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INTRODUCTION 
 
Somatic cells lose their ability to proliferate after a 
finite number of cell divisions, a phenomenon known as 
senescence [1]. The hallmarks of senescence include 
permanent cell cycle arrest, marked changes in the 
morphology of organelles, and a senescence-
associated secretory phenotype (SASP) [2]. The most 
striking change during senescence is SASP, in which 
senescent cells secrete large amounts of inflammatory 
cytokines, immunomodulators and proteases [3]. 
Analysis of changes in the age-dependent gene 
expression profile of SASP revealed stage-specific 
SASP expression during senescence [4]. Initially, 
immunosuppressive cytokines (characterized by TGF-
β1 and TGF-β3) are released, but eventually 
inflammatory cytokines (characterized by IL-1β, IL-6, 

IL-8 and IL-33) are released [4]. Senescent cells change 
the neighboring microenvironment by gradually altering 
SASP expression. 
 
IL-33 belongs to a member of the IL-1 family that 
stimulates the generation of T helper-2 related cytokines 
[5]. IL-33 is expressed in several cell types, including 
fibroblasts, epithelial cells, endothelial cells, and 
dendritic cells [6]. Increased IL-33 expression is one 
of the most striking changes associated with 
senescence [7]. In the central nervous system, 
upregulation of IL-33 expression was observed with 
senescence [7]. The significance of IL-33 in senescence 
is emphasized by the observation that IL-33 expression 
at both mRNA and protein level increases in age-related 
macular degeneration [8]. This suggests a prominent 
role for IL-33 in the aging process and provides an a 

www.aging‐us.com  AGING 2022, Vol. 14, No. 2 

Research Paper 

Targeting regulation of ATP synthase 5 alpha/beta dimerization 
alleviates senescence 
 

Yun Haeng Lee1,*, Doyoung Choi2,*, Geonhee Jang2, Ji Yun Park1, Eun Seon Song1, Haneur Lee1, 
Myeong Uk Kuk1, Junghyun Joo1, Soon Kil Ahn1, Youngjoo Byun2, Joon Tae Park1 
 
1Division of Life Sciences, College of Life Sciences and Bioengineering, Incheon National University, Incheon 22012, 
Korea 
2College of Pharmacy, Korea University, Sejong 30019, Republic of Korea 
*Equal contribution 
 
Correspondence to: Youngjoo Byun, Joon Tae Park; email: yjbyun1@korea.ac.kr, joontae.park@inu.ac.kr 
Keywords: senescence amelioration, KB1541, 14–3–3ζ, ATPase synthase 5, OXPHOS 
Received: August 12, 2021  Accepted: January 14, 2022  Published: January 30, 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 
 
Senescence  is a distinct set of changes  in the senescence‐associated secretory phenotype (SASP) and  leads to
aging and age‐related diseases. Here, we screened compounds that could ameliorate senescence and identified
an oxazoloquinoline analog (KB1541) designed to inhibit IL‐33 signaling pathway. To elucidate the mechanism
of action of KB1541, the proteins binding to KB1541 were investigated, and an interaction between KB1541 and
14–3–3ζ protein was found. Specifically, KB1541 interacted with 14–3–3ζ protein and phosphorylated of 14–3–3ζ
protein at serine 58 residue. This phosphorylation increased ATP synthase 5 alpha/beta dimerization, which in
turn promoted ATP production  through  increased oxidative phosphorylation  (OXPHOS)  efficiency.  Then,  the
increased  OXPHOS  efficiency  induced  the  recovery  of  mitochondrial  function,  coupled  with  senescence
alleviation. Taken  together, our  results demonstrate a mechanism by which  senescence  is  regulated by ATP
synthase 5 alpha/beta dimerization upon fine‐tuning of KB1541‐mediated 14–3–3ζ protein activity. 
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priori basis for therapeutic strategies to reduce IL-33 
as a possible intervention in patients with aging and 
age-related diseases. In our previous study, 20 
oxazoloquinoline analogs were synthesized as IL-33 
inhibitors, and 2D-NMR studies showed that the 
synthesized analogs were bound to structurally 
important residues of IL-33 [9]. 
 
Mitochondria are double-membraned organelles and are 
found in eukaryotes [10]. The primary function of 
mitochondria is to produce ATP in order to meet the 
energy demands of the cell. To this end, the 
mitochondrial inner membrane (IM) consists of an 
electron transport system that transfers protons across 
the IM into inter-membrane spaces, thereby generating 
a mitochondrial membrane potential (MMP) [10]. Then, 
ATP synthase 5 in mitochondrial IM synthesizes ATP 
from ADP using the electrochemical gradient created by 
the difference in MMPs [11]. ATP synthase 5 consists 
of two functional domains, F1 and F0 [11]. F1 domain 
comprises of five different subunits (three α, three β, 
and one γ, δ and ε) and F0 domain contains several 
accessary subunits. During assembly of the F1 domain, 
ATP synthase 5 alpha and beta subunits form a 
peripheral stator, the alpha/beta heterodimer [12]. ATP 
synthase 5 beta subunit contains a catalytic site at the 
interface with the adjacent alpha subunit, and ATP 
synthesis occurs at the catalytic site converting ADP to 
ATP [12]. However, the mechanism leading to 
alpha/beta heterodimerization has not been elucidated. 
 
In this study, using in-house compound library 
containing 20 oxazoloquinoline analogs designed to 
IL-33 inhibitors [9], we aimed to identify compounds 
capable of ameliorating senescence. As the role of IL-
33 in senescence is not clearly elucidated, we performed 
a pull-down assay and identified an interaction between 
a novel IL-33 inhibitor and 14–3–3ζ protein. Here, we 
demonstrate that IL-33 inhibitor can induce senescence 
improvement by regulating ATP synthase 5 alpha/beta 
dimerization via phosphorylation of 14–3–3ζ protein. 
 
RESULTS 
 
Chemical screening for compounds that ameliorate 
senescence phenotypes 
 
In the present study, we employed a screening strategy 
measuring the candidate compounds capacity to 
increase cell number. For the screen, cell numbers were 
determined using a DNA content-based method [13]. 
An in-house compound library was treated on senescent 
fibroblasts and the effect on cell numbers was measured 
on day 12 (Figure 1A, Supplementary Tables 1 and 2). 
The compound leading to the maximum increase was 
considered a potential hit, thereby KB1541 was found 

as a candidate compound (rectangle in Figure 1A). 
KB1541 was an oxazoloquinoline derivative and was 
designed to inhibit IL-33 signal transduction [9] 
(rectangle in Figure 1A). The detailed reaction 
conditions and reagents to synthesize KB1541 are 
described in Supplementary Figure 1. 
 
In order to verify the proliferation-inducing effect seen 
in screening, cell proliferation was assessed at different 
times (0–20 days) and concentrations (0–10 µM). The 
significant effects toward inducing cell proliferation 
were observed at 1 µM and 4 µM (concentrations used 
for screening) (Figure 1B). However, 10 μM 
concentration showed a cell proliferation inhibitory 
effect, indicating that concentrations exceeding the 
optimal concentration were toxic to cell proliferation 
(Figure 1B). Based on the proliferation results, the 4 μM 
concentration used for screening was selected for 
subsequent experiments. Next, the toxicity of KB1541 
at the selected concentration was investigated by 
measuring cell viability. Senescent fibroblasts treated 
with KB1541 showed similar viability to those treated 
with DMSO, indicating that KB1541 treatment was not 
toxic to cells (Figure 1C). We then investigated whether 
KB1541 had an effect on cell proliferation even in 
young fibroblasts. Young fibroblasts were treated with 
4 μM KB1541 at different times (0–20 days). No 
proliferation-inducing effect was observed in young 
fibroblasts treated with KB1541, indicating that the cell 
proliferation-inducing effect of KB1541 is limited to 
senescent fibroblasts (Supplementary Figure 2). 
 
The role of IL-33 in senescence is not clearly 
elucidated, therefore discovery of a novel interacting 
partner will provide clues toward revealing its function. 
Hence, we biotinylated KB1541 for use as bait in pull-
down assays (Figure 2A). Supplementary Figure 3 
shows the detailed conditions for synthesizing 
biotinylated KB1541. During a pool-down assay, 
streptavidin precipitated the biotinylated KB1541, 
which led to co-precipitation of proteins that were 
binding to KB1541 (Figure 2B). We subsequently 
performed Ion Mobility Tandem Mass Spectrometer/ 
Time-of-flight mass spectrometry (IM–MS/MS TOF) 
and identified 837 interacting proteins (Supplementary 
Table 3). Among the interacting proteins, a candidate-
based approach, focusing on their level of affinity with 
KB1541 (indicated by p-value) and their association 
with senescence, was used. ATP synthase 5 alpha, ATP 
synthase 5 beta subunit and 14–3–3ζ protein were 
identified as most promising candidates, as the ATP 
synthesis mechanism provides ATP energy, which is 
essential for ameliorating senescence [14, 15] (Figure 
2C). Specifically, ATP synthase 5 alpha and ATP synthase 
5 beta subunits are components of ATP synthase 5 
with the function of converting ADP to ATP [16], and 
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14–3–3ζ protein modifies the activity of ATP synthase 
5 [17, 18]. To confirm the interaction between KB1541 
and most promising candidates, pull-down assay was 
performed. HEK293T cells were transfected with 
pCMV-Myc-ATP synthase 5 alpha, pCMV-Myc-ATP 
synthase 5 beta, or pCMV-Myc-14–3–3ζ plasmids, and 

were cultured with media containing biotinylated 
KB1541. Consequently, cell lysates were precipitated 
with streptavidin and immunoblotted with an antibody 
against Myc-tag. Pull-down assay result showed that the 
biotinylated KB1541 interacted with Myc-tagged ATP 
synthase 5 alpha, Myc-tagged ATP synthase 5 beta, or

 

 
 

Figure 1. KB1541 as a potential target for alleviating senescence. (A) The level of cellular proliferation was measured quantitatively 

using a DNA content‐based method. **P < 0.01, Student's t‐test. Mean ± S.D., n = 6.  Chemical structure of an oxazoloquinoline derivative 
KB1541 was shown in rectangle. (B) Cell proliferation was assessed at different times (0–20 days) and concentrations of KB1541 (0–10 µM). 
**P < 0.01, two‐way ANOVA followed by Bonferroni’s post test. Mean ± S.D., n = 10. (C) The toxicity of KB1541 at 4 µM concentration was 
examined by measuring cell viability. n.s. (not significant), two‐way ANOVA followed by Bonferroni’s post test. Mean ± S.D., n = 3. 
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Myc-tagged 14–3–3ζ proteins, confirming the IM–MS/ 
MS TOF result (Figure 2D). 
 
