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SUMMARY
The DNA damage response (DDR) and epithelial-to-mesenchymal transition (EMT) are two crucial cellular
programs in cancer biology. While the DDR orchestrates cell-cycle progression, DNA repair, and cell death,
EMT promotes invasiveness, cellular plasticity, and intratumor heterogeneity. Therapeutic targeting of EMT
transcription factors, such as ZEB1, remains challenging, but tumor-promoting DDR alterations elicit specific
vulnerabilities. Using multi-omics, inhibitors, and high-content microscopy, we discover a chemoresistant
ZEB1-high-expressing sub-population (ZEB1hi) with co-rewired cell-cycle progression and proficient DDR
across tumor entities. ZEB1 stimulates accelerated S-phase entry via CDK6, inflicting endogenousDNA repli-
cation stress. However, DDR buildups involving constitutive MRE11-dependent fork resection allow homeo-
static cycling and enrichment of ZEB1hi cells during transforming growth factor b (TGF-b)-induced EMT and
chemotherapy. Thus, ZEB1 promotes G1/S transition to launch a progressive DDR benefitting stress toler-
ance, which concurrently manifests a targetable vulnerability in chemoresistant ZEB1hi cells. Our study
thus highlights the translationally relevant intercept of the DDR and EMT.
INTRODUCTION

The DNA damage response (DDR) is a cell-cycle-dependent

signaling network orchestrating DNA repair, proliferation, and

cell death in response to DNA damages, such as those occurring

during DNA replication or chemotherapies. Alterations in the

DDR, either as a driver of tumorigenesis or as away to resist gen-

otoxic therapies, are common in cancers. Thus, the targeting of

specific branches of the DDR is emerging as a therapeutic

avenue.1–3 In particular, DNA replication stress is gaining

increased attention.1,4–7 In fact, many synthetic lethal interac-

tions are linked to disturbed DNA replication, for instance,
C
This is an open access article under the CC BY-N
PARP inhibitors in BRCA1/2- and other homologous recombina-

tion (HR)-deficient ovarian and breast cancers, but also other

DDR inhibitors.8–13 These are encouraging prospects as various

resistance mechanisms, e.g., drug efflux, bypass of signaling

pathways, or cell death evasion,14 restrict efficient treatment.

Treatment failure in clinics can also arise from genetic, chro-

matin architectural, transcriptional, and phenotypic heterogeneity

in tumorareasand tumorcellswithinonearea.15,16This is substan-

tially established by stem-like cancer cells (CSCs) combining high

plasticity and the potential to self-renew or differentiate with

robustness to various noxae, thereby exerting a devastating

impact on treatment success. Accumulating data suggest that
ell Reports 41, 111819, December 13, 2022 ª 2022 The Authors. 1
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CSCs exhibit chemoprotective changes in the DDR and may thus

be selectively targeted to prevent disease relapse.17–22 However,

the precise nature and generality of these alterations in CSCs is

unclear. Likewise, it is largely unknown to what extent these are

pre-existing or acquired during tumor progression or therapy.

Cells with CSC-like features can be generated by epithelial-to-

mesenchymal transition (EMT).23,24 Particularly the EMT-tran-

scription factor (TF) ZEB1 is an established key inducer of cellular

plasticity and stemness promoting malignant tumor progression

to metastasis.25–29 Consistently, ZEB1 expression is associated

with metastasis and poor prognosis in several cancer types,

including colorectal, pancreatic, lung, breast, osteosarcoma,

and glioblastoma.30–34

EMT activation and resistance to standard therapies appear

strongly interconnected.35–37 EMT-TFs, such as ZEB1, and their

associated changes in the chromatin landscape were shown

to promote chemo-/radioresistance across several cancer

entities.27,29,34,36,38–40 Studies linked ZEB1-mediated resistance

to inhibition of microRNA (miRNA) transcription34,41 and the DDR

kinase ATM,42,43 but mechanistic insights still appear intricate.

Supporting this notion, partially distinct ‘‘non-core EMT’’ func-

tions of EMT-TFs are progressively being discovered,29,44 as

the associated ‘‘phenotypic plasticity’’ cannot be explained by

the mere reprograming toward a mesenchymal phenotype.

Selective targeting of EMT or the DDR to improve chemother-

apies are promising approaches, but intercellular heterogeneity

and co-dependent pathway shifts are clouding the mechanisms

underlying the divergent reactions. This is often sparsely

addressed, mainly attributed to high experimental complexity.

Here, we studied the intercellular heterogeneity in ZEB1 expres-

sion and identified a sub-population of ZEB1-high-expressing

(ZEB1hi) cells in tumors and in cell cultures that exerts a ZEB1-

driven rewiring of cell-cycle progression, inducing an adaptive

replication stress response. Although ZEB1hi cells benefit from

enhanced resistance to DNA damage, they concomitantly

become remarkably dependent on the DDR nuclease MRE11

across cancer entities, exposing a potential selective vulnera-

bility of therapy-resistant ZEB1hi cells.

RESULTS

Intercellular ZEB1 heterogeneity is conserved across
different cancer entities
Intratumor heterogeneity due to genetic evolution or cellular

plasticity determines tumor progression and clinical responses.
Figure 1. Intercellular ZEB1 heterogeneity is conserved across differe

(A) ZEB1 immunohistochemistry of human tumor sections. Arrowheads mark ce

(B) Representative images of ZEB1 IF of cancer cell lines. Red arrowheads mark

(C) Scatterplots depicting ZEB1 signal intensities in cancer cell lines. ZEB1lo/hi c

(D) Scheme of the IF analysis of ZEB1 by hiMAC. For details, see STAR Methods

(E–G) Analysis of ZEB1 heterogeneity in MCF10A cells after stimulation with TGF

(E) Representative images of ZEB1 IF. Red and blue arrowheads indicate ZEB1h

(F) Scatterplots of ZEB1 IF intensities with the median (horizontal line) showing Z

(G and H) Scoring of ZEB1hi cells in Ctrl-/TGF-b-treated MCF10A cells (G) and in

(I) Representative ZEB1 IF images of cells from (H). Scale bar, 40 mm.

