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Abstract  Senescent cells accumulate with age and 
contribute to tissue dysfunction and chronic inflam-
mation. Senolytic agents that selectively eliminate 
senescent cells hold therapeutic promise; however, 
few mechanistic classes have been established. Using 
Cell Painting–based morphological profiling, we 
identified a distinct cluster of senolytic compounds 
comprised of both known and novel autophagy 
inhibitors, including AZ191, bafilomycin A1, chlo-
roquine, daurisoline, dauricine, MCOPPB, and its 
derivative MS1108. These compounds selectively 
eliminated senescent cells by disrupting autophagic 
flux. Our findings reveal senescent cell dependence 
on autophagy as an essential survival mechanism, 
define the existence of a mechanistically distinct class 
of senolytics acting through autophagy inhibition, 
and demonstrate the predictive value of Cell Painting 

in aging-related drug discovery. Our results provide 
new insights into senescent cell vulnerability and 
expand the therapeutic landscape for aging-related 
pathologies by highlighting autophagy as a targetable 
dependency.
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RPE-1	� HTERT-immortalized retinal pigment 
epithelial cells

SASP	� Senescence-associated secretory phenotype
p62	� SQSTM1
XTT	� 2,3-Bis(2-methoxy-4-nitro-5-sulfophenyl)-

2H-tetrazolium-5-carboxanilide viability 
assay

Introduction

Cellular senescence is a durable form of cell cycle 
arrest [1, 2], induced by diverse stressors, including 
telomere dysfunction [3, 4], oncogenic signaling [5, 
6], and DNA damage [3, 7]. While initially protec-
tive against tumorigenesis and essential during devel-
opment and tissue repair, the chronic accumulation 
of senescent cells, typical for advanced ontological 
stages [8], contributes to tissue malfunction, inflam-
mation, and organismal aging [8, 9]. Senescent cells 
are resistant to apoptosis and produce a pro-inflam-
matory senescence-associated secretory phenotype 
(SASP), which can propagate damage in a paracrine 
manner to surrounding tissues [1, 2, 5, 10–12].

Senolytics, compounds that selectively eliminate 
senescent cells, have shown considerable promise 
in preclinical models of delaying or partly reversing 
aging, or improving chronic conditions such as cancer 
therapy–induced tissue degeneration, fibrotic disor-
ders, and metabolic diseases [10, 11, 13–16]. This has 
led to an intense interest in identifying novel senolytic 
compounds with clinical potential. Although several 
senolytics have been described, including inhibitors 
of BCL-2 family proteins [17], PI3K-AKT pathway 
modulators [18], HSP90 inhibitors [19], and others 
[20], the repertoire remains limited and the mechanis-
tic understanding of senescent cell vulnerabilities is 
still evolving.

Autophagy, a lysosome-dependent catabolic 
system that degrades and recycles damaged pro-
teins and organelles, plays a complex and con-
text-dependent role in cellular senescence [21]. 
Autophagy can antagonize senescence by preserv-
ing mitochondrial and proteostatic integrity [22, 
23], but paradoxically, many types of senescent 
cells exhibit increased autophagic flux that supports 
long-term survival and facilitates SASP production 
by both providing amino acids for the production 
of SASP factors and counteracting the endoplasmic 

reticulum (ER) and proteotoxic stress arising from 
SASP production [22, 24–26]. This has raised the 
hypothesis that senescent cells may be “autophagy-
addicted,” relying on sustained autophagic activ-
ity to maintain metabolic function and cope with 
chronic stress, including the proteotoxic stress 
caused by SASP production [22, 25, 27].

Notably, a few autophagy inhibitors, such as 
bafilomycin A1 (BafA1) [15] and chloroquine [28], 
have been sporadically reported to exert senolytic-
like effects in vitro. Still, these observations remain 
underexplored and have not led to a widely accepted 
categorization of autophagy inhibitors as a distinct 
class of senolytics. The therapeutic potential of tar-
geting autophagy in senescent cells thus remains 
largely untapped.

In a prior phenotypic screen for novel senolyt-
ics, we identified MCOPPB, a nociceptin/orpha-
nin FQ peptide (NOP) receptor agonist [29], as 
a potent senolytic agent in  vitro and in  vivo [30]. 
Surprisingly, here we found that MCOPPB’s seno-
lytic activity is independent of NOP receptor sign-
aling. To investigate its mechanism of action, we 
employed the Cell Painting assay, a multiplexed 
high-content imaging approach developed by the 
Broad Institute [31], which labels major cellular 
compartments and extracts high-dimensional mor-
phological signatures, allowing systematic profiling 
of compound-induced phenotypes. Individual pro-
files are compared using dimensionality reduction 
(UMAP) and similarity-based clustering against a 
curated JUMP reference library that collects com-
pounds with known mechanisms of action. This 
approach enables unbiased identification of com-
pounds that induce phenotypically related cellular 
states. This approach revealed that MCOPPB clus-
ters with multiple structurally diverse autophagy 
inhibitors. Functional validation experiments con-
firmed that MCOPPB indeed inhibits autophagy and 
that this inhibition is sufficient to induce selective 
death of senescent cells.

Overall, we identified a mechanistically coher-
ent cluster of senolytic compounds that act by inter-
fering with autophagic flux, thereby identifying 
autophagy as a targetable vulnerability of senescent 
cells. Our study also expands the mechanistic land-
scape of senolysis and contributes to the ongoing 
search for targeted senolytic therapies with transla-
tional potential.
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Materials and methods

Chemicals

Compounds used in study include the following: 
aphidicolin (Sigma-Aldrich, A0781), BafA1 (Med-
ChemExpress, HY-100558), chloroquine (Sigma-
Aldrich, C6628), dauricine (PhytoLab, PHL80419), 
daurisoline (Sigma-Aldrich, SML0597), LY 2940094 
(Med Chem Express, Hy114452), MCOPPB (Sigma-
Aldrich, PZ0159), nociceptin ligand (Millipore, 
487,960), and PP242 (MedChemExpress, HY-10474). 
MCOPPB derivatives (MS compounds) MS1108 
and MS1109 were synthesized by the Institute of 
Organic Chemistry and Biochemistry of the CAS. 
See the Supplementary File and Fig.  S1 for details. 
All molecular formulas were drawn with ChemDraw 
(version 19).

