
Contents lists available at ScienceDirect

Redox Biology

journal homepage: www.elsevier.com/locate/redox

Redox-mediated regulation of aging and healthspan by an evolutionarily
conserved transcription factor HLH-2/Tcf3/E2A
Leonid Rozanova, Meenakshi Ravichandrana,1, Giovanna Grigolona, Maria Clara Zanellatia,
Johannes Mansfelda,2, Kim Zarsea, Nir Barzilaib, Gil Atzmonb,c, Fabian Fischera,∗∗,
Michael Ristowa,∗

a Energy Metabolism Laboratory, Institute of Translational Medicine, Department of Health Sciences and Technology, Swiss Federal Institute of Technology (ETH) Zurich,
Schwerzenbach, CH-8603, Switzerland
bAlbert Einstein College of Medicine, Departments of Genetics and of Medicine, Bronx, NY, 10461, USA
cUniversity of Haifa, Faculty of Natural Sciences, Haifa, 3498838, Israel

A R T I C L E I N F O

Keywords:
Aging
Transcription
ROS
Redox
Arginine kinase
Creatine kinase

A B S T R A C T

Physiological aging is a complex process, influenced by a plethora of genetic and environmental factors. While
being far from fully understood, a number of common aging hallmarks have been elucidated in recent years.
Among these, transcriptomic alterations are hypothesized to represent a crucial early manifestation of aging.
Accordingly, several transcription factors (TFs) have previously been identified as important modulators of
lifespan in evolutionarily distant model organisms. Based on a set of TFs conserved between nematodes, zeb-
rafish, mice, and humans, we here perform a RNA interference (RNAi) screen in C. elegans to discover evolu-
tionarily conserved TFs impacting aging. We identify a basic helix-loop-helix TF, named HLH-2 in nematodes
(Tcf3/E2A in mammals), to exert a pronounced lifespan-extending effect in C. elegans upon impairment. We
further show that its impairment impacts cellular energy metabolism, increases parameters of healthy aging, and
extends nematodal lifespan in a ROS-dependent manner. We then identify arginine kinases, orthologues of
mammalian creatine kinases, as a target of HLH-2 transcriptional regulation, serving to mediate the healthspan-
promoting effects observed upon impairment of hlh-2 expression. Consistently, HLH-2 is shown to epistatically
interact with core components of known lifespan-regulating pathways, i.e. AAK-2/AMPK and LET-363/mTOR, as
well as the aging-related TFs SKN-1/Nrf2 and HSF-1. Lastly, single-nucelotide polymorphisms (SNPs) in Tcf3/
E2A are associated with exceptional longevity in humans. Together, these findings demonstrate that HLH-2
regulates energy metabolism via arginine kinases and thereby affects the aging phenotype dependent on ROS-
signaling and established canonical effectors.

1. Introduction

Aging is defined as decrease in physiological function over time.
Age-related transcriptomic changes, e.g. due to the aberrant action of
transcription factors or chromatin modifiers, are proposed to represent
a crucial early manifestation of biological aging [1–3]. Therefore, in
addition to environmental influences, initial changes in gene expression
networks can be considered as one of the main drivers of the aging
phenotype and its associated diseases, leading to persistent and detri-
mental changes in cellular physiology and, ultimately, death. Of note,

one of the genes consistently linked to human longevity in genetic as-
sociation studies is the evolutionarily conserved transcription factor
(TF) Foxo3 [4–7], which was also found to promote lifespan-extension
in several animal aging models [8]. Likewise, the evolutionarily con-
served TF Nrf2, a master regulator of cellular detoxification and stress
response pathways, has been shown to positively influence lifespan in
different model organisms [9].

As exemplified by Foxo3 and Nrf2, TFs are particularly interesting
candidates to consider as trans-species master regulators of aging, since
they frequently display considerable evolutionary conservation [10],

https://doi.org/10.1016/j.redox.2020.101448
Received 31 December 2019; Accepted 2 February 2020

∗ Corresponding author.
∗∗ Corresponding author.
E-mail addresses: fabian-fischer@ethz.ch (F. Fischer), michael-ristow@ethz.ch (M. Ristow).

1 Current address: Baxter Laboratory for Stem Cell Biology, School of Medicine, Stanford University, Stanford, CA, 94305, USA.
2 Current Address: Novocure GmbH, Root, CH-6039, Switzerland.

Redox Biology 32 (2020) 101448

Available online 04 February 2020
2213-2317/ © 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/BY-NC-ND/4.0/).

T

http://www.sciencedirect.com/science/journal/22132317
https://www.elsevier.com/locate/redox
https://doi.org/10.1016/j.redox.2020.101448
https://doi.org/10.1016/j.redox.2020.101448
mailto:fabian-fischer@ethz.ch
mailto:michael-ristow@ethz.ch
https://doi.org/10.1016/j.redox.2020.101448
http://crossmark.crossref.org/dialog/?doi=10.1016/j.redox.2020.101448&domain=pdf


and can influence complex transcriptional networks of functionally
related genes [11,12]. Thus, changes in the regulation and activity of a
single TF and/or its accessory proteins have the potential to influence
the age-dependent transcriptomic alterations that are occurring in vir-
tually all animal species displaying an aging phenotype [3]. Con-
ceptually, TFs can be classified as pro-aging if their absence or de-
creased activity benefits health and survival of the organism, while
their increased or unregulated activity might lead to harmful con-
sequences. Inversely, anti-aging TFs can be defined by being able to
protect organisms from age-dependent physiological decline when in-
creasingly active, while their absence or decreased activity is poten-
tially detrimental.

Whether pro-aging genes in particular exert their detrimental effects
due to aberrant developmental processes, stochastically acquired mu-
tations that alter their function, or hypothesized phenomena such as
antagonistic pleiotropy, is still open to debate [13]. Pragmatically, the
identification of pro- and anti-aging TFs should aid in designing ap-
propriate experiments to better understand the relevance of tran-
scriptomic alterations for organismal aging and is an important step in
establishing interventions targeted at aging-associated diseases and
aging in general, e.g. by establishing specific TFs as targets for phar-
macological manipulation [14].

