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Calorie restriction (CR) and the activation of autophagy 
extend healthspan by delaying the onset of age-associated 
diseases in most living organisms. Because protein kinase 
CK2 (CK2) downregulation induces cellular senescence 
and nematode aging, we investigated CK2’s role in CR and 
autophagy. This study indicated that CR upregulated CK2’s 
expression, thereby causing SIRT1 and AMP-activated protein 
kinase (AMPK) activation. CK2α overexpression, including 
antisense inhibitors of miR-186, miR-216b, miR-337-3p, and 
miR-760, stimulated autophagy initiation and nucleation 
markers (increase in ATG5, ATG7, LC3BII, beclin-1, and 
Ulk1, and decrease in SQSTM1/p62). The SIRT1 deacetylase, 
AKT, mammalian target of rapamycin (mTOR), AMPK, 
and forkhead homeobox type O (FoxO) 3a were involved 
in CK2-mediated autophagy. The treatment with the AKT 
inhibitor triciribine, the AMPK activator AICAR, or the SIRT1 
activator resveratrol rescued a reduction in the expression of 
lgg-1 (the Caenorhabditis elegans ortholog of LC3B), bec-
1 (the C. elegans ortholog of beclin-1), and unc-51 (the 
C. elegans ortholog of Ulk1), mediated by kin-10 (the C. 
elegans ortholog of CK2β) knockdown in nematodes. Thus, 
this study indicated that CK2 acted as a positive regulator in 
CR and autophagy, thereby suggesting that these four miRs’ 
antisense inhibitors can be used as CR mimetics or autophagy 
inducers.
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INTRODUCTION

Calorie restriction (CR), which consists of chronic reduction in 

total calorie intake without malnutrition, is the most success-

ful strategy to delay cellular senescence. The CR extends lifes-

pan, improving the healthspan by counteracting the onset of 

age-associated diseases in most, if not all, living organisms in-

cluding human (López-Lluch and Navas, 2016; Madeo et al., 

2019; Sinclair, 2005; Testa et al., 2014) CR’s hallmark feature 

is the decrease in cell components’ oxidative damage (Gous-

pillou and Hepple, 2013; Kowaltowski, 2011). Besides, CR 

induces macroautophagy (herein referred to as autophagy), 

which plays an essential role in the beneficial effects exerted 

by CR (Madeo et al., 2019; Testa et al., 2014). Autophagy’s 

lysosomal degradation pathway is a conserved cellular recy-

cling process that eliminates damaged organelles and protein 

aggregates, thereby protecting cellular functionality and 

integrity. Thus, autophagy activation extends lifespan and/

or healthspan in numerous model organisms. In contrast, 

dysfunctional autophagy can result in advanced aging and 

quickened the onset of several diseases, including neurode-

generation, cancer, and cardiovascular diseases (Choi et al., 

2013; Ravanan et al., 2017). Autophagy is mediated by evo-

lutionarily conserved autophagy-related genes (ATG) (Levine 

and Kroemer, 2019). LC3BI is converted to its lapidated form, 

LC3BII, during autophagy, and is incorporated in autopha-

gosomes, which then function as docking sites for adapter 

proteins, such as SQSTM1/p62 (Hanna et al., 2012; Sahani et 

al., 2014). Also, various protein kinases and transcription fac-
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tors are involved in controlling the autophagy apparatus. For 

example, the transcription factor forkhead homeobox type O 

(FoxO) 3a plays a vital role in regulating several ATG, includ-

ing beclin-1 and ulk1 (Mammucari et al., 2007; Zhao et al., 

2007). The AMP-activated protein kinase (AMPK) stimulates 

autophagy as well by activating Ulk1 through direct Ulk1’s 

phosphorylation (Salminen and Kaarniranta, 2012). In con-

trast, the high activity of the mammalian target of rapamycin 

(mTOR) inhibits Ulk1’s activation by phosphorylating Ulk1 

(Heras-Sandoval et al., 2014).

 Cellular senescence is proliferation’s terminal arrest trig-

gered by various cellular stresses such as telomere shortening, 

oncogenic activation, and oxidative stress. Although senes-

cence has been regarded as an effective cancer suppression 

mechanism, it is also involved in some pathological condi-

tions, such as aging, age-associated diseases, and tumori-

genesis (Childs et al., 2015; McHugh and Gil, 2018). Protein 

kinase CK2 (CK2) is a serine/threonine kinase that catalyzes 

the phosphorylation of several nuclear and cytoplasmic pro-

teins. Furthermore, the CK2’s holoenzyme is a heterotetramer 

composed of two catalytic (α and/or α’) subunits and two 

regulatory β subunits, where the β subunit stimulates the α 

or α’ subunit’s catalytic activity, thereby mediating tetramer 

formation and substrate recognition (Litchfield, 2003). Our 

previous study identified CK2 as a senescence regulator. 

