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SUMMARY
Gene-environment interactions can perturb the epigenome, triggering network alterations that participate in
cancer pathogenesis. Integrating epigenomics, transcriptomics, and metabolic analyses with functional
perturbation, we show that the tumor suppressor p53 preserves genomic integrity by empowering adequate
levels of the universal methyl donor S-adenosylmethionine (SAM). In p53-deficient cells, perturbation of DNA
methylation promotes derepression of heterochromatin, massive loss of histone H3-lysine 9methylation, and
consequent upregulation of satellite RNAs that triggers R-loop-associated replication stress and chromo-
somal aberrations. In p53-deficient cells, the inadequate SAM level underlies the inability to respond to
perturbation because exogenous reintroduction of SAM represses satellite elements and restores the ability
to cope with stress. Mechanistically, p53 transcriptionally controls genes involved in one-carbon meta-
bolism, including Slc43a2, the methionine uptake transporter that is critical for SAM synthesis. Supported
by clinical data, our findings shed light on the role of p53-mediated metabolism in preventing unscheduled
R-loop-associated genomic instability.
INTRODUCTION

Metabolic control of chromatin dynamics is essential for the

development and integrity of somatic tissues (Dai et al., 2020;

Haws et al., 2020a). Functional interactions between the micro-

environment (metabolites and oxygen fluctuations), xenobiotics

(toxic injury), and genetics can trigger global alteration in DNA

methylation and histone posttranslational modifications, referred

to hereafter as epigenetic, with consequences for gene expres-

sion and genomic integrity (Alonso-Curbelo et al., 2021; Janssen

et al., 2018). Genome-wide loss of methylation of DNA and his-

tone (i.e., epigenetic) is generally associated with genomic insta-

bility and is observed in aging and cancer development (Wilson

et al., 2007). Epigenetic methylations are influenced by the

methionine cycle, which provides the universal methyl donor

S-adenosylmethionine (SAM). Altered SAM abundance is

directly sensitized by chromatin states, and adaptive mecha-

nisms are in place to counterbalance methyl donor depletion

(Mentch et al., 2015). Within these, dynamic control of methyl-

ation of H3 lysine 9 (H3K9me) is essential to preserve silent

constitutive heterochromatin (Haws et al., 2020b). Constitutive

heterochromatin is amajor component of the eukaryotic genome

and is typically situated at pericentromeric and telomeric re-

gions; it includes repetitive satellite DNA and mobile elements

such as retrotransposons. Perturbation of the fine epigenetic ho-

meostasis of constitutive heterochromatin can have far-reaching
C
This is an open access article und
consequences for genome integrity and tumorigenesis (Janssen

et al., 2018). Loss of heterochromatin is often observed in can-

cer, and alterations of the mechanisms controlling repressive

H3K9me result in aneuploidy, mitotic defects, and chromosomal

abnormalities (Methot et al., 2021; Zeller et al., 2016). Upon SAM

depletion, epigenetic persistence is instated by preferential

monomethylation of histone H3 lysine 9 (H3K9me1), which com-

pensates for the loss of trimethylation (H3K9me3), ensuring the

stability of heterochromatin and preserving residual repressive

H3K9me (Haws et al., 2020b). Metabolic control of H3K9me is

therefore essential to ensure epigenetic persistence upon stress,

and failure to implement these mechanisms leads to severe irre-

versible damage.

The tumor suppressor p53 is the most frequently mutated

gene across all human cancers (Kastenhuber and Lowe, 2017;

Laptenko and Prives, 2017). Although implicated in cancermeta-

bolism and genomic integrity via multiple mechanisms, the mo-

lecular basis underlying p53-dependent maintenance of genome

integrity appears to be fundamentally complex (Aubrey et al.,

2018; Brady et al., 2011; Kruiswijk et al., 2015; Valente et al.,

2013). Here, we propose crosstalk between p53-driven meta-

bolism and epigenetic control of constitutive heterochromatin

as the basis for p53-mediated genomic integrity. Using pancre-

atic cancer as a model, we show that p53 deficiency leads to a

reduction in the universal methyl donor SAM, leaving the cells

deprived of defense against epigenetic perturbations. Perturbed
ell Reports 41, 111568, November 1, 2022 ª 2022 The Author(s). 1
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Figure 1. Inactivation of p53 leads to a reduction in SAM level in PDAC

(A) Heatmap showing the H score of SAM and p53 from PDAC tissue microarray analysis.

(B) SAMH score in normal (N, n = 52) and tumor (T, n = 52) pancreatic tissue. The orange line indicates themedian of the distributions. ****p < 0.0001. The p values

were calculated by unpaired and nonparametric Mann-Whitney test (two tailed).

(C and D) Distribution of SAM levels (H score) in p53 WT and p53-mutant tissues. *p < 0.05. The p values in (C) were calculated by unpaired and nonparametric

Mann-Whitney test (two tailed). The p values in (D) were calculated by ordinary chi-square test with 3� of freedom.

(E) Intracellular SAM level in TP53WT versus TP53mutant human pancreatic cancer cell lines; n = 5 biological replicates per cell line. Average intracellular SAM

level is indicated by the light red line. *p < 0.05. The p valueswere calculated with ordinary one-way ANOVAwith Tukey’s correction. Source: (Daemen et al. 2015).

(F) Intracellular SAM concentration in murine Trp53 WT (KC and KP � doxy) versus Trp53�/� (KPflC and KP + doxy) PDAC cell lines. *p < 0.05, **p < 0.01. The

p values were calculated by ordinary one-way ANOVA with Dunnett’s correction; n = 2 biological replicates (white dots). Data are presented as mean ± SEM.

Article
ll

OPEN ACCESS
p53-deficient cells undergo accumulation of unscheduled R

loops, replication stress, and chromosome breakage, leading

to genomic instability. R loops originate from massive upregula-

tion of pericentric tandem-repeat transcripts caused by epige-

netic instability of constitutive heterochromatin because of

inability to preserve H3K9me. Silencing of pericentric tandem-

repeat transcripts or excision of unscheduled R loops reinstates

genome integrity. Mechanistically, p53 controls expression of

genes that influence the methyl donor SAM, including Slc43a2,

the transporter for methionine uptake. Thus, cells lacking p53

are metabolically inadequate to preserve global epigenetic

integrity upon perturbation, undergoing epigenetic instability of

constitutive heterochromatin. Exogenous SAM administration

preserves genome integrity even in the absence of p53. Sup-

ported by clinical evidence, we propose that metabolic inade-

quacy is the basis of p53-associated genomic instability.

RESULTS

p53 inactivation correlates with reduced SAM in human
pancreatic ductal adenocarcinoma (PDAC)
Oncogenic deregulation has long been associated with meta-

bolic rewiring in cancer (Hirschey et al., 2015). Although the uni-
2 Cell Reports 41, 111568, November 1, 2022
versal methyl donor for DNA and histone methylation, SAM, is

acknowledged to represent a critical hub in the metabolism-epi-

genome interaction, it is unclear whether and how its deregula-

tion participates in cancer pathogenesis. Conducting an immu-

nohistochemistry analysis on a tissue microarray of matched

tumor samples of PDAC and normal adjacent tissue, we identi-

fied a general reduction in SAM levels in the process of transfor-

mation (Figures 1A, 1B, and S1A–S1C). We also revealed that

SAM abundance was negatively correlated with p53 mutations

in cancer lesions (Figures 1A, 1C, 1D, and S1D). The average

SAM level of human pancreatic cancer cell lines carrying p53 in-

activatingmutations was lower than the average of p53wild-type

(WT) cell lines (Figure 1E). To determine a causative link between

p53 and SAM levels, we employed a model system that allowed

controlled loss and re-introduction of p53 in an otherwise

similar genetic background; this was represented by a panel of

mouse PDAC cells derived from tumors that arose in mice car-

rying pancreas-specific expression of oncogenic Kras (LSL-

KRASG12D) and WT Trp53 (KC cells), deletion of Trp53 (KPflC

cells, p53�/�), loss of p53 via doxycycline-inducible short hairpin

RNA (shRNA) targeting Trp53 (KPshp53 cells) (Morris et al.,

2019), or a mutated form of p53 with substitution of arginine

with a histidine in codon 270 (KPC270, p53R270H) (Figures S1E
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and S1F). Levels of SAM were lower in KPflC and KPshp53 cells

than in KC cells, but the SAM levels fully recovered upon with-

drawal of doxycycline in KPshp53 cells (i.e., reintroduction of

p53) (Figure 1F). Thus, inactivation of p53 in PDAC leads to a

reduced abundance of SAM.

Epigenetic perturbation triggers R-loop-associated
genomic instability in p53-deficient cells
An adequate level of SAM is essential for DNA and histone

methylation (Mentch et al., 2015), allowing active response to

perturbation and recovery of their functional epigenomes (Sand-

erson et al., 2019). Exposure to (micro)environmental stressors,

including nutritional status, oxygen fluctuation, xenobiotics (to-

bacco smoke, alcohol, air pollution, etc.), and senescence af-

fects global and site-specific DNA methylation (Martin and Fry,

2018). Thus, we reasoned that, because of the alteration in

SAM levels, p53 inactivation determines a weakness in cells

exposed to perturbation of epigenetic methylation. One of the

best-established exogenous epigenetic modifications is drug-

induced DNA hypomethylation by decitabine (dC). This affects

chromatin conformation and models various microenviron-

mental stressors. Under such conditions, cells may require

adequate SAM levels/p53 status to maintain their chromatin ho-

meostasis. To test this hypothesis, we analyzed the response of

mouse cells derived from Kras-driven PDAC (Figures S1E and

S1F) to perturbation of DNA methylation by dC, hereafter

referred to as epigenetic perturbation. Analysis of DNA content

by propidium iodide staining followed by flow cytometry analysis

showed that perturbed p53-proficient cells do not display any

major sub-G1 population (cell death; Figures 2A and 2B) or

alteration of the distribution of cell cycle phases (Figure S2A).

In contrast, p53-deficient cells displayed a heterogeneous

response, with a subpopulation of cells undergoing cell death
Figure 2. p53-deficient cells are permissive for R-loop-associated gen

(A) Histogram profiles of DNA content measured by propidium iodide fluorescen

shp53 (+doxy) cells treated with decitabine (dC) or left untreated. A representativ

(B and C) DNA content quantification (propidium iodide FACS analysis) for profiling

(aneuploid) cells (aneuploidy analysis, C). n = 5 biological replicates (white dots).

ANOVA with Tukey’s correction.

