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Abstract
HDAC6 is involved in several biological processes related to aging-associated diseases. However, it was unknown whether 
HDAC6 could directly regulate lifespan and healthspan. We found that HDAC6 knockdown induced transcriptome changes 
to attenuate the aging changes in the Drosophila head, particularly on the inflammation and innate immunity-related genes. 
Whole-body knockdown of HDAC6 extended lifespan in the fly, furthermore brain-specific knockdown of HDAC6 extended 
both lifespan and healthspan in the fly. Our results established HDAC6 as a lifespan regulator and provided a potential anti-
aging target.
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Introduction

Aging is an inevitable process in nearly all living organ-
isms accompanied by systemic declines in tissue or cellular 
functions, such as neurodegeneration, immune dysfunction, 
and reduced mobility (Campisi 2013). Increasing evidence 
from model animals shows that aging could be delayed with 
genetic perturbation or drug treatment on conserved signal-
ing pathways (Kenyon 2010) or epigenetic factors (Sen et al. 

2016). Blocking histone deacetylases (HDACs) with HDAC 
inhibitors is a highly promising strategy in anti-aging studies 
(Pasyukova and Vaiserman 2017). However, the pan-HDAC 
inhibitors also generate toxic effects due to global influence 
on unwanted targets (Qin et al. 2017). It is essential to figure 
out the individual functions of different HDACs in lifespan 
regulation.

HDAC6 is one of the class IIb HDAC family proteins 
targeted by the most commonly used HDAC inhibitors (Qin 
et al. 2017). Unlike other family members, HDAC6 contains 
a cytoplasmic retention signal, and one of its well-known 
cellular functions is tubulin deacetylation (Valenzuela-
Fernandez et al. 2008). HDAC6 is also involved in several 
biological processes related to aging-associated diseases. 
For instance, HDAC6 regulates innate immunity by directly 
interact with MyD88 and β-Catenin (Moreno-Gonzalo et al. 
2018). Recently, the deletion of HDAC6 activates NLRP3 
and pyrin's inflammasomes by an aggresome-like mecha-
nism (Magupalli et al. 2020). Inhibiting HDAC6 shows 
beneficial effects on several common neurodegenera-
tive diseases (Simoes-Pires et al. 2013). Its depletion also 
shows a protective effect against muscle atrophy (Ratti et al. 
2015). Consistently, earlier, we found that among HDACs, 
only HDAC6 knockout induced global alternation of RNA 
expression (even in the liver) that mimicked the effect of 
HDAC inhibitor SAHA treatment and anti-correlated with 
aging transcriptome in the mammalian brain (Cheng et al. 
2018). Interestingly, Weiwei Dang's Group recently used 
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the high-throughput Sequencing-Based Yeast replicative 
Lifespan screen method to demonstrate that the HAD com-
plex regulates aging (Yu et al. 2021). They also identified 
that knockdown of the HAD homologs in C. elegans and 
Drosophila increases their lifespan (Yu et al. 2021). These 
observations led us to test whether HDAC6 could directly 
regulate lifespan and healthspan.

Materials and Methods

Drosophila Stocks and Maintenance

Drosophila stocks were raised on cornmeal-molasses 
fly food (unless otherwise noted) at 25 °C on a 12 h:12 h 
light–dark cycle. The Da-GAL4 and Elav-GAL4 driver 
lines were kindly provided by Dr. Zhiqiang Yan of Fudan 
University who were gifted from YuhNung Jan's Lab, and 
the nsyb-GAL80-DD driver line was kindly provided by Dr. 
Yufeng Pan of Southeast University who was gifted from 
Dr. Jing W. Wang (Sethi and Wang 2017). UAS-HDAC6-
RNAi line (THU0614/BL34072) was purchased from Tsin-
ghua Fly Center of Tsinghua University (Ni et al. 2009, 
2011). A single male fly was backcrossed with w; if/CyO; 
MKRS,sb/TM6B females to control the potential variance of 
the genetic background. The backcrossed RNAi males were 
then crossed with Gal4 virgin females.

