
Nature Aging

nature aging

https://doi.org/10.1038/s43587-026-01172-5Article

The chemotherapy-induced senescence-
associated secretome promotes cell 
detachment and metastatic dissemination 
through metabolic reprogramming
 

Cellular senescence is a consequence of many chemotherapeutics that 
plays context-dependent roles in cancer. Senescent cells secrete an array 
of factors collectively known as the senescence-associated secretory 
phenotype (SASP). Here we show that the cisplatin-induced SASP enhances 
the detachment of high-grade serous ovarian cancer (HGSOC) cells in vitro 
and dissemination in vivo. We identify fructose as a metabolic component 
of the SASP that facilitates cell detachment and show that a high-fructose 
diet increases HGSOC dissemination in vivo. We identified complex I as 
the driver of SASP-mediated cell detachment and HGSOC dissemination. 
Mechanistically, this effect was driven by SASP-mediated inhibition of 
an NAD+–SIRT–SREBP axis, leading to decreased plasma membrane 
cholesterol that increased cell detachment. These findings reveal that the 
SASP reprograms the metabolic microenvironment, promoting metastatic 
dissemination in a paracrine fashion, and highlight a pro-tumorigenic 
metabolic effect of fructose in the SASP that may contribute to the high 
recurrence rate of HGSOC.

Cellular senescence is defined as a stable cell cycle arrest1. In cancer, 
senescence is a common cell fate induced by chemotherapy (termed 
therapy-induced senescence (TIS)). TIS was initially thought to be a ben-
eficial therapeutic response1; however, over the past decade this para-
digm has shifted, and multiple papers have reported a more nuanced 
and complex role for TIS in cancer. Recent evidence has shown that TIS 
paradoxically enhances tumorigenesis, metastasis, and chemoresist-
ance in a paracrine fashion2–7. The pro-tumorigenic role for TIS in cancer 
is due in part to the unique secretome of senescent cells (termed the 
senescence-associated secretory phenotype (SASP)). This secretome is 
composed of a variety of factors and is different depending on both the 
senescence inducer and cell type1. The SASP is often described as a tran-
scriptional program that alters the inflammatory phenotype of senes-
cent cells and their tumor microenvironment (TME). However, SASP 
factors go beyond transcriptionally regulated inflammatory mediators, 
and there is evidence that metabolites such as bioactive lipids, fatty 

acids, nucleobases, amino acids, and others are SASP components8–10. 
Moreover, senescent cells reprogram their intracellular metabolism11, 
and a few publications have pointed to depletion of certain metabo-
lites in the SASP8,12. Yet the metabolic components of the SASP remain 
underexplored, and it is still unknown how these metabolites influence 
non-senescent bystander cancer cells within the TME.

One chemotherapy well known to promote TIS is cisplatin13. This is 
of particular importance in high-grade serous ovarian cancer (HGSOC), 
in which platinum-based therapies such as cisplatin are standard of 
care14. While the majority of patients with HGSOC initially respond 
to platinum-based chemotherapy, disease recurrence is common, 
accounting for ~90% of HGSOC deaths15. The use of chemotherapy is 
associated with elevated metastatic dissemination of ovarian cancer16,17, 
and patients with recurrent HGSOC all have disseminated disease18. 
Metastatic dissemination of HGSOC occurs most frequently through 
the transcoelomic route, defined as shedding of cancer cells from a 
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activity, and decreased lamin B1 expression (Extended Data Fig. 2b–e). 
We also confirmed high expression of prototypical SASP cytokines 
using a cytokine array (Extended Data Fig. 2f) and by RNA expression 
(Extended Data Fig. 2g,h). Finally, we observed increased sensitivity 
of cisplatin-induced senescent cells to the senolytic navitoclax (ABT-
263) (Extended Data Fig. 2i). Together, these data strongly support the 
notion that cisplatin treatment induces a strong senescent phenotype 
in these cellular models. To determine how the presence of senescent 
cells affects HGSOC progression in vivo, we co-injected naive prolif-
erating HGSOC cells with vehicle-treated or cisplatin-induced senes-
cent HGSOC cells (Fig. 1d). It is important to note that we injected the 
same number of proliferating cells in both groups, and the senescent 
cells were labeled with GFP (see Methods for details). We observed an 
increase in tumor burden in mice co-injected with naive proliferating 
cells + senescent cells compared to naive proliferating cells + vehicle 
control cells (Fig. 1e). Moreover, we noted a metastatic tropism to the 
omentum, intestines, visceral fat, and peritoneum (Fig. 1f), while other 
sites were not markedly affected (Extended Data Fig. 3a). The increase 
in tumor burden was not a result of senescent cells regaining prolifera-
tive capacity in vivo (Extended Data Fig. 3b). To more directly determine 
the contribution of the SASP to this increase in tumor burden, we used 
a conditioned media approach. We treated KPCA.B HGSOC cells with 
vehicle or cisplatin to induce senescence, washed off the drug, and 
conditioned media for an additional 2 days (Extended Data Fig. 2a). 
We then injected conditioned media from cisplatin-induced senescent 
HGSOC cells (SCM) or proliferating controls (PCM) into tumor-bearing 
mice (Fig. 1g). SCM alone was sufficient to increase tumor burden and 
metastatic spread (Fig. 1h,i and Extended Data Fig. 3c). There was 
no marked difference in omental weights or Ki67 staining in either 
model (Fig. 1j,k), showing that the observed increase in tumor nod-
ules was likely not a result of increased proliferation of cancer cells. 
SCM did not increase bystander HGSOC cell proliferation in vitro 
(Extended Data Fig. 3d). In addition, we did not observe differences in 
terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) 
staining in the tumors (Fig. 1l), and SCM did not affect anoikis in vitro 
(Extended Data Fig. 3e), showing that the SASP does not affect the 
viability of HGSOC cells in suspension. Together, these data show that 
the SASP from cisplatin-induced senescent HGSOC cells is sufficient to 
increase HGSOC dissemination in vivo, and this is not a result of either 
increased proliferation or decreased cell death.

The cisplatin-induced SASP promotes detachment of 
bystander HGSOC cells via NDUFA5
We found that the cisplatin-induced SASP increases the number 
of tumor nodules without corresponding changes in cancer cell 

solid tumor (either the primary tumor or peritoneal tumor nodules) 
into the peritoneal cavity19. The first step in transcoelomic dissemina-
tion is detachment of cells from the primary tumor. The role of the 
cisplatin-induced SASP in detachment and dissemination remains 
unknown. The use of HGSOC is an ideal model to investigate these 
important questions in cancer senescence. In this Article, we aimed 
to investigate the paracrine effects of the cisplatin-induced SASP pro-
duced by HGSOC cells on metastatic dissemination.

Results
The cisplatin-induced SASP promotes HGSOC dissemination 
in vivo
Platinum-based therapies such as cisplatin are standard of care for 
patients with HGSOC, although the majority of HGSOCs initially treated 
with platinum will recur with widespread disseminated disease16,17. 
Using multiple publicly available bulk RNA-sequencing (RNA-seq) 
datasets from matched pre- and post-neoadjuvant chemotherapy 
(NACT)-treated HGSOC tumor samples20,21, we found evidence of 
robust senescence signatures in patients with HGSOC after platinum 
chemotherapy (Fig. 1a and Supplementary Tables 1–3). Similar upregu-
lation in senescence-associated genes was also observed in three pub-
licly available NanoString datasets of matched NACT-treated tumors 
(Extended Data Fig. 1a)16,22–25. Together, these data show that cisplatin 
induces senescence. To further investigate the intratumoral senescence 
response to chemotherapy, we applied a senescence score derived 
from these signatures (see Methods for details) to publicly available 
single-cell RNA-seq data of matched pre- and post-NACT-treated 
patient tumors26. As expected, multiple cell types show an increase 
in the senescence signature, including malignant epithelial cells and 
other stromal cells (Extended Data Fig. 1b). There was a heterogenous 
senescence induction in malignant epithelial cell populations (Fig. 1b 
and Supplementary Table 4), suggesting a post-chemotherapy TME 
comprising both senescent malignant cells and proliferative malignant 
“bystander” cells (Fig. 1c). While TIS has been frequently reported, and 
the SASP from multiple senescent cell sources is known to affect cancer 
progression, the contribution of the malignant cell SASP on dissemi-
nation and tumor progression of malignant bystander cells remains 
unclear. Given the complexity of senescence induction in vivo, here 
we aimed to determine the paracrine effects of the cisplatin-induced 
SASP from malignant cells on HGSOC bystander cells.

Towards this goal, we first induced senescence in two different 
HGSOC cell lines using cisplatin (Extended Data Fig. 2a). Senescence 
in HGSOC cells was confirmed using multiple markers, including 
decreased proliferation and 5-bromo-2′-deoxyuridine (BrdU) incor-
poration, increased senescence-associated β-galactosidase (SA-β-Gal) 

Fig. 1 | The cisplatin-induced SASP promotes dissemination of HGSOC in vivo. 
a, Heat map of genes in the SenMayo signature, the DNA replication signature, 
and LMNB1 in three publicly available RNA-seq datasets comparing ovarian 
cancer samples after neoadjuvant chemotherapy to matched, pretreatment 
tumor (gene sets can be found in Supplementary Table 1). b, Uniform manifold 
approximation and projection (UMAP) showing change in senescence score in 
epithelial clusters of ovarian cancer samples after neoadjuvant chemotherapy to 
matched, pre-treatment tumor. c, Schematic of the post-cisplatin TME in which 
senescent cells act on bystander cells in a paracrine manner through the SASP. 
d–f, Control or cisplatin-induced senescent cells were co-injected with naive 
proliferating cells. d, KPCA.B HGSOC cells were treated with vehicle or induced 
to senesce using cisplatin (see Extended Data Fig. 2 for timeline and senescence 
markers). Cisplatin-induced senescent cells were transduced to stably express 
GFP. Vehicle-treated or cisplatin-induced senescent cells were then co-injected 
intraperitoneally with naive proliferating KPCA.B HGSOC. The same number 
of proliferating cells were injected into mice in each group, and the senescent 
cells were injected with naive proliferating cells at a 1:1 ratio. Prolif only, vehicle-
treated cells co-injected with naive proliferating cells; Prolif + Sen, cisplatin-
induced senescent cells co-injected with naive proliferating cells. n = 7 mice per 

group. e, End-point total intraperitoneal tumor nodules from the experiment 
detailed in d. f, End-point tumor nodule counts in the indicated metastatic 
sites from the experiment detailed in d. g–i, KPCA.B HGSOC cells were treated 
with vehicle or induced to senesce using cisplatin, and conditioned media was 
collected (see Methods for details). PCM, proliferative conditioned media, 
which is conditioned media collected from vehicle-treated cells; SCM, senescent 
conditioned media, which is conditioned media collected from cisplatin-induced 
senescent cells. g, KPCA.B HGSOC cells were injected intraperitoneally into mice 
and conditioned media was injected three times per week. n = 12 mice per group. 
h, End-point total intraperitoneal tumor nodules from the experiment detailed 
in g. i, End-point tumor nodule counts in the indicated metastatic sites from the 
experiment detailed in g. j, Omental weights from in vivo experiments detailed in 
d (left) and g (right). k,l, Quantification of Ki67 (k) or terminal deoxynucleotidyl 
transferase dUTP nick end labeling (TUNEL) (l) in omental tumors detailed in d 
(left) and g (right). n = 6 (Prolif only, PCM), n = 7 (Prolif + Sen), or n = 9 (SCM) mice 
per group. All graphs show mean ± s.d. unless otherwise indicated. Two-tailed 
Student’s t-test was used. Panels created in BioRender: c, Aird, K. https:// 
biorender.com/42ecb7u (2026); d,g, Cole, A. https://biorender.com/lecy1oj 
(2026).
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proliferation or death (Fig. 1 and Extended Data Fig. 3), suggesting 
that secreted factors from malignant cells influence metastatic dis-
semination. During transcoelomic dissemination within the peritoneal 
cavity, HGSOC cells must detach from the solid tumor by loosening 

their adhesion to other cells and the extracellular matrix19,27. Thus, we 
investigated how the cisplatin-induced SASP from HGSOC cells influ-
ences detachment and adhesion of bystander HGSOC cells. To measure 
detachment, we performed time-lapse imaging of spheroids cultured 
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in PCM or SCM. Spheroids cultured in round-bottom ultra-low attach-
ment (ULA) wells were of similar size regardless of whether they were 
exposed to PCM or SCM, and we did not observe differential compac-
tion between these conditions (Extended Data Fig. 4a), showing that 
HGSOC cells in SCM remain able to form spheroids of the same size as 
those in PCM under gravitational constraint. Thus, for live cell imag-
ing experiments, we controlled for cell number and spheroid size by 
forming spheroids in round-bottom ULA wells before transferring 
them to flat-bottom ULA wells (Fig. 2a). After transferring spheroids 
to flat-bottom ULA wells, we observed an increase in the total number 
of live cell detachment events in both Ovcar8 and KPCA.B cells when 
bystander cells were cultured in SCM compared to PCM (Fig. 2b,c and 
Supplementary Video 1), indicating that cells were more loosely adher-
ent. Staining with ethidium homodimer confirmed the detached cells 
were viable (Fig. 2b). Heat inactivating the SCM to denature proteins 
also drove detachment of live cells to the same level as regular SCM 
(Fig. 2c), showing that the observed increase in detachment was likely 
not a result of protein activity, including extracellular matrix degraders 
such as matrix metalloproteases. As a complementary approach, we 
assessed detachment using a controlled trypsinization assay (Fig. 2d), 
similar to a previous publication28. Consistent with our live cell imaging 
results in spheroids (Fig. 2c), we found that bystander cells cultured in 
SCM had increased detachment compared to those cultured in PCM, 
and the increase in detachment was also retained in heat-inactivated 
SCM (Fig. 2e). SCM from carboplatin-induced senescent HGSOC cells, 
cisplatin-induced senescent melanoma cells, and gemcitabine-induced 
senescent pancreatic ductal adenocarcinoma cells all increased detach-
ment of bystander cells (Extended Data Fig. 4b–d). These data indicate 
that the effect is not platinum- nor HGSOC cell-specific. Furthermore, 
SCM from normal fibroblasts undergoing replicative senescence or 
chemotherapy-induced senescence also increased detachment of 
bystander HGSOC cells (Extended Data Fig. 4e–g). Together, these 
data show that the SASP from multiple senescent cell types induces 
malignant bystander cell detachment. While most previous work has 
focused on the protein content of the SASP, we and others have shown 
that the SASP can also have differential metabolite components8–10,12. 
Therefore, we aimed to determine whether the observed phenotype is 

driven by a small molecule or metabolite by filtering the SCM to remove 
most proteins and large extracellular vesicles (>3 kDa), leaving small 
molecules such as metabolites. Bystander HGSOC cells cultured in 
filtered SCM also showed increased detachment to the same level as 
regular SCM (Fig. 2e). Together, these data provide evidence that a 
metabolic component of the cisplatin-induced SASP may drive the 
observed increased detachment of bystander HGSOC cells.

