025; Giaimo et al.,
2019). In this regard, H2A.Z-containing nucleosomes are highly
enriched at active transcriptional start sites (TSS) and their presence
positively correlates with gene expression (Jin and Felsenfeld, 2007; Jin
et al., 2009) and euchromatin maintenance (Meneghini et al., 2003).
H2A.Z is typically found associated with H3.3 at active promoters and
enhancers, with the resulting double variant-containing nucleosomes
that are less stable and easily displaceable during transcriptional acti-
vation (Giaimo et al., 2019; Henikoff, 2009; Jin and Felsenfeld, 2007;
Jin et al., 2009). Consistent with its unique biological roles, genetic
deletion of H2Av/H2A.Z causes embryonic lethality in Drosophila mel-
anogaster (van Daal and Elgin, 1992). Similarly, RNAi-mediated
htz-1/h2a.z knockdown affects the temporal development of the phar-
ynx and may cause embryonic lethality of C. elegans larvae (Updike and
Mango, 2006; Whittle et al., 2008). Although the maternal contribution
of HTZ-1 partially restores viability during embryogenesis, htz-1(null)
alleles cause near-complete sterility in adulthood, with only a few es-
capers hatching and sometimes reaching the L1 larval stage (Whittle
et al., 2008). HTZ-1 is already abundant at the two-cell embryo stage
and its incorporation into nucleosomes increases during embryogenesis.
In this regard, HTZ-1 is detected at the promoters of the first genes
within most of C. elegans operons and its presence correlates with the
pattern of RNA polymerase II occupancy (Whittle et al., 2008). Finally,
H2A.Z knockout does not affect mouse blastocysts development until
implantation, although it causes lethality during gastrulation (Faast
et al., 2001). Beside embryonic development, H2A.Z also creates
essential chromatin states underlying proper differentiation and main-
tenance of postmitotic cells. For example, H2A.Z knockdown in the
pyramidal cell layer of the hippocampus impacts the expression of genes
involved in neuronal plasticity and memory performance (Stefanelli
et al., 2018; Zovkic et al., 2014). Consistent with its essential role in
neural epigenetics, conditional H2A.Z knockout in GABAergic neurons
impairs the expression of nuclear-encoded mitochondrial proteins,
resulting in aberrant mitochondrial bioenergetics that negatively affect
cell survival and causes progressive ataxia in transgenic mice (Lowden
et al., 2021). Likewise, muscle-specific H2A.Z loss triggers mitochon-
drial defects that are associated with increased DNA damage and
reduced mouse lifespan (Belotti et al., 2024). All together, these
cross-species data indicate that H2A.Z is important for both
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developmental programs in embryos and epigenetic transcriptional
regulation in adult metazoans.

Aging is a progressive biological process and a major risk factor for
numerous human disorders, including cancer and neurodegenerative
diseases. As a multiscale phenomenon, it is influenced by factors acting
across molecular, cellular, tissue and organismal levels (Keshavarz et al.,
2023a, 2023b). Among the twelve “hallmarks of aging” (Lopez-Otin
et al., 2023), age-associated chromatin defects can alter gene expres-
sion patterns that sustain homeostatic processes as well as stress resil-
ience against environmental challenges, with negative consequences for
the intracellular maintenance of metabolism and proteome. An abun-
dant literature has shown that inhibition of the insulin/IGF—1/DAF—2
signaling has profound “anti-aging” effects in C. elegans, since it pro-
motes health span, pathogen resistance and longevity (Kenyon et al.,
1993; Kenyon, 2010; Riera et al., 2016). The remarkable lifespan
extension depends on metabolic and stress response programs under the
control of transcription factors, such as DAF—16/FOXO (Hsu et al.,
2003; Lin et al., 1997, 2001; Ogg et al., 1997). To induce the lifespan
extension of daf—2 mutant nematodes, continuous histone turnover
ensures chromatin landscapes that allow the efficient transcriptional
regulation of thousands of genes involved in stress resilience and
metabolic adaptation to environmental cues, ultimately stimulating
longevity (Alvares et al., 2014; Das et al., 2021; Huang et al., 2022; Jin
et al., 2011; Piazzesi et al., 2016; Riedel et al., 2013). We and others
have demonstrated that the turnover of RI histone variant H3.3 con-
tributes to the establishment of pro-longevity pathways underlying
stress resistance in C. elegans (Bano et al., 2017; Delaney et al., 2018;
Piazzesi et al., 2016, 2022; Strobino et al., 2020). While the role of H3.3
in animal survival has been ascertained, less is known about other RI
histone variants and their impact on longevity. Encouraged by our
previous works (Bano et al., 2017, 2021; Piazzesi et al., 2016, 2022), we
sought to investigate the importance of HTZ-1/H2A.Z in C. elegans
lifespan. Here, we report that tightly regulated HTZ-1 expression is
indispensable for animal survival and the establishment of pro-longevity
programs, as shown in Complex I deficient nuo—6 mutants and IIS
deficient daf—2 mutants. Taking a broader view, HTZ-1 may contribute
to the transcriptional regulation of age-related processes.

