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SUMMARY

Cellular senescence is a driver of many age-related pathologies. There is an active
search for pharmaceuticals termed senolytics that can mitigate or remove senes-
cent cells in vivo by targeting genes that promote the survival of senescent cells.
We utilized single-cell RNA sequencing to identify CRYAB as a robust senescence-
induced gene and potential target for senolysis. Using chemical inhibitor
screening for CRYAB disruption, we identified 25-hydroxycholesterol (25HC),
an endogenous metabolite of cholesterol biosynthesis, as a potent senolytic.
We then validated 25HC as a senolytic in mouse and human cells in culture and
in vivo in mouse skeletal muscle. Thus, 25HC represents a potential class of seno-
lytics, which may be useful in combating diseases or physiologies in which cellular
senescence is a key driver.

INTRODUCTION

Cellular senescence causes proliferative cells to undergo an essentially permanent cell-cycle arrest upon

encountering stressful stimuli such as genotoxic chemotherapy, radiation, or telomere shortening (Berna-

dotte et al., 2016; Demaria et al., 2017; Limbad et al., 2020). Increasing evidence indicates that the senes-

cent phenotype is not restricted to mitotic cells, but can also affect predominantly postmitotic tissues such

as those in brain, skeletal muscle, or heart (Anderson et al., 2019; Sapieha and Mallette, 2018). Senescent

cells accumulate with age in many organs and create a pro-inflammatory milieu through a senescence-

associated secretory phenotype (SASP) (Rodier and Campisi, 2011). The widely used chemotherapeutic

agent Doxorubicin (Doxo) induces senescence in mice and cultured cells (Demaria et al., 2017), and is asso-

ciated with severe side effects such as cardiotoxicity, muscle weakness, fatigue, and cognitive impairment

(Chatterjee et al., 2010; Gilliam and St Clair, 2011; Keeney et al., 2018; van Norren et al., 2009). Genetic abla-

tion of senescent cells in Doxo-treated mice improves function in several tissues (Demaria et al., 2017).

Consequently, there is an active search for drugs that can kill senescent cells (senolytics) (van Deursen,

2019). This class of drugs improves health span in multiple contexts of aging, and has potential to mitigate

many age related diseases (Chang et al., 2016; Fuhrmann-Stroissnigg et al., 2017; Kim and Kim, 2019; Kirk-

land and Tchkonia, 2017; Wissler Gerdes et al., 2020; Xu et al., 2018). For example, the senolytic ABT263

(ABT) improves age-associated pathologies, including declines in hematopoiesis and cognition, diabetes,

and myocardial infarction (Aguayo-Mazzucato et al., 2019; Bussian et al., 2018; Chang et al., 2016; Gonza-

lez-Gualda et al., 2020; Kirkland and Tchkonia, 2017; Walaszczyk et al., 2019). The potential benefits of ABT

as a senolytic were also studied after skeletal muscle injury (Chiche et al., 2017), but no benefits were re-

ported in aging skeletal muscle.

Skeletal muscle is among the largest organs in the human body and provides a means to generate move-

ment and maintain metabolic homeostasis. Muscle regeneration and maintenance are facilitated by resi-

dent mesenchymal progenitors and muscle stem cells, also known as fibro-adipogenic progenitors

(FAPs), and satellite cells (SCs). Skeletal muscle mass and function decline with aging, culminating in sar-

copenia, and is linked to an increased burden of senescent cells (Lukjanenko et al., 2019; Saito et al.,

2020; Sousa-Victor et al., 2014). However, senescent cells comprise only a small fraction of cells in tissue.

Consequently, it is difficult to identify and target such cells by conventional bulk analyses. Single-cell

sequencing and cell identity assignation by transcriptional profiling is now increasingly applied to diverse

tissues of heterogeneous cell makeup (Brbic et al., 2020; Fu et al., 2020; Grun et al., 2015; Papalexi and Sat-

ija, 2018), including skeletal muscle, heart, and brain (Carter et al., 2018; Rubenstein et al., 2020; Skelly et al.,

2018). To identify senolytic targets and putative senolytics focused on such targets, we leveraged the power
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of single cell profiling using skeletal muscle as a model system to determine transcriptional profiles of se-

nescent cell subpopulations. This approach is particularly useful when defining cells which are present at a

low frequency within complex tissues, such as satellite cells or FAPs. Using single cell profiling, we discov-

ered a senolytic and its corresponding target in skeletal muscle, and confirmed the generality and efficacy

in multiple diverse cell types of both human and mouse origin.

We performed single-cell RNA sequencing (scRNA seq) on SCs and FAPs from mice treated with vehicle,

Doxo, or Doxo + ABT to identify potential senolytic targets. Our results demonstrate that Doxo treatment

induces senescence in FAPs and SCs, and that ABT reduces the fraction of both senescent cell types. In

addition, using qRT-PCR and shRNA knockdowns, we identified CRYAB, a small heat shock protein, and

HMOX1 (heme oxygenase 1) as a common senolytic target in both cell types. Our results show that 25-hy-

droxycholesterol (25HC), which blocksCRYAB aggregation (Makley et al., 2015), is a senolytic drug for FAPs

and SCs. Further, we demonstrated the senolytic activity of 25HC in multiple other cell types from human

and mouse organs. Finally, we show that 25HC results in senolysis in naturally aged mice or young mice

treated with Doxo using the recently discovered in vivo biomarker 15days-PGJ2, detectable in urine.

Our results suggest that scRNA seq can be used to discover therapeutic targets, inhibitors of CRYAB

can lead to potent senolysis, and 25HC is a promising senolytic to treat senescence-associated

pathologies.