CK2 down-regulation induces several senescence markers, 

including senescence-associated β-galactosidase activity (Ryu 

et al., 2006), the p53-p21Cip1/WAF1 axis’ activation (Kang et al., 

2009), senescence-associated heterochromatin foci (SAHF) 

formation (Park et al., 2018), and senescence-associated se-

cretory phenotype (SASP) expression (Song and Bae, 2021). 

The miR-186, miR-216b, miR-337-3p, and miR-760 promote 

cellular senescence by inhibiting CK2α (Kim et al., 2012; Lee 

et al., 2014). Besides, knockdown of kin-10—the Caenorhab-

ditis elegans ortholog of CK2β—led to a short lifespan pheno-

type and induced age-related biomarkers in nematodes (Park 

et al., 2017).

 Therefore, because CR and autophagy are broadly believed 

to suppress cellular senescence, we examined CK2’s role in 

CR and autophagy. Our results indicated that CK2 was up-

regulated in CR conditions and that CK2’s downregulation 

inhibited autophagy through AMPK, AKT, mTOR, SIRT1, and 

FoxO3a. We also established that AKT, AMPK, and SIRT1 was 

associated with decreased autophagy markers, mediated by 

CK2 downregulation in nematodes. Moreover, findings es-

tablished the antisense inhibitors of miR-186, miR-216b, miR-

337-3p, and miR-760, which upregulated CK2, as autophagy 

inducers and putative CR mimetics.

MATERIALS AND METHODS

Chemicals, siRNA, and antibodies
We obtained triciribine, rapamycin, AICAR, resveratrol, 

spermidine, and antibody against SQSTM1/p62 from Sig-

ma-Aldrich (USA). We also purchased antibodies against 

CK2α, CK2β, β-actin, SIRT1, and siRNA for SIRT1 (sc-40986) 

from Santa Cruz Biotechnology (USA). We obtained an-

tibodies against LC3, Atg5, Atg7, Atg5 (D5F5U), AMPK, 

phospho-AMPK (T172), FoxO3a, LKB1, and phospho-LKB1 

(S428), from Cell Signaling Technology (USA).

Cell culture and CR
We cultured HCT116 human colon cancer cells and MCF-7 

human breast cancer cells (ATCC, USA) in Dulbecco’s modi-

fied Eagle medium (Thermo Fisher Scientific, USA), with 25 

mM glucose and all amino acids, containing 10% (v/v) fetal 

bovine serum under a humidified atmosphere of 5% (v/v) 

CO2 at 37°C. For cell’s starvation, we washed the cells with 

phosphate-buffered saline twice and then cultured them in 

an Earle’s balanced salt solution (Thermo Fisher Scientific), 

with 5.5 mM glucose without amino acid, according to the 

indicated time.

RNA and DNA transfection
We transfected the pcDNA-HA-CK2α, pECE-Flag-SIRT1, 

pECE-Flag-SIRT1 (H363Y), and pECE-HA-FoxO3a into cells 

using Polyfect (Qiagen, Germany) as per the manufacturer’s 

instructions. We purchased the mimics for miR-186, miR-

216b, miR-337-3p, miR-760, and the control miRNA from 

Genolution (Korea). We obtained the antisense inhibitors 

for miR-186, miR-216b, miR-337-3p, and miR-760 from 

Panagene (Korea). The CK2α siRNA’s sequence was 5′

-UCAAGAUGACUACCAGCUGdTdT-3′, whereas, that of the 

negative control was 5′-GCUCAGAUCAAUACGGAGAdT-

dT-3′. We transfected the RNAs into cells using Lipofect-

amine (Invitrogen, USA) for 48 h.