Cell culture

BJ foreskin fibroblasts (BJ), hTERT-immortalized 
retinal pigment epithelial cells (RPE-1), and HepG2 
hepatocellular carcinoma cells were obtained from 
ATCC (ATCC numbers: CRL-2522, CRL-4000, 
and HB-8065, respectively). The BJ and RPE-1 cell 
lines were cultured in DMEM medium (Capricorn 
Scientific, DMEM-HPSTA [lot CP23-6033]) supple-
mented with 10% fetal bovine serum (FBS, Gibco, 
10,270,106) and 1% penicillin/streptomycin (Sigma-
Aldrich, P4333). Medium for BJ fibroblasts was fur-
ther supplemented with non-essential amino acids 
(Gibco, 11,140,050) at 1% volume by volume. HepG2 
cells were cultured in RPMI Medium 1640 with Glu-
taMAX™ (Gibco, 61,870–010), supplemented with 
10% FBS Superior (Sigma-Aldrich, S0615). All cells 
were mycoplasma-free and cultured at 100% humid-
ity and 37 °C with 5% CO2.

Senescence induction

Cellular senescence was induced in BJ and RPE-1 
cells using aphidicolin, as described previously [30]. 
Briefly, cells were cultivated in 150 cm2 culturing 
flasks (TPP) for 7 weeks in media supplemented with 
0.4  μM aphidicolin. Senescence induction started 
approximately on 5 million cells of either cell line (BJ 
or RPE-1) per flask. Every time the cells reached full 
confluency, they were trypsinized by TrypLE Express 

(Gibco, 12,605–028) and split equally from one flask 
into two. This process was repeated until a complete 
growth arrest. Control cells were cultured in parallel, 
without the addition of aphidicolin.

Senescence‑associated‑β‑galactosidase staining

Senescence-associated β-Galactosidase Staining 
Kit (Cell Signaling Technology, 9860) was used 
to confirm the cellular senescence state following 
the aphidicolin treatment. Following the manufac-
turer’s instructions, cells were seeded into six-well 
plates. Once settled, the medium was aspirated from 
the seeded cells (either senescent or proliferating), 
which were then washed with phosphate-buffered 
saline (PBS) (137 mM NaCl, 2.7 mM KCl, 4.3 mM 
Na2HPO) before fixation with the fixative provided 
in the kit. Following fixation, cells were washed 
with PBS and incubated overnight at 37  °C, fully 
immersed in the pH-adjusted β-galactosidase staining 
solution (provided in the kit). Finally, the cells were 
examined and photographed using a transmission 
light microscope (Primo Vert, Zeiss, Oberkochen, 
Germany) equipped with a 4 × objective.

EdU incorporation–based cell proliferation assay

Cells were seeded into glass-bottom 96-well plates 
(Cellvis, P96-1.5H-N) at a density of 2000 senescent 
cells or 20,000 proliferating cells per well using BJ or 
RPE-1 cell lines. Proliferating cells were allowed to 
adhere for 24 h, whereas senescent cells were allowed 
to settle for 48  h prior to EdU incorporation. Cells 
were then incubated with 10 µM EdU for 48 h.

Following incubation, cells were washed with 
PBS, fixed in 4% paraformaldehyde (PFA) in PBS 
for 15  min at room temperature, and permeabi-
lized with 0.5% (v/v) Triton X-100 in PBS (Sigma-
Aldrich, T8787) for 3  min. EdU detection was per-
formed using a click-chemistry reaction in staining 
solution containing 100  mM Tris (pH 8.5), 1  mM 
CuSO₄, 100 mM ascorbic acid, and 1 µM Alexa Fluor 
488–azide (Invitrogen, A10266). Samples were incu-
bated for 30 min at room temperature, protected from 
light. Cells were subsequently washed with PBS and 
counterstained with 1  µg/mL 4′,6-diamidino-2-phe-
nylindole (DAPI; Thermo Fisher Scientific). Samples 
were then subjected to fluorescence microscopy.
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For representative confocal images of nuclear EdU 
incorporation, samples were imaged using a confo-
cal laser scanning microscope (LSM 980, Carl Zeiss) 
equipped with a Plan-Apochromat 20 ×/0.8 NA objec-
tive (Zeiss). DAPI and Alexa Fluor 488 were excited 
using 405  nm and 488  nm laser lines, respectively, 
with appropriate emission detection settings. Image 
acquisition was performed using ZEN software (blue 
edition, Zeiss), and identical acquisition parameters 
were maintained within each experimental series to 
ensure comparability.

For quantitative analysis of EdU signal per 
nucleus, images were acquired using an automated 
inverted fluorescence microscope (IX81, Olympus) 
equipped with a UPLSAPO 40 × objective (Olympus) 
and filter sets for DAPI and FITC. Image acquisition 
was performed using ScanR Acquisition software 
(Olympus), and subsequent analysis was conducted 
with ScanR Analysis software (Olympus). Nuclei 
were segmented based on DAPI staining, and EdU 
positivity was determined by integrated signal inten-
sity within the corresponding nuclear region in the 
EdU (FITC) channel.

Cell viability assay

Senescent cells were seeded in 24-well plates (TPP) 
at a density of 6000 cells per well and allowed to 
adhere and stabilize for 48 h prior to treatment. Pro-
liferating cells were seeded in parallel at 100,000 
cells per well and incubated for 24 h before treatment. 
Distinct seeding densities were empirically optimized 
to account for the pronounced differences in cell size 
and proliferative capacity between proliferating and 
senescent populations. The objective was to achieve 
comparable culture confluency at the time of treat-
ment, with both conditions forming a confluent mon-
olayer, thereby minimizing confounding effects aris-
ing from disparities in surface coverage and cell–cell 
contact [19, 32]. All cells were treated with four con-
centrations of the test compounds or mock-treated 
(more details are in the figure legends) for 24 h before 
assessment of viability. Viability was assessed using 
the 2,3-bis(2-methoxy-4-nitro-5-sulfophenyl)−2H-
tetrazolium-5-carboxanilide viability assay (XTT, 
AppliChem, A8088) according to the instructions. 
Briefly, 150 μL of XTT solution made up of both the 
XTT activator and reagent was added to the cells in 
each well and incubated for 1–3  h, and absorbance 

at 475  nm was measured in a plate reader/spec-
trometer (Infinite® 200 Pro, TECAN, Männedorf, 
Switzerland).