(D) Micronucleus count by DAPI staining on KP CTR (�doxy), KP shp53 (+doxy),

representative images of KP CTR (�doxy) and KP shp53 (+doxy) cells treated w

tification (count per cell); each dot represents a field. ***p < 0.001, ****p < 0.00

correction; data are presented as mean ±SEM.

(E) Mitotic pole analysis. Left panel: representative images of a-tubulin (red) and g

with dC or left untreated. Scale bar, 5 mm.DAPI counterstains DNA. Right panels: d

cell. Red lines indicate average. *p < 0.05, **p < 0.01. The p values were calcula

(F) DNA fiber assay. Cells were exposed for 30 min to IdU (red), followed by 30 mi

distribution. The p values were calculated with ordinary chi-square test with 2� o
(G) Proximity ligation assay (PLA; red) for PCNA and gH2AX on KP shp53 (+doxy) c

red and DAPI counterstained DNA). Scale bar, 20 mm. Right panel: dot plot repres

cell. Red lines indicate the average; 150–200 cells were analyzed, and data wer

2-tailed unpaired t test; data are presented as mean ± SEM.

(H and I) R loop analysis of dC-treated or untreated KP CTR (�doxy), KP shp53

RNAseH1. Also shown are representative immunofluorescence confocal images

20 mm (I). Right panels: dot plots report R-loop-positive cells per field; each dot re

were calculated by ordinary one-way ANOVA with Tukey’s correction.

(J) Dot blot analysis of S9.6 (R loop signal) of dC-treated/untreated KP CTR (�dox

blue was a loading control. Histograms report densitometry quantification of 4 in

ordinary one-way ANOVA with Tukey’s correction. ****p < 0.0001.
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(sub-G1; Figures 2A and 2B) and a subpopulation displaying fea-

tures of aneuploidy (DNA content > 4 n, Figure 2C), not observed

in p53-proficient cells. Analyses of micronuclei and mitotic poles

indicated occurrence of chromosomal aberrations and mitotic

segregation errors (Figures 2D, 2E, and S2B–S2D), confirming

that epigenetic perturbation triggers hallmarks of large-scale

genomic instability in p53-deficient cells.

We next sought a putative cause for the observed chromo-

somal abnormalities. Replication stress can result in structural

and numerical chromosomal abnormalities (Kawabata et al.,

2011); hence, we performed a DNA fiber assay in perturbed

p53-proficient and p53-deficient cells. Epigenetic perturbation

reduced replication fork progression and increased fork stalling

in p53-deficient but not p53-proficient cells (Figures 2F, S2E,

and S2F). Colocalization of gH2AX with PCNA indicated that

replication stress was associated with DNA double-strand

breaks (Figure 2G), accounting for chromosomal fragmentation.

Replication stress-associated DNA breaks often arise from

the accumulation of unscheduled R-loops that pose an

obstacle to fork progression, generating replication-transcrip-

tion conflicts (Garcia-Muse and Aguilera, 2019). Hence, we

tested whether R loops selectively accumulated in perturbed

p53-deficient cells. Immunofluorescence analysis of R loops

with the S9.6 anti-DNA:RNA hybrid monoclonal antibody re-

vealed a significant accumulation of R-loop-positive nuclei in

p53-deficient cells subjected to epigenetic perturbation

(Figures 2H and S2G–S2J). The S9.6 signal was suppressed

by overexpression of RNAseH1, confirming the specificity of

the S9.6 antibody for DNA:RNA hybrids (Figure 2I). To

strengthen the data, we analyzed the S9.6 signal by dot blot

assay, confirming the selective accumulation of R loops in per-

turbed p53-deficient cells (Figure 2J). Unscheduled R loops are

a threat to genome integrity, and our data implicate them in the
omic instability

ce-activated cell sorting (FACS) analysis in KP Control (CTR) (�doxy) and KP

e experiment of five independent biological replicates is shown.

of cell cycle phases (A), sub-G1 cells (cell death analysis, B) andmore than 4 n

***p < 0.001, ****p < 0.0001. The p values were calculated by ordinary one-way

and KC (p53 WT), KPflC (p53�/�) cells treated with dC or left untreated. Top:

ith dC or left untreated. Scale bar, 20 mm. Dot plots show micronuclear quan-

01. The p values were calculated by ordinary one-way ANOVA with Tukey’s

-tubulin (green) staining on KP CTR (�doxy) and KP shp53 (+doxy) cells treated

ot plots displaying quantification ofmitotic poles; each dot represents amitotic

ted by ordinary one-way ANOVA with Tukey’s correction.

n of CldU (green). Top panel: representative fibers. Bottom panels: fiber length

f freedom.

ells treated with dC or left untreated. Left panel: representative staining (PLA in

enting quantification of PLA-positive spots per nucleus; each dot represents a

e normalized to nuclear size. ****p < 0.0001. The p values were calculated by

(+doxy), KC (p53 WT), and KPflC (p53�/�) cells and after overexpression of

(by S9.6 antibody [Ab], red); DAPI counterstains DNA. Scale bars, 5 mm (H) and

presents a field. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. The p values

y) and KP shp53 (+doxy) cells with and without RNAseH1 treatment. Methylene

dependent biological replicates (white dots). The p values were calculated by
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genomic instability associated with p53 loss. These findings on

epigenetic perturbation as driver of unscheduled R loop

formation and chromosomal abnormalities in the absence of

p53 provide a possible additional mechanism for earlier obser-

vations that mutations in p53 are permissive but not causative

of genomic instability (Bunz et al., 2002).

p53-depleted cells fail to implement epigenetic
persistence of constitutive heterochromatin
To gain insight into the molecular causes of this genomic insta-

bility, we tracked the upstream chromatin deregulations pro-

duced by the cooperation of p53 inactivation and perturbation

of DNA methylation. To this end, we performed differential

genome-wide accessibility profiling (assay for transposase-

accessible chromatin using sequencing [ATAC-seq]), which pro-

vides information on open chromatin region (peak) changes,

referred to as ATAC gain and loss. Comparison of the effects of

epigenetic perturbation on p53-proficient and p53-deficient cells

indicated clearly distinct patterns of chromatin accessibility

(Figures 3A, S3A, and S3B). By querying the list of ATAC changes

selectively associated with perturbed p53-deficient cells, we

identified a significant proportion of genomic loci containing non-

coding DNA repetitive elements typically included in constitutive

heterochromatin regions, particularly major satellite repeats

(Figures 3B, S3C, and S3D). 85% of the repetitive sequence re-

gions annotated in the mouse genome displayed a selective

gain of chromatin accessibility in perturbed p53-deficient cells

(Table S1). Analysis of the RNA level of major satellite repeats

by fluorescence in situ hybridization (FISH) and RT-qPCR re-

vealed an important upregulation of these satellite transcripts in

perturbed p53-deficient cells (Figures 3C, 3D, and S3E–S3G),

indicating that increased chromatin accessibility was associated

with transcription. Upregulation of constitutive heterochromatin

noncoding satellite RNAs has been linked to genomic instability

in cancer (Yang et al., 2018; Zhu et al., 2011), including PDAC

(Ting et al., 2011). Because a major mechanism of satellite

RNA-dependent genomic instability is the accumulation of un-
Figure 3. p53-deficient cells are unable to preserve the stability of sile

(A) Venn diagram of ATAC-seq gains/losses in KP CTR (�doxy) and KP shp53 (+

(B) Representative images of ATAC-seq tracks of heterochromatin-containing Ma

control. Rep.1 and Rep.2 are two biological replicates. Bottom panels: quantific

p values were calculated by ordinary one-way ANOVA with Fisher’s LSD test. Da

(C) RNA FISH staining using a probe against the MajSat transcript (red); DAPI co

(D) qRT-PCR of themajor satellite (MajSat) transcript. ****p < 0.0001. The p values

replicates (dots).

(E and F) R loop quantification as a percentage of positive cells by confocal imag

MajSat antisense LNA (Antago-MajSat) or antisense GFP control (Antago-GFP). In

ordinary one-way ANOVA with Tukey’s correction. In (F), each dot represents an

ordinary one-way ANOVA with Tukey’s correction.

(G) H3K9me3 (green) and HP1 (red) immunofluorescence analysis. Left panel: rep

fluorescence intensity traced following the white line in the corresponding pictur

(H) Schematic of the BiAD Venus-based sensor. The HP1 chromodomain (HP1C

domain binds MajSat DNA repeats. Close proximity of the two Venus subunits (C

(I) Live-cell imaging confocal analysis of KPflC (p53�/�) cells expressing the BiAD V

(Lungu et al., 2017). Images were scanned every 30min starting 48 h after dC treat

10 mm.

(J) ChIP-qPCR analysis of H3K9me3 and H3K9me1 in KP CTR (�doxy) and KP s

p value were calculated by ordinary one-way ANOVA with Tukey’s correction; n

(K) MajSat RNA FISH (red) and R loop immunofluorescence (IF) (S9.6 Ab, green)
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scheduled R loops (Janssen et al., 2018), we asked whether a

high level of major satellite RNAs was responsible for R loop

accumulation in perturbed p53-deficient cells, as described in

Figure 2. Confocal imaging and a dot blot assay indicated that

silencing of major satellite RNAs by transfection of antisense

LNA (Antago-major satellite [MajSat]) significantly reduced R

loop induction (Figures 3E, 3F, S3H, and S3I). Thus, a causative

link emerged between alteration of the silencing of constitutive

heterochromatin noncoding satellite RNAs and unscheduled R

loops in perturbed p53-deficient cells.

Upon methylation stress, the chromatin response is mediated

by dynamic control of H3K9 methylation (Haws et al., 2020b).