Data are depicted as themean ±SEM of nR 3 independent experiments (G and H

experiments. Asterisks (*) mark significance as determined byMann-Whitney test

*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
As ZEB1 is a crucial cell plasticity factor, we investigatedwhether

heterogeneity is also reflected in ZEB1 expression on the single-

cell level using immunohistochemistry. We observed a strong

intercellular heterogeneity in ZEB1 expression in cancer cells of

various epithelial tumor types (Figure 1A) with tumor cells con-

taining high amounts of ZEB1 (ZEB1hi) next to cells with low

amounts (ZEB1lo). Immunofluorescence (IF) staining revealed

that this pattern was preserved in various cell lines from different

tumor entities (Figure 1B). We then scored ZEB1 levels in individ-

ual cells by high-content IF, employing a tool for molecular

fingerprinting of intracellular signaling events on a single-cell

level termed HiMAC.45,46 As expected, the cell lines contained

increasing amounts of ZEB1 along the epithelial (HCT116,

A549, J82) to mesenchymal (Panc1, MDA-MB-231) axis

(Figures 1B and 1C). However, a small fraction of cells with higher

levels than the majority of the population remained between cell

lines. Thus, we defined the upper 10% of the cells within each

cell line as the ZEB1hi sub-population and the residual cells as

ZEB1lo (Figures 1B–1D). In order to clarify if this heterogeneity

in ZEB1 is maintained after EMT, we treated the MCF10A cells

with transforming growth factor b (TGF-b) to model EMT

(Figures S1A–S1C), which enriched the ZEB1hi fraction dramati-

cally, although many ZEB1lo cells remained (Figures 1E–1G).

We next reasoned that this heterogeneity in ZEB1 may be

modulated during chemotherapy to promote resistance. There-

fore, we exposed different cancer cell lines to moderate doses

of the respective chemotherapeutics and scored the ZEB1lo/hi

sub-populations after 72 h. The fraction of ZEB1hi cells increased

in all lines (Figures 1H and 1I), in fact without robustly elevating

the ZEB1 content per cell within each sub-population (Fig-

ure S1D). Notably, the TGF-b-induced ZEB1hi subpopulation of

MCF10A cells also increased in response to different DNA dam-

ages (Figure S1E). Taken together, these data demonstrate

that intercellular heterogeneity in ZEB1 levels is a general phe-

nomenon across cell lines and entities and that the ZEB1hi

sub-populations, but not necessarily the intracellular ZEB1 level,

are enriched after chemotherapy.

Single-cell transcriptomics reveals changes in cell-
cycle progression of ZEB1hi cells
To gain insight into the global characteristics of ZEB1hi cells, we

performedsingle-cell (sc) transcriptomics (Figure2A).Weselected

routinely cultured MDA-MB-231 as model system to maintain

comparability with available transcriptomes and chromatin immu-

noprecipitation sequencing (ChIP-seq) data31,47 and to avoid the
nt cancer types

lls as ZEB1lo/hi (blue/red) and stromal (green). Scale bar, 20 mm.

ZEB1hi cells and blue ones ZEB1lo cells. Scale bar, 50 mm.

ells are filled in blue/red.

. Scale bar, 20 mm.

-b or solvent control (Ctrl) for 10 days.
i and ZEB1lo cells, respectively. Scale bar, 100 mm.

EB1lo/hi cells in blue/red.

cell lines after 72 h of chemotherapy (H).

) or ofR2,000 individual cells per group (C and F) derived of nR 3 independent

(F) or Student’s t test (G and H) comparing drug treated with the solvent control.
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Figure 2. Single-cell RNA sequencing reveals

enrichment of cell-cycle regulators in ZEB1hi

cells

(A) Scheme of the single-cell sequencing approach

of routinely cultured MDA-MB-231 cells.

(B) Distribution of ZEB1lo and ZEB1hi cells on t-

distributed stochastic neighbor embedding (t-SNE)

clusters from scRNA sequencing. Please refer to

Figure S2 for clustering and gating strategy.

(C) Differentially expressed genes in ZEB1hi versus

ZEB1lo cells (p < 0.01; false discovery rate

[FDR] < 0.1).

(D) Metascape analysis showing gene enrichment

network in ZEB1hi cells relative to ZEB1lo (p < 0.01;

FDR < 0.05). Please refer to Table S2.

(E) Upregulated genes in ZEB1hi cells as in (C).
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pleiotropic effects of TGF-b. We observed four distinct clusters

(Figure S2A), indicating heterogeneity in gene expression within

one cell line.ZEB1was robustly expressed throughout theclusters

(Figure S2B). Regarding the other major EMT-TFs, we observed a

constant expression pattern ofZEB2 andSNAI2, whileSNAI1was

generally poorly expressed (Figure S2B), and TWIST1/2 were not

detected. We then segregated ZEB1hi and ZEB1lo cells based on

ZEB1 transcript counts (Figure S2C) to generate ZEB1hi and
4 Cell Reports 41, 111819, December 13, 2022
ZEB1lo groups, which distributed evenly

along the original cell clusters (Figures 2B

andS2D). Asexpected, theZEB1hi cells dis-

played increased expression of VIM and

known ZEB1 interactors and target genes,

such as YAP and FOSL1,31 but low levels

of the epithelial genes CD24 and GATA3

(Figure 2C). Although ZEB1hi cells showed

ample changes in gene expression

(Table S1), neither ZEB2 nor SNAI1/2 were

differentially expressed in the ZEB1hi cells

(Figure S2D), implying distinct functions of

EMT-TFs in unchallenged MDA-MB-231.