We then performed an in silico docking study to predict 
the protein that most closely binds to KB1541 among 
the candidates. The potential binding modes of KB1541 
with ATP synthase 5 alpha and ATP synthase 5 beta are 
shown in Figure 3A and 3B, respectively. Docking 
studies exhibited the possible hydrogen bonding 
interactions of KB1541 with S177 and Q430 in ATP 
synthase 5 alpha (PDB ID: 2JDI) at 3.00 and 2.15 Å, 
respectively (Figure 3A). Moreover, KB1541 was 
predicted to exhibit three hydrogen bonding interactions 
(2.91, 3.28 and 3.35 Å) with ATP synthase 5 beta (PDB 
ID: 2JDI) (Figure 3B). We then provided the potential 
binding mode of KB1541 with 14–3–3ζ. Docking 
studies of KB1541 with 14–3–3ζ (PDB ID: 6FN9) 
showed that the best-docked pose was surrounded by 

K49, R56 and Y128 (Figure 3C). KB1541 was 
predicted to make strong hydrogen bonds with 14–3–3ζ 
using the central oxazoloquinoline ring (2.12, 2.97, 3.12 
and 2.37 Å) (Figure 3C). These data suggest that 
KB1541 might bind more tightly to 14–3–3ζ protein 
than ATP synthase 5 alpha and ATP synthase 5 beta. 
Thus, we focused on the 14–3–3ζ protein to elucidate 
the mechanisms that ameliorate senescence phenotypes 
by KB1541. 
 
We then performed microscale thermophoresis (MST) 
assay to quantify the thermodynamics of KB1541 and 
14–3–3ζ protein interaction. His-tagged 14–3–3ζ 
protein was purified, labeled and incubated with varying 
concentration of KB1541. The dissociation constant 
(Kd) was found to be 29.8 μM, confirming a tight 
interaction between KB1541 and 14–3–3ζ protein 
(Figure 3D). 

 

 
 

Figure 2.  Identification of KB1541  interacting proteins.  (A) Chemical  structure of biotinylated KB1541.  (B) Schematic diagram of 

immunoprecipitation workflow using biotinylated KB1541. (C) Ion Mobility Tandem Mass Spectrometer (IM‐MS) identified 837 interacting 
proteins with biotinylated KB1541. Selected  candidates  ‐ ATP  synthase 5 alpha, ATP  synthase 5 beta  subunits and 14–3–3ζ protein are 
shown.  ‐10 logP:  ‐10 log  (p‐value), Coverage  (%): a percentage of  the  total protein  sequence  covered by observed peptides, Avg. Mass 
(kDa): Average of protein molecular mass. (D) Co‐precipitation of biotinylated KB1541 and Myc‐tagged candidate proteins (Myc‐tagged ATP 
synthase 5 alpha, Myc‐tagged ATP synthase 5 beta subunits or Myc‐tagged 14–3–3ζ proteins). 
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14–3–3ζ regulates ATP synthase 5 alpha/beta 
dimerization 
 
14–3–3ζ is an adapter protein that affects a variety of 
biological processes including proliferation, metabolism, 
and adhesion [19]. A recent study has shown that 14–3–3ζ 
regulates mitochondrial ATP synthesis in a non-
redundant manner [19]. However, the mechanism 
through which 14–3–3ζ regulates mitochondrial ATP 
synthesis remains unknown. 14–3–3ζ interacts with  
 

various intracellular molecules and its phosphorylation 
is thought to play a regulatory role [20]. The 
identification of a novel phosphorylation site in 14–
3–3ζ may aid in elucidating its role in mitochondrial 
ATP production; thus, we predicted a potential 
phosphorylation motif in 14–3–3ζ by using kinase 
prediction tool (https://services.healthtech.dtu.dk/service. 
php?NetPhos-3.1). Serine (Ser) 58 in 14–3–3ζ was 
predicted as a potential phosphorylation motif, which is 
conserved between species (Figure 4A). To validate this 

 

 
 

Figure 3. KB1541 interacts with 14–3–3ζ protein. (A) Binding mode of the KB1541 in ATP synthase 5 alpha (PDB ID: 2JDI). Dotted lines 

indicate hydrogen bonding  interactions. Docking studies exhibited  the possible hydrogen bonding  interactions of KB1541 with S177 and 
Q430  in ATP  synthase 5 alpha at 3.00 and 2.15 Å,  respectively.  (B) Binding mode of  the KB1541  in ATP  synthase 5 beta  (PDB  ID: 2JDI). 
Dotted  lines  indicate hydrogen bonding  interactions. Docking studies exhibited  three possible hydrogen bonding  interactions of KB1541 
with ATP  synthase  5  beta  (2.91,  3.28  and  3.35 Å).  (C) Binding mode  of  the  KB1541  in  14–3–3ζ.  (PDB  ID:  6FN9). Dotted  lines  indicate 
hydrogen bonding  interactions. Docking studies of KB1541 with 14–3–3ζ showed that the best‐docked pose was surrounded by K49, R56 
and Y128. KB1541 was predicted to make strong hydrogen bonds with 14–3–3ζ using the central oxazoloquinoline ring (2.12, 2.97, 3.12 and 
2.37 Å).  (D) Microscale  thermophoresis  (MST) assay  to quantify  the binding between KB1541 and 14–3–3ζ protein. Data obtained was 
plotted with concentration on X‐axis and Fnorm on Y‐axis to find out the dissociation constant (Kd). Fnorm value is calculated by dividing F1 
by F0. F1 is the fluorescence value measured in the heated state, and F0 corresponds to the fluorescence value measured in the cold state 
before turning on the IR laser. Kd was found to be 29.8 μM, confirming a tight interaction between KB1541 and 14–3–3ζ protein.  
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prediction, we introduced a point mutation of serine to 
alanine (S58A) in 14–3–3ζ. Cells were transfected with 
pCMV–Myc–14–3–3ζ (WT) or pCMV–Myc–14–3–3ζ 
(S58A), and treated with DMSO or KB1541. Immuno-
precipitation was performed with an antibody against 
Myc-tag. Then, 14–3–3ζ (WT) or 14–3–3ζ (S58A) phos-
phorylation was detected by a phospho-Ser antibody. 14–
3–3ζ (WT) phosphorylation was increased upon KB1541 
treatment (Figure 4B; blue boxed areas). However, 14–3–
3ζ (S58A) phosphorylation did not increase upon KB1541 
treatment, suggesting that KB1541 phosphorylates 14–3–
3ζ at Ser 58 (Figure 4B; red boxed areas). 
 
ATP synthase 5 is an energy-generating protein and 
synthesizes ATP through the assembly of multiple ATP 
synthase subunits [12]. ATP synthase 5 alpha and ATP 
synthase 5 beta subunits form an alpha/beta 
heterodimer, which is crucial for formation of a 
peripheral stator in F1 domain [12]. As protein 
phosphorylation regulates protein-protein interactions 
[21], we hypothesized that 14–3–3ζ Ser 58 
phosphorylation functions as a post-translational 
modification facilitating the dimerization of ATP 
synthase 5 alpha and ATP synthase 5 beta. Thus, we 
assessed the interaction of 14–3–3ζ with ATP synthase 
5 alpha and ATP synthase 5 beta. 14–3–3ζ (WT) and 
ATP synthase 5 alpha interaction increased upon 
KB1541 treatment (Figure 4B). Furthermore, 14–3–3ζ 
(WT) and ATP synthase 5 beta interaction increased 
upon KB1541 treatment (Figure 4B). However, 14–3–
3ζ (S58A) and ATP synthase 5 alpha interaction was 
not affected by KB1541 treatment, nor was the 
interaction of 14–3–3ζ (S58A) with ATP synthase 5 
beta (Figure 4B). Together, these results imply that 
KB1541 regulates ATP synthase 5 alpha/beta assembly 
through 14–3–3ζ phosphorylation at Ser 58. 
 
ATP synthase 5 is a rotary motor that mediates ATP 
synthesis [22]; thus, we conjectured that KB1541 might 
regulate ATP synthase 5 function. We then evaluated 
the effect of KB1541-mediated 14–3–3ζ regulation on 
ATP production. We measured the oxidative 
phosphorylation (OXPHOS) portion of ATP generation 
to identify the ATP production in the mitochondria, 
whereas the glycolysis portion of ATP generation was 
measured to quantify the amount of ATP produced 
during the glycolysis process (Figure 4C and 4D). 
KB1541 treatment significantly increased the OXPHOS 
portion of ATP generation but decreased glycolytic 
portion, indicating that KB1541 improved the efficiency 
of OXPHOS during ATP synthesis in mitochondria. 
 
KB1541 ameliorates senescence phenotypes 
 
Mitochondrial cristae give the mitochondrial IM a 
unique wrinkle shape, enabling a lot of surface area for 

OXPHOS [23]. Mitochondrial cristae contain major 
OXPHOS components including ATP synthase 5 and 
various cytochromes [23]. The highly curved nature of 
mitochondrial cristae increases the IM surface to 
accommodate electron transport system in OXPHOS. 
Thus, we evaluated the effect of KB1541 on the 
morphology of mitochondrial cristae by using electron 
microscope. Electron microscopy analysis revealed that 
DMSO-treated senescent fibroblasts exhibited less 
cristae wrinkle folds (Figure 5A, blue arrow), whereas 
KB1541 treatment in senescent fibroblasts exhibited an 
increase in the number of cristae wrinkle folds (Figure 
5A, red arrow). As the number of cristae wrinkle folds 
was indirectly assessed by the length of mitochondrial 
cristae [24], we used Image J analysis to quantify the 
length of mitochondrial cristae and saw that KB1541 
treatment significantly increased the length of 
mitochondrial cristae (Figure 5B). 
 