When epigenetic persistence fails, heterochromatin stability is

lost, and derepression of constitutively silenced DNA elements

may occur. This may lead to deleterious irreversible conse-

quences (Haws et al., 2020b). Based on the ATAC-seq analysis,

we reasoned that p53-deficient cells lose epigenetic control of

their constitutive heterochromatin as a consequence of epige-

netic perturbation. Mouse cells display highly condensed regions

of pericentromeric heterochromatin, including repetitive MajSat

DNA (chromocenters), which canbe visualized by staining for het-

erochromatin protein (HP1), H3K9me3, or 40,6-diamidino-2-phe-

nylindole (DAPI) staining (Jagannathan et al., 2018). Imaging chro-

mocenters by confocal microscopy indicated that epigenetic

perturbation did not significantly affect their condensation and

structure in p53-proficient cells (Figure 3G). In contrast, perturbed

p53-deficient cells displayed massive diffusion of H3K9me3 sig-

nals and significant relaxation via residual HP1 and DAPI staining

(Figures3GandS3J).Consistentwith heterochromatin relaxation,

the nuclei of perturbed p53-deficient cells appeared enlarged

(Figure S3K). To prove that epigenetic instability was associated

with decondensed MajSat-containing heterochromatin, we em-

ployed modular fluorescence complementation sensors for live-

cell detection of H3K9me3 signals specifically at the MajSat

genomic site (Lungu et al., 2017; Figure 3H). Time-lapse analyses

of p53-deficient cells exposed to dC detected very fast loss in the

MajSat H3K9me3 signal between 180 and 240 min of analysis
nt heterochromatin

doxy) cells treated with dC or left untreated.

jSat regions on chromosomes 9, 11, and 14.Gapdh is displayed as a reference

ation of ATAC-seq peaks shown in the top panels. *p < 0.05, **p < 0.01. The

ta are presented as mean ±SEM.

unterstains DNA. Scale bar, 10 mm. A representative cell per sample is shown.

were calculated by RM one-way ANOVAwith Fisher’s LSD test; n = 3 biological

ing (S9.6-positive cells) (E) and dot blot signal of S9.6 (F) after transfection with

(E), each dot represents a field. ****p < 0.0001. The p values were calculated by

independent biological replicate. *p < 0.05. The p values were calculated by

resentative images; scale bar, 5 mm. Right panel: histograms representing the

e of H3K9me3 (green), HP1 (red), and DAPI staining.

D) binds trimethylated lysine 9 on histone 3 (H3K9me3), and the zinc-finger

-terminal, VenusC; N-terminal, VenusN) gives rise to a fluorescent signal.

enus-based sensor (green signal) to detect H3K9me3 atmouseMajSat repeats

ment (point 0); tomato fluorophore (red) was used as a viable control. Scale bar,

hp53 (+doxy) cells treated with dC or left untreated. *p < 0.05, **p < 0.001. The

= 2 biological replicates (white dots). Data are presented as mean ± SEM.

; DAPI counterstains DNA. Scale bar, 10 mm. A representative cell is shown.
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(Figures 3I and S3L). Chromatin immunoprecipitation (ChIP) fol-

lowedbyqPCRdetected reduced levelsofH3K9me3 inperturbed

p53-deficientcells.Suchcells failed toaccumulatecompensatory

H3K9me1 (Figures 3J andS3M), indicating that themechanismof

epigenetic persistence involving compensatory mono-methyl-

ation in support of loss of tri-methylation (Haws et al., 2020b)

was not functioning effectively. Hence, overall, our data indicate

altered dynamics of H3K9me at MajSat-containing heterochro-

matin in the response of p53-deficient cells to perturbation of

DNA methylation. Bisulfite-converted PCR analysis indicated

that DNA demethylation was equally affected in p53-proficient

and p53-deficient cells, confirming that the aberrant epigenetic

and transcriptional pattern was ascribed to histone methylation

(Figure S3N).

Consistent with the data indicating constitutive heterochromat-

in deregulation as a source of R loops, we detected localization of

R loops in nuclear areas compatible with heterochromatin DAPI

staining by high-resolution confocal microscopy (Figures S4A–

S4D). R-loop-positive cells highly overlapped with MajSat RNA-

expressing cells (Figures 3K and S4E–S4H). The observed

phenotype, including relaxation of constitutive heterochromatin,

upregulation of MajSat RNAs, R loops, and micronuclei accumu-

lation, was recapitulated in model systems different from Kras-

driven pancreatic cancer, such as immortalized mouse fibro-

blasts, the NIH3T3 cell line, and immortalized mouse myoblasts

(C2C12 cells) (Figures S4I–S4M). Thus, the sensitivity to epige-

netic perturbation is closely related to p53 functionality rather

than additional co-occurring oncogenic mutations.

Control of satellite repression is mediated by concerted coop-

eration of DNA and H3K9me, and dysregulation of these epige-

netic marks is linked to carcinogenesis (Bailey et al., 2000; Ting

et al., 2011). In response to stress-induced alterations in the

equilibrium of these epigenetic marks, p53-deficient cells fail to

promote epigenetic persistence, triggering a cascade of events

involving upregulation of satellite RNAs, accumulation of R

loops, and replication stress that lead to genomic instability.

MajSat-associated R loops are responsible for the
genomic instability of perturbed p53-inactivated cells
R loops accumulating at repetitive sequences and associated

with aberrant H3K9me3 are correlated with genomic instability

in yeast, worms, and mammalian cells (Garcia-Muse and Agui-

lera, 2019; Zeller et al., 2016; Zhu et al., 2011). To determine

the causative relationship within the cascade of events triggered

by epigenetic perturbation in p53-inactivated cells, we experi-

mentally reverted MajSat upregulation by transfection of

Antago-MajSat. The antisense LNA reversed the increase in

aneuploid cells (>4 n population; Figures 4A, 4B, S5A, and

S5B). Micronucleus accumulation and mitotic pole duplication

in different p53-inactivated experimental settings were signifi-

cantly attenuated (Figures 4C, 4D, 4F, 4G, S5C, and S5D). Sup-

porting a role of R loops in MajSat-promoted events, ectopic

expression of RNAseH1 reduced R loop accumulation (Fig-

ure S5E) and recapitulated the effects of MajSat silencing on

micronucleus and mitotic pole numbers (Figures 4E–4H, S5F,

and S5G). These data directly implicated upregulation of satellite

RNAs and consequent accumulation of R loops in the large-

scale genomic instability produced by combination of epigenetic
perturbation and p53 deficiency. Together with the characteriza-

tion of heterochromatin instability in Figure 3, our data demon-

strate that p53-deficient cells under epigenetic perturbation fail

to maintain H3K9me in heterochromatin regions; the resultant

increased transcription of satellites is a major mediator of

genomic instability. Because p53 inactivation correlates with

acquisition of genetic plasticity during PDAC progression, we

suggest that instability of constitutive heterochromatin in

response to (micro)environmental stressors might be the basis

of genomic instability instated in permissive p53-mutant tumors.

Inadequate SAM levels underlie the aberrant response
of p53-inactivated cells
p53 mutant tumors and p53-inactivated cells displayed reduced

SAM levels (Figure 1).Wehence hypothesize that p53mutant cells

do not copewith epigenetic stress because they aremetabolically

inadequate (i.e., reduced SAM levels). We wanted to determine

a causative link between SAM levels and MajSat-associated

genomic instability. Measurement of SAM intracellular concentra-

tion indicated that, in response to perturbation ofDNAmethylation

by dC, cells increased the level of the methyl donor but, because

of the lower basal level, p53-deficient cells failed to substantially

achieve concentrations comparable with p53-proficient cells (Fig-

ure 5A). To compensate for this, weadministered exogenous SAM

to the culture medium of p53-deficient cells. Under this condition,

upregulation of MajSat RNAs was reduced, and the level of H3K9

trimethylation was restored (Figures 5B and 5C). This suggested

that SAM is indeed an essential factor to maintain the silencing

heterochromatin state at satellite loci.

We next assessed whether the reduction in MajSat RNAs pro-

duced by exogenous SAM was accompanied by prevention of

genomic instability. Micronucleus counts in p53-deficient cells

were significantly reduced when the perturbation was associ-

ated with exogenous SAM administration (Figure 5D). These re-

sults indicate a role of intracellular SAM levels in chromosomal

abnormalities, and they suggest that SAM, by reducing MajSat

RNAs, prevented downstream deleterious consequences. Our

data indicate that, because of low SAM levels, p53-deficient

cells are metabolically inadequate to respond to stress, produc-

ing global epigenetic perturbation; therefore, they undergo het-

erochromatin instability-associated events that culminate in

large-scale genomic instability.

p53 orchestrates a transcriptional program to sustain
SAM synthesis in human PDAC
Finally, we explored how the p53-dependent transcriptional pro-

gram influences the response to epigenetic perturbation. First,we

ruled out direct transcriptional control of p53 on MajSat DNA;

although a predicted binding site was identified (Figure S6A),

theestimatedbindingaffinity calculatedby transcription factor af-

finity prediction (TRAP) analysis (Figure S6B) and ChIP-qPCR did

not detect any p53 binding on MajSat-containing genomic loci

(Figure S6C). We also ruled out an indirect transcriptional effect

of p53, mediated by its transcriptional target p21 (Cdkn1a). p21

participates in the transcriptional repressor dimerization partner,

RB-like, E2F and multi-vulval class B complex (DREAM) (Enge-

land, 2018). Silencing of p21 did not affect MajSat deregulation

in perturbed and unperturbed cells in p53-proficient and
Cell Reports 41, 111568, November 1, 2022 7
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Figure 4. MajSat-associated R loops cause genomic instability in p53-deficient cells

(A) Histogram profiles of DNA content measured by propidium iodide FACS analysis in KPshp53 (+doxy) cells treated with dC after transfection with Antago-

MajSat or Antago-GFP. A representative experiment of five independent biological replicates is shown.

(B) DNA content quantification (propidium iodide FACS analysis) for profiling of more than 4 n (aneuploid) cells (aneuploidy analysis). n = 4 independent biological

replicates (dots). ***p < 0.001. The p values were calculated by two-way ANOVA with Tukey’s correction.

(C) Micronucleus analysis by DAPI staining of p53-deficient cells treated with dC after transfection with Antago-MajSat or Antago-GFP. Scale bar, 5 mm.

(D and E) Micronuclear quantification of p53-deficient cells treated with dC after transfection with Antago-MajSat or Antago-GFP (D) or after transfection with an

RNase H1 overexpression plasmid (E). Dots represent the results of quantification of an individual field. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. The

p values were calculated by ordinary one-way ANOVA with Tukey’s correction.

(F) Mitotic pole analysis by a-tubulin (red) and g-tubulin (green) IF staining of p53-deficient cells treated with dC after transfection with Antago-MajSat or Antago-

GFP. Scale bar, 5 mm.