When comparing the transcriptomes of

ZEB1hi and ZEB1lo cells, we obtained pro-

found enrichment of terms associated with

cell-cycle progression in ZEB1hi cells along-

side biosynthetic terms (Figure 2D;

Table S2). Specifically, they displayed

elevated levels of several cyclin-dependent

kinases, cyclins, replicative polymerases,

topoisomerases, replication protein A, and

mitotic genes (Figure 2E). Supporting the

differential expression of S-G2 phase and

mitotic genes in ZEB1hi cells in a pre-clinical

in vivo setting, the same strategy employed

on a patient-derived xenograft (PDX) sc

transcriptome dataset before gene set

enrichment analysis (GSEA) revealed a sig-

nificantenrichment in the ‘‘G2/Mcheckpoint

hallmark’’ inZEB1hi cells (FigureS2E).As the

transcriptional differences of ZEB1hi cells

had no apparent effect on proliferation in
culture, these data altogether suggest that ZEB1hi cells exhibit

cell-cycle changes that do not stimulate cell production under

routine culture conditions.

ZEB1 induces DNA replication stress
We next sought to validate the cell-cycle changes in asynchro-

nously growing ZEB1hi cancer cells and in de novo TGF-b-gener-

ated ZEB1hi MCF10A cells by employing HiMAC. We detected
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Cell Reports 41, 111819, December 13, 2022 5

Article
ll

OPEN ACCESS



Article
ll

OPEN ACCESS
an increased fraction of ZEB1hi cells in S phase compared with

ZEB1lo cells across entities during routine culture (Figure 3A) and

TGF-b-induced EMT (Figure 3B). Notably, TGF-b-treated

MCF10A cells generally incorporated less EdUduring thepulse-la-

beling than vehicle-treated cells, confirming the expected lowering

of replication by TGF-b.48 Intriguingly, ZEB1hi S-phase cells in all

models displayedmoreEdU incorporation thanZEB1lo cells, indic-

ative of an increased DNA replication rate (Figures 3C and 3D),

concomitant to higher gH2AX as well as pRPA and RAD51 foci in

S phase (Figures 3E–3J),marking stronger DDR activation and sin-

gle-stranded overhangs, respectively. Altogether, these features

represent replication stress that is likely accompanied by recombi-

nation intermediates.6,45 As this did not induce 53BP1 foci in any

cell-cycle phase, it seemed not to trigger excessive DNA double-

strandbreaks (DSBs) andwasunlikely due toa repair pathway shift

from non-homologous end joining (NHEJ) to HR (Figure S3A).

Notably, Snailhi cells gated like ZEB1hi cells showed a decrease

in S phase and did not exhibit higher replication stress

(Figures S3B–S3D). These data show that endogenous replication

stress is a general and specific feature of ZEB1hi cells. In order to

link ZEB1 to this effect, we overexpressed ZEB1 using a doxycy-

cline-inducible construct47 and via transient transfection. ZEB1

overexpression in all models induced gH2AX in S phase, while

small interfering RNA (siRNA)-mediated knockdownof ZEB1 abol-

ished it (Figures 3K–3M and S3E–S3H). In summary, these data

demonstrate that ZEB1 itself triggers DNA replication stress.

The DDR is surveilling DNA replication to counteract replication

stress by halting, remodeling, and restarting replication forks and

coordinating the firing of origins.6,49 To test whether replication

stress inZEB1hi cellsmay arise fromdefects therein,wemonitored

DNA synthesis and DDR to hydroxyurea (HU), a ribonucleotide

reductase inhibitor, inducing replication fork stalls due to nucleo-

tidedepletion (Figure3N).HUpulsingexpectedlyalmostabolished

EdU incorporation in MCF10A cells, (Figure 3O, 0 h), demon-

strating global stalling of replication. To test whether replication

restart is faithfully coordinated to avoid detrimental DSBs,6,50 we

released the HU-pulsed cells for 3 h into drug-freemedium, allow-

ing complete recovery of DNA synthesis (Figure 3O, 3 h). The time

course of DNA synthesis was paralleled by the induction and res-

olutionofS-phasegH2AX,demonstrating transientDDRactivation

(Figures 3O and 3P, 0 versus 3 h). Of note, HU treatment did not
Figure 3. ZEB1 induces replication stress without compromising the s

(A and B) Cell-cycle profiles of ZEB1hi and ZEB1lo cells of cancer cell lines (A) an

(C and D) EdU incorporation of indicated cancer cells (C) and of MCF10A Ctrl- a

(E–G) HiMAC of gH2AX (E), pRPA (F), and RAD51 (G) in MCF10A Ctrl- and TG

quantification (right). Red arrowheads indicate ZEB1hi cells and blue ones ZEB1l

(H–J) Scoring of gH2AX (H), pRPA (I), and RAD51 foci (J) in cancer cells.

(K) Scoring of gH2AX in MCF10A iZEB1 cells after 72 h Ctrl or doxycycline (Dox)

(L) Representative IF images of gH2AX and EdU in ZEB1-GFP or GFP-overexpre

-negative cells, respectively. Scale bar, 20 mm. HiMAC of gH2AX intensity follow

(M) HiMAC of gH2AX intensity after 72 h of the indicated siRNA knockdown.

(N) Workflow of HU treatment. Ctrl-/TGF-b-stimulated cells were treated with HU

(O–Q) EdU incorporation (O), gH2AX intensity (P), and RAD51 foci (Q) of MCF10

to (N).

Data are depicted as themean ±SEM of nR 3 independent experiments (A and B

and M), and R300 (O–Q) cells per group of n = 3 independent experiments (C–I,

two-way ANOVA with Sidak’s post-test (A and B) comparing ZEB1lo with ZEB1

comparing ZEB1hi with ZEB1lo cells, GFP-negative with GFP-positive cells (L

****p < 0.0001.
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induceRAD51 or 53BP1 foci in S phase (Figures 3Q and S3I), indi-

catinganabsenceof excessive replication fork collapses. Interest-

ingly, DNA replication rates and gH2AX (and RAD51) levels re-

mained stably elevated upon HU pulsing and recovery in ZEB1hi

cells compared with their ZEB1lo counterparts (Figures 3O–3Q

and S3J–S3M), suggesting safe handling of replication forks in

ZEB1hi cells. Consistently, MDA-MB-231 ZEB1hi cells displayed

increased expression of several important DDR factors (Fig-

ure S3N). Taken together, these data show S-phase DDR profi-

ciency of ZEB1hi cells and suggest that apparent DDR defects

are not causing their replication stress.

