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SUMMARY

Oncogene-induced senescence (OIS) is a tumor sup-
pressive response to oncogene activation that can
be transmitted to neighboring cells through secreted
factors of the senescence-associated secretory
phenotype (SASP). Currently, primary and secondary
senescent cells are not considered functionally
distinct endpoints. Using single-cell analysis, we
observed two distinct transcriptional endpoints, a
primary endpoint marked by Ras and a secondary
endpoint marked by Notch activation. We find that
secondary oncogene-induced senescence in vitro
and in vivo requires Notch, rather than SASP alone,
as previously thought. Moreover, Notch signaling
weakens, but does not abolish, SASP in secondary
senescence. Global transcriptomic differences, a
blunted SASP response, and the induction of fibrillar
collagens in secondary senescence point toward a
functional diversification between secondary and
primary senescence.

INTRODUCTION

Cellular senescence is a stress response, resulting in stable cell

cycle arrest, tumor suppression, aging, and wound healing

(Adams, 2009; Campisi, 2013; Jun and Lau, 2010; van Deursen,

2014). Aberrant activation of the Ras oncogene triggers onco-

gene-induced senescence (OIS), conferring a precancerous

state (Di Micco et al., 2006; Serrano et al., 1997). OIS is an in vivo

tumor suppressor mechanism (Braig et al., 2005; Xue et al.,

2007) with the p53 and Rb/p16 pathways as major mediators

of senescence induction and maintenance (Kirschner et al.,

2015; Serrano et al., 1997). OIS is characterized by multiple
C
This is an open access article und
phenotypical changes, such as heterochromatic foci (Adams,

2007; Chandra and Kirschner, 2016; Criscione et al., 2016;

Kirschner et al., 2015; Narita et al., 2003) and the senescence-

associated secretory phenotype (SASP) (Acosta et al., 2008;

Coppé et al., 2008; Kuilman et al., 2008). Through the secretion

of extracellular matrix proteases, interleukins, and chemokines,

OIS cells recruit immune cells, mediating their own clearance.

SASP has been implicated in cancer initiation (Watanabe et al.,

2017) by creating an inflammatory pro-tumorigenic microenvi-

ronment. SASP factors play a role in cellular reprogramming

(Mosteiro et al., 2016; Ritschka et al., 2017) and contribute to ag-

ing and tissue degeneration (Osorio et al., 2012; Soria-Valles

et al., 2019). SASP acts in a paracrine fashion to induce second-

ary senescence in surrounding cells (Acosta et al., 2013). Para-

crine secondary senescence is thought to enhance immune

surveillance and to act as a failsafe mechanismminimizing chan-

ces of retaining damaged cells (Acosta et al., 2013; Kuilman

et al., 2008; Nelson et al., 2012). Recently, ectopic Notch

pathway activation has been implicated as an intermediate

phenomenon during primary senescence induction, resulting in

a distinct secretome (Hoare et al., 2016). The role of Notch in

secondary OIS mediation remains undescribed.

Here, we use single-cell RNA sequencing (scRNA-seq) to

decipher the heterogeneity within OIS populations. Our single-

cell experiments reveal two distinct transcriptional endpoints in

primary senescence, separated by their activation of Notch,

with secondary senescent cells uniformly progressing to an

endpoint characterized by Notch activation in vivo and in vitro.

We confirm Notch-mediated senescence as an essential medi-

ator of secondary, juxtacrine senescence in OIS.
Primary and Secondary Senescence Have Distinct
Transcriptomes
To investigate dynamic changes and cell-cell heterogeneity in

OIS, we performed a scRNA-seq time course experiment
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before and after 2, 4, and 7 days of RasV12 induction, using

H-RasG12V-induced IMR90 (ER:IMR90) fibroblasts (Young

et al., 2009) and the Smart-Seq2 protocol (Picelli et al., 2014)

(Figure 1A). After stringent filtering (Figure 1B; Figures S1A–

S1D; Table S1), we obtained a final cell count of 100/288 for

day 0, 41/96 for day 2, 42/96 for day 4, and 41/288 for day 7

for downstream analysis (Figure S1D). To confirm a senescence

phenotype at day 7, we profiled bromodeoxyuridine (BrdU)

incorporation (37/390 cells [9%]), senescence associated het-

erochromatic focis (SAHF; 265/390 cells [68%]), and senes-

cence-associated beta-galactosidase (SA-Beta Gal) (428/523

cells [82%]) (Figure S1E). To assess time-dependent changes

in the transcriptome, we ordered cells along a pseudo-temporal

trajectory based on differential gene expression between

growing and senescence (adjusted p < 0.05; Table S2 (Figure 1C)

(Kharchenko et al., 2014). Using Monocle2 (Qiu et al., 2017), we

found a continuous progression from growing to senescence,

with days 2 and 4 cells as intermediates and two distinct senes-

cent populations (Figure 1C), suggesting two facultative, alterna-

tive endpoints. To determine whether RasV12 activation led to

the split into two senescence populations (Figure 1C), we over-

laid RasV12 expression onto the monocle plot (Figures 1B and

1C; Figures S1F and S1G; Table S3). RasV12-expressing cells

(Figure 1C; Ras+, round symbols) progressed to both senes-

cence endpoints with a 21:4 skew toward the cluster designated

OIS. Fibroblasts without detectable RasV12 expression uni-

formly progressed to the cluster tentatively designated second-

ary senescence, suggesting it as the obligate endpoint (cross

symbols, Ras�; Figure 1C; Fisher’s exact test, 1.64 3 10�6).

Our inability to detect RasV12 in a subset of senescent cells sug-

gests that senescence was induced as a secondary event. We

verified HRAS as one of the top predicted upstream regulators

for the senescence top population (p = 3.1 3 10�34) by using

Ingenuity pathway analysis (IPA, QIAGEN; Figure S1H). We

confirmed a senescence phenotype for both populations by up-

regulation of key senescence genes (Figure 1D) cyclin-depen-

dent kinase 1a (CDKN1A) and cyclin-dependent kinase inhibitor

2b (CDKN2B) and SASP factors interleukin 8 (IL8), interleukin 6

(IL6), and interleukin 1B (IL1B) (p < 0.05 for all genes; Figure 1D).

To verify two major senescence populations transcriptome-

wide, we used a consensus clustering approach, SC3 (Kiselev

et al., 2017), with the number of clusters determined by silhou-

ette plot (Rousseeuw, 1987) (Figure S1I). SC3 detected two

senescence clusters largely overlappingwith the subpopulations

obtained by Monocle2 (cluster 1 16/21 or 76% RasV12+ cells,

cluster 4 11/15 or 73% RasV12� cells), supporting the notion

that the split into two senescence populations is based on the

absence or presence of RasV12 (Figure 1E). To verify that popu-

lations observed are due to primary OIS and secondary senes-

cence, we co-cultured ER:IMR90 with IMR90:GFP fibroblasts

(10:1), where secondary senescence is induced in IMR90:GFP-

positive cells (Acosta et al., 2013). We generated scRNA-seq

data before and 7 days after RasV12 activation by using the

103 Genomics Chromium (Figure 1F).

Senescence was confirmed on sorted populations by qPCR

(Figure S1J) and SA-Beta Gal staining for primary and secondary

senescent cells (Figure S1K). Cells were annotated based on

GFP, RasV12 expression, and the G > T mutation of Ras gene
998 Cell Reports 27, 997–1007, April 23, 2019
(Figure 1G). We identified three distinct clusters using Seurat