Dysfunctional mitochondria induce excessive reactive 
oxygen species (ROS) production that causes severe 
damage to organelles [25]. As we observed the increase 
in OXPHOS portion of ATP generation but the decrease 
in glycolysis portion as an energy source, which is the 
prerequisite phenomenon for mitochondrial functional 
recovery [26, 27], we hypothesized that KB1541 
treatment would reduce ROS generation. Thus, we 
measured ROS levels and found that ROS levels were 
significantly reduced upon KB1541 treatment (Figure 
5C and Supplementary Figure 4A). 
 
Senescent fibroblasts exhibit an increase in 
mitochondrial mass and size, suggesting a causative role 
in senescence [28, 29]. This increase is a compensatory 
response to the functional reduction of mitochondria as 
a result of ROS damage [30]. Thus, we examined the 
mitochondrial mass by using MitoTracker green. Upon 
KB1541 treatment, mitochondrial mass was 
significantly reduced (Figure 5D and Supplementary 
Figure 4A). 
 
The autophagy system is a critical route for the 
breakdown of dysfunctional mitochondria [31]. 
Restoration of autophagic function constitutes one of 
criteria for senescence amelioration [32]. As we 
observed the significantly decreased mitochondrial 
mass upon KB1541 treatment, we examined the status 
of autophagic function. Thus, we measured autophagy 
levels by using Cyto–ID staining solution. Upon 
KB1541 treatment, autophagic function was 
significantly increased, suggesting the KB1541-
mediated recovery of autophagy system (Figure 5E and 
Supplementary Figure 4B). 
 
SA-β-gal activity has been widely used as a surrogate 
marker for senescence [33]. The proportion of SA-β-gal 
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Figure 4. 14–3–3ζ regulates ATP synthase 5 alpha/beta dimerization. (A) Multiple sequence alignment shows a conserved motif 

in 14–3–3ζ across species  (human, mouse,  rat, sheep, pig). A potential phosphorylation motif  in 14–3–3ζ was predicted by using kinase 

prediction  tool  (https://services.healthtech.dtu.dk/service.php?NetPhos‐3.1).  Ser  58  in  14–3–3ζ  was  predicted  as  a  potential 
phosphorylation site. (B) Effect of KB1541 on ATP synthase 5 alpha/beta dimerization in vivo. Cells were transfected with pCMV–Myc–14–3–
3ζ  (WT) or pCMV–Myc–14–3–3ζ  (S58A) and treated with DMSO or KB1541. Then,  immunoprecipitation was performed with an antibody 
against Myc‐tag. 14–3–3ζ (WT) or 14–3–3ζ (S58A) phosphorylation was detected by a phospho‐Ser antibody. 14–3–3ζ (WT) phosphorylation 
was  increased upon KB1541  treatment  (blue boxed areas). However, 14–3–3ζ  (S58A) phosphorylation did not  increase upon KB1541 
treatment  (red boxed areas). 14–3–3ζ  (WT) and ATP synthase 5 alpha  interaction  increased upon KB1541  treatment. The subsequent 
interaction of 14–3–3ζ (WT) with ATP synthase 5 beta also  increased. However, 14–3–3ζ (S58A) and ATP synthase 5 alpha  interaction 
was not affected by KB1541 treatment, nor was the interaction of 14–3–3ζ (S58A) with ATP synthase 5 beta. (C and D) OXPHOS portion 
and glycolytic portion of ATP production (*P < 0.05, **P < 0.01, student t‐test). Mean ± S.D., n = 3. 
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positive cells was significantly decreased after KB1541 
treatment (Figure 5F). Activation of p53 and its 
downstream target p21 is pivotal in the induction of cell 

cycle arrest, a hallmark of senescence [34]. KB1541 
reduced the levels of phosphorylated p53 (p-p53) and 
p21, suggesting the KB1541-mediated reduction of 

 

 
 

Figure  5.  KB1541  ameliorates  senescence  phenotypes.  (A)  Electron microscopy  analysis  revealed  that DMSO‐treated  senescent 

fibroblasts  exhibited  less  cristae wrinkle  folds  (blue  arrow), whereas  KB1541  treatment  in  senescent  fibroblasts  showed  increased  the 
number of cristae wrinkle folds (red arrow). Upper image: Scale bar 2 μm. Lower image: Scale bar 200 nm. (B) Comparison of cristae length 
between DMSO and KB1541‐treated senescent fibroblasts. *P < 0.05, student t‐test. Mean ± S.D., n = 6. (C and D) Flow cytometric analysis 
of ROS and mitochondrial mass using MitoSOX and MitoTracker green,  respectively.  **P < 0.01, student  t‐test. Mean ± S.D., n = 3. Flow 
cytometry data of ROS and mitochondrial mass were presented in Supplementary Figure 4A. (E) Flow cytometric analysis of autophagy level 
using  Cyto–ID  assay.  **P  <  0.01,  student  t‐test.  Mean  ±  S.D.,  n  =  3.  Flow  cytometric  data  of  autophagy  level  were  presented  in 
Supplementary Figure 4B. (F) Quantification of SA‐β gal positive cells. **P < 0.01, student t‐test. Means ± S.D., n = 4. Scale bar 100 μm. 
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senescence marker proteins (Supplementary Figure 5A). 
Finally, as one of the most pronounced senescence 
phenotypes is an increase in cell surface area [25], 
morphological changes of senescent fibroblast were 
examined after KB1541 treatment. Senescent fibroblasts 
treated with DMSO showed a large and flat structure 
(dotted lines), whereas senescent fibroblasts treated with 
KB1541 showed a small spindle shape (red arrows), 
which was one of the prominent features seen in young 
cells (Supplementary Figure 5B). 
 
Maintenance of 14–3–3ζ expression is a prerequisite 
for KB1541-mediated senescence amelioration 
 
To determine the role of 14–3–3ζ on senescence, we 
evaluated expression levels of 14–3–3ζ and ATP 
synthase 5 alpha/beta proteins in senescent and young 
fibroblasts. Expression levels of 14–3–3ζ and ATP 
synthase 5 alpha/beta proteins in senescent fibroblasts 
were similar to those in young fibroblasts, indicating 
that senescence does not affect the expression of these 
proteins (Figure 6A). We then examined the effect of 
shRNA-mediated 14–3–3ζ knockdown on KB1541-
induced senescence amelioration. Senescent fibroblasts 
were transduced with lenti-virus expressing 14–3–3ζ 
shRNA or control shRNA. shRNA-mediated 14–3–3ζ 
knockdown significantly decreased the endogenous 
expression levels of 14–3–3ζ mRNA and 14–3–3ζ 
protein (Figure 6B and 6C). Furthermore, shRNA-
mediated 14–3–3ζ knockdown rendered senescent 
fibroblasts unresponsive to KB1541, as shown to fail to 
reduce SA-β-gal positive cells (Figure 6D). However, 
senescent cells transduced with lenti-virus expressing 
control shRNA responded to KB1541 as shown by 
significant decrease in SA-β-gal positive cells (Figure 
6D). Taken together, these data suggest that the 
maintenance of 14–3–3ζ expression is a prerequisite for 
KB1541-mediated senescence alleviation. 
 
DISCUSSION 
 
In biological systems, ATP is a key energy storage 
molecule, and inhibition of ATP production induces 
senescence, as evidenced by increased p53 and p21 
expression [35]. Furthermore, a decrease in ATP 
production creates a bioenergetic imbalance by 
increasing the AMP (or ADP) to ATP ratio, resulting in 
cellular growth arrest and upregulation of senescence 
phenotypes [36]. ATP synthase 5 is present in the 
cristae of mitochondrial IM and consists of two 
structural domains: F1 and F0. F1 domain contains a 
membrane proton channel and F0 domain is linked 
together by the central stem and the peripheral stem 
[11]. Specifically, F1 domain consists of three ATP 
synthase 5 alpha subunits and three ATP synthase 5 
beta subunits, yielding α3β3 hexamer [37]. Atp12p and 

Atp11p chaperones assists the assembly of α3β3 
hexamer [38]. Specifically, Atp12p and Atp11p bind to 
the alpha and beta subunits, respectively, to form the 
heterodimers Atp12p-alpha and Atp11p-beta [39]. 
However, the fine-tuning mechanism regulating ATP 
synthase 5 alpha/beta heterodimerization is still poorly 
identified. In the present study, we uncovered a 
mechanism in which KB1541 regulates ATP synthase 
5 alpha/beta heterodimerization by 14–3–3ζ Ser 58 
phosphorylation. Specifically, phosphorylation of Ser 
58 in 14–3–3ζ serves as a posttranslational modification 
site linking ATP synthase 5 alpha and beta subunits. 
Upon KB1541 treatment, 14–3–3ζ functions as an 
adapter protein to induce alpha/beta heterodimerization. 
Our findings therefore suggest that KB1541 regulates 
ATP synthase 5 alpha/beta heterodimerization by direct 
phosphorylation of 14–3–3ζ protein at Ser 58. Based on 
our findings, we propose that the proper regulation of 
ATP synthase 5 alpha/beta heterodimerization by 
KB1541 would be effective for the treatment of aging 
and age-related diseases, although further studies are 
required to confirm this outcome. 
 
