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Abstract  24 

Senescence is a cellular process that can be initiated by certain stressors such as UVA 25 

irradiation. The mechanism by which skin cells protect themselves from the 26 

UVA-induced senescence has not been fully investigated. Here, we demonstrate that 27 

Bach2 modulates the extent of UVA-induced photoaging through regulation of 28 

autophagy in skin fibroblasts. In fact chronic exposure of skin fibroblasts to UVA 29 

resulted in a significant decrease in Bach2 expression, both in vitro and in vivo. In 30 

addition, knockdown of Bach2 in skin fibroblasts led to an increased expression of 31 

cell senescence-related genes, which further enhanced the UVA irradiation-induced 32 

photoaging. On the other hand,  the overexpression of Bach2 resulted in a decrease 33 

in the expression of cell senescence-related genes. We also demonstrate that the 34 

knockdown of Bach2 in skin fibroblasts can lead to a decreased expression of 35 

autophagy-related genes and vice versa, suggesting that autophagy is involved in 36 

Bach2-mediated regulation of senescence in skin fibroblasts. Additionally, inhibition 37 

of autophagy with autophagy inhibitor 3-MA suppressed the expression of 38 

autophay-related proteins and promoted cell senescence. Furthermore, knockout of 39 

Atg5 or Atg7 in embryonic mouse fibroblasts led to a significant increase in the 40 

expression of cell senescence-related genes. Immunoprecipitation assays further 41 

demonstrated that Bach2 directly interacts with Beclin-1, Atg3, Atg7, and LC3 in 42 

fibroblasts. Taken together, these findings revealed a critical role for Bach2 in 43 

suppressing the UVA irradiation-induced cell senescence via autophagy in skin 44 

fibroblasts. Bach2 can therefore be a potential target for the therapy of UV-induced 45 

photoaging because of its ability to regulate the process of autophagy in the skin. 46 

Key words: UVA; Photoaging; Autophagy; Bach2; Fibroblasts 47 
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Introduction 50 

Cell senescence is a highly complex physiological process that occurs in all organisms, 51 

leading to a decreased regenerative ability of cells and tissues and thereby 52 

contributing to the aging process [1, 2]. Skin aging is accompanied by physiological 53 

changes in the organisms, including structural transformation, biochemical 54 

abnormalities, decreased regenerative ability, and impaired permeability [3, 4]. 55 

Photoaging is the main kind of extrinsic aging caused by long-term exposure to solar 56 

ultraviolet radiation (UVR) [1]. Previous studies have elucidated that aging cells not 57 

only undergo growth arrest [5], but also display extensive changes in morphology and 58 

signaling transduction. Cell senescence-related p53/p21 and p16/pRb signaling 59 

pathways are activated under UVR-induced oxidative stress and/or photoaging. The 60 

Broad complex, Tramtrack, Bric-a Bric (BTB) and Cap‘n’ collar (CNC) homology 61 

(Bach) family members Bach1 and Bach2, play an important role in the UV-mediated 62 

oxidative damage in the skin. Bach1-deficient mouse embryonic fibroblasts (MEF) 63 

rapidly respond to oxidative stress. Bach1 recruits and binds to p53 to inhibit the 64 

activation of target genes, thereby suppressing cellular senescence [6]. On the other 65 

hand, Bach2 is also sensitive to UV-mediated oxidative damage [7]. However, the 66 

Bach2 involvement in UVA-photoaging of human fibroblasts remains elusive. 67 

Bach2 is a basic leucine zipper transcription factor that belongs to the CNC gene 68 

family [8]. CNC-type bZip domain of the Bach proteins contains a BTB domain, 69 

which is present in over 100 human proteins to mediate oligomer formation, DNA 70 

loop generation, and nuclear foci formation. The main domain of Bach proteins 71 

includes BTB and CNC homology. Both Bach1 and Bach2 show great similarities in 72 

these regions though with different expression patterns and functions [9]. Bach1 73 

which is ubiquitously expressed in tissues, functions as a transcriptional repressor for 74 

the heme oxygenase-1 (HO-1) and β-globin genes [10-12]. Previously, we found that  75 

UVA radiation modulated cellular redox state by Bach1 [13]. Bach2 is preferentially 76 

expressed in B cells, which are essential for somatic hypermutations and class-switch 77 
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recombination [14, 15]. Bach2 is involved in the IgG1 memory of B-cell formation 78 

[16]. In addition, Bach2 participates in T-cell-mediated immune responses in T cells 79 

and other tissues [17, 18], as well as regulating the Treg-mediated immune 80 

homeostasis and suppressing the multiple CD4 T-cell effector programs [17]. While 81 

the function of Bach2 in immune cells has extensively been studied, its additional 82 

roles in other organs especially skin require further investigations. Previous studies 83 

indicated that Bach2 is involved in the regulation of oxidative stress in NIH3T3 cells 84 

and neurons [15, 19]. Moreover, Bach2 regulates cell senescence in CD4-positive T 85 

cells through Menin-Bach2 cascades [20]. Bach2 has a high sensitivity to 86 

transcription–blocking DNA lesions during UV-mediated DNA damage. These 87 

findings indicated that Bach2 is a potential marker of DNA damage and aging in 88 

mouse fibroblasts [7]. However, the mechanism by which Bach2 plays its role in the 89 

photoaging of skin fibroblasts requires further elucidation. 90 

Autophagy is considered as an important anti-aging mechanism [21, 22]. 91 

Decreased autophagy leads to an increased rate of aging, while stimulating autophagy 92 

enhances anti-aging effects and prolongs life-span. As an adaptive response, 93 

autophagy can relieve cellular stress such as starvation, hypoxia, endoplasmic 94 

