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INTRODUCTION  
 

Cellular senescence is a permanent cell cycle arrest 

induced by endogenous and exogenous stresses, 

including DNA damage, organelle stress, and telomere 

dysfunction [1, 2]. Senescent cells activate senescence-

associated secretory phenotype (SASP) and amplify the 

impact of proliferative arrest. Cellular senescence 
contributes to aging and is associated with age-related 

diseases and impaired tissue regeneration [1]. 

Senescence-associated ɓ-galactosidase (SA-ɓ-gal), 

which is present only in senescent cells but not 

www.aging-us.com AGING 2022, Vol. 14, No. 11 

Research Paper 

Histone deacetylase 4 reverses cellular senescence via DDIT4 in 
dermal fibroblasts 
 

Yuri Lee1,2,3,*, Min Ji Song1,2,3,*, Ji Hwan Park4, Mi Hee Shin1,3, Min-Kyoung Kim1,3,  
Daehee Hwang5, Dong Hun Lee1,3, Jin Ho Chung1,2,3,6 
 
1Department of Dermatology, Seoul National University College of Medicine, Seoul, Republic of Korea 
2Department of Biomedical Sciences, Seoul National University Graduate School, Seoul, Republic of Korea 
3Institute of Human-Environment Interface Biology, Medical Research Center, Seoul National University, Seoul, 
Republic of Korea 
4Department of New Biology, DGIST, Daegu, Republic of Korea 
5Department of Biological Sciences, Seoul National University, Seoul, Republic of Korea 
6Institute on Aging, Seoul National University, Seoul, Republic of Korea 
*Equal contribution 
 
Correspondence to: Daehee Hwang, Dong Hun Lee, Jin Ho Chung; email: daehee@snu.ac.kr, ivymed27@snu.ac.kr, 
jhchung@snu.ac.kr 
Keywords: cellular senescence, DNA damage-inducible transcript 4, histone deacetylase 4, oxidative stress, ultraviolet light 
Received: December 9, 2021       Accepted: May 7, 2022  Published: June 9, 2022 

 
Copyright: © 2022 Lee et al. This is an open access article distributed under the terms of the Creative Commons Attribution 
License (CC BY 3.0), which permits unrestricted use, distribution, and reproduction in any medium, provided the original 
author and source are credited. 

 

ABSTRACT 
 

Histone deacetylases (HDACs) remove acetyl groups from lysine chains on histones and other proteins and 
play a crucial role in epigenetic regulation and aging. Previously, we demonstrated that HDAC4 is consistently 
downregulated in aged and ultraviolet (UV)-irradiated human skin in vivo. Cellular senescence is a permanent 
cell cycle arrest induced by various stressors. To elucidate the potential role of HDAC4 in the regulation of 
cellular senescence and skin aging, we established oxidative stress- and UV-induced cellular senescence 
models using primary human dermal fibroblasts (HDFs). RNA sequencing after overexpression or knockdown 
of HDAC4 in primary HDFs identified candidate molecular targets of HDAC4. Integrative analyses of our 
current and public mRNA expression profiles identified DNA damage-inducible transcript 4 (DDIT4) as a 
critical senescence-associated factor regulated by HDAC4. Indeed, DDIT4 and HDAC4 expressions were 
downregulated during oxidative stress- and UV-induced senescence. HDAC4 overexpression rescued the 
senescence-induced decrease in DDIT4 and senescence phenotype, which were prevented by DDIT4 
knockdown. In addition, DDIT4 overexpression reversed changes in senescence-associated secretory 
phenotypes and aging-related genes, suggesting that DDIT4 mediates the reversal of cellular senescence via 
HDAC4. Collectively, our results identify DDIT4 as a promising target regulated by HDAC4 associated with 
cellular senescence and epigenetic skin aging. 
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quiescent or pre-senescent cells, is widely used to 

detect senescent cells. Increased p21 and p16 levels 

have also been used as markers of senescence [3]. 

While p21 is important for establishing senescence, 

p16 is involved in maintaining the senescence 

phenotype [3]. Another characteristic feature of 

senescent cells is their abnormally enlarged and 

flattened morphology. SASP components can also be 

used to evaluate senescence [1, 3]. 