2. Materials and methods
2.1. Bulk RNA-sequencing and analysis

Synchronized C. elegans populations were collected on the first day of
young adult and were dissolved in 1 ml Trizol (Invitrogen). For each
genotype and mRNA-sequencing analysis, four biological replicates
were used. Total RNA was isolated using the RNeasy Micro Kit (Qiagen)
according to the manufacturer's protocol. RNA quantity and integrity
were evaluated using the High Sensitivity (HS) RNA assay on an Agilent
Tapestation 4200 system. For RNA-sequencing, non-strand-specific, full-
length transcript libraries were generated following the Smart-seq2
protocol as previously described (Picelli et al., 2014). Briefly, 2 ng of
total RNA was added to a reaction buffer containing 0.2% Triton X—100,
a protein-based RNase inhibitor, dNTPs, and oligo-dT primers to selec-
tively target polyadenylated mRNA for reverse transcription. The
SMART reverse transcription reaction was carried out at 42°C for 90 min
using SuperScript II (Invitrogen) in conjunction with a
Template-Switching Oligo. The resulting ¢cDNA was subsequently
amplified via 16 cycles of pre-amplification PCR to generate
double-stranded DNA. Following amplification, 100 pg of cDNA was
subjected to tagmentation and enrichment using the Nextera XT Kit
(Illumina) to prepare the final sequencing libraries. Library quantifica-
tion was performed using the Qubit HS dsDNA assay, and fragment size
distribution was analyzed using the D1000 assay on an Agilent Tapes-
tation 4200 system. Sequencing was conducted in paired-end mode (2 x
75 bp) on an Illumina NextSeq 2000 System using the NextSeq 2000 P4
XLEAP-SBS™ Reagent Kit (300 Cycles). Demultiplexing of raw
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sequencing data was performed using bcl2fastq2 v2.20, and transcript
quantification was achieved by aligning reads to the Caenorhabditis
elegans reference genome (Ensembl release 109) using Kallisto v048.0.
The raw RNA-sequencing data for wt, htz-1(bon101), daf—2(e1370),
daf—2(e1370);htz-1(bon101), daf—16(mu86);daf—2(e1370) and daf—16
(mu86);daf—2(e1370);htz-1(bon101) was deposited in the Gene
Expression Omnibus (GEQO) database under accession code GSE293787.
The raw data used for comparison among htz-1(bon101), htz-1(tm2469)
and htz-1(0k3099) was deposited under accession code GSE328181.

2.2. Caenorhabditis elegans strains and maintenance

Nematodes were maintained on nematode growth media (NGM) in
temperature-controlled incubators (20°C). Animals were fed with the B-
type (OP50) Escherichia coli strain. The following C. elegans strains were
used: wild type N2 (Bristol), BAN1 daf—2(e1370), BAN155 daf—16
(mu86);daf—2(e1370), BAN502 htz-1(bon101)/nT1[qls51], BAN734
nuo—6(qm200);htz-1(bon101)/nT1[qls51], BAN737 daf—2(e1370);htz-1
(bon101)/nT1[qls51], BAN738 daf—16(mu86);daf—2(e1370);htz-1
(bon101)/nT1[qls51], MQ1333 nuo—6(qm200), EKM11 htz-1(tm2469)/
nT1[qls51] and VC2480 htz-1(0k3099)/nT1[qls51]. Some strains were
provided by the CGC, which is funded by NIH Office of Research
Infrastructure Programs (P40 OD010440).

2.3. Database searching

Raw data files were processed with Proteome Discoverer™ software
(v3.0.1.27, Thermo Scientific) using SEQUEST® HT search engine
against the Swiss-Prot® Caenorhabditis elegans database (v2023-11-08).
Peptides were identified by specifying trypsin as the protease, with up to
2 missed cleavage sites allowed and restricting peptide length between 7
and 30 amino acids. Precursor mass tolerance was set to 10 ppm, and
fragment mass tolerance to 0.02 Da MS2. Static modifications were set
as carbamidomethylated cysteine, while dynamic modifications
included methionine and N-terminal loss of methionine, for all searches.
Peptide and protein FDR were set to 1% by the peptide and protein
validator nodes in the Consensus workflow. Default settings of individ-
ual nodes were used if not otherwise specified. In the Spectrum Selector
node, the Lowest Charge State = 2 and Highest Charge State = 6 were
used. The INFERYS rescoring node was set to automatic mode and the
resulting peptide hits were filtered for maximum 1% FDR using the
Percolator algorithm in the Processing workflow. Both unique and razor
peptides were selected for protein quantification. Proteins identified by
site, reverse or potential contaminants were filtered out prior to
analysis.

