Supplementary Information
Discovery of Hsp70-Mediated Lysosomal Repair as a Highly Specific Target for Senolysis 
Yanlei Fan1,2, Fangfang Jiao1, Yang Zhao1, Yuxia Zhang1, Dan Wang1, Tianhua Ma1✉, Sheng Ding1,2,3✉
1New Cornerstone Science Laboratory, School of Pharmaceutical Sciences, Tsinghua University, Beijing, China 
2Tsinghua–Peking Joint Center for Life Sciences

3Lead contact 
✉e-mail: matianhua@tsinghua.edu.cn (T.M.); shengding@tsinghua.edu.cn (S.D.)
[image: image1.png]a SA-B-Gal

Non-SnCs D-SnCs N-SnCs Ox-SnCs
] % P = s N B ts!
=
<
[s]
<
<
o
)
(&)
=
L
w
T

H1299





Supplementary Figure 1. Senescent cells induced from multiple cell lines by different methods exhibit common senescence characteristics. 

a, Representative images showin SA-β-Gal activity exhibited in A549, MCF10A, HFF1, and H1299 cells following senescence induction by Bleomycin, Nutlin3a, and H2O2. Scale bar: 100μm. 

b, Representative immunofluorescence images revealing expression of senescence markers p53, p21 and ki67 in senescent A549 cells (D-SnCs, N-SnCs and Ox-SnCs). Scale bar: 20 μm. 
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Supplementary Figure 2. PES significantly reduces cell viability in senescent cells while sparing non-senescent cells within a wide concentration range. 

a, Quantitative analysis revealing cell viability in non-senescent MCF10A cells and senescent MCF10A cells (D-SnCs, N-SnCs and Ox-SnCs), following treatment with various concentrations of PES for 6 days. n=4. 

b, Quantitative analysis showing cell viability in non-senescent HFF1 cells  and senescent HFF1 cells (D-SnCs, N-SnCs and Ox-SnCs), following treatment with various concentrations of PES for 6 days. n=4. 

c, Quantitative analysis displaying cell viability in non-senescent HFF1 cells (non-SnCs) and senescent H1299 cells (D-SnCs and Ox-SnCs), following treatment with various concentrations of PES for 6 days. n=3. 

d, Quantitative analysis presenting cell viability in non-senescent MEFs and senescent MEFs (R-SnCs) following treatment with various concentrations of PES for 6 days. n=4. 

Data are presented as mean ± SEM; *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001, determined by two-tailed Student’s t test. 
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Supplementary Figure 3. Previously identified senolytic agents exhibited limited selectivity, leading to slight differences in toxicity between non-senescent and senescent cells.
a-c, Quantitative analysis showing cell viability (left panels) in non-senescent A549 cells (Non-SnCs) and senescent A549 cells (D-SnCs, N-SnCs and Ox-SnCs) following treatment with different concentrations of D&Q (a), ABT263 (b), or BPTES (c). The right panels show R value analysis, which presents differential cell viability between senescent and non-senescent A549 cells treated with indicated concentrations of D&Q (a), ABT263 (b), or BPTES (c). n=3. Data are presented as mean ± SEM. 
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Supplementary Figure 4. MKT-077 significantly reduces cell viability by targeting Hsp70 in senescent A549 cells while sparing non-senescent cells across a wide concentration range. 

a, Quantitative analysis showing the cell viability in non-senescent A549 cells (non-SnCs) and senescent A549 cells (D-SnCs, N-SnCs and Ox-SnCs) following treatment with different concentrations of MKT-077. n=4. 

b, Quantitative analysis displaying the cell viability in D-SnCs with or without doxycycline-inducible expression of HspA1A following treatment with indicated concentrations of MKT-077. n=3. 

c, Quantitative analysis of cell viability in D-SnCs with or without HSF1A pretreatment following exposure to specified concentrations of MKT-077. n=9. 