Drosophila Lifespan and Behavior Analysis

Lifespan and behavioral analyses were performed using male 
flies. For the determination of adult offspring frequencies, 
the number of adult flies eclosing were counted for each 
genotype. The UAS/Gal4 system with tissue-specific pro-
motors was used to express UAS-HDAC6 RNAi transgenes 
for assaying longevity conditionally. Adult flies carrying the 
Da-Gal4, Elva-Gal4, and UAS-HDAC6 RNAi transgenes 
were crossed. Male flies were collected within 24 h of eclo-
sion and grouped into batches of 20 flies per food vial. For 
assaying longevity of specific knockdown of HDAC6 in the 
brain of old flies, nsyb-GAL80-DD male flies were crossed 
with Elva-Gal4 female flies to collect the Elav-Gal4;; nsyb-
GAL80-DD female flies, and then crossed with UAS-HDAC6 
RNAi male flies. To inducible knockdown HDAC6 in old 
flies' brains, flies were collected within 24 h of eclosion and 
treated with DMSO or the 0.5 mM trimethoprim (TMP) 
(Apexbio Inc., B2057) containing food every 3 days. From 
25-day adult, flies were transferred to new vials without 
TMP containing food. The number of dead flies was counted 
every day, and flies were transferred to fresh food vials every 
two days. At least 200 flies per genotype were used.

Flies for motor performance assays were kept at 25 °C 
with a 12-h light/dark cycle. Male flies were collected within 

24 h after eclosion and divided into groups of 20 individuals. 
Motor performance of 3- to 42-day-old flies was evaluated. 
On the assay day, flies were transferred in test tubes with-
out anesthesia and assayed within 15 min under standard-
ized daylight conditions. The test tubes were loaded into a 
self-made device, which was released from a certain height. 
The device fell down onto the table, shaking the flies to the 
bottom of the test tubes and inducing a negative geotaxis 
climbing response. The whole procedure was videotaped 
with a camera and repeated four more times. The average 
climbing time of the top 5 flies to reach 6 cm was determined 
and compared between genotypes. At least 5 tubes with 20 
flies per tube were used for each genotype.

RNA‑Seq Samples’ Preparation and Data Analysis

Isolated male Drosophila heads were lysed in TRIzol (Ther-
moFisher, Cat. # 15596026). Total RNA was extracted 
according to TRIzol standard procedures. RNA integrities 
of samples were measured by Agilent RNA 6000 Nano Kit 
(Cat. # 5067-1511). Sequencing libraries were constructed 
using Illumina standard protocols. PolyA plus 150 bp paired-
end reads were generated by the Illumina Nova-seq platform.

Reads from RNA-seq were mapped to Drosophila mela-
nogaster dmel r6.21 genome using STAR (v2.5.2a) (Dobin 
et al. 2013) with 2% max mismatch. Cuffdiff (v2.2.1) (Trap-
nell et al. 2012) with default parameters was used to generate 
RPKM and define DEGs (p value < 0.05). DAVID (v6.8) 
(Huang et al. 2009a, b) was used to do Gene Ontology bio-
logical process annotations, and Benjamini adjust p value 
is shown.

Statistical Analysis

GraphPad Prism software (GraphPad) was used for all sta-
tistical analysis. Survival curves of different genotypes were 
analyzed using log-rank test. Unpaired t test was used to 
analyze behavior data. All data are reported as the mean 
Standard Error of Mean (SEM).

Results

To explore the significant targets of HDAC6 during the 
aging process, we generated transcriptome profiles of 
Drosophila head from ubiquitously expressed driver 
HDAC6 knockdown (Da-GAL4>UAS-HDAC6 RNAi) and 
paired control on the adult day (AD) 2 and AD12. In the 
WT group, we obtained 169 age up-regulated (Age-Up) 
and 344 age down-regulated (Age-Down) genes (Fig. 1a, 
cuffdiff p value < 0.05). The Age-Up genes were enriched 
with innate immunity functions (Fig. S1), and Age-Down 
genes were mainly related to mitochondrial functions and 
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chitin metabolism (Fig. 1b). We also analyzed a published 
microarray data from AD60 fly neuron (Liu et al. 2012), 
which shows that AD12 flies already have similar aging 
transcriptional changes to very old flies (Fig. 1c). After 
HDAC6 KD (Fig. S2), age-related differential expressed 

genes (DEGs) were globally attenuated on AD12 (Fig. 1a, 
fourth column, Pearson Correlation Coefficient = − 0.32). 
However, only the innate immunity-related terms were sig-
nificantly blocked (no longer enriched) in Age-Up genes 
compared with WT, and terms enriched in Age-Down 