Immunoblotting
We separated proteins on 12% or 15% polyacrylamide gels 

in the presence of sodium dodecyl sulfate (SDS), and then 

transferred them onto nitrocellulose membranes. We sub-

sequently blocked the membranes with 5% (w/v) non-fat, 

dried skim milk in TBST (20 mM Tris-HCl [pH 7.4], 150 mM 

NaCl, and 0.05% Tween 20) for 2 h and then incubated 

them with specific antibodies in 1% (w/v) non-fat, dried skim 

milk for 1 h. Next, we washed the membranes three times 

with TBST, and then treated them with the ECL system (GE 

Healthcare, UK) to develop the signals. When deemed nec-

essary, we stripped the membranes with a stripping buffer 

(2% SDS, 100 mM β-mercaptoethanol, and 50 mM Tris-HCl 

[pH 7.0]) at 50°C for 1 h with gentle shaking, after which we 

re-probed them with an anti-β-actin antibody as an internal 

loading control.

Reverse transcription polymerase chain reaction
We extracted total RNA from human cancer cells or nema-

todes. We reverse transcribed the RNA using gene-specific 

primers and reverse transcriptase (Takara Bio, Japan), after 

which we polymerase chain reaction (PCR)-amplified the 

resulting cDNA. We have listed the primers we used in our 

assays in Supplementary Table S1. We subsequently resolved 

the PCR products on a 1.5% agarose gel. Next, we per-

formed reverse transcription PCR (RT-PCR) bands’ quantifi-

cation using densitometry. Primers for β-actin (human cells) 

and act-2 (nematodes) RNA were used to standardize the 

amounts of RNA in each sample.
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Culture of C. elegans and RNAi experiment
We acquired the C. elegans DA2123 [lgg-1p::gfp::l-

gg-1+rol-6(su1006)] strain and N2 (wild-type) strain from the 

Caenorhabditis Genetics Center (CGC, USA). We grew the 

nematodes at 21°C on nematode growth medium (NGM) 

agar plates with Escherichia coli strain OP50 as a food source. 

E. coli HT115 cells expressing double-stranded kin-10 RNA 

were obtained from the C. elegans ORFeome RNAi library. 

We used the E. coli HT115 strain carrying the empty L4440 

vector as control RNAi. We fed the nematodes with kin-10 

RNAi at the L4 larval stage for one day to deactivate the kin-

10 function. For some experiments, we treated the nem-

atodes with AICAR, rapamycin, resveratrol, or spermidine, 

respectively.

Reporter gene assay
We transferred the synchronized (L4 larva) reporter nema-

todes [lgg-1p::gfp::lgg-1+rol-6(su1006)] to the HT115-seed-

ed NGM plates. After one day, we measured the uorescence 

of green uorescent protein (GFP) using a uorescence micro-

scope (Zeiss AxioCam MRc; Zeiss, Germany) at excitation and 

emission wavelengths of 490 nm, respectively. After that, we 

quanti ed the relative uorescence intensity of the setup using 

ImageJ software to determine the GFP levels. We conducted 

three independent experiments.

Statistical analysis
We analyzed our data with one-way ANOVA using the IBM 

SPSS Statistics (ver. 24.0; IBM, USA). We considered the re-

sults significant when the P value was <0.05. We also used 

Duncan’s multiple-range test to identify the differences be-

tween the groups as α = 0.05.

RESULTS

CK2 was upregulated, and induced SIRT1 and AMPK acti-
vation during CR in human cancer cells
From previous studies because CK2 downregulation induced 

cellular senescence and nematode aging (Park et al., 2017; 

Ryu et al., 2006), and the CR provides an anti-aging effect 

(López-Lluch and Navas, 2016; Madeo et al., 2019; Sinclair, 

2005; Testa et al., 2014), we supposed that CK2 would be 

upregulated under CR conditions. Therefore, we incubated 

HCT116 and MCF-7 cells in CR conditions to test this hypoth-

esis. Western blot analysis showed that CK2α’s and CK2β’s 

protein levels increased under the CR condition than the 

normal condition (Fig. 1A). Furthermore, consistent with pre-

vious reports (Cohen et al., 2004; Salminen and Kaarniranta, 

2012), the CR condition elevated p-AMPK (T172) and SIRT1 

protein levels (Fig. 1B). Thus, to determine the relationship 

between CK2, SIRT1, and AMPK under CR conditions, we 

treated cells with CK2α siRNA and incubated them under CR 

conditions. We observed that treatment with CK2α siRNA 

completely abolished the CR-induced increase of SIRT1 and 

p-AMPK, thereby indicating CK2 as an upstream regulator of 

SIRT1 and AMPK in CR conditions (Fig. 1B). We then exam-

ined whether the CR-mediated increase in the protein levels 

of CK2α and SIRT1 correlated with an increase at the tran-

scriptional level. RT-PCR indicated that CR upregulated the 

mRNA levels of CK2α and SIRT1 (Fig. 1C, Supplementary Fig. 