RESULTS

scRNA sequencing of senescent and non-senescent FAPs and SCs frommouse skeletal muscle

identifies senolytic targets

We treated four-month-old male mice with PBS, Doxo (in PBS) or Doxo + ABT (in 10% EtOH, 30% PEG400,

60% Phosal 50 PG; termed vehicle) (Figure 1). Doxo (10 mg/kg) alone induced senescence, whereas mice

treated with Doxo and ABT (50 mg/kg/day) had a reduced burden of senescent cells, consistent with prior

studies (Chang et al., 2016; Demaria et al., 2017). To identify subpopulations of senescent cells within a

complex tissue, we chose skeletal muscle given its importance as a critical largely postmitotic tissue that

declines in mass and function with age. As outlined in the schematic in Figure 1A, we harvested bulk skel-

etal muscle from all treatment groups at the end of the experiment to isolate either FAPs or SCs because of

their importance in maintaining tissue function. We used fluorescence-activated cell sorting (FACS) fol-

lowed by scRNA seq to identify and enumerate cells of interest (Figures 1, S1A, and S1B). FACs analysis

showed that FAPs comprised �3% of all cells counted, whereas SCs comprised �1% of the cell population

(Figures 1 and S1B).

We used the sorted FAPs and SCs to create 10X-30 scRNA-seq libraries for gene expression analysis (Fig-

ures 1 and S1C, Table S1). The sequencing data were processed by CellRanger v2.1.0 and Seurat v2.3.

CellRanger results demonstrated that we had captured 9-10K FAPs and 6-9K SCs, with a mean read/cell

of 12–17K reads, and median genes/cell of 400–1K (Figure 1, Table S2). For both populations, differential

expression analyses were performed onDoxo vs PBS libraries and Doxo + ABT vs Doxo libraries. The Seurat

workflow was used for filtering, normalization, scaling, canonical correlation analysis, UMAP generation,

and clustering (Stuart et al., 2019). Comparing SC libraries from Doxo-treated and PBS-treated samples,

851 and 2,251 genes were significantly upregulated and downregulated, respectively, across all clusters.

Comparing SC clusters from Doxo + ABT vs Doxo alone, 1,534 and 914 genes were upregulated and down-

regulated, respectively. Comparing Doxo and PBS libraries prepared from FAPs, 680 and 678 genes were

significantly upregulated and downregulated, respectively. Finally, FAPs treated with Doxo + ABT vs Doxo

alone yielded 1,061 and 327 differentially regulated genes, respectively (Figure 1B).

We reasoned that gene expression positivity for p16INK4a (p16) or p21CIP1 (p21), two proteins commonly

associated with senescence, might reveal unique subpopulations of senescent cells. We identified specific

clusters expressing Cdkn2A (encoding p16) or Cdkn1A (encoding p21) in libraries from FAPs and SCs (Fig-

ure 1, Table S1). To further identify potential senescent subpopulations, we created lists of differentially

expressed genes for FAPs and SCs using the following filters: (p value of <0.05, average logFC % �0.25,

or R0.25, AND upregulated in Doxo vs. PBS AND concurrently downregulated in Doxo + ABT vs.

Doxo). These lists included genes that were upregulated in the Doxo group, compared to the PBS group,

and concurrently downregulated after ABT treatment (Figure 1, Tables S3 and S4). Genes showing this

expression profile were considered high-priority candidates for being potential drivers of senescence.

Genes from these lists were then examined for their role in biological processes based on published
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studies. Genes known to induce apoptosis upon silencing or inhibitor treatments were selected as poten-

tial undiscovered senolytic targets (Figure 2, Figure S4). We identified 10 such targets with this approach,

four from FAPs and six from SCs (Figure 2, Table S5).

From the FAP analyses, we identified Hmox1, Col1a1, Pltp, and Srxn1 (Figure 2, Table S5). These genes

regulate apoptosis in various pathologies (Alaoui-Jamali et al., 2009; Dong et al., 2017; Liu et al., 2017;

Zhou et al., 2015). Hmox1 and Srxn1 also have roles in cellular antioxidant defenses (Poss and Tonegawa,

1997; Zhou et al., 2015). From the SC analyses, we identifiedCryab, Rgcc, Rnf7, Fxyd3, Itga8, and Cav1 (Fig-

ure 2, Table S5), which also regulate apoptosis (Bibert et al., 2009; Chis et al., 2012; Duan et al., 1999; Kam-

radt et al., 2002; Khan et al., 2011; Percy et al., 2008; Sun and Li, 2013; Tirado et al., 2010; Wang et al., 2015;

Xiao et al., 2017; Xu et al., 2014). Cryab and Rnf7 also play roles in cellular antioxidant defenses (Fittipaldi

et al., 2015; Sun and Li, 2013). Our next step was to validate these FAP and SC targets for expression upon

senescence induction, and the potential to cause senolysis upon gene knockdown.

CRYAB and HMOX1 are senolytic targets

To investigate the possibility of the 10 selected genes as senolytic targets upon knockdown, analyzed

expression in primary mouse FAPs and SCs isolated by FACS (Figures 2, S5A, S5B, and S5C, Table S6) in

conjunction with Doxo treatment. We determined that 250 or 100 nM Doxo induced senescence in FAPs

and SCs. In FAPs, Cryab, Hmox1, Pltp, Rnf7, Srxn1, and Rgcc mRNAs significantly increased after Doxo

treatment (Figure 2A); in SCs, mRNA levels of Cryab, Hmox1, and Cav1 significantly increased (Figure 2A).

A

B

Figure 1. Single-cell RNA sequencing of senescent and non-senescent FAPs and SCs from mouse skeletal muscles

identify senolytic target genes

(A) In vivo experimental groups and timeline. PBS, Doxo, and Doxo + ABT groups were injected with PBS or Doxo. 6 days

later, vehicle or ABT was given for five consecutive days and repeated after 9 days 16 days after the second cycle of ABT

treatment, hindlimb skeletal muscles were isolated from all three groups (n = 5/group).

(B) t-SNE plot showing the embeddings (left) and clustering (right) of cells analyzed in FAPs DOXO vs PBS comparisons. 10

distinct clusters are seen in the t-SNE plot
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Figure 2. CRYAB and HMOX1 are senolytic targets

(A) mRNA levels of selected candidate genes in FAPs (red) and SCs (blue) treated with Doxo. RNA was collected 7 days

after replacing media containing Doxo. mRNA was quantified by qRT-PCR, normalized to actin mRNA, and values for

DMSO-treatment was set to 1 (dashed line). In SCs; Col1a1, Pltp, Rgcc, Itgb8 were not detected (‘‘ND’’). In FAPs Cav1 was

not detected (‘‘ND’’).