Crystal violet assay

96-well plates (TPP) were used for crystal violet 
assays, with senescent cells seeded at 2000 cells per 
well and given 48 h to settle before treatment. In con-
trast, proliferating cells were seeded at 20,000 cells 
per well and given 24 h to settle before treatment. As 
with the XTT cell viability assays described above, 
distinct seeding densities were empirically optimized 
to account for the pronounced differences in cell size 
and proliferative capacity between proliferating and 
senescent populations. The objective was to achieve 
comparable culture confluency at the time of treat-
ment, with both conditions forming a confluent mon-
olayer, thereby minimizing confounding effects aris-
ing from disparities in surface coverage and cell–cell 
contact. According to the cell viability assay protocol 
(detailed above), all cells were treated with four con-
centrations of the test compounds or mock treatment 
and incubated for 24 h. Twenty-four hours after treat-
ment, the medium was removed, and the cells were 
fixed using ice-cold 70% ethanol. They were then 
immediately stained with a 5% solution of crystal vio-
let (Sigma-Aldrich C6158). Excess stain was washed 
off with water. The stained cells were air-dried. Once 
dry, contrast material (powdered white edible sugar) 
was added to each well, and the plates were scanned 
using a table scanner (Epson Perfection V750 PRO) 
to obtain representative images. For further quantifi-
cation of the crystal violet signal, the contrast mate-
rial was removed, and all the cell-incorporated crys-
tal violet was dissolved using 5% acetic acid. The 
absorbance of the resulting solution was measured at 
590  nm using a plate reader/spectrometer (Infinite® 
200 Pro, TECAN, Männedorf, Switzerland).

Western blotting

For western blot analysis, 200,000 senescent cells, or 
1,000,000 proliferating cells, were seeded into 60-mm 
tissue culture dishes in 5 mL of medium. Senescent 
cells were allowed to settle for 48 h before treatment; 
proliferating cells were allowed to settle for 24  h 
before treatment. Cells were seeded in this manner 
to match culture confluency between senescent and 
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proliferating cells at time of treatment. Lysates were 
prepared 24 h after treatment using Laemmli Sample 
Buffer (LSB, 50  mM Tris–HCl [pH 6.8]; 100  mM 
DTT; 2.0% SDS; 0.1% bromophenol blue; 10% 
glycerol).

SDS–polyacrylamide gel electrophoresis was 
carried out to separate 20  µg of protein per sample 
using 4–20% precast gels (Bio-Rad Laboratories, 
4,561,096). Proteins were then transferred to a nitro-
cellulose membrane, and band sizes were determined 
using Precision Plus Protein Dual Color Standard 
(Bio-Rad Laboratories, 1,610,374). Membranes were 
cut to visualize several proteins of different molecular 
weights. Membrane blocking and antibody incuba-
tion were done using 5% milk in Tris-buffered saline 
(50 mM Tris–HCl, 150 mM NaCl [pH of 7.6]) with 
0.1% Tween (MP Biomedicals, 103,168). Primary 
antibodies were incubated overnight at 4 °C, followed 
by washing in Tris-buffered saline and 1-h incuba-
tion with secondary antibodies at room temperature. 
Signal was visualized using a chemiluminescent sub-
strate, a 3:1 mix of SuperSignal™ West Pico PLUS 
(Thermo Fisher Scientific, 34,580) and SuperSig-
nal™ West Femto Maximum Sensitivity Substrate 
(Thermo Fisher Scientific, 34,095). Blot imaging was 
carried out using a BIORAD ChemiDoc MP imaging 
system (Bio-Rad Laboratories, CA, USA).

Mock treated samples were used for NOP recep-
tor western blotting. For the purposes of examin-
ing autophagic flux, apart from the negative control 
(mock treated cells), another control sample was pre-
pared—cells treated by a known autophagy activator 
PP242.

Primary antibodies included β-actin (1:1000; Santa 
Cruz Biotechnology, sc-47778), SMC1 (1:5000; 
Abcam, ab9262), SQSTM1/p62 (1:500; Cell Signal-
ing, 88,588), LC3A/LC3B (1:1000; Invitrogen, PA1-
16,931), and pS346-NOP (1:200; 7TM, 7TM0320A). 
Secondary antibodies included HRP-linked anti-
mouse (1:1000; GE Health Care, NA931), and HRP-
linked anti-rabbit (1:1000; GE Health Care, NA934).

Cell painting assay

HepG2 cells were counted using the ViCell cell 
counter (Beckman Coulter Inc., CA, USA) and then 
seeded into 384-well plates (PhenoPlate 384-well, 
Perkin Elmer, 6,057,328) with a Multidrop micro-
plate dispenser (Thermo Fisher Scientific, MA, 

USA). A final volume of 40 μL per well was used, 
with 2000 cells per well. The plates were left at room 
temperature for 1 h to achieve homogeneous conflu-
ency. Afterward, the plates were incubated for 24 h at 
37 °C in a 5% CO2 atmosphere to allow cell attach-
ment and propagation.

Compounds were transferred to the cell plates 
using an Echo 650 acoustic dispenser (Beckman 
Coulter, CA, USA), with transfer performed from low 
dead volume plates (Beckman Coulter, CA, USA). 
After compound addition, the plates were incubated 
for 24 h at 37 °C in a 5% CO2 atmosphere.

The Cell Painting staining protocol follows the 
original published methodology of Bray et  al. [31] 
with slight modifications according to Wolff et  al. 
[33]. Briefly, the medium was aspirated from the 
plates, leaving a residual volume of 10 μl. Next, 30 μl 
of a MitoTracker (Invitrogen, M22426) solution in 
pre-warmed medium (RPMI without phenol red) was 
added to the cells, resulting in a final concentration 
of 500  nM. The cells were incubated for 30  min at 
37  °C. The MitoTracker solution was removed and 
replaced with 30 μl of 4% paraformaldehyde (EMS, 
15,714-1L), and the plates were incubated in the 
dark at room temperature for 20 min. After fixation, 
the cells were washed with 70 μl PBS and then per-
meabilized by adding 30  μl of a 0.1% (v/v) Triton 
X-100/PBS (Sigma-Aldrich, T8787) and incubated 
for 20  min at room temperature. Triton X-100 solu-
tion was removed, and the cells were washed twice 
with 70 μl PBS. Next, the staining solution, contain-
ing HOECHST 33342 (Invitrogen, H3570), SYTO14 
green (Invitrogen, S7576), concanavalin A/Alexa 
Fluor 488 (Invitrogen, C11252), wheat germ agglu-
tinin/Alexa Fluor 555 (Invitrogen, W32464), and 
phalloidin/Alexa Fluor 568 (Invitrogen, A12380) in 
PBS with 1% (m/v) Bovine Serum Albumin (Sigma-
Aldrich, A7030), was added to the wells (30  μl per 
well). The final concentrations in each well were as 
follows: 4  μM HOECHST, 25  μg/ml concanavalin 
A, 3  μM SYTO14, 1 U/ml phalloidin, and 1.5  μg/
ml wheat germ agglutinin. The cells were stained in 
the dark at room temperature for 30 min. After stain-
ing, the cells were washed three times with 70  μl 
PBS. The plates were then sealed with adhesive foil 
and stored in the dark at 4  °C until image acquisi-
tion. The devices used in the fixation, staining, and 
washing processes included BioTek EL406 (BioTek 
Instruments, Inc., USA) for aspiration and dispensing, 
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Certus Flex (Fritz Gyger AG) for dispensing, and 
Blue Washer (BlueCatBio, Germany) for washing.