ZEB1 promotes G1/S transition via CDK6
DNA replication stress can be caused by accelerated entry into

S phase.51,52 In order to test whether this occurs in ZEB1hi

cells, we measured cell-cycle length by cumulative EdU label-

ing46 in TGF-b-treated MCF10A cells. As expected, TGF-b

generally prolonged the cell cycle compared with vehicle con-

trol (Figures 4A and S4A). Interestingly, ZEB1lo and ZEB1hi cells

both exerted a similar overall lengthening of the cell cycle.

While this was almost exclusively due to a huge delay of pass-

ing through G1 phase in ZEB1lo cells, ZEB1hi cells displayed

only a moderate increase in G1 length compared with

vehicle-treated cells and, consequently, a marked shortening

of G1 phase compared with ZEB1lo cells (Figures 4A and

S4A). The prolonged S phase in ZEB1hi cells is consistent

with their replication stress (Figures 3D–3G).

Next, we analyzed the loading of minichromosome mainte-

nance complex (MCM) member MCM2 onto chromatin to

mark the replicative helicase complex assembled for initiating

DNA synthesis. As expected, chromatin-bound MCM2 started

in G1 phase, peaked in early S phase, and decreased gradually

during S-phase progression (Figure S4B). ZEB1hi cells in all

models displayed increased loading of MCM2 in early S phase

and in G1 phase (Figures 4B and 4D), where the earliest origins

are licensed, implying faster commitment to S phase by ZEB1.

Consistently, ZEB1 protein levels peaked in early S phase (Fig-

ure S4D). Notably, general ZEB1 protein content showed no

major fluctuation throughout cell-cycle progression, as

deduced from western blotting of ZEB1 from G1-, S-, and

G2/M-phase cells separated by fluorescence-activated cell
afe handling of replication forks

d of Ctrl-/TGF-b-treated MCF10A cells (B).

nd TGF-b-induced ZEB1hi and ZEB1lo cells (D).

F-b-induced ZEB1hi and ZEB1lo cells with representative images (left) and
o cells. Scale bar, 20 mm.

treatment.

ssing HCT116 cells with red and blue arrowheads marking GFP-positive and

ing GFP or ZEB1-GFP overexpression for 72 h.

for 30 min and either fixed directly or after 3 h of recovery in drug-free medium.

A Ctrl- and TGF-b-induced ZEB1hi and ZEB1lo cells after treatment according

) or themeans ±SEM ofR180 (C),R280 (D–G),R150 (H–J),R700 (K),R400 (L

K, M–O) or nR 2 (J and L). Indicators (*/#) mark significance as determined by
hi cells (*) within each cell line or with Ctrl (#) and Mann-Whitney tests (C–Q)

), or ZEB1hi and ZEB1lo with bulk (M). *p < 0.05, **p < 0.01, ***p < 0.001,



(legend on next page)

Cell Reports 41, 111819, December 13, 2022 7

Article
ll

OPEN ACCESS



Article
ll

OPEN ACCESS
sorting according to the fluorescent cell-cycle reporter PIP-

Fucci53 (Figure S4C). EdU incorporation in S phase was

decreased upon inducible knockdown of ZEB1, directly linking

full DNA replication rate to ZEB1 (Figure S4E). Remarkably, only

ZEB1lo, but not ZEB1hi, cells lowered MCM2 loading at the

G1/S border upon TGF-b treatment (Figure 4B) and stopped

cycling (Figure 4C). These findings indicate that increased initi-

ation of DNA synthesis allows ZEB1hi cells to escape the anti-

proliferative effect of TGF-b48,54 and show that ZEB1hi cells

accelerate G1/S transition.

In line with this, Metascape analysis of the MDA-MB-231

ZEB1hi genes from scRNA-seq revealed terms on G1/S transi-

tion (log10(q value) % �10; Table S2) with upregulation of its

key drivers CDK4, CDK6, and Cyclin D1/3 (CCND1/3), as

well as E2F3 and replication initiation factors (CDC45,

MCM7/3, CDC6) (Figure 4E). We then pinpointed activated

candidate target genes of ZEB1, whose promoters are bound

by ZEB1, by integrating the ZEB1hi gene set with ZEB1-ChIP-

seq and bulk transcriptomes of short hairpin (sh) control

(shCtrl) and shZEB1 cells.31 The shared candidate targets

supported altered G1/S transition (Figure 4F; Table S3) and

included CDK6 (Figure 4G), CCND3, and E2F3. Among these,

CDK6 showed reduced expression upon transient and stable

ZEB1 knockdown across cell lines (Figures 4H and S4F) and

was upregulated upon inducible ZEB1 overexpression (Fig-

ure 4H). Publicly deposited ZEB1 ChIP-seq data ruled out

cell-line specificity of CDK6 as a ZEB1 candidate target

(Figures S4G and S4H). Importantly, short-term treatment

with the CDK4/6 inhibitor palbociclib equalized the rewired

cell cycle and diminished the elevated replication stress

response in ZEB1hi cells (Figures 4I–4K). Likewise, siRNA-

mediated knockdown of CDK6 led to a significantly stronger

G1-phase enrichment in ZEB1hi cells, demonstrating their

enhanced dependence on CDK6 for S-phase entry compared

with ZEB1lo cells (Figure 4L). Consequently, ZEB1hi and

ZEB1lo cells that proceeded to S phase in the absence of

CDK6 showed equalized RAD51 foci (Figures S4J and S4K).

Taken together, these data show that ZEB1 promotes

S-phase entry via CDK6.
Figure 4. ZEB1 promotes G1/S transition via CDK6 causing a replicatio

(A) Lengths of cell-cycle phases in MCF10A Ctrl- and TGF-b-induced ZEB1hi and

(B) HiMAC of chromatin-boundMCM2 ofMCF10A Ctrl- and TGF-b-induced ZEB1

Red arrowheads indicate ZEB1hi cells and blue ones ZEB1lo cells. Scale bar, 20

(C) Determination of cycling activity in MCF10A Ctrl- and TGF-b-induced ZEB1hi

(D) HiMAC of chromatin-bound MCM2 of ZEB1hi and ZEB1lo cells in untreated c

(E) Differential expression of genes related to S-phase entry in MDA-MB-231 ZEB

(p < 0.01; FDR < 0.1).