The regulation of senescence is inextricably linked with 
the maintenance of mitochondrial metabolism. The 
deterioration of mitochondrial metabolism is an age-
dependent process, since cells from aged animals have 
been shown to be more reliant on glycolysis as a source 
of energy [40]. Support for this result is evident in the 
observation that severe mitochondrial dysfunction was 
found in senescent fibroblasts with a decrease in 
OXPHOS activity and an increase in glycolysis 
dependence [41]. Furthermore, alterations in 
mitochondrial metabolism reduced cell proliferation and 
contributed to premature aging of human fibroblasts 
[35]; however, how these changes can be delayed or 
prevented has not been well investigated. In the current 
study, we identified a small compound KB1541 as a 
candidate that mediates a novel mechanism controlling 
senescence by upregulating ATP synthase 5 alpha/beta 
heterodimerization. Increased assembly enhanced the 
OXPHOS portion of ATP generation but decreased 
glycolytic portion, indicating KB1541-mediated 
metabolic reprogramming. Furthermore, modulation of 
mitochondrial metabolism by KB1541 restored 
mitochondrial function, accompanied by recovery of 
senescent phenotypes, suggesting that KB1541-
mediated mitochondrial metabolic reprogramming 
induced amelioration of senescence. Our study is the 
first to demonstrate that KB1541 enhances the 
efficiency of OXPHOS, which is lower in senescent 
fibroblasts. Extending the relevance of these findings, 
the enhanced OXPHOS efficiency is accompanied by 
amelioration of senescent phenotypes, rendering 
targeting mitochondrial metabolic reprogramming as a 
potential treatment method for senescence. 
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Mitochondrial dysfunction has been considered both 
target and cause of senescence [42]. The main function 
of mitochondria is highly dependent on the 
mitochondrial ATP production efficiency [43]. To this 

end, mitochondrial cristae give the mitochondrial IM a 
wrinkled appearance, allowing chemical reactions to 
occur over a large surface area [44]. ATP synthase 5 
and cytochrome complexes (COX 1–4) make up the 

 

 
 

Figure 6. Maintenance of 14–3–3ζ expression  is a prerequisite  for KB1541‐mediated senescence alleviation. (A) Expression 
levels of 14–3–3ζ and ATP synthase 5 alpha/beta proteins  in young and senescent  fibroblasts.  (B) shRNA‐mediated 14–3–3ζ knockdown 
significantly reduced the endogenous expression level of 14–3–3ζ mRNA. **P < 0.01, student t‐test. Mean ± S.D., n = 3. (C) Immunoblot of 
total  lysates  from senescent cells transduced with  lenti‐virus expressing control shRNA or 14–3–3ζ shRNA.  (D) Quantification of SA‐β gal 
positive cells. *P < 0.05, student t‐test. Mean ± S.D., n = 3. 
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mitochondrial IM [45] and are concentrated in the 
cristae of the mitochondrial IM [11]. Despite the fact 
that the role of cristae formation in mitochondrial 
function has received a lot of attention [46], a consensus 
on mechanism to increase cristae formation has not 
been achieved. A current study suggests that caloric 
restriction increases the number of mitochondrial cristae 
by preventing an excitotoxic state through an indirect 
decrease in mitochondrial permeability and calcium 
retention [47]. Here, we observed that KB1541 also 
induced an increase in cristae length, allowing more 
surface area resulting in an increased capacity for ATP 
generation. The increase in mitochondrial cristae length 
by KB1541 could be explained by previous findings 
showing that the increase in ATP generation exerted 
beneficial effects in mitochondrial function including 

increases in calcium buffering capacity and decrease in 
overall ROS production [48]. Extending the relevance 
of these observations, KB1541 treatment facilitated the 
mitochondrial functional recovery resulting in reduced 
ROS generation and decreased mitochondrial mass. 
Taken together, the results from our study suggest that 
KB1541 exerts beneficial effects on mitochondrial 
functional recovery by increasing the mitochondrial 
cristae length and decreasing the ROS/mitochondrial 
mass. 
 
Senescence is a multifactorial process that may 
accompany inflammation and immune dysfunction [49]. 
Senescent cells secrete inflammatory cytokines 
(characterized by IL-1β, IL-6, IL-8 and IL-33) that lead 
to chronic inflammation and fibrosis [4]. IL-33, a

 

 
 

Figure 7. Proposed mechanism showing how KB1541 controls OXPHOS efficiency by regulating ATP synthase alpha/beta 
dimerization via phosphorylation of 14–3–3ζ protein. Abbreviations: IM: inner membrane; OM: outer membrane. 
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cytokine belonging to the IL-1 family, is expressed in 
epithelial cells and secreted into the extracellular 
space [5]. Many reports have highlighted the finding 
that the increase in IL-33 expression is one of the 
most characteristic changes during senescence. For 
example, IL-33 expression in astrocytes was 
considerably elevated by up to 74% in aged mice [50]. 
Moreover, microarray analysis revealed age-
dependent changes in IL-33 expression as indicated 
by increased IL-33 expression in aged mice compared 
to young mice [51]. IL-33 is also strongly associated 
with neuroinflammation in age-related diseases 
including Alzheimer's disease and multiple sclerosis 
[52, 53]. Thus, therapeutic strategies to reduce IL-33 
have been considered as novel targets for therapeutic 
intervention in patients with aging and age-related 
diseases. In the present study, we identified that IL-33 
inhibitor KB1541 mediates novel mechanisms to 
control senescence through regulating ATP synthase 
5 alpha/beta heterodimerization by 14–3–3ζ Ser 58 
phosphorylation. However, we acknowledged that 
further studies are required to elucidate the direct 
relationship of IL-33 with mitochondrial energy 
metabolism and to investigate whether other IL-33 
inhibitors can modulate senescence by the 
mechanisms we found. These findings will provide an 
a priori basis for therapeutic strategies using IL-33 
inhibitors in patients with aging and age-related 
diseases. 
 
In summary, we identified IL-33 inhibitor KB1541 as 
a potential module for alleviating senescence. We 
discovered that KB1541 controls OXPHOS efficiency 
by regulating ATP synthase 5 alpha/beta dimerization 
through the direct phosphorylation of 14–3–3ζ protein 
at Ser 58 (Figure 7). The induced mitochondrial 
metabolic reprogramming from glycolysis to 
OXPHOS as an energy source led to a functional 
recovery of mitochondria, which in turn accelerated 
the increase in mitochondrial cristae length and 
decrease in ROS formation. Taken together, our study 
provides evidence that the fine-tuning of ATP 
synthase 5 alpha/beta dimerization by KB1541 can 
induce mitochondrial functional recovery, 
concomitant recovery of senescent phenotypes, 
rendering the use of KB1541 as a potentially 
advantageous therapeutic strategy in aging and age-
related diseases. 
 
MATERIALS AND METHODS 
 
Synthesis of KB1541 and biotinylated KB1541 
 
Synthetic methods, experimental procedures, and 
analytical data of KB1541 and biotinylated KB1541 are 
described in detail in Supplementary Materials. 

Cell culture 
 
Human diploid fibroblasts (HDF; PCS–201–010; 
ATCC, Manassas, VA, USA) and Human embryonic 
kidney cells (HEK293T; CRL–11268; ATCC) were 
used in this study. Cells were cultured in Dulbecco’s 
modified Eagle’s medium containing 25 mM glucose 
supplemented with 10% fetal bovine serum 
(SH30919.03; Hyclone, Waltham, MA, USA) and 100 
U/ml penicillin and 100 μg/ml streptomycin 
(SV30079.01; Hyclone). Cells were passaged serially at 
a 1:4 dilution during early passages and a 1:2 during 
late passages. When the population doubling time of the 
cells was over 14 days and less than 2 days, the cells 
were considered senescent and young, respectively. Cell 
viability was assessed using Cedex HiRes Analyzer 
(05650216001; Roche, Basel, Switzerland). 
 
Compound screening 
 
Senescent fibroblasts were grown in 96–well plates at a 
density of 1,000 cells per well. Components from the 
library were diluted to a final concentration of 4 µM and 
added to the wells every 4 days. 12 days after drug 
treatment, cells were washed twice with phosphate–
buffered saline (PBS) and lysed in 50 μl of 0.2% SDS. 
The plates were incubated at 37°C for 1 h. GelGreen® 
Nucleic Acid Gel Stain (150 μl) (1:1,000 in DW; 
41005; Biotium, Fremont, CA, USA) was added to the 
wells. Cell number was determined by measuring 
fluorescence intensity with VICTOR Multilabel Plate 
Reader (2030–0050; PerkinElmer, Waltham, MA, 
USA). The mean and standard deviation from six 
replicates were determined for each experimental group. 
 
IM–MS/MS TOF analysis 
 
Senescent fibroblasts were treated for 14 days with 8 
µM biotinylated KB1541. Immunoprecipitation was 
performed using AccuNanoBead™ Streptavidin 
Magnetic Nanobeads (TA-1015-1; Bioneer, Daejon, 
Korea). The eluted proteins were applied on to an Ion 
Mobility Tandem Mass Spectrometer/Time-of-flight 
mass spectrometry (IM–MS/MS TOF) (LCQ Deca XP-
Plus, Thermo Finnigan, San Jose, CA, USA). Data 
analysis was performed as previously described [54]. 
 
Plasmid construction 
 
Plasmid pCMV–Myc–ATP synthase 5 alpha was 
constructed by inserting cDNA encoding human ATP 
synthase 5 alpha (GenBank accession NM_001001935) 
into the pCMV–Myc vector (631604; Clontech, 
Mountain View, CA, USA). Plasmid pCMV–Myc–ATP 
synthase 5 beta was constructed by inserting cDNA 
encoding human ATP synthase 5 beta (GenBank 
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accession NM_001686) into the pCMV–Myc vector. 
Plasmid pCMV–Myc–14–3–3ζ was constructed by 
inserting cDNA encoding human 14–3–3ζ (GenBank 
accession NM_001135699) into the pCMV–Myc 
vector. Plasmid pCMV–Myc–14–3–3ζ (S58A) was 
constructed using a HiFi DNA Assembly Master Mix 
(E2621L; New England Biolabs, Ipswich, MA, USA). 
The following sense and anti-sense oligonucleotide 
pairs were used to introduce S58A mutation (5′- 
GCATGGAGGGTCGTCTCAAGTATTGAACAAAA 
GAC-3′ and 5′-GACGACCCTCCATGCTGACCTAC 
GGGCTCCTACAA-3′). Plasmid pcDNA3.1 His-14–3–
3ζ was constructed by inserting cDNA encoding human 
14–3–3ζ (GenBank accession NM_001135699) into the 
pcDNA3.1 His vector (V38520; Invitrogen, Carlsbad, 
CA, USA). 
 
In vivo pull-down assay 
 
pCMV–Myc–ATP synthase 5 alpha, pCMV–Myc–ATP 
synthase 5 beta, or pCMV–Myc–14–3–3ζ plasmids 
were transfected into HEK293T cells (CRL–11268; 
ATCC). Transfected cells were selected with 3 μM 
puromycin (BML-GR312-0050; Enzo Life Sciences, 
Farmingdale, NY, USA) for 14 days. During selection, 
the medium was changed every 4 day. After selection, 
cells were treated with 8 µM biotinylated KB1541 for 5 
days. Cells were lysed with lysis buffer [50 mM Tris-
HCl (pH 7.4), 150 mM KCl, 1 mM PMSF, 2 mM 
benzamidine, 0.05% NP-40, protease inhibitor cocktail 
(04693116001; Roche)]. Then, precipitation was 
performed using AccuNanoBead™ Streptavidin 
Magnetic Nanobeads (TA-1015-1; Bioneer). Proteins 
were separated on a 10% SDS–PAGE gel and analyzed 
by immunoblotting. 
 