Stained fixed cells were acquired using an auto-
mated confocal microscope, Yokogawa CV8000, with 
a water-immersion 20 × objective (1.0 NA). For each 
well of the 384-well plate, nine fields arranged in a 
3 × 3 grid at the well’s center were captured. Imag-
ing was performed across four fluorescence chan-
nels to detect HOECHST 33342 (Ex, 405  nm; Em, 
400–490  nm), concanavalin A and SYTO14 (Ex, 
488 nm; Em, 500–550 nm), and wheat germ aggluti-
nin and phalloidin (Ex, 561 nm; Em, 563–637 nm), as 
well as MitoTracker (Ex, 640 nm; Em, 647–705 nm).

Signals Image Artist (SImA1.3) from Revv-
ity (Hamburg, Germany) was used for image data 
analysis. The analysis involved the following chan-
nels: Alexa488, Alexa568, Mitotracker647, and Hoe-
chst33342. In each input image, the cell populations 
were defined by “Find Nuclei” (Hoechst33342), and 
“Find Cytoplasm” (Alexa488) instructions. Then, 
the perinuclear region and cellular membrane region 
were selected. The texture (SER Features, Gabor Fea-
tures, and Haralick Features), intensity, and morphol-
ogy properties (area, roundness, width, length, ratio 
width to length, and advanced morphology properties 
[using the STAR method]) were calculated in all four 
channels in all predefined regions, yielding over 500 
different features.

Properties were extracted per cell, and the mean 
and the standard deviation per well were used for 
further processing. The total number of features per 
well was 1065. Feature processing was conducted uti-
lizing Pycytominer (version 1.1.0) according to the 
published protocol [34]. Briefly, feature values for 
individual plates underwent normalization through 
the “mad_robustize” method. The normalized values 
were calculated as the difference between a specific 
feature value and the median value of dimethyl sul-
foxide (AppliChem)–treated wells on the respective 
plate, divided by the median absolute deviation of the 
dimethyl sulfoxide–treated well values, with an addi-
tion of 10–18 to ensure that the denominator does not 
equal zero. Subsequently, feature selection was exe-
cuted by eliminating features that contained missing 
values, those exhibiting low variance (with frequency 
and uniqueness cutoffs set at 0.1), highly correlated 
features (correlation coefficient exceeding 0.9), and 
features with extreme values (outlier cutoff set at 
100). Finally, median feature values were determined 

across all wells associated with the same compound 
at identical concentrations. Using in-house scripts, 
the analysis of median profiles of compounds, the 
construction of UMAP [35], and visualization were 
carried out in R (version 4.4.0). UMAPs were built 
using median values of selected features for individ-
ual compounds at a given concentration.

For our reference set of compounds, we utilized 
the JUMP dataset [36], which comprises 306 com-
pounds selected according to specific criteria: (i) the 
compounds must target proteins encoded by genes 
from diverse gene families; (ii) at least two com-
pounds should target each gene product; and (iii) each 
compound should ideally target only a single gene 
product; however, achieving this last criterion proved 
challenging due to the complexities associated with 
polypharmacology.

Immunofluorescence microscopy

Cells were seeded into glass-bottom 96-well plates 
(Cellvis, P96-1.5H-N) at a density of 2000 senes-
cent cells or 20,000 proliferating cells per well, using 
either BJ or RPE-1 cell lines. Proliferating cells were 
allowed to adhere for 24  h, whereas senescent cells 
were allowed to settle for 48  h prior to treatment. 
Cells were then treated with the indicated test com-
pounds or vehicle control and incubated for 24  h 
(compound concentrations are specified in the respec-
tive figure legends).

Following treatment, cells were washed with 
PBS, fixed in 4% paraformaldehyde (PFA) in PBS 
for 15  min at room temperature, and permeabilized 
with 0.5% (v/v) Triton X-100 in PBS (Sigma-Aldrich, 
T8787) for 3 min. Non-specific binding was blocked 
with 1% bovine serum albumin (BSA; Sigma-Aldrich, 
A9647) in PBS for 30 min at room temperature. Sam-
ples were incubated overnight at 4  °C with primary 
antibody against SQSTM1/p62 (1:500; Cell Signal-
ing Technology, #88,588), followed by washes in 1% 
BSA/PBS and incubation with Alexa Fluor 488-con-
jugated anti-mouse secondary antibody (1:1000; Inv-
itrogen, A-11001) for 1 h at room temperature. Nuclei 
were counterstained with DAPI (1  µg/mL in water) 
for 10 min. After final PBS washes, samples were air-
dried and imaged by fluorescence microscopy.

Immunofluorescence-stained samples were imaged 
using a confocal laser scanning microscope (LSM 
980, Carl Zeiss). A C-Apochromat 40 ×/1.2 NA 
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water-immersion objective (Zeiss) was employed 
for all acquisitions. Fluorophores were excited using 
405-nm and 488-nm lasers for DAPI and Alexa Fluor 
488, respectively, with corresponding emission fil-
ter settings. Image acquisition was performed using 
ZEN software (blue edition, Zeiss) under identical 
settings within each experimental series to ensure 
comparability.

Statistical analysis

XTT analysis and crystal violet readings are dis-
played as percentage viability compared to mock 
treated samples, with results normalized to mock 
treated cells in Microsoft Excel (version 2504). 
GraphPad Prism 10.4.2 for Windows (GraphPad 
Software, Boston, MA, USA) was used to calculate 
the means and ± standard deviations; in all cases, 
three independent biological repeats were carried out. 
Each biological replicate for XTT senolytic viabil-
ity screenings consisted of four technical replicates, 
while crystal violet assays consisted of three technical 
replicates.