Fig. 1   HDAC6 knockdown suppressed immune-related transcripts. a 
HDAC6 knockdown attenuated age-related transcriptome changes in 
the fly head. DEGs were sorted by their log2 fold change of expres-
sion between WT AD12 vs AD2, HDAC6 KD vs AD2, AD22 
HDAC6 KD vs AD22 control, and AD12HDAC6 KD vs AD12 con-
trol. b Significantly enriched GO biological processes among WT 
fly head AD12 vs. AD2 age-up and age-down genes determined by 

DAVID. c Significantly enriched GO biological processes among WT 
fly brain AD60 vs. AD3 age-up and age-down genes determined by 
DAVID. The major terms are shared with terms in b. d Age-down 
genes shared between WT and HDAC6 KD (lower panel) are much 
more than age-up genes (upper panel). The data are representative of 
three independent experiments
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genes were largely unaffected (Fig. 1b). Consistent with 
GO terms results, Age-Down genes were more similar 
between WT and HDAC6 KD fly head than Age-Up genes 
(Fig. 1d). Together, HDAC6 positively regulated immune-
related genes in the brain during Drosophila aging, and 

knockdown of HDAC6 could obviously suppress the over-
activation of innate immunity.

To investigate whether HDAC6 knockdown could affect 
flies' lifespan, we next conducted the lifespan analysis of 
global HDAC6-RNAi flies. HDAC6-RNAi flies showed a 
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significantly longer lifespan than control flies of Da-gal4 and 
UAS-HDAC6 RNAi flies (Fig. 2a and Table S1, log-rank 
test p value < 0.0001). One of the significant biomarkers of 
aging in flies is the progressive decline in motor function 
(Grotewiel et al. 2005). To determine whether the knock-
down of HDAC6 might affect the motor performance in flies, 
we next assessed HDAC6 knockdown flies' motor behav-
ior using tube climbing assays. Consistent with previous 
reports, control flies showed progressively longer climbing 
times to reach the target during aging. In addition, we found 
that ubiquitously knockdown HDAC6 increased the climb-
ing tube's ability compared with age-matched Da-gal4 and 
UAS-HDAC6 RNAi controls (Fig. 2b).

Since, targeting the expression or deacetylation activity of 
HDAC6 or SIRT2 has been implied to be beneficial in aging-
related neurodegenerative diseases such as Alzheimer’s dis-
ease (AD) (Govindarajan et al. 2013; Zhang et al. 2014), 
Charcot-Marie-Tooth neuropathy (CMT) (d'Ydewalle et al. 
2011; Zhao et al. 2021), and amyotrophic lateral sclerosis 
(ALS) (Guo et al. 2017; Taes et al. 2013). We performed 
the lifespan analysis on brain-specific HDAC6 knockdown 
flies using the pan-neuronal elva-GAL4 driver. We found 
that knocking down of HDAC6 in the brain also signifi-
cantly extended lifespan in flies compared with Da-gal4 and 
UAS-HDAC6 RNAi (Fig. 2c and Table S1, log-rank test p 
value < 0.0001). We also performed the tube climbing assays 

in brain-specific HDAC6 knockdown flies. The brain-spe-
cific knockdown of HDAC6 increased the ability of climb-
ing tube compared with control Da-gal4 and UAS-HDAC6 
RNAi (Fig. 2d). To specifically investigate the HDAC6 
function in the brain of old flies, we generated a chemi-
cally inducible HDAC6 RNAi system in the brain of old 
flies using GAL80-DD (Sethi and Wang 2017). TMP was 
removed from the fly food on day 25 to active GAL4-medi-
ated RNAi. Knocking down HDAC6 in old flies' brains also 
significantly extended the lifespan compared with the control 
flies (Fig. 2e and Table S1, log-rank test p value < 0.0001). 
Moreover, the lifespan and the climbing time of brain-
specific knockdown of HDAC6 even significantly were 
improved compared with the whole-body HDAC6 knock-
down (Fig. 2f–g), indicating the improvement of motor abil-
ity almost entirely contributed by neuron, consistent with 
the brain being more critical in controlling the age-related 
motor neuron function decline than other tissues and a more 
critical impact of HDAC6 in the brain on healthspan. Taken 
together, these results suggest that inhibition of HDAC6 in 
the brain could rescue the motor performance deficits of 
aging and extends the lifespan in the Drosophila model.