S1A). The knockdown of CK2α did not suppress the CR-me-

diated increase in the mRNA levels of SIRT1 (Fig. 1C). Further-

more, CK2α overexpression did not change the mRNA level 

of SIRT1 as well (Supplementary Fig. S1B). Taken together, 

the data suggested that CR upregulated CK2α and SIRT1 at 

the transcription level, whereas, CK2 upregulated SIRT1 at 

the post-transcription level under CR conditions.

Fig. 1. CK2 upregulated and induced SIRT1 and AMPK activation during calorie restriction in human cancer cells. (A) HCT116 

and MCF-7 cells were incubated under CR conditions for the indicated time. (B and C) Cells were transfected with CK2α siRNA for 

1.5 days, then incubated under CR conditions for 7 h. The levels of each protein (A and B) and mRNA (C) were then determined by 

immunoblotting using specific antibodies, and by RT-PCR analysis using specific primers, respectively (top). Representative data from 

three independent experiments are shown. β-Actin was used as a control. The graphs represent the quantitation of CK2α, CK2β, and 

SIRT1 relative to β-actin, and p-AMPK (T172) relative to the unphosphorylated AMPK (bottom). Data were reported as mean ± SEM. *P < 

0.05, **P < 0.01, ***P < 0.001. Bars that do not have the same letter (a, b, c) were significantly different among groups at P < 0.05.
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CK2 positively regulated autophagy in human cancer cells
Given that CR is a key inducer of autophagy (López-Lluch and 

Navas, 2016; Madeo et al., 2019; Sinclair, 2005; Testa et al., 

2014), we investigated CK2’s role in autophagy in HCT116 

and MCF-7 cells. Western blotting and RT-PCR indicated 

that treatment with CK2α siRNA reduced several autophagy 

markers’ expression, including the reduction of ATG5, ATG7, 

LC3BII, beclin-1, and Ulk1, and the induction of SQSTM1/

p62. In contrast, CK2α’s overexpression upregulated the 

expression of ATG5, ATG7, LC3BII, beclin-1, and Ulk1, but 

decreased the level of SQSTM1/p62 (Fig. 2). Moreover, addi-

tional treatment with CK2α siRNA after CR abrogated both 

the induction of ATG5, ATG7, LC3BII, beclin-1, and Ulk1 and 

the reduction of SQSTM1/p62, caused by CR (Supplemen-

tary Fig. S2). These results suggested that CK2 stimulated 

autophagy in HCT116 and MCF-7 cells. We have previously 

shown that miR-186, miR-216b, miR-337-3p, and miR-760 

promoted cellular senescence by targeting CK2α, whereas, 

these four miRNAs’ antisense inhibitors increased CK2α ex-

pression and suppressed CK2 inhibition-mediated senescence 

(Kim et al., 2012; Lee et al., 2014). Thus, we investigated the 

effects of these four miRs and antisense inhibitors (4 miRi) 

on autophagy. Western blotting and RT-PCR indicated that 

treatment with the four miRs decreased autophagy, whereas 

treatment with the four miR inhibitors (4 miRi) resulted in in-

creased autophagy (Supplementary Fig. S3). Taken together, 

these results indicated that CK2 positively regulated autopha-

gy in human cancer cells, and suggested that these antisense 

inhibitors can be used as autophagy inducers and putative CR 

mimetics.

CK2 regulated autophagy via mTOR and SIRT1 in human 
cancer cells
We previously showed that mTOR and SIRT1 are involved 

in CK2 downregulation-mediated senescence (Ham et al., 

2019; Jang et al., 2011; Park et al., 2013). Therefore, in this 

study, we treated the cells with CK2α siRNA in the presence 

of the mTOR inhibitor rapamycin (10 μM) or the SIRT1 acti-

vator resveratrol (10 μM) to examine the role of mTOR and 

SIRT1 in autophagy, mediated by CK2. Rapamycin treatment 

suppressed both the reduction of ATG5, ATG7, and LC3BII 

and induction of SQSTM1/p62 caused by CK2 downregula-

tion, maintaining the beclin-1’s and Ulk1’s levels unchanged. 