Data are presented as mean ± SEM; *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001, determined by two-tailed Student’s t test. 
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Supplementary Figure 5. Senescence leads to a significant increase in Hsp70 expression. 

a, Representative immunofluorescence images showing expression levels and nuclear localization of HSF1 in non-senescent A549 cells (non-SnCs) and senescent A549 cells (D-SnCs, N-SnCs and Ox-SnCs). Scale bar: 20 μm. 

b, Quantitative analysis of the mean fluorescence intensity of nuclear HSF1 in (a). n = 15 randomly selected fields. 

c, RT-qPCR analysis presenting HspA1A mRNA levels in cells shown in (a). n=5. 

d, Western blot analysis revealing Hsp70 protein levels in cells shown in (a). 

Data are presented as mean ± SEM; *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001, determined by two-tailed Student’s t test.
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Supplementary Figure 6. Senescence enhances lysosomal biosynthesis and impairs lysosomal membrane integrity.

a, Representative immunofluorescence images showing the nuclear translocation of TFEB and the increased expression of Lamp1 in senescent A549 cells (D-SnCs, N-SnCs and Ox-SnCs). Non-senescent A549 cells (non-SnCs) serve as controls. Scale bar: 20μm.

b,c, Quantitative analysis presenting the fluorescence intensity of nuclear TFEB (b) and cytoplasmic Lamp1 (c) in (a). n=15 randomly selected fields. 

d, Western blot analysis of the protein expression levels of the lysosomal membrane protein Lamp2A and lysosomal enzymes CTSB and CTSD in cells as shown in (a). 

e, Representative immunofluorescence images displaying the Gal8 puncta formed in the cells shown in (a). Scale bar: 20μm.

f, Quantitative analysis of the number of Gal8 puncta in (e). n=20 cells. 

g, Representative fluorescence images showing the lysosomal acidity, as indicated by acridine orange staining, in the cells shown in (a). Scale bar: 20μm.

h, Representative immunofluorescence images presenting the subcellular localization of lysosomal enzyme CTSD in the cells as shown in (a). Scale bar: 20μm. 

Data are presented as mean ± SEM; *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001, determined by two-tailed Student’s t test. 
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Supplementary Figure 7. Senescence induces enhanced expression of ASM and its lysosomal enrichment. 
a, Western blot analysis of ASM protein expression levels in non-senescent A549 cells (non-SnCs) and senescent A549 cells (D-SnCs, N-SnCs and Ox-SnCs). 

b, Representative immunofluorescence images showing the subcellular localization of ASM and Lamp1 in cells shown in (a). The Pearson correlation coefficient for their co-localization is indicated at bottom. n=15 randomly selected fields. Scale bar: 20 μm.
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Supplementary Figure 8. HSF1 activation facilitates lysosomal membrane repair in senescent cells. 

a, Representative immunofluorescence images showing alterations in intracellular ceramide levels in senescent A549 cells (D-SnCs) following overexpression of HSF1A. Non-senescent A549 cells (Non-SnCs) serve as controls. Scale bar: 20μm. 

b, Quantification of the mean fluorescence intensity of intracellular ceramide in (a). n=10 randomly selected fields. 

c, Representative immunofluorescence images displaying the formation of Gal8 puncta in the cells shown in (a). Scale bar: 20μm. 

d, Quantification of the number of Gal8 puncta per cell in (e). n=26 cells.

e, Representative fluorescence images showing lysosomal acidity, as measured by acridine orange staining, in the cells shown in (a). Scale bar: 20μm. 

f, Quantification of intracellular red fluorescence intensity in (c). n=13 randomly selected fields.  