2.4. GTEx data preprocessing and linear regression models

The Genotype-Tissue Expression (GTEx) Project was supported by
the Common Fund of the Office of the Director of the National Institutes
of Health, and by NCI, NHGRI, NHLBI, NIDA, NIMH, and NINDS. The
data used for the analyses described in this manuscript were obtained
from dbGaP accession number phs000424.v10.p2 NHGRI GTEx on 07/
29/2024. We processed bulk RNA-sequencing (RNA-seq) data from
17,350 samples generated by the Genotype-Tissue Expression (GTEx)
Project (v8) (Mele et al., 2015), representing 54 human tissue types.
Raw sequencing reads were aligned to the GRCh38/hg38 reference
genome using STAR aligner, and gene-level quantification was per-
formed using the featureCounts tool (v2.0.8) (Liao et al., 2019; Love
et al, 2014), with the following parameters:-g gene_id -t gene -p
—countReadPairs -s 0, which specify counting at the gene level (-t gene),
using gene IDs from the annotation file (-g gene_id), enabling counting of
paired-end reads (-p), counting read pairs instead of individual reads
(—countReadPairs), and assuming an unstranded library protocol (-s 0).
Gene annotation was based on GENCODE v47, a comprehensive and
high-quality reference annotation for human genes. FeatureCounts
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extracted raw read counts for approximately 86,404 gene variants,
encompassing protein-coding genes, long non-coding RNAs, pseudo-
genes, and other transcript biotypes. To normalize for library size and
technical variability, raw counts were processed using the DESeq2
package (v1.42.1) (Love et al., 2014). Size factor normalization was
applied, and a variance-stabilizing transformation (VST) was used to
stabilize variance across the range of expression values and prepare the
data for linear modelling. This preprocessed gene expression matrix
served as the basis for our tissue-specific regression analyses of H2AZ1
and H2AZ2 gene expression in relation to aging and other covariates.
Linear regression was used for analyzing the association of H2AZ1 and
H2AZ2 with age. In our model, we regressed gene expression on age, sex,
and the top five genotype principal components (PCs): Expression
(H2AZ1 or H2AZ2)~Age + Sex + PC1 + ... + PC5. This model captures
the baseline association of age at tissue procurement with H2AZ1 and
H2AZ2 expression while adjusting for genetic population structure and
sex. Samples exhibiting high influence in the regression analysis were
flagged and excluded based on Cook's distance, a common diagnostic
measure for identifying influential outliers in linear models. For deter-
mining statistically significant age-associated expression changes, we
applied a false discovery rate (FDR) threshold of 0.05, using the
Benjamini-Hochberg procedure to correct for multiple testing.

2.5. Lifespan assay

All lifespan assays were carried out at 20°C. Briefly, eggs were iso-
lated from gravid young adults by using an alkaline hypochlorite solu-
tion. Then, eggs were transferred on bacteria-seeded NGM plates (day
0 in the lifespan assay) and hatched animals were transferred to fresh
agar plates every two days until all animals were dead. For the RNAi
experiments, plasmidic RNAi clones (control, htz-1, ama—1 and ife—2
from E. coli HT115) (Ahringer library, Geneserivice LDT/Horizon Dis-
covery) were transformed into E. coli OP50(xu363) and grown overnight
at 37°C in LB media containing ampicillin and tetracycline. A 1:100
dilution of the overnight cultures was then used to grow RNAI clones to
OD (600 nm) of 0.2-0.4. Bacteria were plated on NGM plates in the
presence of IPTG (1 mM final concentration in the liquid culture) and
used the following day for lifespan assays. Dead animals were scored by
assessing their response to touch. Nematodes were censored if they died
due to internal hatching of eggs or had vulva protrusion. Differences in
C. elegans survival were determined with the Log-rank (Mantel-Cox) test
after survival curves were estimated for each genotype with the Kaplan-
Meier method. Statistical significance was determined as p < 0.05 and
calculated with GraphPad Software Prism 10. Graphs are representative
panels of one of the biological replicates reported in Supplementary
Table ST1-2 (see also Supplementary Data 5).

2.6. Liquid chromatography tandem mass spectrometry (LC-MS/MS)
analysis

Approximately 600-800 young adult nematodes were collected.
Total proteins were extracted by lysing the samples in 200 pl Lysis buffer
(50 mM HEPES (pH 7.4), 150 mM NaCl, 1 mM EDTA, 1.5% SDS, 1 mM
DTT), supplemented with 1x protease and phosphatase inhibitor cock-
tail (ThermoScientific). The lysis protocol involved repeated cycles of
sonication in a water bath (6 cycles of 1 min sonication (35 kHz)), fol-
lowed by 2 min incubations on ice. At least 20 pg of C. elegans protein
lysates were reduced and alkylated prior to processing by a modified
filter-aided sample preparation (FASP) protocol as previously described
(Scifo et al., 2015). On filter Trypsin (1:20; in 50 mM ammonium bi-
carbonate) digestion of the samples was performed at 37°C, after which
the tryptic peptides were precipitated with an equal volume of 2 M KCl
to deplete residual detergents. Tryptic peptides were then cleaned,
desalted on C18 stage tips and re-suspended in 20 pl 1% FA for
LC-MS/MS analysis. MS runs were performed in quadruplicates. Anal-
ysis of tryptic peptides was performed using a Dionex Ultimate 3000
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RSLC nanosystem coupled to an Orbitrap Exploris 480 MS. Peptides
were loaded on a trap column cartridge (Acclaim PepMap C18 100 A,
5 mmx300 pm id., #160454, Thermo Scientific) prior to
reversed-phase chromatographic separation on an Acclaim PepMap
C18, 100 1°\, 75 um X 50 cm column (ThermoScientific) with starting
conditions of 95% eluent A (0.1% FA in water) and 5% eluent B (0.1%
FA in 80% ACN). Peptide separation was carried out at 300 nl/min for
120 min using a two-step acetonitrile gradient 8-25% over the first
90 min and 25-50% for the following 30 min. The temperature of the
column oven was 55°C. The mass spectrometer was operated in data
dependent positive ion mode with MS1 spectra recorded at a resolution
of 120 000. Other settings of the MS1 scan included: automatic gain
control (AGC) target value of 300% (3 %x109) ions, maximum injection
time (maxIT) set to Auto, an intensity threshold of 1 x 104, and mass
scan range of 350-1550. Precursor ions for MS/MS were selected using a
top speed method with a cycle time of 2 s, an isolation window of 2 m/z
and normalized collision energy (NCE) of 30% (High-energy Collision
Dissociation (HCD)) for fragmentation. MS2 spectra were acquired using
a decision tree with a minimum precursor signal intensity threshold of
3 x 10° for scan priority one and an intensity range of 1 x 10*- 3 x 10°
for scan priority two. Other MS2 scan settings included: 7.5 K and 15 K
resolution (scan priority 1 and 2, respectively), AGC target value of
100% (1 x10%), maxIT set to 20 and 50 ms, for scan priority one and
two, respectively. Full MS data were acquired in the profile mode with
fragment spectra recorded in the centroid mode. Raw MS data is publicly
available under the following accession numbers-ProteomeXchange
(PXD063184) and jPOST (JPST003765) via the following link: https://
repository.jpostdb.org/entry/ JPST003765.