reticulum stress, and cellular oxidative stress [23]. Autophagy is involved in 95 

establishing senescence-associated secretory phenotype (SASP) by targeting the 96 

rapamycin (TOR) autophagy spatial coupling compartment (TASCC) [24, 25]. 97 

Furthermore, Bach2 is regulated by mammalian targets of rapamycin (mTOR) to 98 

regulate the transition of pre-B cells into differentiated B cells, and the mTOR-Bach2 99 

cascades to modulate the level of cell cycle arrest in the B cells [26].  100 

Herein, the role of Bach2 in the progression of autophagy and the 101 

Bach2-mediated regulation of photoaging through autophagy in skin fibroblasts was 102 

investigated. We showed that chronic UVA irradiation leads to a decreased Bach2 103 

accumulation in fibroblasts in vitro and in vivo, and that the latter is involved in 104 

modulation of photoaging by inducing changes in p16 and p21 signaling pathways in 105 
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fibroblasts through the upregulation of autophagy. Furthermore, the molecular 106 

mechanisms of Bach2-mediated UVA-induced photoaging in human dermal 107 

fibroblasts warrant in-depth investigations.  108 

Materials and methods 109 

Cell culture 110 

UV-unexposed normal foreskin tissues were collected from patients with benign 111 

dermatosis in the Department of Dermatology, Xiangya Hospital of the Central South 112 

University and the Department of Dermatology, Daping Hospital of the Army Medical 113 

University. Skin tissues were obtained from individuals aged between 20-40 years old. 114 

These tissues were obtained by following the principles of ethics. The foreskin tissues 115 

were digested with type Ⅱ collagenase to obtain the primary human diploid fibroblasts 116 

(HDF, Fb), which were then cultured in Dulbecco’s modified Eagle’s medium 117 

(Hyclone) containing 10% fetal bovine serum (BI), 100 U/ml penicillin, and 100 U/ml 118 

streptomycin at 37°C in an atmosphere with 5 % CO2. MEF with Atg5 or Atg7 119 

knockout cells were from Xiangya Hospital of the Central South University and the 120 

Department of Dermatology. 121 

Human diploid fibroblasts photoaging model 122 

For the induction of senescence in fibroblasts by UVA radiation, cells were first 123 

grown to 60% confluency and then irradiated with a UVA dose of 5 J/cm2 in 124 

phosphate-buffered saline (PBS) for 5 consecutive days.  125 

Adenovirus and expression vectors 126 

Human Bach2 interference recombinant adenovirus (Ad-siBach2) was purchased 127 

from Denuohe Biotechnology Co., Ltd (Chongqing). The pCDNA3.1-Bach2-Flag was 128 

purchased from YouBao Biotechnology Co., Ltd (Hunan). The cDNA fragments 129 

encoding Bach2 were cloned into a PLJM1 expression vector. This PLJM1 expression 130 

vector was transfected into a 293FT cell line to produce lentivirus, which was used to 131 
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infect the primary fibroblasts. The empty vector-transfected primary fibroblasts were 132 

used as the negative control.  133 

Immunofluorescence 134 

Culture cells grown on glass coverslips were fixed in 4% (w/v) paraformaldehyde for 135 

30 min and permeabilized with 0.3% (v/v) Triton X-100 for 15 min at room 136 

temperature. Then the samples were blocked in 10% goat serum (Beyotime) for 30 137 

min and incubated with primary antibodies (diluted in blocking buffer) in a humid 138 

chamber at 4°C overnight. After wash with PBS, samples were incubated with Alexa 139 

Fluor-conjugated secondary antibodies at 37°C for 40 min. Nuclei were 140 

counterstained with DAPI (Beyotime). Confocal images were acquired using Leica 141 

scanning confocal fluorescence microscope.  142 

Western blot analysis 143 

Cells were lysed in RIPA buffer (Beyotime) supplemented with protease inhibitors 144 

(PMSF) on ice for 30 min, and the lysis was separated via centrifugation (12000 rpm 145 

for 10 min at 4°C). Total protein was quantified by the BCA kit (Takara). Protein was 146 

solubilized in the denaturing sample buffer, subjected to SDS-PAGE, and transferred 147 

to the polyvinylidene difluoride membranes (GE). The membranes were blocked with 148 

5% non-fat milk in PBS supplemented with 0.1% (v/v) Tween-20 (PBS-T) and 149 

incubated with the primary antibodies diluted in the blocking buffer. Appropriate 150 

horseradish peroxidase-conjugated secondary antibodies (Santa Cruz) were used to 151 

detect primary antibody probes. The blots were developed by the ECL 152 

chemiluminescence (Thermo Scientific) and scanned with the VersaDoc imaging 153 

system (Bio-Rad, USA). The bands were analyzed by Quantity One (Bio-Rad, USA).     154 

Quantitative reverse transcriptase polymerase chain reaction (qRT-PCR). 155 

Total RNA was isolated using the TRIZOL Reagent, and cDNA was synthesized using 156 

the PrimeScript™ RT reagent Kit with gDNA Eraser (Takara). qRT-PCR was 157 
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performed using qPCR primers (published or designed with primer 5.0) and SYBR 158 

green qPCR Mix (Takara). GAPDH or β-actin were used as controls for normalization. 159 

Primer sequences used in this study are listed in the supplementary Methods. 160 

SA-β-gal staining analysis 161 

SA-β-gal activity was determined using the Senescent Cell Staining Kit (CST, 9860). 162 