The nematodal model organism C. elegans has been used in aging
research for several decades [15] and thus far served to elucidate a
number of evolutionarily conserved molecular pathways, e.g. impaired
insulin/IGF1 signalling, that influence life- and healthspan in eu-
karyotic organisms, including mammals [16]. Most transcription factors
acting as regulators of aging known to date were either identified in C.
elegans or have subsequently been shown to impact nematodal aging
[17]. Therefore, C. elegans is a promising model to identify as yet un-
recognized pro- and anti-aging TFs with possible roles conserved across
species.

Given the fact that more than 750 individual TFs exist in C. elegans,
many of which have potential homologues in other eukaryotic species
[18], and that each of these TFs could impact aging upon either in-
creased or impaired activity, it is possible to combine hands-on ex-
perimental approaches with sensible pre-selection criteria and appro-
priate bioinformatic analyses to hone in on candidates of interest. In a
previous study and as a basis for the current publication, a total of
3,608 differentially expressed genes during nematodal aging (aging
DEGs) were identified [19]. Analysing the promoter regions of such
aging DEGs provides one option to use in silico analyses for an initial
assesment of potential candidate TFs.

We here focus on a set of 16 TFs evolutionarily conserved across
eukaryotic species with known and experimentally confirmed DNA-
binding properties at the time of analysis. After verifying that they in-
deed are predicted to bind to nematodal aging DEGs, as identified be-
fore [19], we systematically tested their impact on the aging phenotype
of C. elegans upon impairment by RNA interference. Thereby, several
novel pro- and anti-aging TF candidates were identified. Focusing on
HLH-2, showing the strongest impact on lifespan of all 16 TFs tested, we
demonstrate that this particular TF is a negative regulator of aging and
healthspan in C. elegans, i.e. a pro-aging TF, and elucidate its ROS-de-
pendent mechanism of action.

2. Materials and methods

2.1. C. elegans strains and maintenance

The following C. elegans strains used for this publication were pro-
vided by the Caenorhabditis Genetics Center (CGC at the University of
Minnesota, USA): Wild-type N2 (Bristol), EU31 skn-1(zu135) IV/nT1
[unc-?(n754) let-?] (IV; V), EU1 skn-1(zu67) IV/nT1 [unc-?(n754) let-
?] (IV; V), PS3551 hsf-1(sy441) I, RB754 aak-2(ok524) X, MQ887 isp-
1(qm150) IV, TU282 lin-32(u282) X, GA800 wuIs151 [ctl-1(+) + ctl-
2(+) + ctl-3(+) + myo-2p:GFP], CL802 smg-1(cc546) I; rol-

6(su1006) II, CL4176 smg-1(cc546) I; dvIs27 [myo-3p:A-Beta
(1–42):let-851 3′UTR) + rol-6(su1006)] X, and CL2006 dvIs2
[pCL12(unc-54/human Abeta peptide 1–42 minigene) + pRF4]. For
maintenance, nematodes were grown on Nematode Growth Medium
(NGM) agar plates in 90 mm petri dishes at 20 °C using E. coli OP50
bacteria as a food source [20]. NGM agar plates, after pouring, were
dried at room temperature for 1–2 days and then stored at 4 °C until
further use.

2.2. E. coli strains and culturing

E. coli OP50 bacteria (CGC) were streaked out on DYT agar plates
and single colonies picked from such plates were cultured overnight at
37 °C and constant shaking in Erlenmeyer flasks containing liquid DYT
medium. Bacterial overnight cultures were concentrated by cen-
trifugation for 30 min at 3,200 g and 4 °C. The prepared bacteria were
spotted on NGM agar plates and allowed to grow for 16–24 h prior to
use.

E. coli HT115(DE3) bacteria (CGC), containing either the L4440
control vector or a L4440-derived RNAi vector, were streaked out on LB
agar plates with 100 μg/ml Ampicillin and 12.5 μg/ml Tetracycline and
single colonies picked from such plates were cultured overnight at 37 °C
and constant shaking in Erlenmeyer flasks containing liquid LB medium
with 100 μg/ml Ampicillin. Bacterial overnight cultures were con-
centrated by centrifugation for 30 min at 3,200 g and 4 °C. The pre-
pared bacteria were spotted on NGM agar plates additionally con-
taining 100 μg/ml Ampicillin and 1 mM Isopropyl-beta-D-
thiogalactopyranoside (IPTG) and allowed to grow for 16–24 h prior to
use (reagents from AppliChem, Darmstadt, Germany).

2.3. RNA-mediated gene inhibition (RNAi)

For RNAi-mediated gene knockdown experiments, E. coli HT115
bacteria were applied to nematodes by feeding as previously described
[21]. The clones for hlh-2/M05B5.5, hlh-15/C43H6.8, mxl-1/
T19B10.11, mdl-1/R03E9.1, mxl-3/F46G10.6, lin-32/T14F9.5, ceh-22/
F29F11.5, ces-2/ZK909.4, hlh-11/F58A4.7, pha-4/F38A6.1, daf-16/
R13H8.1, daf-12/F11A1.3, blmp-1/F25D7.3, skn-1/T19E7.2, argk-1/
F44G3.2, let-363/B0261.2, trx-1/B0228.5, and trx-2/B0024.9 were
obtained from the Vidal RNAi ORFeome library v1.1 (Thermo Fisher
Scientific, Waltham, MA, USA). The clone for efl-1/Y102A5C.18 was
constructed by inserting a sequence matching 248 bp of the efl-1/
Y102A5C.18 mRNA, starting at position 161, into the L4440 empty
vector. The clone for grh-1/Y48G8AR.1 was constructed by inserting a
sequence covering most of exon 1 of grh-1/Y48G8AR.1, matching the C.
elegans DNA on chromosome I at positions 1,267,785–1,268,085, into
the L4440 empty vector. All clones, including the commercially ob-
tained ones, were verified by sequencing prior to use.

Incubation with RNAi clones started 64 h after synchronization of
the population, by washing the synchronized, young adult nematodes
and then transferring them to the respective treatment plates using S-
Buffer [22]. To maintain synchronized populations during long-term
experiments, nematodes were washed off the plates into 15 ml tubes
every day of the reproductive period, allowed to settle and then washed
again repeatedly until the supernatant was free of progeny. The clean
nematodes were then transferred to the freshly prepared treatment
plates.