 

Many studies have attempted to control aging through 

epigenetic regulation [4ï8]. Epigenetic changes can 

regulate gene expression without DNA sequence 

changes and are thought to influence cellular 

senescence, aging, and age-related diseases [7, 9].  

As aging occurs, various epigenetic alterations, such  

as aberrant histone modifications, alterations in  

DNA methylation patterns, and genomic instability, 

take place. These aberrant epigenetic processes  

can promote inflammation, cancer, and other diseases 

[7, 9, 10]. 

 

Histone acetylation is a major epigenetic modification, 

and changes in histone acetylation patterns are associated 

with aging [11ï14]. Histone acetylation is mediated by 

histone acetyltransferases (HATs), whereas histone 

deacetylation is by histone deacetylases (HDACs). In 

mammals, 11 HDACs (HDAC1ïHDAC11) and seven 

SIRTs (SIRT1ïSIRT7) have been identified as histone 

deacetylases [15, 16]. Our previous studies showed that 

among these HDACs and SIRTs, HDAC4 was 

significantly decreased in UV-irradiated human dermal 

fibroblasts, aged human skin in vivo, and UV-irradiated 

human skin in vivo [17, 18]. HDAC4 is a key member of 

Class II HDACs and is involved in several cellular 

functions, such as cell growth, survival, and proliferation 

[19]. In human fetal lung fibroblasts, overexpression of 

HDAC4 delayed cellular senescence by stabilizing 

SIRT1 [20]. Di Giorgio et al. showed that HDAC4 is 

reduced during senescence, and it monitors the 

acetylation levels of histone H3 on lysine 27 (H3K27ac) 

at specific enhancers that supervise the senescent 

transcriptome [21, 22]. Despite these findings, the 

multifaceted regulatory roles of HDAC4 in skin aging 

remain largely elusive. 

 

Here, we elucidate the candidate targets and potential 

mechanisms of HDAC4 associated with skin aging by 

an integrated analysis of RNA sequencing data 

generated from HDAC4-modulated dermal fibroblasts 

with the previous mRNA expression profiles relevant 

to cellular senescence. Our results demonstrate  

that DNA damage-inducible transcript 4 (DDIT4)  

is significantly regulated by HDAC4, and that  

HDAC4 could delay senescence by regulating DDIT4 

expression. 

RESULTS 
 

HDAC4 expression is reduced in H2O2- and UV-

induced senescent fibroblasts 

 

To understand the role of HDAC4 in the senescence 

process, we first examined changes in HDAC4 

expression in two different cellular senescence models: 

H2O2-induced senescence (H2O2S) and UV-induced 

senescence (UVS) (Figure 1A). The induction of H2O2S 

and UVS models was confirmed using SA-ɓ-gal staining 

(Figure 1B, upper and lower panels, respectively). The 

expression of HDAC4 mRNA and protein was 

significantly decreased in both H2O2S and UVS models 

(Figure 1C). This implies that reduced HDAC4 

expression is a consistent finding under senescence 

conditions. 

 

Integrative tr anscriptome analysis identifies DDIT4 

as an HDAC4 target in senescence 

 

We performed RNA sequencing analysis of primary 

HDFs transfected with HDAC4 siRNA or HDAC4 

overexpression vector to identify HDAC4 target 

candidate genes. By comparing transcriptomes from 

HDAC4-overexpressed and-knockdown fibroblasts, we 

identified 339 Differentially expressed genes (DEGs) 

(208 induced and 131 suppressed by HDAC4) as 

potential targets of HDAC4 (Supplementary Figure 1A 

and Supplementary Table 1; see Materials and Methods 

for details). The genes induced by HDAC4 (208 genes) 

were mainly involved in the processes related to cell 

cycle (cell division, DNA replication, and DNA repair) 

or epigenetic regulation (gene silencing and histone 

exchange; Supplementary Figure 1B). However, the 131 

genes suppressed by HDAC4 were mostly associated 

with processes related to protein secretion (extracellular 

vesicle, cytokine production, and interleukin-1 

secretion) or lysosomal lipid metabolism (endocytosis, 

lipid metabolic process, and lysosome; Supplementary 

Figure 1C). 