(B) Confirmation by Western blot of KD of both CRYAB and HMOX1. shRNA of CRYAB or HMOX1 was performed in FAPs

using anMOI of 2, and cells collected after 5 days of culture following transfection. Antibodies against either CRYAB (F-10

Santa Cruz) or HMOX1 (E6Z5G, Cell Signaling Technology) were used on protein lysates to determine KD at the level of

protein. Equal amounts of protein were loaded as shown by actin normalization.

(C) Effects of Cryab or Hmox1 knockdown on the viability of non-senescent (NS) or senescent (SEN) FAPs. Cells were pre-

cultured for 24 h, infected with five MOI of lentiviruses expressing control shRNA (Ctrl.) or two different shRNAs (#1, #2) for

each gene, treated with 2 mg/mL puromycin for 3 days and then with 250 nM Doxo or DMSO for 24 h. Cell viability was

analyzed at 9 days after replacing media containing Doxo. The average value of Ctrl was set at 100%.

(D) Extracellular LDH analysis. Supernatants were collected 9 days after removing media containing Doxo. The average

value of Ctrl was set at 1. p values for DMSO and Ctrl were obtained using unpaired two-tailed Student’s t test in (A) or

Dunnett’s multiple comparison test in (C) and (D). Mean G SE, n = 3, *p < 0.05, **p < 0.01, ***p < 0.001
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Thus, Cryab and Hmox1 appear to be common senolytic targets for both FAPs and SCs because of their

robust increase in expression upon Doxo exposure.

Next, we suppressed Cryab or Hmox1 expression using shRNA in cultured cells, and measured the viability

of Doxo-treated and DMSO-treated FAPs (both non-senescent and senescent). We optimized the shRNAs

for each gene by evaluating the efficacy of knockdown for up to five sequences specific for each gene. We

further confirmed knockdown of these two genes by Western blot in FAPs and SCs (Figure 2B). shRNAs for

Cryab or Hmox1 significantly decreased cell viability 9 days after senescence induction (Figure 2C). In

agreement with our viability results, shRNAs for each gene dramatically increased LDH release by senes-

cent FAPs at Day 9 after senescence induction, indicating robust cell killing with our putative senolytic tar-

gets (Figure 2D). Similar results were not possible for SCs following transfection because of an inability to

maintain SCs for prolonged periods in culture. LDH release by non-senescent FAP cells transfected with the

shRNAs was not detected, indicating that senolysis was specific for senescent cells expressing the target

genes.

25HC is a senolytic agent

We next examined the effects of chemical inhibitors of CRYAB (Chen et al., 2014; Makley et al., 2015) or

HMOX1(Alaoui-Jamali et al., 2009; Greish et al., 2018; Rahman et al., 2012) for senolytic potential. We

determined cell viability after exposing senescent and non-senescent cells to commercially available inhib-

itors for these targets (Figure 3A). We identified several small-molecule inhibitors of CRYAB and HMOX1

that were efficacious at killing senescent cells with minimal toxicity to non-senescent cells. The inhibitors

and ABT were added to the media of cells 24 h after Doxo treatment (Figure 3B).

25HC specifically decreased the viability of senescent FAPs at concentrations between 0.1 and 1 mM, whereas

NCI-41356 showed no difference in killing senescent versus non-senescent. In addition, OB24 and QC-308

slightly but significantly decreased the viability of FAPs in a senescence-dependent manner (Figure 3C).

25HC also decreased the viability of senescent SCs, and OB24 and QC-308 showed no difference in killing

(Figure 3D). As further validation for the senolytic potential of CRYAB and HMOX1 knockdown, we inves-

tigated the effects of these inhibitors on human skeletal muscle myoblasts (HSMMs), in which CRYAB and

HMOX1 were induced by Doxo in conjunction with other senescent marker genes (Figures S6A and S6B).

These results showed that 25HC, OB24, and QC-308 significantly decreased cell viability, consistent with

targeting senescent cells (Figure 3E). Further, calculating IC50’|’s for each of these candidate senolytics

in FAPs, SCs, and HSMMs, showed that 25HC induced senolysis to levels similar or better to our positive

control ABT (Figure 4, Table S7). Collectively, these data suggest that 25HC is a broad acting senolytic, in-

dependent of cell type or species.

25HC induces senolysis of mouse dermal fibroblasts (mDFs) and primary human cells from

lung, heart, liver, kidney, and articular cartilage

To determine whether CRYAB and HMOX1 inhibitors induce senolysis of cells other than those derived

from skeletal muscle, we first tested mouse dermal fibroblasts (mDFs) and human lung fibroblasts (IMR-

90). We treated both with DMSO (vehicle) or Doxo (250 nM) for 24 h to induce senescence (Figure 5 and

S8A). mRNA analyses showed significant upregulation of the senescence marker Cdkn2A as well as CryAB

and Hmox1 in senescent, but not non-senescent, cells (Figure 5). We next examined the effects of target

inhibitors (Figure 5A) on both cell types (Figures 5B–5D). 25HC induced significant senolysis in mDF cells

at five or 10 mM after 72 h of treatment, whereas treatment with all other compounds (i.e., NCI-41356,

OB24, and QC308) was ineffective (Figure 5B). Likewise, in IMR-90 cells, 25HC induced significant senolysis

(10 or 50 mM), but the other compounds had no effect (Figure 5D). Considering the results in Figures 4 and

5, we conclude that 25HC is an effective senolytic in multiple cell types of both mouse and human origin.