2.4. Lifespan assays and compound treatment

All C. elegans lifespan assays were performed at 20 °C according to
standard protocols as previously described, explicitly omitting FUdR
[21]. Briefly, adult nematodes were allowed to lay eggs for 4 h and the
resulting eggs incubated for 64 h at 20 °C on NGM agar plates in-
oculated with OP50 to obtain a synchronized population of young adult
nematodes. For a typical lifespan assay, 250 young adult nematodes per
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condition were manually transferred to NGM agar plates (50 nematodes
per 55 mm petri dish) that were inoculated with the respective E. coli
bacteria as indicated. For the first 10–12 days, nematodes were trans-
ferred daily and afterwards every 2–3 days. Nematodes showing no
reaction to gentle stimulation were scored as dead. Nematodes that
crawled off the plates or that displayed internal hatching or a pro-
truding vulva were censored.

N-acetyl cysteine (NAC) and butylated hydroxy-anisole (BHA) were
dissolved in water (for NAC, 500-fold stock solution, 500 mM) and
DMSO (for BHA, 1,000-fold stock solution, 25 mM), respectively.
Nematodes were propagated on agar plates containing the respective
antioxidants or a vehicle control for two generations before start of the
respective interventions.

2.5. Aging pigment analysis

Nematodes were synchronized and treated for 10 days with either
control vector or hlh-15/C43H6.8 or lin-32/T14F9.5 RNAi starting at L4
larvae stage. On day 10, nematodes were washed off the plates and
distributed on 8 wells of a 96-well plate (Bioswisstec 96-well CG black
with glass bottom, #5241). Age pigment auto-fluorescence was mea-
sured using a fluorescence plate reader (FLUOstar Omega, BMG
Labtech, Offenburg, Germany) (excitation/bandpass: 340/10 nm,
emission: 440/80 nm). We normalized the age pigment fluorescence to
the stable auto-fluorescence signal of the nematodes (excitation/band-
pass: 290/10 nm, emission: 330/10 nm) as described [19].

2.6. Fertility assay

To determine fertility, nematodes were synchronized as described
above. Single L4 larvae were transferred onto individual plates in-
oculated with bacteria carrying the control vector or hlh-2/M05B5.5 or
lin-32/T14F9.5 RNAi bacteria (10 plates per condition) and subse-
quently onto fresh plates every day of the reproductive period. Progeny
were allowed to hatch and counted manually.

2.7. Locomotion assay

Nematodes were synchronized and treated for 5 days with either
control vector L4440 or hlh-2/M05B5.5, lin-32/T14F9.5, or argk-1/
F44G3.2 RNAi bacteria. After 5 days, 10–15 nematodes were trans-
ferred to fresh plates and 30 s video clips were recorded (Leica M165FC
microscope with Leica camera DFC 3000G). Subsequently, 20 in-
dependent videos per condition were analyzed regarding the number of
body bends per worm.

2.8. Amplex Red-based quantification of hydrogen peroxide

Synchronized nematodes from 5 plates were washed with S-buffer,
pooled, and incubated in an Eppendorf tube in 100 μl of 50 mM sodium-
phosphate buffer, pH 7.4, with 100 μM Amplex Red (Invitrogen,
Carlsbad, USA) and 0.2 U/ml of horseradish peroxidase. Following in-
cubation in the dark for 3 h with constant gentle shaking, fluorescence
intensity in the supernatant was measured (FLUOstar Omega, BMG
Labtech, Offenburg, Germany; excitation/bandpass: 544/10 nm, emis-
sion: 590/10 nm). Afterwards, nematodes were washed with S-buffer,
sonicated on ice, and centrifuged at 12000 g for 15 min at 4 °C. The
protein content was determined for normalization using a standard BCA
assay.

2.9. ATP determination

Nematodes were harvested and immediately shock frozen in liquid
nitrogen. The frozen pellet was ground in a liquid nitrogen-chilled
mortar to a fine powder. A solution of 4 M Guanidinium-HCl was
freshly prepared, heated to 100 °C, and then mixed with the frozen

powder to abolish ATPase activity and to further lyse the samples. The
mixture was boiled for 15 min at 100 °C and then immediately cen-
trifuged for 30 min at 13,200 g at 4 °C. The supernatant was diluted
with ddH2O at a 1:200 ratio and analyzed using a commercially
available kit (CellTiter Glo; Promega, Fitchburg, WI, USA) according to
the manufacturer's instructions. For normalization of the luminescence
signal, protein was determined using a standard BCA assay.

2.10. RNA extraction and RT-qPCR

Total RNA was isolated using QIAzol (Qiagen, Hilden, Germany)
based on the phenol-chloroform extraction method. Concentration of
the resulting RNA was measured using an LVis Plate on a CLARIOstar
microplate reader (BMG LABTECH, Ortenberg, Germany) and stored at
−80 °C until further use. Reverse transcription of RNA to cDNA was
performed using the High-Capacity cDNA Reverse Transcription Kit
together with Oligo(dT) primers following the manufacturer's protocol.
Quantitative real-time PCR was carried out on a ViiA 7 Real-Time PCR
System using the SYBR Select Master Mix in 384 well plates according
to the manufacturer's instructions, and with the recommended cycling
conditions (all reagents from Thermo Fisher Scientific, Waltham, MA,
USA). Samples were analyzed by the ddCT method, with normalization
to the reference gene Y45F10D.4 [23].

The following primers were used for this study:
hlh-2/M05B5.5 primers.
FWD TGCCTGATTATTGGAGTGGA;
REV CTACGGAAGCAGGGGTTTC;
lin-32/T14F9.5 primers.
FWD TCAGTCAGACCAACCATGAGC;
REV GGCTTTGCAGTGGAGTTGTC;
argk-1/F44G3.2 primers.
FWD CGGCTCCAAACAGCATGAAG;
REV TTTTGCACCATCAGGACCGT;
argk-2/W10C8.5 primers.
FWD CACTCTCACTCCACAGCAACTT;
REV TCCGAGCTTTGTACGCTTAGT;
argk-5/ZC434.8 primers.
FWD GAACGAACCGCCTGTTACAC;
REV TCCTTGGAGTTTCGTGTAGACTT;

2.11. Next-generation sequencing (RNAseq)

Total RNA was inspected for degradation using Agilent Bioanalyzer
2100 (Agilent Technologies, Santa Clara, CA, USA). For library pre-
paration an amount of 2 μg of total RNA per sample was processed
using Illumina's TruSeq RNA Sample Prep Kit (Illumina, San Diego, CA,
USA) following the manufacturer's instruction. Sequencing was done on
a HiSeq2500 in SR/50 bp/high output mode. Libraries were multi-
plexed in five per lane. Sequencing yielded ~35 Mio reads per sample.