and Sparcl (Butler et al., 2018; Witten and Tibshirani, 2010),

namely growing (blue dots), secondary senescence (GFP posi-

tive, black dots) and OIS (RasV12 positive, red dots), with

significant enrichment for the OIS and secondary senescence

populations (chi-square test, p = 4.1 3 10�14; Figure 1H). The

secondary senescence cluster also contained a minor popula-

tion of RasV12-expressing cells. This mirrors our earlier findings,

confirming two facultative senescence endpoints for primary

RasV12 senescent cells, with GFP-positive secondary senes-

cent cells showing a uniform distribution. Senescence genes

were upregulated in both senescent clusters, including

CDKN1A, CDKN2B, and IL8 (Figure 1I; Table S2) and long-

term stable cell cycle arrest confirmed at 21 days post co-culture

(Figure S1L). When overlaying transcriptomes of the time course

and the co-culture experiments, a significant number of cells

identified as OIS and secondary senescence (GFP and part of

RasV12) clustered together (Figure 1J; chi-square test, p <

0.05). The co-clustering by senescent signatures was achieved

despite the data being generated by 103 or Smart-Seq2. In

summary, we identified two major transcriptional endpoints in

primary OIS, whereas secondary senescent cells were uniformly

assigned.

Paracrine senescence is thought to be the main effector

mechanism for secondary, cell extrinsic senescence induction

(Acosta et al., 2013; Kuilman et al., 2008). To test if the secondary

senescence cluster is explained by a paracrine signature, we

overlaid bulk RNA-seq data (Acosta et al., 2013). Although we

found a significant overlapwith paracrine genes (hypergeometric

test: paracrine/OIS and time course secondary senescence/OIS

(Ras�/Ras+) p < 0.001; paracrine/OIS and 103 secondary

senescence/OIS p < 0.001, 103 secondary senescence/OIS

and time course secondary senescence/OIS (Ras�/Ras+) p <

0.001; Figure 1K; Table S4), a large fraction of genes shared be-

tween our two single cell experiments remained unexplained,

suggesting the involvement of additional pathways in secondary

senescence.

The Transcriptome of Secondary and a Subset of
Primary Senescent Cells Is Characterized by Notch
Because the secondary senescence clusters were only partially

characterized by a paracrine senescence signature, we explored

consistent differences between the secondary senescence and

the primary OIS clusters. We assessed the most differentially

expressed genes and detected fibrillar collagens (collagen

1A1, 3A1, and 5A2; Figure 2A). Downregulation of fibrillar

collagens is consistently observed in senescence (Hoare et al.,

2016), but they failed to downregulate in the secondary senes-

cence cluster (Table S2; Figure 2A). A similar failure to downre-

gulate collagens was reported in a specialized primary

senescence phenotype, induced by ectopic, temporal activation

of Notch (Hoare et al., 2016). The same report suggested that the

secretome in RasV12-induced senescence was regulated by

CCAAT-enhancer-binding protein beta (CEBPB), with Notch-

induced senescence relying on transforming growth factor

beta (TGFB) (Figure 2B) (Hoare et al., 2016). Several lines of

evidence identify a notch-induced senescence (NIS) signature

in the secondary senescence cluster. First, IPA pathway analysis
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Figure 1. Secondary Senescent Cells Only Partially Resemble Paracrine-Induced Senescence

(A) Schematic representation of the time course experiment.

(B) Number of senescent cells with reads mapping to the G > T mutation site of RAS gene.

(C)Monocle2 plot for time course experiment. The presence of themutatedRAS gene is indicated. Pie charts for the percentage of Ras+/Ras� cells in the top and

bottom clusters.

(D) Boxplots for the expression of senescence genes in the time course experiment. The top and bottom bounds of the boxplot correspond to the 75th and 25th

percentile, respectively. p values were obtained using differential analysis in SCDE.

(E) Unsupervised clustering using SC3 for senescent cells. Cells were annotated as either OIS (top senescence branch, purple), secondary senescence (bottom

branch, green), or NA (neither, pink).

(F) Schematic representation of the co-culture experiment.

(G) t-Distributed Stochastic Neighbor Embedding (tSNE) visualization of co-culture scRNA-seq.

(H) tSNE visualization of single cells grouped into 3 clusters.

(I) Boxplots for the expression of senescence genes in the co-culture experiment. The top and bottom bounds of the boxplot correspond to the 75th and 25th

percentile, respectively. p values were obtained using differential analysis in SCDE.

(J) Integration analysis of the two senescence clusters from time course and co-culture experiments.

(K) Overlap of differentially expressed (DE) genes between paracrine/OIS, time course, and co-culture experiments.

Related to Figure S1 and Tables S1–S4.
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identifies TGFB1 as exclusively activated in the secondary

senescence clusters compared to growing or the primary OIS

(Figure 2C). In contrast, RELA and IL1B pathways, regulators

of the CEBPB transcriptome, were differentially activated in pri-

mary OIS clusters (Figure 2C). Consistent with our RasV12 anno-

tation, HRASwas exclusively activated in primaryOIS (Figure 2C;

Figure S2A). Second, we profiled candidate genes involved in

Notch signaling and TGFB activation. When plotting TGFB-

induced transcript 1, (TGFB1I1) with Notch-target connective

tissue growth factor (CTGF) and CEBPB, we identified a signifi-

cant (p < 0.05) upregulation of CTGF and TGFB1I1 genes in

the secondary senescence cluster with a simultaneous downre-

gulation of CEBPB, significant on the protein but not mRNA level

(Figures 2D and 2E; p = 0.016), resembling the TGFB andCEBPB

bias in NIS. This bias was confirmed by qPCR (Figure 2D;

TGFB1 p = 0.02, TGFBI p = 0.05).

Third, we applied an unbiased genome-wide analysis. We

calculated the enrichment of NIS and Ras-induced senescence

(RIS) signatures in the primary OIS and secondary senescence

transcriptomes by using gene set enrichment analysis (GSEA)

(Subramanian et al., 2005) on ranked transcriptome differences

between NIS and RIS (Figure 2F). Secondary senescence signa-

tures from the time course and co-culture experiments were

highly enriched in NIS (normalized enrichment score [NES] =

2.61, false discovery rate [FDR] < 0.005 for time course;

NES = 2.89, FDR < 0.005 for co-culture experiments; Figure 2F).

Primary OIS transcriptomes showed an enrichment for RIS (Fig-

ure S2B). Finally, we interrogated the extent of NIS in secondary

senescence by comparing the most differentially regulated

genes (adjusted p < 0.05) between RIS and NIS. We found a

significant enrichment of NIS genes in our secondary senes-

cence transcriptome in the time course and co-culture experi-

ments, with primary OIS signature being enriched for RIS

(Figures 2F and 2G; Figures S2B and S2C). In summary, our

data identify a pronounced NIS signature in secondary senes-

cence and in a subset of primary senescent cells as an alterna-

tive endpoint to OIS.