However, treatment with resveratrol successfully suppressed 

both the reduction of ATG5, ATG7, LC3BII, beclin-1, and Ulk1 

and the induction of SQSTM1/p62 caused by CK2 down-

regulation (Fig. 3A). Furthermore, we transfected cells with 

pECE-Flag-SIRT1 or pECE-Flag-SIRT1 (H363Y) in the presence 

of CK2α siRNA to further confirm SIRT1’s impact on reduction 

of autophagy caused by CK2 downregulation. The overex-

pression of SIRT1’s wild-type, but not that of the catalytically 

inactive mutant of SIRT1 (H363Y), successfully abrogated 

both the reduction of ATG5, ATG7, LC3BII, beclin-1, and Ulk1 

and the induction of SQSTM1/p62, all caused by CK2 down-

regulation (Fig. 3B). Taken together, these data suggested 

that SIRT1 is an upstream regulator of ATG5, ATG7, LC3BII, 

SQSTM1/p62, beclin-1, and ULK1 in CK2-mediated auto-

phagy. Moreover, mTOR is an upstream regulator of ATG5, 

ATG7, LC3BII, and SQSTM1/p62, but not the transcription of 

beclin-1 and Ulk1 genes.

Fig. 2. CK2 positively regulated autophagy in human cancer cells. HCT116 and MCF-7 cells were transfected with CK2α siRNA or 

pcDNA3.1-HA-CK2α for 2 days. (A) Immunoblotting was then used to determine the level of each protein using specific antibodies 

(top). (B) The level of each mRNA was determined by RT-PCR using specific primers (top). Representative data from three independent 

experiments are shown. β-Actin was used as a control. The graphs represent quantitation of each protein and mRNA relative to β-actin 

(bottom). Data were reported as mean ± SEM. Bars that do not have the same letter (a, b, c) were significantly different among groups at 

P < 0.05.
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CK2 regulated autophagy via AMPK and AKT in human 
cancer cells
Given that AKT and AMPK are involved in CK2 downreg-

ulation-mediated senescence (Jang et al., 2020; Park et 

al., 2013), we investigated the role of AKT and AMPK in 

CK2-induced autophagy. We treated HCT116 and MCF-7 

cells with CK2α siRNA in the presence of the AMPK activa-

tor AICAR (10 μM) or the AKT inhibitor triciribine (10 μM) 

to examine AKT’s and AMPK’s role in autophagy decline as 

mediated by CK2 downregulation. As shown in Fig. 4, treat-

ment with AICAR or triciribine successfully impeded both the 

reduction of ATG5, ATG7, LC3BII, beclin-1, and Ulk1 and the 

induction of SQSTM1/p62, caused by CK2 downregulation, 

indicating that AMPK and AKT were upstream regulators 

of ATG5, ATG7, LC3BII, SQSTM1/p62, beclin-1, and Ulk1 in 

CK2-mediated autophagy. Furthermore, because LKB1 is a 

well-known AMPK upstream regulator (Mirouse and Billaud, 

2011), we transfected cells with CK2α cDNA or CK2α siRNA 

to establish LKB1’s role in CK2-induced AMPK activation. 

CK2 overexpression elevated the levels of p-LKB1 (S428) and 

p-AMPK (T172) compared with control cells, whereas CK2 

downregulation reduced the levels of p-LKB1 and p-AMPK 

(Supplementary Fig. S4A). It has been shown that SIRT1 ac-

tivated LKB1 via deacetylation of Lys 48 within LKB1 (Lan et 

Fig. 3. CK2 positively regulated autophagy via mTOR and SIRT1 in human cancer cells. (A) HCT116 and MCF-7 cells were transfected 

with CK2α siRNA for 2 days in the absence or presence of 10 μM rapamycin or 10 μM resveratrol. The levels of each protein (left-

top) and mRNA (left-bottom) were determined by immunoblotting using specific antibodies and by RT-PCR using specific primers, 

respectively. Representative data from three independent experiments are shown. β-Actin was used as a control. The graphs represent 

the quantitation of each protein (right-top) and mRNA (right-bottom) relative to β-actin. WB, Western blotting. (B) Cells were transfected 

with CK2α siRNA for 2 days in the absence or presence of pECE-flag-SIRT1 or pECE-flag-SIRT1 mutant (H363Y). The levels of each protein 