Given the observed changes in detachment in heat-inactivated and 
filtered SCM (Fig. 2e), we reasoned that there is a metabolic component 
of the SASP that likely has paracrine metabolic effects on bystander 
cells to decrease their adhesion. To investigate this mechanism, we 
conducted a CRISPR (clustered regularly interspaced short palindro-
mic repeats) knockout screen using a metabolically focused guide 
RNA library. We adopted the controlled trypsinization approach to 
separate the attached and detached cells from SCM and PCM cultured 
groups. The live cell detachment from spheroids was not optimal 
for this purpose due to the low numbers of single cell detachment 
(Fig. 2a–c). Given the consistency in results between live cell imag-
ing and the controlled trypsinization experiments (Fig. 2a–e), we 
used this assay for our screen. We aimed to identify genes that were 
negatively enriched in detached bystander cells cultured in SCM but 
not PCM, indicating these genes are essential for the loosely adhe-
sive phenotype driven by the SASP (Fig. 2f). We found that oxidative 
phosphorylation genes were negatively enriched in the detached 
population of SCM-cultured bystander cells compared to adherent 
cells (Fig. 2g and Supplementary Tables 5 and 6). Conversely, cho-
lesterol biosynthesis genes were positively enriched in the detached 
population of SCM-cultured bystander cells compared to adher-
ent cells (Fig. 2g and Supplementary Tables 5 and 6), showing that 
knockout of these genes drives detachment in SCM conditions. This 
is in stark contrast with the gene pathways identified in PCM cultured 
condition (Supplementary Table 6), indicating a unique metabolic 
requirement for detachment driven by the cisplatin-induced SASP. 
The negative enrichment oxidative phosphorylation signature was 
mainly driven by complex I subunits (Supplementary Table 7). We 
confirmed that complex I genes were negatively enriched specifi-
cally in detached bystander cells cultured in SCM but not in PCM 

Fig. 2 | The cisplatin-induced SASP promotes cell detachment via NDUFA5.  
a, HGSOC cells cultured in round-bottom ULA plates for 48 h in PCM, SCM,  
or SCM that was heat inactivated (SCM HI) then moved to flat-bottom ULA  
plates. Cells were stained with ethidium homodimer and imaged for 24 h.  
b, Representative image from a. Blue arrows point to a live cell detaching.  
c, Quantification of imaging experiment detailed in a. n = 3 technical replicates 
representative of 2 independent experiments in each cell line. d, Schematic 
of controlled trypsin experiments (in e–g, k, p, and q). e, Bystander cells were 
cultured in PCM, SCM, SCM HI, or SCM passed through a 3 kDa cut-off column 
(SCM < 3 kDa). After 72 h, the percentage of detachment was assessed using 
the controlled trypsin assay (n = 3 technical replicates representative of 3 
independent experiments in each cell line). f, Schematic of CRISPR knockout 
screen. g, GSEA performed on bystander cells cultured in SCM (detached versus 
adherent). NES, normalized enrichment score. A negative NES indicates genes 
whose knockout decreases detachment in SCM; a positive NES indicates genes 
whose knockout increases detachment in SCM. h, Stage of patients with HGSOC 
stratified by low-quartile versus high-quartile expression of complex I subunits 
(data from TCGA, Supplementary Table 1 for gene list). P value determined 
by ordered linear regression analysis. i, Bystander cells were cultured in PCM 
or SCM for 72 h, and maximal respiration was quantified (n = 2 technical 
replicates representative of 3 independent experiments in each cell line). 
OCR, oxygen consumption rate; Abs600, absorbance at 600 nm. j, Bystander 
HGSOC cells with knockout of NDUFA5 (sgNDUFA5) or knockdown of Ndufa5 
(shNdufa5) were cultured as detailed in the schematic in a. Shown are live cell 
detachment events per spheroid (Ovcar8: sgControl PCM, n = 14; sgNDUFA5-1 
PCM, n = 15; sgNDUFA5-2 PCM, n = 11; sgControl SCM, n = 10; sgNDUFA5-1 SCM, 
n = 13; sgNDUFA5-2 SCM, n = 10; KPCA.B: shControl PCM, n = 12; shNdufa5-1 
PCM, n = 9; shNdufa5-2 PCM, n = 10; shControl SCM, n = 11; shNdufa5-1 SCM, 

n = 10; shNdufa5-2 SCM NA, n = 11; replicates representative of 3 independent 
experiments in each cell line). k, Bystander HGSOC cells with knockout or 
knockdown of NDUFA5 were cultured in PCM or SCM. After 72 h, the percentage 
of detachment was assessed using the controlled trypsin assay (n = 3 technical 
replicates representative of 3 independent experiments in each cell line).  
l, Naive proliferating shNdufa5 KPCA.B HGSOC cells or controls were implanted 
intraperitoneally, and conditioned media was injected 3 times per week 
(shControl PCM, shControl SCM, and shNdufa5 SCM, n = 9 (shControl SCM) or 
n = 11 (shControl PCM, shNdufa5 PCM, shNdufa5 SCM) mice per group;  
shNdufa5 PCM, n = 9 mice per group). m,n, End-point total intraperitoneal  
tumor nodules (m) and the indicated metastatic sites (n) from the experiment 
detailed in l. o, Schematic of the Preiss–Handler pathway of NAD+ synthesis  
from nicotinic acid as an alternative NAD+ source from complex I-mediated  
NADH oxidation and NAD+ rescue strategies. p, Bystander HGSOC cells with 
knockout of NDUFA5 or knockdown of Ndufa5 were cultured in SCM with and 
without supplementation with nicotinic acid. After 72 h, the percentage of 
detachment was assessed using the controlled assay (n = 3 technical replicates 
representative of 3 independent experiments in each cell line). q, Ovcar8 
bystander cells with knockout of NDUFA5 and overexpression of LbNOX 
(LbNOX OE) were cultured in SCM. After 72 h, the percentage of detachment was 
assessed using the controlled assay (n = 3 technical replicates representative 
of 3 independent experiments). All graphs show mean ± s.d. unless otherwise 
indicated. In c, e, j, k, m, n, p, q, one-way analysis of variance (ANOVA) followed by 
Šídák’s multiple comparisons test was used. In i, two-tailed Student’s t-test was 
used. Panels created in BioRender: d, Cole, A. https://biorender.com/38v2bpo 
(2026); f, Cole, A. https://biorender.com/huwfdiu (2026); l, Cole, A. https://
biorender.com/53ywkqz (2026); o, Cole, A. https://biorender.com/ulpglfq 
(2026).
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(Extended Data Fig. 5a). A recent report showed that electron transport 
chain genes are enriched after patient-derived cells are cultured in 
ascites collected after chemotherapy29. In addition, analysis of meta-
static recurrence in a post-chemotherapy in vivo model identified high 
Nduf4l2—a complex I subunit—in malignant cells30. To show the poten-
tial clinical relevance of our findings, we assessed HGSOC stage based 
on expression of complex I or respiration genes in which advanced 

stage acts as a proxy for increased dissemination. Indeed, high expres-
sion of complex I or respiration genes corresponds to increased HGSOC 
stage in treatment-naive patients (Fig. 2h and Extended Data Fig. 5b) 
even when adjusting for age (P < 0.001). Together with our data, this 
indicates a key role for complex I in detachment and dissemination.

Next, we aimed to validate our CRISPR screen results. Towards 
this goal, we used the complex I inhibitor rotenone and confirmed  
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the necessity of functional complex I for the increased detachment 
phenotype of bystander cells cultured in SCM (Extended Data Fig. 5c). 
Moreover, we observed an increase in both basal and maximal respira-
tion in bystander cells cultured in SCM compared to PCM (Fig. 2i and 
Extended Data Fig. 5d), indicating a cisplatin-induced SASP-mediated 
increase in respiration in bystander HGSOC cells. For further 
mechanistic experiments, we chose the complex I subunit NADH: 
ubiquinone oxidoreductase subunit A5 (NDUFA5), which was 
one of the top differentially negatively enriched genes in the 
CRISPR screen (Extended Data Fig. 5e–g) and was required for 
the increase in SCM-mediated respiration in bystander cells 
(Extended Data Fig. 5h). We also validated the requirement of NDUFA5 
knockdown for decreased detachment in bystander HGSOC cells cul-
tured in SCM in both HGSOC models (Fig. 2j,k). Finally, we found that 
knockdown of Ndufa5 abrogated the increase in dissemination in both 
the senescent cell co-injection model and the conditioned media treat-
ment model in vivo (Fig. 2l–n and Extended Data Fig. 5i–k). Together, 
these data show that the cisplatin-induced SASP from malignant cells 
regulates HGSOC cell detachment and dissemination in a paracrine 
manner via NDUFA5.

Finally, we aimed to determine how complex I regulates the 
increased detachment phenotype. We did not observe an increase 
in reactive oxygen species (ROS) following NDUFA5 knockdown in 
bystander cells cultured in SCM, and scavenging ROS in these cells 
using N-acetyl-cysteine did not decrease detachment (Extended Data  
Fig. 5l–m), indicating that the SASP regulates cell adhesion via complex 
I activity independently of ROS generation. Complex I is also critical 
for oxidation of NADH to NAD+ (ref. 31) (Fig. 2o). Therefore, we aimed 
to determine whether replenishing NAD+ using nicotinic acid supple-
mentation (Fig. 2o) would reverse the NDUFA5 knockdown-mediated 
decrease in detachment of bystander cells in the context of the SASP. 
Indeed, nicotinic acid supplementation of NDUFA5 knockdown 
bystander cells cultured in SCM decreased the NAD+/NADH ratio 
(Extended Data Fig. 5n) and restored the SASP-mediated increase in 
detachment (Fig. 2p). Finally, to show NADH oxidation is sufficient to 
drive detachment in bystander cells, we overexpressed the NADH oxi-
dase from Lactobacillus brevis, LbNOX, in NDUFA5 knockout bystander 
cells (Fig. 2o and Extended Data Fig. 5o). LbNOX expression rescued 

detachment in SCM-cultured NDUFA5 knockout bystanders (Fig. 2q). 
These data point to a critical role for complex I-mediated NAD+ genera-
tion in the regulation of cell attachment in the context of the SASP.

Bystander cell detachment is increased through inhibition of 
SREBP1-mediated plasma membrane cholesterol downstream 
of NDUFA5
We found that the complex I subunit NDUFA5 drives the 
cisplatin-induced SASP-mediated increased cell detachment in 
bystander HGSOC cells (Fig. 2). To understand how NDUFA5 regulates 
cell detachment, we performed RNA-seq on human and murine HGSOC 
cells with NDUFA5 knockdown (via single guide RNA or short hairpin 
RNA, respectively) cultured in either SCM or PCM. Pathway analysis 
of genes consistently upregulated by NDUFA5 knockdown in SCM, 
but not in PCM (Fig. 3a and Supplementary Table 8), revealed enrich-
ment of cholesterol-related gene signatures (Supplementary Table 9). 
More specifically, de novo cholesterol synthesis genes were down-
regulated in bystander cells cultured in SCM, which was rescued by 
NDUFA5 knockdown (Extended Data Fig. 6a). We found a negative cor-
relation between the senescence signature and de novo cholesterol 
synthesis gene signatures in NACT-treated ovarian cancer patients 
(Extended Data Fig. 6b and Supplementary Table 1). In addition, we 
used a dataset in which primary ovarian cancer cells were isolated from 
individual patients and cultured with autologous ascites fluid collected 
before or after platinum plus taxane chemotherapy29. Gene sets related 
to cholesterol synthesis were consistently downregulated in cells cul-
tured in ascites after chemotherapy compared to before chemotherapy 
(Fig. 3b). Collectively, these data support the notion that transcriptional 
downregulation of de novo cholesterol synthesis is a consequence of 
the senescent secretome. Consistent with the idea that cholesterol 
regulates detachment in malignant bystander cells cultured in SCM, our 
CRISPR knockout screen also identified multiple de novo cholesterol 
synthesis enzymes to be positively enriched in the detached population 
(Fig. 2g). In particular, HMGCR and HMGCS1, the first two enzymes of 
the mevalonate pathway, were both positively enriched in our CRISPR 
knockout screen and upregulated in SCM-cultured bystander cells 
following knockdown of NDUFA5 (Extended Data Fig. 6c,d). Together, 
these data indicate that the SCM-driven loss of detachment in bystander 