NIS Is a Secondary Senescence Effector Mechanism
during OIS
We next established Notch signaling as an effector mechanism

in secondary senescence. We generated IMR90 fibroblasts
Figure 2. Secondary Senescence Comprises NIS Signature in the Majo

(A) Boxplots for the expression of genesCOL1A1,COL3A1, andCOL5A2 in the tim

the boxplots correspond to the 75th and 25th percentile, respectively. p values w

(B) Model suggesting NIS and RIS are regulated by Notch1 through TGFB and C

(C) IPA analysis of the two senescence clusters from the time course and co-cul

(D) Boxplots for the expression of TGFB1I1,CTGF, andCEBPB genes in the time c

the boxplot correspond to the 75th and 25th percentile, respectively. p values wer

of TGFB1 (n = 6), TGFBL (n = 6), andCEBPB (n = 3) mRNA asmeasured by qPCR in

t = �2.2567, df = 9.8141, p = 0.05; CEBPB: t = 0.068192, df = 3.2294, p = 0.95,

(E) Representative image of GFP (secondary senescence) and CEBPB (red) im

(ER:Ras) and secondary senescent cells (GFP) was measured (p = 0.016, unpair

(F) GSEA plots for the enrichment of secondary and primary OIS DE genes (time

preranked genes. Normalized enrichment score (NES) and false discovery rate (F

(G) Venn diagrams overlapping expression signatures from time course (top)

Secondary senescence/OIS upregulated genes; NIS: Hoare et al. (2016) NIS/RIS

Related to Figure S2 and Table S4.
with compromised Notch signaling by introducing a dominant-

negative form of mastermind-like protein 1 fused to mVenus

(mVenus:dnMAML1) or empty vector (mVenus:EV) control and

co-cultured with ER:Ras IMR90 cells in the presence of tamox-

ifen (Figure 3A). At day 7 co-culture, mVenus:dnMAML1

compared to mVenus:EV cells exhibited lower expression of

extracellular matrix gene COL3A1 (p = 0.02) and Notch target

CTGF (p = 0.056; Figure S3A) as measured by qPCR, confirming

impaired Notch signaling. Several lines of evidence show causal

involvement of Notch signaling in secondary senescence. First,

we scored mVenus (YFP) signal between mVenus:dnMAML1

and mVenus:EV cells at day 0 (growing) and day 7 co-culture

with ER:Ras. At day 7, we observed significantly more

mVenus:dnMAML1 compared to mVenus:EV cells (p = 0.01),

suggesting that primary OIS cells have less secondary senes-

cence effect on neighboring cells when harboring perturbed

Notch signaling (Figure S3B). No significant difference in

mVenus-positive cells was observed in growing mVenus:EV

compared to mVenus:dnMAML1 cells (p = 0.38), showing

that the dnMAML1 itself does not affect cell numbers (Fig-

ure S3B). Second, we scored EdU incorporation between

mVenus:dnMAML1 and mVenus:EV cells at days 0 and 7 (Fig-

ure 3B). At day 7, we observed significantly more EdU incorpo-

ration in mVenus:dnMAML1 compared to mVenus:EV cells (p =

0.01), with day 7 mVenus:dnMAML1 cells showing similarly

high levels of EdU incorporation as growing mVenus:dnMAML1

and growing mVenus negative ER:Ras conditions (p = 0.997 and

p = 0.08), suggesting that the induction of secondary senes-

cence was abolished due to Notch perturbation (Figure 3B). As

expected, ER:Ras cells showed low levels of EdU incorporation

at day 7 tamoxifen (p = 0.01 for ER:Ras/mVenus:dnMAML1

co-culture and p = 0.0005 for ER:Ras/mVenus:EV co-culture;

Figure 3B).

Third, we investigated SAHF in primary OIS and secondary

senescence. Primary OIS cells displayed SAHF as expected

(p = 4.437 3 10�6; Figure S3C). Secondary senescent cells

(mVenus:EV) did not show significant SAHF formation when

compared to OIS (p = 0.32; Figure S3C). This is consistent with

published data where impaired Notch signaling partially sup-

presses SAHF formation in primary senescence (Parry et al.,

2018). In summary, we show that Notch signaling mediates sec-

ondary senescence in vitro.
rity of Cells

e course and co-culture experiments (p < 0.05). The top and bottom bounds of

ere obtained using differential analysis in SCDE.

EBPB, respectively.

ture experiments relative to growing.

ourse (top) and co-culture experiments (middle). The top and bottom bounds of

e obtained using differential analysis in SCDE. Bar graphs denoting expression

OIS and GFP cells (bottom) (TGFB1: t =�3.2317, df = 5.5117, p = 0.02; TGFBI:

unpaired Student’s t test. Error bars represent SEM).

munofluorescence in the co-culture experiment. Mean intensity for primary

ed Student’s t test). Error bars are displayed as SEM.

course and co-culture experiments) in Hoare et al. (2016) NIS and RIS log2FC

DR) are shown.

and co-culture (bottom) with NIS signature genes. (Secondary senescence:

upregulated genes; RIS: Hoare et al. (2016) RIS/NIS upregulated genes.)
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To establish transcriptional differences between secondary

senescence with and without Notch signaling, we generated

scRNA-seq data from IMR90 mVenus:EV and mVenus:dn-

MAML1 co-cultures with ER:Ras IMR90 at day 7 tamoxifen. To

integrate this dataset with our previous secondary senescence

transcriptomes (Figure 1H), we projected the mVenus:EV and

mVenus:dnMAML1 using Scmap (Kiselev et al., 2018). Scmap

clearly matches all primary senescent cells containing RasV12

to the OIS population (Figure 3C) and identifies significantly

more secondary senescence cells in mVenus:EV compared to

mVenus:dnMaml1 (Figure 3C; 37% versus 24%, chi-square

test, p = 0.00062), confirming a role of Notch in secondary

senescence. To explore transcriptomic differences between

secondary senescence, we plotted all cells using Seurat, which

separated mVenus:EV and mVenus:dnMAML1 into distinct sec-

ondary senescence clusters (Figure 3D). We confirmed differ-

ences in the activation of Notch pathway between mVenus:EV

and mVenus:dnMaml1 by GSEA analysis (Figure 3E; NES =

�1.35) and on the gene level for fibrillar collagens (Figure 3F;

p < 0.05). Notch signaling blunts the cytokine response in senes-

cence as SASP factors (Figure 3G; NES = 1.1) and the interferon-

gamma response (Figure S3D; NES = 1.48) are differentially

regulated between mVenus:EV and mVenus:dnMaml1, as

judged by GSEA. Importantly, E2F targets, whose downregula-

tion is one of the hallmarks of senescence, are upregulated in

mVenus:dnMaml1 cells compared to mVenus:EV (Figure 3H;

p = not significant [n.s.]) (Narita et al., 2003), which offers an

explanation for the strong phenotype differences we observed

between the two conditions (see Figure 3B).

Notch induces senescence in a juxtacrine manner through

cell-to-cell contact. We performed transwell experiments to

verify the effect of cell-to-cell contact on the secondary senes-

cence transcriptome. We co-cultured ER:Ras cells with GFP

cells (GFP contact; Figure 3I) and GFP cells on their own in the

transwell of the same well (GFP no contact). In this setting,

GFP no contact cells shared media with ER:Ras cells, where cy-

tokines can be transferred but no cell-to-cell contact is possible.

We performed bulk RNA-seq of GFP contact and no contact

cells 7 days after tamoxifen induction and confirmed enhanced

expression of previously observed marker genes for NIS sec-

ondary senescence in GFP contact cells (Figure 3J). In addition,

GSEA confirmed enrichment of Notch (NES = 1.59, FDR q =
Figure 3. NIS Mediates Secondary Senescence In Vitro

(A) Schematic representation of co-cultures with perturbed Notch signaling.