2.7. Puromycin assay and western blotting

Synchronized C. elegans adults were collected and washed three
times with S-basal. Then, animals were incubated in puromycin-
containing S-basal (composed of 20pl of heat-inactivated OP50 bacte-
ria, 170 pl of S-basal, 10 pl of 10 mg/ml puromycin (Sigma, P9620),
resulting in a final puromycin concentration of 0.5 mg/ml) at 20°C in a
thermomixer with constant shaking at 300 rpm. Untreated animals (as
negative controls) were incubated under the same conditions but
without puromycin. After 4 h, animals were pelleted and stored at
—80°C. Samples were sonicated in ice-cold RIPA buffer (Sigma) sup-
plemented with protease and phosphatase inhibitors. Whole lysates
were centrifuged at 2000g for 5 min at 4°C, and the supernatant were
collected for protein quantification using Bradford reagent (Sigma).
Proteins were denatured by boiling in Laemmli buffer at 95°C for 5 min.
Approximately 20 pg of total proteins were loaded into each well of 15%
polyacrylamide gels and separated by SDS-PAGE. Proteins were then
transferred onto nitrocellulose membranes (Bio-Rad) using Trans-Blot
Turbo semi-dry transfer system (Bio-Rad). Membranes were blocked
with 5% BSA in 0.05% TBST and incubated overnight at 4°C with an
anti-puromycin antibody. Blots were washed in 0.05% TBST for 30 min,
followed by incubation with secondary antibodies for 1 h at room
temperature. After a 30-minute wash, blots were imaged using LI-COR
Odyssey Infrared Imaging System. Subsequently, membranes were
incubated with an anti-a-tubulin antibody for 2 h at room temperature.
After washing, secondary antibody incubation and imaging were per-
formed as described above, using a lower exposure for the anti-a-tubulin
signal. Band intensities were quantified using ImageJ. The intensities of
the entire lanes of puromycin-labelling were normalized to that of
tubulin. The following antibodies were used: mouse monoclonal anti-
puromycin (3RH11, Kerafast, EQ0001, 1:500), mouse monoclonal
anti-a-tubulin (clone B—5-1-2, Sigma-Aldrich, T6074, 1:5000), IRDye
680RD Goat anti-Mouse IgG (LI-COR Biosciences, 926-68070, 1:10000).
To assess HTZ-1 protein levels, wt (N2) and htz-1 mutant animals were
collected and washed three times in water. Then, animals were pelleted
and flash-frozen in liquid nitrogen. Samples were lysed in RIPA buffer
(with protease and phosphatase inhibitors), sonicated for two cycles of
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15 s each, and centrifuged at 1200g for 15 min at 4°C. Supernatants were
collected and protein concentration was determined using a Bradford
assay. Laemmli loading buffer was added to denature proteins at 95°C
for 5 min. Equal amounts of proteins were separated by SDS-PAGE and
transferred onto a nitrocellulose membrane. Membranes were blocked
in 5% milk in 0.05% TBS-T for 1 h and incubated overnight at 4°C with
the primary antibody (histone H2A.Z polyclonal antibody Thermo-
Fisher, PA5-116156; dilution 1:1000). The following day, membranes
were washed three times with 0.05% TBS-T for 10 min each, followed by
incubation with the secondary antibodies, goat anti-rabbit HRP (dilution
1:2000). Membranes were washed three times again and incubated with
mouse monoclonal anti-a-tubulin (clone B—5-1-2, Sigma-Aldrich,
T6074; dilution 1:5000) antibodies for 2 h. HRP-conjugated secondary
antibodies were used to develop blots by incubating membranes with
enhanced chemiluminescence (ECL) substrate (Pierce, ThermoFisher
Scientific). A Bio-Rad Chemidoc system was used to detect signals.
ImageJ was used for densitometry.

2.8. Statistics

Transcript abundances were quantified using Kallisto and imported
into R (v4.5.3) using the tximport package (v1.38.2). Gene level counts
were scaled using the lengthScaledTPM method. Sample metadata were
constructed based on experimental groups, where strain was defined as
the design variable. Genes with low expression (less than 10 counts in at
least two samples) were prefiltered prior to analysis. Normalization,
dispersion estimation and model fitting were performed using the
default DESeq2 workflow. Analyses of differentially expressed genes
were performed in R usingDESeq2 package (v1.50.2), and the results for
the comparisons were obtained using the Wald test. Log2 fold change
shrinkage was applied using the apeglm method (v1.32.0). Volcano
plots were generated to visualize differential expression results. Genes
were classified as significantly upregulated or downregulated based on
thresholds of |log2 fold change shrunk| > 1 and padj < 0.05. Adjusted p-
values of zero were replaced with the smallest positive value to enable
log transformation for visualization purposes. Gene Set Enrichment
Analysis (GSEA) was carried out using a ranked list of genes ordered by
their Wald statistic obtained from DESeq2. For proteomics, significant
proteins were selected if |log2 fold change| > 0.585 and padj < 0.05.
GraphPad Prism Software was used to calculate statistics. The Mann-
Whitney test (non-parametric) was used to compare two groups,
whereas ANOVA (with appropriate post hoc corrections) was employed
for three or more groups. Statistical significance was defined as p < 0.05.
The number of biological replicates is indicated in the figures. For life-
span assays, Kaplan-Meier survival curves and the Log-rank (Mantel-
Cox) test was used to estimate statistical significance.