Sequence data were extracted in FastQ format and used for map-
ping. The FastQ files were mapped using Tophat versus the reference
genome obtained from Ensembl [24]. Uniquely mapped reads were
counted for all genes using featureCounts [25]. RPKM values were
computed using exon lengths provided by featureCounts and the sum of
all mapped reads per sample. DEGs were identified using edgeR [26]
and DESeq2 [27]. Both packages provide statistical routines for de-
termining differential expression in gene expression data using a model
based on the negative binomial distribution. The resulting P-values
were adjusted using the Benjamini and Hochberg approach to control
for the false discovery rate (FDR). If both FDR values (by edgeR and
DESeq2) were below P = 0.05, genes were counted as differentially
expressed.

The datasets generated for this study can be found in the NCBI's
Gene Expression Omnibus, GEO Series accession number GSE144118.
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2.12. Promoter analysis

A FASTA file containing 1 kb upstream of the ATG of each differ-
entially expressed nematodal gene [19], as a set of putative promoter
regions, was obtained using WormMart. The sequence files were
scanned for one or more matches to the position weight matrices using
the matrix-scan function of the pattern-matching program RSAT [28].
The position-specific scoring matrices contain a nucleotide frequency at
each position within the binding sites and were obtained from either
the Jaspar database [29,30] and/or individual publications (see Table
S1). The threshold P-value, which indicates the risk of false positive
predictions, was set to 0.0001.

2.13. Tcf3 polymorphism analysis

A detailed description of the cohorts used and the analysis itself can
be found in the 2017 study of Ben-Avraham and colleagues [31].
Briefly, participants were recruited through publicity, and stated age
was verified by checking birth certificates or U.S. passports in all par-
ticipants. Medical history, demographic characteristics, and clinical
data were obtained uniformly using a structured questionnaire. All
participants underwent a physical examination and provided a blood
sample. Informed written consent was obtained in accordance with the
policy of the Committee on Clinical Investigation of the Albert Einstein
College of Medicine.

2.14. Statistical analyses

Statistical analyses for all data except for lifespan assays was carried
out using Student's t-test (unpaired, two-tailed) or ANOVA after testing
for equal distribution of the data and equal variances within the data
set. If the samples had unequal variance, the data was log-transformed
before carrying out Student's t-test.

Experiments were performed in triplicate except where stated
otherwise. For comparing significant distributions between different
groups in the lifespan assays the statistical calculations were performed
using JMP software version 9.0 (SAS Institute Inc., Cary, North
Carolina, USA), applying the log-rank test. All of the other calculations
were performed using Excel 2010 (Microsoft, Albuquerque, NM, USA).
A P-value <0.05 was considered statistically significant. Data are ex-
pressed as mean ± standard deviation (SD) unless otherwise indicated.

3. Results

3.1. Identification of evolutionarily conserved transcription factors
impacting C. elegans aging

We focused on transcription factors (TFs) that are evolutionarily
conserved between C. elegans, zebrafish, mice, and humans, and only
considered those with experimentally verified nematodal position
weight matrices (PWMs) available at the time of our analysis, which
resulted in a shortlist of 16 candidate TFs. Scanning the promoter re-
gions of 3,608 differentially expressed genes during nematodal aging
(aging DEGs) [19] with the respective C. elegans PWMs predicted the
different TFs to regulate between 16%–34% of these genes (Table S1).
Each individual TF was then impaired by RNA interference (RNAi)
beginning post-developmentally in young adult worms and effects on
lifespan were assayed. Fig. 1 depicts representative outcomes of in-
dividual experiments. Detailed lifespan data and statistical analyses of
all lifespan experiments performed in this study are given in Table S2.

Individual impairment of nine TFs, namely ceh-22, ces-2, hlh-2, hlh-
11, hlh-15, lin-32, mdl-1, mxl-1, and mxl-3, significantly extended mean
lifespan compared to control (Fig. 1A–I). To date, four of these TFs, i.e.
HLH-15 19, MDL-1 and MXL-1 [32], as well as MXL-3 [33], have been
previously linked to the regulation of aging in nematodes. Impairment
of two C. elegans TFs previously described to act as regulators of

longevity, namely skn-1 [34] and pha-4 [35], were found to have no
effect on lifespan in our experiments, i.e. when being impaired in the
post-developmental state (Fig. 1J and K). RNAi impairment of the re-
maining five TFs (blmp-1, daf-12, daf-16, efl-1, and grh-1) significantly
reduced the lifespan of C. elegans (Fig. 1L–P). Out of these, BLMP-1
[36], DAF-12 [37,38], and DAF-16 [39] have previously been shown to
affect lifespan in a similar way as observed here.

Overall, our initial experiments revealed that 14 of the tested TFs
impact aging in C. elegans when impaired by RNAi. The strongest life-
span-extending effects were observed upon impairment of hlh-2 and
ceh-22, while interference with efl-1 and grh-1 expression led to the
most pronounced lifespan-shortening effects. Notably, at the time of our
analysis, none of these TFs had so far been linked to the regulation of
lifespan. Thus, HLH-2 (mammalian Tcf3/E2A) and CEH-22 (mamma-
lian Nkx2-2) are promising novel candidates to act as potent pro-aging
TFs in C. elegans, whereas EFL-1 (mammalian E2f4) and GRH-1
(mammalian Grhl1) may oppose aging in this organism.

In the present study, we focused in detail on the transcription factor
HLH-2, which showed the strongest relative effect on lifespan upon
RNAi impairment. Interestingly, HLH-2 is known to form heterodimers
with at least 14 other bHLH TFs in C. elegans [40], two of which, LIN-32
(mammalian Atoh1) and HLH-15 (mammalian Nhlh1), were also part of
our analysis and likewise extended lifespan when impaired (Fig. 1C and
H, and for HLH-15 reference [19]), with lin-32 RNAi having a more
pronounced effect.