(B) Bar plot for EdU incorporation in growing (black) or senescent (gray) EV or dnM

are displayed as SEM; F[7,16] = 20.63, p < 0.001, one-way ANOVA with Tukey’s

(C) Scmap cluster projection of the dnMAML1 and EV 103 scRNA-seq dataset t

(D) tSNE plot of single cells colored by the projection toward the GFP co-culture

(E) GSEA pre-ranked test for enrichment of Notch signaling in mVenus:EV identi

(F) Heatmap of single-cell data comparing mVenus:EV and mVenus:dnMAML1 f

(G) GSEA pre-ranked test for enrichment of SASP genes in mVenus:dnMAML1 i

(H) GSEA pre-ranked test for enrichment of E2F targets in mVenus:dnMAML1 id

(I) Schematic representation of transwell co-culture assay of OIS and GFP cells.

(J) Heatmap of significantly differentially expressed genes (p < 0.05) between GF

(K) GSEA pre-ranked analysis for enrichment of Notch signaling in GFP contact

(L) Pathway analysis for DE genes between GFP contact/GFP no contact (p < 0.

(M) GSEA pre-ranked analysis for enrichment of E2F targets in GFP no contact c

Related to Figure S3 and Table S2.
0.019) and TGFB (NES = 1.87, FDR q = 0.0016) signaling (Figures

3K and S3E) in GFP contact cells. Pathway analysis confirmed

significant upregulation of previously described senescence

pathways, such as ‘‘Senescence and Autophagy in Cancer’’

and ‘‘Matrix Metalloproteases’’ in GFP contact compared to

GFP no contact cells (Figure 3L). Equally, GSEA showed repres-

sion of E2F target genes in GFP contact compared to GFP no

contact fibroblasts (Figure 3M) except for E2F7, which is known

to be upregulated in senescence (Figure 3J) (Aksoy et al., 2012).

GSEA analysis suggests that the global differences between

GFP contact and no contact cells resemble the differences

between mVenus:EV and mVenus:dnMaml1 secondary senes-

cence (Figure S3F).

OIS induction is a multi-step process with an early proliferative

phase at days 1–3, followed by a phenotype transition phase at

days 3–5, and established senescence from day 7 after RasV12

expression (Young et al., 2009). To compare the impact of the

different phases of primary OIS onto secondary senescence,

we co-cultured mVenus:EV or mVenus:dnMAML1 cells repeat-

edly with ER:Ras cells at days 3–6 or at days 7–10 after

RasV12 induction (Figure S3G). As expected, ER:Ras cells

showed low levels of EdU incorporation in mVenus:dnMAML1

(day 7, p = 0.01) or mVenus:EV co-culture (day 7, p < 0.001) (Fig-

ures S3H and S3I) as a result of primary OIS. Co-culturing

mVenus:EV with ER:Ras cells in the phenotype transition phase

(days 3–5 after RasV12 induction) lead to a significant reduction

in EdUwhen compared to uninduced co-cultures (p < 0.001; Fig-

ure S3H), suggesting that secondary senescence was induced

by transition-phase primary OIS cells. The transition-phase

effect is Notch-dependent because it cannot be induced in

mVenus:dnMAML1 cells (p = 0.12; Figure S3I). In contrast, by

co-culturing mVenus:EV cells with primary OIS cells in

established senescence phase (days 7–10 after RasV12

induction), we were unable to detect a reduction in EdU incorpo-

ration in mVenus:EV cells compared to uninduced co-cultures

(p = 0.59; Figure S3H), mirroring results obtained in

mVenus:dnMAML1 co-cultures (p = 0.99; Figure S3I). From

day 4 co-culture, we detected a significant upregulation of

Notch1 on the cell surface of mVenus:EV (p = 0.041 day 4, p =

0.038 day 7; data not shown) and mVenus:dnMaml1 (p =

0.023 day 4, p = 0.046 day 7; data not shown) cells compared

to growing, providing a pathway to NIS induction (Figure S3J).
AML1 cells co-cultured with ER:Ras as proportion of all cells scored. Error bars

test. (n = 3 per condition). Representative images are shown.

o the GFP co-culture 103 scRNA-seq dataset (see Figure 1H).

103 dataset (see Figure 1H). Pie charts show percentage of cells.

fied as secondary senescence by scmap.

or collagens and SASP genes. Red, upregulated and blue, downregulated.

dentified as secondary senescence by scmap.

entified as secondary senescence by scmap.

P contact and GFP no contact cells.

cells compared to GFP no contact cells.

05).

ompared to GFP contact cells. Leading edge genes are indicated.
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Figure 4. Notch Signaling Mediates Secondary Senescence In Vivo

(A) Schematic representation of in vivo single-cell experiment.

(B) Representative immunofluorescence images of liver section from induced AhCre+Mdm2fl/fl and control AhCreWTMdm2fl/fl mice stained for p53 and CDKN1A.

Intrinsically induced senescence (arrowhead) and secondary senescence (arrow) are indicated. Boxplot for CDKN1A intensity in primary versus secondary

senescent cells. (senescence: F[1,50291] = 2766, p < 0.0001; biological replicates: F[2,50291] = 283.2, p < 0.0001; senescence 3 biological replicates:

F[2,50291] = 280.5, p < 0.0001, two-way ANOVA). Scale bar, 22 mm.

(legend continued on next page)
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These results highlight a need for ER:Ras fibroblasts to be in

phenotype transition phase to mediate secondary senescence

by Notch1. Overall, our data identify Notch as a key mediator

of secondary senescence.

Secondary Senescent Hepatocytes Are Characterized
by NIS Signature
To test the involvement of NIS in vivo, we used a model where

primary senescence is induced in a subpopulation of hepato-

cytes following Mdm2 deletion (Bird et al., 2018). This model is

activated by hepatocyte-targeted recombination of Mdm2

(b-napthoflavone [bNF] induction AhCre, Mdm2�), resulting in

primary senescence in Mdm2� cells. Mdm2� hepatocytes

induce secondary senescence in neighboring hepatocytes

(Bird et al., 2018) (Figure 4A). In this model, the presence of

p53 induction through Mdm2 deletion with medium levels of

CDKN1A (non-senescence/primary p < 0.001) marks primary

senescence induction (Bird et al., 2018) (Figure 4B; Figure S4A

and S4B). Physiological levels of P53 and high levels of CDKN1A

(CDKN1A expression secondary/primary p < 0.0001) marks

secondary senescence in Mdm2 normal (Mdm2+) hepatocytes

as described (Bird et al., 2018) (Figure 4B). Based on these

characteristics, cells can be readily distinguished by immunohis-

tochemistry with 23% of primary and 10% of secondary senes-

cence hepatocytes detected (Figure S4A). We have previously

shown that both subpopulations of hepatocytes upregulate

senescence markers (gH2AX, Il1A, SA-Beta Gal) and reduce

BrdU incorporation (Bird et al., 2018).

To establish if primary and secondary senescence can be

distinguished based on the transcriptome in vivo, we performed

scRNA-seq on hepatocytes using Smart-Seq2 (Figure 4A). After

filtering (Figure S4B and S4C; Table S1), we retained 39 single

cells from induced Mdm2-deleted mouse liver for downstream

analysis. We distinguished Mdm2� cells from Mdm2+ hepato-

cytes by the absence of mapping reads over exon 5 and 6 of

theMdm2 gene (Figure S4D).We detected expression ofCdkn1a

in both senescent populations consistently with the differences

in CDKN1A protein levels detected by immunohistochemistry

(Figure 4B), with lower (but not significant) Cdkn1a expression

in Mdm2� compared to Mdm2+ hepatocytes (Figure S4E),

enabling us to distinguish primary and secondary senescence.