HepG2 viability following treatments in the Cell 
Painting assay were determined by comparing the 
number of objects in treated wells, compared to the 
number of objects in DMSO-treated control wells. 
Mean number of objects and ± standard deviations 
from four replicates were calculated in Microsoft 
Excel (version 2504). For results, see Supplementary 
Table 1.

XTT and crystal violet data for senolytic screening 
was plotted as an XY line graph with each point rep-
resenting a calculated mean and error bars illustrating 
the ± standard deviations. Graphs were created using 
GraphPad Prism 10.4.2 for Windows (GraphPad Soft-
ware, Boston, MA, USA).

The percentage of EdU-positive nuclei among total 
nuclei was calculated from two biological repeats for 
each tested cell line and is shown as the mean + SD.

Results

Senescence induction and validation

In this work, we utilized two commonly used human 
cell lines: the diploid strain of BJ foreskin fibroblasts 
(BJ) and the hTERT-immortalized retinal pigment 

epithelial cells (RPE-1); the latter incapable of rep-
licative senescence due to telomere attrition yet still 
undergoing other types of senescence when exposed 
to appropriate insults. In both models, we induced 
cellular senescence via prolonged treatment with 
0.4  µM aphidicolin, a well-established inducer of 
replication stress in vitro, when applied at low doses 
[37]. Aphidicolin is a particularly efficient inducer 
of cellular senescence [30, 38], likely due to the for-
mation of replication stress-induced chromosomal 
breakage within the chromosomal common fragile 
sites, leading to persistent DNA damage [39, 40]. 
Successful induction of cellular senescence was vali-
dated using multiple complementary criteria. Senes-
cence-associated β-galactosidase (SA-β-Gal) activity 
was confirmed by histochemical staining (Fig. 1c, f). 
Senescent cells further exhibited the characteristic 
enlarged and flattened morphology (see microscopic 
images in Fig. 1c and f and Fig. 5). In addition, pro-
liferative arrest was verified by a 48-h incubation 
with EdU, a thymidine analogue incorporated into 
newly synthesized DNA during S phase, visualized 
and quantified by fluorescence microscopy. While 
proliferating cells show high EdU nuclear positiv-
ity (81% ± 15% for BJ cells, 95% ± 3.5% for RPE-1 
cells) in senescence counterpart, there was almost no 
detectable EdU incorporation (nuclear EdU positiv-
ity1.3% ± 0.1% for BJ cells, 1.9% ± 0.9% for RPE-1 
cells) (Fig. S2).

Senolytic activity of MCOPPB was independent of 
nociceptin signaling

We compared the senolytic effects of MCOPPB 
and two newly synthesized structural derivatives of 
MCOPPB, termed MS1108 and MS1109, which dif-
fer by minor chemical modifications (Fig.  1a), with 
those of nociceptin/orphanin FQ peptide (N/OFQ). 
This 17-amino acid neuropeptide is the endogenous 
ligand for the NOP receptor. Senolytic activity was 
assessed in two cellular models of pharmacologi-
cally induced senescence as detailed above. Surpris-
ingly, despite all of the tested compounds activat-
ing NOP receptor to a similar extent, as assessed by 
phosphorylation on Serine 346 (Fig. 1d, g) [41], only 
MCOPPB and its derivative MS1108 exhibited pref-
erential toxicity toward senescent cells (Fig.  1b, e), 
suggesting a NOP-independent senolytic mechanism.
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Autophagy inhibition as a candidate off‑target 
mechanism of MCOPPB and MS1108

As the identification of off-targets is often challeng-
ing, we next turned to Cell Painting. This method was 
developed by the Broad Institute [31], and is based 
on a multiplexed high-content imaging approach 
that labels major cellular compartments and extracts 
high-dimensional morphological signatures, allow-
ing systematic profiling of compound-induced cel-
lular phenotypes. Our implementation includes com-
pound treatment and staining of HepG2 cells with six 
fluorescent labels including Hoechst 33,342 (nuclei), 
MitoTracker (mitochondria), concanavalin A (endo-
plasmic reticulum), phalloidin (actin cytoskeleton), 
SYTO14 (nucleoli/cytoplasmic RNA), and wheat 
germ agglutinin (plasma membrane/glycoproteins) 
(Fig.  S3). Automated confocal imaging followed by 
segmentation of nuclei and cytoplasm enabled extrac-
tion of > 1000 morphological, intensity, and texture 
features per well. After normalization and feature 
selection, median compound profiles were compared 
using dimensionality reduction (UMAP) and simi-
larity-based clustering against a curated JUMP ref-
erence library, which gathers compounds of known 

mechanism of action, including off-target effects 
[33]. This approach allows unbiased identification of 
compounds inducing phenotypically related cellular 
states, including effects of the compounds on viability 
(Supplementary Table 1).

We profiled MCOPPB and its two derivatives, 
alongside known senolytics (ABT263, quercetin, 
fisetin, and dasatinib) [20], and included daurisoline, 
a related hit from our previous senolytic screen [30], 
and its structural analog dauricine. Clustering based 
on morphological features revealed that MCOPPB 
and its senolytically active derivative MS1108 did 
not co-cluster with any of the established senolytics 
but instead formed a relatively distinct cluster with 
daurisoline and dauricine (Fig. 2), compounds chemi-
cally unrelated to MCOPPB. Interestingly, both dau-
risoline and dauricine are known natural inhibitors of 
autophagy [42], suggesting that autophagy disruption 
may be a potential shared mechanism revealed by the 
Cell Painting clustering. To explore this possibility 
further, we expanded the profiling across a range of 
concentrations and included two canonical autophagy 
inhibitors, chloroquine [43] and BafA1 [44]. Strik-
ingly, BafA1, chloroquine, dauricine, daurisoline, 
MCOPPB, and MS1108 converged in the same dis-
tinct morphological cluster (Fig.  3a, b), reinforcing 
the idea that interference with autophagy may under-
lie the senolytic activity. Notably, AZ191, a DYRK1B 
inhibitor from the JUMP reference library, also co-
clustered within this group despite not being previ-
ously known as an autophagy inhibitor.