(F) GSEA using EnrichR of a shared set of genes previously described to be acti

(G) Integrative Genomics Viewer (IGV) image showing ZEB1 peaks at the promo

(H)RelativemRNAexpression levels (qRT-PCR) of the indicated genes following siR

(I) Cell-cycle profile of TGF-b- treated MCF10A cells ± palbociclib (Palbo) treatm

(J and K) HiMAC of EdU (J) and gH2AX foci (K) of TGF-b-induced MCF10A ZEB1

(L) Increase of G1 fraction in ZEB1hi and ZEB1lo cells following siCDK6 knockdo

mean of two individual siCDK6 oligonucleotides is shown.

Data are depicted as themean ± SEM of nR 3 independent experiments (A, C, H,

means ± SEM of >140 cells (B), >100 HCT116, A549, R75 Panc1, MDA-MB-23

experiments. Indicators (*/#) mark significance as determined by Mann-Whitney te

K); by Student’s t test comparing siCtrl with siZEB1 or Ctrl with Dox (H); by two-w

b + Palbo with TGFb (#); and by paired t test comparing ZEB1lo with ZEB1hi (L). *
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MRE11-engaging DDR adaptation restrains replication
stress in ZEB1hi cells
As ZEB1hi cells persisted during routine culture, the DDR in

ZEB1hi cells may have to be co-adapted to tolerate ZEB1-

induced replication stress. The increase in RAD51 foci in

ZEB1hi cells (Figures 3G and 3J) suggested replication interme-

diates, resolution of which requires the MRE11-RAD50-NBS1

(MRN) complex.45,55 Analysis of MRN complex members in

TGF-b-treated MCF10A cells revealed correlation with ZEB1

(Figures 5A and 5B). Intriguingly, only TGF-b-induced ZEB1hi,

but not ZEB1lo, cells contained more MRE11 and NBS1 when

compared with vehicle-treated cells (Figure 5C). Highlighting

MRE11 specificity, CTIP, another S-/G2-/M-phase DDR

nuclease, was unchanged (Figures 5D and 5E and S5A). Impor-

tantly, we detected MRN enrichment in ZEB1hi cancer cells

compared with ZEB1lo (Figure 5F), correlation of MRE11 and

ZEB1 in bulk analyses (Figures S5B–S5D), and reproducibly

reduced protein levels of MRE11 and RAD50, but not NBS1,

upon ZEB1 knockdown compared with shGFP control lines (Fig-

ure S5E). We noticed ZEB1 binding at the promoters of MRE11

(MRE11A) and RAD50, but not NBS1 (NBN), in ChIP-seq31 and

upregulation of MRE11 in ZEB1hi cells in scRNA-seq (Figure S5F

and S3N). Collectively, these data demonstrate that ZEB1hi can-

cer cells show a specific upregulation of MRE11, which can be

induced by TGF-b treatment in non-tumorigenic MCF10A cells.

As this may reflect an essential adaptation of ZEB1hi cells to

the ZEB1-induced replication stress, we treated MCF10A cells

with TGF-b and the specific MRE11 inhibitor mirin. Strikingly,

mirin strongly reduced the accumulation of ZEB1hi cells upon

TGF-b, which was mostly attributable to a decrease in cells

with very high levels of ZEB1 (Figures 5G and 5H). Intriguingly,

mirin did not impairmesenchymal morphology ormarker expres-

sion, such as N-cadherin, vimentin, and loss of E-cadherin (Fig-

ure 5I), indicating that a minor upregulation of ZEB1, such as in

ZEB1lo cells, may be sufficient to drive classical EMT but not

to trigger MRE11-activating replication stress. We then sought

to clarify the fate of ZEB1hi cells in response to mirin. As we

did not observe apparent cell death in culture, we hypothesized

that unresolved recombination intermediates may cause
n stress response

ZEB1lo cells.
hi and ZEB1lo cells with representative images (top) and quantification (bottom).

mm.

and ZEB1lo cells after 24 h EdU labeling and Ki67 IF by HiMAC.

ancer cells.

1hi cells relative to ZEB1lo cells from single-cell RNA sequencing (scRNA-seq)

vated by ZEB1 and those upregulated in ZEB1hi from scRNA-seq.

ter region of CDK6 from anti-ZEB1 ChIP-seq.31

NA-mediatedZEB1knockdownorDox-inducedZEB1overexpression for 72h.

ent for 24 h.
hi and ZEB1lo cells ± Palbo.

wn for 72 h in MCF10A + TGF-b, MDA-MB-231, A549, and HCT116 cells. The

and I), as data points of nR 3 independent experiments of 4 cell lines (L), or the

1, >50 J82 cells (D), or R170 cells (J and K) per group of n = 3 independent

sts comparing Ctrl with ZEB1lo/hi (# in B) or ZEB1lo with ZEB1hi (* in B–D, J, and

ay ANOVA with Sidak’s post-test (I) comparing ZEB1hi with ZEB1lo (*) and TGF-

p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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proliferation defects in themirin-treated ZEB1hi cells. Supporting

this, mirin treatment increased RAD51 foci strongest in G2-/M-

phase of ZEB1hi cells (Figure 5J). Consequently, mirin-treated

ZEB1hi cells exhibited a G2/M arrest (Figure 5K), but the

ZEB1lo cells remained unaffected. These data are consistent

with DNA damage dose-dependent checkpoint activation in S-

and G2-/M-phases56 and shows that TGF-b-induced ZEB1hi,

but not ZEB1lo, cells require MRE11 activity for cycling.

MRE11 inhibition selectively reduces ZEB1hi cancer
cells and improves chemotherapy
Since accumulation of recombination intermediates in ZEB1hi

cells was conserved in cancer cell lines, the necessity to resolve

them byMRE11might be a common vulnerability of ZEB1hi cells.