We next evaluated the senolytic potential of 25HC for other primary human cells. Because senescence has

been observed in several pathologies; of the heart (Katsuumi et al., 2018; Qi et al., 2015; Wang et al., 2016),

liver (Nishizawa et al., 2016; Panebianco et al., 2017), kidney (Knoppert et al., 2019; Qi and Yang, 2018), and

articular cartilage (Jeon et al., 2018; Loeser, 2009), we examined the senolytic potential of 25HC on human

cardiac microvascular endothelial cells (hCMECs), human liver stellate cells (hLSCs), human renal proximal

tubule epithelial cells (hRPTECs), and human articular chondrocytes (hAC). To induce senescence in these

cells, we used either Doxo (250 nM) or X-irradiation (IR) (10 Gy) (Figure 6 and S8A). Senescence was
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confirmed by increased mRNA levels of Cdkn2A, Lmnb1mRNA decline, and the majority of cells were pos-

itive for SA-b-gal compared to non-senescent (NS) cells (Figures 6A, S8B, S9A, and S9B). All four cell types

increased CryAB expression after Doxo or IR treatment, compared to NS samples (Figure 6A). Next, we

evaluated the four cell types for senolysis in response to 25HC (Figure 6B). 25HC induced significant senol-

ysis in hCMECs (10 mMafter 15 days of treatment), hLSCs (100 mMafter 3 days), hRPTECs (5 mM after 9 days),

and hACs (11.1 mM after 12 days) (Figure 7). Other durations of 25HC treatment after inducing senescence

with are shown in Figures S10–S13). Thus, 25HC is a senolytic agent for multiple mouse and human cell

types. Overall, we demonstrated conservation of senolytic outcomes in two species and nine different

cell types. Focusing on FAPs, we showed this cell type to be more sensitive to the senolytic effects of

25HC than the other cell types we tested.
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Figure 3. 25HC is a senolytic in multiple muscle cell types

(A) Targets, compounds, and mechanisms.

(B) Timeline of cell viability assay with inhibitors. Cells were pre-cultured for 24 h, treated with Doxo for 24 h, and then

treated with inhibitors. Cell viability was analyzed from day 0–7.

(C–E) Effects of inhibitors on viability of FAPs, SCs, and HSMMs. Cells were treated with inhibitors at the indicated

concentrations. Cell viability was analyzed on day 3 (HSMMs) or 5 (FAPs and SCs). Blue and red dots indicate non-

senescent (NS) and senescent (SEN), respectively. The average value at 0 mM for each group was set at 100% cell viability.

p values versus NS were obtained using unpaired two-tailed Student’s t test. *p < 0.05, **p < 0.01, and ***p < 0.001.
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25HC induces senolysis in vivo in doxorubicin-treated mice

Having demonstrated the broad utility of 25HC in multiple cell types and two species in cells in culture,

we asked whether 25HC was senolytic in vivo. We examined the effects of 25HC on Doxo-induced

senescent cells in vivo in mice. We treated mice with PBS or 4 mg/kg Doxo (daily i.p. injection for

5 days), then administered 25HC or vehicle (HbCD) (Figure 8A). Doxo significantly decreased body

weight, in agreement with prior studies (Gilliam et al., 2016; von Grabowiecki et al., 2015), with no

difference in gastrocnemius muscle weight when normalized to body weight (Figure 8B). To confirm

increased senescence of cells within muscle, we performed bulk quantitative mRNA analyses of senes-

cent marker genes in gastrocnemius and soleus muscles. Cdkn1A mRNA significantly increased after

Doxo treatment; however, Cdkn2A mRNA was not detected in either muscle. Consistent with our prior

data showing efficacious killing of senescent cells in diverse cell types and species, 25HC significantly

decreased Cdkn1a mRNA in both gastrocnemius and soleus. 25HC treatment also reduced Cryab

mRNA levels (Figure 8C).
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Figure 4. EC50 fitted curves (triplicates) of inhibitor effects at 3 and 7 days in FAPS and SCs

EC50 was defined as the concentration of inhibitors that provokes a response halfway between baseline and maximum

senolytic activity. EC50 values were determined by four- parameter logistic modeling using GraphPad Prism 8.0.
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Figure 5. 25HC induces senolysis in mDFs and IMR-90 cells

(A and C) Doxo induced senescence marker Cdkn2a and senolytic targets Cryab and Hmox1 mRNAs in (A) mDFs, and (C) IMR-90s. mDFs and IMR-90s were

treated with 250 nM Doxo for 24 h. qRT-PCR was used to analyze RNA from DMSO-treated non-senescent (NS) mDFs and IMR-90s or Doxo-treated

senescent (SEN) mDFs and IMR-90s at the indicated times after Doxo treatment. mRNA levels were normalized to the level of actin mRNA for DMSO- and

Doxo-treatedmDFs and IMR-90s. The average value of DMSOwas set at 1. (B and D) Effects of CRYAB and HMOX1 inhibitors on DMSO-treated NS or Doxo-

treated SEN cells; (B) mDFs, (D) IMR-90s. Cells were treated with the inhibitors at the indicated concentrations. Cell viability wasmeasured after 72 h. (C) IMR-

90 qRT-PCR. For qPCR: mean +/- SE, n =4, *p< 0.05, **p< 0.01, ***p<0.001, ****p<0.0001 by Dunnett’s multiple comparisons test vs DMSO. For cell viability

assays: mean +/- SE, n =3, **p< 0.01, ***p<0.001, ****p<0.0001 vs 0 mM by student’s t test.
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Detection of senolysis by the biomarker 15 days-PGJ2 in urine of 25HC treated mice

A biomarker of in vivo senolysis was recently reported (Wiley et al., 2021). This biomarker is an intracellular

lipid that has the potential to detect senescent cell killing in vivo by assaying for its presence in blood

or urine, and can therefore be used as a proxy for senolysis in vivo. This lipid is the prostaglandin

A

B

Figure 6. 25HC induces senolysis in Doxo- and IR-induced senescent hCMECs, hLSCs, hRPTECs and hACs

(A) Doxo and IR induced Cdkn2a and CryAB mRNAs in hCMECs, hLSCs, hRPTECs and hACs. Senescence was induced by treatment with 250 nM Doxo for 24

h or 10-Gy X-rays on all cell types. qRT-PCR was performed on RNA samples from DMSO/Doxo-treated or NS/IR treated cells at the indicated times. mRNA

levels were normalized to actin mRNA. The average value of DMSO or NS was set at 1. For qRT-PCR: mean G SE, n =4, *p< 0.05, **p< 0.01, ***p<0.001,