3. REsuLts

3.1. H2A.Z expression is associated with organismal aging and regulates
animal lifespan

To define the relationship between chronological aging and the
expression of H2AZ1 and H2AZ2 genes, we performed tissue-wise linear
regression across 54 human tissues based on RNA-seq data from the
17350 Genotype-Tissue Expression (GTEx) samples. Both H2AZ1 and
H2AZ2 genes showed a negative association with chronological aging,
across multiple tissues. Specifically, H2AZ1 was significantly down-
regulated in 17 tissues (FDR < 0.05), including brain-amygdala, brain-
caudate (basal ganglia) and skeletal muscle, while it was upregulated in
one tissue (artery aorta) (Fig. 1A and Supplementary Data 1). Similarly,
H2AZ2 expression exhibited a significant age-associated down-
regulation in 18 tissues (e.g., brain-caudate, brain-cerebellar hemi-
sphere, brain-nucleus accumbens, heart-atrial appendage, heart-left
ventricle) (Fig. 1A and Supplementary Data 1). Furthermore, we found
that in breast tissue H2AZ1/H2AZ2 expression was significantly lower in
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Fig. 1. HTZ-1/H2A.Z is required for C. elegans survival. (A) Volcano plots depict the -logio(adj-p value) on the y-axis against the estimated regression coefficient
() for age on the x-axis, showing results from Model 1. The gene expression (variance-stabilized counts) was regressed on age, sex, and the first five genotype
principal components. Each point represents a single tissue’s association of H2AZ1 (left panel) or H2AZ2 (right panel) expression with age. Positive p values (right)
indicate age-associated upregulation; negative p values (left) indicate downregulation. Horizontal dashed lines correspond to a false discovery rate (FDR) threshold of
0.05. (B) Alignments of protein sequences obtained by using constraint-based multiple alignment tool (COBALT). Top and middle panels report protein sequence
alignments of human (Hs) H2A.Z.2.2, C. elegans (Ce) HTZ-1 and mutant (mut) HTZ-1. Bottom panel is the alignment of C. elegans HIS—57, HTZ-1 and mutant (mut)
HTZ-1. Color coding is as follows: red indicates amino acids conserved across the three variants; cyan and green indicate homologous sequences between two
variants; orange highlights the M6 domain (as annotated in Uniprot). (C) AlphaFold predicted structures of wild type (black) and mutant (dark cyan) HTZ-1, with the
M6 domain highlighted in red. The predicted local distance difference test (pLDDT) is reported in the panel on the right. Threshold (dot line) indicates low model
confidence (<60). (D) Representative immunoblots of samples from wt (N2), htz-1(bon101), htz-1(0k3099) and htz-1(tm2469) animals using an antibody against
HTZ-1/H2A.Z (tubulin as loading control). Densitometry is reported on the right (n = 4, mean+SEM, Mann-Whitney test; p values are reported). (E-F) Volcano plot of
differentially expressed genes in htz-1(bon101) mutants compared to (E) wt, (F) htz-1(tm2469) and htz-1(0k3099) mutant animals. (G) Representative lifespan assays
of htz-1 mutants compared to wt. Genotypes of the htz-1 mutant strains are indicated. (H) Lifespan assay of wt (N2) and htz-1(bon101) mutant animals on control (C)

and htz-1 RNAi (OP50 bacteria).

females, whereas in pituitary tissue it was significantly higher compared
to males (Supplementary Data 2). Across other tissues, there were no
apparent robust sex differences. Together, these data demonstrate that
both H2AZ1 and H2AZ2 are downregulated across multiple tissues in
humans during aging, suggesting a role for H2A.Z in age-associated gene
expression patterns.

To better understand the role of HTZ-1 in age-related processes and
survival, we employed CRISPR/Cas9 gene editing and manipulated the
endogenous htz-1 locus. Rather than generating large deletions that
could potentially affect the expression of neighboring genes, we sought
to obtain an HTZ-1/H2A.Z variant still having the C-terminal acidic
residues (the M6 region, Fig. 1B) that are critical for its deposition
(Clarkson et al., 1999; Jensen et al., 2011; Ridgway et al., 2004; Sub-
ramanian et al., 2013). After an initial screening of positive hits, we
identified an allele that encoded a predicted protein with high homology
with the human H2A.Z.2.2 isoform (Fig. 1B). Based on DNA sequencing,
the frameshift mutation was downstream of the evolutionarily
conserved M6 region and resulted in a C-terminal region that did not
share significant homology with either wild type HTZ-1 or H2A variant
HIS—57 (Fig. 1B-C). Western blot analysis revealed that HTZ-1 protein
levels were comparable between our newly generated mutants and two
previously reported strains expressing htz-1(null) alleles (Petty et al.,
2009) (Fig. 1D and Supplementary Figure S1A). Bulk RNA-sequencing
revealed almost 6000 differentially expressed genes in htz-1(bonl101)
mutants compared with young adult wt nematodes (Fig. 1E and Sup-
plementary Data 3). In contrast, the global transcriptional profile of
htz-1(bon101) was highly similar to those of htz-1(tm2469) and htz-1
(0k3099) mutants, both of which carry deletions that disrupt htz-1
mRNA expression (Fig. 1F and Supplementary Data 3). As for other htz-1
loss of function (lof) alleles, htz-1(bon101) caused sterility of homozy-
gous adult hermaphrodites and therefore it was maintained with the nT1
balancer, a relatively stable translocation of portions of Chromosome IV
and V. Lifespan assays showed that htz-1(bon101) animals lived
approximately 9 days less than wild type (wt) C. elegans, while the
median lifespan was comparable to htz-1(tm2469) and htz-1(0k3099)
mutants (Fig. 1G and Supplementary Table ST1). Double-stranded RNA
against htz-1 significantly reduced wt (N2) survival, whereas it had no
additive effect on htz-1(bon101) lifespan (Fig. 1H and Supplementary
Table ST2). At least under the growth conditions employed here, these
data suggest that htz-1(bonl01) is a (lof) allele that affects animal
survival.