Primary fibroblasts growing at 70% confluency were washed twice with PBS. The 163 

cells were then fixed at room temperature for 15 minutes. Next, the cells were washed 164 

three times with PBS and incubated in freshly prepared β-galactosidase staining 165 

solution at 37°C free of CO2 incubator overnight. Stained cells were imaged using a 166 

microscope to evaluate the ratio of the aged cells. 167 

Cytosol and nuclear protein extraction 168 

Bach2 was transfected into the primary fibroblast cells that were grown in 10 cm 169 

dishes. Cells were then trypsinized, pelleted, and resuspended in lysis buffer (10 mM 170 

Hepes-NaOH, pH 7.9, 10 mM KCl, 1.5 mM MgCl2, and 0.5 mM 171 

beta-mercaptoethanol) supplemented with the protease inhibitors. Cells were scraped 172 

and mixed, and then incubated for 15-20 min on ice. About 5 µL of 10% NP-40 was 173 

added and mixed with the lysis, which was then centrifuged at 16,000g for 10-15 min. 174 

The supernatant contains cytoplasmic proteins. The pellets at the bottom of the tube 175 

were washed with PBS and then lysed with 60-80 µL nuclei lysis buffer. To harvest 176 

the nuclear protein extract, the lysates were incubated on ice for 20 min and 177 

centrifuged at 16,000g for 10-15 min. Both cytoplasmic and nuclear proteins were 178 

dissolved in a buffer containing protease and phosphatase inhibitors.   179 

Mouse senescence model experiments 180 

For UVA-induced senescence, the skin of Kun Ming mice with removed fur (6 weeks 181 

of age) was mock-irradiated or continuously exposed to UVA (20J/cm2) every day for 182 

30 days and 70 days respectively. Mice were sacrificed and skin tissues were 183 
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dissected and were fixed in formalin. Later, the skin tissues were embedded in 184 

paraffin to make the sections which later undergone through the hematoxylin and 185 

eosin (HE) staining, whereas snap-frozen tissues were subjected to Western blotting 186 

analyses. All procedures were approved by the Institutional Animal Care and Use 187 

Committee of the Army Medical University. 188 

Reactive oxygen species (ROS) production assay 189 

The generation of intracellular ROS induced by chronic UVA radiation was 190 

determined with the fluorescent probe H2DCF-DA (Beyotime, S0033S). Briefly, 191 

fibroblasts were cultured in DMEM supplement with 10% FBS and 1% antibiotics 192 

(penicillin and streptomycin) with 5 J/cm2 UVA continued radiation for 5 times, after 193 

the last time radiation, and then cells incubated with H2DCF-DA in DMEM without 194 

FBS for 30 min at 37 °C in CO2 incubator. To remove H2DCF-DA, the cells were 195 

washed with DMEM without FBS for three times. Fluorescent intensity was measured 196 

with Olympus fluorescence microscope. 197 

Malondialdehyde (MDA) measurement 198 

Cells cultured in DMEM containing 10% FBS and 1% antibiotics, then removed the 199 

DMEM growth medium and added in PBS, irradiation with 5 J/cm2 UVA for 5 times, 200 

everyday radiated one time. Cells were lysed in Western/IP lysis buffer on ice for 30 201 

minutes, and the lysis were separated with centrafution as 12000 rpm for 10 min at 202 

4°C. Supernatant was collected and the total protein concentration was quantified by 203 

the BCA kit, the MDA level were measured using the lipid oxidation (MDA) 204 

detection kit (Beyotime, S0131S) according to manufature’s intructions. The results 205 

were expressed as μM/mL. 206 

Antibodies 207 

Primary antibodies include anti-Bach2 (Abcam, ab83364, ab243148; Santa Cruz, 208 

sc-14704), anti-Bach1 (Santa Cruz, sc-14700), anti-Nrf2 (Abcam, ab62352), 209 
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anti-HO-1 (Enzo, ADI-SPA-896-D), anti-p21 (Abcam, ab109520), anti-p16 (Santa 210 

Cruz, sc-166760), anti-Lamin B1 (Santa Cruz, sc-6217), anti-Lamin A/C (Santa Cruz, 211 

sc-6215), anti-Atg3 (CST, 3415), anti-Atg5 (CST, 12994), anti-Atg7 (CST, 8558), 212 

anti-Beclin-1 (CST, 3495), anti-LC3A/B (CST, 12741), and anti-p62 (CST, 88588), 213 

anti-MMP3 (Abcam, ab52915), anti-MMP9 (Abcam, ab228402), anti-IL-6 (Abcam, 214 

ab229381), anti-CXCR2 (Abcam, ab65968), anti-Ub (Abcam, ab134953).  215 

Statistical analysis 216 

All the data obtained were expressed as mean±SD. Statistical significance was 217 

obtained from at least three independent experiments and analyzed by two-tailed 218 

Student t-tests. P values of less than 0.05 were considered statistically significant. All 219 

graphs and statistical analyses were performed using GraphPad Prism 6 software.  220 

 221 

 222 

 223 

 224 

 225 

 226 

 227 

 228 

 229 

 230 
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Results 231 

Bach2 is involved in UVA-induced photoaging in mice 232 

UVA radiation of sunlight has been considered as the main contributor to skin 233 

photoaging as it can penetrate the dermal layer and even a small proportion of UVA 234 

radiation can reach the subcutaneous layer [27]. To develop new molecular markers 235 

for photoaging, we tested whether Bach2 [28] is involved in skin cell senescence in 236 

vivo. A dose of 20 J/cm2 UVA was applied to irradiate mouse skin for 30 and 70 days. 237 

Thickness of the mid-dorsal epidermis was significantly reduced in the mice after 30 238 

days UVA-irradiation, and it was even thinner in the 70-day UVA-irradiated group, 239 

compared to that of the control group (Figure 1A-1B).  240 

The p53 and p16-pRb tumor suppressor pathway genes are involved in cell 241 

senescence by regulating cell growth arrest [29]. Western blot results showed that the 242 

expression of p16 and p21 was significantly increased in the 30- and 70-day 243 

UVA-irradiated skin (Figure 1C and Figure S1A-1B), suggesting that UVA irradiation 244 

can induce mouse skin photoaging. To determine whether Bach2 responds to 245 

UVA-induced photoaging in mouse skin in vivo, we examined Bach2 expression by 246 