(G and H) Mitotic pole analysis (count per cell) in p53-deficient cells treated with dC after transfection with Antago-MajSat or Antago-GFP (G) or after transfection

with an RNase H1 overexpression plasmid (H). Each dot represents an individual cell, and the red line indicates the average. *p < 0.05, **p < 0.01, ***p < 0.001,

****p < 0.0001. The p values were calculated by ordinary one-way ANOVA with Tukey’s correction.

Article
ll

OPEN ACCESS
-deficient settings (Figures S6D andS6E). Next, we conducted an

RNA sequencing (RNA-seq) analysis on p53-proficient and p53-

deficient cells (Figures 5E and S6F–S6I), which revealed general

dysregulation of cellular metabolic processes (Figure 5F). In

particular, metabolic enzymes influencing one-carbon meta-

bolism (As3mt [arsenite methyltransferase], Shmt1 and Shmt2
8 Cell Reports 41, 111568, November 1, 2022
[serine hydroxymethyltransferase 1 and 2], and Gamt [guanidi-

noacetate N-methyltransferase]), the sensor of SAM intracellular

levels Samtor (Bmt2), and several metabolite transporters ap-

peared to be regulated in a p53-dependent manner (Figures 5E–

5G). This regulation was generally unrelated to exposure to DNA

hypomethylation by dC treatment, confirming that they might



A B C

D

F G

H

E

I J

Figure 5. p53 controls a transcriptional program to support SAM synthesis
(A) Intracellular SAM concentration in dC-treated or untreated KC (p53 WT), KPflC (p53�/�), KP CTR (�doxy), and KP shp53 (+doxy) cells. The p values were

calculated by ordinary one-way ANOVA with Tukey’s correction; n = 2 biological replicates (white dots). Data are presented as mean ± SEM.

(legend continued on next page)
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underlie a pre-existing permissive condition associated with

defective p53. The expression of several of these genes at the

mRNAandprotein levelswasalsooftencorrelatedwithp53status

in human PDAC (Figures S7A and S7B). In this group, we noticed

Slc43a2, a member of the L-amino acid transporter 3. Slc43a2 is

the major transporter of extracellular methionine, a precursor of

SAM synthesis, and is implicated in competition between cancer

cells and T cells for methionine uptake and SAM-dependent his-

tone methylation (Bian et al., 2020). Slc43a2 appeared to be

greatly downregulated after p53 depletion (Figure 5H), and p53

physical binding was identified in its gene locus by ChIP-seq ex-

periments and confirmed by ChIP-qPCR analyses in our cell

models (Figures 5I and 5J). Thus, p53 transcriptionally controls

Slc43a2 expression.

To directly implicate Slc43a2 in regulation of epigenetic stabil-

ity and genomic integrity, we manipulated expression of

Slc43a2. Silencing of Slc43a2 in cells expressing WT p53

(KPshp53 – doxycycline [doxy]) produced accumulation of

MajSat RNAs accompanied by reduction of SAM concentration

upon epigenetic perturbation (Figures 6A, S7C, and S7D). These

cells also displayed accumulation of R loops and micronuclei

(Figures 6B and 6C). Thus, depletion of Slc43a2 recapitulates

the effects observed in p53 deficiency. We next overexpressed

Slc43a2 to reintroduce its expression in a background where

p53 was depleted (KPshp53 + doxy). Slc43a2 overexpression

reduced the consequences of epigenetic pertubation in p53-

deficient cells: with attenuation of MajSat transcription, accumu-

lation of unscheduled R loops and micronuclei (Figures 6D–6F

and S7E). Thus, Slc43a2 appears to have direct causative

involvement in p53-mediated control of epigenetic and genomic

integrity.

In support of a role of the p53/SLC43A2 axis in PDAC patho-

genesis, expression of the mRNA and protein levels of this

transporter were found to be correlated with p53 status in

PDAC patients (Figure 6G). Differential expression of SLC43A2

was detected in malignant pancreatic tissue versus the normal

counterpart (Figure 6H), correlating with the pattern of SAM

abundance we revealed in human PDAC (Figure 1). The

SLC43A2 gene localizes in proximity to the TP53 locus, and anal-

ysis of genomic data of PDAC patients are suggestive of a

possible concurrent deletion of the gene codifying the transporter
(B) MajSat RNA level (qRT-PCR) in KP shp53 (+doxy) supplemented with exoge

replicates at 48 h and n = 2 biological replicates at 72 h (dots). *p < 0.05, **p < 0.

Fisher’s LSD test.

(C) Western blot analysis of H3K9me3 and H3K9me1 in KP shp53 (+doxy) cells su

loading control.

(D) Micronuclear quantification of p53-deficient cells treated with dC and supplem

individual field. **p < 0.01, ****p < 0.0001. The p values were calculated by ordinary

staining. Scale bar, 20 mm.

(E) Heatmap of 11 significantly altered mRNAs selected from RNA-seq involved

(F) Gene Ontology analysis (GO_term) of genes differentially regulated in KP CTR

(G) RNA-seq validation by qRT-PCR of mRNA represented in the heatmap in (E).

(H) Slc43a2 mRNA level by qRT-PCR in KPshp53 (+doxy) and (�doxy) cells trea

(G and H) n = 3 biological replicates (white dots); data are presented as mean ±

(I) ChIP sequencing (ChIP-seq) track showing p53 WT binding on the SLC43A2 l

(J) ChIP-qPCR analysis of p53 binding on Slc43a2 and Mdm2 genomic loci in KP

calculated by ordinary one-way ANOVA with Tukey’s correction; n = 2 biological

presented as mean ± SEM.
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in patients displaying the rare deletion events involving the p53

gene (Figure S7F). This indicates multiple levels of functional in-

teractions of these two genes in cancer. Finally, analysis of the

aneuploidy score indicated that, similar to p53 mutation or dele-

tion, low mRNA expression of SLC43A2 correlated with chromo-

somal abnormalities in PDAC patients (Figures 6I and 6J), sup-

porting the link between genomic instability and this molecular

axis. The SLC43A2 expression level can segregate PDAC pa-

tients into different prognostic groups (Figure 6K, left panel),

and this effect is conserved in p53 WT and p53 mutant subco-

horts (Figure 6K, center and left panels). These data, supported

by the prognostic significance of SLC43A2, suggest that the

p53/SLC43A2 axis might participate in PDAC pathogenesis by

affecting SAM availability and predisposing individuals to condi-

tions permissive for genomic instability.

This final set of data provides a mechanistic rationale for the

link between p53 status, SAM, and genomic instability. It sug-

gests that one role of p53 in genome maintenance is providing

the metabolic basis for synthesis of SAM, a key metabolite for

histone modifications and epigenetic homeostasis.

DISCUSSION

Dynamic control of histone methylation is influenced by alter-

ations of SAM (Mentch et al., 2015). Thus, the SAM level is a crit-

ical decision-making factor functioning as a hub between meta-

bolism and epigenetic regulation. Here we demonstrate that p53

inactivation leads to a reduction in SAM levels, exposing cells to

a permissive status that underlies epigenetically associated

mechanisms triggering genomic instability. We designed an

experimental approach to mimic epigenetic perturbations

(i.e., DNA demethylation) produced upon exposure to several

stressors, includingmicroenvironmental factors (metabolite sup-

ply, oxygen fluctuations), xenobiotics (tobacco smoke, alcohol,

air pollution, etc.) or DNA-damaging chemotherapeutic drugs

(doxorubicin, 5-FU, etc.) (Martin and Fry, 2018). Perturbed

p53-deficient cells have SAM levels that are inadequate to pre-

vent instability of repressive H3K9me3; this triggers transcription

of repetitive satellite DNA as a consequence of relaxation of

constitutive heterochromatin. Aberrant transcriptional control

of noncoding repetitive regions leads to accumulation of an
nous SAM and treated with dC for 48 h (left) or 72 h (right). n = 3 biological

01, ****p < 0.0001. The p values were calculated by RM one-way ANOVA with

pplemented with exogenous SAM and treated with dC. Total H3 represents the

ented with exogenous SAM. Dots represent the results of quantification of an

one-way ANOVAwith Tukey’s correction. Micronuclei were visualized by DAPI

in amino acid transport and methionine metabolism.

(�doxy) versus KP shp53 (+doxy) cells.

Data are presented as mean ±SEM.

ted with dC or left untreated.

SEM.

ocus; the light blue band indicates the peak in the SLC43A2 genomic locus.

CTR (�doxy), KP shp53 (+doxy), and KC cells. ***p < 0.001. The p values were

replicates for KP shp53 and n = 2 technical replicates for KC p53 WT. Data are



A B C

D F

G H

E

I

J K

Figure 6. Slc43a2 has direct causative involvement in p53-mediated control of epigenetic and genomic integrity

(A) qRT-PCR of MajSat transcript in dC-treated and untreated p53-proficient KP CTR (�doxy) cells after Slc43a2 silencing. ***p < 0.001. The p values were

calculated by ordinary one-way ANOVA with Tukey’s correction; n = 2 biological replicates (dots).

(legend continued on next page)
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unscheduled R loop associated with transcription-replication

conflicts, replication stress, and chromosomal abnormalities.

Cells expressing the missense mutant version of p53 (KPCR270H,

p53R270H) reproduced the same effects as p53-depleted cells,

indicating that this phenotype is generalizable to cancer-associ-

ated p53 inactivation. Thus, p53 deficiency leads to a state

permissive for development of genomic instability upon expo-

sure to epigenetic stressors.

The ability to control H3K9me stability is essential to preserve

tissue integrity and healthy aging and prevent cancer (Methot

et al., 2021; Nicetto et al., 2019; Zeller et al., 2016). Premature

aging conditions, such as Werner syndrome, and inactivation

of tumor suppressors, such as BRCA1, are associated with

loss of H3K9me (Zhang et al., 2015; Zhu et al., 2011). H3K9me

can act as an early barrier against Ras-mediated hyperprolifera-

tion in experimental models of oncogene-induced senescence

of N-RASG12D-driven lymphoma (Braig et al., 2005). Upon

exogenous perturbation, as a safeguard against exacerbated

instability of heterochromatin as a consequence of loss of

H3K9me3, preferential monomethylation events occur on

H3K9 (Haws et al., 2020b). Perturbed p53-deficient cells, how-

ever, fail to reinstate epigenetic persistence, lacking the ability

to introduce compensatory H3K9me1 or maintain H3K9me3.

Lack of H3K9me results in global loss of heterochromatin stabil-

ity, triggering derepression of satellite RNAs. Heterochromatin-

encoded satellite RNAs are aberrantly transcribed in many

cancer types, including PDAC (Ting et al., 2011), and their upre-

gulation can directly promote cancer, resulting in unscheduled

R-loop-dependent genomic instability (Zhu et al., 2018). We

demonstrate that p53 loss exposes cells tometabolically associ-

ated epigenetic instability of constitutive heterochromatin that

threatens genomic integrity. Trp53�/� mice can display birth de-

fects and altered epigenetic methylation landscapes (Yi et al.,

2012), and p53 cooperates with DNAmethylation to prevent sui-

cidal interferon-mediated cell death (Leonova et al., 2013) and
(B) Dot blot analysis of S9.6 (R loop signal) of dC-treated or untreated p53-profi

represents a control of specificity for the S9.6 signal. Methylene blue represents

ical replicates (dots). The p values were calculated by ordinary one-way ANOVA

(C) Micronucleus count by DAPI staining on dC-treated or untreated p53-proficien

images; scale bar, 5 mm. Dot plots show micronuclear quantification (count pe

calculated by ordinary one-way ANOVA with Tukey’s correction.