Fig. 3 | SASP-induced complex I activity via NDUFA5 increases cell detachment 
via decreased SREBP1-driven cholesterol synthesis. a, Bystander cells with 
either knockout or knockdown of NDUFA5 were cultured in PCM or SCM for 
72 h, and RNA-seq was performed. Left: Venn diagram of genes upregulated by 
both knockout/down of NDUFA5 (NDUFA5KO/KD) bystander cells cultured in PCM 
or SCM. Right: overrepresentation analysis of the genes uniquely upregulated 
in bystander cells cultured in SCM. b, GSEA analysis of primary ovarian cancer 
cells isolated from individual patients cultured with autologous ascites fluid 
collected before versus after chemotherapy treatment29. Wikipathways are 
shown. c, Ovcar8 bystander cells with knockout of NDUFA5 (sgNDUFA5) were 
cultured in PCM or SCM with or without nicotinic acid. After 72 h, plasma 
membrane cholesterol was assessed using filipin III staining under TIRF imaging. 
Left: representative images. Scale bar, 25 µm; ×100 magnification. Right: 
quantification (sgControl PCM, n = 52; sgControl SCM, n = 46; sgNDUFA5-1 SCM, 
n = 50; sgNDUFA5-1 SCM NA, n = 40; sgNDUFA5-2 SCM, n = 44; sgNDUFA5-2 SCM 
NA, n = 32; replicates representative of 3 independent experiments). d, HGSOC 
bystander cells with knockout or knockdown of NDUFA5 were cultured in SCM 
for 72 h before being treated with 10 mM MβCD for 1 h, and the percentage of 
detachment was assessed using the controlled trypsin assay (n = 3 technical 
replicates representative of 3 independent experiments in each cell line).  
e, HGSOC bystander cells with knockout or knockdown of NDUFA5 were cultured 
in SCM for 72 h before being treated with 50 µM cholesterol for 2 h, and the 
percentage of detachment was assessed using the controlled trypsin assay (n = 3 
technical replicates representative of 3 independent experiments in each cell 
line). f, HGSOC bystander cells with knockout or knockdown of NDUFA5 were 
cultured in SCM with 1 µM of the SREBP inhibitor (SREBPi) fatostatin. After 72 h, 
the percentage of detachment was assessed using the controlled trypsin assay 

(n = 3 technical replicates representative of 3 independent experiments in each 
cell line). g, HGSOC bystander cells were cultured in PCM or SCM with 1 µM of 
the SREBP inhibitor (SREBPi) fatostatin. After 48 h, cells were serum starved 
overnight or continued to be cultured in full media. After 72 h, the percentage 
of detachment was assessed using the controlled trypsin assay (n = 3 technical 
replicates representative of 3 independent experiments in each cell line).  
h,i, HGSOC bystander cells with knockout or knockdown of NDUFA5 were 
cultured in PCM or SCM with or without nicotinic acid supplementation. After 
72 h, cells were stained with anti-SREBP1 antibody and DAPI. h, Representative 
images of SREBP1 immunofluorescent staining in Ovcar8 cells. Scale bar, 25 µm; 
×40 magnification. i, Quantification of the average SREBP1 immunofluorescent 
staining intensity per cell nuclei (Ovcar8: sgControl PCM, n = 105; sgControl SCM, 
n = 106; sgNDUFA5-1 SCM, n = 118; sgNDUFA5-1 SCM NA, n = 100; sgNDUFA5-2 
SCM, n = 100; sgNDUFA5-2 SCM NA, n = 137; KPCA.B: shControl PCM, n = 112; 
shControl SCM, n = 61; shNdufa5-1 SCM, n = 62; shNdufa5-1 SCM NA, n = 94; 
shNdufa5-2 SCM, n = 161; shNdufa5-2 SCM NA, n = 76; replicates representative  
of 2 independent experiments in each cell line). j–l, Ovcar8 bystander cells  
with knockout of NDUFA5 were cultured in PCM or SCM with or without  
nicotinic acid. After 72 h, cells were collected for ChIP using an anti-SREBP1 
antibody followed by qPCR of HMGCS1 (j), HMGCR (k), and MVK (l). ND, 
not detected (n = 3 technical replicates representative of 3 independent 
experiments). m, Negative correlation between the expression of genes related 
with complex I and cholesterol synthesis genes in tumors of HGSOC patients 
(data from TCGA, see Supplementary Table 1 for gene lists). Pearson’s correlation, 
P value determined by linear regression. All graphs show mean ± s.d. unless 
otherwise indicated. One-way ANOVA followed by Šídák’s multiple comparisons 
test was used.
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cells is a result of transcription downregulation of de novo cholesterol 
synthesis downstream of NDUFA5.

Cholesterol is an important component of the plasma membrane 
and has been previously shown to help stabilize integrins, thereby 
increasing cell adhesion32,33. Thus, we aimed to assess cholesterol 
content changes downstream of NDUFA5 using filipin III, a fluores-
cent cholesterol probe, and total internal reflection fluorescence 
(TIRF) imaging, which selectively illuminates the plasma membrane 
in close proximity to the coverslip. We confirmed a decrease in plasma 
membrane cholesterol of bystander cells cultured in SCM, which was 
rescued by knockdown of NDUFA5 (Fig. 3c). Supplementation with 
nicotinic acid increased the plasma membrane cholesterol content 
of NDUFA5 knockdown cells (Fig. 3c), showing this effect is through 
NAD+. We confirmed a decrease in non-esterified cholesterol by 
mass spectrometry (Extended Data Fig. 6e). This was not simply a 
result of differences in cholesterol trafficking to the plasma mem-
brane as total cholesterol measured by widefield fluorescence filipin 
III was also similarly altered (Extended Data Fig. 6f,g). In addition, 
expression of LbNOX to regenerate NAD+ increased whole-cell filipin 
III staining (Extended Data Fig. 6h,i). To determine whether these 
changes in cholesterol play a functional role in cell detachment, we 
depleted cholesterol with either methyl-β-cyclodextrin (MβCD), 
which specifically depletes plasma membrane cholesterol, or statins 
to deplete intracellular cholesterol through blocking de novo cho-
lesterol synthesis. Both MβCD and statins abrogated the decreased 
detachment in NDUFA5 knockdown bystander cells cultured in SCM 
(Fig. 3d and Extended Data Fig. 7a,b). Conversely, supplementation 
of cholesterol decreased detachment in bystander cells cultured in 
SCM but had no effect on NDUFA5 knockdown bystander cells cul-
tured in SCM (Fig. 3e). Cholesterol supplementation also rescued the 
effects of statins, confirming that detachment was a result of their 
on-target effects (Extended Data Fig. 7a,b). These data show that the 
cisplatin-induced SASP drives differential cholesterol content in cells 
via NDUFA5-mediated NAD+, which is critical for the detachment phe-
notype in bystander cells.

We found that the changes in de novo cholesterol were transcription-
ally driven downstream of NDUFA5 (Fig. 3a and Extended Data Fig. 6a), 
and decreased cholesterol drives the increased detachment pheno-
type of bystander cells cultured in cisplatin-induced SASP (Fig. 3c,d). 
Transcription of de novo cholesterol synthesis genes is well known 

to be coordinated via the transcription factor sterol regulatory 
element-binding transcription factor (SREBP1)34. Next, we sought 
to determine whether SREBP1 contributes to the downregulation of 
de novo cholesterol synthesis genes and the increase in cell detachment 
downstream of NDUFA5 in SCM-cultured bystander cells. Inhibition of 
SREBP increased detachment of control bystander cells cultured in PCM 
and NDUFA5 knockdown bystander cells cultured in SCM (Fig. 3f,g). 
Moreover, SREBP activation through serum starvation rescued detach-
ment in SCM-cultured bystanders (Fig. 3g). Together, these data show the 
requirement of SREBP1 for detachment. These data are also consistent 
with results showing that cholesterol depletion increases detachment 
in NDUFA5 knockdown bystander cells cultured in SCM (Fig. 3d and 
Extended Data Fig. 7a,b). SREBP1 translocates to the nucleus, where 
it binds to target genes to regulate their transcription34. We observed 
a decrease in both nuclear SREBP1 and SREBP1 occupancy on multi-
ple de novo cholesterol synthesis gene promoters in bystander cells 
cultured in SCM that was rescued by NDUFA5 knockdown (Fig. 3h,i 
and Extended Data Fig. 7c). The decreased SREBP1 occupancy corre-
sponded to decreased protein expression of HMGCR, HMGCS1, and MVK 
(Extended Data Fig. 7d). These data are consistent with the observed 
decrease in de novo cholesterol synthesis gene expression (Fig. 3a and 
Extended Data Fig. 6a). Nicotinic acid supplementation abrogated the 
NDUFA5 knockdown-mediated decrease in nuclear SREBP1 and occu-
pancy of SREBP1 at de novo cholesterol genes (Fig. 3h–l). This reinforces a 
role for NAD+ downstream of complex I activity in regulating SREBP activ-
ity. In samples from patients with HGSOC, we found that expression of 
complex I or aerobic respiration genes inversely correlates with choles-
terol synthesis genes regulated by the master transcription factor SREBP 
(Fig. 3m, Extended Data Fig. 7e, and Supplementary Table 1). Together, 
these data show that downregulation of SREBP1 nuclear localization 
and activity by SCM decreases de novo cholesterol synthesis gene tran-
scription and adhesion downstream of NDUFA5 (Extended Data Fig. 7f).

NDUFA5 suppresses SREBP1 via increased NAD+-dependent 
SIRT activity, leading to decreased cholesterol and 
detachment
We found that SCM decreases SREBP1 activity via the complex I subunit 
NDUFA5, leading to increased detachment in bystander cells (Fig. 3). 
In addition, NAD+ pool replenishment with nicotinic acid reversed the 
decreased detachment caused by NDUFA5 knockdown and restored 

Fig. 4 | SREBP1 activity is decreased by the cisplatin-induced SASP 
downstream of NUDFA5 through NAD+-dependent SIRT activity. a, Ovcar8 
bystander cells with knockout of NDUFA5 (sgNDUFA5) were cultured in SCM 
alone or treated with or without the SREBP inhibitor (SREBPi) fatostatin and/
or nicotinic acid. After 72 h, the percentage of detachment was assessed 
using the controlled assay (n = 3 technical replicates representative of 3 
independent experiments). b, The indicated bystander cells with knockout 
of NDUFA5 (sgNDUFA5) or knockdown of Ndufa5 (shNdufa5) were cultured 
in PCM or SCM alone and treated with or without a pan-SIRT inhibitor (SIRTi) 
with or without nicotinic acid. After 72 h, the percentage of detachment was 
assessed using the controlled assay (n = 3 technical replicates representative 
of 2 independent experiments in each cell line). c, Ovcar8 bystander cells 
were cultured in PCM or SCM alone or treated with or without a pan-SIRT 
inhibitor and/or the SREBP inhibitor fatostatin. After 72 h, the percentage of 
detachment was assessed using the controlled assay (n = 3 technical replicates 
representative of 3 independent experiments). d, Ovcar8 bystander cells were 
cultured in PCM or SCM alone or treated with or without a pan-SIRT inhibitor. 
After 72 h, cells were stained with anti-SREBP1 antibody and DAPI and imaged. 
Left: representative images. Scale bar, 25 µm; ×40 magnification. Right: 
quantification of SREBP1 immunofluorescence intensity per nuclei (PCM, 
n = 124; SCM, n = 114; SCM + SIRTi, n = 98; representative of 3 independent 
experiments). e, Ovcar8 bystander cells with knockout of NDUFA5 (sgNDUFA5) 
were cultured in SCM alone or treated with or without a pan-SIRT inhibitor. After 
72 h, cells were stained with anti-SREBP1 antibody and DAPI and imaged. Left: 
representative images. Scale bar, 25 µm; ×40 magnification. Right: quantification 

of SREBP1 immunofluorescence intensity per nuclei (sgControl SCM, n = 90; 
sgControl SCM SIRTi, n = 55; sgNDUFA5-1 SCM, n = 52; sgNDUFA5-1 SCM SIRTi, 
n = 66; sgNDUFA5-2 SCM, n = 66; sgNDUFA5-2 SCM SIRTi, n = 109; replicates 
representative of 2 independent experiments). f, Ovcar8 bystander cells were 
cultured in PCM or SCM with or without a pan-SIRT inhibitor. After 72 h, cells 
were collected for ChIP using an anti-SREBP1 antibody followed by qPCR. 
Shown is occupancy of SREBP1 at the promoter of de novo cholesterol synthesis 
genes HMGCS1, HMGCR, and MVK. NS, not detected (n = 3 technical replicates 
representative of 3 independent experiments). g, The indicated bystander cells 
were cultured in PCM or SCM with or without a pan-SIRT inhibitor. After 72 h, 
cholesterol was assessed using filipin III fluorescent staining. Left: representative 
images. Scale bars, 25 µm; ×20 magnification. Right: quantification (Ovcar8 PCM, 
n = 92; Ovcar8 SCM, n = 110; Ovcar8 SCM SIRTi, n = 112; KPCA.B PCM, n = 145; 
KPCA.B SCM, n = 103; KPCA.B SCM SIRTi, n = 133; replicates representative of 2 
independent experiments). h, The indicated bystander cells with knockout of 
NDUFA5 (sgNDUFA5) or knockdown of Ndufa5 (shNdufa5) were cultured in SCM 
alone or treated with or without a pan-SIRT inhibitor. After 72 h, cholesterol was 
assessed using filipin III fluorescent staining. Left: representative images. Scale 
bars, 25 µm; ×20 magnification. Right: quantification (Ovcar8: sgControl, n = 111;  
sgControl + SIRTi, n = 112; sgNDUFA5-1, n = 103; sgNDUFA5-1 + SIRTi, n = 110; 
sgNDUFA5-2, n = 116; sgNDUFA5-2 + SIRTi, n = 110; KPCA.B: shControl, n = 105; 
shControl + SIRTi, n = 113; shNdufa5-1 SCM, n = 125; shNdufa5-1 + SIRTi, n = 98; 
shNdufa5-2, n = 102; shNdufa5-2 + SIRTi, n = 110; replicates representative of 
2 independent experiments). All graphs show mean ± s.d.; one-way ANOVA 
followed by Šídák’s multiple comparisons test was used.
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SREBP1 nuclear localization and promoter occupancy at cholesterol 
synthesis genes (Fig. 3h–l), altogether showing a pivotal role for 
NAD+ in this process. Replenishing NAD+ to SREBP-inhibited NDUFA5 
knockdown bystander cells cultured in SCM did not change detach-
ment (Fig. 4a), indicating that NAD+ is indeed upstream of SREBP1 
activity. Previous reports show that SREBPs can be deactivated by 
NAD+-dependent deacetylases known as sirtuins35–37 (SIRTs). Thus, 