To verify a senescence phenotype in both Mdm2� and

Mdm2+ hepatocyte populations, we conducted pathway anal-

ysis with upregulated pathways being enriched in p53 signaling,

including CDKN1A, DNA damage response, and cytokine

signaling (Figure S4F). We next asked if NIS plays a role in sec-

ondary senescence in vivo by analyzing our single-cell data
(C) Pathway analysis for Mdm2+ (secondary) genes.

(D) GSEA for Mdm2+/Mdm2� cells (NES = 1.07). Leading edge genes are indica

(E) Heatmap for Notch pathway, hepatocyte markers, and Cdkn1a genes in Md

expression relative levels (binary: red expressed, white not expressed).

(F) SCDE for Maml1, Rfng, and Smad3 in Mdm2+ cells (orange lines) and Mdm2

genes in Mdm2+/Mdm2� is indicated in red, and dotted lines mark the 95% con

Z, Z score.

(G) Representative immunofluorescence images of liver section from induced and

cells (arrows) are indicated (CDKN1A: F[1,60145] = 353.3, p < 0.0001; biologica

F[2,60145] = 8.96, p < 0.0001, two-way ANOVA). Scale bar, 22 mm.

Related to Figure S4 and Tables S1 and S2.
by using three independent methods. Differentially expressed

genes between Mdm2+ and Mdm2� cells were identified using

single cell differential expression (SCDE) (Table S2), and genes

were ranked between Mdm2+/Mdm2� cells for downstream

analysis. First, pathway analysis revealed enrichment in Notch

signaling (ratio of enrichment [RE], 7.07), Delta-Notch signaling

(RE, 4.63), and TGFB (RE, 4.11) signaling pathways (Figure 4C).

Second, GSEA revealed Notch signaling pathway (NES = 1.07)

as one of the top 20 Kegg pathways enriched in Mdm2+/

Mdm2� (Figure 4D) with leading edge genes Maml1 and Jag2

detectable mainly in Mdm2+ cells (Fisher’s exact test =

6.933 10�7; Figure 4E). Housekeeping and hepatocyte-specific

genes were expressed to the same level in the majority of cells

regardless of Mdm2 status (Figure 4E). Third, SCDE analysis

confirmed the specific upregulation of Notch and TGFB targets

Maml1 (adjusted Z score [aZ] = 0.4) and Rfng (aZ = 0.39) with

effector protein Smad3 (aZ = 0.26) in Mdm2+ compared to

Mdm2� hepatocytes (Figure 4F). To assess the proposed

TGFB and CEBPB bias between primary and secondary senes-

cence in vivo, we stained livers from uninduced and induced

mice for CDKN1A and CEBPB by immunohistochemistry.

Consistent with our in vitro data, we observed significantly higher

CEBPB protein in primary (p < 0.0001; Figure 4G) compared to

secondary senescent hepatocytes. These lines of evidence

show that secondary senescent hepatocytes are characterized

by a NIS signature in vivo.

DISCUSSION

Cancer heterogeneity is an expanding field of research, with little

knowledge about cellular heterogeneity in a pre-cancerous

state. Are all cells reacting similarly to oncogene activation or

does an oncogenic insult result in a heterogeneous population?

Understanding heterogeneity in a pre-cancerous statewill inform

distinct propensities for transformation in subpopulations. Our

study uncovers heterogeneity in primary OIS and secondary

senescence transcriptomes following an oncogenic insult using

single-cell approaches.

Paracrine induction of senescence is thought to be the main

mediator of secondary senescence in OIS (Acosta et al., 2013;

Kuilman et al., 2008). Our results challenge this canonical view

implicating NIS as a synergistic driver of secondary senescence

in vitro, in the most studied OIS background (RasV12) and in the

liver in vivo.

Primary and secondary senescent cells are not thought of as

functionally distinct endpoints. We provide strong evidence for

differences between primaryOIS andNotch-mediated juxtacrine
ted.

m2+ and Mdm2� cells. Constitutive genes and Cdkn1a were colored by their

� cells (blue lines). Joint posterior is marked by black line. Fold change of the

fidence interval. MLE, maximum likelihood estimation; CI, confidence interval;

control mice. Primary senescent cells (arrowheads) and secondary senescent

l replicates: F[2,60145] = 1044, p < 0.0001; CDKN1A 3 biological replicates:
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secondary senescence, as they display distinct gene expression

profiles and potentially different transformation potential (Acosta

et al., 2013; Hoare et al., 2016). Some of our findings point to a

functional diversification, for example, the blunted SASP

response and the induction of fibrillar collagens in secondary

senescence compared to OIS.

We identified two transcriptional endpoints for primary OIS,

namely a Ras-driven and a NIS program. Notch signaling is

mediated through cell-to-cell contact (juxtacrine), and Hoare

et al. (2016) have shown that it can be a transient state toward

primary senescence induction. Our data indicate cells carrying

a composite transcriptional signature of paracrine and juxtacrine

events as a facultative endpoint for cells with detectable Ras

activation (primary). The transformation potential of these het-

erogeneous populations needs addressing.

STAR+METHODS

Detailed methods are provided in the online version of this paper

and include the following:

d KEY RESOURCES TABLE

d CONTACT FOR REAGENT AND RESOURCE SHARING

d EXPERIMENTAL MODEL AND SUBJECT DETAILS
B Animal models

B Cell culture

d METHOD DETAILS

B Hepatocyte isolation

B Immunohistochemistry

B Transwell assay

B Flow cytometry

B RNA extraction

B qPCR

B EdU incorporation and SA-Beta Gal staining

B Immunofluorescence

B Confocal microscopy and Image analysis

B Single cell data generation

d QUANTIFICATION AND STATISTICAL ANALYSIS

B Bioinformatics analysis

B Statistical analysis

d DATA AND SOFTWARE AVAILABILITY

SUPPLEMENTAL INFORMATION

Supplemental Information can be found online at https://doi.org/10.1016/j.

celrep.2019.03.104.

ACKNOWLEDGMENTS

K.K. was supported by the Wellcome Trust (105641/Z/14/Z). T.C. was sup-

ported by a Chancellor’s Fellowship held at the University of Edinburgh.

N.R. was supported by a PhD studentship funded by the Wellcome Trust

Sanger Institute (206194) and the Royal Thai Government. N.O. was supported

by MRC (MC_PC_15075). The N.N. lab was partially supported by IDeA grant

P20GM109035 (Center for Computational Biology of Human Disease) from

NIH NIGMS and grant 1R01AG050582-01A1 from NIH NIA. Y.V.T. was funded

by the American Federation for Aging Research. T.G.B. was funded by the

Wellcome Trust (WT107492Z). C.K. was supported by CRUKBeatson Institute

Core funding. P.D.A. was funded by P01 grant (AG031862) and by CRUK

(C10652/A16566). Work in the Green laboratory was supported by Bloodwise,
1006 Cell Reports 27, 997–1007, April 23, 2019
CRUK, and Wellcome Trust. J.-C.A. was supported by CRUK (C47559/

A16243). We would like to thank the CRUK Beatson Histology core facility

for help with immunohistochemistry and Prof. Chris Ponting and Dr. Andy

Fynch for critical reading of the manuscript.

AUTHOR CONTRIBUTIONS

T.C., K.K., and N.N. conceived the study. Y.V.T. performed bioinformatics

analysis. N.R. performed the experiments and data analysis with help from

A.S., A.Q., N.T., N.O., and K.K. In vivo work and data analysis were carried

out by C.K., M.M., and T.G.B. P.D.A., J.-C.A., and A.R.G. gave feedback on

the study and manuscript. K.K., T.C., and Y.V.T. wrote the manuscript.