 

To sort out more reliable targets of HDAC4 involved in 

the regulation of skin aging, we compared our DEGs 

with those identified from the two previously reported 

transcriptome datasets, which were generated from UV-

[23] and H2O2-induced senescent HDFs [24]. Among 

the 778 DEGs from UV-induced senescence [23] and 

1,908 DEGs from H2O2-induced senescence [24] 

(Figure 2A), 51 and 41 genes were shared with our 

DEGs, respectively. Only five genes (DDIT4, GINS2, 

MCM7, OAF, and PGAP6) overlapped among the 

DEGs from previous senescence models and our 

HDAC4-modulated model. Among them, given the 

reduced HDAC4 level in senescent cells, DDIT4 and 

GINS2 induced by HDAC4 were downregulated, and 
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PGAP6 suppressed by HDAC4 was up-regulated 

consistently in both H2O2- and UV-induced senescence 

models (Figure 2B). In contrast, MCM7 and OAF 

showed inconsistent changes in the HDAC4-modulated 

and senescence models. Therefore, the validity of the 

three genes with consistent changes as HDAC4 targets 

was tested using quantitative RT-PCR. Among the three 

genes, only DDIT4 showed significant expression 

changes upon HDAC4 overexpression or knockdown 

(Figure 2C). Taken together, we finally selected DDIT4 

as a potential target of HDAC4 involved in HDAC4-

dependent epigenetic regulation of skin aging. 

Reduced DDIT4 expression and senescent phenotype 

were restored by HDAC4 overexpression in senescent 

fibroblasts 

 

It has been reported that DDIT4 is associated with 

senescence [25ï27], and our previous studies 

demonstrated that HDAC4 might be a key regulator of 

skin aging [17, 18]. However, little is known about the 

association between HDAC4 and DDIT4 during cellular 

senescence. We first examined whether HDAC4 

regulates DDIT4. In accordance with the mRNA 

expression analysis, HDAC4 knockdown significantly 

 

 
 

Figure 1. HDAC4 is decreased in H2O2- and UV-induced cellular senescence. (A) A scheme of H2O2- and UV-induced cellular senescence 

using human dermal fibroblasts (B) Senescence-associated beta-galactosidase assay was performed to detect senescent cells for control (left) 
and senescence-induced (right) cells (n = 4 each). Original magnification: x100. (C) HDAC4 expression analyzed by quantitative RT-PCR or 
western blotting. Alpha-tubulin was used as loading control. Data represent the mean ± SE (n = 4, ** P <0.01, *** P <0.001). C: control. 
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decreased the expression of DDIT4 protein, while 

HDAC4 overexpression significantly increased it  

(Figure 3A, 3B). In contrast, overexpression or 

knockdown of DDIT4 did not change the expression of 

HDAC4, indicating that DDIT4 is a downstream target of 

HDAC4 (Supplementary Figure 2). 

 

Replicative senescent HDFs showed a decreased 

expression of HDAC4 and DDIT4 protein 

(Supplementary Figure 3). Next, we analyzed whether 

DDIT4 expression is changed in H2O2- or UV-induced 

senescent fibroblasts. DDIT4 expression was 

significantly decreased in both H2O2- and UV-induced 

senescent HDFs (Figure 3C, 3D). This reduction in 

DDIT4 expression in both models was prevented by 

HDAC4 overexpression. The increase in p21 expression 

under the senescent condition was also reduced by 

HDAC4 overexpression (Figure 3E, 3F). These results 

suggest that the decrease in HDAC4 levels during 

senescence may cause a reduction of DDIT4. 