(left-top) and mRNA (left-bottom) were determined by immunoblotting using specific antibodies and by RT-PCR using specific primers, 

respectively. Representative data from three independent experiments are shown. β-Actin was used as a control. The graphs represent 

the quantitation of each protein (right-top) and mRNA (right-bottom) relative to β-actin. Data are reported as mean ± SEM. Bars that do 

not have the same letter (a, b, c) were significantly different among groups at P < 0.05.
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Fig. 5. Overexpression of FoxO3a rescued CK2 downregulation-mediated autophagy inhibition in human cancer cells. HCT116 and 

MCF-7 cells were transfected with CK2α siRNA for 2 days in the absence or presence of pECE-HA-FoxO3a. (A) The level of each protein 

was determined by immunoblotting using specific antibodies (top). (B) The level of each mRNA was determined by RT-PCR using specific 

primers (top). Representative data from three independent experiments are shown. β-Actin was used as a control. The graphs represent 

the quantitation of each protein and mRNA relative to β-actin (bottom). Data are reported as mean ± SEM. Bars that do not have the 

same letter (a, b, c) were significantly different among groups at P < 0.05.

Fig. 4. CK2 positively regulated autophagy via AMPK and AKT pathways in human cancer cells. HCT116 and MCF-7 cells were 

transfected with CK2α siRNA for 2 days in the absence or presence of 10 μM AICAR or 10 μM triciribine. (A) The level of each protein 

was determined by immunoblotting using specific antibodies (top). (B) The level of each mRNA was determined by RT-PCR using specific 

primers (top). Representative data from three independent experiments are shown. β-Actin was used as a control. The graphs represent 

the quantitation of each protein and mRNA relative to β-actin (bottom). Data are reported as mean ± SEM. Bars that do not have the 

same letter (a, b, c) were significantly different among groups at P < 0.05.
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al., 2008). Therefore, additional treatment with SIRT1 siRNA 

after CK2 overexpression attenuated the increase in the levels 

of p-LKB1 and p-AMPK (T172), mediated by CK2 overexpres-

sion (Supplementary Fig. S4B). Taken together, these results 

suggested that CK2 activated autophagy through AKT and 

SIRT1–LKB1–AMPK pathways in human cancer cells.

CK2 regulated autophagy via FoxO3a in human cancer 
cells
Transcriptional activity of FOXO3a is also involved in CK2 

downregulation-mediated senescence (Ham et al., 2019; 

Park and Bae, 2016). Therefore, we treated cells with CK2α 

siRNA in the presence of FoxO3a cDNA to examine FoxO3a’s 

role in autophagy, mediated by CK2. FoxO3a’s overexpression 

suppressed both the reduction of ATG5, ATG7, LC3BII, be-

clin-1, and Ulk1, and the induction of SQSTM1/p62, caused 

by CK2 downregulation (Fig. 5). These data suggested that 

FoxO3a is an upstream regulator of ATG5, ATG7, LC3BII, 

p62, beclin-1, and ULK1 during CK2-mediated autophagy.

Kin-10 RNAi decreased autophagy markers in nematodes
We have previously shown that kin-10 (the C. elegans or-

tholog of CK2β) knockdown results in reduced longevity and 

onset of aging-related biomarkers via the AGE-1/PI3K–AKT-

1/AKT–DAF-16/FoxO pathway in nematodes (Park et al., 

2017). Therefore, to examine whether CK2 regulates LGG-

1 (the C. elegans ortholog of LC3B) in C. elegans, we mea-

sured the fluorescence of a reporter worms that were specific 

for LGG-1. The kin-10 RNAi decreased the fluorescence of 

lgg-1::gfp from the reporter worms compared with the con-

trol RNAi (L4440). The treatment with triciribine (50 μM), 

AICAR (100 μM), and resveratrol (50 μM), also rescued the 

fluorescence reduction of the lgg-1::gfp reporter mediated by 

kin-10 knockdown (Fig. 6A). Moreover, kin-10 knockdown 

reduced the mRNA levels of bec-1 (the C. elegans ortholog 

of beclin-1) and unc-51 (the C. elegans ortholog of Ulk1) in 

nematodes compared with the control RNAi. Additionally, 

treatment with triciribine (50 μM), AICAR (100 μM), and 

resveratrol (50 μM), and the putative CK2 activator spermi-

dine (0.2 μM) significantly abrogated the reduction of these 

mRNA levels mediated by kin-10 knockdown (Fig. 6B). These 

results collectively suggest that CK2 can positively regulate 

autophagy via AKT, AMPK, and SIRT1 in C. elegans.