DECLARATION OF INTERESTS

The authors declare no competing interests.

Received: September 13, 2018

Revised: March 18, 2019

Accepted: March 27, 2019

Published: April 23, 2019

REFERENCES

Acosta, J.C., O’Loghlen, A., Banito, A., Guijarro, M.V., Augert, A., Raguz, S.,

Fumagalli, M., Da Costa, M., Brown, C., Popov, N., et al. (2008). Chemokine

signaling via the CXCR2 receptor reinforces senescence. Cell 133, 1006–1018.

Acosta, J.C., Banito, A., Wuestefeld, T., Georgilis, A., Janich, P., Morton, J.P.,

Athineos, D., Kang, T.W., Lasitschka, F., Andrulis, M., et al. (2013). A complex

secretory program orchestrated by the inflammasome controls paracrine

senescence. Nat. Cell Biol. 15, 978–990.

Adams, P.D. (2007). Remodeling of chromatin structure in senescent cells and

its potential impact on tumor suppression and aging. Gene 397, 84–93.

Adams, P.D. (2009). Healing and hurting: molecular mechanisms, functions,

and pathologies of cellular senescence. Mol. Cell 36, 2–14.

Aksoy, O., Chicas, A., Zeng, T., Zhao, Z., McCurrach, M., Wang, X., and Lowe,

S.W. (2012). The atypical E2F family member E2F7 couples the p53 and RB

pathways during cellular senescence. Genes Dev. 26, 1546–1557.

Anders, S., Pyl, P.T., and Huber, W. (2015). HTSeq—a Python framework to

work with high-throughput sequencing data. Bioinformatics 31, 166–169.

Bird, T.G., M€uller, M., Boulter, L., Vincent, D.F., Ridgway, R.A., Lopez-Guada-

millas, E., Lu, W.Y., Jamieson, T., Govaere, O., Campbell, A.D., et al. (2018).

TGFb inhibition restores a regenerative response in acute liver injury by sup-

pressing paracrine senescence. Sci. Transl. Med. 10, eaan1230.

Braig, M., Lee, S., Loddenkemper, C., Rudolph, C., Peters, A.H., Schlegel-

berger, B., Stein, H., Dörken, B., Jenuwein, T., and Schmitt, C.A. (2005). Onco-

gene-induced senescence as an initial barrier in lymphoma development.

Nature 436, 660–665.

Butler, A., Hoffman, P., Smibert, P., Papalexi, E., and Satija, R. (2018). Inte-

grating single-cell transcriptomic data across different conditions, technolo-

gies, and species. Nat. Biotechnol. 36, 411–420.

Campisi, J. (2013). Aging, cellular senescence, and cancer. Annu. Rev. Phys-

iol. 75, 685–705.

Chandra, T., and Kirschner, K. (2016). Chromosome organisation during

ageing and senescence. Curr. Opin. Cell Biol. 40, 161–167.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rat monoclonal anti-p21 (Cdkn1a) Originally gift from Serrano lab CNIO,

Madrid, now available at Abcam

HUGO291-T3413

C/EBPB clone 1H7 Abcam Cat# ab15050; RRID:AB_301598

NCL-L-p53-CM5p Leica Biosystems Cat# P53-CM5P-L; RRID:AB_2744683

Notch1-PE FAB5317P R&D systems Cat# FAB5317P-025; RRID:AB_1602927

Mouse monoclonal anti-p53 Cell Signaling Technology Cat#2524; RRID:AB_331743

VECTASTAIN� Elite� ABC HRP Reagent Vector Labs PK-7100; RRID:AB_2336827

TSA Plus Fluorescein Evaluation Kit - FITC Perkin Elmer NEL741B001KT

TSA Plus Fluorescein Evaluation Kit – Cy3 Perkin Elmer NEL744B001KT

Biotinylated polyclonal goat anti rat Vector Labs BA-9400; RRID:AB_2336202

Biotinylated polyclonal horse anti mouse Vector Labs BA-2000; RRID:AB_2313581

C/EBPB clone E299 Abcam Cat# ab 32358; RRID:AB_726796

Chemicals, Peptides, and Recombinant Proteins

4-hydroxytamoxifen Sigma Cat# H6278

7-AAD Biolegend Cat# 420403

DAPI Biolegend Cat# 422801

b-Naphthoflavone Sigma Cat# N3633

Critical Commercial Assays

Tetro cDNA synthesis kit Bioline Cat# BIO-65043

Click-iT EdU Alexa Fluor 555 imaging kit Click-iT EdU Alexa Fluor 555

imaging kit

Cat# 32727

RNeasy Mini Kit QIAGEN Cat# 74104

Chromium Single Cell 30 Library & Gel

Bead Kit v2

10xGenmics Cat# 120237

Chromium i7 Multiplex Kit 10xGenomics Cat# 120262

Chromium Single Cell 30 Chip Kit v2 10xGenomics Cat# 120236

Deposited Data

All single cell RNA-seq datasets This paper GEO: GSE115301

Bulk RNA-seq data This paper GEO: GSE115301

Raw Imaging data This paper Mendeley dataset https://doi.org/10.17632/

y76pb7s8h3.1.

Experimental Models: Cell Lines

IMR90 normal human diploid fibroblasts ATTC ATCC Cat# CRL-7931, RRID:CVCL_0347

Experimental Models: Organisms/Strains

Mouce: AhCre+, Mdm2flox/flox Bird et. al. 2018 N/A

Oligonucleotides

Primers for qPCR, see Table S3 This paper N/A

Recombinant DNA

pLNCX2 ER:ras Addgene, Young et al., 2009 Plasmid #67844

pLPC-puro dnMAML1-mVenus a kind gift from M. Narita to J.C.A. Hoare et al. 2016

pLPC-puro -mVenus a kind gift from M. Narita to J.C.A. Hoare et al. 2016

pGIPZ-GFP a kind gift from M. Narita to J.C.A. Hoare et al. 2016

Software and Algorithms

TrimGalore Babraham Institute http://www.bioinformatics.babraham.ac.uk/projects/

trim_galore/ RRID:SCR_016946
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

HTSeq-0.6.1 Anders et al., 2015 https://htseq.readthedocs.io/en/release_0.11.1/

overview.html RRID:SCR_005514

Cell Ranger 2.0.1 10xGenomics https://support.10xgenomics.com/single-cell-gene-

expression/software/pipelines/latest/what-is-cell-ranger

FreeBayes v0.9.20-8-gfef284a Garrison and Marth, 2012 https://github.com/ekg/freebayes RRID:SCR_010761

HISAT v2.0.1beta Kim et al., 2015 http://ccb.jhu.edu/software/hisat2/index.shtml

RRID:SCR_015530

Monocle2 Qiu et al., 2017 http://cole-trapnell-lab.github.io/monocle-release/docs/

RRID:SCR_016339

SC3 Kiselev et al., 2017 http://bioconductor.org/packages/release/bioc/html/

SC3.html RRID:SCR_015953

WebGestalt Wang et al., 2017 http://www.webgestalt.org/ RRID:SCR_006786

Gene Set Enrichment Analysis Subramanian et al., 2005 http://software.broadinstitute.org/gsea/index.jsp