Although HDAC6 can directly regulate immune response 
and neural function through deacetylates non-histone targets 
in both cytoplasm and nucleus (Seidel et al. 2015), we can-
not exclude histone deacetylase function as HDAC6 can be 
recruited to the genome by physically interacting with other 
factors (Cheng et al. 2014a, b). As the deacetylase activity 
of HDAC6 on histone has been detected (Wang et al. 2009), 
histone acetylation may function as a scaffold to support 
HDAC6 binding on histones.

Discussion

In conclusion, our data supported HDAC6 in the neural sys-
tem and other tissues as an anti-aging target, whose knock-
down at middle age elicited similar lifespan extension to 
constitutive knockdown. Mechanically, the down-regula-
tion of inflammation and innate immunity-related genes 
after HDAC6 knockdown implies attenuated inflammaging 
(Franceschi et al. 2000) involved in its anti-aging effects, 
consistent with recent research of HDAC6 mediating the 
activation of NLRP3 and pyrin inflammasomes (Magupalli 
et al. 2020). Interestingly, recent work from the Weiwei 
Dang lab showed that the knockdown of the yeast HDA 
homologs in C. elegans and Drosophila increases their lifes-
pan and delays aging-associated physical declines in adult 
flies (Yu et al. 2021). Together, all these studies conclude 
that suppression of HDAC6 could benefit the healthspan 
and lifespan in diverse species and suggest that inhibitors of 
HDAC6 could be a promising intervening strategy in aging.

Fig. 2   HDAC6 knockdown improved lifespan and healthspan of 
Drosophila. a ubiquitous knockdown of HDAC6 extends lifespan 
in Drosophila. Control groups genotypes: Da-Gal4/+;+/+ (Control 
1) and +/+;UAS-HDAC6RNAi/+ (Control 2). Ubiquitous knock-
down of HDAC6 group genotype: Da-Gal4/+;UAS-HDAC6RNAi/+. 
****p < 0.0001 (log-rank test). n = 200 male flies for each geno-
type in survival experiments. b Climbing ability analysis of ubiq-
uitous knockdown of HDAC6 male flies and two control groups. T 
test was used for statistics. n = 100 flies for each genotype in experi-
ments. c Brain-specific knockdown of HDAC6 extends lifespan in 
Drosophila. Control groups genotypes: Elav-Gal4/+;+/+ (Control 1) 
and +/+;UAS-HDAC6RNAi/+ (Control 2). Brain-specific knockdown 
of HDAC6 group genotype: Elav-Gal4/+;UAS-HDAC6RNAi/+. 
****p < 0.0001 (log-rank test). n = 200 male flies for each genotype 
in survival experiments. d Climbing ability analysis of brain-specific 
knockdown of HDAC6 male flies and two control groups. T test was 
used for statistics. n = 100 flies for each genotype in experiments. e 
Brain-specific knockdown of HDAC6 using GAL80-DD system in 
old flies extends lifespan. TMP removed from the fly food on day 25 
to active GAL4-mediated RNAi. Log-rank test was used for statistics: 
****p < 0.0001, n > 180 flies. f Brain-specific knockdown of HDAC6 
improves more lifespan in flies compared with ubiquitous knock-
down of HDAC6. Survival of brain-specific (red) and ubiquitous 
(blue) knockdown of HDAC6 male flies. ****p < 0.0001 (log-rank 
test). n = 200 flies for each genotype in survival experiments. g Brain-
specific knockdown of HDAC6 increases more motor performance 
in flies compared with ubiquitous knockdown of HDAC6. Climbing 
ability analysis of brain-specific (red) and ubiquitous (blue) knock-
down of HDAC6 male flies. T test was used for statistics. n = 100 flies 
for each genotype in experiments. The data are representative of three 
independent experiments
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