Fig. 6. Kin-10 RNAi decreased autophagy markers in nematodes. (A) Synchronized (L4 larva) reporter nematodes lgg-1::gfp were fed 

on control RNAi or kin-10 RNAi plates containing AICAR (100 μM), triciribin (TCN, 0.2 μM), or resveratrol (RSV, 50 μM) under standard 

conditions. Representative fluorescence images at day 1 of adulthood were obtained at 10× magnification (top). The fluorescence 

intensity of GFP was quantified using ImageJ software by determining the average pixel intensity (n = 30 per condition). (B) Synchronized 

(L4 larva) nematodes were fed on control RNAi or kin-10 RNAi plates containing AICAR (100 μM), triciribine (TCN, 0.2 μM), resveratrol 

(RSV, 50 μM), or spermine (SPM, 0.2 μM) under standard conditions. Subsequently, lysates from nematodes were used in RT-PCR using 

specific primers. The level of each mRNA was determined by RT-PCR (top). Representative data from the three independent experiments 

are shown. Act-2 was used as a control. The graphs represent the quantitation of each protein and mRNA relative to act-2 (bottom). 

Data are reported as mean ± SEM. Bars that do not have the same letter (a, b, c) were significantly different among groups at P < 0.05.
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DISCUSSION

Aging is associated with an increase in reactive oxygen spe-

cies (ROS) generation and a decreased antioxidant defense 

system (Luo et al., 2020). CR extends longevity in several 

organisms from yeasts to mammals (López-Lluch and Navas, 

2016; Madeo et al., 2019; Sinclair, 2005; Testa et al., 2014), 

and a CR’s hallmark feature is a decrease in oxidative damage 

of cell components (Gouspillou and Hepple, 2013; Kowal-

towski, 2011). We previously showed as well that CK2 down-

regulation stimulated ROS accumulation through both super-

oxide anion generation in the cytoplasm by NADPH oxidase 

activation (Jeon et al., 2010) and antioxidant reduction by 

inhibiting transcription factors, such as FoxO3a and Nrf2 via 

AKT, SIRT1, and AMPK (Ham et al., 2019; Jang et al., 2020; 

Park and Bae, 2016; Park et al., 2013). The present study 

clearly shows that CR upregulates CK2 (Fig. 1, Supplementa-

ry Fig. S1). Thus, our previous and present studies collectively 

suggested that CR reduced intracellular ROS, at least in part, 

through CK2 activation. Furthermore, CR promoted AMPK 

activation by increasing the cellular AMP/ATP ratio (Salminen 

and Kaarniranta, 2012). However, the present study suggest-

ed a novel mechanism for CR-mediated AMPK activation, 

because CK2 induced AMPK activation under CR conditions 

by activating the SIRT1–LKB1 pathway (Fig. 1, Supplementary 

Figs. S1 and S4). This study also importantly indicated that CR 

upregulated CK2 and SIRT1 at the transcription level, where-

as CK2 upregulated SIRT1 at the post-transcription level (Fig. 

1, Supplementary Fig. S1). This study is consistent with a 

previous report demonstrating that CR increased the mRNA 

level of SIRT1 (Yu et al., 2014). Despite our findings, we were 

curious how CR upregulated CK2α’s mRNA levels. Although 

at present, we were unable to precisely explain CK2α’s reg-

ulatory mechanism under CR conditions, long noncoding 

RNAs were proposed to be involved in CR-mediated CK2α 

upregulation (Y.S. Lee and Y.S. Bae, unpublished data). Also 

how does CK2 upregulate SIRT1 at the post-transcription 

level? Our previous studies have shown that CK2 increased 

both the deacetylase activity of SIRT1 by CK2 phosphorylation 

(Jang et al., 2011) and the protein levels of SIRT1 through 

inhibiting proteasome-dependent degradation (Ham et al., 

2019).