RRID:SCR_003199

DESeq2 Love et al., 2014 https://bioconductor.org/packages/release/bioc/

html/DESeq2.html RRID:SCR_015687

samtools/1.2 mpileup Li 2011 http://www.htslib.org/ RRID:SCR_002105

SCDE v1.99.1 Kharchenko et al., 2014 http://hms-dbmi.github.io/scde/index.html

RRID:SCR_015952

Seurat 2.3.0 http://seurat.r-forge.r-project.org/ RRID:SCR_007322

sparcl 1.0.3 Witten and Tibshirani 2010 https://cran.r-project.org/web/packages/sparcl/

index.html
CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Tamir

Chandra (tamir.chandra@igmm.ed.ac.uk).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animal models
Animal welfare conditions have been previously described (Lu et al., 2015). All animal experiments were carried out on healthy, treat-

ment naive animals under procedural guidelines, severity protocols andwithin the UKwith ethical permission from the AnimalWelfare

and Ethical Review Body (AWERB) and the Home Office (UK). AhCre+/WT Mdm2fl/fl and AhCreWT/WT Mdm2fl/fl mice (colony N4

C57/Bl6J background) were crossed. Male littermates were housed together, and when used in experiments were all > 20 g body

weight and of 10-16 weeks age. Genotyping and single i.p. injection of b-Naphthoflavone (bNF, Sigma UK) at 20mg/kg were

performed as previously described (Bird et al., 2018).

Cell culture
We used normal diploid human female lung fibroblasts IMR90 isolated at 16 weeks of gestation for all in vitro assays (ATCC�

CCL-186). pLNCX2-ER:rasG12V-expressing IMR90 (plasmid obtained from Addgene #67844) were maintained and senescence

induced as described under 5% O2 conditions (Young et al., 2009). ER:IMR90 cells were co-cultured with IMR90:GFP (pGIPZ-

GFP, a kind gift from M. Narita to J.C.A.) or an empty vector fused with mVenus (pLPC-puro-mVenus, a kind gift from M. Narita

to J.C.A.) or with a dominant negative form of MAML1 fused with mVenus (pLPC-puro-dnMAML1-mVenus, a kind gift fromM. Narita

to J.C.A.) cells at 10:1 ratio.

METHOD DETAILS

Hepatocyte isolation
Ex vivo primary hepatocytes were isolated using a modified retrograde perfusion technique as previously described (Lu et al., 2015).

Hepatocytes were purified by pelleting through a 40% (v:v) percoll gradient prior to FACS sorting.
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Immunohistochemistry
Mouse livers were harvested and partially stored in paraffin blocks following fixation in 10% formalin (in PBS) for 18 hours prior to

embedding. Immunohistochemistry was performed as described (Bird et al., 2018). Three mm thick paraffin sections were double

stained for p53/CDKN1A and CDKN1A and CEBPB using the CDKN1A clone HUGO291H (a gift from Serrano lab, CNIO in Madrid),

and either C/EBPB clone 1H7 (Abcam) or p53 clone 1C12 (Cell Signaling). Detection was performed with TSA-Cy3 (Perkin Elmer,

NEL744B001KT, 1:50) and TSA-FITC (Perkin Elmer, NEL741B001KT, 1:50). Images were captured on a Zeiss 710 Upright Confocal

Z6008 microscope. Stained slides were scanned using the Opera Phoenix High Content screening system (Perkin Elmer) scanner

and analyzed using the Columbus software.

Transwell assay
ER:RasG12V-expressing cells were co-cultured with IMR90:GFP cells. The co-cultured cells were placed into the lower chamber of

a transwell system (density 5x103 cells/well). Another pure population of IMR90:GFP cells were cultured in the upper chamber of the

transwell system. All cells were maintained in 4-hydroxytamoxifen (Sigma) for 7 days. All experiments were performed in triplicate.

Flow cytometry
Flow cytometry was performed with three independent replicates as previously described (Kirschner et al., 2017) using 7-AAD

(Biolegend), DAPI (Biolegend) and anti-Notch1-PE (R&D systems, FAB5317P, 1:20). Analysis was performed on the BD FACSAria

II (BD Biosciences, San Jose, CA) using the BD CellQuest PRO software (BD Biosciences, San Jose, CA). Flow data were analyzed

with FlowJo v10 (Tree Star, Ashland, OR).

RNA extraction
RNA from three to four independent experiments was extracted using the RNeasy Mini Kit (QIAGEN). All RNA passed with a RIN of 9

or above as determined by Bioanalyser profiling. Ribosome depletion was performed prior to bulk RNA sequencing.

qPCR
cDNA was generated as previously described using the Tetro cDNA synthesis kit (Bioline) (Kirschner et al., 2015). qPCR was per-

formed on a LightCycler 480 (Roche) using Sybr Green method as previously described (Kirschner et al., 2015). Primer sequences

are in Table S3.

EdU incorporation and SA-Beta Gal staining
EdU incorporation and SA-Beta gal staining was performed as previously described (Kirschner et al., 2015). EdU incorporation was

detected using the Click-iT EdU Alexa Fluor 555 imaging kit (ThermoScientific). For stable cell cycle arrest, cells were co-cultured for

twoweeks, separated by FACS according toGFP status and cultured asOIS andGFP cells for another week before pulsing themwith

EdU for 24 hours.

Immunofluorescence
Immunoflurorescence was performed as previously described (Kirschner et al., 2015). Anti- C/EBPB clone E299 (Abcam) was used

as 1:500 dilution.

Confocal microscopy and Image analysis
BriteMac confocal microscope was used to visualize cells at 40x. Images were analyzed using ImageJ. Percentages of SAHF,

YFP/GFP and EdU-positive cells were calculated by assessing 1600-2000 cells per experiment from three independent experiments.

Single cell data generation
Smart-Seq2 was performed on sorted ER:IMR90 cells or hepatocytes as previously described (Kirschner et al., 2017). Single cell

data for all co-culture experiments were generated using the Chromium Single Cell 30 Chip Kit v2 (10xGenomics), following the

manufacturer’s instructions.

QUANTIFICATION AND STATISTICAL ANALYSIS

Bioinformatics analysis
Sequencing reads processing, alignment and quantification of time-course experiment

Smart-Seq2 generated paired-end reads were quality trimmed using Trim galore (http://www.bioinformatics.babraham.ac.uk/

projects/trim_galore/) and aligned to the human reference genome, hg19, neomycin sequence from pLNCX2-ER-ras_neo, ERCC

spike-in sequences and RasV12 using HISAT v2.0.1beta (Kim et al., 2015). Cells with less than 200,000 hg19 aligned reads, and a

ratio of ERCC RNA spike-in control aligned reads to total aligned reads greater than 0.5 were omitted. hg19 aligned reads were

randomly downsampled to 200,000 reads. Genes were quantified using HTSeq-0.6.1 (Anders et al., 2015). Cells with more than

80,000 total gene counts and at least 500 genes with at least one count were used for downstream analysis. 224 IMR90 cells
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(100 Growing cells, 41 Day 2 cells, 42 Day 4 cells and 41 senescent cells) passed this second filtering step and used for downstream

analyses.