 

 
 

Figure 2. Integrative transcriptome analysis identifies DDIT4 as a candidate target. (A) Venn diagram showing the relationships 

among DEGs identified from the three comparisons: HDAC4 overexpression versus knockdown (HDAC4 targets); UV-induced senescent 
versus control HDFs (UV-induced senescence); and H2O2-induced senescent versus control HDFs (H2O2-induced senescence). Numbers in 
parentheses, numbers of DEGs. (B) Differential expression patterns of the five overlapping DEGs in the three comparisons (see legend). (C) 
The mRNA levels of DDIT4, GINS2, and PGAP6 analyzed by RT-PCR (n=5). Data represent the mean ± SE (n = 5, * P < 0.05, ** P <0.01, *** P 
<0.001). NC: scrambled control. 
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Figure 3. Senescence-induced reduction of DDIT4 is restored by HDAC4 overexpression. (A) Human dermal fibroblasts were 

transfected with negative control scrambled siRNA (NC) or HDAC4 siRNA. (B) For overexpression of HDAC4, cells were treated with pcDNA3 
or HDAC4 plasmid DNA and the medium was replaced after 6 h. (AςD) RT-PCR and western blotting were performed to determine the 
expression of DDIT4 and HDAC4. Data are presented as mean ± SE (n = 5, * P <0.05, ** P <0.01, *** P <0.001 vs. NC, pcDNA3, or Control). (E, 
F) After senescence was induced, cells were transfected with pcDNA3 or HDAC4 overexpression vector. DDIT4, p21, and HDAC4 protein 
expression were analyzed by western blotting. Beta-actin and alpha-tubulin served as a loading control. Data are presented as mean ± SE 
ǳǎƛƴƎ {ǘǳŘŜƴǘΩǎ ǘ-test (n = 5, * P <0.05, ** P <0.01, *** P <0.001 control vs H2O2; # P <0.05, ## P <0.01, pcDNA3 vs HDAC4). C: control. 
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To determine whether DDIT4 is involved in senescence, 

we examined the proportion of SA-ɓ-gal-positive cells in 

senescent cells transfected with HDAC4 overexpression 

vector and/or DDIT4 siRNA. The siRNA-mediated 

knockdown of DDIT4 reduced DDIT4 by approximately 

40% (Supplementary Figure 4). Overexpression of 

HDAC4 significantly reduced the SA-ɓ-galïpositive  

cell population in both cellular senescence models. 

However, knockdown of DDIT4 increased SA-ɓ-gal-

positive cells in both control senescent cells and 

HDAC4-overexpressed cells (Figure 4A, 4B). These 

results indicate that DDIT4 may play a protective role in 

cellular senescence. 

 

DDIT4 suppressed the SASP components and 

changes in aging-related genes 

 

To investigate whether DDIT4 regulates the senescence-

associated secretory phenotype (SASP) or aging-related 

genes, HDFs were transfected with a DDIT4 

overexpression vector. Overexpression of DDIT4 

significantly decreased the mRNA levels of SASP 

components, including IL-1ɓ, IL-6, IL-8, CXCL1, 

CXCL3, CXCL10, and MMP-1, and that of the aging-

related gene p21. The mRNA levels of the other  

aging-related genes, lamin B1 and procollagen type 1, 

which are known to be reduced during aging, were 

significantly increased by DDIT4 overexpression 

(Figure 5A). Consistent with the mRNA levels, the 

protein levels of p21 and MMP-1 were significantly 

downregulated by DDIT4 overexpression, while that  

of type 1 procollagen was significantly increased. 

Moreover, DDIT4 overexpression inhibited the increased 

SASP components in senescent HDFs induced by H2O2 

or UV (Supplementary Figure 5). Phosphorylation of 

mTOR, one of the key targets of aging, was reduced by 

DDIT4 overexpression. The protein level of lamin B1 

tended to increase, but the difference was not statistically 

significant (Figure 5B). These results imply that DDIT4 

may counteract aging by repressing SASPs or preventing 

changes in aging-associated genes. 

 

DDIT4 expression was reduced in aged human skin 

in vivo 

 

Finally, we validated DDIT4 expression in the  

human skin of young and elderly subjects in vivo. 