Western blot and immunofluorescence, which showed that Bach2 expression was 247 

decreased in the UVA-irradiated skin compared to that of the control mice (Figure 248 

1C-E and Figure S1C). In addition, Bach2 has an opposite expression pattern to those 249 

of p16 and p21 (Figure 1C and Figure S1A-1B). We also examined the members of 250 

CNC family members, including Bach1, Nrf2, and its target gene HO-1. Nrf2 is 251 

considered as a major regulator of cellular homeostasis, as it regulates the expression 252 

of several antioxidant enzymes such as HO-1 [30-32]. The expression of Bach1 is 253 

significantly decreased whereas Nrf2 and HO-1 were significantly increased in the 254 

skin after UVA irradiation, compared to that of the control group (Figure 1C and 255 

Figure S1D-1F). Together, these results suggested that Bach2 is downregulated in the 256 

UVA-induced photoaging of mouse skin.             257 
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Bach2 is suppressed in continuously UVA-exposed fibroblasts. 258 

This study also examined how the repeated UVA exposure influences skin cells in 259 

vitro by applying low doses of UVA irradiation to the primary fibroblasts (5 J/cm2 260 

every 24 hours for 5 days). In agreement with previous reports [33], the level of 261 

senescence-associated SA-β-gal activity was significantly higher in the continuously 262 

UVA-exposed fibroblasts (Figures 2A-2B), compared to the control group. In addition, 263 

both the mRNA (Figure S2A-2B) and protein expression of p53, p21, and p16 were 264 

significantly increased in continuously UVA-exposed HDF and Fb fibroblasts (Figure 265 

2C and S2C), compared to the controls. The expression of DNA damage marker 266 

γH2AX was increased in the nuclei of UVA-irradiated HDF primary fibroblasts 267 

(Figure 2D-2E). Moreover, it was also observed that Bach1 and Bach2 expression 268 

were not dramatically changed in HDF fibroblasts exposed to a single dose of UVA, 269 

but was significantly decreased in HDF fibroblasts exposed to continuous UVA, 270 

compared to the respective controls (Figures 2F and S2D-S2E). Lamin B1 was also 271 

decreased in continuous UVA-exposed HDF fibroblasts compared to the control group, 272 

which is consistent with the previous study [34]. The expression of LaminA/C was 273 

not changed in fibroblasts exposed to either single or continuous UVA radiation 274 

(Figures 2F and S2F-2G). In addition, the examinations for ROS and MDA 275 

accumulation in fibroblasts exposed to repeated UVA radiation suggested that both 276 

ROS and MDA were increased, although MDA increase was markedly higher than 277 

that of ROS increase upon chronic UVA radiation (Figure 2G-2H). 278 

Bach2 overexpression leads to decreased UVA-mediated photoaging in 279 

fibroblasts. 280 

The experiments performed using qRT-PCR and immunoblot assays showed that 281 

overexpression of Bach2 resulted in a decreased SA-β-gal activity in fibroblasts, 282 

when compared to the control group (Figures 3A-3D). In addition, the overexpression 283 

of Bach2 led to a significantly decrease in the expression of p16 and Rb at both 284 
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transcriptional and translational levels (Figure 3E-3F). Moreover, we examined more 285 

senescence markers including SASP factors MMP3, MMP9, CXCR2 and IL-6 [35]. 286 

The results showed that Bach2 overexpression increased the Lamin B1 protein level, 287 

and significantly decreased the levels of MMP3, CXCR2 and IL-6 proteins expression, 288 

although no significant change was observed in the level of MMP9 expression (Figure 289 

S3A-3B). The effect of continuous irradiation of UVA on the overexpression of Bach2 290 

in fibroblasts was also studied. It was found that Bach2 overexpression could neither 291 

overcome the UVA irradiation-mediated reduction of Bach2, nor elevate the protein 292 

levels of p16 compared to its control (Figure 3G-3I). These results indicated that 293 

Bach2 suppresses the expression of photoaging-related genes in fibroblasts.  294 

Bach2 knockdown leads to increased UVA-induced photoaging 295 

To confirm that Bach2 is involved in regulating cell senescence in fibroblasts, we 296 

knocked down Bach2 expression using a small inhibitory RNA adenovirus 297 

(Ad-siBach2, Figure S3C). The mRNA and protein levels of Bach2 were significantly 298 

decreased in the Ad-siBach2-infected group compared to the control group (Figures 299 

4A-4C). The mRNA expression of Bach2 target gene MAFK was also significantly 300 

decreased in the Ad-siBach2-infected group compared to the control group (Figures 301 

S3D). However, the SA-β-gal activity and p16 expression were significantly elevated 302 

in the Ad-siBach2-infected group compared to the control group (Figures 4D-4G and 303 

Figure S3E). Importantly, Bach2 knockdown combined with UVA radiation resulted 304 

in a more significant decrease in the expression of Bach2 and a significant increase in 305 

the expression of p16 in fibroblasts (Figures 4H-4J and Figure S3F). These results 306 

revealed that knockdown of Bach2 leads to an increased level of UVA-induced 307 

photoaging markers.  308 

Bach2 contributes to autophagy progression in fibroblasts 309 

Previous studies reported that autophagy plays an important role in the cell 310 

senescence [36]. To explore the mechanism by which Bach2 regulated the cell 311 
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senescence in fibroblasts, we examined the expression levels of Bach2 in fibroblasts 312 

with no serum treatment for 4 h to confirm the effect of autophagy in senescence. The 313 

results showed that Bach2 protein expression was increased slightly when 314 

serum-starved (Figure 5A). Furthermore, the cellular localization of Bach2 protein in 315 