we reasoned that SIRT activity driven by NAD+ may increase detach-
ment downstream of NDUFA5 by inhibiting SREBP1-mediated choles-
terol synthesis. Indeed, inhibition of SIRTs prevented detachment in 
SCM-cultured bystander cells (Fig. 4b). This was not a result of a parallel 
pathway as inhibition of SIRTs did not affect detachment in NDUFA5 
knockdown cells cultured in SCM (Fig. 4b). Addition of nicotinic acid 
to NDUFA5 knockdown cells cultured in SCM increased detachment, 
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Fig. 5 | Fructose is increased in the cisplatin-induced SASP and promotes 
HGSOC detachment and dissemination. a,b, The indicated HGSOC cell lines were 
induced to senesce using cisplatin, and conditioned media was collected to assess 
glucose (a) or fructose (b) in the conditioned media by LC–MS normalized to the 
total number cells over the course of the conditioning timeframe (n = 8 per group, 
representative of 3 independent experiments in each cell line). c, The indicated 
bystander cells with knockout of NDUFA5 (sgNDUFA5) or knockdown of Ndufa5 
(shNdufa5) were cultured in PCM alone or supplemented with fructose. After 72 h, 
the percentage of detachment was assessed using the controlled trypsin assay 
(n = 3 technical replicates representative of 3 independent experiments in each 
cell line). d, The indicated bystander cells with knockdown of SLC2A5 (shSLC2A52), 
KHK (shKHK), or knockdown of ALDOB (shALDOB) were cultured in SCM alone 
or supplemented with fructose. After 72 h, the percentage of detachment was 
assessed using the controlled trypsin assay (n = 3 technical replicates except for 
Ovcar8 shKHK-1 SCM, n = 2; representative of 3 independent experiments in each 
cell line). e,f, The indicated bystander cells with knockout of NDUFA5 (sgNDUFA5) 
or knockdown of Ndufa5 (shNdufa5) were cultured in PCM alone or supplemented 

with fructose. e, After 72 h, cells were stained with anti-SREBP1 antibody and 
DAPI. Scale bars, 25 µm; ×40 magnification. f, Quantification of e. Ovcar8: 
sgControl, n = 104; sgControl fructose, n = 112; sgNDUFA5-1, n = 103; sgNDUFA5-1 
fructose, n = 104; sgNDUFA5-2, n = 150; sgNDUFA5-2 fructose, n = 91; KPCA.B: 
shControl, n = 101; shControl fructose, n = 126; shNdufa5-1, n = 165; shNdufa5-1 
fructose, n = 105; shNdufa5-2, n = 106; shNdufa5-2 fructose, n = 120; replicates 
representative of 2 independent experiments in each cell line. g,h, The indicated 
bystander cells with knockout of NDUFA5 (sgNDUFA5) or knockdown of Ndufa5 
(shNdufa5) were cultured in PCM alone or supplemented with fructose.  
g, After 72 h, cells were stained with filipin III to assess cholesterol. Scale bars, 25 µm. 
×40 magnification. h, Quantification of g. Ovcar8: sgControl, n = 92; sgControl 
fructose, n = 107; sgNDUFA5-1, n = 112; sgNDUFA5-1 fructose, n = 119; sgNDUFA5-2 
PCM fructose, n = 104; KPCA.B: shControl PCM, n = 145; shControl fructose, n = 111; 
shNdufa5-1, n = 207; shNdufa5-1 fructose, n = 184; shNdufa5-2, n = 265; shNdufa5-2 
fructose, n = 265; replicates representative of 2 independent experiments in each 
cell line. All graphs show mean ± s.d. In a–c, two-tailed Student’s t-test was used. In 
d–f and h, one-way ANOVA followed by Šídák’s multiple comparisons test was used.
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which was abrogated by inhibition of SIRTs (Fig. 4b). Together, these 
data reveal a pathway in which NDUFA5 acts upstream of SIRTs via 
NAD+. To confirm that SREBP1 activity and SIRT activity are acting 
in the same pathway, we assessed detachment of bystander cells in 
response to both SIRT and SREBP inhibition. SIRT inhibition alone 
decreased detachment of bystander cells cultured in SCM, but not 
when combined with the SREBP inhibitor (Fig. 4c). Furthermore, we 
found that inhibition of SIRTs increased nuclear SREBP1 in bystander 
cells cultured in SCM (Fig. 4d,e) and increased SREBP1 occupancy at 
de novo cholesterol gene promoters (Fig. 4f). Finally, given the role 
of cholesterol in our pathway downstream of NDUFA5 and SREBP1 
(Fig. 3), we assessed cholesterol content in SCM-cultured bystander 
cells treated with the SIRT inhibitor. SIRT inhibition increased choles-
terol (Fig. 4g). Consistent with the notion that SIRT activity is down-
stream of NDUFA5, SIRT inhibition, which does not affect detachment 
of bystander NDUFA5 knockdown cells cultured in SCM (Fig. 4b), also 
had no effect on nuclear SREBP1 (Fig. 4e) or cholesterol (Fig. 4h). 
Together, these data support the idea that the cisplatin-induced SASP 
promotes bystander cell detachment via NAD+-dependent SIRT activity 
downstream of NDUFA5, which inhibits SREBP1-mediated cholesterol 
synthesis (Extended Data Fig. 7f).

Increased fructose in the cisplatin-induced SASP drives the 
paracrine increase in cell detachment
Finally, we aimed to determine the upstream signal in the SASP 
that regulates detachment in a paracrine fashion. We found that 
both heat-inactivated and <3 kD-filtered SCM increase detachment 
(Fig. 2e), indicating that the signal promoting detachment is a small 
molecule or metabolite. Senescent cells are known to increase glu-
cose uptake8,12,38,39, resulting in a glucose-depleted SASP. Indeed, we 
observed a significant decrease in glucose abundance in conditioned 
media from cisplatin-induced senescent cells versus vehicle controls 
(Fig. 5a and Extended Data Fig. 8a). To understand how decreased 
glucose in the SASP from cisplatin-induced senescent cells affects 
bystander cells in a paracrine fashion, we performed mass spectrometry 
and assessed glycolytic intermediates. Although conditioned media 
from cisplatin-induced senescent cells have decreased glucose (Fig. 5a), 
we observed an increase in glycolytic intermediates in bystander cells 
cultured in SCM (Extended Data Fig. 8b,c). One notable metabolite that 
was upregulated in bystander cells cultured in SCM is dihydroxyac-
etone phosphate (Extended Data Fig. 8d), which can be derived from 
fructolysis (Extended Data Fig. 8b). Indeed, we found that conditioned 
media from multiple senescent cell types and inducers had increased 
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Fig. 6 | Fructose and fructolysis promote HGSOC dissemination in vivo. 
a, Schematic of conditioned media treatment of shKhk tumors in vivo. 
Naive proliferating shKhk KPCA.B HGSOC cells or controls were implanted 
intraperitoneally, and conditioned media was injected 3 times per week. n = 10 
mice per group. b,c, End-point total intraperitoneal tumor nodules (b) and tumor 
nodules in the indicated metastatic sites (c) from the experiment detailed in a. 
d, Schematic of in vivo experiment with mice provided fructose or glucose in the 
drinking water. n = 8 mice per group. e,f, End-point total intraperitoneal tumor 
nodules (e) and tumor nodules in the indicated metastatic sites (f) from the 
experiment detailed in d. g, Patients with HGSOC from a University of Pittsburgh 
cohort were stratified by median circulating fructose. Shown is the stage at 
diagnosis. P value was determined by ordered linear regression analysis taking 

age and body mass index into account as confounding factors. h, Schematic 
of in vivo experiments with mice provided fructose or glucose in the drinking 
water and implanted with control (shControl), Ndufa5 knockdown (shNdufa5), 
or Khk knockdown (shKhk) cells. i,j, End-point total tumor nodules (i) and tumor 
nodules in the indicated metastatic sites (j) from the experiment with knockdown 
of Khk detailed in h. shControl, n = 10 per group; shKhk-1 and shKhk-2, n = 11 per 
group. k,l, End-point total tumor nodules (k) and tumor nodules in the indicated 
metastatic sites (l) from the experiment with knockdown of Ndufa5 detailed 
in h. shControl, n = 12 per group; shNdufa5, n = 9 per group. All graphs show 
mean ± s.d.; in e, f, k, and l, two-tailed Student’s t-test was used. In b, c, i, and j, 
one-way ANOVA followed by Šídák’s multiple comparisons test was used. Panels 
a, d and h created in BioRender; Cole, A. https://biorender.com/753ayc9 (2026).
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fructose abundance (Fig. 5b and Extended Data Fig. 8e), consistent with 
previous reports showing that high glucose can induce polyol pathway 
activity, which converts glucose to fructose40–42. To determine how the 
relative availability of fructose and glucose contribute to bystander 
cell adhesion, we cultured bystander cells in PCM supplemented with 
a physiological concentration of fructose or SCM supplemented with 
glucose. The addition of fructose to PCM cultured bystander cells was 
sufficient to induce detachment in controls but not NDUFA5 knock-
downs (Fig. 5c), showing that fructose is upstream of NDUFA5. Con-
versely, the addition of glucose inhibited detachment of bystander 
cells cultured in SCM (Extended Data Fig. 8f), indicating that the bal-
ance between fructose and glucose drives the observed detachment. 
Knocking down the enzymes responsible for the first step of fructolysis, 
ketohexokinase (KHK) and aldolase B (ALDOB), prevented detachment 
in SCM-cultured bystander cells (Fig. 5d and Extended Data Fig. 8g), 
supporting the idea that fructolysis promotes detachment. Previous 
reports have shown that fructolysis can induce aerobic respiration 
through activating AMP-activated protein kinase (AMPK)43. Indeed, we 
found that bystander cells cultured in SCM showed increased AMPK 
phosphorylation upstream of NDUFA5 (Extended Data Fig. 9a). Simi-
larly, fructose supplementation led to increased AMPK phosphoryla-
tion in PCM cultured bystander cells, while phosphorylation is inhibited 
by glucose supplementation in SCM (Extended Data Fig. 9b). We also 
observed a modest increase in glucose-derived citrate in the presence 
of fructose (Extended Data Fig. 9c,d), potentially indicating increased 
glycolytic flux into the mitochondria to support respiration. Finally, 
we sought to determine whether fructose is upstream of decreased 
SREBP1 activity and cholesterol abundance. Addition of fructose to 
PCM, but not to NDUFA5 knockdown cells, was sufficient to decrease 
nuclear SREBP1 and cholesterol content of bystander cells (Fig. 5e–h).  
Conversely, the addition of glucose increased SREBP1 nuclear 
localization and cholesterol content of bystander cells cultured in 
SCM (Extended Data Fig. 9e–h). In patient samples, high expression 
of the fructose transporter SLC2A5 after NACT treatment corre-
sponded with low expression of de novo cholesterol synthesis genes 
(Extended Data Fig. 9i and Supplementary Table 1). Together, these 
data show that fructose suppresses nuclear SREBP1, corresponding 
to less cholesterol and increased detachment. These data also show 
that restoring the balance between glucose and fructose overcomes 
this phenotype in SCM-cultured bystander cells.

We found that fructose is a component of the SASP and drives 
differential cell detachment in vitro (Fig. 5b,c). We also found that 
SCM increases HGSOC dissemination in vivo (Fig. 1). Thus, we inter-
rogated whether SASP-induced fructolysis is sufficient to drive dis-
semination in vivo. Using the conditioned media treatment murine 
model, we injected control or shKhk proliferative cells intraperito-
neally and treated these with conditioned media 3 times per week 
(Fig. 6a). Similarly to knockdown of Ndufa5 (Fig. 2l–n), knockdown of 
Khk prevented SASP-induced dissemination without affecting omental 
weights (Fig. 6b,c and Extended Data Fig. 10a). We next asked whether 
fructose alone is sufficient to increase dissemination in vivo, independ-
ent of senescent cells or other SASP components. Towards this goal, 
we provided mice with fructose in their drinking water and implanted 
HGSOC cells (Fig. 6d). Glucose was used to control for water sweetness. 
We did not observe differences in water consumption between groups 
(Extended Data Fig. 10b). High dietary fructose increased HGOSC dis-
semination in mice co-injected with senescent cells (Fig. 6e,f) without 
differences in omental weights (Extended Data Fig. 10c). In agreement 
with these findings, elevated fructose is associated with higher stage at 
diagnosis in patients with HGSOC, indicating more widespread disease 
even when adjusting for age and body mass index (Fig. 6g).