(D) qRT-PCR of the MajSat transcript in dC-treated or untreated p53-deficient KP

calculated by ordinary one-way ANOVA with Tukey’s correction; n = 3 biological

(E) Dot blot analysis of S9.6 (R loop signal) of dC-treated or untreated p53-deficien

represents a control of specificity for the S9.6 signal. Methylene blue represent

pendent biological replicates (dots). The p values were calculated by ordinary on

(F) Micronucleus count by DAPI staining of dC-treated or untreated p53-deficient K

of microscopy images; scale bar, 20 mm.Dot plots showmicronuclear quantificatio

were calculated by ordinary one-way ANOVA with Tukey’s correction.

(G) SLC43a2 mRNA and protein levels in WT and mutant p53 human PDAC The l

violin plots show mRNA and protein data from (Cao et al. 2021), respectively. **p

(H) SLC43A2mRNA (left panel) and protein (right panel) analyses in N and T pancre

calculated with 2-tailed unpaired t test.

(I) Tumor aneuploidy score in TP53 WT versus mut (missense mutations) versus d

ordinary one-way ANOVA with Tukey’s correction.

(J) Tumor aneuploidy score in high vs. low SLC43A2 mRNA in the total cohort of P

were calculated with 2-tailed unpaired t test.

(K) Kaplan-Meier overall survival profile of PDAC patients stratified by low or high S

WT PDAC (center), and in the subcohort of p53 mutant PDAC (right).
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regulate the epigenetic pattern influencing gene expression

(Morris et al., 2019).

We demonstrate that p53 transcriptionally controls a set of

genes directly and indirectly affecting one-carbon metabolism,

including the methionine transporter Slc43a2. We found direct

causative involvement of Slc43a2 in p53-dependent epigenetic

and genomic integrity because depletion of Slc43a2 recapitu-

lates the effects of p53 loss, and reintroduction of this trans-

porter in a p53 depleted background can reverse them. Remark-

ably, deregulation of SLC43A2 in cancer has been associated

with altered methionine metabolism and histone methylation

(Bian et al., 2020). Our data indicate a tight correlation between

p53 status, SLC43A2 expression, and the prognosis of PDAC

patients. Together with the analysis of SAM abundance in

PDAC, this finding provides clinical relevance to our findings,

indicating a mechanistic basis for the role of p53 in genomic

integrity during progression of cancer.

Our findings demonstrate long-suspected crosstalk between

p53 function and epigenetic integrity; we provide evidence that

such crosstalk depends on metabolic control by p53, which af-

fects epigenetic homeostasis and genomic integrity.

Limitations of the study
The contribution of the described p53-dependent regulation of

epigenetic and genomic integrity to cancer development and

progression remains to be determined. This work provides

causative relationship between the p53/Slc43a2/SAM axis

and genomic integrity, but the association with malignancy

and patient prognosis is correlative, and direct causative links

with cancer pathogenesis are not defined. Assessment of the

influence of the p53/Slc43a2/SAM axis on cancer develop-

ment and progression using injury-induced pancreatic cancer

in vivo models could assist with addressing this open question

and generalize our findings to environmentally triggered

cancers.
cient KP CTR (�doxy) cells after Slc43a2 silencing. Treatment with RNAseH1

a loading control. Histograms report densitometry quantification of 6 biolog-

with Tukey’s correction. ****p < 0.0001.

t KP CTR (�doxy) cells after Slc43a2 silencing. Left: representativemicroscopy

r cell); each dot represents a field. *p < 0.05, **p < 0.01. The p values were

CTR (+doxy) cells after Slc43a2 overexpression. **p < 0.01. The p values were

replicates.

t KP CTR (+doxy) cells after Slc43a2 overexpression. Treatment with RNAseH1

s a loading control. Histograms report densitometry quantification of 5 inde-

e-way ANOVA with Tukey’s correction. ***p < 0.001.

P CTR (+doxy) cells after Slc43a2 overexpression. Left: representative images

n (count per cell); each dot represents a field. *p < 0.05, **p < 0.01. The p values

eft violin plot shows mRNA data from TCGA (Cbioportal). The center and right

< 0.01, ***p < 0.001. The p values were calculated with 2-tailed unpaired t test.

atic tissue; source: (Cao et al. 2021). **p < 0.01, ***p < 0.001. The p values were

eleted (p53 loss) PDAC (left). ***p < 0.0001. The p values were calculated with

DAC (left) and in the subcohort of p53 WT PDAC (right). *p < 0.05. The p values

LC43A2 mRNA levels in the total cohort of PDAC (left), in the subcohort of p53
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Antibodies

p53 (DO-1) Santa Cruz Cat.#sc-126

RRID:AB_628082

NovocastraTM Liquid Rabbit Polyclonal Antibody

p53 Protein (CM5)

Leica Biosystem Cat#NCL-L-p53-CM5p RRID:AB_2895247

S-Adenosylmethionine monoclonal antibody,

clone 84-3

Abnova Cat.#MAB12270

Monoclonal Anti-a-Tubulin antibody produced

in mouse

Sigma-Aldrich Cat#T9026 RRID:AB_477593

Anti-g-Tubulin antibody produced in rabbit Sigma-Aldrich Cat#T3559 RRID:AB_477575

Anti-DNA-RNA Hybrid Antibody, clone S9.6 Merck (Sigma-Aldrich) Cat#MABE1095 RRID:AB_2861387

HP1 (E-6) Santa Cruz Cat.# sc-515341

Recombinant Anti-Histone H3 (trimethyl K9)

[EPR16601]

Abcam Cat#ab176916 RRID:AB_2797591

Recombinant Anti-Histone H3 (monomethyl K9)

[EPR16989]

Abcam Cat#ab176880 RRID:AB_2751009

Histone H3K4me3 antibody (pAb) Active Motif Cat#39159

RRID:AB_2615077

Anti-trimethyl-Histone H3 (Lys27) Antibody Merck (Sigma-Aldrich) Cat#07-449

RRID:AB_310624

Histone H3K36me3 antibody (pAb) Active Motif Cat#61902

RRID:AB_2615073

Anti-Histone H3 antibody [mAbcam 10799] Abcam Cat#ab10799 RRID:AB_470239

Purified Mouse Anti-BrdU (B44) BD Biosciences Cat#347580

RRID:AB_10015219

Anti-BrdU antibody [BU1/75 (ICR1)] Abcam Cat# ab6326

RRID:AB_305426

Goat anti-Mouse IgG1 Cross-Adsorbed Secondary

Antibody, Alexa FluorTM 546

Thermo Fisher Cat#A21123 RRID:AB_2535765

Chicken anti-Rat IgG (H+L) Cross-Adsorbed

Secondary Antibody, Alexa FluorTM 488

Thermo Fisher Cat# A21470 RRID:AB_2535873

PCNA (PC10) Santa Cruz Cat.#sc-56 RRID:AB_628110

Anti-phospho-Histone H2A.X (Ser139) JBW301 Merck (Sigma-Aldrich) Cat#05-636

RRID:AB_309864

Anti-GAPDH antibody, Mouse monoclonal Sigma-Aldrich Cat#G8795 RRID:AB_1078991

Monoclonal Anti-b-Actin antibody produced

in mouse

Sigma-Aldrich Cat#A5441 RRID:AB_476744

Biological samples

Pancreatic cancer tissue array US Biomax, Inc. PA807

Pancreatic cancer tissue array US Biomax, Inc. PA241d

Chemicals, peptides, and recombinant proteins

5-Aza-20-deoxycytidine Sigma-Aldrich Cat#A3656

5-Iodo-20-deoxyuridine Sigma-Aldrich Cat#I7125

5-Chloro-20-deoxyuridine Sigma-Aldrich Cat#C6891

S-(50-Adenosyl)-L-methionine chloride

dihydrochloride

Sigma-Aldrich Cat#A7007

DNase I Sigma-Aldrich Cat#AMPD1

(Continued on next page)
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Stellaris� RNA FISH Hybridization buffer Biosearch Technologies Cat#SMF-HB1-10

Stellaris� RNA FISH Wash buffer A Biosearch Technologies Cat#SMF-WA1-60

Stellaris� RNA FISH Wash buffer B Biosearch Technologies Cat#SMF-WB1-20

Critical commercial assays

UltraTek HRP Anti-Polyvalent (DAB) Staining System HistoLine Laboratories Cat#AMF080

Mouse S-Adenosylmethionine (SAM) ELISA Kit MyBioSource Cat#MBS2603023

Deposited data

Raw and analyzed RNAseq and ATACseq data This study GSE207880

ChIPseq (referred to Figure 5I) https://chip-atlas.org/ SRX2170272

Metabolic profiling of PDAC (referred to Figure 1E) https://doi.org/10.1073/

pnas.1501605112

Excel table available for download at the

paper web page

Proteomic and transcriptomic data (referred to

Figures 6G and 6H)

https://doi.org/10.1016/

j.cell.2021.08.023

http://www.linkedomics.org/data_

download/CPTAC-PDAC/

Genomic data and survival analysis (referred to

Figures 6G and 6I–6K)

https://www.cbioportal.org/ N/A

Experimental models: Cell lines

KPshp53: dx1-cre;LSL-KrasG12D;Col1a1-TRE-shp53-

shRenilla;Rosa26-CAGs-LSL-rtTA-IRES-mKate2

Scott Lowe - Morris

et al. (2019)

N/A

KPflC: Pdx-Cre, LSL-KrasG12D/+, LSL-trp53loxP/+ Scott Lowe - Weissmueller

et al. (2014)

N/A

KC: Pdx1-Cre; KrasG12D/+ David Tuveson - Hingorani

et al., 2003

N/A

KPC270: trp53R270H/� Jennifer Morton - Olive

et al. (2004)