3.2. The transcription factor HLH-2 is a negative regulator of C. elegans
healthspan

RNAi impairment of hlh-2 in wild-type nematodes reduced hlh-2
expression on the mRNA level by almost 90% when compared to
feeding with the L4440 control vector (Fig. 2A). This reduced hlh-2
expression was accompanied by a significantly increased lifespan in
several independent experiments (Figs. 1A and 2B and Table S2). Im-
pairment of hlh-2 was further found to affect fertility of the nematodes,
increasing the number of unhatched eggs laid per worm in a 24 h time
period and greatly decreasing the number of live progeny (Fig. 2C).
This demonstrates a reduced fertility of nematodes treated with hlh-2
RNAi and reflects the relevance of this TF for early development. To
exclude the possibility that nematodes treated with hlh-2 RNAi, while
clearly being longer lived than their control-treated counterparts, are
generally less fit, i.e. live longer simply due to developmental defects
causing a prolonged sickspan, we next assayed several parameters as-
sociated with healthy aging.

Comparing age-matched nematodes treated with either hlh-2 RNAi
or the L4440 control, we found that impairment of hlh-2 reduced the
degree of intestinal autofluorescence (Fig. 2D), used as a marker for
health and rate of aging in C. elegans [41,42]. Furthermore, hlh-2 RNAi-
treated animals were more active than control treated ones, displaying
an increased number of body bends over time (Fig. 2E). In a C. elegans
mutant model of polyglutamine neurodegenerative diseases, in which
polyQ proteins are expressed throughout the nematodal nervous system
of the strain AM44, treatment with hlh-2 RNAi was found to protect
from paralysis-inducing effects (Fig. 2F). Additionally, in a set of C.
elegans strains used as a model for Alzheimer's disease [43,44], we
found that impairment of hlh-2, while only mildly affecting the control
strain CL802 (Fig. 2G) and having no impact on the rapid paralysis
strain CL4176 (Fig. 2H), had beneficial effects on the lifespan of the
slow paralysis strain CL2006, which expresses human Aβ1-42 under
control of a muscle-specific promoter (Fig. 2I). Overall, these findings
indicate that impairment of hlh-2 in C. elegans not only prolongs life-
span, but also has pronounced health-beneficial effects for the organism
while negatively affecting its fertility, implicating a trade-off between
individual healthspan and overall reproductive fitness. In designing
mid-to late-life interventions aimed at staving of the effects of aging and
its associated diseases, this is clearly a point that warrants careful
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consideration when attempting to translate such findings to, ultimately,
humans.

Notably, RNAi impairment of the C. elegans bHLH TF lin-32, a
known interaction partner of HLH-2 [40], also led to a pronounced
lifespan extension in our initial experiments (Fig. 1C). This prompted us
to investigate whether lin-32 RNAi had similar effects on healthspan as
observed for hlh-2 RNAi and whether these TFs possibly act in concert
as pro-aging TFs. Impairment of lin-32 expression in C. elegans had,
overall, very similar health-beneficial effects to those observed for
treatment of nematodes with hlh-2 RNAi (Fig. S1). However, and clearly
distinct from the findings for hlh-2 (Fig. 2C), we did not observe any
reduction in fertility of nematodes treated with lin-32 RNAi when
compared to control (Fig. S1C). Furthermore, hlh-2 RNAi applied to a
lin-32 deletion strain could still extend nematodal lifespan (Fig. S1J)
and co-feeding of hlh-2 and lin-32 RNAi to the C. elegans wild-type strain
revealed additive effects on lifespan (Fig. S1K). In other words, si-
multaneous knockdown of both TF together extended lifespan in our co-
feeding experiment to a greater extent than knockdown of each TF
alone. This indicates that, while both TFs have comparable effects on
nematodal life- and healthspan, they act in a distinct fashion. We thus
decided to focus on HLH-2 as our main candidate, for the reasons stated
above.

The choice of HLH-2 is further supported by the fact that within the

genome of a previously described cohort of Ashkenazi-Jewish cen-
tenarians [6,31,45,46], several single-nucleotide polymorphisms
(SNPs) within the mammalian HLH-2 homologue Tcf3/E2A display
significantly different frequencies when compared to control in-
dividuals (Table S3), indicating a potential link of this TF to the human
aging phenotype. It will be interesting to characterize the putative
functional relevance of these SNPs on the expression and/or function of
Tcf3/E2A in more detail. While two of the SNPs are located within
coding exons of Tcf3/E2A, two others are located within an intronic
region. Interestingly, intronic SNPs of the TF Foxo3 that are associated
with human longevity have previously been shown to impact Foxo3
gene expression [47].

3.3. Impairment of hlh-2 reduces cellular ATP and generates a health-
beneficial ROS signal

Having confirmed that knockdown of hlh-2 leads to positive effects
on C. elegans life- and healthspan, we sought to better understand the
cellular and molecular basis for this phenomenon. Low degrees of
metabolic stress, e.g. in the form of mild energy depletion or ROS
generation, have repeatedly been shown to be associated with benefical
outcomes through activation of protective pathways, while more severe
degrees of metabolic stress usually have harmful consequences [48,49].

Fig. 1. Identification of evolutionarily conserved transcription factors impacting C. elegans aging. (A–P) Representative outcomes of lifespan assays following post-
developmental impairment of the indicated transcription factors by RNAi in nematodes. All assays used wild-type N2 nematodes and control in each case refers to
treatment with the L4440 control vector. P-values are as indicated in the graphs. See Table S2 for corresponding detailed data and statistical analyses of lifespan
assays.
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We observed that treatment with hlh-2 RNAi caused a significant
drop in ATP levels (Fig. 3A), notably to a similar degree as treatment
with the complex I inhibitor rotenone, which has been shown to extend
lifespan of C. elegans [50] and N. furzeri [51] at low doses. In addition,
hlh-2 RNAi caused an increase in H2O2 formation, as quantified by the
Amplex Red assay (Fig. 3B). As cellular ROS and in particular hydrogen
peroxide, aside from acting as damaging agents above certain

thresholds, often serve an important signaling function [48,52], we
next analyzed whether H2O2 generated upon impairment of hlh-2
played a role in mediating the observed lifespan extension.