****p<0.0001 by Dunnett’s multiple comparisons test vs DMSO or NS, For cell viability assays: mean G SE, n =3, **p< 0.01, ***p<0.001, ****p<0.0001 vs

0 mM by student’s t test.
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1a,1b-dihomo-15-deoxy-delta-12,14-prostaglandin J2 (15-day-pGJ2), appears to be specific to senescent

cells, and can be detected in body fluids of mice undergoing senolysis (Wiley et al., 2021). We assayed 15-

day-PGJ2 in the urine of 25HC-treated mice that were treated with Doxo. In accord with other senolytics

recently reported (Wiley et al., 2021), 15-day-PGJ2 levels increased significantly in the urine of 25HC-

treated mice (Figure 8D), demonstrating that 25HC has senolytic effects in Doxo-induced senescence

in vivo, consistent with our molecular, cellular, and in vivo data described above.

25HC induces senolysis in old male and female mice

To determine whether 25HC induces senolysis in naturally agedmice, we examined effects of 25HC on skel-

etal muscles of 24–26-month-old mice. Male and female mice were treated with 25HC or vehicle for 5 days

(Figure 9A). Gastrocnemius muscle wet weights normalized to body weight were significantly decreased by

aging, and 25HC restored �23% of muscle mass in both genders compared to vehicle-treated controls

(Figure 9B). In agreement with the effects on muscle mass, 25HC significantly reduced Cdkn1a mRNA in-

duction by aging in gastrocnemius and soleus muscles in both genders (Figure 9C). Strikingly, the level

of the senolytic biomarker 15-day-PGJ2 was greater in the urine of 25HC-treated mice in both genders rela-

tive to controls. There also was a somewhat higher basal level of 15-day-PGJ2 in agedmale mice compared

to young controls (Figure 9D), suggesting a natural level of senolysis with age, potentially mediated by an

immune process, which appeared to vary from animal to animal.

DISCUSSION

Our findings suggest that CRYAB is a gene to target for senolysis, and 25HC is a useful tool compound to

develop senolytic drugs. CRYAB is upregulated upon senescence in nine different cell types and two spe-

cies, suggesting it can be a common senolytic target for diseases of multiple organs. We speculate that

CRYAB-mediated aging pathology may be because of cellular senescence resulting in higher expression

of CRYAB. Therefore, targeting senescent cells via senolytics such as 25HC may lead to treatments for ag-

ing pathologies.

We showed broad utility for the senolytic potential of 25HC in various cell types, with the most robust out-

comes in FAPs derived from skeletal muscle. 25HC is an oxysterol, an oxygenated derivative of cholesterol

(Kloudova et al., 2017). In addition to blocking CRYAB aggregation (Makley et al., 2015), 25HC has been

tested as an antiviral drug (Li et al., 2017; Liu et al., 2013). Notably, 25HC increases the inflammatory

Figure 7. 25HC treatment timeline and its effects on NS and SEN hCMECs, hLSCs, hRPTECs, and hACs

All cell types were treated with either DMSO, 250 nM Doxo or 10-Gy IR at the times shown. 25HC treatment was started

24 h after Doxo or IR treatment. Cell viability was measured every 3–5 days for 15 days. Optimal treatment times for

maximum senolysis are shown for each cell type: day 15 for hCMECs, day 3 for hLSCs, day 9 for hRPTECs and day 12 for

hACs. For qRT-PCR: meanG SE, n =4, *p< 0.05, **p< 0.01, ***p<0.001, ****p<0.0001 by Dunnett’s multiple comparisons

test vs DMSO or NS, For cell viability assays: meanG SE, n =3, **p< 0.01, ***p<0.001, ****p<0.0001 vs 0 mM by student’s

t test.
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response, which leads to tissue damage in mice after influenza infection (Gold et al., 2014). 25HC also in-

hibits SARS-CoV-2 replication by depleting membrane cholesterol (Wang et al., 2020; Zang et al., 2020; Zu

et al., 2020). Further, the mRNA encoding the 25HC synthesizing enzyme CH25H increases upon senes-

cence in the retina (Francis Rodier and Ferbeyre, 2018). Considering 25HC has multiple roles in immune

response, including beneficial and harmful effects, it will be important to further test 25HC inmice for safety

and efficacy as a senolytic in vivo. Other oxysterols, including 24HC and 27HC (Kloudova et al., 2017), may

also exert senolytic effects.

25HC showed stronger effects in skeletal muscle tissue compared to other tissues. Aging is associated with

chronically increased inflammatory cytokines, such as interleukin 6 (IL-6), which are known inducers of mus-

cle atrophy. 25HC substantially inhibited the expression of several SASP factors, including IL6, in skeletal

muscle (Figures S17 and S18). This observation suggests that 25HC may improve age-related muscle atro-

phy via senolytic effects in future studies.

We also identified another potential senolytic target, Heme oxygenase 1. HMOX1 belongs to the heme

oxygenase family, which mediates the first step in heme catabolism and plays crucial roles in heme degra-

dation (Araujo et al., 2012). We demonstrated that HMOX1 inhibition by shRNAs and inhibitors causes se-

nolysis in culture; however, the effects in vivo have yet to be characterized. Further analysis using more

potent inhibitors or genetic modulation is required to address this issue in vivo.
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Figure 8. 25HC induces senolysis in vivo in Doxo-treated mice