N/A

NIH/3T3 ATCC Cat#CRL-1658 RRID:CVCL_0594

C2C12 ATCC Cat#CRL-1772 RRID:CVCL_0188

Oligonucleotides

qRT-qPCR primer sequences

Gamt 50-CACGCACCTGCAAATCCTG-30 50-TACCGAAGCCCACTTCCAAGA-30

Shmt1 50-GGATGATAATGGGGCGTATCTCA-30 50-GTCTTGTGGGTTGTAGTGGTC-30

Shmt2 50-TGACTATGCACGCATGAGAGA-30 50-ATCCGCGTACTTGAAAGGGG-30

As3mt 50-GGGAATGTACTGAAGACATCTGC-30 50-CCACAGCCATAATACCTCGAACT-30

Slc7a1 50-CTCTCTCTGCGCACTTTCCA-30 50-CTGAGGTCACAGTGGCGATT-30

Slc43a2 50-TGCACCGCTGTGTTGGAAA-30 50-CCGTGCTGTTAGTGACATTCTC-30

Slc2a9 50-TTGCTTTAGCTTCCCTGATGTG-30 50-GAGAGGTTGTACCCGTAGAGG-30

Slc7a3 50-TGAGCACCCTCGACTTAGTG-30 50-CACAATGGATGGTCCTGCTTTA-30

Slc1a5 50-TACCGCAATCCTGTATCCAGC-30 50-CACCAAAGACGATAGCGAAGAC-30

Slc7a11 50-GGCACCGTCATCGGATCAG-30 50-CTCCACAGGCAGACCAGAAAA-30

Samtor 50-GAGGGTGAAGGTCGCATTGA-30 50-TGCACGTTTAAGGCTGGAGT-30

MajSat 50-GACGACTTGAAAAATGACGAAATC-30 50-CATATTCCAGGTCCTTCAGTGTGC-30

Tbp 50-TTGGCTAGGTTTCTGCGGTC-30 50-TGGAAGGCTGTTGTTCTGGT-30

Cdkn1a 50-CGGTGTCAGAGTCTAGGGGA-30 50-ATCACCAGGATTGGACATGG-30

ChIP-qPCR primer sequences

Maj Sat 50-CCAGGTCCTACAGTGTGCATTTC-30 50-CGTGAAATATGGCGAGGAAAACT-30

Gapdh 50-GGGTTCCTATAAATACGGACTGC-30 50-CTGGCACTGCACAAGAAGA-30

Mdm2 50-TGATCTAGCTCTTCCTGTGG-30 50-GAGCTGTCCCTTACCTGGAG-30

Slc43a2 50-ATGATATGTGCTGAGGGCTG-30 50-GAAAAGTCTGCATAGGCCAGG-30

Bisulfite assay PCR primer sequences

Unmethylated MajSat 50-TGAGAAATTTGAAAATTATGGA-30 50-TTTCTTACCATACTCCACATC-30

(Continued on next page)
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LNA oligo sequences

LNA DNA GAPMER MAJ 1 50-ACATCCACTTGACGACTTG-30 339512 LG00220660-DFA

LNA DNA GAPMER MAJ 2 50-TATTTCACGTCCTAAAGTG-30 339512 LG00220661-DFA

LNA DNA GAPMER GFP 50-GAGAAAGTGTGACAAGTG-30 339512 LG00220662-DFA

Cloning PCR primer sequences

NheI-Kozak-FLAG-mSlc43a2 fw 50-ggccGCTACGGAGGAGATCTGCCGCCGCGATCGCCATGGATTACAAGGA

TGAC GACGATAAGATGGCGCCCACCCTGGCCACTGC-30

HindIII-mSlc43a2 rev 50-ggccAAGCTTCTACACGAAAGCCTCCCGGTTGG-30

Recombinant DNA

FLAG-MaSat-NLS-ZF-18-mVenusN Albert Jeltsch - Lungu

et al., 2017

N/A

FLAG-mVenusC-14-HP1b-Chromo Albert Jeltsch - Lungu

et al., 2017

N/A

pcDNA3.1-mSlc43a2 This study N/A

pcDNA3.1 (empty vector) Addgene Cat#V790-20

DUAL-tandem-Tomato Addgene Cat# 48735

Software and algorithms

FIJI - ImageJ Schneider et al., 2012 https://imagej.nih.gov/ij/

GraphPad Prism 8.0.1 GraphPad Software https://www.graphpad.com/scientific-

software/prism/

MethPrimer Urogene https://www.urogene.org/methprimer/

Integrated Genome Browser (IGB) BioViz https://bioviz.org/

Kaluza software analysis 2.1 BECKMAN COULTER https://www.beckman.it/flow-cytometry/

software/kaluza/downloads

Nucleotide BLAST NCBI https://blast.ncbi.nlm.nih.gov/Blast.cgi

NIS-Elements imaging software Nikon https://www.microscope.healthcare.nikon.

com/products/software/nis-elements
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to andwill be fulfilled by the lead contact, Ivano Ame-

lio (ivano.amelio@uni-konstanz.de).

Materials availability
The unique material generated in this study (see key resources table) is available upon request from the lead contact without any

restriction.

Data and code availability
d RNAseq and ATACseq generated in this study have been deposited at GEO and are publicly available. Accession numbers are

listed in the key resources table.

d This paper does not report original code.

d Any additional information required to reanalyse the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines
KPshp53, KPflC, and KC cells were kindly donated by Scott W Lowe. KPC270 (Olive et al., 2004) were kindly donated by Jennifer

Morton. KPshp53 cells derive from PDAC that developed in a Pdx1-cre;LSL-KrasG12D;Col1a1-TRE-shp53-shRenilla;Rosa26-

CAGs-LSL-rtTA-IRES-mKate2 mice (Morris et al., 2019). KPflC cells derive from PDAC that developed in a Pdx-Cre, LSL-

KrasG12D/+, LSL-trp53loxP/+ (Weissmueller et al., 2014). KC cells derive from PDAC that developed in a Pdx1-Cre; KrasG12D/+
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(Hingorani et al., 2003). C2C12 andNIH/3T3 has been purchased fromATCC (see key resources table for catalogue product number).

All the murine PDAC cell lines have been authenticated as described in the source papers (references above); we also confirm p53

status by RT-qPCR or western blot.

Tissue microarray (TMA)
Human pancreatic cancer tissues array (#PA807; #PA241d) where purchased from US Biomax (Rockville, MD, USA), that handled

ethical committee approval and informed consent from the subjects. Information related to the tissue array, including informed con-

sent and human subjects age, sex, and tumour developmental stage are available at the following links: https://www.biomax.us/,

https://www.biomax.us/tissue-arrays/Pancreas/PA807, https://www.biomax.us/tissue-arrays/Pancreas/PA241d.

PDAC patients dataset
Publicly available datasets from Cao et al. (2021) (see also key resources table) were used to compute correlations analyses of tran-

scriptomic and proteomic data of PDAC patients. A total of 140 cases with pancreatic cancer were evaluated and included in this

study; all the information related to the patients (e.g. sex, age, tumour features) are free available at the source paper. Institutional

review boards reviewed protocols and consent documentation adhering to the Clinical Proteomic Tumour Analysis Consortium

(CPTAC) guidelines.

METHOD DETAILS

Cell cultures and reagents
All the cell lines were grown in DMEM (10% FBS Gibco; penicillin–streptomycin 2units/mL) at 37�C, 5% CO2. KPshp53 were main-

tained in 1 mg/mL doxycycline to keep off p53 through doxy-dependent shRNA against Trp53; to allow p53 expression the doxycy-

cline was removed 48 h before further procedure; KPshp53 were propagated on collagen-coated plates (PurCol, Advanced Bio-

matrix, 0.1 mg/mL); to perturbate DNA methylation, 24–72 h of 10mM dC treatment was used (Sigma, 5-Aza-20-deoxycytidine,
#A3656). siRNA transfection was performed with Lipofectamine RNAiMAX (Invitrogen) using 60 nM of pre-designed Trp53 siRNA

(Ambion, #s75472), Slc43a2 siRNA (Thermo Fisher, #4390771, siRNA ID s103265), Cdkn1a siRNA (Thermo Fisher, #4390771, ID

s63812), or Silencer Negative Control siRNA (Ambion). For overexpression experiment 4 mg/6 cm dish of Slc43a2 expressing vector

or the control empty vector (see cloning details below) were transfected using LipofectamineTM 3000 Transfection Reagent (Thermo,

#L3000015) following the manufacturer’s instructions. Antisense locked nucleic acid (LNA)-DNA (gapmers) oligonucleotides against

Major Satellite transcript were purchased from QIAGEN; two sequences were mixed to obtain an efficient knockdown and an anti-

sense LNA-DNA gapmer against GFP was used as scramble sequence (Probst et al., 2010) (see key resources table). Cells were

transfected at 60% confluence with 200 nM gapmers mix (100 + 100 nM) by using LipofectamineTM RNAiMAX Transfection Reagent

(Thermo, #13778-150) following the manufacturer’s instructions. RNaseH1 was transfected using LipofectamineTM 3000 Transfec-

tion Reagent (Thermo, #L3000015) following themanufacturer’s instructions; 6 h post-transfection themediumwas replaced and the

cells were treated with dC for 48–72 h and then collected for follow-up analysis. Micronuclei, R-loops, and mitotic poles imaging and

analysis were performed as described below on 20–40 random field per sample. Cell cycle analysis and DNA content after Major

Satellite knockdown (n = 4 biological replicates) were performed and analyzed as described below.

TMA immune histochemistry and analysis
Slides were incubated at 58�C for 1 h, dewaxed by Bio-Clear washing (Bio-Optica) and rehydrated by 96%, 96%, 70% ethanol in-

cubations; after endogenous peroxide blocking, antigen retrieval was performed by boiling in 0.01 M Sodium Citrate Buffer pH 6.0;

primary antibody incubation were performed overnight at 4�C (anti-p53 Santa Cruz #sc-126; anti-SAM Abnova #MAB12270); immu-

nohistochemistry were performed by using UltraTek HRP Anti-Polyvalent (DAB) Staining System (Histo-Line Laboratories, #AMF080)

following the manufacturer’s instruction; images were acquired with Leica DM6 B microscope and Leica DCF 7000 T camera. Sam-

ples were scored in a blinded manner by a pathologist using a semi-quantitative method; cases were analyzed for staining intensity,

which was scored as 0 (not detected), 1+ (weak), 2+ (intermediate), and 3+ (strong); for each case, the H-score was calculated by

multiplying the percentage of positive cells (0%–100%) by the intensity (0–3).