In silico docking studies  
 
Ligand preparation and optimization 
All ligands were generated as 2D and 3D structure by 
ChemBioDraw (ver. 11.0.1, PerkinElmer) and Chem3D 
Pro (ver. 11.0.1, PerkinElmer), respectively. All ligands 
were prepared and optimized using ‘Sanitize’ protocol 
in SYBYL-X 2.1.1 (Tripos Inc., St Louis, MO, USA) to 
clean up of the structures involving filling valences, 
standardizing, removing duplicates and producing only 
one molecule per input structure. 
 
Protein preparation 
ATP synthase 5 and 14–3–3ζ structures in PDB format 
were downloaded from RCSB protein data bank (PDB 
ID: 2JDI for ATP synthase 5 alpha and beta subunits; 
6FN9 for 14–3–3ζ). SYBYL-X 2.1.1 program was 
employed for protein preparation including conflicted 
side chains of amino acid residues fixation. Hydrogen 
atoms were added using TRIPOS Force Field 

application for both proteins. Minimization process was 
performed by POWELL method and initial optimization 
option was set to None for both proteins. Termination 
gradient and max iteration were set at 0.05 kcal/(mol*Å) 
and 100 times respectively, for both proteins. 
 
Docking and scoring function studies 
The docking studies of all prepared ligands were 
performed by Surflex-Dock GeomX module in SYBYL-X 
2.1.1. For ATP synthase 5 alpha and beta subunits, 
docking was guided by the Surflex-Dock protomol and 
docking site was defined by the ‘Ligand’ method with 
the reported ligand phosphoaminophosphonic acid-
adenylate ester. For 14–3–3ζ, Surflex-Dock protomol 
was set to ‘Residues’ method with selected amino acids 
based on the active sites of 14–3–3ζ (Lys49, Gly53, 
Arg56, Arg60, Arg127, Tyr128, Glu131, Leu172, 
Asn173, Val176, Leu220; radius setting: 2.0) was used 
to guide docking site. Two factors related with a 
generation of protomol; Bloat (Å) and Threshold were 
set to 0.5 and 0, respectively. Other parameters were 
applied with its default settings in all runs. 
 
Microscale thermophoresis (MST) assay 
 
His-tagged 14–3–3ζ proteins were purified using the 
Capturem™ His-Tagged Purification Maxiprep Kit 
(635713; Takara, Mountain View, CA, USA). 1.5 μM 
of His-tagged 14–3–3ζ protein was labeled using 
Monolith His-Tag Labeling Kit RED-tris-NTA 2nd 
Generation (MO-L018; Nano Temper Technologies, 
München, Germany). MST assay was performed as 
described previously [55]. 
 
Immunoprecipitation 
 
pCMV–Myc–14–3–3ζ (WT) or pCMV–Myc–14–3–3ζ 
(S58A) plasmids were transfected into HEK293T cells 
(CRL–11268; ATCC). Transfected cells were selected 
with 3 μM puromycin (BML-GR312-0050; Enzo Life 
Sciences) for 14 days. During selection, the medium 
was changed every 4 days. After selection, cells were 
treated with 8 µM biotinylated KB1541 for 5 days. 
Cells were lysed with lysis buffer [50 mM Tris-HCl (pH 
7.4), 150 mM KCl, 1 mM PMSF, 2 mM benzamidine, 
0.05% NP-40, protease inhibitor cocktail (04693116001; 
Roche)]. Then, immunoprecipitation was performed 
using anti–Myc tag antibody (2276s; cell signaling). 
The following immunoprecipitation assay was performed 
as described [56]. Proteins were separated on a 10% 
SDS–PAGE gel and analyzed by immunoblotting. 
 
Western blot analysis 
 
Western blotting was performed as previously described 
[57]. Proteins were detected with the SuperSignal™ West 
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Pico chemiluminescence solution (34577; Thermo Fisher 
Scientific, Waltham, MA, USA) using a ChemiDoc 
XRS+ system (1708265; BIO-RAD; Hercules, CA, 
USA). The primary antibodies used in this study included 
anti–Myc tag antibody (2276s; 1:200 dilution; cell 
signaling), anti-ATP synthase 5 alpha antibody 
(sc136178; 1:500 dilution, Santa Cruz Biotechnology, 
Dallas, TX, USA), anti- ATP synthase 5 beta antibody 
(sc55597; 1:500 dilution, Santa Cruz Biotechnology), 
anti-phosphoserine (phospho-Ser) antibody (05–1000; 
1:200 dilution, Millipore, Burlington, MA, USA), and 
HRP–conjugated β–actin (sc47778; 1:1000 dilution; 
Santa Cruz Biotechnology, Dallas, TX, USA), anti-p21 
antibody (sc-6246; 1:500 dilution, Santa Cruz), anti-
phospho-p53 antibody (sc-377561; 1:500 dilution, Santa 
Cruz), anti-14–3–3ζ antibody (sc-1657; 1:500 dilution, 
Santa Cruz). The secondary antibodies used in this study 
included HRP-conjugated anti-rabbit IgG (sc-2004; 
1:1,000 dilution; Santa Cruz Biotechnology) and HRP-
conjugated anti-mouse IgG (sc-2302; 1:1,000 dilution; 
Santa Cruz Biotechnology). 
 
Measurement of cellular ATP levels 
 
Cells were incubated in medium with or without  
20 µM oligomycin for 24 h. ATP content was measured 
using a ViaLight Plus Kit (LT07–221; Lonza, Basel, 
Switzerland) according to the manufacturer’s 
instructions. DNA content was measured using 
AccuBlue broad range dsDNA quantitation kit (31007; 
Biotium, Fremont, CA, USA). For measurements of 
relative ATP content, the luminescence of each sample 
was normalized to the DNA content. 
 
Electron microscopy (EM) 
 
Senescent fibroblasts were treated with or without 4 μM 
KB1541 for 21 days prior to electron microscopy 
analysis. Cells were separated with trypsin-EDTA 
(25300–054; Gibco, Waltham, MA, USA), washed with 
PBS (LB004–02; WelGene, Gyeongsan, Korea), and 
fixed with 2.5% glutaraldehyde (340855; Sigma–Aldrich, 
St. Louis, MO, USA) in 0.1 M PBS (pH 7.4) for 2 h. EM 
images were observed with a Bio-transmission electron 
microscope (Tecnai™ G2 Spirit; FEI company, Hillsboro, 
OR, USA). To quantify the length of mitochondrial 
cristae, Image J analysis was performed. Cristae length 
was measured as the sum of the inwardly extending 
portion of the mitochondrial lining and the circular 
double membrane in the mitochondria. 
 
Measurement of reactive oxygen species (ROS) and 
mitochondrial mass 
 
For quantification of mitochondrial ROS, the cells were 
incubated in medium containing 5 µM MitoSOX 

(M36008; Life Technologies, Carlsbad, CA, USA) for 
30 min at 37°C. For quantification of mitochondrial 
mass, the cells were incubated in medium containing 
50 nM MitoTracker green (M7514; Life Technologies) 
for 30 min at 37°C. After staining, cells were prepared 
for FACS analysis as previously described [58]. 
 
Measurement of autophagic level 
 
Cells were stained with Cyto–ID staining solution 
(ENZ–51031–0050; Enzo Life Sciences, Lausen, 
Switzerland) and 50 nM LysoTracker deep red (LTDR) 
(L12492; Life Technologies) for 30 min and prepared 
for FACS analysis. To measure background 
autofluorescence, cells were incubated in medium 
without dye. Fluorescence from Cyto–ID was 
normalized with fluorescence from LTDR. 
 
Senescent associated-β-galactosidase (SA-β-gal) staining 
 
SA-β-gal staining was performed according to the 
manufacturer’s protocols (9860; Cell Signaling 
Technology, Beverly, MA, USA). 
 
Lenti-viral shRNA production and infection 
 
HEK 293T cells were transfected with 10 μg shRNA 
plasmid (control shRNA or 14–3–3ζ shRNA (sc-
156019-SH; Santa Cruz Biotechnology), 5 μg PAX2 
plasmid, and 5 μg VSV-G plasmid using Lipofectamine 
2000 (11668019; Invitrogen). Viral supernatant was 
harvested 24 h after transfection. Polybrene (TR-1003-
G; Millipore; 6 μg/ml) was added into viral 
supernatant. Virus infection was performed as 
previously described [26]. 
 
Preparation of cDNA (complementary DNA) 
 
Total RNA was isolated from 5 × 105 cells using 
RNase Mini Kit (74104; QIAGEN, Hilden, Germany) 
according to the manufacturer’s instructions. Total 
RNA was reverse-transcribed using a DiaStar™ RT Kit 
(DR22-R10k; SolGent, Seoul, Korea) according to 
the manufacturer’s instructions. The purity and 
concentration of the cDNA were determined using a 
DS-11 Spectrophotometer (DS-11; DeNovix, Wilmington, 
DE, USA). 
 
Quantitative polymerase chain reaction (qPCR) 
 
qPCR was performed using a Solg™ 2× real-time PCR 
smart mix (SRH83-M40h; Solgent) in a CFX Connect™ 
Real-Time PCR Detection System (Bio-Rad, Hercules, 
CA, USA). qPCR was performed with denaturation at 
95°C for 4 min followed by 40 cycles of 94°C for 30 s, 
57°C for 30 s, and 70°C for 10 s. qPCR was done 
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using the following primer: 5′-CGCAATGGTGAAG 
GTC-3′ (GAPDH-forward), 5′-CGCCAGCATCACCC 
C-3′ (GAPDH-reverse); 5′-AAGACGAAGGTGCTG-3′ 
(14–3–3ζ-forward), 5′-GCTTGTGAAGCATTGGG-3′ 
(14–3–3ζ-reverse). 
 