(A) Timeline of 25HC treatment in Doxo-treated mice. Mice were given 4 mg/kg Doxo or PBS for 5 daily injections[A1],

then injected with 25HC or vehicle for 7 consecutive days. (B) Mass of gastrocnemius muscles. Muscle weight was

normalized to body weight. (C) Cdkn2a and CryabmRNA levels in gastrocnemius (Gastroc) and soleus (Sol) muscles. RNA

was collected 28–30 d after the first treatment with Doxo. mRNA levels were quantified by qRT-PCR, and normalized to

actinmRNA levels. The average value of PBS-vehicle was set at 1. (D) 15-d-PGJ2 analysis in urine. Urine was collected at 24

h after the first treatment with 25HC or HbCD. p values versus PBS-Veh or Doxo-Veh are obtained using Tukey’s multiple

comparisons test. *p < 0.05, **p < 0.01, p < 0.001, and ****p < 0.0001.
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We speculate that oxysterols may be a promising new class of senolytics with potential to treat age-related

and viral diseases, such as COVID-19. Recently, there have been significant efforts to identify new senolytic

targets and develop senolytic drugs for multiple age-associated pathologies (Hickson et al., 2019; Justice

et al., 2019; van Deursen, 2019; Yousefzadeh et al., 2018). scRNA seqmethods coupled to senescent model

systems are a powerful method for discovering new classes of senolytics and targets because of the rela-

tively low number of senescent cells in tissues, and their inherently heterogeneous nature. Each senolytic
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Figure 9. 25HC is an in vivo senolytic in tissues of aged mice

(A) Timeline of 25HC treatment in aged mice. Young (5 months old) and old (24–26 months old) mice were treated with

25HC or vehicle for 5 consecutive days. (B) Mass of gastrocnemius muscles in male and female mice. Muscle weight was

normalized to body weight. (C) Cdkn1a and CryabmRNA levels in gastrocnemius (Gastroc) and soleus (Sol) muscles. RNA

was collected at 7–9 d after the first treatment with 25HC or vehicle. mRNA levels of the indicated genes were quantified

by qRT-PCR, and normalized to those of actin mRNA. The average value of young-vehicle was set at 1. (D) 15-d-PGJ2

analysis in urine. Urine was collected 12 h after the first treatment with 25HC or vehicle. p values were obtained using

Tukey’s multiple comparisons test. *p< 0.05, **p< 0.01, ***p< 0.001****p< 0.0001.
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may have different efficacies based on tissue specificity, potency, and safety. Senolytics are in early stage

clinical trials for multiple diseases, such as diabetes, Alzheimer’s disease, osteoarthritis, eye diseases, and

COVID-19 (Kirkland and Tchkonia, 2020). The apparent tissue specificity of 25HC in vivo may relate to dif-

ferential tissue accessibility within the animal, or relate to additional dosing optimization. Functional con-

sequences of 25HC treatment in aged animals are a clear area for additional investigation in future studies.

We do not yet know the mechanism of action of 25HC, but it may involve specifically downregulating

CRYAB which in turn causes a proteotoxic stress within the senescent cell resulting in cell death and release

of 15-dPGJ2.

In summary, our findings identified two senolytic target genes, namely CRYAB and HMOX1, and a senolytic

tool compound, 25HC. 25HC is effective at targeting and killing senescent cells in both human and mouse

cells from multiple tissues. As a class of senolytics, 25HC may lead to treatment strategies for senescence

associated pathologies to improve health span.

Limitations of the study

This study has several limitations. We determined broad spectrum senolytic action of 25HC in cultured cells

from two species (human andmouse), and nine different cell types. However, we only verified in vivo activity

of senolysis indirectly using the senolytic biomarker 15-dPGJ2. Discovery of robust gene expression or pro-

tein markers of senescent cells in multiple tissues would be helpful to validate a reduction in senescent cell

burden as a result of treatment with 25HC. We also measured a small but significant increase in muscle wet

weight of aged animals after treatment with 25HC. We have yet to ascertain functional improvement in vivo

as a result of treatment with 25HC, and it will be interesting to determine if 25HC treatment improves other

tissues or organ function in aged animals by reducing senescent cell burden.
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KEY RESOURCES TABLE

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the Lead Contact, Simon Melov (smelov@buckinstitute.org).

Materials availability

This study did not generate new unique reagents.

Data and code availability

Single-cell RNA-seq counts and raw data have been posted on Gene Expression Omnibus (GEO), and is

publicly available at the time of publication. Accession number is listed in the key resources table.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

In-vivo studies

All mice were maintained according to National Institutes of Health guidelines for use of live animals. All

experimental procedures were approved by the Institutional Animal Care and Use Committee at the

Buck Institute. Gender, genetic background and age of mice are described for specific experiments below.

In-vivo single-cell RNA seq experiments

Four-month-old male C57BL/6 wildtype (WT) mice were purchased from the Jackson Laboratory, and in-

jected once intraperitoneally (i.p.) with 10 mg/kg doxorubicin hydrochloride (Doxo) (Tocris Bioscience,

Product# 2252) in endotoxin-free Dulbecco0s PBS (w/o Ca++ and Mg++) (ETF-PBS) (EMD Millipore, Product

TMS-012-A) or only ETF-PBS. After 6 days, the mice were treated with ABT263 in 10% ethanol, 30% PEG400,

60% Phosal 50 PG (vehicle) or vehicle only (Chang et al., 2016). ABT263 or vehicle was administered by

gavage at 50 mg/kg/day for 5 consecutive days per cycle for 2 cycles with 9 days between cycles. At

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

anti-CD31 BioLegend 102514

anti-CD45 Biolegend 103122

anti-Sca-1 Invitrogen 12-5981-82

anti-PDGFRa R&D FAB1062P

anti-VCAM1 BioLegend 105720

anti-Integrin a7 MBL Lifesciences K0046-4

anti-PDGFRa Thermofisher 13-1401-82

anti-CRYAB Santa Cruz Biotechnology sc-137129

anti-HMOX1 Cell signaling Technology 82206

Critical commercial assays

15-deoxy-D12,14-PGJ2 ELISA kit Enzo Life Sciences ADI-900-023

Deposited data

Single Cell Sequencing data GEO GSE169531

Experimental models: Organisms/strains

C57BL/6J mice Jackson labs 000664

Oligonucleotides

see Table S8
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14 days after the end of the 2nd ABT263 or vehicle treatment cycle, the mice were euthanized and skeletal

muscles were harvested.