3.2. HTZ-1 loss affects processes associated with epigenetics and
metabolism

To better understand the transcriptional alterations associated with
the reduced lifespan of htz-1(bon101) mutants, we performed Gene Set
Enrichment Analysis (GSEA) om a genome-wide ranked transcriptomic
dataset to identify significantly enriched Gene Ontology (GO) cate-
gories, including biological processes, molecular functions and cellular
components. As expected, HTZ-1 loss led to an enrichment of GO terms

related to chromatin organization, RNA polymerase II activity and DNA
binding, reflecting HTZ-1/H2A.Z’s role in epigenetics (Fig. 2A). Com-
plementary KEGG pathway analyses highlighted significant enrichment
in genes involved in carbon metabolism and mitochondrial bio-
energetics (Fig. 2B-C and Supplementary Figure S1B), suggesting that
HTZ-1 influences coordinated expression programs underlying nuclear
and metabolic functions. To corroborate our RNA-sequencing data, we
performed a proteomic analysis and found ~600 proteins that were
differentially expressed in htz-1(bon101) mutants compared to wt
C. elegans (Fig. 2D and Supplementary Data 4). The expression of several
mitochondrial, metabolic and stress response proteins showed partial
correlation with their corresponding transcriptional profiles (Fig. 2E-F
and Supplementary Figure S1C-F). Given the KEGG enrichment for
processes associated with mitochondrial bioenergetics and carbon
metabolism, we hypothesized that HTZ-1 loss could impact the
longevity pathways that depend on mitochondria. As in some of our
previous studies (Gioran et al., 2014, 2019; Jackson et al., 2022; Piazzesi
et al., 2016, 2022), we employed Complex I deficient nuo—6(qm200)
mutant nematodes, which live longer than wt animals as a consequence
of transcriptional modulation of several pro-longevity pathways.
Consistent with the important role of chromatin remodeling in survival
of mitochondrial mutant nematodes (Merkwirth et al., 2016; Piazzesi
et al., 2016; Tian et al., 2016), loss of HTZ-1/H2A.Z variant negatively
affected the lifespan-extending properties of Complex I dysfunction,
with nuo—6(qm200);htz-1(bon101) mutants having a lifespan compa-
rable to wt nematodes (Fig. 2G and Supplementary Table ST1). These
data suggest that HTZ-1 is required to translate mitochondria-derived
signals into transcriptional profiles inducing longevity.

3.3. Inhibition of protein synthesis and RNA polymerase II fails to rescue
the lifespan reduction of htz-1 mutants

We performed additional GSEA GO enrichment analyses, which
revealed significant alterations in chromatin maintenance and remod-
eling, as well as protein synthesis (Fig. 3A-C). Notably, several tran-
scriptional changes were not reflected at the proteomic level
(Supplementary Figure S1C-F), as exemplified by canonical histones,
whose protein expression showed no correlation with RNA-sequencing
data (Fig. 3D-E). These observations suggested that HTZ-1 loss might
broadly affect the global rate of protein synthesis. To test this, we con-
ducted a puromycin incorporation assay in adult animals. Immunoblot
analyses revealed a clear trend toward reduced puromycin incorpora-
tion into newly synthesized proteins in htz-1(bon101) mutants (Fig. 3F),
which may explain the observed discrepancy between transcriptional
and proteomic profiles (Supplementary Figure S1C-F). To determine
whether inhibition of protein synthesis or RNA polymerase II activity
could influence htz-1 lifespan, we exposed wt and htz-1(bonl101) mutant
animals to ife—2 (Syntichaki et al., 2007) or ama—1 RNAI, respectively.
While both RNAi treatments significantly affected the lifespan of wt
animals, they had no effect on htz-1(bon101) survival (Fig. 3G and
Supplementary Table ST2), indicating that the shortened lifespan caused
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Fig. 2. HTZ-1 alters metabolism and mitochondria-dependent longevity signals. (A-C) Gene Set Enrichment Analysis (GSEA) performed based on the ranked list
of all detected genes in htz-1(bon101) vs wt. (A) Top 20 enriched Gene Ontology (GO) in the molecular function and cellular component categories. (B) Top 20
enriched KEGG pathways identified in htz-1(bon101) vs wt. (C) Significant downregulation of key metabolic gene sets identified from GSEA-based KEGG analysis in
htz-1(bon101) vs wt. (D) Volcano plot for the proteomic analysis of htz-1(bon101) vs wt animals. Up- and down-regulated proteins are in orange and green,
respectively. (E-F) Heat maps of genes and proteins that are significantly altered in htz-1(bon101) mutants compared to wt animals. Mitochondrial and metabolic
proteins are reported in (E), while stress response factors are in (F). (G) Representative lifespan assay of wt, nuo—6(qm200), htz-1(bon101) and nuo—6(qm200);htz-1