DNA content and cell cycle analysis
Cells and supernatant were collected and fixed with methanol:acetone (4:1) at 4�C; after 20 min RNaseA incubation at room temper-

ature (RT), samples were labeled with propidium iodide (70 mg/mL) for 4 h at RT and acquired with CytoFLEX (Beckman Coulter,

20000 events/sample). Cell cycle analysis was performed using Kaluza software analysis 2.1; subG1 population was determined

considering all the events with a PI content lower than G1 (excluding debris); DNA content analysis was performed dividing the

live cell population in two groups: ‘‘2 n-4 n’’ includes all the cells identified by the aforementioned cell cycle analysis (2n = G1,

4n = G2/M); ‘‘>4n’’ includes all the cells showing a PI content higher than G2/M.
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Immunofluorescence (IF) and data analysis
Cells were seeded on glass slides, treated as described before and fixed with Paraformaldehyde (PFA) 4% in PBS (phosphate-buff-

ered saline, HP1 and H3K9me3), or 100 methanol and 10 acetone on ice (S9.6, R-loops), or methanol:acetone 50:50 on ice (alpha and

gamma tubulins); fixed cells were permeabilized with TritonTM X-100 (Sigma #T8787) 0.05% for 150 at RT, and blocked for 1 h with

10% goat serum (Gibco #16210-072); primary antibodies were incubated overnight at 4�C (anti-alpha tubulin Sigma #T9026; anti-

gamma tubulin Sigma #T3559; anti-R-loops S9.6 Merk #MAB1095; anti-HP1 Santa Cruz #sc-515341; anti-H3K9me3 #ab176916);

slides were washed 3X with PBS and incubated 1 h at RT with the appropriate Alexa Fluor secondary antibody (Thermo Fisher)

and DAPI (Sigma Aldrich) to counterstain the nuclei; after 3X PBS washes slides were mounted with ProLongTM Gold Antifade

mounting solution (Thermo #P36934) and acquired in z stack mode with confocal laser microscope (NIKON Eclipse Ti) using EZ

C.1 acquisition software (Nikon, Tokyo, Japan); all the images were processed using FIJI software (ImageJ). The fluorescent intensity

profiles of HP1 and H3K9me3 were performed with NIS elements analysis software 6.0 (Nikon). Micronuclei analysis has been made

with NIS elements software (Nikon) and for each field (6–15 random field/sample) the number of micronuclei (counted using a

threshold of 0.2-2mM) were divided by the number of nuclei (counted using a threshold size 5–20mM). R-loops analysis has been per-

formed by calculating the percentage of R-loops positive cells per field (6–12 randomfield/samples; clear and strong S9.6 signal). The

polar microtubules (alpha tubulin) and the centrosome (gamma tubulin) has been used to count the number of mitotic poles per cell.

The nuclear size was determined by using FIJI software and the data are represented as dC-treated/not-treated (dC/nt).

DNA fibre assay
The DNA fibre assay was performed as described in (Quinet et al., 2017). Cells were treated with IdU (20mM; Sigma #I7125) for 300,
washed 3 times with PBS, then treated with CldU (200mM; Sigma #C6891) for 30’. After DNA labeling, cells were resuspended in PBS

(1000–2000 cells/mL) and 2mL drop containing cells was transferred to a positively charged glass slide and lysed with 8mL lysis buffer

(200 mM Tris-HCl pH 7.5; 50 mM EDTA; 0.5% SDS); the slide was tilted at 30–45� to allow the DNA to spread slowly down the slide;

the DNA fibres were fixedwithmethanol:acetic acid (3:1) for 50 andwashed 2Xwith PBS; the DNAwas denaturedwith HCl 2.5M at RT

for 1 h, washed 3X with PBS and blocked 1 h with PBS-BSA 5%; slides were incubated with mouse anti-BrdU (BD, #347580, to label

IdU) and rat anti-BrdU (Abcam, #Ab6326, to label CldU) in PBS-T-BSA (Tween 0.1%, BSA 5%) 3 h at RT, washed 3X with PBS, then

incubated with secondary antibody (anti-mouse Alexa Fluor 547 #A21123; anti-rat Alexa Fluor 488 #A21470) in PBS-T-BSA 1 h at RT;

finally, after 3X washes in PBS slides were mounted with ProLongTM Gold Antifade mounting solution (Thermo #P36934) and ac-

quired as described before; the fibre length (100–200 fibres per samples) was measured in mm with FIJI (ImageJ), then converted

in Kilobases by applying the conversion factor of 2.59 Kb/mm; the replication fork velocity (Kb/min) was calculated by dividing the

fibre length by the nucleoside analogues incubation timing.

Proximity ligation assay (PLA)
Cells were fixed with PFA 4% in PBS, permeabilized as described before and incubated with primary antibodies (anti-PCNA Santa

Cruz #sc-56; anti-gH2AX Merk #05-636). For labelling and PLA signal amplification, the DuolinkTM In Situ Red Mouse/Rabbit kit

(Sigma) was used according to the manufacturer’s protocol. Images were acquired in Z-stack mode as described before and

150–200 nuclei per sample were analyzed using FIJI software (ImageJ) to count the PLA spots per nucleus.

Dot blot
R-loops analysis by Dot blot has been performed as described in Ramirez et al., 2021 (jove protocol 62069; https://doi.org/10.3791/

62069). The cells were collected by using trypsin, and the cell pellet were lysed with cell lysis buffer (10% NP-40, 2 M KCl, 0.5 M

PIPES ph 8.0) to obtain a nuclear pellet. The nuclear pellet was lysed with nuclear lysis buffer (10% SDS, 1 M Tris-HCl ph 8.0,

0.5 M EDTA) and treated with 200 mg/mL proteinase K for 3 h at 55�C. Genomic DNA was purified following two consecutive extrac-

tion steps using 1 volume of phenol:chloroform:isoamyl alcohol (25:24:1 pH 8.0) first, and 1 volume of chloroform later. The DNAwas

then precipitated by 0.3M sodium acetate, glycogen, and ice-cold 100% ethanol; the DNA pellet was then washed with 70% ethanol

and the air-dried pellet resuspended in elution buffer (1 M Tris-HCl ph 8.0). The purified DNA was treated or not treated (mock) with

RNase H (New England Biolabs, #M0297L) 15 min at 37�C; 2-4mL of samples were then loaded on a positively nylon membrane sub-

sequently crosslinked with UV light (1.200mJ x 100). Themembrane was blocked with 5%milk in PBSwith 0.05% Tween-20 for 1 h at

room temperature, and then incubated with 1mg/mL S9.6 antibody in blocking solution 2 h at room temperature; after 3 washes in

PBS-Tween the membrane was incubated with peroxidase-conjugated secondary antibodies (Bio-Rad) at room temperature for 1

h; detection was performed with the ECL chemiluminescence kit (Perkin Elmer). After S9.6 signal detection, the membrane was

washed twice and stained with methylene blue for 30min at room temperature to detect total genomic DNA. The S9.6 andmethylene

blue signal were quantified using ImageJ; the values from S9.6 analysis were then normalized on methylene blue signal values (S9.6/

methylene blue).

Gene Ontology (GO) term enrichment analysis
Gene ontology analysis has been performed by launching the 4097 genes (differentially modulated between shCTR and shp53 from

RNAseq experiment) in theMus musculus biological process windows on geneontology.org web site. The selected categories from
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PANTHER Overrepresentation test (https://doi.org/10.5281/zenodo.6399963) are graph based on Fold Enrichment and they all have

a FDR p-value<0.05; Fisher’s Exact test corrected by False Discovery Rate was used.

Western blot
Cells were lysed with RIPA buffer, and the samples were denatured at 98�C, resolved on a SDS–polyacrylamide gel, and blotted on

Amersham Hybond P0.45 PVDF membrane (GE Healthcare Life Science); membranes were blocked by Blotting-Grade Blocker

(Bio-Rad) 5% in PBS 0.1% Tween-20, incubated with primary antibodies overnight at 4�C (anti-p53 Santa Cruz #sc-126; anti-Gapdh,

anti-b-actin Sigma, anti-H3, and anti-H3 lysine methylations listed in key sources table) washed 3X with PBS 0.1% Tween-20, and

incubated with the appropriate peroxidase-conjugated secondary antibodies (Bio-Rad) at room temperature for 1 h; detection was

performed with the ECL chemiluminescence kit (Perkin Elmer).

Intracellular SAM measurement
Cells were collected, resuspended with cold PBS, and lysed by sonication (BioruptorTM UCD-200 Diagenode, high voltage, 30’’ON -

30’’OFF for 50 at 4�C). The SAM concentration in the supernatant was measured by Mouse S-Adenosylmethionine (SAM) ELISA Kit

(MyBioSource, #MBS2603023) following the manufacturer’s instruction.

RT-qPCR
Total RNA was extracted with RNeasy Mini Kit (QIAGEN, #74106). A second DNase step (the first during the RNA extraction proced-

ure) was performed using DNaseI (Sigma, #AMPD1-1KT), and 500 ng of RNAwere retrotranscribed by SensiFASTTM cDNASynthesis

Kit (Bioline, #BIO.65054) according to the manufacturer’s protocols. qPCR was performed using Fast SYBRTM Green Master Mix

(Thermo, #4385612). The primers used are listed in key resources table. The expression of each gene was defined from the threshold

cycle (Ct), and the relative expression levels were calculated by using the 2�DDCt method after normalization with reference to expres-

sion of housekeeping gene.

RNA fluorescent in situ hybridization (RNA FISH)
Custom Stellaris� FISH Probes were designed against Major Satellite (Biosearch Technologies, #SMF-1063-5) using a 788 bp array

at murine chromosome 2 as template (Chr2:98.506.702-98.507.489; UCSC mm9; (Kishikawa et al., 2016; Ting et al., 2011). Cells

were fixed in methanol (100) and acetone (10) on ice, then permeabilized in 70% Ethanol for 150 at 4�C. The fixed cells were hybridized

with the probe labelled with Quasar 570 dye (Biosearch Technologies, Inc.), following themanufacturer’s instructions available online

at www.biosearchtech.com/stellarisprotocols. For the double staining (Maj Sat FISH and R-loops IF), the primary antibody (S9.6,

Millipore) was added together with the FISH probe during the hybridization step (4 h at 37�C); secondary antibody and DAPI were

added during the two following wash steps (300 each at 37�C). The images were acquired as described before.