In-vivo study of effects of 25HC on Doxo-treated mice

Male C57BL/6J mice (3–4 months old) were purchased from the Jackson Laboratory. We performed five i.p.

injections with 4 mg/kg of Doxo (Tocris Bioscience, Product# 2252) for each injection over 10 days (Fig-

ure 6A). Therefore, we injected a total of 20 mg/kg of Doxo/mouse over 10 days. We used EFT-PBS

(EMD Millipore, Product# TMS-012-A) as a control. To test effects of 25HC (Tocris Bioscience, Product#

5741) on Doxo-treated mice, we prepared three experimental groups (n=15 for each group): 1) PBS+HbCD

vehicle (22.5%), 2) Doxo (20 mg/kg)+vehicle (22.5%), 3) Doxo (20 mg/kg)+25HC (50 mg/kg) (Figure 6A);

25HC was dissolved in 22.5% 2-hydroxypropyl-beta-cyclodextrin (HbCD) (Tocris Bioscience, Product

0708). On the Day 5 after the last Doxo/PBS injections, the mice were treated with either 25HC (50 mg/

kg) or vehicle by i.p. injections for 7 consecutive days (Figure 6A). 12 hr after the first 25HC or vehicle treat-

ments, urine was collected (Figure 6A) from each group to test for the senolysis marker 15-d-PGJ2. 1 wk

after the last day of 25HC or vehicle treatments, the mice were euthanized over the period of 3 days (Fig-

ure 6A), and tissues were harvested for gene expression analysis. Senescencemarkers p16INK4a, p21Cip1 and

CRYAB expression was analyzed on gastrocnemius (Gastroc), soleus (So), tibialis anterior (TA), visceral fat

(VF), kidney (Ki), liver (Li), lung (Lu), heart (He), and skin (Sk) samples by qRT-PCR.

In-vivo testing of 25HC on aged mice

Two groups of male and female C57BL/6J mice were used. The young group was 5 months old, and the

aged group was 24–26 months old. Six groups were prepared, 3 for male (n=9–15 mice) and 3 for female

(n=10-16 mice/group) mice: 1) Young (5 months) + vehicle, 2) Old (24–26 months) + vehicle, 3) Old (24–

26 months) + 25HC (Figure 7A). Each group was treated with either 25HC (50 mg/kg) or vehicle via i.p. in-

jections for 5 consecutive days. After 12 h of the first treatments, urine samples were collected in low pro-

tein binding tubes (Figure 7A) to test for the senolysis marker 15-d-PGJ2. Mice were euthanized 2 days after

the last injections over a period of 3 days (Figure 7A), and tissues were harvested for gene expression anal-

ysis. Senescence markers and CRYAB were analyzed using mRNA from gastrocnemius (Gastroc), soleus

(So), tibialis anterior (TA), visceral fat (VF), kidney (Ki), liver (Li), lung (Lu), heart (He), and skin (Sk) samples

using qRT-PCR (Figures S14, S15, S16, S17, and S18).

METHOD DETAILS

15-d-PGJ2 ELISA

Urine was collected at 12 or 24 h after the first treatment with 25HC or vehicle and diluted 10-fold with assay

buffer. The amount of 15-d-PGJ2 was measured using a 15-deoxy-D12,14-PGJ2 ELISA kit according to man-

ufactures’ protocol (Enzo Life Sciences).

Isolation of FAPs and SCs for single cell RNA-seq

Skeletal muscles were harvested from hind limbs of mice from PBS, Doxo or Doxo+ABT groups. Skeletal

muscles from 5 mice were combined for each group. For skeletal muscle dissociation, a kit from Miltenyi

Biotech was used (cat#130-098-305). Muscles were chopped into 2-4 mm pieces and enzymatic digestion

was performed as described in the product datasheet using recommended kit enzymes, C Tubes, (Com-

pany: Miltenyi, Cat# 130-096-334), and gentle MACS Octo Dissociator with Heaters (cat# 130-096-427). Af-

ter digestion, Debris Removal Solution (Company: Miltenyi, cat#130-109-398) was used to achieve cleaner

single-cell suspensions. The suspension was stained with APC-CD31 (Biolegend, cat# 102514), APC-CD45

(Biolegend, cat# 103112), PB-Sca1(Invitrogen, cat# 12-5981-82), FITC-Integrin a7 (MBL life sciences,

cat#K0046-4) and Biotin-PDGFRa(Thermo fisher, cat# 13-1401-82), PE/Cy7-Streptavidin (Thermo fisher,

cat# SA1012) for FACS (FACS Aria II, BD Biosciences). FAPs were identified as Sca1+, PDGFra+, CD31-,

CD45- and a7-integrin- and SCs were identified as a7-integrin+, Sca1-, PDGFra-, CD31-, and CD45- (Joe

et al., 2010; Liu et al., 2015).

FAPs and satellite cells for primary culture

Hind limb muscles were digested in DMEM containing 0.5% (w/v) collagenase type II (Worthington) for

90 min at 37 �C with trituration and passed through a 40-mm nylon mesh. Erythrocytes were eliminated

by treating with BD Pharm Lyse (BD Biosciences). Cells were resuspended in a washing buffer of PBS

with 2% FBS and stained with antibodies for 30 min at 4 �C as described (Kamizaki et al., 2017). FAPs
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and SCs were isolated from the suspension by FACS (Aria II, BD Biosciences) using anti-CD31, CD45, Sca-1,

PDGFR and VCAM1 antibodies. Antibodies are listed in Table S6. FAPs were identified as Sca1/PDGFR-

positive and CD31-, CD45- and VCAM1-negative cells (Uezumi et al., 2010). SCs were identified as

VCAM1-positive and CD31-, CD45-, Sca-1 and PDGFR-negative cells (Liu et al., 2015).

mDFs

For skin sample collection, mice were euthanized, hair removed from dorsal skin and the area cleaned with

alcohol. A small 1 cm x 1 cm region of skin was removed, and subcutaneous fat removed by scalpel. Skin was

digested in 2–3 ml of 0.25% trypsin at 37º C for 1 h. Hair and epidermis were further removed, and the

dermis was minced into 2–3 mm pieces. Digestion of the sample in 5 ml of 1 mg/ml collagenase (Sigma,

Cat#C5138) in HBSS (with Ca++ and Mg++) (Gibco, cat#24020117) was carried out at 370 C on a shaker

for 1 h. Collagenase digestion was stopped by addition of 10 ml 10% FBS DMEM. Filtration of the homog-

enate through a 70-micron mesh was performed to remove undigested tissue. Differential centrifugation

and washing were performed at 1200 rpm for 5 min, and the pellet was resuspended in 10% FBS DMEM

then seeded in a six-well plate. Media were changed at 5 days after seeding and then every 3 days.