Co-treatment of nematodes with hlh-2 RNAi and two different
compounds with well described antioxidative properties, namely N-
acetyl cysteine (NAC) and butylated hydroxyl-anisole (BHA), showed
that NAC strongly reduced the lifespan-extending effect upon hlh-2

Fig. 2. The transcription factor HLH-2 is a negative
regulator of C. elegans healthspan. (A–E)
Experimental outcomes of wild-type N2 nematodes
treated with hlh-2 RNAi, analyzed regarding (A) hlh-
2 mRNA levels as determined by RT-qPCR (n = 3),
(B) effect on lifespan in a representative assay (also
see Fig. 1A), (C) fertility as determined by counting
the number of live progeny and unhatched eggs per
worm (n = 10), (D) quantification of “aging pig-
ments” by measuring lipofuscin fluorescence nor-
malized to autoflourescence (n = 8), and (E) loco-
motion as determined by the number of body bends
per min (n = 30). (F) Percentage of paralyzed AM44
mutant worms after treatment with hlh-2 RNAi
(n = 30). (G–I) Effect of hlh-2 RNAi on lifespan of the
indicated C. elegans strains used as a model for Alz-
heimer's disease (control strain CL802, rapid pa-
ralysis strain CL4176, slow paralysis strain CL2006).
Control in all cases refers to treatment with the
L4440 vector. P-values for lifespan assays are as in-
dicated in the graphs. See Table S2 for corresponding
detailed data and statistical analyses of lifespan as-
says. Data in histograms are represented as
mean ± SD.
ns P > 0.05, *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001.

Fig. 3. Impairment of hlh-2 reduces cellular ATP and generates a health-beneficial ROS signal. (A–D) Experimental outcomes of wild-type N2 nematodes treated with
hlh-2 RNAi, analyzed regarding (A) ATP levels normalized to protein levels (n = 3), with Rotenone used as a positive control, (B) percentage Amplex Red-based
fluorescence normalized to protein levels (n = 3) as a measure of hydrogen peroxide quantity, with Antimycin A used as a positive control, and (C) effect on lifespan
in the presence of the antioxidant NAC or (D) BHA. (E) Effect of hlh-2 RNAi on the lifespan of the catalase-deficient strain GA800. (F) Effect of hlh-2 RNAi on the
lifespan of a strain deficient for the nematodal peroxiredoxin prdx-2. (G) Lifespan assay of wild-type N2 nematodes upon co-feeding of RNAi against hlh-2 and the
nematodal thioredoxin trx-1 or (H) trx-2. Control in all cases refers to treatment with the L4440 vector. P-values for lifespan assays are as indicated in the graphs or
described in detail in Table S2. Data in histograms are represented as mean ± SD.
ns P > 0.05, *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of
this article.)
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knockdown (Fig. 3C), whereas BHA had a smaller but still noticeable
impact in reducing the extended lifespan of hlh-2 RNAi treated animals
(Fig. 3D). Interestingly, in the already short-lived mutant strain GA800,
deficient for all three C. elegans catalase homologues, hlh-2 RNAi further
reduced lifespan (Fig. 3E). These observations support the notion that
H2O2 generated following hlh-2 knockdown is, at least partially, ne-
cessary to induce the observed phenotype. In the absence of catalases,
the main cellular H2O2 detoxifying enzymes, damage caused by H2O2-
derived hydroxyl radicals likely outweighs the beneficial effects of ROS-
induced stress response pathways, parts of which are the catalases
themselves. Interestingly, in a short-lived peroxiredoxin 2 C. elegans
deletion strain, hlh-2 RNAi had almost the same relative lifespan-ex-
tending effect as in wild-type nematodes (Fig. 3F). Simultaneous
knockdown of hlh-2 and thioredoxin 1 or 2, which are mainly involved
in the reduction of cysteine disulfide bridges in oxidatively damaged
proteins, either not at all (Fig. 3G) or only partially (Fig. 3H) blocked
the relative lifespan-extending effect of hlh-2 RNAi. This indicates, that
in the presence of catalases and possibly other primary ROS-detoxifying
enzymes, ROS-derived protein damage upon hlh-2 knockdown only
occurs to a minor extent.

Taken together, these results demonstrate that treatment with hlh-2
RNAi affects cellular energy and ROS homeostasis in C. elegans, and
indicate that H2O2 likely serves an important function as a signaling
molecule mediating the lifespan-extension resulting from impaired hlh-
2 expression.

3.4. Arginine kinases are a target of HLH-2 and their impairment has
similar effects on phenotype

While HLH-2 has been analyzed in terms of its interacting tran-
scription factors [40], only very limited information is available on its
target genes. For an unbiased identification of HLH-2 target genes, we
performed RNAseq of nematodes treated with hlh-2 RNAi compared to
L4440 control. Also included were nematodes treated with RNAi
against lin-32, a known interacting transcription factor of HLH-2 40, as
we here have demonstrated that lin-32 knockdown leads to similiar
outcomes on life- and healthspan as knockdown of hlh-2 (Fig. S1). The
top downregulated transcript upon both hlh-2 or lin-32 impairment was
that of the arginine kinase argk-1 (Table S4), suggesting that argk-1 is a
target gene of HLH-2 transcriptional regulation. Possibly confounding
this result to some extent, it should be noted that five different arginine
kinase homologues with very similar sequence properties are known to
exist in C. elegans [53]. Indeed, the transcript levels of the arginine
kinases argk-2, argk-3, argk-4, and argk-5 were all found to be slightly
downregulated upon impairment of hlh-2 or lin-32, but only that of
argk-2 significantly so under both conditions and that of argk-3 only
upon lin-32 impairment (Table S4). To further address this issue ex-
perimentally, we assayed the effect of the commercially available argk-1
RNAi clone on the expression of three different C. elegans arginine ki-
nase homologues, i.e. argk-1, argk-2, and argk-5 (Fig. S2). We observed
that argk-1 RNAi, while most strongly reducing mRNA levels of argk-1,
also significantly impaired expression of argk-2 and argk-5. Therefore,
while all following experiments were performed with a clone desig-
nated as argk-1 RNAi in the Vidal RNAi ORFeome library v1.1, it should
be taken into account that the effects described below may not be
specific to the impairment of argk-1 in C. elegans and rather might re-
flect impairment of nematodal arginine kinases in general.