Autophagy inhibitors co‑clustering with MCOPPB 
exhibited senolytic activity

Further functional validation via XTT assay con-
firmed that all members of the aforementioned clus-
ter, including AZ191, induced cell death preferen-
tially in senescent BJ and RPE-1 cells (Fig. 4a, b). A 
complementary cell toxicity assay (to avoid possible 
XTT assay bias) was performed using direct staining 
of surviving cells via a crystal violet assay (Fig. S4). 
Additionally, Western blot analysis of senescent cells 
treated with the same set of compounds revealed the 
accumulation of LC3-II and SQSTM1 (p62), estab-
lished markers of autophagic flux inhibition [45] 
(Fig.  4c). Therefore, the identified cluster of com-
pounds can be described as the Autophagy Inhibitor 
Senolytic Compound (AISC) Cluster. In contrast, 

Fig. 1   Senolytic activity is NOP receptor signaling independ-
ent. a Chemical structures of MCCOPB and its two deriva-
tives, MS1108 and MS1109. b Results of viability assays 
(XTT) where proliferating (red lines) and senescent (blue 
lines) BJ fibroblasts were exposed to increasing concentra-
tions of MCOPPB (2.5, 5, 7.5, and 10 µM), N/OFQ (0.5, 1, 5, 
and 10 µM), MS1108 (5, 10, 15, and 20 µM), and MS1109 (5, 
10, 15, and 20 µM) for 24 h. c Microphotographs of the pro-
liferating and senescent BJ fibroblasts used in the experiment 
after Senescence Associated-β-Gal staining (40 × magnifica-
tion). d Western blot analysis of NOP receptor activation (NOP 
[pS346]) for the tested compounds (all treatments were 10 µM) 
in BJ fibroblasts in mock treated cells and post treatment at 
30, 60, and 90 min; SMC1 shown as loading control. Western 
blot images compiled from different blots. e Results of Viabil-
ity assays (XTT) where proliferating (red lines) and senescent 
(blue lines) RPE-1 retinal cells were exposed to increasing 
concentrations of MCOPPB (5, 7.5, 10, and 15  µM), N/OFQ 
(0.5, 1, 5, and 10 µM), MS1108 (5, 10, 15, and 20 µM), and 
MS1109 (5, 10, 15, and 20 µM) for 24 h. f Microphotographs 
of the proliferating and senescent RPE-1 retinal cells used in 
the experiment after Senescence Associated-β-Gal staining 
(40 × magnification). g Western blot analysis of NOP receptor 
activation (NOP [pS346]) for the tested compounds (all treat-
ments were 10 µM) in RPE-1 cells in mock treated cells and 
post-treatment at 30, 60, and 90 min; SMC1 shown as loading 
control. Western blot images compiled from strips taken from 
a single membrane

◂



	 GeroScience

Vol:. (1234567890)

MS1109, which lacked both senolytic activity and 
cluster membership, did not affect these markers, 
serving as a negative control (Fig. S5).

To further delineate autophagy status and to assess 
the impact of the newly identified autophagy inhibitors, 
we compared the effects of MCOPPB, MS1108, and 
AZ191 on autophagic flux in proliferating and senes-
cent cells. All three compounds inhibited autophagic 
flux in both cellular states. However, direct quantitative 
comparison by Western blotting is intrinsically com-
plicated by the pronounced hypertrophy of senescent 
cells, which can occupy the surface area equivalent of 
several proliferating cells (see microscopic images in 
Fig. 1c and f, and Fig. 5). Consequently, total protein 
input does not directly reflect cell number, and protein 
abundance cannot be interpreted on a per-cell basis.

To standardize loading conditions, lysates were 
in this case normalized for total protein. Under this 
loading, senescent cells exhibited generally lower 
p62 response and approximately comparable LC3-I 
and LC3-II response relative to proliferating cells. 

Notably, the signal of SMC1, used here as a nuclear-
associated loading control, was substantially reduced 
in senescent samples, consistent with a lower number 
of nuclei (and therefore fewer cells) contributing to 
the same total protein input (Fig. S6).

To overcome the intrinsic limitations of Western 
blot–based comparisons, we complemented our analy-
sis with quantitative immunofluorescence of p62 in 
proliferating and senescent cells across both cellular 
models following treatment with the newly identified 
compounds and established autophagy inhibitors. In all 
cases, treatment resulted in a clear increase in p62 sig-
nal relative to mock-treated controls, consistent with 
impaired autophagic degradation. Notably, compound-
specific differences in p62 accumulation were observed 
between proliferating and senescent states, as well as 
between the two cellular models, underscoring context-
dependent effects on autophagic flux (Fig. 5).

Overall, these results indicate that autophagy inter-
ference may be the shared mechanism underlying the 
senolytic activity of the newly identified senolytics.

Fig. 2   Morphological profiling of effects of MCOPPB and its 
derivatives using the Cell Painting assay. Clustering analysis of 
the initial Cell Painting assay involving MCOPPB and its two 
derivatives (MS1108 and MS1109), daurisoline (a compound 
identified in our initial senolytic screen), its structural analog 
dauricine, and established senolytics ABT263, quercetin, fise-
tin, and dasatinib. All compounds were tested at 10 μM, except 

dasatinib (1  μM). Phenotypic profiles were compared to the 
JUMP library (grey dots) using clustering based on image-
derived features. MCOPPB, MS1108, daurisoline, and dauri-
cine form a visible distinct cluster. MS1109, MCOPPB deriva-
tive with nociceptin agonist but not senolytic activity, stays 
aside this cluster (purple dot)
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Discussion

While several senolytic compounds have entered 
early-phase clinical trials [46], the need for new 
senolytic agents remains high due to cell-type speci-
ficity [32, 47] and pharmacokinetic challenges. For 
example, quercetin, despite strong preclinical data, 
fails to penetrate the cerebrospinal fluid, limiting its 
utility in neurodegenerative contexts [48]. In this 
study, we demonstrated that the Cell Painting assay, 
initially designed for mechanism-of-action predic-
tion, can be effectively repurposed to identify novel 
senolytics by exploiting cellular morphological 

similarities observed following treatment with either 
known, mechanistically characterized compounds or 
selected test compounds, offering a scalable and unbi-
ased high-content approach to mechanistic profiling. 
Through the extraction of hundreds of morphologi-
cal features, including subtle morphological changes, 
from images and then comparing them across anno-
tated reference libraries, Cell Painting enables the 
discovery of shared mechanisms, including off-target 
effects, that would otherwise require extensive bio-
chemical, genetic, and computational analyses.