Data are presented as mean ± SEM; *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001, determined by two-tailed Student’s t test.
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Supplementary Figure 9. PES treatment does not significantly disrupt lysosomal membrane integrity in non-senescent cells. 

a, Representative immunofluorescence images showing the subcellular localization of Gal3 and lysosomal membrane protein Lamp1 in non-senescent A549 with or without PES treatment. The Pearson correlation coefficient for their co-localization is indicated at bottom. Scale bar: 20 μm.

b, Representative fluorescence images presenting lysosomal acidity, measured by acridine orange staining, in non-senescent A549 cells with or without PES treatment. Scale bar: 20 μm.
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Supplementary Figure 10. PES and D&Q treatment significantly suppresses the expression of SASP factors in the lung tissues of accelerative aging mice. 

qPCR analysis revealing the expression levels of SASP proteins in the lung tissues of mice subjected to WBI (red bar chart) and subsequently treated with or without either PES or D&Q, compared to normal (naïve) mice serving as controls. n=12. Data are presented as mean ± SEM; *P < 0.05, **P < 0.01, ***P < 0.001, determined by two-tailed Student’s t test.
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Supplementary Figure 11. PES outperforms D&Q in selectively inducing cell death in senescent AT2 cells while sparing non-senescent AT2 cells in vitro. 

Mouse primary AT2 cells were isolated and cultured under in vitro 3D condition. Both non-senescent (non-SnCs) and bleomycin-induced senescent (SnCs) AT2 cells were treated with various concentrations of PES and D&Q. Representative images show propidium iodide (PI) staining in these cells. Scale bar: 600 μm.
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Supplementary Figure 12. PES and D&Q treatment reduced the gene expression of SASP components in the lung tissues from mice with pulmonary fibrosis. 
qPCR analysis revealing the gene expression levels of SASP components in the lung tissues from mice with bleomycin-induced pulmonary fibrosis following treatment with or without either D&Q or PES, compared to normal mice pre-treated with PBS as controls. n=9 mice. Data are presented as mean ± SEM; *P < 0.05, **P < 0.01, ***P < 0.001, determined by two-tailed Student’s t test.
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Supplementary Figure 13. PES and D&Q treatment reduces the expression of key ECM component genes in the lung tissues from mice with pulmonary fibrosis. qPCR analysis showing the expression levels of key ECM component genes (collagen I, MMP10, and MMP12) in the lung tissues from mice with bleomycin-induced pulmonary fibrosis following treatment with or without either D&Q or PES, compared to normal mice pre-treated with PBS as controls. n=9 mice. Data are presented as mean ± SEM; *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001, determined by two-tailed Student’s t test.
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Supplementary Figure 14. PES and D&Q treatment reduces fibrotic regions in the lung from mice with pulmonary fibrosis. 

Representative micro-CT images showing the fibrotic regions within the lungs of mice with bleomycin-induced pulmonary fibrosis following treatment with or without either D&Q or PES, compared to normal mice pre-treated with PBS as controls. 
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Supplementary Figure 15. PES and D&Q treatment significantly reduces the degree of pulmonary fibrosis in mice. 

a, Representative images showing haematoxylin and eo1=sin (H&E) staining (top panels) and Masson’s (bottom panels) staining in the lungs from mice with bleomycin-induced pulmonary fibrosis following treatment with or without either D&Q or PES, compared to normal mice pre-treated with PBS as controls. Scale bar: 500 μm.
b, Quantitative analysis of the Ashcroft Score based on histopathological sections in (a), reflecting the degree of pulmonary fibrosis in these mice. n=7. 

Data are presented as mean ± SEM; ***P < 0.001, and ****P < 0.0001, determined by two-tailed Student’s t test.
Supplementary Table 1. Primers for qPCR analysis used in this study