10X single-cell RNA-seq library prep

FAPs and SCs were isolated by FACS. Samples were prepared for 10X single-cell RNAseq to target 10 K

cells. The 30 single-cell library preparation was performed by following the 10X kit protocol. QC for

cDNA and libraries were performed using Tapestation, according to the 10X protocol. Sequencing of

the resultant libraries was then performed on Illumina sequencers as per the manufacturer’s protocols.

10X single-cell RNA-seq analysis

Libraries were processed through CellRanger v2.1.0 [1], aligned to mouse genome version mm10. Data

analysis was performed with Seurat version 2.3(Stuart et al., 2019) by integrating libraries from control,

DOXO treated, and DOXO+ABT263 treated animals. Differential gene expression analysis across clusters

was performed between integrated library pairs (Doxo vs. PBS, Doxo+ABT vs Doxo). Clusters with signif-

icant (p < 0.05) expression changes in senescence marker genes between treatment groups were further

analyzed.

Cell culture

All experiments were performed in incubators at 37 �C, 3% O2 and 5% CO2. Senescence was induced by

treatment with either Doxo (250 nM for 24 h) (Demaria et al., 2017) or X-irradiation (10 Gy) (Limbad et al.,

2020). For cell culture studies using 25HC, it was used at the indicated concentrations in the media.

25HC was dissolved in 100% EtOH, such that the total concentration of EtOH in the media did not exceed

0.5%, and vehicle controls used were equivalent volumes of EtOH without 25HC.

FAP cells, SCs, and HSMM

FAPs and SCs were cultured onMatrigel-coated dishes (BD Biosciences) in growthmedium (GM) consisting

of DMEMplus 10% FBS, 1% penicillin-streptomycin and 10%MyoCult (STEMCELL Technologies) for 7 days.

Human myogenic cell HSMMs (Lonza) were maintained according to the manufacturer’s instructions with

SkGM-2 medium (Lonza).

Human cells

IMR-90 cells were cultured in DMEM with 10% FBS. Cardiac endothelial cells (Sciencell, Catalog 6000, Lot

15367), liver stellate cells (Sciencell, Catalog 5300, Lot 25907), renal proximal tubule epithelial cells (Scien-

cell, Catalog 4100, Lot 19870) and articular chondrocytes (Sciencell, Catalog 4650, Lot 69440) were cultured

in media from Sciencell as per the datasheets.

Quantitative RT-PCR (qRT-PCR)

Total RNA was extracted using either Isolate II RNA mini kit (Bio-52073) or RNeasy Mini Kit (Qiagen), then

reverse transcribed using PrimeScript RT Reagent Kit (Perfect Real Time) (Takara Bio USA, Prod RR037B).

qRT-PCR reactions were performed using TB Green Premix Ex Taq (Tli RNase H Plus) (Takara Bio USA,

Prod RR420L). The amounts of mRNA were normalized relative to those of ActinmRNA. Specific primer se-

quences used for qRT-PCR are listed in Table S8.
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shRNA

Experiments were performed in triplicate. Cells were seeded (2000 cells/well) in 96-well plates. 24 h later,

cells were infected with either a scrambled sequence (control), shCRYAB or shHMOX1 lentiviruses at 5 MOI

in culture medium with 0.1% polybrene. Control and shRNAs were from Mission SHRNA Custom Lentiviral

Particles. Each vial contained 106 TU/mL. For HMOX1, TRCN0000218100 TRC2 and TRCN0000234075 TRC2

were used. For CRYAB, TRCN0000097213 TRC1 and TRCN0000097210 TRC1 were used. SHC202V TRC2

and SHC002V TRC1 non-targeting controls were used. 18 h after infection, virus was removed and freshme-

dia added for 48–72 h. Puromycin (2 mg/mL) selection was performed for 3 days, after which knockdown

(KD) of the targeted gene was confirmed by qRT-PCR and Westerns, and cells were treated with Doxo

(250 nM) for 24 h to induce senescence. Cell viability was assessed every 2–3 days to determine senolysis.

Cell viability assay

Cell viability was assessed using a cell counting kit-8 from Dojindo Molecular Technologies, Inc (Cat CK04-

20). Cells were incubated with culture media + 10% kit cell viability reagent, 150 mL/well in 96-well plates for

2 h. The supernatant was transferred to a new 96-well plate and absorbance read at 450 nm as recommen-

ded in the product datasheet.

Cell death assay

Cell death was analyzed by the Cytotoxicity LDH Assay Kit (Dojindo), according tomanufacturer’s protocol.

Briefly, the supernatant was collected 7 d after removing medium containing Doxo, mixed with the same

volume of working solution, incubated for 30 min at 37 �C in a humidified 5% CO2/3% O2 atmosphere,

and then absorbance at 490 nm was measured with a microplate reader.

SA-b-gal assay

SA-b-gal staining was performed using the Biovision kit (Prod# K320-250). Cells were plated at 5K/cm2. SA-

b-gal was assessed 24–48 h later, when cells were 60%–70% confluent. Cells were washed with PBS and

fixed for 5 min. After another PBS wash, cells were incubated overnight at 37º C in staining solution. After

washing with PBS, a minimum of 300 cells were counted. Positive (blue) cells were scored as percentage of

total cell number.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were conducted using unpaired two-tailed Student’s t-test and Dunnett’s multiple com-

parison test using GraphPad Prism 9 software (GraphPad Software, Inc.). Statistical significance was as-

signed for p-values <0.05.
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