In this study, we employed Cell Painting and iden-
tified a mechanistically coherent cluster of senolytic 

Fig. 3   Concentration-
expanded morphologi-
cal profiling with added 
canonical autophagy inhibi-
tors. Cells were treated 
with MCOPPB, MS1109, 
MS1108, and known 
autophagy inhibitors chloro-
quine, BafA1, daurisoline, 
and dauricine at various 
concentrations and assessed 
using the phenotypic profil-
ing method (Cell Painting 
assay), in which compound-
induced morphological 
changes are compared with 
reference compounds of 
known molecular targets 
(JUMP library). a Cluster 
analysis of morphology-
derived features revealed a 
separate cluster of known 
autophagy inhibitors (chlo-
roquine, BafA1, dauriso-
line, and dauricine) which 
also included MCOPPB 
and MS1108. MS1109, 
MCOPPB’s derivative 
with nociceptin agonist 
but not senolytic activity, 
stays aside from this cluster 
(pink dots). b The detailed 
zoom of the cluster with 
highlighted individual com-
pounds and the concentra-
tions used in µM. Note that 
AZ191, a compound from 
the JUMP reference library, 
also co-clustered within this 
cluster
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compounds, as illustrated in Fig.  2 and Fig.  3. The 
reproducible co-clustering of our compounds with 
canonical autophagy inhibitors within the Cell Paint-
ing reference space suggested functional convergence 

on autophagy-related processes. It is important 
to emphasize that Cell Painting does not directly 
quantify autophagic flux; rather, it captures high-
dimensional morphological signatures reflecting the 

Fig. 4   Senolytic and autophagy-inhibitory effects of com-
pounds co-clustering in the Cell Painting assay with MCOPPB 
and MS1108. a Viability assessment (XTT) of proliferating 
(red lines) and senescent (blue lines) BJ fibroblasts after expo-
sure to increasing concentrations of the compounds for 24  h 
(BafA1 [25, 50, 75, and 100 nM]; chloroquine [30, 40, 50, and 
60 µM]; daurisoline [5, 10, 15, and 20 µM]; dauricine [5, 10, 
15, and 20 µM]; AZ191 [5, 10, 15, and 20 µM]). b Viability 
assessment (XTT)of proliferating (red lines) and senescent 
(blue lines) RPE-1 retinal cells after exposure to increasing 
concentrations of the compounds for 24 h (BafA1 [25, 50, 75, 
and 100  nM]; chloroquine [20, 30, 40, and 50  µM]; dauriso-
line [5, 10, 15, and 20 µM]; dauricine [5, 10, 15, and 20 µM]; 

AZ191 [5, 10, 15, and 20 µM]). c Western blots illustrating the 
effects of the compounds on autophagy inhibition in senescent 
cells, as assessed by elevated p62 and LC3-II proteins. SMC1 
is shown as a loading control. Elevated p62 and LC3-II com-
pared to control (Ctrl) were observed in BafA1, chloroquine, 
MCOPPB, MS1108, daurisoline, and dauricine treatments. 
Compound PP242 is a known autophagy activator and was 
used as a control. Treatment concentrations: PP242 (1  µM), 
BafA1 (50 nM), chloroquine (40 µM), MCOPPB (BJ: 7.5 µM, 
RPE-1: 10 µM), MS1108 (10 µM), daurisoline (10 µM), dau-
ricine (10 µM), AZ191 (BJ: 15 µM, RPE-1: 20 µM). Western 
blot images compiled from strips taken from a single mem-
brane
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integrated cellular consequences of pathway perturba-
tion, including organelle redistribution, altered cyto-
plasmic granularity, and mitochondrial remodeling. 
In this context, the assay proved highly informative as 
an unbiased systems-level phenotyping platform.

Nevertheless, several limitations must be acknowl-
edged. First, Cell Painting does not identify primary 
molecular targets. The profiles reflect downstream 
phenotypic states rather than direct target engage-
ment. Accordingly, phenotypic convergence should 
be interpreted as functional similarity at the systemic 
level. Compounds acting on distinct molecular nodes 
within a shared biological process, such as lysosomal 
acidification, autophagosome-lysosome fusion, or 
broader proteostasis regulation, may produce highly 
correlated morphological signatures despite target-
ing different proteins. In addition, although the JUMP 
reference library is extensively curated, strict target 
selectivity is uncommon, and polypharmacology 
remains prevalent. Thus, clustering with annotated 
compounds may indicate shared pathway perturba-
tion, partially overlapping off-target effects, or both. 
Finally, dimensionality reduction approaches such 
as UMAP emphasize preservation of local neighbor-
hood structure and can influence the apparent geom-
etry of clusters in two-dimensional space.

For these reasons, phenotypic similarity derived 
from Cell Painting should be regarded as hypoth-
esis-generating rather than definitive. Consistent 
with this principle, the clustering-based hypothesis 
implicating autophagy inhibition was subsequently 
tested using subsequent biochemical assays, which 
confirmed impaired autophagic flux. Using West-
ern blotting and immunofluorescence analyses of 
established autophagic flux markers, we demon-
strated that MCOPPB and its derivative MS1108 
inhibit autophagy. This effect is independent of their 
known activity as nociceptin/orphanin FQ peptide 
(NOP) receptor agonists. We further established that 
autophagic flux inhibition and the associated seno-
lytic activity of these compounds are not mediated 
through NOP receptor signaling. Pharmacological 
activation of the NOP receptor alone did not reca-
pitulate the effects on autophagy or cell viability, 
indicating that the observed phenotype arises from 
an off-target mechanism unrelated to canonical NOP 
receptor engagement.

Furthermore, we identified three new senolytic com-
pounds, daurisoline, dauricine, and MS1108 (a derivative 

of MCOPPB), and independently corroborated the 
previously reported senolytic activity of AZ191 [49]. 
Notably, all four compounds co-clustered in the Cell 
Painting reference space within a group enriched for 
established autophagy inhibitors, which we designated 
the Autophagy Inhibitor–Senolytic Cluster (AISC). 
Importantly, each compound within the AISC not only 
impaired autophagic flux but also exhibited preferen-
tial cytotoxicity toward senescent cells, albeit to varying 
degrees, indicating a shared mechanistic axis coupled 
with quantitative differences in senolytic potency.