(bon101) mutants.
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Fig. 3. HTZ-1 loss is associated with aberrant protein synthesis. (A-B) GSEA GO biological process analysis performed based on the ranked list of all detected
genes in htz-1(bon101) vs wt. (A) Top 20 enriched GO biological process terms. (B) Enrichment curves for gene sets derived from GSEA GO biological process
analyzed using RNA-seq data of htz-1(bon101) vs wt animals. The similarity of the enrichment curves in the top-left and bottom-right panels reflects the overlap in
leading-edge gene between the corresponding GO terms. (C) Enrichment curves for translation- and transcription- related gene sets derived from GSEA GO molecular
function category in htz-1(bon101) vs wt. (D-E) Volcano plots of (D) proteomic and (E) RNA-sequencing data relative to histones. HTZ-1 protein and htz-1 mRNA are
highlighted as red dots. (F) Puromycin assay in wt and htz-1(bon101) nematodes. After 4 h, untreated (-) and puromycin-treated (+) animals were collected and
immunoblots performed by using an antibody against newly synthesized puromycin-containing proteins. Densitometric quantification is shown on the right. Pu-
romycin signal intensities were normalized to a-tubulin (as a loading control) and presented relative to wt puro-(first lane) (n = 3, two-way ANOVA; p values are

reported). (G) Representative lifespan assay of wt and htz-1(bon101) mutant nematodes grown on control, ama—1 and ife—2 RNAIi bacteria.

by HTZ-1 loss cannot be rescued by reducing protein synthesis or
inhibiting RNA polymerase II activity.

3.4. HTZ-1 deficiency negatively affects daf—2 longevity

Next, we investigated whether the htz-1(bon101) allele could affect
the lifespan-extending properties of the hypomorphic daf—2(e1370)
mutation, a well-characterized allele that inhibits insulin/IGF—1
signaling in C. elegans (Kenyon et al., 1993; Kimura et al., 1997)
(Fig. 4A). RNA-sequencing analysis revealed that 2465 genes were
significantly upregulated and 2202 genes were downregulated in daf—2;
htz-1 double mutants compared with daf—2 single mutants (Fig. 4B and
Supplementary Data 3). Unbiased GSEA confirmed that many dysregu-
lated genes in daf—2;htz-1 mutants were associated with metabolism,
such as carbon metabolism and amino acid metabolism, as well as with
longevity regulating pathways (Fig. 4C-D). Complementary proteomic
analyses revealed more than 600 proteins that were differentially
regulated in daf—2;htz-1 mutants compared to daf—2 animals (Fig. 4E
and Supplementary Data 4). Similar to htz-1 vs wt comparison (Sup-
plementary Figure S1C-F), we observed discordant trends between
mRNA and protein levels in daf—2;htz-1 mutants compared to daf—2
animals (Supplementary Figure S2A-D). Notably, 21 histone-related
transcripts and their encoded variants exhibited opposite changes in
daf—2;htz-1 mutants compared to daf—2 animals (Fig. 4F and Supple-
mentary Figure 2D), whereas several differentially expressed mito-
chondrial proteins, metabolic enzymes and stress response-related
proteins displayed concordant trends at both mRNA and protein levels
(Fig. 4G and Supplementary Figure S2C). These transcriptional and
proteomic changes prompted us to examine whether HTZ-1 loss could
also affect the longevity of IIS mutants. To do so, we performed lifespan
assays and, similar to H3.3 deficiency (Piazzesi et al., 2016, 2022),
HTZ-1 loss shortened the lifespan of daf—2(e1370) mutants by approx-
imately 21 days (Fig. 4H and Supplementary Table ST1). In summary,
our data suggest that HTZ-1 is required to sustain gene expression in IIS
mutants.

3.5. HTZ-1 loss shortens the survival of daf—16;daf—2 mutant C. elegans

Since DAF-2 signaling depends on DAF—16/FOXO (Kimura et al.,
1997; Lin et al., 1997; Ogg et al., 1997) (Fig. 4A), we generated daf—16
(mu86);daf—2(e1370);htz-1(bon101) triple mutants and compared their
transcriptional and proteomic profiles with daf—16;daf—2 double
mutant animals (Fig. 5A-D, Supplementary Figure S3A-B and Supple-
mentary Data 3-4). RNA-sequencing analysis identified 3148 genes
significantly upregulated and 2677 genes downregulated in daf—16;
daf—2;htz-1 mutants compared to daf—16;daf—2 (Fig. 5C). GSEA of these
differentially expressed genes revealed a pronounced enrichment of
pathways related to ribosome components, mitochondrial function and
chromatin organization (Fig. 5E-F), highlighting the broad impact of
HTZ-1 loss on regulatory networks underlying gene expression programs
that govern protein synthesis, cellular bioenergetics and chromatin ar-
chitecture in the context of IIS. Notably, HTZ-1 loss further impacted the
transcriptional profiles in daf—16;daf—2 mutants (Fig. 5C-D and Sup-
plementary Figure S3C), suggesting an additive effect. Consistent with
our observations in other mutant backgrounds, the majority of tran-
scriptional changes in daf—16;daf—2;htz-1 triple mutants were not