HDF was rather cytosolic and not nuclear (Figure 5B). The immunofluorescence 316 

analysis using GFP-tagged Bach2 also confirmed the cytoplasmic localization of 317 

Bach2 (Figure S4A). We also explored the two major pathways of protein degradation 318 

(i.e. the ubiquitin-proteasome and autophagy-lysosome pathways) in the HDF [37]. 319 

So we checked the autophagy-related protein LC3 expression in Bach2-overexpressed 320 

fibroblasts. Immunofluorescence staining showed that cells expressing GFP-Bach2 321 

had increased numbers of LC3B puncta (in red) which mark the autophagosomes 322 

(Figure 5C). Moreover, overexpression of Bach2 increased Atg5 gene expression. In 323 

contrast, knockdown of Bach2 decreased Atg3, Atg5, and P62 mRNA expression 324 

levels (Figure S4C-D). Thus, Bach2 positively correlated with autophagy. 325 

Suppression of autophagy-related protein induces cell senescence in fibroblasts. 326 

The proteasomal pathway in Bach2 protein degradation was also examined using the 327 

proteasome inhibitor MG-132 that is known to inhibit the proteasomal pathway. 328 

MG-132 treatment showed no significant effect on Bach2 expression in HDF (Figure 329 

6A). In addition, MG-132 treatment reduced the Ub (ubiquitination protein) and 330 

augmented the p16 protein levels, which directly correlated with the treatment timings 331 

(Figure S4B). Autophagy is crucial for the inhibition of cellular senescence [24, 25, 332 

36, 38]. 3-methyladenine (3-MA) is the most widely used class of Ⅲ 333 

phosphatidylinositol 3-kinase (PI3K) inhibitor [39]. Treatment of GFP-Bach2 334 

overexpressing cells with the autophagy inhibitor 3-MA led to a decreased expression 335 

of Atg3, Atg7, p62, and LC3 proteins, but did not influence the Bach2 expression 336 

(Figures 6B-6D and Figure S5A-5C). The treatment of 3-MA also caused a significant 337 

increase in p16 expression to the GFP-Bach2 overexpressing cells, compared to their 338 

corresponding controls (Figures 6E-6F). These results suggested that Bach2 339 
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overexpression has boosting effect on the autophagy process.  340 

To further investigate the role of Bach2 in autophagy, we examined the level of 341 

Bach2 expression in MEFs derived from Atg5- and Atg7-deficient mice. Atg5 and 342 

Atg7 are the essential proteins assembled into early autophagosomal intermediates 343 

[40]. Immunoblot assays confirmed that the expression levels of Atg5 and Atg7 were 344 

significantly decreased in Atg5 and Atg7 KO MEFs, respectively, compared with 345 

respective controls (Figures 6G and 6I and Figures S5D and S5G). However, there 346 

was no significant change in the expression of Bach2 in both Atg5 and Atg7 knockout 347 

MEFs (Figures 6G and 6I). While the expression of cell senescence markers (p16 and 348 

p21) was significantly increased in Atg5- and Atg7-deficient MEFs (Figure 6H and 6J 349 

and Figure S5E-5F and S5H-5I). 350 

Bach2 is involved in autophagy process through interaction with 351 

autophagy-related proteins in fibroblasts  352 

The potential mechanism by which Bach2 gets involved in autophagy was examined 353 

using immunofluorescence to find whether Bach2 is either localized inside the 354 

nucleus or cytoplasm of the fibroblasts. Bach2 is highly expressed in the cytoplasm 355 

and is co-localized with LC3 (Figure 7A), while co-localization with p62 was not 356 

observed in fibroblasts (Figure 7B). Co-immunoprecipitation experiments were 357 

performed to analyze exogenous and endogenous Bach2 interactions with 358 

autophagy-related proteins. Endogenous Bach2 binds to Beclin-1, Atg3, Atg7, and 359 

LC3, but not to P62 in fibroblasts (Figure 7C). In addition, we also found that 360 

exogenously expressed Bach2 in 293FT cells also binds to Beclin-1, Atg3, Atg5, Atg7, 361 

and LC3, but not to p62 (Figure 7D). Taking together, our results suggest that Bach2 362 

is involved in autophagy by directly interacting with autophagy-related proteins.  363 

Both ataxia telangiectasia mutated (ATM) and ataxia telangiectasia and 364 

Rad3-related (ATR) signaling pathways are essential for both DNA repair and DNA 365 

damage responses [41], and UVA is a known inducer of of base pair damage [42]. In 366 
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response to UV irradiation, these senescence phenotypes depend on the DNA damage 367 

response signaling kinases ATM and ATR . However, it is not clear whether ATM or 368 

ATR pathways were involved in Bach2-regulated photoaging. Herein, the results 369 

showed that p16 and p21 were decreased in UVA-irradiated fibroblasts treated with 370 

ATR or ATM inhibitor, compared to the control group (Figure S6A and S6C-6D). The 371 

DDR regulators ATM (ku55933, 100 μM) and ATR (VE-821, 100 μM) interfere with 372 

inhibition of the Bach2 during photoaging in fibroblasts (Figure S6A-6B). Thus, 373 

Bach2 might be regulated by ATM and ATR pathways in UVA-induced photoaging in 374 

fibroblasts. 375 

  376 

 377 

 378 

 379 

 380 

 381 

 382 

 383 

 384 

 385 

 386 

 387 
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Discussion 388 

Bach2 is involved in the regulation of cellular senescence [7]. Bach2 knockdown in 389 