Chromatin immunoprecipitation (ChIP)
Cells were fixed with 1% formaldehyde for 10 min and the reaction was quenched with 0.125 M glycine; chromatin fragments

(300–600 bp) were obtained by sonication (BioruptorTM UCD-200 Diagenode, high voltage, 30’’ON - 30’’OFF for 250 at 4�C); the
immunoprecipitation was conducted using Dynabeads Protein G (Invitrogen, #10004D), followed by reverse cross-link with Protein-

ase K (20 mg/mL, Thermo) and 0.1 mg/mL RNase A (Thermo); the DNA was purified by QIAquick PCR kit (QIAGEN) and the major

satellite regions, Mdm2 andGapdh promoters, and Slc43a2 intron were amplified by real-time qPCR (primers in key resources table).

The following antibodies were used: anti-p53 (Leica, cat. P53-CM5P-L), anti-H3K9me3 (Abcam, #ab176916), anti-H3K9me1 (Ab-

cam, #ab176880) and mouse/rabbit IgG Isotype as control (Invitrogen).

Metaphase chromosomes preparation
Cells were treated with colchicine (5 mg/mL) for 24 h before collection; cell pellet was incubated with hypotonic buffer (12.3 mM

HEPES ph 7.5; 0.53 mM EGTA; 64.4 mM KCl) 300 at 37�C and fixed with methanol:acetic acid (3:1) 100 at RT; after 4 washes with

fixative solution, 10mL of cells suspension (�8000 cells) was dropped onto a glass slide from an high of �5 cm; slides were dried,

stained with DAPI and acquired as described before.

SAM supplementation
The day after plating, the cell mediumwas supplemented with 200mMSAM (Sigma, #A7007) 24 h before dC treatment, until the sam-

ple collection. Maj Sat RNA and micronuclei count were performed as described above.

ATAC-seq (assay for transposase-accessible chromatin using sequencing)
The cell pellet (KPCshp53 ± doxy 48 h dC-treated; 2 biological replicates) was resuspended in 500mL of ice-cold cryopreservation

solution (50% FBS, 40% growth media, 10%DMSO); Active Motif performed the ATACseq. The paired-end 42 bp sequencing reads

(PE42) generated by Illumina sequencing NextSeq 500 are mapped to the mouse genome (mm10) using the BWA algorithm with

default settings. Alignment information for each read is stored in the BAM format. Only reads that pass Illumina’s purity filter, (no

more than 2 mismatches) and map uniquely to the genome are used in the subsequent analysis. Duplicate reads removed. Genomic
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regions with high levels of transposition/tagging events are determined using the MACS2 peak calling algorithm (Zhang et al., 2008).

Both reads from paired-end sequencing are used for peak-calling but treated a single, independent reads. To identify density of

transposition events, the genome is divided into 32 bp bins and the number of fragments in each bin is determined. Reads are

extended to 200 bp, which is close to the average length of the sequenced library inserts. The ‘‘signal map’’ is stored in a bigWig

file, which can be visualized in genome browsers. In the default analysis, the tag number of all samples is reduced (by random sam-

pling) to the number of tags present in the smallest sample. To compare peak metrics between 2 or more samples, overlapping in-

tervals are grouped into ‘‘Merged Regions’’, which are defined by the start coordinate of the most upstream interval and the end co-

ordinate of the most downstream interval. After identifying merged regions, the DESeq2 software is run on the unnormalized BAM

files. The program then normalizes the counts between the samples using the ‘‘median of ratios’’ method, and calculates log2

fold-change (Log2FC), shrunken-Log2FC, p-value, and adjusted p-value (padj, FDR) for each Merged Region corrected for multiple

testing. Visualization of ATAC-seq tracks of the Major Satellite genomic regions were obtained by using the IGB software. The peaks

signal amplitude has been calculated using ImageJ.

RNA-seq
Total RNA from 3 biological replicates (KPCshp53 ± doxy 48 h dC-treated; 2 biological replicates) was extracted as described before

(RNeasy Mini Kit QIAGEN, #74106; DNaseI Sigma, #AMPD1-1KT); Active Motif performed sequencing and bioinformatic analysis.

Briefly, the paired-end 42 bp sequencing reads (PE42) were generated and mapped as described above. The number of fragments

overlapping predefined genomic features of interest and only read pairs that have both ends aligned, are counted. Read pairs that

have their two endsmapping to different chromosomes ormapping to same chromosome but on different strands are discarded. The

gene annotations come from NCBI RefSeq database and then adapted by merging overlapping exons from the same gene to form a

set of disjoint exons for each gene. Genes with the same Entrez gene identifiers were also merged into one gene. After obtaining the

gene table containing the fragment counts of genes, we perform differential analyses to identify statistically significant differential

genes using DESeq2. The DESeq2 model internally corrects for library size using their median-of-ratios method. The gene table ob-

tained is used as input to perform the DESeq2’s differential test. After a differential test, the p-value of each gene is calculated and

adjusted to control the number of false positives among all discoveries at a proper level (multiple testing adjustment). The DESeq2 by

default filters out statistical tests (i.e. genes) that have low counts by independent filtering technique. All genes with average normal-

ized counts below a filtering threshold frommultiple testing adjustment are omitted. Differential genes are detected by DESeq2 at 0.1

(or 10%) FDR (i.e. adjusted p-value).

Live cell imaging
Cells were seeded in 35-mm high glass bottom dishes for cell culture (Ibidi) and transfected with the plasmids FLAG-MaSat-NLS-ZF-

18-mVenusN, FLAG-mVenusC-14-HP1b-Chromo in a 1:5 ratio (Lungu et al., 2017) and DUAL-tandem-Tomato (Addgene) using Lip-

ofectamineTM 3000 Transfection Reagent (Thermo, #L3000015) following the manufacturer’s instructions; 24 h after transfection the

cells were treated with 10mM of dC and placed in the incubator chamber for live cell imaging (LAUDA E200 with CO2 controller

DGTCO2BX okolab). Time-lapse images were acquired with confocal laser microscope (NIKON Eclipse Ti) using EZ C.1 software

(Nikon, Tokyo, Japan) at 30 min of interval and Z-stacks acquired every 0.4mM; videos were processed by NIS element analysis soft-

ware 6.0 and FIJI (ImageJ).

Bisulfite conversion reaction
The cells were treated with 10mM dC for 48 h. Genomic DNA was extracted with Wizard Genomic DNA purification kit (Promega

#A1125) and 1 mg was used for the Bisulfite Conversion kit (Active Motif, #55016) following manufacturer’s guidelines. The converted

DNAwas analyzed by endpoint PCR using Xpert Fast Hotstart Mastermix (Grisp, #GE45.5001). Primers able to recognize the different

methylation status of Major Satellite were designed with MethPrimer website (https://www.urogene.org/methprimer/, Li and Dahiya,

2002; key resources table) by using a 788 bp Maj Sat array as template (Chr2:98.506.702-98.507.489; UCSC mm9;). PCR products

were analyzed by electrophoresis on 2% agarose gel.

Slc43a2 cloning
Slc43a2 was amplified by RT-PCR using RNA from KPshCTR cells (-doxy, p53 wt) and the primers listed in key resources table; the

obtained product was purified using QIAquick PCR Purification Kit (QIAGEN, #28104), digested with NheI (New England Biolabs,

#R3131) and HindIII (New England Biolabs, #R0104L) 2 h at 37�C to obtain sticky ends, then purified again. The Slc43a2 insert

were then cloned into pcDNA3.1 (containing ampicillin resistance and digested as describe above) by ligation (1:3 ratio vector:insert)

using Quick ligase (New England Biolabs, #M2200L) for 1 h at room temperature; the ligation product was used to transform One

ShotTM TOP10 Chemically Competent E. coli (Thermo Fisher #C404010) and a single selected clone (by ampicillin resistance) con-

taining the Slc43a2 expressing vector was used for subsequent bacterial amplification and plasmid purification.

Bioinformatical analysis of PDAC datasets
Publicly available datasets were used to compute correlations analyses of metabolomic (Daemen et al., 2015), transcriptomic and

proteomic (Cao et al., 2021), genomic (cBioPortal), and survival (cBioPortal) data of PDAC patients and cell lines; they are all listed
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in the key resources table and mentioned in figure legend and/or main text. ChIP-seq analysis in Figure 5I was carried out using the

bigwig file SRX2170272 downloaded from https://chip-atlas.org/. The ChIP-seq tracks were extracted using IGB software.

QUANTIFICATION AND STATISTICAL ANALYSIS

GraphPad Prism was used for all test calculations and all data are expressed as mean ± standard error (SEM), unless otherwise

mentioned. One-way ANOVA, two-tailed tests (e.g. student’s t-test, Mann-Whitney test), X2 (chi square) were used to calculate

the p-value, unless otherwise mentioned; a p-value lower than 0.05 was selected to state statistically significant differences.

More details on quantification and statistical tests used in this study are specifically indicated in figure legends and methods.
Cell Reports 41, 111568, November 1, 2022 e8

https://chip-atlas.org/

	Metabolic regulation by p53 prevents R-loop-associated genomic instability
	Introduction
	Results
	p53 inactivation correlates with reduced SAM in human pancreatic ductal adenocarcinoma (PDAC)
	Epigenetic perturbation triggers R-loop-associated genomic instability in p53-deficient cells
	p53-depleted cells fail to implement epigenetic persistence of constitutive heterochromatin
	MajSat-associated R loops are responsible for the genomic instability of perturbed p53-inactivated cells
	Inadequate SAM levels underlie the aberrant response of p53-inactivated cells
	p53 orchestrates a transcriptional program to sustain SAM synthesis in human PDAC

	Discussion
	Limitations of the study

	Supplemental information
	Acknowledgments
	Author contributions
	Declaration of interests
	References
	STAR★Methods
	Key resources table
	Resource availability
	Lead contact
	Materials availability
	Data and code availability

	Experimental model and subject details
	Cell lines
	Tissue microarray (TMA)
	PDAC patients dataset

	Method details
	Cell cultures and reagents
	TMA immune histochemistry and analysis
	DNA content and cell cycle analysis
	Immunofluorescence (IF) and data analysis
	DNA fibre assay
	Proximity ligation assay (PLA)
	Dot blot
	Gene Ontology (GO) term enrichment analysis
	Western blot
	Intracellular SAM measurement
	RT-qPCR
	RNA fluorescent in situ hybridization (RNA FISH)
	Chromatin immunoprecipitation (ChIP)
	Metaphase chromosomes preparation
	SAM supplementation
	ATAC-seq (assay for transposase-accessible chromatin using sequencing)
	RNA-seq
	Live cell imaging
	Bisulfite conversion reaction
	Slc43a2 cloning
	Bioinformatical analysis of PDAC datasets

	Quantification and statistical analysis