To confirm that argk-1 is indeed regulated by HLH-2, we assayed
argk-1 mRNA levels in nematodes treated with hlh-2 RNAi by qPCR and
thereby confirmed a significant reduction in relative argk-1 expression
compared to control (Fig. 4A). Next, we assayed the effect of post-de-
velopmental argk-1 RNAi treatment on nematodal lifespan and found
that it significantly increased lifespan compared to control (Fig. 4B).
Notably, co-treatment of wild-type nematodes with hlh-2 and argk-1
RNAi did not lead to a further increase of lifespan compared to
knockdown with each RNAi alone (Fig. 4C), indicating that arginine

kinases are downstream effectors of the phenotype observed upon hlh-2
impairment. Similar to what was observed for hlh-2 RNAi (Fig. 2), argk-
1 RNAi treated animals were more active and protected from polyQ
protein induced paralysis (Fig. 4D and E). In the aforementioned model
strains for Alzheimer's disease, argk-1 RNAi, again similar to hlh-2
RNAi, markedly prolonged lifespan of the slow paralysis strain CL2006,
while not or only slightly affecting CL802 and CL4176 (Fig. 4F–H).
Therefore, impaired expression of argk-1 and other arginine kinase
homologues has lifespan-extending and overall health beneficial effects
in C. elegans, comparable to that following the impaired expression of
hlh-2.

Invertebrate arginine kinases are the functional orthologues of
vertebrate creatine kinases, which all fulfill an essential function in
rapid and reversible ATP formation [53,54]. Accordingly, and as for
hlh-2 impaiment (Fig. 3A), we observed a decrease in nematodal ATP
levels upon impairment of arginine kinases with argk-1 RNAi (Fig. 4I).
Furthermore, argk-1 RNAi also increased H2O2 (Fig. 4J), again similar
to what was observed for hlh-2 impairment (Fig. 3B). Co-treatment of
nematodes with argk-1 RNAi together with NAC or BHA revealed that
both compounds almost completely blocked the lifespan-extension
following knockdown of arginine kinases (Fig. 4K, L). Lastly, lifespan
extension upon argk-1 RNAi was also blocked in absence of catalases in
the strain GA800 (Fig. 4 M), whereas hlh-2 RNAi in this strain was
found to even reduce lifespan (Fig. 3E).

In summary, these results indicate that arginine kinases are targets
of HLH-2 transcriptional regulation, and that impairment of arginine
kinases by the argk-1 RNAi resembles the phenotype of hlh-2 RNAi. This
places arginine kinases downstream of HLH-2, strongly indicating that
the phenotype observed upon hlh-2 RNAi is, at least in part, caused by
impaired cellular energy metabolism as a consequence of their reduced
expression.

3.5. Lifespan extension following hlh-2 and arginine kinase impairment
requires known longevity pathways

Having established that hlh-2 impairment likely induces healthspan
extension by a decrease in arginine kinase expression, which in turn
results in alterations of energy metabolism and ROS homeostasis, we
aimed to further validate these experimental conclusions and to identify
downstream effectors necessary for the mediation of the observed
health-beneficial effects.

Supporting the notion that a limited energy deficit is causative in
lifespan-extension upon hlh-2 impairment, we found that the already
extended lifespan of a C. elegans knockout strain of isp-1 [55], an es-
sential component of mitochondrial complex III, was only marginally
extended by either hlh-2 (Fig. 5A) or argk-1 RNAi (Fig. S3A). Moreover,
in a loss-of-function mutant of aak-2, the C. elegans homologue of the
mammalian energy sensor AMP-dependent kinase [56], hlh-2 RNAi only
slightly extended lifespan (Fig. 5B) and argk-1 RNAi had no effect (Fig.
S3B). Notably, co-feeding experiments of nematodes with RNAi against
hlh-2 and let-363, the C. elegans homologue of mTOR, revealed that hlh-
2 RNAi was not able to further extend nematodal lifespan upon si-
multaneous knockdown of let-363, which by itself already has a pro-
nounced lifespan-extending effect [57] (Fig. 5C). Since let-363 is lo-
cated downstream of aak-2, particularly under conditions of energy
deprivation [58], this further supports the notion that the longevity
phenotype upon hlh-2 impairment is caused, at least in part, by an
impairment in cellular energy metabolism. We further observed that
lifespan extension following both hlh-2 and argk-1 RNAi was almost
fully dependent on the presence of the known lifespan-regulating
transcription factor HSF-1 [59] (Fig. 5D and Fig. S3C) and at least in
part on SKN-1 (Fig. 5E, F and Figs. S3D and E), the C. elegans homo-
logue of mammalian Nrf2, another well-established regulator of ne-
matodal lifespan [60], known to be activated by i.a. disturbances in
ROS homeostasis [61].
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Fig. 4. Arginine kinases are a target of HLH-2 and their impairment has similar effects on phenotype. (A) argk-1 mRNA levels in wild-type N2 nematodes treated with
hlh-2 RNAi as determined by RT-qPCR (n = 3). (B) Effect of argk-1 RNAi on the lifespan of wild-type N2 nematodes. (C) Lifespan assay of wild-type N2 nematodes
upon co-feeding of RNAi against argk-1 and hlh-2. (D) Effect of argk-1 RNAi on locomotion of wild-type N2 nematodes, as determined by the number of body bends
per min (n = 30). (E) Percentage of paralyzed AM44 mutant worms after treatment with argk-1 RNAi (n = 30). (F–H) Effect of argk-1 RNAi on lifespan of the
indicated C. elegans strains used as a model for Alzheimer's disease (control strain CL802, rapid paralysis strain CL4176, slow paralysis strain CL2006). (I) ATP levels
normalized to protein levels in wild-type N2 nematodes treated with argk-1 RNAi (n = 3), with Rotenone used as a positive control. (J) Percentage Amplex Red-based
fluorescence normalized to protein levels, in wild-type N2 nematodes treated with argk-1 RNAi (n = 3), as a measure of hydrogen peroxide quantity, with Antimycin
A used as a positive control. (K) Effect of argk-1 RNAi on the lifespan of wild-type N2 nematodes in the presence of the antioxidant NAC or (L) BHA. (M) Effect of argk-
1 RNAi on the lifespan of the catalase-deficient strain GA800. Control in all cases refers to treatment with the L4440 vector. P-values for lifespan assays are as
indicated in the graphs or described in detail in Table S2. Data in histograms are represented as mean ± SD.
ns P > 0.05, *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of
this article.)