Therefore, we treated cancer cell lines with mirin (<IC25; Fig-

ure S6A) and scored the ZEB1hi fraction. Strikingly, mirin treat-

ment reduced all ZEB1hi fractions without markedly affecting

ZEB1 expression in individual ZEB1lo/hi cells (Figures 6A, 6B,

and S6B). Based on previously described chemoprotection by

ZEB127,29,34,36,38–40 and our result that chemotherapy selected

for ZEB1hi cells (Figures 1H and 1I), we sought to prove chemo-

sensitization by MRE11 inhibition. Based on the regimen in the

clinics, we pre-treated the cells with the respective chemothera-

peutics before inhibiting MRE11. As expected, chemotherapies

reduced cell viability dramatically (by 60%–70%) but also left

up to 40% chemoresistant ZEB1hi-enriched survivors (Fig-

ure S6C, 1H, and 1I). Strikingly, follow-up treatment with mirin

and chemotherapy instead of chemotherapy alone further

reduced viability in all entities (Figure 6C). Likewise, specific

knockdown of MRE11 or the use of a second MRE11 exonu-

clease inhibitor (PFM39) decreased cell viability compared with

chemotherapy alone (Figures S6D–S6G). These findings strongly

suggest that ZEB1hi cells can be attacked by mirin for improving

chemotherapy. In order to verify this in vivo, we xenografted

MDA-MB-231 cells with an overall high expression level of

ZEB1 and subjected tumor-bearing mice to a treatment regimen

applying doxorubicin (Doxo) pulses prior to mirin. Mirin alone did

not significantly affect tumor growth (Figures S6H–S6J). While

Doxo monotherapy only partially inhibited tumor growth, with a

few tumors almost not responding to the therapy at all, the com-

bination therapy with mirin caused complete tumor stasis
Figure 5. ZEB1hi cells engage MRE11 to restrain endogenous replicati

(A–C) HiMAC of ZEB1 co-stained with MRE11, RAD50, or NBS1 in Ctrl- and TGF-

arrowheads) and ZEB1lo cells (blue arrowheads), scatterplots of the signal intensiti

averaged as bar graphs in Ctrl and ZEB1lo/hi cells (C). Scale bar, 20 mm.

(D and E) HiMAC ofMRE11 andCTIP ofMCF10A Ctrl- and TGF-b-induced ZEB1hi

bar, 20 mm.

(F) HiMAC of the indicated cancer cell lines and proteins.

(G and H) HiMAC of ZEB1 with representative images after the indicated treatmen

bar, 40 mm. Scatterplot in (H) depicts the distribution of total ZEB1 IF intensities, co

represent the top 20% of ZEB1hi cells and ZEB1hi+ (light red) the remaining 80%. T

treatment.

(I) Representative western blot of the indicated proteins in Ctrl-/TGF-b-treated M

(J) HiMAC of RAD51 foci in MCF10A treated as in (G).

(K) Cell-cycle profiles of Ctrl-/TGF-b-treated MCF10A cells ± mirin.

Data are depicted as the mean ± SEM of n = 3 independent experiments (H, botto

and J), or >800 cells (H, top panel) per group of nR 3 (B, C, E, and J) or n = 2 (F)

Mann-Whitney tests (C, E, F, H, top panel, and J) comparing ZEB1lo with ZEB1hi

(K) comparing ZEB1hi with ZEB1lo (*) and TGF-b + mirin with TGF-b (#). *p < 0.05
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(Figures 6D and 6E). These data show that tumors from MDA-

MB-231 cells can be sensitized to low-dose Doxo therapy by

mirin treatment. Akin to the in vitro data, ZEB1hi cells enriched

in response to Doxo over ZEB1lo cells, which was considerably

blocked by mirin co-treatment (Figures 6F and 6G). We noted

that mirin treatment alone insignificantly reduced the fraction of

ZEB1hi cells and found a high correlation of ZEB1 and MRE11

expression in all conditions (Figures 6G and 6H). These data

demonstrate that ZEB1hi cells resist Doxo therapy but are

partially sensitive to mirin in vivo.

Collectively, these data provide a proof of concept across

cancer cell lines and in vivo that specific DDR inhibition, as

exemplified by MRE11, can improve chemotherapy by selec-

tively targeting the ZEB1hi cells.

DISCUSSION

Here, we discovered a translationally relevant intercellular het-

erogeneity in the expression of the EMT-TF ZEB1 in tumor tissue

and cultured cancer cell lines that is conserved across cancer

types. ZEB1hi cells display altered expression of cell-cycle regu-

lators, DNA replication, and DDR genes in cultured cell lines and

in a published PDX sc transcriptome dataset. ZEB1hi cells un-

dergo premature S-phase entry, promoting a DNA replication

stress response, which is attributable to activation of the G1/S

driver CDK6 and could only be endured due to compensatory

upregulation of S/G2/M DDR factors, particularly MRE11

(Figure 6D). This phenotype is specific to ZEB1, as no other

EMT-TF was enriched in ZEB1hi cells, nor did Snailhi cells

pheno-copy ZEB1hi cells. It provided no net benefit for prolifera-

tion of ZEB1hi cells, which so remained a minor sub-population

during routine culture but enriched during chemotherapy

in vitro and in vivo. This is consistent with known ZEB1-linked re-

sistances. Strikingly, MRE11 inhibition reduced the resistant

ZEB1hi pool, thereby chemosensitizing multiple cancer cell lines

andMDA-MB-231 breast tumor xenografts, revealing a potential

selective vulnerability of ZEB1hi cells in MRE11 activity.

EMT stimuli are often described to be anti-proliferative,37 but

there are conflicting reports on the role of ZEB1 in proliferation.