Immunohistochemistry of young skin showed that 

 

 
 

Figure 4. Inhibition of DDIT4 exacerbates cellular senescence. (A, B) Primary dermal fibroblasts were subject to senescence induction 

with H2O2 or UV. After senescence induction, cells were transfected with negative siRNA or DDIT4 siRNA for 48 h. Beta-galactosidase assay 
was performed to detect senescent cells. Original magnification: x100. Data represent the mean ± SE (n=3, * P <0.05, ** P <0.01 vs siDDIT4; # 
P <0.05, ## P <0.01, pCDH vs HDAC4). C: control, NC: scrambled control. 
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DDIT4 was strongly expressed in both the epidermis 

and dermis. DDIT4 was present mostly in the nucleus 

and partially in the cytoplasm, particularly in the basal 

epidermal layer. Sun-protected buttock skin from 

elderly subjects showed remarkably decreased DDIT4 

expression compared to that in young individuals 

(Figure 6A). 

Similarly, DDIT4 mRNA and protein levels in aged 

buttock skin, when determined by quantitative PCR and 

western blotting, respectively, were significantly lower 

than those in young buttock skin (Figure 6B, 6C). These 

data showed that DDIT4 expression was also 

significantly reduced in aged human skin in vivo as in 

senescent fibroblasts, suggesting that reduced DDIT4 

 

 
 

Figure 5. DDIT4 regulates the expression of SASP and age-associated genes. (A) The mRNA levels of senescence-associated 

secretory phenotype (SASP) and aging-related genes were determined by quantitative real-time PCR. (B) After DDIT4 overexpression, the 
protein levels of aging-related genes were examined using western blot analysis. Beta-actin served as a loading control. Data represent the 
mean ± SE (n = 5, ** P <0.01, *** P <0.001). 
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may play a crucial role in inducing epigenetic skin 

aging. 

 

DISCUSSION 
 

Several studies have reported the potential of epigenetic 

regulation in delaying senescence [4, 7, 9, 10, 20, 28ï31]. 

Our previous studies showed that UV irradiation 

decreased HDAC4 expression in primary HDFs, and 

HDAC4 expression was reduced in aged skin in vivo 
[17, 18]. These results suggest that HDAC4 may play 

an important role in skin aging. However, there is a 

paucity of research on how HDAC4 causes skin aging. 

 

By integrating our RNA-Seq data and previously 

reported transcriptome datasets from UV- and H2O2-

induced senescence models, we identified DDIT4 as a 

promising candidate target of HDAC4 involved in 

HDAC4-dependent epigenetic regulation of skin aging. 

DDIT4 mRNA and protein levels were significantly 

down- and up-regulated consistently upon HDAC4 

knockdown and overexpression, respectively. As a stress-

responsive gene, DDIT4 expression also changes during 

development and DNA damage responses [32, 33]. It acts 

as a mammalian target of rapamycin complex 1 

(mTORC1) inhibitor and plays a dual role as a pro-

survival or pro-apoptotic factor depending on the cell 

type and cellular context [27, 34]. DDIT4 regulates cell 

growth, oxidative stress, autophagy, mitochondrial 

function, and apoptosis [35ï37]. Although DDIT4 

function has been investigated extensively in the fields of 

cancer and autophagy [38, 39], little is known about its 

role in skin aging. 

 

We found that DDIT4 expression was markedly reduced 

in aged skin in vivo, in replicative senescent HDFs, and 

in senescent fibroblasts under repeated H2O2 treatment or 

UV irradiation. HDAC4 expression was positively 

correlated with DDIT4, and also significantly decreased 

in aged skin in vivo (Supplementary Figure 6). Consistent 

 

 
 

Figure 6. DDIT4 expression level was decreased in aged human skin in vivo. (A) Buttock skin samples of young and elderly subjects 
were obtained by punch biopsy. DDIT4 expression in the skin of individuals was examined by immunohistochemistry and quantified. 
Immunohistochemistry analysis was performed using paraffin-embedded sections. Original magnification: x200. Data represent the mean ± 
SE (n=6, *** P <0.001 vs Young) (B, C) Quantification of relative mRNA (n = 10) and protein (n = 7) levels of DDIT4 was performed using qPCR 
and western blotting. GAPDH served as a loading control. Data represent the mean ± SE (** P <0.01 vs Young). 