mirrored by corresponding alterations at the protein level, indicating a
widespread discordance between mRNA abundance and protein
expression (Supplementary Figure S3D-G). To complete our survey, we
performed lifespan assays and found that daf—16;daf—2;htz-1 lived
approximately 8 days less compared to daf—16(mu86);daf—2(e1370)
mutants (Fig. 5G and Supplementary Table ST1), consistent with our
hypothesis of an additive effect in IIS deficient animals lacking DAF—16.
In summary, these findings indicate that HTZ-1 expression is required to
elicit transcriptional programs and corresponding proteomes supporting
lifespan-extending signals (Fig. 5H).

4. Discussion

The establishment of longevity pathways is a dynamic process that
requires the transcriptional regulation of thousands of genes supporting
proteostasis, metabolic adaptation and stress resilience (Bar-Ziv et al.,
2020; Denzel et al, 2019; Mannick and Lamming, 2023;
Rodriguez-Colman et al., 2024). Across species, histone PTMs and his-
tone variant turnover serve as crucial epigenetic marks that regulate the
precise recruitment of chromatin remodelers, which may exert either
activating or repressive effects on gene expression. Failure to regulate
these pro-longevity gene expression profiles can negatively affect cells’
ability to respond to environmental challenges, with severe conse-
quences on animal survival, development of chronic diseases and aging
trajectories. Building on our prior work on RI histone variant H3.3
(Piazzesi et al., 2016, 2022), we undertook an investigation on
HTZ-1/H2A.Z, since it is an essential histone variant that is highly
conserved across species. We employed the nematode C. elegans, which
expresses canonical histone H2A and HTZ-1/H2A.Z, but it does not ex-
press any known macroH2A and bona fide H2A X, the latter having a few
complementary, though still distinct functions with H2A.Z (e.g., DNA
damage repair) (Diegmuller et al., 2025; Giaimo et al., 2019; Ober-
doerffer and Miller, 2023; Talbert and Henikoff, 2021). We generated a
htz-1(lof) allele that resulted in phenotypes similar to existing htz-1(lof)
alleles (Petty et al., 2009; Whittle et al., 2008), including sterility in
adult hermaphrodites. Here, we report the critical involvement of his-
tone variant HTZ-1/H2A.Z in regulating longevity pathways and
aging-related processes. Contrary to H3.3 deficiency (Piazzesi et al.,
2016, 2022), loss of HTZ-1 variant significantly altered transcriptional
profiles in wt and long-lived mutant nematodes, with detrimental con-
sequences on C. elegans survival. Based on our RNA-sequencing and
proteomic data, we observed changes in the expression of genes
involved in mitochondria, metabolism and stress response, further
highlighting the importance of histone HTZ-1/H2A.Z in mitochondrial
homeostasis as previously shown in transgenic mice (Lowden et al.,
2021). Of note, htz-1(bon101) animals displayed higher expression
levels of many genes encoding canonical core histones, which were not
paralleled by a proteomic signature with a similar trend. Based on our in
vivo puromycin assay, we found that htz-1 mutants showed a reduced
global protein synthesis compared to wt animals, possibly explaining
some of the differences that we observed at the transcriptional and
proteomic levels. As our analyses were performed in whole organisms,
we cannot rule out that these changes occurred in the germline cells in
an attempt to compensate for defective HTZ-1/H2A.Z dynamics. Alter-
natively, defects in HTZ-1/H2A.Z dynamics may cause genomic insta-
bility and consequent expression of genes that are tightly repressed in
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Fig. 4. HTZ-1 expression sustains the lifespan extension of daf—2 mutants. (A) Schematic representation of the insulin/IGF—1/DAF—2 signaling pathway. In
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longevity. Loss of HTZ-1/H2A.Z compromises the maintenance of transcriptional proteomic profiles that are required to sustain animal survival.

11



B. Xie et al.

somatic cells. While H3.3 deficiency had a minor impact on survival and
gene transcription compared to wt, HTZ-1/H2A.Z loss had profound
long-term consequences on animal health. Strikingly, we demonstrate
that HTZ-1 has a strong impact on DAF—2 signaling. The effects on
pro-longevity transcriptional processes go beyond DAF—16-dependent
targets, as shown by our comparative analyses in daf—2, daf—16;daf—2
and nuo—6 mutant backgrounds. Since C. elegans does not express all
H2A variants described in mammals, it may be that in lower organisms
HTZ-1/H2A.Z is involved in additional biological processes (e.g., DNA
double-strand break repair) that are usually controlled by other histone
H2A variants. Alternatively, HTZ-1/H2A.Z may be deposited onto
genomic regions encoding highly transcribed genes that are essential for
promoting longevity pathways.

5. Limitations and conclusions

We recognize the limitations of our study, as our findings have not
been validated in other model systems. Furthermore, we are aware that
future investigations will be essential to elucidate the molecular mech-
anisms underlying HTZ-1 dynamics, including deposition and turnover,
in pro-longevity processes. At the same time, our results provide an
initial snapshot into the role of HTZ-1/H2A.Z in gene expression pro-
grams that regulate lifespan and age-related processes, which further
underscore the relevance of epigenetics as one of the key “hallmarks” of
aging (Keshavarz et al., 2023b; Lopez-Otin et al., 2023).
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