Fig. 5. Lifespan extension following hlh-2 impairment requires known longevity pathways. (A and B) Effect of hlh-2 RNAi on the lifespan of mutant strains deficient
for isp-1 (A) or aak-2 (B). (C) Lifespan assay of wild-type N2 nematodes upon co-feeding of RNAi against hlh-2 and the nematodal mTOR homologue let-363. (D–F)
Effect of hlh-2 RNAi on the lifespan of mutant strains deficient for hsf-1 (D) or skn-1 (E and F). Control in all cases refers to treatment with the L4440 vector. P-values
for lifespan assays are as indicated in the graphs or described in detail in Table S2.
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4. Discussion

Transcriptional regulation of gene expression not only controls cell
fate during development [62] and adaptation to changing environ-
mental conditions [63], but also is associated with organismal aging
[1,3]. To which extent alterations in the transcriptomic landscape oc-
curring with increasing age represent cause or effect of the aging pro-
cess seems dauntingly complex to disentangle. Nevertheless, age-re-
lated changes in the transcriptome are proposed to represent a crucial
early manifestation of biological aging [3] and evidence is accumu-
lating that individual transcription factors can act as evolutionarily
conserved master regulators of aging [8,9]. Expanding the repertoire of
TFs able to influence aging across species should serve to aid current
efforts to define transcriptomic signatures associated with accelerated
or delayed aging, to identify additional pathways regulating aging, and
to establish pharmacological targets that allow translation of findings in
model organisms to human therapy, i.e. to stave of aging-associated
diseases and, ultimately, the aging process itself.

Starting with a RNAi screen in C. elegans, we here newly identify
several evolutionarily conserved TFs acting in a pro-aging (CEH-22/
Nkx2-2, CES-2/Hlf, HLH-2/Tcf3/E2A, HLH-11/Tfap4, LIN-32/Atoh1)
or anti-aging (EFL-1/E2f4, GRH-1/Grhl1) fashion in nematodes. It
should be noted that in parallel to our initial analysis of these TFs, EFL-
1/E2f4 was identified to be involved into the aging process by others
[64]. We decided to focus in detail on HLH-2/Tcf3/E2A since it had the
most pronounced impact on nematodal lifespan in our screen.

Murine Tcf3/E2A has been described as a transcriptional regulator
of anterior-posterior axis development in the early embryo [65] and as
an important factor of embryonic stem cell self-renewal and skin cell
fate determination [66–69]. Indeed, several transcription factors, such
as those regulating Wnt-signalling [70] or of the Fox TF family [71], are
recognized to have dual roles in development and in influencing later-
life phenotypes, though it is still unclear to what extent this is an
evolved feature or an unintended consequence of what has been termed
selection shadow. In addition, Tcf3/E2A is an important regulator of B
cell development, and altered Tcf3/E2A expression has been hypothe-
sized to contribute to the defects in humoral immunity in senescent
mice [72].

In C. elegans, we here show HLH-2 to impact cellular energy and
ROS homeostasis, at least in part as a consequence of HLH-2 regulating
the expression of arginine kinases, the nematodal equivalents of
mammalian creatine kinases. In this regard it should be noted that a
previous publication on the effects of argk-1 RNAi on C. elegans lifespan
showed different outcomes (i.e., no effect on the lifespan of wild-type
animals, whereas the lifespan of rsks-1/S6K mutants was shortened,
consistent with phenotypes observed in argk-1 genetic mutants) [54]
when compared to our findings as reported herein. One possible ex-
planation for the discrepancy between these results could be the use of
different N2 strains, i.e., CGC-derived N2 hermaphrodites in the current
publication, versus the use of the N2 Tuck strain in the Hansen lab
study (unpublished results). Whether e.g. the recently identified fln-2
mutation contributes to this remains to be identified [73].

Of note, defects in creatine kinase function and altered creatine
levels have been, at least tentatively, linked to the aging process [74].
In general, mild levels of oxidative stress and energy depletion, as ob-
served upon impaired hlh-2 expression, have repeatedly been demon-
strated as associated with favorable outcomes on lifespan and para-
meters of healthy aging [21,49,75,76], which is congruent with our
finding that RNAi of hlh-2 is health-beneficial. This seemingly para-
doxical phenomenon is, according to the current state of research,
mainly explained by the activation of different metabolic, stress re-
sponse, and detoxification pathways in an attempt re-establish cellular
homeostasis, which together overcompensate the negative effects of the
initial insult and thus produce a net positive outcome for the organism,
a process named mitohormesis [77,78]. In line with this interpretation,
we observe that the extended lifespans upon both hlh-2 and argk-1 RNAi

are epistatically dependent on different established nematodal long-
evity pathways and aging-related transcription factors. Furthermore,
hydrogen peroxide generated upon hlh-2 RNAi is shown to serve an
important signalling function mediating lifespan extension.

In summary, we here identify HLH-2/Tcf3/E2A as a novel evolu-
tionarily conserved TF that, at least in the nematodal aging model C.
elegans, impacts life- and healthspan. We further establish that the po-
sitive effects upon hlh-2 impairment are linked to mild disturbances of
cellular energy metabolism by virtue of reduced expression of arginine
kinases, necessitate a ROS signal, and are dependent on known long-
evity pathways. It will be interesting to probe to what extent these
findings also hold true for the mammalian HLH-2 homologue Tcf3/E2A,
specific variants of which are at least tentatively linked to the aging
phenotype of human centenarians (Table S3), and whether this tran-
scription factor can serve as a target for pharmacological manipulation
to achieve health-beneficial outcomes.
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