Statistical analysis 
 
Statistical analysis were performed using a standard 
statistical software package (SigmaPlot 12.5; Systat 
Software, San Jose, CA, USA). The Student’s t-test and 
two-way ANOVA followed by Bonferroni’s post test 
were used to determine whether differences were 
significant. 
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SUPPLEMENTARY MATERIALS 
 
Supplementary methods 
 
Synthesis of KB1541 and biotinylated KB1541 
 
General 
All chemicals and solvents used in the reaction were 
purchased from Sigma-Aldrich, TCI, and Acros and 
were used without further purification. Reaction 
progress was monitored by TLC on pre-coated silica gel 
plates with silica gel 60F254 (Merck; Darmstadt, 
Germany) and visualized by UV254 light and/or 
KMnO4 staining for detection purposes. Column 
chromatography was performed on silica gel (Silica gel 
60; 230‒400 mesh ASTM, Merck, Darmstadt, 
Germany). Nuclear magnetic resonance (NMR) spectra 
were recorded at room temperature and 50°C on either a 
Bruker BioSpin Advance 300 MHz NMR (1H, 300 
MHz; 13C, 75 MHz) or a Bruker Ultrashield 600 MHz 
Plus (1H, 600 MHz; 13C, 150 MHz) spectrometer. All 
chemical shifts are reported in parts per million (ppm) 
from tetramethylsilane (δ = 0) and were measured 
relative to the solvent in which the sample was analyzed 
(CDCl3: δ 7.26 for 1H NMR, δ 77.0 for 13C NMR; 
MeOH-d4: δ 3.31 for 1H NMR, δ 49.0 for 13C NMR). 
The 1H NMR shift values are reported as chemical shift 
(δ), the corresponding integral, multiplicity (s = singlet, 
br = broad, d = doublet, t = triplet, q = quartet, m = 
multiplet, dd = doublet of doublets, td = triplet of 
doublets, qd = quartet of doublets), coupling constant 
(J in Hz) and assignments. High-resolution mass 
spectra (HRMS) were recorded on an Agilent 6530 
Accurate Mass Q-TOF LC/MS spectrometer. The 
purity of all final compounds was measured by 
analytical reverse-phase HPLC on an Agilent 1260 
Infinity (Agilent) with a C18 column (Phenomenex, 
150 mm × 4.6 mm, 3 μm, 110Å). RP-HPLC was 
performed using the following isocratic conditions: for 
method A, mobile phase was acetonitrile and water 
(48:52, v/v); for method B, mobile phase was 
acetonitrile and water (30:70, v/v); for method C, 
mobile phase was methanol and water (35:65, v/v). All 
compounds were eluted with a flow rate of 1 mL/min 
and monitored at UV detector (220 nm). The purity of 
the tested compounds was >97%. 
 
Synthesis 
Ethyl 2-chlorooxazole-4-carboxylate (1) 
Ethyl 2-aminooxazole-4-carboxylate (468 mg, 3 mmol) 
was added in portions to a solution of tert-butyl nitrite 
(540 μl, 0.45 mmol) and copper (II) chloride (600 mg, 
4.5 mmol) in acetonitrile (22 mL) at 60°C. The mixture 
was then stirred at 80°C for 1 h. The mixture was 
cooled and partitioned between dichloromethane, ice, 
and concentrated hydrochloric acid. The aqueous layer 

was further extracted with dichloromethane and the 
combined organics washed with brine, dried (MgSO4), 
and evaporated. The crude products were purified by 
column chromatography on silica gel (eluting with 
hexane/Et2O = 7:1 to 4:1, v/v) to afford pure compound 
1 as a fluffy white solid (338 mg, 64%). Rf = 0.38 
(hexane/Et2O = 2:1, v/v). 1H NMR (300 MHz, CDCl3) δ 
8.20 (s, 1H), 4.40 (q, J = 7.2 Hz, 2H), 1.39 (t, J = 6.9 
Hz, 3H). LRMS (ESI) m/z 176.1 [M+H]+. All 
spectroscopic data were in complete agreement with 
those reported previously1. 
 
Ethyl 2-(4-(trifluoromethyl)phenyl)oxazole-4-carboxylate 
(2) 
The ethyl 2-Chlorooxazole-4-carboxylate 1 (258 mg, 
1.47 mmol), 4-(trifluoromethyl)phenylboronic acid (342 
mg, 1.8 mmol, 1.2 eq), and tetrakis(triphenylphosphine) 
palladium (0) (81 mg, 0.07 mmol, 0.05 eq) were 
dissolved in toluene (20 mL) and 2 M potassium 
carbonate solution (2.0 mL, 4.0 mmol) at room 
temperature under a nitrogen atmosphere. The reaction 
mixture was stirred under reflux for 1 h. After being 
cooled at room temperature, the reaction mixture and 
partitioned between ethyl acetate and 2 M sodium 
hydroxide solution. The aqueous layer was further 
washed with ethyl acetate twice. The combined organic 
layer was washed with brine, dried (MgSO4), and 
concentrated in vacuo. The crude products were purified 
by column chromatography on silica gel (eluting with 
hexane/Et2O = 5:1 to 3:1, v/v) to afford pure compound 
2 as a fluffy white solid (268 mg, 64%). Rf = 0.38 
(hexane/Et2O = 2:1, v/v). 1H NMR (300 MHz, CDCl3) δ 
8.32 (s, 1H), 8.24 (d, J = 8.1 Hz, 2H), 7.74 (d, J = 8.1 
Hz, 2H), 4.45 (q, J = 7.2 Hz, 2H), 1.42 (t, J = 7.2 Hz, 
3H). LRMS (ESI) m/z 286.0 [M+H]+ and 308.1 
[M+Na]+. All spectroscopic data are in complete 
agreement with those reported2. 

 
Ethyl 5-(2-nitrophenyl)-2-(4-(trifluoromethyl)phenyl) 
oxazole-4-carboxylate (3) 
A mixture of 2 (228 mg, 0.8 mmol), 2-iodonitrobenzene 
(398 mg, 1.6 mmol, 2.0 eq), palladium acetate (11.2 mg, 
0.05 mmol, 0.06 eq), triphenyl phosphine (21 mg, 0.08 
mmol, 0.1 eq), cesium carbonate (651.6 mg, 2.0 mmol, 
2.5 eq), and DMF (4 mL) was flushed with nitrogen and 
heated at 140°C for 3 h. The cooled mixture was diluted 
with ethyl acetate and washed with water, brine, dried 
(MgSO4), and concentrated under reduced pressure. 
The crude products were purified by column 
chromatography on silica gel (eluting with hexane/ 
Et2O = 5:1 to 1:1, v/v) to afford pure compound 3 as a 
white needlelike crystal (143 mg, 44%). Rf = 0.20 
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(hexane/Et2O = 1:1, v/v). 1H NMR (300 MHz, CDCl3) 
δ 8.24 (d, J = 8.1 Hz, 2H), 8.21 (d, J = 10.5 Hz, 1H), 
7.86‒7.68 (m, 5H), 4.32 (q, J = 7.2 Hz, 2H), 1.27 (t, J = 
7.2 Hz, 3H); 13C NMR (75 MHz, CDCl3) δ 166.1, 
159.9, 151.7, 148.5, 133.0, 132.6, 131.5, 130.5, 129.3, 
127.3, 126.0, 125.9, 124.9, 122.4, 61.8, 14.0. LRMS 
(ESI) m/z 407.0 [M+H]+, 428.7 [M+Na]+, and 445.3 
[M+K]+. HRMS (ESI) m/z calculated for 
C19H14F3N2O5

+ [M+H]+: 407.0849; found: 407.0809. 
 
Ethyl 5-(2-aminophenyl)-2-(4-(trifluoromethyl)phenyl) 
oxazole-4-carboxylate (4)  
To a solution of 3 (219 mg, 0.54 mmol) in MeOH 
(15 mL) was added catalytic amount of 10 wt. % 
palladium on activated carbon. The mixture was 
shaken under H2 gas (50 psi) for 1 h. The reaction 
mixture was filtered through Celite bed. The volatiles 
were removed under reduced pressure to give 4 (199 
mg, 98%) as a white needlelike crystal. Rf = 0.29 
(CH2Cl2/MeOH = 20:1, v/v). 1H NMR (300 MHz, 
CDCl3) δ 8.25 (d, J = 8.1 Hz, 2H), 7.74 (d, J = 8.1 Hz, 
2H), 7.44 (t, J = 7.8 Hz, 1H), 7.31 (t, J = 7.8 Hz, 1H), 
6.86 (t, J = 7.5 Hz, 1H), 6.83 (d, J = 7.8 Hz, 1H), 4.40 
(q, J = 7.2 Hz, 2H), 4.17 (s, 2H), 1.29 (t, J = 7.2 Hz, 
3H); 13C NMR (75 MHz, CDCl3) δ 162.0, 159.2, 
155.1, 145.8, 132.0, 131.6, 129.5, 127.1, 126.0, 125.9, 
118.2, 116.9, 112.4, 61.7, 14.2. LRMS (ESI) m/z 377.1 
[M+H]+ and 399.1 [M+Na]+. HRMS (ESI) m/z 
calculated for C19H16F3N2O3

+ [M+H]+: 377.1108; 
found: 377.1094. 
 
2-(4-(Trifluoromethyl)phenyl)oxazolo[4,5-c]quinolin- 
4(5H)-one (5)  
A mixture of 4 (101 mg, 0.27 mmol), DME (7 mL), 
and 2 M potassium carbonate solution (0.5 mL, 1.0 
mmol) was stirred under reflux for 12 h. The solvent 
was removed under reduced pressure and water added. 
The white needlelike crystal was collected by 
filtration, washed with Et2O, and dried in vacuo to 
give 5 (64 mg, 72%). Rf = 0.38 (CH2Cl2/MeOH = 
20:1, v/v). 1H NMR (300 MHz, DMSO-d6) δ 8.44 (d, J 
= 8.1 Hz, 2H), 8.08 (d, J = 7.8 Hz, 1H), 8.03 (d, J = 
8.4 Hz, 2H), 7.63 (t, J = 7.2 Hz, 1H), 7.53 (d, J = 8.1 
Hz, 1H), 7.38 (t, J = 7.5 Hz, 1H). LRMS (ESI) m/z 
353.5 [M+Na]+ and 369.0 [M+K]+. HRMS (ESI) m/z 
calculated for C17H10F3N2O2

+ [M+H]+: 331.0689; 
found: 331.0682.  
 