 Another CR’s hallmark feature is autophagy induction 

(López-Lluch and Navas, 2016; Madeo et al., 2019; Sinclair, 

2005; Testa et al., 2014). Autophagy suppresses senescence 

through homeostatic action, such as eliminating damaged 

cellular components. Additionally, autophagy occurs in se-

quential steps, including initiation (membrane isolation), 

nucleation, autophagosome formation, cargo selection, 

autophagolysosome formation, and degradation (Choi et 

al., 2013; Ravanan et al., 2017). Furthermore, the ULK1, be-

clin-1, ATG5, ATG7, LC3BII, and SQSTM1/p62 play a signifi-

cant role in autophagy initiation and nucleation (Hanna et al., 

2012; Levine and Kroemer, 2019; Sahani et al., 2014). The 

present study indicated that CK2 downregulation by CK2α 

siRNA and four miRs (miR-186, miR-216b, miR-337-3p, and 

miR-760) inhibited autophagy in human cancer cells. Consis-

tently, CK2α overexpression and the antisense inhibitors of 

the four miRs stimulated autophagy (Fig. 2, Supplementary 

Figs. S2 and S3). SIRT1, AKT, mTOR, AMPK and FoxO3a were 

established as upstream regulators of ATG5, ATG7, LC3BII, 

and SQSTM1/p62 during CK2-mediated autophagy (Figs. 

3-5). Moreover, we demonstrated here that SIRT1, AKT, 

AMPK, and FoxO3a affects (directly or indirectly) the tran-

scription of beclin-1 and ulk1 genes during CK2-mediated 

autophagy (Figs. 3-5). In contrast, mTOR was uninvolved in 

the transcription of beclin-1 and ulk1 genes during CK2-me-

diated autophagy (Fig. 3). Consistent with these data, it has 

been reported that mTORC1 acts as an autophagy’s negative 

regulator by phosphorylating Ulk1 (Heras-Sandoval et al., 

2014). Finally, treatment with triciribine, AICAR, and resver-

atrol rescued the reduction of both the fluorescence of the 

lgg-1::gfp reporter and mRNA levels of bec-1 and unc-51, 

mediated by kin-10 knockdown in C. elegans. These results 

proposed that CK2 also positively regulated autophagy via 

AKT, AMPK, and SIRT1 in nematodes (Fig. 6). Thus, judging 

by the mechanism by which ULK1, becli-1, ATG5, ATG7, LC-

3BII, and SQSTM1/p62 function, this study suggested that 

CK2 promoted autophagy initiation (membrane isolation) 

and nucleation stages before the autophagosome formation. 

We have also previously shown that CK2 downregulation 

activated the AKT–mTOR pathway through PI3K (Park et 

al., 2013) or SIRT1 (Song and Bae, 2021) and inhibited the 

SIRT1–FoxO3a pathway (Ham et al., 2019) during senes-

cence. Therefore, our previous and present studies propose 

that CK2, induced by CR, stimulates autophagy initiation and 

nucleation by inhibiting the AKT–mTOR pathway, and activat-

ing the SIRT1–FoxO3a and SIRT1–LKB1–AMPK pathways.

 A reduced proteolytic activity has been considered respon-

sible for accumulating damaged macromolecules and organ-

elles in most aged organisms’ tissues (Cuervo, 2008). Thus, 

autophagy was initially thought to inhibit cellular senescence 

by removing damaged cellular components (an anti-senes-

cence mechanism). However, recent studies suggested that 

autophagy also stimulates cellular senescence by facilitating 

senescence-associated secretory proteins (a pro-senescence 

mechanism) (Kwon et al., 2017). Similarly, our previous and 

present studies indicate that CK2 suppresses cellular senes-

Fig. 7. Schematic of the mechanism proposed for the calorie restriction-mediated autophagy induction.
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cence and promoted autophagy. Therefore, we suggested 

that CK2 was involved in autophagy’s anti-senescence func-

tion, but not in autophagy’s pro-senescence function. It was 

also shown that CR mimetics mimicked the biochemical 

effects of nutrient deprivation, thereby triggering autophagy 

(Madeo et al., 2019; Testa et al., 2014). Therefore, because 

many human diseases are associated with cellular senes-

cence, CK2 activators, including the antisense inhibitors of 

miR-186, miR-216b, miR-337-3p, and miR-760, are pro-

posed to provide a strategy for anti-aging interventions, such 

as CR mimetics and autophagy inducers.

 Our experimental data can be summarized as shown in 

Fig. 7. CR activates CK2, which activates SIRT1. Subsequently, 

SIRT1 stimulates both the LKB1–AMPK pathway and FoxO3a, 

which are positive regulators of the autophagy initiation 

and nucleation stages. Additionally, CK2 inhibits the AKT–
mTOR pathway, which is a negative regulator of autophagy, 

through PI3K or SIRT1. Thus, CR induces autophagy, at least 

in part, via CK2 activation.

Note: Supplementary information is available on the Mole-

cules and Cells website (www.molcells.org).
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