Sequencing reads processing, alignment, quantification and analysis of 10x Chromium RNA-seq data

Cell Ranger 2.0.1 (10x Genomics) was used to align the GFP and ER:RasG12V co-culture 10x Chromium RNA-seq reads to hg19,

TurboGFP, puromycin sequence from pGIPZ and neomycin sequence from pLNCX2-ER-ras_neo, and to generate gene-cell

matrices. The growing and senescence dataset were aggregated using ‘‘cellranger aggr.’’ The data were subsequently processed

using Seurat 2.3.0 with cells with less than 15%mitochondrial reads and at least 2500 number of genes being retained (Butler et al.,

2018). Seurat 2.3.0 with the default parameters (unless otherwise stated) was used to generate the t-SNE plots (resolution:0.4;

dimensions used: 1:15) and three clusters were identified using sparcl 1.0.3 (https://cran.r-project.org/web/packages/sparcl/

index.html). SCDE v1.99.1 was used to identify differentially expressed genes between OIS cluster and secondary senescent cluster

(Kharchenko et al., 2014). The DE genes (p values < 0.05) (Table S2) were used as the defined gene sets for GSEA Preranked analysis

of NIS and RIS log2FC ranked genes. GFP+ cells were identified as cells with > 0.3 normalized expression of GFP or puromycin and

Ras+ cells were identified as cells with non-zero expression of neomycin or one or more reads supporting the G > T mutation at

Chr11:534288 as identified by FreeBayes v0.9.20-8-gfef284a (Garrison and Marth, 2012). Integration analysis between Smart-

seq2 time-point data and 10x data were performed using the canonical correlation analysis in Seurat 2.3.0, in which the union of

the top 50 highest dispersion genes and the first two dimensions were used.

Cell Ranger 2.0.1 (10x Genomics) was used to align the 10x Chromium RNA-seq reads from mVenus:dnMAML1 or mVenus:EV

co-cultured with ER:RasG12V cells to hg19, mVenus sequence, puromycin sequence from pLPC-puro and neomycin sequence

from pLNCX2-ER-ras_neo to generate gene-cell matrices. mVenus cells were identified as cells with more than zero normalized

expression of mVenus or puromycin and Ras+ cells were identified as cells with non-zero expression of neomycin or one or more

reads supporting the G > T mutation at Chr11:534288 as identified by FreeBayes v0.9.20-8-gfef284a (Garrison and Marth, 2012).

The data were subsequently processed using Seurat 2.3.0 with cells with less than 10%mitochondrial reads and at least 2500 genes

being retained. Seurat 2.3.0 with the default parameters (unless otherwise stated) was used to generate the tSNE plots (resolu-

tion:0.6; dimensions used: 1:7). The cells were projected to the 10x Chromium GFP and ER:RasG12V co-culture dataset using

scmap-cluster v1.4.1.

Sequencing reads processing, alignment and quantification of in vivo data

Smart-Seq2 generated paired-end reads were quality trimmed using Trim galore (http://www.bioinformatics.babraham.ac.uk/

projects/trim_galore/) and aligned to the mouse reference genome mm10 and ERCC spike-in sequences using HISAT v2.0.1beta

(Kim et al., 2015). The mm10 aligned reads were randomly downsampled to 50,000 reads. Cells with less than 50,000 reads, less

than 20,000 gene count, less than 500 genes with at least one read detected and with the log-transformed number of expressed

genes and library size of 3 median absolute deviation below the median value were removed (Lun et al., 2016). 39 single cells

from the induced hepatocytes and 19 cells from the uninduced hepatocytes passed these filters. 22 primary senescent cells were

identified from the induced hepatocytes as cells with no reads mapping over exon 5 and 6 (chr10:117695953-117696049,

chr10:117696381-117696439, chr10:117701565-117701614 and chr10:117702202-117702335) of Mdm2 gene before the down-

sampling. 17 cells were classified as secondary hepatocytes as judged by their gene expression profiles. Differential genes expres-

sion between Mdm2+ cells and Mdm2- cells was identified using SCDE v1.99 and log2FC ranked gene list from SCDE was used in

GSEA pre-ranked analysis. Genes with more than zero log-transformed normalized count (McCarthy et al., 2017) were labeled red,

and otherwise white in the binary heatmap. Pathway enrichment was identified using WebGestalt (Wang et al., 2017) with genes that

have a z-score of greater than 2 in Mdm2+ cells /Mdm2- comparison.

Differential gene expression analysis and temporal ordering of cells

We used raw counts from HTSeq-0.6.1 (Anders et al., 2015) as an input to single-cell differential expression (SCDE v1.99.1) (Kharch-

enko et al., 2014) for differential gene expression analysis between growing and senescence. Cut-off for significantly differentially

expressed (DE) was set at 0.05. The expression magnitude (fragments per million) was obtained from SCDE and converted to

FPKM as an input for Monocle2 (Qiu et al., 2017). Monocle2 was used to order the transitions of senescent cells of different time

points at a pseudo-temporal resolution, and single-cell data were reduced to a 2-dimensional space by using the DDRTree algorithm

implemented in Monocle2 (Qiu et al., 2017). Specifically, DE genes between senescence and growing conditions that were identified

in SCDE were used to define the trajectory. A consensus clustering approach, SC3, was also applied to the raw count of single cells

and used to cluster senescent cells (Kiselev et al., 2017).

Detection of RasV12 construct in Smart-seq2 dataset

We counted reads with a G > T mutation at Chr11:534288 using samtools v1.2 mpileup and bcftools v1.2 (Li, 2011). Cells with more

than 1 read supporting over G > T mutation or at least 9 reads mapping to the neomycin sequence are considered as RasV12 positive

cells.

Paracrine-induced senescence and RIS microarray data analysis

Log2 RMA signal intensity of RIS IMR90 cells and IMR90 co-cultured in transwells with RIS cells were obtained fromGEOGSE41318.

Differentially expressed genes were identified using limma (Ritchie et al., 2015) and an adjusted p value of 0.05 was used as the

cut-off for significant genes.
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Notch and Ras-induced senescence data and GSEA analysis

We used NIS and RIS RNA-seq data with accession number GSE72404. Reads were aligned to as described above. Differential gene

expression analysis between NIS and RIS was performed using DESeq2 (Love et al., 2014). The log2 fold change for each gene was

used to rank the list of genes in GSEA Preranked analysis (Subramanian et al., 2005). Differentially expressed (DE) genes between

senescence top and bottom were identified using SCDE with a p value cutoff of 0.05. The DE genes defined the gene set in

GSEA Preranked analysis.

Sequencing reads alignment and quantification of transwell bulk RNA-sequencing data

Reads were aligned to the human reference genome hg19 using HISAT v2.0.1beta (Kim et al., 2015) and those that mapped to an-

notated genes were quantified using HTSeq-0.6.1 (Anders et al., 2015). Differential gene expression was determined using DESeq2

v1.22.1 (Love et al., 2014). Over-representation analysis was performed using WebGestalt (Wang et al., 2017) and GSEA pre-ranked

analysis was performed using the ranking of genes based on the log2FC between GFP contact and GFP no contact.

Statistical analysis
All t tests and one-way ANOVA for the in vitro data were performed in R. TukeyHSD was used as the post hoc test for one-way

ANOVA. For the in vitro data, each experiment and measurement were obtained from three independent experiments unless

otherwise specified in the figure legends. Barplots are represented as means with SEM. Statistical significance was set at p <

0.05. t test for the in vivo datawas performed in R and the two-way ANOVA followed by Tukey’s test for the in vivo datawas performed

using GraphPad Prism. All animal data were obtained from three biological replicates. Details of all statistical analysis can be found in

associated figure legends. For qPCR analysis, Delta delta Ct method was used for quantification with error bars resulting from the

delta Ct expression of three to four biological replicates. A two-sided t test was used to calculate p values.

DATA AND SOFTWARE AVAILABILITY

All scRNA-seq and bulk RNA-seq experiments are accessible through GEO accession number GEO: GSE115301. All imaging data

are available as Mendeley dataset under https://doi.org/10.17632/y76pb7s8h3.1.
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