While it was demonstrated that ZEB1 is required for the full

replicative potential of mouse embryonic fibroblasts and
on stress

b-treated MCF10A cells with representative IF images (A) marking ZEB1hi (red

es with linear regression, and Pearson’s r correlation in bulk populations (B) and

and ZEB1lo cells with representative IF images (D) and quantifications (E). Scale

ts (G). Red arrowheads indicate ZEB1hi cells and blue ones ZEB1lo cells. Scale

lor coded as to ZEB1lo (blue) and ZEB1hi cells, amongwhich ZEB1hi++ (dark red)

he bar graph shows themean reduction of the indicated ZEB1hi cells after mirin

CF10A cells ± mirin and quantifications relative to b-actin.

m panel, and K) or the means ± SEM of >1,000 cells (B and C),R300 cells (E, F,

independent experiments. Indicators (*/#) mark significance, as determined by

(*) or ZEB1lo/hi with Ctrl (#, in C) and by two-way ANOVA with Sidak’s post-test

, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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developmental progenitors,57 it was proposed to contribute to

TGF-b-induced growth arrest.58 The EMT-TFs ZEB2 and Snail,

which are both not enriched in ZEB1hi MDA-MB-231, were re-

ported to block proliferation by repressing cyclin D1 and cyclin

D2, respectively,59,60 together reinforcing functional specificities

of EMT-TFs.29 Contrasting these studies, but in line with a report

on release fromG1 synchronization,61 we established a cell-line-

independent role of ZEB1 in promoting G1/S transition showing

that ZEB1hi cells commit earlier to S phase. Integrating sc and

bulk transcriptomes as well as ZEB1 ChIP-seq data31 to pinpoint

likely direct targets of ZEB1, we demonstrate ZEB1-dependent

expression of CDK6 and that its activity is required for the accel-

erated S-phase entry and the ensuing replication stress in TGF-

b-induced ZEB1hi cells. Together with the recently reported

stabilization of ZEB1 by CDK6 via USP51,62 our data suggest a

feedforward loop of CDK6 and ZEB1 to drive G1/S transition.

Notably, CDK6 abundance in melanoma can be restrained

by miR200a,63 a well-established reciprocal ZEB1 target,36,39

altogether highlighting the key role of ZEB1 in promoting

CDK6-driven S-phase entry.

Accordingly, TGF-b-induced ZEB1hi MCF10A cells failed to

reduce initiation of DNA synthesis and overrode the known

TGF-b-associated growth arrest.48,54 Thus, the Janus faces of

TGF-b may be linked to the ZEB1hi/lo states, expanding ZEB1’s

established role in TGF-b-associated EMT and malignancy by

coupling EMT to proliferation.28,36,54 Consistently, ZEB1 is

required for initiating the outgrowth of dormant metastatic can-

cer cells.64 Reconciling with other reports,65,66 we propose that

ZEB1 counteracts senescence by promoting S-phase entry.

We showed that ZEB1hi cells exhibit higher endogenous repli-

cation stress, which delayed their S-phase progression. Both

DDR defects and/or premature S-phase entry are known to

cause DNA replication stress.6,7,51,52 In our study, ZEB1hi cells

responded normally to the well-established replication poison

HU, and several molecules from different DDR branches, such

as PARP1, MRE11, and DNA-PKCs (PRKDCs), were upregu-

lated in scRNA-seq. Thus, we reason that safe handling of

damaged replication forks is retained in ZEB1hi cells due to co-

activation of the DDR. This is in agreement with the concept

that ZEB1 supports genomic stability and faithful DNA repair
Figure 6. Reducing ZEB1hi cells by MRE11 inhibition improves chemot

(A) Representative ZEB1 IF images after 72 h mirin treatment. Scale bar, 40 mm.

(B) Quantification of ZEB1hi cells from (A) relative to Ctrl treatment.

(C) Cell viability measurement in cell lines treated with chemotherapy (chemo) an

chemo (please refer to Figure S6C) is shown.

(D) Relative longitudinal growth of subcutaneous MDA-MB-231 tumors intermitt

(Doxo + Mir) relative to tumor volume at treatment start (0 weeks).

(E) Endpoint measurements of tumor volume (top) and tumor mass (bottom).

(F–H) IF staining of ZEB1 and MRE11 of cryopreserved tumor sections (F) (tumor

ZEB1hi cells (G) and correlation of ZEB1 and MRE11 with Pearson’s R and p valu

Data are depicted as the means ± SEM of n R 3 independent experiments (B

tumors ±SEM (D), ±SD (E), andminimum tomaximum (Min-to-Max) plots of at leas

as determined by Student’s t test comparing chemowith respective Ctrl (B); paired

post-test comparing Ctrl versus Dox + mirin (D); one-way ANOVA with Holm-S

***p < 0.001, ****p < 0.0001.

(I) Model. Cell populations display heterogeneity in ZEB1 expression levels ran

transition via CDK6, causing moderate endogenous DNA replication stress in ZEB

homeostasis of ZEB1hi/lo cells under normal conditions and ZEB1hi enrichment in r

chemoresistant, but MRE11-dependent, ZEB1hi cells from the bulk population, i
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via promotion of anti-oxidant defenses,66 repression of the

mutagenic end-joining polymerase theta,67 or involvement of

ATM to activate HR for DSB repair.42,43 In this regard, MDA-

MB-231 ZEB1hi cells in our study did not express higher mRNA

levels of ATM (or ATR) but harbored more endogenous recombi-

nation substrates (RAD51 foci) than ZEB1lo cells, supporting

enhanced recombination. Altogether, we conclude that ZEB1-

dependent replication stress is caused by pushing the cells pre-

maturely into S phase and can only be tolerated by co-activation

of the DDR in ZEB1hi cells.

One of the major DDR effectors is p53. It is established that

wild-type p53 can inhibit EMT, tumor cell invasiveness, and,

particularly, EMT-related stemness features, for instance by

transcriptional induction of miRNA200c negatively regulating

EMT-TFs68 or MDM2-mediated degradation of the EMT-TF

Slug.69 Since EMT-TFs can likewise inhibit p53 and other tu-

mor-suppressive programs, it appears that a sophisticated

mutual inhibition of EMT and p53 is governing EMT commitment

and tumor suppression versus malignancy.70,71 Intriguingly, in

our study, there was no apparent dependence of the ZEB1hi

phenotype on p53 status across the various cell lines we used,

i.e., MCF10A (p53 wild-type [WT]), HCT116 (p53WT), A549

(p53WT), J82 (p53 mutant [mut]), Panc1 (p53 mut), and MDA-

MB-231 (p53 mut). We thus conclude that p53 status seems

not to dramatically affect the role of ZEB1 promoting S-phase

entry triggering sub-lethal DNA replication stress. We reason

that this might be due to the low intensity of stress induced,

as exceeding the stress level by MRE11 inhibition indeed acti-

vated the G2/M checkpoint in MCF10A cells. In concert with

reports that high ZEB1 expression does not correlate with p53

mutations in patients with cancer and that ZEB1 high expression

is associated with genomic stability, at least in breast cancer,66 it

seems to us that ZEB1 high expression does not exert a selec-

tion pressure on p53 mutation. This, however, warrants further

experimental proof.