4-Chloro-2-(4-(trifluoromethyl)phenyl)oxazolo[4,5-c] 
quinoline (6) 
A flame-dried, 100 mL two-necked round-bottomed 
flask, equipped with magnetic stir bar and charged with 
compound 5 (296 mg, 0.90 mmol) in dry toluene (15 
mL). Phosphorus oxychloride (835 μl, 8.96 mmol) was 
then added and the reaction mixture was refluxed under 
argon for 4 h. The progress of the reaction was 
monitored with TLC (hexane/Et2O = 1:1, v/v). After the 
reaction was cooled to room temperature, it was 
carefully poured into ice brine and basified with 
aqueous NH4OH. The reaction mixture was extracted 
with EtOAc, dried over MgSO4, and concentrated in 
vacuo. The crude product was purified by column 
chromatography on silica gel (eluting with hexane/Et2O 
= 2:1, v/v) to afford product 6 (263 mg, 84%) as a white 
needlelike crystal. Rf = 0.75 (hexane/Et2O = 1:1, v/v). 
1H NMR (300 MHz, CDCl3) δ 8.50 (d, J = 8.1 Hz, 2H), 
8.29 (d, J = 8.1 Hz, 1H), 8.21 (d, J = 8.1 Hz, 1H), 8.21 
(d, J = 8.1 Hz, 1H), 7.86 (d, J = 8.1 Hz, 2H), 7.84–7.69 
(m, 2H); 13C NMR (150 MHz, CDCl3) δ 161.9, 153.1, 
145.4, 142.5, 133.9, 133.6, 133.5, 130.3, 129.4, 129.3, 
128.2, 127.9, 126.3, 126.2, 126.2, 126.1, 124.5, 122.7, 
120.5, 115.7. LRMS (ESI) m/z 349.0 [M+H]+. 
 
4-(Pyrrolidin-1-yl)-2-(4-(trifluoromethyl)phenyl)oxazolo 
[4,5-c]quinoline (7, KB1541) 
A stirred mixture of the compound 6 (36 mg, 0.10 
mmol) and pyrrolidine (345 μl, 4.13 mmol) was heated 
to 80°C for 3 h under an argon atmosphere. Completion 
of the reaction was monitored with TLC, as appropriate. 
After the reaction was complete, excess pyrrolidine was 
evaporated in vacuo if possible. The crude product was 
purified by column chromatography on silica gel 
(eluting with hexane/Et2O = 9:1 to 5:1, v/v) as a yellow 
solid (26 mg, 68%). Rf = 0.35 (hexane/Et2O = 3:1, v/v). 
1H NMR (300 MHz, CDCl3) δ 8.37 (d, J = 8.1 Hz, 2H), 
8.01 (dd, J = 1.2 and 8.0 Hz, 1H), 7.79 (d, J = 8.4 Hz, 
3H), 7.55 (t, J = 6.9 Hz, 1H), 7.28 (t, J = 7.8 Hz, 1H), 
4.08 (brs, 4H), 2.08 (t, J = 6.6 Hz, 4H); 13C NMR (150 
MHz, CDCl3) δ 158.7, 1535., 149.5, 146.9, 132.5, 
132.3, 130.4, 129.3, 127.2, 126.5, 126.4, 125.9, 125.9, 
125.9, 125.8, 124.7, 122.9, 121.7, 120.1, 112.2, 48.3, 
25.5. LRMS (ESI) m/z 384.3 [M+H]+. HRMS (ESI) m/z 
calculated for C21H17F3N3O+ [M+H]+: 384.1318; found: 
384.1307. >98% purity as determined by RP-HPLC, 
method D, tR = 7.932 min. 
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1H NMR spectra of KB1541 measure in CDCl3 at 300 MHz. 
 

 
 

13C NMR spectra of KB‐1541 measure in CDCl3 at 75 MHz. 
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tert-Butyl (pyrrolidine-3-ylmethyl)carbamate (12) 
To a stirred solution of tert-Butyl ((1-benzylpyrrolidin-
3-yl)methyl)carbamate (11) (200 mg, 0.69 mmol) in 
methanol (3 mL) was added 10 wt. % palladium on 
activated carbon (20 mg) and catalytic amount of acetic 
acid. The solution was then stirred in an atmosphere of 
H2 gas for 8 h. The reaction mixture was filtered 
through a celite pad and concentrated under reduced 
pressure. The crude residue was used in the next step 
without further purification. Rf = 0.07 (CH2Cl2/MeOH = 
10:1, v/v). 
 
tert-Butyl ((1-(2-(4-(trifluoromethyl)phenyl)oxazolo[4,5 
-c]quinolin-4-yl)pyrrolidin-3-yl)methyl)carbamate (13) 
4-Chloro-2-(4-(trifluoromethyl)phenyl)oxazolo[4,5-c] 
quinoline (12) (88.7 mg, 0.25 mmol) and tert-Butyl 
(pyrrolidin-3-ylmethyl)carbamate (6) (300 mg, 1.50 
mmol) were placed in an oven dried 100 mL two-
necked round bottom flask that was then fitted with a 
rubber septum and a three-way connected to a balloon 
filled with argon. The flask was flushed with argon and 
anhydrous THF (5 mL) was added, followed by 
triethylamine (400 μl, 2.87 mmol). The reaction mixture 
was stirred at 60°C for 19 h. The resulting reaction 
mixture was cooled to room temperature and the solvent 
was evaporated in vacuo. The crude residue was 
purified by silica gel column chromatography 
(CH2Cl2/MeOH, 160:1 to 60:1, v/v) to afford compound 
13 (122 mg, 95%) as a dark green solid. Rf = 0.50 
(CH2Cl2/MeOH = 20:1, v/v). 1H NMR (600 MHz, 
MeOD) ẟ 8.28 (d, J = 7.8 Hz, 2H), 7.90 (d, J = 7.8 Hz, 
1H), 7.83 (d, J = 7.8 Hz, 2H), 7.68 (d, J = 8.4 Hz, 1H), 
7.51 (t, J = 7.2 Hz, 2H), 7.26 (t, J = 7.2 Hz, 2H), 4.07 
(brs, 2H), 3.83 (brs, 1H), 3.62 (brs, 1H), 3.20 (d, J = 7.2 
Hz, 2H), 2.59–2.43 (m, 1H), 2.19–2.11 (m, 1H), 1.83–
1.72 (m, 1H), 1.48 (s, 9H); 13C NMR (150 MHz, 
CDCl3) ẟ 158.95, 156.04, 153.58, 149.46, 146.79, 
132.64, 132.43, 130.37, 129.43, 127.35, 126.57, 126.36, 
125.94, 124.71, 121.98, 120.17, 112.35, 79.46, 71.88, 
62.80, 58.43, 57.63, 55.35, 51.62, 47.86, 46.54, 43.24, 
39.16, 28.43. HRMS m/z calculated for C27H27F3N4O3 
[M+H]+: 513.2108; found: 513.2086. >95% purity (as 
determined by RP-HPLC, method A, tR = 6.704 min). 
 
(1-(2-(4-(Trifluoromethyl)phenyl)oxazolo[4,5-c] 
quinolin-4-yl)pyrrolidin-3-yl)methanamine (14) 
The compound 13 (122 mg, 0.24 mmol) was dissolved 
in anhydrous CH2Cl2 (6 mL) in a 100 mL two-necked 
round bottom flask containing a magnetic stir bar and 
purged with argon gas. The reaction vessel was 
maintained in an ice-water bath, and trifluoroacetic acid 
(2.5 mL) was added slowly dropwise. The ice-water 
bath was removed after 30 min, and the reaction 
mixture was stirred at room temperature for 1 h. The 

solvent was removed and concentrated under reduced 
pressure to afford the corresponding crude product (109 
mg, 86%) 14 as a yellow oil, which was used in the 
next step without further purification. Rf = 0.08 
(CH2Cl2/MeOH = 10:1, v/v). 1H NMR (600 MHz, 
MeOD) ẟ 8.53 (d, J = 8.4 Hz, 2H), 8.31 (d, J = 8.4 Hz, 
1H), 8.13 (d, J = 9.0 Hz, 1H), 7.96 (d, J = 7.8 Hz, 2H), 
7.87 (t, J = 8.4 Hz, 1H), 7.69 (t, J = 7.8 Hz, 1H), 4.24 
(brs, 1H), 4.09 (brs, 1H), 3.37–3.26 (m, 3H), 3.25–3.18 
(m, 1H), 2.98–2.87 (m, 1H), 2.58–2.50 (m, 1H), 2.16–
2.07 (m, 1H); 13C NMR (150 MHz, MeOD) ẟ 161.59, 
161.23, 154.72, 145.80, 136.60, 133.70, 133.05, 
128.59, 127.91, 126.41, 125.99, 125.52, 124.61, 
118.33, 118.20, 113.69, 110.77, 54.78, 52.90, 49.04, 
37.41, 31.64. HRMS m/z calculated for C22H19F3N4O 
[M+H]+: 413.1584; found: 413.1590. >95% purity (as 
determined by RP-HPLC, method B, tR = 6.330 min). 
 
5-((3aS,4S,6aR)-2-Oxohexahydro-1H-thieno[3,4-d] 
imidazol-4-yl)-N-((1-(2-(4-(trifluoromethyl)phenyl) 
oxazolo[4,5-c]quinolin-4-yl)pyrrolidin-3-yl)methyl) 
pentanamide (15, Biotinylated KB1541) 
The compound 14 (50.0 mg, 0.12 mmol) and N-
succinimidyl D-biotinate (82 mg, 0.24 mmol, 2.0 eq.) 
were placed in an oven dried 100 mL two-necked 
round bottom flask that was then fitted with a rubber 
septum and a three-way connected to a balloon filled 
with argon. The flask was flushed with argon and 
anhydrous DMF (5 mL) was added, followed by 
triethylamine (84 μl, 0.6 mmol, 5.0 eq.). The reaction 
mixture was stirred at room temperature for 12 h. TLC 
(CH2Cl2: MeOH = 8:1, v/v) showed a complete 
conversion, the solvent was co-evaporated with 
toluene. The crude product was purified by silica gel 
column chromatography (CH2Cl2/MeOH = 50:1 to 6:1, 
v/v) to afford compound 15 (41.0 mg, 53%) as a green 
solid. Rf = 0.55 (CH2Cl2/MeOH = 8:1, v/v). 1H NMR 
(600 MHz, MeOD) ẟ 8.39 (d, J = 7.8 Hz, 2H), 8.00 (d, 
J = 7.8 Hz, 1H), 7.87 (d, J = 7.8 Hz, 2H), 7.74 (d, J = 
8.4 Hz, 1H), 7.54 (t, J = 7.2 Hz, 1H), 7.29 (t, J = 7.2 
Hz, 1H), 4.42–4.35 (m, 1H), 4.25–4.13 (m, 3H), 3.99–
3.91 (m, 1H), 3.79–3.71 (m, 1H), 3.44–3.28 (m, 2H), 
3.17–3.09 (m, 1H), 2.86–2.78 (m, 1H), 2.67–2.55 (m, 
2H), 2.31–2.23 (m, 2H), 2.22–2.15 (m, 1H), 1.89–1.80 
(m, 1H), 1.77–1.62 (m, 3H), 1.61–1.53 (m, 1H), 1.50–
1.41 (m, 2H); 13C NMR (150 MHz, CDCl3) ẟ 174.85, 
164.59, 159.10, 153.50, 149.54, 146.61, 132.46, 
130.29, 129.18, 127.24, 126.08, 125.73, 125.69, 
124.84, 121.86, 119.76, 112.08, 61.97, 60.23, 55.48, 
51.62, 41.39, 41.33, 39.52, 38.59, 35.46, 28.63, 28.31, 
28.07, 25.47. HRMS m/z calculated for 
C32H33F3N6O3S [M+H]+: 639.2360; found: 639.2333. 
>95% purity (as determined by RP-HPLC, method C, 
tR = 9.499 min). 
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1H NMR spectra of biotinylated KB1541 measure in MeOD at 600 MHz. 