CD4-positive T cells induces SA-β-gal activity which marks the cellular senescence 390 

[20]. Bach2 also regulates the development and differentiation in lymphocytes along 391 

with immune tumorigenesis [43-45]. The function of Bach2 in photoaging mediated 392 

by UVA radiation in skin fibroblasts has yet to be elucidated. The present study 393 

reveals a key anti-photoaging role for Bach2 in skin fibroblasts. Bach2 suppresses 394 

UVA-induced photoaging by enhancing autophagy by interacting with the major 395 

autophagy-related proteins to activate autophagic signaling pathways. 396 

Bach2 is required for efficient commitment of common lymphoid progenitor 397 

cells into the B cell lineage [46]. It promotes lymphoid lineage differentiation by 398 

repressing myeloid cell-related genes at the divergence of myeloid and lymphoid 399 

progenitors [47, 48]. In recent research revealed that Bach2 can also trigger apoptosis 400 

in NIH3T3 (Mouse embryonic fibroblasts) and B-lymphoid cells when exposed to 401 

heavy oxidative stress [49]. Moreover, Bach2 is considered as a potential marker of 402 

DNA damage and aging. Indeed it was demonstrated that the expression of Bach2 403 

mRNA was decreased with a single dose of UV radiation in mouse skin fibroblasts [7]. 404 

However, our study revealed that Bach2 expression was decreased in repeated 405 

UVA-exposed human skin fibroblasts (consecutive UVA radiation for 5 days with 406 

5J/cm2), but not in a single-dose of UVA. This might be due to the different energy 407 

states of UV and UVA as well as the cell type difference. Nevertheless, the present 408 

study further demonstrated that the expression of Bach2 protein is also decreased in in 409 

vivo model of photoaging under chronic exposure to UVA radiation for 30 and 70 410 

days. 411 

The skin faces environmental UV exposure insults that cause oxidative damage 412 

by ROS to macromolecules, eventually leading to cell senescence and subsequent 413 

metabolite accumulation in the cells. UVA radiation and UVA-oxidized phospholipids 414 
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can ignite autophagy in epidermal keratinocytes, which is considered a critical factor 415 

for the degradation of proteins and lipids induced by environmental UV stress [50]. In 416 

addition, UVA radiation raised the expression levels of autophagy and 417 

lysosomal-linked genes such as the autophagy receptor and substrate p62 [51]. 418 

Autophagy or cellular self-digestion is involved in protein and organelle degradation 419 

that is largely linked to human physiology and diseases [52]. Upregulation of 420 

autophagy relieves metabolic or other cytotoxic stress conditions to minimize cellular 421 

senescence and photoaging [53, 54]. Conversely, abnormalities in autophagy result in 422 

a change in physiological conditions that were finally destined for aging and cancer 423 

[55]. Growing evidence supports the hypothesis that deficiency in autophagy causes 424 

different aging phenotypes [56].  425 

Herein, we demonstrate that Bach2 is down-regulated  in photoaged fibroblasts 426 

as a result of chronic exposure to UVA radiation. Moreover, induction of Bach2 427 

increases cell autophagy, whereas knockdown of Bach2 reduces autophagy 428 

progression by regulating the expression levels of the major autophagy-linked genes 429 

(Atg3, Atg5, Atg7, p62, and Beclin-1) in fibroblasts. The underlying mechanism by 430 

which Bach2 regulates cell senescence and autophagy has not been elucidated 431 

previously [57, 58]. The current study was the first to unveil that inhibition of 432 

autophagy by 3-MA induces cell senescence-related markers. This is in agreement  433 

with the literature showing the critical role of autophagy in promoting  cellular 434 

senescence [38, 59]. Our study also showed that both exogenous and endogenous 435 

Bach2 interacts with autophagy-associated proteins (Beclin-1, Atg3, Atg5, Atg7, LC3) 436 

to activate the autophagic signaling pathway, indicating that Bach2 directly act to 437 

regulate the process of autophagy. 438 

The study concludes that Bach2 modulates photoaging by regulating the 439 

autophagy signaling pathways. UVA-irradiation, ATM and ATR-induced cell 440 

senescence inhibit expression of Bach2, leading to activation of the p53 and p16INK4a 441 

pathways to inhibit cell growth. Bach2 therefore regulates autophagy by reducing or 442 
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minimizing the extent of UVA-mediated photoaging in fibroblasts. The present work 443 

provides evidence for the pivotal role of Bach2  in modulating photoaging in the skin. 444 

Bach2 is therefore a novel and promising target for the treatment of skin photoaging 445 

as well as other aging-related skin diseases. 446 
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Figure Legends 470 

Figure 1 Bach2 is involved in UVA-induced photoaging of skin in mice 471 

(A) Pairs of shaved KunMing mice were irradiated with a single dose of 20J/cm2 472 

UVA. 30 and 70 days after UVA irradiation, mid-dorsal skin samples were fixed, 473 

paraffin embedded, and HE stained. With increasing irradiation time (30, 70 days), 474 

UVA irradiation reduced the thickness of skin epidermis in KM mice.(B) Image 475 

analyses to quantify the epidermal thickness. (C) Immunoblot analysis of p16, p21, 476 

Nrf2, HO-1, Bach1, Bach2 in sham-irradiated skin (C1, C2) and compared to 477 

UVA-induced photoaging skin after 30 (1, 2) and 70 (3, 4) days. (D) Confocal 478 

microscope analysis of immunofluorescence with anti-Bach2 antibodies in skin of 479 

normal and photoaging. (E) Quantitative analysis of Bach2 immunofluorescence in 480 

sham-irradiated and UVA irradiated skins. All data are shown as the mean ± SD; *P< 481 