Fructose can have pleotropic systemic effects. Thus, we finally 
aimed to assess whether the increased fructose-driven dissemination 
is due in part to cancer cell fructolysis and complex I activity. To this 
end, we first provided mice with fructose and then implanted control 

or shKhk HGSOC cells (Fig. 6h). Khk knockdown decreased dissemina-
tion in mice with fructose supplementation without affecting omental 
weights (Fig. 6i,j and Extended Data Fig. 10d), indicating the neces-
sity of malignant cell fructose utilization in driving dissemination. 
Next, we implanted control and shNdufa5 HGSOC cells into mice on a 
high-fructose diet (Fig. 6h). Ndufa5 knockdown abrogated dissemina-
tion in mice on a high-fructose diet (Fig. 6k,l) but did not affect omental 
weights (Extended Data Fig. 10e), which is consistent with our previous 
experiment using Ndufa5 knockdown cells co-injected with senescent 
cells (Fig. 2l–n). These data show the sufficiency of fructose to drive 
HGSOC dissemination through both fructolysis and complex I activ-
ity in vivo. Together with mechanistic and patient data, these studies 
point to a previously unrecognized role for fructose in the secretome 
of senescent cells in promoting cell detachment through a complex 
I–NAD+–SIRT–SREBP1–cholesterol synthesis axis and suggest that 
lowering dietary fructose may have beneficial clinical outcomes for 
patients with HGSOC (Extended Data Fig. 10f).

Discussion
The phenomenon of senescence has gained increasing attention in 
cancer research owing to its complex role in influencing the TME 
through its unique secretome. In this study, we investigated the impact 
of TIS cell metabolism and the malignant cell SASP on HGSOC pro-
gression to better understand how chemotherapy-induced meta-
bolic reprogramming affects tumor progression. While the role 
of SASP proteins in affecting cell adhesion and detachment is well 
described through direct matrix remodeling or bystander cell sign-
aling effects44–47, our results show that fructose is a part of the SASP 
from cisplatin-induced senescent HGSOC cells, which is sufficient to 
increase cell detachment and drive increased metastatic dissemina-
tion in HGSOC. These studies have important implications for under-
standing how chemotherapy alters tumor dynamics in a paracrine 
fashion, show a mechanism of how senescence impacts bystander 
cancer cells on a molecular level, and reveal a potential role for diet 
in modifying HGSOC progression.

We found that the secretome from cisplatin-induced senescent 
HGSOC cells alone increases detachment of bystander cells and drives 
metastatic dissemination in a model of HGSOC, although the aggres-
sive nature of this cell line precluded us from determining whether this 
affects progression-free survival. Another limitation of this study is that 
the in vivo models were only performed in one cell line. While previ-
ous studies have shown that senescent cells promote tumor progres-
sion and metastasis through co-injection or inducible models2,4,48,49, 
these effects reflect the combined influence of senescent cells and 
their secretome. In our model, by injecting only conditioned media 
from senescent cancer cells, we specifically isolate the impact of the 
secretome in the absence of senescent cells, showing that secreted 
factors alone are sufficient to drive the metastatic phenotype (Fig. 1). 
While components of the SASP have been linked to metastasis in various 
cell and cancer types, many of these are pro-inflammatory mediators, 
and the non-protein, non-cytokine fractions of this secretome are often 
overlooked. In fact, there are only a handful of reports on the metabolic 
components of the SASP, such as elevated bioactive lipid production, 
nucleobases, amino acids, nitric oxide, and ROS8–10,50–52. Moreover, only 
a small number of studies to date have indicated that specific metabo-
lites are depleted from the SASP8,12. While these reports investigated 
the metabolite’s role in senescence induction, to our knowledge, no 
study to date has investigated the paracrine effects of the extracellu-
lar metabolite composition on proliferative bystander cells. Here we 
found that glucose is depleted in the cisplatin-induced SASP (Fig. 5a 
and Extended Data Fig. 8a). This is likely a result of increased glucose 
uptake and glycolysis of senescent cells, which has been previously 
reported8,12. High glucose can induce polyol pathway activity, which 
converts glucose to fructose40–42. How and why this occurs is an inter-
esting point for future studies.
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We found that high dietary fructose increases metastatic dissemi-
nation in vivo (Fig. 6). While glucose is the most abundant monosaccha-
ride in the body, fructose makes up a large portion of sugar consumed. 
Fructose is present alone and together with glucose in sucrose in foods 
such as honey, fruits, vegetables, and high-fructose corn syrup. Resting 
plasma fructose levels are in the tens of micromolar but can increase 
10-fold after consuming fructose53. Although our data implicate a 
role of fructose acting directly on malignant bystander cells (Fig. 6), 
fructose metabolism can indirectly support tumor growth through the 
microbiome or liver lipogenesis54,55, and future studies will determine 
the contribution of these pathways to metastatic dissemination. Given 
the dietary and endogenous availability and our findings on fructose 
driving dissemination, fructose may play an underappreciated role in 
modulating tumor cell behavior. This raises the possibility that restrict-
ing fructose intake could be a promising dietary intervention to assist 
in treatment response.

Our data reveal a critical role for respiration in reducing cell 
adhesion downstream of fructose, allowing cells to detach and dis-
seminate (Fig. 2), although additional studies are needed to further 
interrogate the mechanism of how fructose activates complex I. 
There is growing evidence that mitochondrial function and efficient 
respiration supports tumor progression and metastasis56–61. Like-
wise, our data support the notion that plasma membrane cholesterol 
depletion in cancer cells can lead to a more disseminated phenotype 
(Fig. 3), raising questions about the use of statins in cancer patients. 
Recent mechanistic investigation into statin use in cancer revealed 
heterogenous responses, including increasing metastatic potential62. 
Taken together with our data, this highlights the potential context 
dependency in cholesterol metabolism in malignant cell phenotypes, 
although the interpretation of the systemic effects of long-term sta-
tin treatment can be difficult. The translation of these findings to 
ovarian cancer could represent a therapeutic strategy to specifically 
target senescent cells and mitigate the metastatic potential induced 
by the SASP.

It is interesting to speculate whether these changes in adhe-
sion and detachment observed in bystander cells exposed to SCM 
could be therapeutically targeted. One such therapeutic route is 
the use of senolytics, a class of drugs designed to selectively tar-
get and eliminate senescent cells63. This is a particularly attractive 
approach given that we observed an increase in senescence signa-
tures in multiple cell types in addition to malignant epithelial cells 
(Extended Data Fig. 1b), and the SASP from non-malignant cell types 
is enriched in fructose (Extended Data Fig. 8e) and induces cell detach-
ment (Extended Data Fig. 4g). Moreover, given our dietary studies 
(Fig. 6), it is also interesting to speculate that diet interventions could 
be used in concert with senolytics to attain a greater benefit. This 
will be an area for the field to explore further. Finally, there is a large 
body of literature regarding the aging-related decline in NAD+ and 
surrounding the use of supplements in aging to replenish NAD+ lev-
els64. We found that supplementing cells with nicotinic acid increased 
detachment in vitro (Fig. 2p), and previous work found that NAD+ 
promotes the pro-inflammatory SASP65. Thus, our studies herein 
would indicate that nicotinic acid supplements in cancer patients, 
regardless of age, may be detrimental, although this needs to be 
experimentally investigated.

In summary, this study sheds light on a previously unexplored facet 
of ovarian cancer by revealing how the secretome of cisplatin-induced 
senescent cells contributes to HGSOC phenotypes. The SASP-induced 
dissemination, metabolic reprogramming leading to weakened adhe-
sion and increased detachment, and the metabolite driving these 
changes provide a unique perspective on the complex interplay 
between senescence and cancer progression. These findings under-
score the importance of understanding all components of the SASP 
and its multifaceted impact on the TME, offering potential therapeutic 
targets for mitigating ovarian cancer metastasis.

Methods
All experiments with animals were performed in accordance with 
institutional guidelines approved by the Institutional Animal Care 
and Use Committee at the University of Pittsburgh (24024583) or The 
Wistar Institute (201727). Humane end points were >20% change in 
weight and body condition score of 2 (out of 5). None of these limits 
were exceeded in any of the experiments. Pretreatment blood was col-
lected from patients with newly diagnosed epithelial ovarian cancer 
under University of Pittsburgh approved Institutional Review Board 
protocols 20050019, 19070449, and 19060197. Written, informed 
consent was obtained from ovarian cancer patients.

Cell lines
Ovcar8 cells were a gift from Dr. Benjamin Bitler (University of Colo-
rado). KPCA.B cells were a gift from Dr. Robert Weinberg (MIT). IMR90 
(CCL-186), YUMM5.2 (CRL-3367), and Capan-1 (HTB-79) cells were 
obtained from ATCC, and HEK293FT cells were obtained from Thermo 
Fisher (R70007). Ovcar8 cells were cultured in RPMI 1640 medium 
(Corning 10-040-CV) supplemented with 5% FBS (BioWest, S1620). 
KPCA.B cells were cultured in high-glucose DMEM (Fisher Scientific, 
12430047) supplemented with 4% heat-inactivated FBS (Sigma, S1620), 
2 ng ml−1 hEGF (Sigma, E9644), and Insulin–Transferrin–Selenium 
(Fisher Scientific, 41400-045). IMR90 cells were cultured in DMEM 
(Corning, 10-017-CV) supplemented with 10% FBS (BioWest, S1620), 
L-glutamine (Corning, 25-015-CI), non-essential amino acids (Corning, 
25-025-CI), sodium pyruvate (Corning, 25-000-CI), and sodium bicar-
bonate (Corning, 25-035-CI). YUMM5.2 cells were cultured in DMEM 
and Ham’s F-12 50/50 media (Corning, 10-092-CV) supplemented with 
nonessential amino acids (Corning, 25-025-Cl) and 10% FBS (BioWest, 
S1620). Capan-1 cells were cultured in IMDM (Gibco, 12440053) supple-
mented with 20% FBS (BioWest, S1620). HEK293FT cells were cultured 
in DMEM (Corning, 10-013-CV) supplemented with 10% FBS accord-
ing to ATCC. All cell lines were cultured in 1% penicillin/streptomycin 
(Fisher Scientific, 15-140-122) at 37 °C under 5% CO2 and atmospheric 
O2 (except IMR90 cells, cultured at 2% O2) and tested monthly for 
mycoplasma as described in ref. 66.

Plasmid information and cloning
The following shRNA sequences were purchased from Sigma: mouse 
shNdufa5-1 (TRCN0000041819) and shNdufa5-2 (TRCN0000041821), 
human shSLC2A5-1 (TRCN0000043005) and shSLC2A5-2 
(TRCN0000043006), human shKHK-1 (TRCN0000037725) and 
shKHK-2 (TRCN0000037727), human shALDOB-1 (TRCN0000052508) 
and shALDOB-2 (TRCN0000052512), and mouse shKhk-1 
(TRCN0000025511) and shKhk-2 (TRCN0000025512). shGFP control 
was purchased from Addgene (30323). For some experiments, KPCA.B 
cells were transduced with GFP (Addgene, 36083). The sgNDUFA5-1 and 
sgNDUFA5-2 guide sequences were cloned into the lentiviral lentiCRIS-
PRv2 vector expressing puromycin resistance (Addgene, 52961) fol-
lowing standard protocols. For overexpression experiments, lentiviral 
plasmid Flag-LBNOX was synthesized by Twist Bioscience. The Twist 
Bioscience empty vector was used as the control in overexpressing 
experiments. Sequences can be found in Supplementary Table 10.

Lentiviral packaging and infection conditions
Lentiviral vectors were packaged as follows: 10 µg of the correspond-
ing lentiviral vector was mixed with 7.5 µg psPAX2 (Addgene, 12260) 
and 7.5 µg pMD2.G (Addgene, 12259) in 1.5 ml Opti-MEM media (Gibco, 
31985070) and incubated for 5 min at room temperature. In parallel, 
50 µl Lipofectamine (Invitrogen, 11668019) was diluted in 1.5 ml of 
Opti-MEM media and incubated for 5 min at room temperature. The 
Lipofectamine mixture was added dropwise to the plasmid mixture 
and incubated for 20 min at room temperature. The Lipofectamine/
DNA complexes were added dropwise to HEK293FT cells. The media 
was replaced 6–8 h later, and viral supernatants were collected after 
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72 h, which were filtered through a 0.45 µm filter (Fisherbrand, 
09-720-005). Target cells were infected by incubating viral superna-
tant in antibiotic-free media supplemented with 8 µg ml−1 polybrene 
(Sigma-Aldrich, H9268) for 16 h. Infected cells were selected with 
1 µg ml−1 puromycin (ThermoFisher, A1113802) or 3 µg ml−1 blasticidin 
(InvivoGen, ant-bl-05).

Bioinformatic analysis of transcriptomic data from publicly 
available ovarian cancer patient data
Information on datasets can be found in the ‘Data availability’ statement.

Analysis of single cell RNA-seq. Downloaded cell type annotated 
data from the original study were a subject for standard Seurat v2 
preprocessing. Epithelial cell clustering was performed using the 
first 30 principal components with default resolution. Calculation 
of senescence score relied on SenMayo gene set and DNA replica-
tion (GO:0044786) (DNA replication, Supplementary Table 1). Each 
sample score was calculated as an unweighted linear combination of 
log2-scaled expression values with positive coefficient from SenMayo 
and negative coefficient from DNA replication gene set. Calculation of 
senescence scores was done on per-cell level, and significance of score 
differences between posttreatment and pretreatment cells within 
each cluster were compared using Wilcoxon test. Uniform manifold 
approximation and projection dimensionality reduction was used for 
data visualization.

Correlation with patient disease stage. Analysis of tumor stage was 
performed with data from The Cancer Genome Atlas (TCGA) by split-
ting patients into quartiles of the average z score of the genes in the 
indicated gene sets (Supplementary Table 1). For correlative analysis, 
the average z score of the genes in the indicated gene sets were plotted, 
and linear regression was performed.