Preferential toxicity toward senescent cells does 
not exclude measurable cytotoxicity in proliferating 
populations. In our experiments, higher concentra-
tions of MS1108, daurisoline, and dauricine pro-
duced evident toxicity in proliferating BJ cells. Such 
cell line–dependent effects are not unprecedented; 
similar observations have been reported for estab-
lished senolytics, including dasatinib, quercetin, and 
ABT263 (navitoclax) [32, 47]. Heterogeneity in seno-
lytic efficacy across cellular contexts is likewise well 
documented. For example, we observed that senes-
cent RPE-1 cells were more sensitive to chloroquine 
than senescent BJ fibroblasts (see Fig. 4 and Fig. S4). 
Comparable cell type–specific differences have been 
described for other senolytics [32, 47, 50]. Such vari-
ability likely reflects mechanistic differences at the 
level of autophagy regulation and lysosomal biology, 
as distinct compounds interfere with discrete nodes 
of the autophagic pathway. For instance, both BafA1 
and chloroquine impair lysosomal acidification, but 
through mechanistically distinct routes. BafA1 inhib-
its the vacuolar H⁺-ATPase (V-ATPase), thereby 
preventing proton translocation into lysosomes and 
blocking acidification [44], a mechanism considered 
central to its autophagy-inhibitory activity [51]. In 
contrast, chloroquine accumulates within lysosomes 
and acts as a weak base to neutralize luminal pH 
[52]. In addition, both compounds have been reported 
to interfere with autophagosome–lysosome fusion, 
a mechanism thought to substantially contribute to 
chloroquine-mediated autophagy inhibition [43, 44].

Off-target activities may further modulate cell 
type–specific responses and overall senolytic potency. 
Analogous to chloroquine, daurisoline and dauricine 
have been reported to inhibit autophagosome–lyso-
some fusion [42, 43]. Nevertheless, we observed 
quantitative differences in senolytic efficacy among 
these compounds (see Figs. 1, 4, and S4), suggesting 
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that additional molecular determinants influence cel-
lular susceptibility. Such variation may ultimately 
be advantageous, as it raises the possibility of tailor-
ing senolytic strategies to specific tissues or patho-
logical contexts based on their underlying autophagy 
dependencies.

Autophagy (specifically macroautophagy) is known 
to decline with advancing age [8]; as a result, targeting 
autophagy for senolysis may appear to be counterin-
tuitive. However, macroautophagy has been expressly 
proven to be upregulated in senescent cells [26], where it 
facilitates the production of the SASP within senescent 
cells by supplying amino acids via the TOR-autophagy 
spatial coupling compartment [26, 53]. Furthermore, 
autophagy is known to mitigate the proteotoxic and 
ER stress inherent to SASP production; thus, it can be 
deduced that it functions as a pro-survival pathway in 
senescent cells [22, 26, 54]. Therefore, despite the over-
all decline of autophagy at an organismal level, senes-
cent cells that accumulate with aging seems to be heav-
ily dependent on the autophagy machinery.

The upregulation of macroautophagy in senes-
cent cells [26] appears to be consistent with our own 
comparative analyses. Specifically, normalization 
of p62 and LC3 levels to SMC1, used as a nuclear-
associated loading marker, or to the number of cells, 
would indicate higher macroautophagic activity in 
senescent relative to proliferating cells on a per-
cell basis (Fig.  S6). Pharmacological inhibition of 
autophagy has been shown to selectively eliminate 
senescent cells, also previously, by exacerbating ER 
stress and inducing cell death in SASP-positive popu-
lations [15]. ER stress–associated vulnerability may 
therefore mechanistically underlie the preferential 

sensitivity of senescent cells to autophagy inhibi-
tion observed in our models. Collectively, the seno-
lytic activity observed for multiple compounds in our 
study that interfere with autophagic flux strongly sup-
ports a pro-survival role of autophagy, particularly 
macroautophagy, in senescent cells.

Our previous in vivo study describing the senolytic 
activity of MCOPPB [30] provides additional support 
for this model. In that work, MCOPPB administration 
led to a significant reduction in established markers 
of cellular senescence in hepatic tissue, consistent 
with senolytic efficacy in  vivo. Unexpectedly, how-
ever, we also observed increased hepatic lipid accu-
mulation. This finding was initially counterintuitive, 
as clearance of senescent cells has in some contexts 
been associated with reduced liver adiposity [55]. 
At the time, we attributed the phenotype to a modest 
increase in body weight and reduced locomotor activ-
ity following MCOPPB treatment, potentially related 
to its known anxiolytic properties.

In light of the present data, and considering the 
extensive literature underscoring the central role 
of macroautophagy in hepatic lipid turnover and 
lipophagy [56–58], inhibition of autophagic flux by 
MCOPPB offers a mechanistically coherent explana-
tion for the observed lipid accumulation despite concur-
rent senolytic activity. Impaired autophagic degradation 
of lipid droplets would be expected to promote hepatic 
steatosis, even in the setting of reduced senescent cell 
burden. Thus, our current findings support the interpre-
tation that MCOPPB functions as an autophagy inhibi-
tor in vivo and suggest that the hepatic phenotype pre-
viously observed in treated mice may reflect systemic 
disruption of autophagic pathways rather than solely 
behavioral or metabolic secondary effects.

Conclusion

Together, our present findings have identified a 
new group of senolytic compounds, which includes 
MCOPPB and its derivative MS1108, that act by dis-
rupting autophagic flux and demonstrate the depend-
ence of senescent cells on functional autophagy, 
identifying autophagy as a previously underexploited 
vulnerability in senescent cells. Our work identified 
daurisoline, dauricine, and MS1108 as novel seno-
lytics, and corroborated previously noted senolytic 
activity in AZ191, BafA1, and chloroquine.

Fig. 5   Immunofluorescence analysis of p62 foci in proliferat-
ing and senescent cells following treatment with AISC com-
pounds. Proliferating and senescent BJ and RPE-1 cells were 
treated for 24  h with either vehicle (mock) or the indicated 
AISC compounds. Treatment concentrations were as follows: 
MCOPPB (10 µM), MS1108 (10 µM), AZ191 (10 µM), dauri-
soline (10 µM), dauricine (10 µM), chloroquine (20 µM), and 
bafilomycin A1 (25 nM). Accumulation of p62/SQSTM1 was 
assessed by immunofluorescence microscopy. Treatment with 
AISC compounds led to an increase in the number of p62-pos-
itive foci in both proliferating and senescent cells across both 
cell lines. Notably, p62 accumulation was markedly more 
pronounced in senescent cells, consistent with their increased 
susceptibility to autophagy inhibition relative to proliferating 
counterparts. (Scale bars: 10 µm for RPE-1 cells and 20 µm for 
BJ cells)
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Moreover, we show morphological profiling to be a 
valuable tool for detecting off-target effects, leading to 
mechanistic discoveries, such as the previously unappreci-
ated senolytic mechanism revealed by the present study.

We propose a two-tiered screening strategy 
whereby morphological profiling is first used to iden-
tify candidate autophagy inhibitors, followed by sec-
ondary screening for senolytic activity. This approach 
is resource-efficient compared to broad phenotypic 
screens and offers a rational path for the discovery of 
novel senolytic compounds.
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