0.05, **P< 0.01,***P< 0.001. 482 

Figure 2 UVA induces Bach2 protein suppression in aged fibroblasts. 483 

(A) SA-β-gal staining was used to detect cell senescence of human dermal fibroblasts 484 

(HDF) exposure to UVA irradiation, and HDF is derived from human foreskin. 485 

Arrows indicate SA-β-gal positive cells. Cells were irradiated daily with 5J/cm2 UVA 486 

for consecutive 5 days. (B) Quantitative analysis of SA-β-gal expression in sham- and 487 

UVA-irradiated (5 J/cm2) cells. *P< 0.05, **, ***, P<0.001. (C) Western blot analyses 488 

using antibodies against p53, p21 and p16 in HDF primary fibroblasts. (D) 489 

Immunofluorescence was used to detect the DNA damage marker γH2AX (Green, 490 

γH2AX; Blue, DAPI). (E) Quantitative analysis of γH2AX fluorescence intensity in 491 

HDF primary fibroblasts. (F)Western blot analyses for Bach1,Bach2, LaminA/C and 492 

LaminB1 levels in HDF primary fibroblasts. (G) Immunofluorescence images were 493 

used to check level of ROS in fibroblasts. (H) MDA accumulation was determined by 494 

lipid peroxidation MDA assay kit in fibroblasts. 495 

Figure 3 The role of Bach2 in UVA-mediated photoaging in fibroblasts.  496 
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Quantitative RT-PCR and Western blot were used to determined Bach2 mRNA (A), 497 

and protein level (B) in PLJM (vector control) and Bach2 overexpressing fibroblasts. 498 

The overexpression vector of Bach2 is contains a Flag tag, and transfect the Bach2 499 

vector to HDF fibroblasts, use Flag antibody to detect the Bach2 protein levels. 500 

(C)SA-β-galactosidase (SA-β-gal) staining of HDF in Bach2 overexpressing and 501 

PLJM control primary fibroblasts. (D)The percentages (+/- SD) of SA-β-gal-positive 502 

cells in three independent cells are shown. (E)Quantitative RT-PCR analysis 503 

determining mRNA levels of p16andRbin Bach2 overexpressing and vector control 504 

cells. (F) Immunoblot analysis with antibodies against p16 in Bach2 overexpressing 505 

and vector control cells. (G) Immunoblot analysis of the Bach2 and p16 proteins 506 

analyzed in control (no UVA) or UVA-treated (5 J/cm2 UVA irradiation repeated daily 507 

for 5 days) cells expressing either Bach2 or vector control. (H, I) Quantitative analysis 508 

of Bach2 and p16 protein expression in control (no UVA) or UVA-treated cells 509 

expressing either Bach2 or vector control. β-actin served as the loading control. 510 

Figure 4 Bach2 knockdown enhances UVA-mediated photoaging in fibroblasts. 511 

(A) qPCR analysis was performed to assess the mRNA abundance of Bach2 in HDF 512 

cells infected with either RFP or Bach2si adenovirus for 72 h. (B) Immunoblot 513 

analysis of Bach2 protein levels in HDF cells infected with either RFP or Bach2si 514 

adenovirus for 72 h. (C) Quantitative analysis of Bach2 proteins expression in HDF 515 

infected with RFP and RFP-Bach2si adenovirus. (D) SA-β-gal staining of HDF 516 

infected with RFP and RFP-Bach2si adenovirus. (E) Percentages ± SD of 517 

SA-β-gal-positive cells in three independent cells are shown (Ctrl, black bar; Bach2si, 518 

grey bar). (F) Immunoblot analysis of p16 protein levels in HDF cells infected with 519 

either Bach2si and control adenovirus. (G) Quantitative analysis of p16 protein in 520 

HDF cells infected with either Bach2si or control adenovirus. (H) Immunoblot 521 

analysis for Bach2 and p16 proteins were performed in control (no UVA) or 522 

UVA-treated (5J/cm2 UVA irradiation repeated daily for 5 days) cells in either 523 

Bach2si or in vector control. (I, J) Quantitative analysis of Bach2 and p16 proteins 524 
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expression in control (no UVA) or UVA-treated cells with either Bach2si or vector 525 

control. β-actin served as loading control. 526 

Figure 5 Bach2 increases autophagy progression in fibroblasts. 527 

(A) Immunoblotting assay showed Bach2 protein levels with no serum treatment for 4 528 

h. (B) Nuclear and cytoplasmic Bach2 was detected in vector control (PLJM) and 529 

Bach2 overexpressing cells. PARP serves as control for the nuclear fraction and 530 

caspase-3 for the cytoplasmic fraction. (C) The cellular localization of Bach2 (green) 531 

and LC3 (red) were evaluated by confocal microscopy. 532 

Figure 6 Autophagy suppression induces cell senescence in fibroblasts. 533 

(A) Immunoblot assays determined Bach2 and p16 proteins levels in HDF cells 534 

following the proteasomal inhibitor 20 μM MG-132 treatment for specified times 535 

points. (B) Immunoblot analysis of Bach2, p62, Atg3, Atg7, and LC3proteins were 536 

examined in control (no 3-MA) or 3-MA-treated (10 mM 3-MA treated cells for 2 537 

hours) cells expressing either Bach2 or vector control. (C, D) Quantitative analysis of 538 

p62 and Bach2 proteins expression in control (no 3-MA) or 3-MA-treated cells 539 

expressing either Bach2 or vector control. (E) Immunoblot analysis of p16 protein 540 

were examined in control (no 3-MA) or 3-MA-treated (10 mM 3-MA treat cell for 2 541 

hours) cells expressing either Bach2 or vector control. (F) Quantitative analysis of 542 

p16 protein expression in control (no 3-MA) or 3-MA-treated cells expressing either 543 