Senescence induction and conditioned media generation
Cells were treated with senescence-inducing drugs for 48 h (see 
Supplementary Table 11 for doses), after which the drugs were removed, 
and cells were cultured in fresh media. Twenty-four hours after removal 
of the drugs, the media was changed and allowed to condition for 48 h. 
For conditioned media intended for use in vivo, no penicillin/strepto-
mycin was added. Conditioned media was collected and filtered (Fisher 
Scientific, FB12566506).

Crystal violet and proliferation assays
An equal number of cells were seeded in multiwell plates and cultured 
for 7–10 days. Cells were fixed with 1% paraformaldehyde, stained with 
0.05% crystal violet, and destained using 10% acetic acid. Absorbance 
(590 nm) was measured using a spectrophotometer (BioTek Epoch 
Microplate reader). Proliferation assays were performed using an 
IncuCyte S3 imaging system (Sartorius); an equal number of cells per 
condition were seeded in triplicates in a 96-well plate. Cells were imaged 
for 4–5 days with live cell imaging every 6 h. Cell quantification was 
performed using the IncuCyte software (Version 2023A).

SA-β-Gal assay
Cells were fixed in 2% formaldehyde/0.2% glutaraldehyde in PBS and 
stained (40 mM Na2HPO4, 150 mM NaCl, 2 mM MgCl2, 5 mM K3Fe(CN)6, 
5 mM K4Fe(CN)6, and 1 mg ml−1 X-gal) overnight at 37 °C in a non-CO2 
incubator. Images were acquired at room temperature using a Nikon 
Eclipse Ts2 equipped with a Nikon DS-Fi3 camera with a ×20/0.40 objec-
tive (Nikon LWD); >300 cells were counted per experiment.

RNA isolation, sequencing, and analysis
RNA was extracted from cells with Trizol (Ambion, 15596018) and 
DNase treated, cleaned, and concentrated using Zymo columns (Zymo 
Research, R1013). Complementary DNA libraries, next-generation 

sequencing, and bioinformatics analysis were performed by Novogene. 
Raw and processed RNA-seq data are available on Gene Expression 
Omnibus (GEO, GSE305033 and GSE305002).

RT-qPCR
RNA was retrotranscribed with High-Capacity cDNA Reverse Tran-
scription Kit (Applied Biosystems, 4368814), and 20 ng of cDNA was 
amplified using the CFX Connect Real-time PCR system (Bio-Rad) and 
the PowerUp SYBR Green Master Mix (Applied Biosystems, A25742). 
Quantification relative to multiple reference genes was determined to 
ensure reproducibility using the delta-delta CT method. Primers can 
be found in Supplementary Table 10.

Western blotting
Cell lysates were collected in 1× sample buffer and boiled for 10 min. 
An equal amount of total protein (Bradford assay (Bio-Rad, 5000006)) 
was resolved using SDS–PAGE gels and transferred to nitrocellulose 
membranes (Fisher Scientific). Membranes were blocked for 1 h at 
room temperature, incubated overnight at 4 °C in primary antibodies, 
washed 4 times in TBS-T for 5 min at room temperature, incubated with 
HRP-conjugated secondary antibodies for 1 h at room temperature, 
and washed 4 times in TBS-T for 5 min at room temperature. Proteins 
were visualized on film after incubation with SuperSignal West Pico 
PLUS Chemiluminescent Substrate (ThermoFisher).

Cytokine array
The human cytokine antibody array C1000 (RayBio, AAH-CYT-1000-2) 
was used. Individual spot signal densities were obtained using ImageJ 
software (Version 2.0.2) and normalized to cell number.

Murine ovarian cancer in vivo models
For all experiments, 6- to 8-week-old female C57BL/6J mice were 
purchased from Jackson Laboratories (2498079-86). Cohort num-
bers can be found in the figure legends. All mice were maintained in 
a HEPA-filtered ventilated rack. Mice were housed up to 5 mice per 
cage and in a 12 h light/dark cycle. For dietary studies with glucose 
and fructose, mice were provided 30% w/v sugar in sterile water 
10 days before cell implantation and throughout the experiment. For 
co-injection experiments, one million KPCA.B ovarian cancer cells were 
injected intraperitoneally alone or together with one million cisplatin 
therapy-induced senescent KPCA.B cells that stably express GFP by 
lentiviral transduction. For conditioned media treatment experiments, 
mice were treated three times per week with intraperitoneal injec-
tion of 200 µl of conditioned medias. Mice were imaged by IVIS and 
analyzed using the Aura Spectral Imaging software (Version 5.0.1) at 
5–8 days after injection and weighed weekly. To accurately analyze 
tumor dissemination, a synchronized end point before predefined 
humane end points was required. Animals were euthanized at the end 
of the fourth week, and tumor burden was assessed by counting the 
number of intraperitoneal nodules.

Immunohistochemistry
After deparaffinization and rehydration, tissues were steamed for 
40 min in 1× citrate buffer (Sigma-Aldrich, C9999) and then immersed 
in 3% MeOH for 20 min. Tissues were blocked before overnight incu-
bation in primary antibodies. Mouse and Rabbit Specific HRP/DAB 
(ABC) Detection IHC kit (Abcam, 64264) was used for visualization 
of staining. Tissues were incubated in Mayer’s Hematoxylin Solution 
(Sigma-Aldrich, MHS16). Tissues were dehydrated and mounted in 
Cytoseal (Sigma-Aldrich, 23-244257). QuPath (Version 0.7.0) was used 
for analysis.

Non-adherent culture and imaging
Cells were seeded 1,000 (96-well round-bottom ULA, Corning 7007), 
10,000 (96-well flat-bottom ULA, Corning 3474), or 300,000 (6-well 
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flat-bottom ULA, Corning 3471) cells per well in a 1:1 ratio of fresh to 
conditioned media. To assess viability, cells were incubated with 1 mM 
ethidium homodimer (Sigma Aldrich, 46043) for 30 min. Time-lapse 
imaging to assess spheroid formation in round-bottom ULA plates was 
performed using IncuCyte S3 imaging system (Sartorius). Time-lapse 
imaging of spheroids to assess detachment was performed using a 
Leica Thunder Imager with an Okolab incubation chamber. Spheroids 
formed in round-bottom ULA culture with conditioned media were 
transferred to a flat-bottom ULA plate. Z-stacked images were acquired 
every 15 min for 12 h.

Control trypsin assay
Cells were cultured in conditioned media for 72 h with inhibitors or 
supplements (see Supplementary Table 11 for doses). Cells were incu-
bated with trypsin (Corning, MT25053CI) for 90 s, and both adherent 
and detached cells were counted using a hemocytometer.

CRISPR dropout screen
Ovcar8 cells were infected with pooled CRISPR KO library (Addgene, 
110066;) at multiplicity of infection of <0.3 to achieve ∼350-fold library 
coverage after selection with 1 µg ml−1 puromycin. Cells were cultured 
in conditioned media for 72 h before the controlled trypsin assay was 
performed. The detached cell and adherent cell portions were collected 
separately, and DNA was isolated (Zymo Research, D4069). DNA from 
each condition were pooled and used for gRNA amplification, ensur-
ing >250-fold coverage. The gRNA region was amplified using an Ex 
Taq DNA polymerase (Takara, RR001A). PCR amplicons were purified 
(Promega, A9282) and pooled. Amplicons were sequenced using Next 
Seq v2.5 High Output 75 cycle on an Illumina NextSeq sequencer. Data 
were analyzed using the MAGeCK bioinformatics pipeline to identify 
differentially enriched genes67. See Supplementary Table 10 for all 
primer sequences.

Bioenergetic analysis of oxygen consumption rate and 
extracellular acidification rate
The Agilent Seahorse XFp Metabolic Analyzer (Agilent, model S7802A) 
was used. Cells were evenly seeded and cultured overnight in a Seahorse 
XFp plate (Agilent, 103022-100). The XFp sensor cartridge was hydrated 
(Agilent, 103022-100) at 37 °C in a humidified incubator (non-CO2) over-
night. On the day of the experiment, cell culture media was replaced 
with prewarmed media (Agilent,103576-100) supplemented with 
1 mM sodium pyruvate (Agilent 103578-100), 2 mM glutamine (Agilent 
103579-100), and 10 mM glucose (Agilent, 103577-100). Cells were then 
placed into a non-CO2 humidified incubator at 37 °C for 60 min. Three 
basal rate measurements (3 min measurement time each) were taken.

Immunofluorescence imaging
Cells were seeded on coverslips or in Mattek dishes coated with 
poly-L-ornithine (Sigma, P4957). For filipin III staining, cells were 
stained with CellMask deep red (ThermoFisher Scientific, C10046) 
and fixed with 4% paraformaldehyde. Cells were washed four times with 
PBS and stained with 0.2 mg ml−1 filipin (Cayman Chemicals, 70440). 
For BrdU incorporation, cells were incubated with 1 μmol l−1 BrdU for 
1 h. Cells were fixed with 4% paraformaldehyde, permeabilized with 
0.2% Triton X-100, and postfixed with 1% paraformaldehyde + 0.01% 
Tween-20. Coverslips were DNaseI treated for 10 min, and the DNaseI 
reaction was stopped using 20 mmol l−1 EDTA. For immunofluores-
cence, cells were fixed and permeabilized as above. Permeabilized 
cells were blocked for 5 min with 3% BSA/PBS followed by incuba-
tion of corresponding primary antibody (‘Reporting summary’) in 3% 
BSA/PBS for 1 h at room temperature. Cells were washed three times 
with 1% Triton X-100 in PBS and incubated with secondary antibody in 
3% BSA/PBS for 1 h at room temperature. Cells were counterstained 
with 0.15 µg ml−1 DAPI and mounted (9 ml glycerol (BP229-1; Fisher 
Scientific), 1 ml of 1× PBS, and 10 mg p-phenylenediamine (PX0730; 

EMD Chemicals); pH 8.0–9.0). Images were obtained at room tem-
perature using a Nikon ECLIPSE Ti2 microscope equipped with a cam-
era (ORCA-Fusion C14440) with a ×20/0.75 N.A. or ×40/0.95 N.A. dry 
objective (Nikon DIC N2 Plan Apo). TIRF images were obtained at room 
temperature using a Nikon Ti-E equipped with a camera (Photomet-
rics Prime 95B) with an Apo TIRF ×100/1.49 N.A. oil objective. Images 
were acquired using NIS-Elements AR software (Version 5.30.06). For 
analysis, individual cells were segmented in the CellMask channel using 
Cellpose-SAM68 followed by manual curation. Mean filipin intensity was 
quantified within segmented regions. The background was defined as 
the median intensity outside segmented cells and subtracted from the 
mean filipin signal.

Chromatin immunoprecipitation
Cells were fixed in 1% paraformaldehyde and quenched with 2.5 M 
glycine. After washes, cells were lysed in chromatin immunoprecipi-
tation (ChIP) lysis buffer (50 mM Hepes–KOH, pH 7.5, 140 mM NaCl, 
1 mM EDTA, pH 8.0, 1% Triton X-100, and 0.1% deoxycholate (DOC) 
with 0.1 mM PMSF and EDTA-free Protease Inhibitor Cocktail (P8340; 
Sigma-Aldrich)). Samples were incubated on ice for 10 min and then 
centrifuged at 1,800g for 3 min at 4 °C. The pellet was resuspended 
(10 mM Tris, pH 8.0, 200 mM NaCl, 1 mM EDTA, and 0.5 mM EGTA 
with 0.1 mM PMSF and EDTA-free Protease Inhibitor Cocktail) and 
incubated at room temperature for 10 min. Samples were centrifuged 
at 1,800g for 5 min at 4 °C. The pellet was resuspended (10 mM Tris, 
pH 8.0, 100 mM NaCl, 1 mM EDTA, 0.5 mM EGTA, 0.1% DOC, and 0.5% 
N-lauroylsarcosine with 0.1 mM PMSF and EDTA-free Protease Inhibi-
tor Cocktail). Cells were sonicated on ice (10 s on, 50 s off); 30 µl 10% 
Triton X-100 was added to each tube, and samples were centrifuged 
at 21,130×g for 15 min at 4 °C. Samples were precleared for 1 h at 4 °C 
on a rotator using protein G Dynabeads (Thermo Fisher Scientific). 
Chromatin was immunoprecipitated overnight on a rotator at 4 °C with 
antibodies conjugated to protein G Dynabeads. The following washes 
were performed twice for 15 min each by rotating at 4 °C: ChIP lysis 
buffer, ChIP lysis buffer plus 0.65 M NaCl, wash buffer (10 mM Tris–HCl, 
pH 8.0, 250 mM LiCl, 0.5% NP-30, 0.5% DOC, and mM EDTA, pH 8.0), and 
10 mM Tris–HCl (pH 8.0) and 1 mM EDTA (pH 8.0). DNA was eluted by 
incubating the beads with 50 mM Tris–HCl (pH 8.0), 10 mM EDTA (pH 
8.0), and 1% SDS for 30 min at 65 °C. Samples were incubated overnight 
at 65 °C and then digested (1 mg ml−1 proteinase K at 37 °C for 5 h). DNA 
was purified (A9282; Promega) and analyzed by qPCR using PowerUp 
SYBR Green Master Mix (Applied Biosystems, A25742). Primer sets are 
in Supplementary Table 10.

Gene set enrichment analysis
Transcriptomic profiles of ovarian cancer cells incubated with autolo-
gous ascitic fluids from patients before and after chemotherapy was 
downloaded from GEO (GSE241909)29. Gene set enrichment analysis 
(GSEA) was performed on the differential expression gene list using 
Metascape (Version V3.x) with the Wikipathways gene set database.