 

 
 

13C NMR spectra of biotinylated KB1541 in MeOD at 150 MHz. 
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Supplementary Figures 
 

 
 

Supplementary Figure 1. Synthesis of KB 1541. Compound 1 was synthesized from commercially available ethyl 2‐aminooxazole‐4‐

carboxylate by treating tert‐butyl nitrile and copper (II) chloride in acetonitrile at 80°C for 2 h in 64% yield. Compound 2 was obtained by 
reacting compound 1 with 4‐(trifluoromethyl)phenylboronic acid, tetrakis(triphenylphosphine)palladium(0) and 2 M potassium carbonate 
solution  in  toluene at 80°C  for 1 h  in 64% yield. Compound 3 was obtained by  reacting 2 with 2‐iodonitrobenzene, palladium acetate, 
triphenyl phosphine, and  cesium  carbonate  in  toluene at 90°C  for 3 h  in 44% yield. The nitro group of  compound 3 was  reduced with 
catalytic amount of 10 wt. % palladium on activated carbon in methanol to provide compound 4. The mixture was shaken under hydrogen 
gas  (50 psi) at room  temperature  for 1 h  in 98% yield.  Intramolecular cyclization of compound 4 was accomplished with ethylene glycol 
dimethyl  ether  (DME)  and  2 M  potassium  carbonate  solution  at  90°C  for  12  h  to  afford  compound  5  in  72%  yield.  Compound  6 was 
obtained by  reacting  compound  5 with phosphorus oxychloride  in  toluene  at  120°C  for  4 h  in  84%  yield. Compound  7  (KB 1541) was 
obtained by  reacting 6 with pyrrolidine at 80°C  for 3 h  in 68% yield. Briefly, a  total of 7  steps of  reaction were  carried out using ethyl 
2‐aminooxazole‐4‐carboxylate purchased from a commercial source. In order, they are Sandmeyer reaction, Suzuki reaction, Heck reaction, 
Hydrogenation, Cyclization, Chlorination and Alkylation. 

Reagents  and  Conditions:  (i)  t‐BuONO,CuCl2,  acetonitrile,  80°C,  2  h;  (ii)  p‐CF3PhB(OH)2,  Pd(PPh3)4,  toluene, H2O,  K2CO3,  80°C,  1  h;  (iii) 
2‐nitroiodobenzene, Pd(OAc)2, P(o‐tol)3, Cs2CO3, toluene, 90°C, 3 h; (iv) 10% Pd/C, H2, MeOH, rt; (v) 2 M K2CO3, DME, 90°C, 12 h; (vi) POCl3, 
toluene, 120°C, 4 h; (vii) Pyrrolidine, 80°C, 3 h. 
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Supplementary Figure 2. Effect of KB1541 on the proliferation of young fibroblasts. Cell proliferation of young fibroblasts treated 
with 4 µM KB1541 was evaluated at different times (0–20 days). Mean ± S.D., n = 10. 
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Supplementary Figure 3. Synthesis of biotinylated KB1541. The synthesis of biotinylated KB1541 (compound 12) was not possible 

using  the  scheme  used  in  Supplementary  Figure  1.  Therefore,  the  synthetic  scheme  for  biotinylated  KB1541  (compound  12) was  re‐
established  as  summarized  in  Supplementary  Figure  2.  Compound  9  was  obtained  through  debenzylation  by  reacting  commercially 
available compound 8 with 10 wt % palladium on activated carbon and catalytic amount of acetic acid in methanol. The mixture was shaken 
under hydrogen gas (50 psi) at room temperature for 8 h. Compound 10 was obtained by reacting 9 with compound 6 from Scheme 1 and 
excess amount of triethylamine (TEA)  in tetrahydrofuran (THF) at 60°C. Deprotection of Boc group  in compound 10 was accomplished by 
treating trifluoroacetic acid (TFA) in dichloromethane at room temperature for 3 h to afford compound 11. Through this reaction, we were 
able to obtain a compound in which a linker is conjugated to compound 7. The crude product 11 was used for the final step without further 
purification.  Compound  12  was  obtained  by  reacting  11  with  N‐succinimidyl  D‐biotinate,  TEA  in  dimethylformamide  (DMF)  at  room 
temperature in 53% yield. 

Reagents  and  conditions:  (i)  Pd/C, H2,  acetic  acid, MeOH,  rt,  8  h;  (ii)  compound  6,  TEA,  THF,  60°C,  19  h;  (iii)  TFA,  CH2Cl2,  rt,  3  h;  (iv) 
N‐succinimidyl D‐biotinate, TEA, DMF, rt, 12 h. 
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Supplementary Figure 4. Flow cytometry data used to generate graph in Figure 5C, 5D and 5E. (A) Flow cytometry data of ROS 

(Figure 5C) and mitochondrial mass  (Figure 5D) using MitoSOX and MitoTracker green, respectively, were presented.  **P < 0.01, student 
t‐test. Mean ± S.D., n = 3. (B) Flow cytometric data of autophagy level (Figure 5E) using Cyto–ID assay were presented. **P < 0.01, student 
t‐test. Mean ± S.D., n = 3. 
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Supplementary  Figure  5. KB1541  ameliorates  senescence phenotypes.  (A) Western blot analysis of  senescent  fibroblasts after 

treatment with DMSO or KB1541. The primary antibodies included anti‐phospho‐p53 antibody (sc‐377561; 1:500 dilution, Santa Cruz), anti‐
p21 antibody (sc‐6246; 1:500 dilution, Santa Cruz) and HRP–conjugated β–actin (sc47778; 1:1000 dilution; Santa Cruz). (B) Morphologies of 
senescence fibroblasts after treatment with DMSO or KB1541. Senescent fibroblasts treated with DMSO showed a large and flat structure 
(dotted lines), whereas senescent fibroblasts treated with KB1541 showed a small spindle shape (red arrows). Scale bar 100 μm. 
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Supplementary Tables 
 
Supplementary Table 1. Reporting parameters for compound screening data. 

Category Parameter Description 

Assay Type of assay Cell-based phenotypic assays. 

 Target Cell proliferation 

 Primary measurement Detection of double-stranded DNA using intercalated 
fluorescence enhancement of fluorophore 

 Key reagents  Gel Green nucleic acid gel stain and 0.2% SDS 

 Assay protocol Key steps are outlined in Supplementary Table 2 

 Additional comments  

Library  Library size 23 compounds arrayed in 96-well plates as single 
compounds at 10 mM in DMSO 

 Library composition A unique collection of IL-33 inhibitors 

 Source Drug library for IL-33 inhibitors 

 Additional comments  

Screen Format 96-well plate (353072; BD BioSciences) 

 Concentration(s) tested 4 μM concentration, 1:2,500 dilution 

 Plate controls Negative control: No cells (A1-A12) 

 Reagent/compound dispensing system  

 Detection instrument and software VICTOR Multilabel Plate Reader (PerkinElmer, USA) 

 Assay validation/QC  

 Correction factors  

 Normalization (average of six replicates – average of negative control)/ 
(average of DMSO control – average of negative control) 

 Additional comments  

Post-HTS analysis Hit criteria The inhibitor that led to the highest increase was 
considered potential hit. 

 Hit rate 1 out of 23 (4.35%) 

 Additional assay(s)  

 Confirmation of hit purity and structure  

 Additional comments  
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Supplementary Table 2. HTS assay protocol table. 

Step Parameter Value Description 

1 Plate cells 1,000 cells/well 1,000 senescent fibroblasts 

2 Library compounds 200 μl 4 μM concentration, 1:2,500 dilution 

3 Incubation time 21 days 37°C 

4 Wash cells 200 μl PBS 

5 Cell lysis 50 μl 0.2% SDS 

6 Incubation time 2 hr 37°C 

7 Staining of double-stranded DNA 150 μl Diluted Gel Green solution (1:1,1,000 in D.W.) 

8 Incubation time 10 min Gel Green nucleic acid gel stain and 

9 Assay readout 480 and 520 nm VICTOR Multilabel Plate Reader (PerkinElmer, USA) 

Step Notes   

1 Senescent fibroblasts were plated in 96-well plates at a density of 1,000 cells per well 

2 Components of the IL-33 inhibitor library were diluted to a final concentration of 4 µM in media. 

3 Diluted compounds in media was added to wells every 4 days with 12 channel multi pipette. 

4 At 21 days after drug treatment, cells were washed twice with phosphate-buffered saline (PBS) 

5 Cells were lysed in 50 μl of 0.2% SDS. 

6 The plates were incubated at 37°C for 1 hr. 

7 Gel Green (150 μl) nucleic acid gel stain (1:1,000 in DW) was added to the wells. 

8 The plates were incubated at 37°C for 10 min. 

9 (average of six replicates – average of negative control)/(average of DMSO control – average of negative control) 

 
 
Please browse Full Text version to see the data of Supplementary Table 3. 
 
Supplementary Table 3. Detailed list of the IM‐MS/MS TOF analysis. 

 
 