Bach2 or vector control. (G, H) Mouse embryonic fibroblasts (MEF) derived from 544 

Atg5 KO and Atg7 KO animals, immunoblot assays using antibodies against Bach2, 545 

p16 and p21 in MEFs from Atg5-WT or Atg5-deficient mice. (I, J) Immunoblotting 546 

with Bach2, p16 and p21 antibodies were determined in Atg7 KO and Atg7 WT MEFs. 547 

β-actin was used as loading control. All data are shown as the mean±SD; *P< 0.05, 548 

**P< 0.01,***P< 0.001. 549 

Figure 7 Bach2 interaction with the main autophagy-regulated proteins in 550 
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fibroblasts 551 

(A) Confocal microscope analysis of double immunofluorescence with anti-Bach2 552 

(green) and anti-Atg3 (red) antibodies in fibroblasts. (B) Confocal microscope 553 

analysis of double immunofluorescence with anti-Bach2 (green) and p62 (red) 554 

antibodies in fibroblasts. (C) Reciprocal co-immunoprecipitations were performed to 555 

detect the interactions of endogenous Bach2 and Atg3, Atg5, Atg7,p62, Beclin-1 and 556 

LC3 in primary fibroblasts. (D) Reciprocal co-immunoprecipitations were performed 557 

to detect the interaction of exogenous Bach2 and Atg3, Atg5, Atg7, p62, Beclin-1 and 558 

LC3 in 293FT cells. β-actin was used as loading control.  559 

Figure 8 Model of how Bach2 links autophagy and DNA damage response to 560 

photoaging. 561 

The non-senescent state is maintained by inhibitory barriers which prevent cell cycle 562 

arrest and inflammation. Upon exposure to senescence-inducing signals such as UVA, 563 

ATM and ATR inhibition of transcription factor Bach2, activates p53 and p16INK4a 564 

pathways to relieve inhibition of growth arrest, and Bach2 also induces macrophagy 565 

and suppresses senescence that results in photoaging in fibroblasts. 566 

Supplementary Figure 1 567 

(A-F) Quantitative analysis of p16, p21, Bach2, Bach1, Nrf2 and HO-1 proteins 568 

(figure 1C) in sham-irradiated and UVA-irradiated (irradiation for 30 and 70 days, 569 

respectively) skins. 570 

Supplementary Figure 2  571 

(A, B) Relative transcript levels of p53, p21 and p16 were determined by quantitative 572 

real-time PCR analyses in HDF and Fb primary fibroblasts. (C) Quantitative analysis 573 

of p53, p21 and p16 proteins expression levels (Figure 2C) in HDF fibroblast cells. 574 

(D-G) Quantitative analysis of Bach2, Bach1, Lamin A/C, Lamin B1 proteins 575 

expression levels (Figure 2D) in HDF fibroblasts.*, P< 0.05, **, P< 0.01, ***, P< 576 
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0.001. 577 

Supplementary Figure 3 578 

(A-B) Immunoblot assay for the detection of Lamin B1, MMP3, MMP9, CXCR2 and 579 

IL-6 protein levels in fibroblasts with Bach2 overexpression. (C) HDF cells were 580 

infected with either empty (RFP) or RFP-Bach2si adenovirus for 72 h. Then, Bach2 581 

expression was detected with immunocytochemistry. (D, E) qPCR analysis was 582 

performed to assess the mRNA abundance of MAFK and p16.(F)qPCR analysis was 583 

performed to assess the mRNA abundance of p16 in control (-UVA) or UVA-treated 584 

cells in either Bach2si or in vector control.*, P< 0.05, ***, P< 0.001. 585 

Supplementary Figure 4 586 

(A) HDF cells were transfected with mammalian expression vectors, either 587 

empty(PLJM1) or a vector expressing GFP-tagged Bach2 cDNA. Puromycin 588 

selectionfor transfected cells started 48 h after transfection. Cellular localization 589 

(nucleusvs. cytoplasm) was detected 3 days after antibiotic selection. (B) Western blot 590 

was detected the expression of the Ub (Ubiquitin protein) in MG132-treated 591 

fibroblasts at 6 and 12 h post-treatment times. (C) qRT-PCR analysis of Atg3, Atg5, 592 

Atg7 and p62 were performed to assess the mRNA levels in fibroblasts infected with 593 

vector control and Bach2. (D) qRT-PCR analysis of Atg3, Atg5, Atg7 and p62 were 594 

performed to assess the mRNA levels in fibroblasts infected with Bach2si and control 595 

adenovirus. *P< 0.05, ***P< 0.001. 596 

Supplementary Figure 5 597 

(A-C) Quantitative analysis of Atg3, Atg7 and LC3 protein expression (Figure 6A) in 598 

control (no 3-MA) or 3-MA-treated cells expressing either Bach2 or vector 599 

control.(D-F) Quantitative analysis Atg5, p16 and p21 proteins expression (Figure 6F 600 

and 6J) in Atg5-deficient and Atg5 WT MEF. (G-I) Quantitative analysis of Atg7, p16 601 

and p21 protein expression (Figure 6G and 6K) in Atg7-deficient and Atg7 WT MEF. 602 
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*P< 0.05, **, P< 0.01, ***, P< 0.001. 603 

Supplementary Figure 6 604 

(A) Immunoblot analysis with antibodies against Bach2, p16 and p21 in ATM and 605 

ATR-inhibited fibroblasts following UVA irradiation. (B-D)Quantitative analysis of 606 

Bach2, p16 and p21 protein expression levels in ATM and/or ATR inhibitor treatment 607 

in fibroblasts following UVA irradiation.*P< 0.05, **, P< 0.01, ***, P< 0.001. 608 
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