Metabolite measurement
Polar metabolites were measured by liquid chromatography-high 
resolution mass spectrometry adapted from previously published 
approaches69. Conditioned media samples were snap frozen at −80 °C. 
Cell samples were quenched in 1 ml prechilled −80 °C 80:20 metha-
nol/water (v/v) and spiked with 50 µl 1 µM isotope-labeled TCA cycle 
mix (Cambridge Isotope Laboratories MSK-TCA-A) prediluted in 
80:20 methanol/water and 50 µl 0.02 ng µl−1 propionyl-L-carnitine-
(N-methyl-d3) (Sigma Aldrich 52941). After vortexing for 1 min, sam-
ples were returned to −80 °C for 30 min and centrifuged at 18,000g 
for 10 min at 4 °C, and the supernatant was evaporated to dryness 
under nitrogen gas. Samples were reconstituted in 100 µl of 95:5 
water:methanol (v/v), and 2 µl of the sample was injected from a 4 °C 
autosampler into a ZIC-pHILIC 150 × 2.1 mm 5 µm particle size column 
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(EMD Millipore) with a ZIC-pHILIC 20 × 2.1 guard column in a Vanquish 
Duo UHPLC System (Thermo Fisher Scientific) at 25 °C. Chromatog-
raphy conditions were as follows: buffer A was acetonitrile; buffer B 
was 20 mM ammonium carbonate, 0.1% (v/v) ammonium hydroxide 
in water without pH adjustment, with a gradient of 0.5 min at 20% A, 
then a linear gradient from 20% to 80% A for 20–20.5 min, from 80% 
to 20% B for 20.5–28 min, and hold at 20% B at a 0.150 ml min−1 flow 
rate. Column elute was introduced to a Q Exactive Plus with a HESI II 
probe operating in polarity switching mode with full scans from 70 to 
1,000 m/z with an insource fragmentation energy of 1. Instruments 
were controlled via XCalibur 4.1, and data were analyzed on Tracefinder 
5.1 using a 5 ppm window from the predominant ion positive or nega-
tive. The area under the curves for each analyte was normalized to the 
matched internal standard or the nearest surrogate internal standard. 
For isotope tracing, isotopologue enrichment was calculated using 
FluxFix (Version v0.1)70.

Cholesterol was measured by liquid chromatography-high resolu-
tion mass spectrometry after liquid–liquid extraction. Cholesterols 
were extracted from cells by methyl tert-butyl ether (MTBE) extraction. 
Cells were pelleted and resuspended in 80% methanol/water. Sam-
ples were sonicated before transferring to a glass tube with the ratio 
10:3:2.5 of MTBE/MeOH/0.9% NaCl. Samples were shaken for 30 min 
and centrifuged for 10 min at 1,000g at 4 °C. The organic layer was 
transferred to a clean tube and dried overnight under nitrogen. Sam-
ples were resuspended in 1:3 MTBE/water. 13C5-cholesterol (Cambridge 
Isotope Laboratories) was used as an internal standard. A Vanquish 
UPLC system coupled to a Exploris 480 mass spectrometer with a H-ESI 
source was used for all cholesterol quantifications. Cholesterols were 
chromatographically separated using an Accucore C30 (Thermo Fisher 
Scientific 27826-152130) 150 mm × 2.1 mm, 2.6 µm partial size column. 
Solvent A was 10 mM ammonium formate in 6:4 acetonitrile/water and 
0.1% formic acid. Solvent B was 10 mM ammonium formate in 88:10:2 
isopropanol/acetonitrile/water. The flow rate was 0.26 ml min−1. The 
method began at 30% B for 3 min, then increased to 43% B over 2 min 
and further increased to 55% B in 0.1 min. B was further increased to 
65% over 10 min then further increased to 85% over 6 min. B was then 
increased to 100% over 2 min and maintained at 100% for 5 min. B was 
then decreased to 30% over 0.1 min and maintained at 30% B for 3 min. 
The mass spectrometer operating conditions were 3,500 V spray volt-
age, 400 °C ion transfer tube temperature, 200 °C vaporizer tempera-
ture, and positive ion polarity. Xcalibur was used for data acquisition 
and TraceFinder 5.1 was used for quantification.

Patient serum samples and clinical data
Pretreatment blood was collected from patients with newly diagnosed 
epithelial ovarian cancer (patient characteristics are available in Sup-
plementary Table 12). Blood was collected in red-top tubes and centri-
fuged at 500g for 10 min, and serum was aliquoted and stored at −80 °C. 
Metabolite levels were assessed by Metabolon using the DiscoveryHD4 
platform using three independent platforms: ultrahigh-performance 
liquid chromatography tandem mass spectrometry (UPLC–MS/MS) in 
the negative ion mode, UPLC–MS/MS in the positive ion mode, and gas 
chromatography–mass spectrometry after sialylation. Compounds 
were identified based on chromatographic properties and mass spectra 
by comparing to a metabolomic library of purified standards. Clinical 
data were extracted from the electronic medical records by staff trained 
in medical record abstraction/coding (L.B.) and verified by comparison 
to the University of Pittsburgh Medical Center Hillman Cancer Center 
(UPMC/HCC) cancer registry database, which is accredited by the 
American College of Surgeons Committee on Cancer.

Statistics and reproducibility
GraphPad Prism (version 10.0) was used to perform statistical anal-
ysis. Point estimates with standard deviations or standard errors 
were reported, as indicated, and the appropriate statistical test was 

performed using all observed experimental data. All statistical tests 
performed were two-sided, and P < 0.05 was considered statistically 
significant. Data distribution was assumed to be normal, but this was 
not formally tested. No statistical method was used to predetermine 
sample size. When necessary, outliers were identified and excluded by 
the Robust regression and Outlier removal (ROUT) method (Q = 0.1%). 
The investigators were not blinded to allocation during experiments 
and outcome assessment. In vitro experiments were not randomized. 
For animal studies, the number of animals assigned per condition was 
selected to account for the variability of the examined phenotypes 
based on pilot experiment and experience with the animal models. 
Animals were randomized into groups by random number generator 
before being assigned to a group for cancer cell implantation, treat-
ment or diet. Investigators were not blinded to group allocation during 
experiments owing to technical limitations. Animals were excluded 
from analysis if they reached predetermined ethical end points defined 
in Institutional Animal Care and Use Committee protocols, if they did 
not develop tumors (measured by either IVIS imaging 7 days after 
implantation or omental weight compared to tumor-free omentum) 
or if they were determined to be statistical outliers using the ROUT 
method in GraphPad PRISM (version 10.0).

Reporting summary
Further information on research design is available in the Nature 
Portfolio Reporting Summary linked to this article.

Data availability
All source data, including western blots, are included with the paper. 
Raw data from the CRISPR KO screen can be found in Supplementary  
Table 5. RNA-seq data were deposited into the GEO database under 
accession number GSE305033 and GSE305002 and are available at 
the following URLs: https://www.ncbi.nlm.nih.gov/geo/query/acc. 
cgi?acc=GSE305033 and https://www.ncbi.nlm.nih.gov/geo/query/ 
acc.cgi?acc=GSE305002. Publicly available datasets used in this  
study: bulk RNA-seq data: GSE227100 (refs. 20,21) and EGA dataset  
EGAD00001006456 (Fig. 1a); nanostring data: GSE181597 (ref. 71),  
GSE201600 (ref. 16) and GSE319500 (ref. 23) (Extended Data  
Fig. 1a); single-cell RNA-seq data: GSE266577 (ref. 26) (Fig. 1b and 
Extended Data Fig. 1b). Messenger RNA data extracted from TCGA 
Serous Ovarian Cancer (Nature, 2011) project were downloaded from 
cbioportal.org. Source data are provided with this paper.
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Extended Data Fig. 1 | Upregulation of senescence-associated genes in patients 
receiving neoadjuvant chemotherapy. (a) Log2 fold change of senescence 
associated genes (from SenMayo geneset) present in NanoString analysis 

of patient tumors after neoadjuvant chemotherapy compared to matched 
pre-treatment tumor. (b) Senescence score in different cellular compartments 
after neoadjuvant chemotherapy.
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Extended Data Fig. 2 | Confirmation of cisplatin-induced senescence  
in HGSOC models. (a) Timeline of senescence induction experiments  
indicating when conditioned media was harvested and senescence markers  
were characterized. (b-e) The indicated cells were treated with cisplatin as 
in (a). (b) Cells were stained with crystal violet after 7-10 days in culture (left: 
representative images, scale bar = 10 mm; right: quantification). (n = 3 technical 
replicates representative from 3 independent experiments in each cell line).  
(c) Senescence-associated-beta-galactosidase (SA-β-Gal) activity (left: 
representative images, scale bar = 25 µm, 20X magnification; right: quantification, 
n = 3 technical replicates representative from 3 independent experiments in 
each cell line). (d) BrdU incorporation in the indicated cells (left: representative 
images, scale bar = 10 μm, 40X magnification; right: quantification, n = 3 technical 
replicates representative from 2 independent experiments in each cell line).  

(e) Western blot of Lamin B1. Vinculin was used as a loading control. Representative 
from 3 independent experiments in each cell line. (f) Waterfall plots of cytokine 
secretion in conditioned media from Ovcar8 cells treated with cisplatin (1 
independent experiment). (g) Relative expression of SASP genes by qPCR (n = 3 
technical replicates representative from 3 independent experiments in each cell 
line). n.d. = not detected. (h) GSEA analysis enriched pathways of RNA-Seq data 
from Ovcar8 cells treated with cisplatin. Pathways highlighted in orange are related 
pathways associated with the SASP. (i) Cisplatin-induced senescent cells were 
subsequently treated with increasing doses of the senolytic ABT-263 for 4 days post 
senescence induction. Cells were stained with crystal violet (left: representative 
images, scale bar = 6 mm; right: dose response curves). n = 3 technical replicates 
representative from 2 independent experiments in each cell line. All graphs show 
mean ± SD unless otherwise indicated. Two-tailed student’s t-test.
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Extended Data Fig. 3 | The cisplatin-induced SASP does not affect proliferation 
or anoikis of bystander HGSOC cells. (a) KPCA.B HGSOC cells were treated with 
vehicle or induced to senesce using cisplatin. Cisplatin-induced senescent cells 
stably express GFP. Vehicle treated or cisplatin-induced senescent cells were 
then co-injected intraperitoneally with naïve proliferating KPCA.B HGSOC cells. 
The same number of proliferating cells were injected into mice in each group, 
and the senescent cells were injected with naïve proliferating cells at a 1:1 ratio. 
Prolif only = vehicle treated cells co-injected with naïve proliferating cells. Prolif 
+ Sen = cisplatin-induced senescent cells co-injected with naïve proliferating 
cells. Shown are endpoint tumor nodules in the indicated sites. n = 7 mice/group. 
(b) % total cells labeled with GFP recovered from disaggregated Prolif + Sen 
omental tumors from (a). Two Prolif only tumors were used as negative controls. 
(c) KPCA.B HGSOC cells were treated with vehicle or induced to senesce using 
cisplatin, and conditioned media was harvested. PCM = proliferative conditioned 

media, conditioned media harvested from vehicle treated cells. SCM = senescent 
conditioned media, conditioned media harvested from cisplatin-induced 
senescent cells. KPCA.B HGSOC cells were injected intraperitoneally into mice, 
and conditioned media was injected 3X per week. Shown are endpoint tumor 
nodules in the indicated sites. n = 12 mice/group. (d) Proliferation curves of the 
indicated bystander cells cultured in PCM or SCM. Ovcar8: n = 3; KPCA.B: n = 6; 
technical replicates representative from 3 independent experiments in each 
cell line. (e) The indicated bystander cells in ultra-low attachment plates were 
cultured in PCM or SCM, and viability was assessed using fluorescent imaging of 
calcein AM (live cell probe) and ethidium homodimer (dead cell probe). (n = 6 
technical replicates representative from 3 independent experiments in each  
cell line). All graphs show mean ± SD unless otherwise indicated. (a, c)  
Two-tailed Student’s t-test; (e) One-way ANOVA followed by Šídák’s multiple 
comparisons test.
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Extended Data Fig. 4 | The SASP from other senescence models also increased 
bystander cell detachment. (a) Spheroid compaction of HGSOC bystander cells 
cultured in proliferative conditioned media (PCM), senescent conditioned media 
(SCM), or heat inactivated SCM (SCM H.I.) in ultra-low attachment round bottom 
plates (n = 6 technical replicates representative from 3 independent experiments 
in each cell line). (b-c) Cells treated with cisplatin, carboplatin, or gemcitabine 
following the timeline in Extended Data Fig. 2a. (b) Cells were stained with crystal 
violet (left: representative images, scale bar = 10 mm.; right: quantification, 
n = 3 technical replicates representative from 3 independent experiments 
in each cell line). (c) Senescence-associated-beta-galactosidase (SA-β-Gal) 
activity (left: representative images, scale bar = 25 µm, 20X magnification; right: 
quantification, n = 3 technical replicates representative from 2 independent 
experiments in each cell line). (d) Bystander cells were cultured in PCM or 
SCM (CarboSCM= media from carboplatin-induced senescent cells). After 72 h, 
% detachment was assessed by the controlled trypsin assay (n = 3 technical 

replicates representative from 2 independent experiments in each cell line). 
(e-f) Normal IMR90 fibroblasts treated with cisplatin to induce senescence 
following the timeline in Extended Data Fig. 2a or passaged to replicative 
senescence (Rep Sen; controls = Early PD). (e) Cells were stained with crystal 
violet (left: representative images, scale bar = 10 mm.; right: quantification, n = 3 
technical replicates representative from 3 independent experiments in each cell 
line). (f) SA-β-Gal activity (left: representative images, scale bar = 25 µm, 20X 
magnification; right: quantification, n = 3 technical replicates representative 
from 3 independent experiments). (g) Bystander HGSOC cells were cultured 
in PCM or SCM for cisplatin induced IMR90 fibroblasts (IPCM or ISCM) or from 
early PD conditioned media (EPDCM) or replicative senescent (RSCM) IMR90 
fibroblasts. After 72 h, % detachment was assessed by the controlled trypsin assay 
(n = 3 technical replicates representative from 3 independent experiments in 
each cell line). All graphs show mean ± SD unless otherwise indicated. Two-tailed 
student’s t-test.
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Extended Data Fig. 5 | See next page for caption.
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Extended Data Fig. 5 | Validation of the CRISPR KO screen in multiple models. 
(a) Gene set enrichment analysis of the complex I submit gene set in detached 
cells cultured in SCM vs. PCM from the CRISPR KO screen. (b) HGSOC patients 
from TCGA stratified by quartiles based on sum of indicated genes expression 
(Supplementary Table 1 for gene lists). P value was determined by ordered 
linear regression analysis adjusting for age. (c) % detachment was assessed by 
the controlled trypsin assay after culture in PCM or SCM +/- rotenone (n = 3 
technical replicates representative from 3 independent experiments in each 
cell line). (d) Basal respiration of cells cultured in PCM or SCM (n = 2 technical 
replicates representative from 3 independent experiments in each cell line). 
(e) Ranked genes from the CRISPR knockout screen. (f) Individual NDUFA5 
sgRNAs from the CRISPR knockout screen. Green: FDR < 0.05. (g) Western blot 
of cells transduced with sg/shRNA targeting NDUF5A. Representative from 2 
independent experiments in each cell line. (h) Basal/maximal respiration of cells 
cultured in SCM (n = 2 technical replicates representative from 3 independent 
experiments in each cell line). (i) Schematic of senescent cells and proliferative 
shNdufa5 cell co-injection in vivo. n = 4 mice/group. (j-k) Total intraperitoneal 
tumor nodules (j) and tumor nodule counts from the indicated sites (k) from 