	Primers
	Species 
	Sequences 

	HspA1A Forward
	Human
	CAACACGGCAAGGTGGAGATC

	HspA1A Reverse
	Human
	TTCAGCGCCACCTGGTTCTTG

	HspA1A Forward
	Mouse
	AAGAACCAGGTGGCGCTGAAC

	HspA1A Reverse
	Mouse
	CACCATGGACGAGATCTCCTC

	p16INK4A Forward
	Mouse
	CGCAGGTTCTTGGTCACTGT

	p16INK4A Reverse
	Mouse
	TGTTCACGAAAGCCAGAGCG

	p21 Forward
	Mouse
	CCTGGTGATGTCCGACCTG

	p21 Reverse
	Mouse
	CCATGAGCGCATCGCAATC

	IL-1α Forward
	Mouse
	GCACCTTACACCTACCAGAGT

	IL-1α Reverse
	Mouse
	AAACTTCTGCCTGACGAGCTT

	IL-1β Forward
	Mouse
	GCAACTGTTCCTGAACTCAACT

	IL-1β Reverse
	Mouse
	ATCTTTTGGGGTCCGTCAACT

	IL-6 Forward
	Mouse
	TAGTCCTTCCTACCCCAATTTCC

	IL-6 Reverse
	Mouse
	TTGGTCCTTAGCCACTCCTTC

	IL-10 Forward
	Mouse
	GCTCTTACTGACTGGCATGAG

	IL-10 Reverse
	Mouse
	CGCAGCTCTAGGAGCATGTG

	MMP10 Forward
	Mouse
	TGTTGCTCTTCAGTATGTG TGT

	MMP10 Reverse
	Mouse
	CCAGGAATTGAGCCACAA GT

	MMP12 Forward
	Mouse
	GCTCCTGCCTCACATCATA C

	MMP12 Reverse
	Mouse
	GGCTTCTCTGCATCTGTG AA

	Tgfβ Forward
	Mouse
	CCGAATGTCTGACGTATTG AAGA

	Tgfβ Reverse
	Mouse
	GCGGACTACTATGCTAAA GAGG

	Collage 1 Forward
	Mouse
	GCTCCTCTTAGGGGCCACT

	Collage 1 Reverse
	Mouse
	CCACGTCTCACCATTGGGG

	Ccl2 Forward
	Mouse
	TTAAAAACCTGGATCGGAACCAA

	Ccl2 Reverse
	Mouse
	GCATTAGCTTCAGATTTACGGGT


Supplementary Table 2. Antibodies used in this study

	Antibodies (Cat. no.)
	Species
	Source
	Dilution Ratio

	Anti-Hsp70 (ab181606)
	Rabbit
	Abcam 
	IF:1/400, WB:1/3000

	Anti-Galectin 8 (ab42879)
	Rabbit
	Abcam
	IF:1/400

	Anti-Galectin 3(ab209344)
	Rabbit
	Abcam
	IF:1/500

	Anti-p53 (ab26-1003)
	Mouse
	Abcam
	IF:1/500

	Anti-Ki67(ab-15580)
	Rabbit
	Abcam
	IF:1/500

	Anti-Lamp2A(ab125068)
	Rabbit
	Abcam
	WB:1/2000

	Anti-HSF1 antibody(ab52757)
	Rabbit
	Abcam
	IF:1/200

	Anti-TFEB antibody(ab267351)
	Rabbit
	Abcam
	IF:1/500

	Anti-Cathepsin B (#31718)
	Rabbit
	Cell Signaling Technology
	IF:1/500, WB:1/3000

	Anti-Cathepsin D(ab75852)
	Rabbit
	Abcam
	IF:1/300, WB:1/5000

	Anti-Lamp1(1D4B)(sc-19992)
	Rat
	Santa Cruz
	IF:1/200, WB:1/1000

	Anti-p16INK4a (ab54210)
	Mouse
	Abcam
	IF:1/400

	Anti-p21 Waf1/Cip1(sc-6246)
	Mouse 
	Santa Cruz
	WB:1/1000

	Anti-αSMA (ab124964)
	Rabbit
	Abcam
	IF:1/400

	Anti-Collagen I (ab270993)
	Rabbit
	Abcam
	IF:1/500

	Anti-Fibronectin (15613-1-AP)
	Rabbit
	Proteintech
	IF:1/500

	Anti-Ceramide (MID 15B4) (ALX-804-196) 
	Mouse
	ENZO Life Sciences
	IF:1/200

	Anti-Ceramide (MAB_0014)
	Mouse
	Glycobiotech
	IF:1/200

	Anti-Acid sphingomyelinase (ab315810)
	Rabbit
	Abcam
	IF:1/400, WB:1/3000