(i). shCont + Sen = proliferating shControl cells co-injected with senescent cells. 
shNdufa5 + Sen = proliferating shNdufa5 cells co-injected with senescent cells. 
(l-m) NDUFA5 knockout Ovcar8 bystander cells cultured in PCM or SCM + /- 
N-acetyl-cysteine (NAC) supplementation. (l) % detachment was assessed 
by controlled trypsin assay (n = 3 technical replicates representative from 2 
independent experiments). (m) ROS was assessed by DCFDA (n = 3 technical 
replicates representative from 2 independent experiments). (n) NAD + /NADH 
was assessed by mass spectroscopy (n = 8 for Ovcar8 sgNDUFA5 #1, sgNDUFA5 #1 
NA, sgNDUFA5 #2, KPCA.B shNdufa5 #1, shNdufa5 #2, shNdufa5 #2 NA; n = 6 for 
Ovcar8 sgNDUFA5 #2 NA; n = 9 for KPCA.B shNdufa5#1 NA; technical replicates 
representative from 2 independent experiments in each cell line). (o) Western 
blot of control or NDUFA5 knockout cells transduced with empty vector or vector 
expressing Flag-tagged LbNOX (LbNOX OE). Representative from 3 independent 
experiments. All graphs show mean ± SD unless otherwise indicated. (d, j, k) Two-
tailed student’s t-test. (c, h, j, l-n) One-way ANOVA followed by Šídák’s multiple 
comparisons test. Panel i created in BioRender; Cole, A. https://biorender.com/
l1auedd (2026).
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Extended Data Fig. 6 | Bystander HGSOC cells cultured in SCM have decreased 
cholesterol synthesis genes that is reversed by NDUFA5 knockdown or 
knockout. (a) Heatmap of de novo cholesterol gene expression in the indicated 
Ovcar8 bystander cells. (b) Correlation between senescent and de novo 
cholesterol gene expression in neoadjuvant treated ovarian cancer patient 
(post vs. pre). Pearson’s correlation, p-value determined by linear regression. 
(c) HMGCS1/HMGCR sgRNAs in the controlled trypsin CRISPR knockout 
screen. Purple: FDR < 0.05. (d) mRNA of de novo cholesterol synthesis genes 
in the indicated bystander cells. (n = 3 technical replicates representative 
from 1 independent RNA-Seq experiment in each cell line). (e) Non-esterified 
cholesterol in the indicated bystander cells was assessed by mass spectroscopy 
(n = 8 Ovcar8 sgControl SCM, sgNDUFA5 #1, sgNDUFA5 #2, KPCA.B shControl 
PCM, shControl Ndufa5#1, shNdufa5 #2; n = 7 for Ovcar8 sgControl PCM, 
KPCA.B sgControl SCM; technical replicates representative from 2 independent 
experiments in each cell line). (f) Cholesterol was assessed in the indicated 
bystander cells by filipin III staining. NA = nicotinic acid. Representative  

images from 3 experiments in each cell line. Scale bar = 25 µm. 20X magnification. 
(g) Quantification of (f). sgControl PCM: n = 110; sgControl SCM: n = 112; 
sgControl SCM: n = 107; sgNDUFA5 #2 SCM: n = 109; sgNDUFA5 #2 SCM NA: 
n = 123; shControl PCM: n = 144; shControl SCM: n = 102; shNdufa5 #1 SCM: 
n = 144; shNdufa5 #1 SCM NA: n = 136; shNdufa5 #2 SCM: n = 107; shNdufa5 
#2 SCM NA: n = 167; technical replicates representative from 3 independent 
experiments in each cell line). (h) Cholesterol was assessed in the indicated 
bystander cells by filipin III staining. Representative images from 3 experiments 
in each cell line. Scale bar = 25 µm. 20X magnification. (i) Quantification of (h). 
sgControl: n = 100; sgControl LbNOX: n = 118; sgControl NA: n = 100; sgNDUFA5 
#1: n = 147; sgNDUFA5 #1 LbNOX: n = 180; sgNDUFA5 #1 NA: n = 105; sgNDUFA5 
#2: n = 131; sgNDUFA5 #2 LbNOX: n = 99; sgNDUFA5 #2 NA: n = 111; technical 
replicates representative from 3 independent experiments. All graphs show 
mean ± SD unless otherwise indicated. One-way ANOVA followed by Šídák’s 
multiple comparisons test.
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Extended Data Fig. 7 | Detachment in SCM is increased by inhibition of de novo 
cholesterol synthesis using statins. (a) Ovcar8 bystander cells with knockout 
of NDUFA5 (sgNDUFA5) with or without lovastatin or mevastatin. After 72 h, cells 
were either incubated with vehicle or cholesterol for 2 h, and % detachment was 
assessed by the controlled trypsin assay (n = 3 technical replicates representative 
from 2 independent experiments). (b) KPCA.B bystander cells with knockdown 
of Ndufa5 (shNdufa5) were cultured in PCM or SCM with or without lovastatin 
or mevastatin. After 72 h, cells were either incubated with vehicle or cholesterol 
for 2 h, and % detachment was assessed using the controlled trypsin assay (n = 3 
technical replicates representative from 2 independent experiments). (c) KPCA.B 
bystander cells with knockdown of Ndufa5 (shNdufa5) were cultured in PCM 
or SCM with or without nicotinic acid (NA). After 72 h, cells were stained with 
anti-SREBP1 antibody and DAPI and imaged. Shown are representative images 
from 3 experiments. Scale bar = 25 µm. 20X magnification. Quantification can 

be found in Fig. 3i. (d) The indicated bystander cells with knockout of NDUFA5 
(sgNDUFA5) or knockdown of Ndufa5 (shNdufa5) were cultured in PCM or SCM 
with or without nicotinic acid. After 72 h, protein was harvested and western 
blots run robing for the indicated de novo cholesterol synthesis genes. Vinculin 
was used as a loading control. (e) Negative correlation between the expression 
of genes related with oxidative phosphorylation and cholesterol synthesis genes 
in TCGA HGSOC patient tumors (see Supplementary Table 1 for gene lists). 
Pearson’s correlation, p value determined by linear regression. (f) Schematic 
showing regulation of cholesterol synthesis downstream of SASP-mediated 
complex I activity though the NAD+-SIRT-SREBP axis. Graphs show mean ± SD. All 
graphs show mean ± SD unless otherwise indicated. One-way ANOVA followed by 
Šídák’s multiple comparisons test. Panel f created in BioRender; Cole, A. https:// 
biorender.com/589zte8 (2026).
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Extended Data Fig. 8 | Glycolytic intermediates and DHAP are increased in 
bystander cells cultured in SCM, while fructose is increased in the media of 
multiple senescent models. (a) Quantification of glucose in the conditioned 
media of senescent cells by LC-MS normalized to the total number cells over 
the course of the conditioning timeframe (n = 8/group, representative from 
3 independent experiments). (b) Schematic of the fructolytic and glycolytic 
pathways. (c) Ovcar8 bystander cells were cultured in PCM or SCM. After 72 h, 
cells were harvested and glycolytic intermediates were assessed using LC-MS. 
Shown is a heatmap of z-scores (n = 8 technical replicates representative 
from 1 independent experiment). (d) The indicated bystander cells were 
cultured in PCM or SCM. After 72 h, cells were harvested and relative DHAP 
abundance normalized to AUC was assessed by LC-MS (n = 8 technical 
replicates representative from 1 independent experiment in each cell line). 
(e) The indicated cell lines were induced to senesce using carboplatin (Car), 

cisplatin (Cis), gemcitabine (Gem), or replication (Rep Sen) and conditioned 
media was harvested. Quantification of fructose in the conditioned media of 
senescent cell by LC-MS normalized to the total number cells over the course 
of the conditioning timeframe (n = 8 technical replicates representative from 
2 independent experiments in each cell line). (f) The indicated bystander cells 
were cultured in PCM or SCM alone or supplemented with glucose. After 72 h, 
% detachment was assessed using the controlled trypsin assay (n = 3 technical 
replicates representative from 3 independent experiments in each cell line).  
(g) The indicated cells were transduced with shRNA controls or shRNA targeting 
SLC2A5, KHK, or ALDOB, and mRNA expression was assessed by RT-qPCR (n = 3 
technical replicates representative from 2 independent experiments in each cell 
line). All graphs show mean ± SD unless otherwise indicated. (a, d, e) Two-tailed 
student’s test. (f-g) One-way ANOVA followed by Šídák’s multiple comparisons 
test. Panel b created in BioRender; Cole, A. https://biorender.com/likytne (2026).

http://www.nature.com/nataging
http://biorender.com/likytne


Nature Aging

Article https://doi.org/10.1038/s43587-026-01172-5

Extended Data Fig. 9 | Fructose decreases while glucose increases nuclear 
SREBP1 and cholesterol. (a-b) Western blot of the indicated bystander cells. 
Representative from 2 independent experiments. (c) Schematic of 13C6-glucose 
tracing. (d) HGSOC cells were incubated with 13C6-glucose alone or together with 
fructose for 2 h. Citrate M + 2 isotopologue enrichment was assessed by mass 
spectroscopy (Control: n = 7; Fructose: n = 8; technical replicates representative 
from 1 independent experiment in each cell line). Two-tailed student’s test.  
(e-f) Bystander cells were cultured in PCM/SCM +/- glucose. (e) Cells were stained 
with anti-SREBP1 antibody and DAPI. Representative images from 2 independent 
experiments. Scale bar = 25 µm. 40X magnification. (f) Quantification of (e). 
Ovcar8 PCM: n = 112; Ovcar8 SCM: n = 103; Ovcar8 SCM + glucose: n = 119; 
KPCA.B PCM: n = 132; KPCA.B SCM: n = 103; KPCA.B SCM + glucose: n = 119; 
technical replicates representative from 2 independent experiments in each 

cell line. (g-h) Bystander cells were cultured in PCM/SCM +/- glucose. (g) Cells 
stained with filipin III. Representative images from 2 independent experiments. 
Scale bar = 25 µm. 20X magnification. (h) Quantification of (g). Ovcar8 PCM: 
n = 91; Ovcar8 SCM: n = 110; Ovcar8 SCM + glucose: n = 99; KPCA.B PCM: n = 145; 
KPCA.B SCM: n = 103; KPCA.B SCM + glucose: n = 134; technical replicates 
representative from 2 independent experiments in each cell line. (i) Correlation 
between SLC2A5 and de novo cholesterol gene expression in neoadjuvant treated 
ovarian cancer patient (post vs. pre). Pearson’s correlation, p value determined 
by linear regression. All graphs show mean ± SD unless otherwise indicated. 
One-way ANOVA followed by Šídák’s multiple comparisons test unless otherwise 
indicated. Panel c created in BioRender; Cole, A. https://biorender.com/ehdzqti 
(2026).
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Extended Data Fig. 10 | No change in omental weights in tumor-bearing mice. 
(a) Omental weights from mice at endpoint. n = 10 mice/group (b) Average 
water intake of mice provided glucose or fructose in their drinking water. n = 3 
cages/group (c-e) Omental weights from mice at endpoint. n = 8/group glucose, 
fructose in (c); n = 10/group (shControl in (d)); n = 11/group (shKhk #1 and shKhk 
#2 in (d)); n = 12/group (shControl in (e)), n = 9/group (shNdufa5 in (e)). (f) Final 

proposed model. High fructose in the SASP leads to metabolic reprogramming 
in bystander cells through the complex I-NAD+-SIRT-SREBP1 axis leading to 
low plasma membrane cholesterol and increased detachment. All graphs show 
mean ± SD. (a, d) One-way ANOVA followed by Šídák’s multiple comparisons test; 
(c, e) Two-tailed student’s test. Panel f created in BioRender; Cole, A. https:// 
biorender.com/5zuc0pm (2026).
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