We revealed correlated expression of ZEB1 and the MRN-

complex member MRE11 in various cell lines as well as in TGF-

b-treated MCF10A cells and a selective dependency of ZEB1hi

cells on MRE11 activity. Thus, our study not only introduced

ZEB1 as an important fine-tuner of cell-cycle progression and
herapy

d mirin as indicated in the scheme on the left. Cell viability relative to standard

ently treated with vehicles (Ctrl), doxorubicin (Doxo) alone, or Doxo plus mirin

s from D and E and Figures S6H–S6J) and quantifications showing fraction of

e in individual cells from Ctrl-treated tumors (H). Scale bar: 100 mm.

), the means of n R 3 independent experiments (C), or the means of n R 9

t 14 fields of view derived from nR 9 tumors (G). Asterisks (*) mark significance

t test comparing chemowith chemo +mirin (C); two-way ANOVAwith Tukey’s

idak post-test as indicated (E), and Welch ANOVA (G). *p < 0.05, **p < 0.01,

ging from low (lo) to high (hi). ZEB1hi rewires cell cycling by promoting G1/S

1hi cells. This leads to an upregulation of DDR factors such as MRE11, allowing

esponse to TGF-b or genotoxic chemotherapy. AsMRE11 inhibition withdraws

t increases chemosensitivity.
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DDR but also exposed a weak spot of chemoresistant ZEB1hi

cells that is linked to S-phase DDR rewiring. As a proof of

concept, we showed that theMRE11 inhibitor mirin chemosensi-

tizesdifferent cancer cells in concentrations that only reduced the

ZEB1hi sub-population. Importantly, low-dosemirin co-treatment

following Doxo pulses partially blocked the enrichment of resis-

tant ZEB1hi cells by Doxo and sensitized MDA-MB-231 tumors

in a xenograft model, causing tumor stasis. Of note, MRE11

expression is associated with poor survival and chemoresponse

in several cancer entities72–74 andwas shown tomitigate replica-

tion stress in different cell culture models.75,76 However, despite

promising results in cell culture studies, mirin has not yet pro-

gressed to the clinics,77,78 perhaps partially due to high dosing

for bulk tumor cell targeting, neglecting intercellular heterogene-

ity in drug sensitivity. MRE11 is a major player in ATM activation,

resection of DSBs for HR, and of replication forks to prevent or

resolve replication intermediates, which can be either essential

or detrimental, and it can inhibit the new firing of origins.45,55,79,80

We found alterations in ZEB1hi cells in these features, namely

increased helicase loading, indicative of increased origin firing,

higher DNA synthesis rates, and rise in recombination intermedi-

ates.As the remainingZEB1hi cells afterMRE11 inhibitionbymirin

accumulated RAD51 foci and trended to S-phase delay and G2/

M arrest, but showed no further increase in DNA synthesis rates,

we favor thescenario thatZEB1hi cells aredependenton the func-

tion of MRE11 in fork remodeling.

The cell-cycle and ensuingDDR rewiring unleashed by ZEB1 is

dispensable for proliferation under normal conditions but is

necessary for full ZEB1 induction by TGF-b and beneficial under

genotoxic stress. Shortening of G1 phase causing moderate

DNA replication stress is a known feature of stemness4,51,81,82

that compromises chemotherapies by increasing replisome as-

semblies in S phase and hyper-activating the DDR.17,21,83,84

Chemoresistant ZEB1hi cells are equipped with these arma-

ments against genotoxic stress, and we propose that ZEB1 initi-

ates the underlying cascade by enforcing S-phase entry via its

likely target CDK6. Collectively, ZEB1-driven tuning of the cell

cycle consequentially co-activating the DDR is a facet of

ZEB1-related plasticity that aids well-known stemness and

resistance features.26–28,38,42–44,66 This provides a selection

advantage for the ZEB1hi sub-population of cancer cells under

stresses like TGF-b exposure and chemotherapy, while

imposing a translationally relevant selective weak spot, as we

exemplified here by MRE11 inhibition. Targeting replication

stress responses for cancer therapy has been proposed

before.1,3,5,10,11,21,85 Our study thus revealed the prospect of

specifically targeting ZEB1-driven DDR adaptations, which often

preclude successful cancer therapy.

Limitations of the study
Our studyexposes a targetable interplayofZEB1and theDDR.We

show thatbyacceleratedS-phaseentry andsubsequentmild repli-

cation stress, ZEB1hi cells exhibit anMRE11-engaging co-adapta-

tion of the DDR, resulting in a survival benefit upon genotoxic

stress. This comeswith the cost of a co-dependence of ZEB1hi ex-

pressing cells on MRE11 in vitro and in vivo. However, we found

that MRE11 inhibition or loss by siRNA-mediated knockdown

only partially reduces ZEB1hi expressing cells, most evidently
observed after chemotherapy in vivo. Therefore, the DDR in

ZEB1hi cells is most likely adapted on multiple levels, particularly

in response to genotoxic stress. This extensive investigation of

DDR plasticity was beyond the scope of our pioneering work but,

for translational purposes, needs to be dissected in detail.

Mechanistically, we focused on CDK6 as driver of G1/S transi-

tion in ZEB1hi cells as it appeared to be a likely direct target of

ZEB1andwasmost consistently co-regulatedwith experimentally

modulated ZEB1 expression. However, it is important to appre-

ciate that our study does not rule out the possibility that other

cell-cycle regulators participate in complex regulatory circuits to

govern ZEB1-engaging transitions between cell-cycle phases. It

also remains to be explored whether the ZEB1 status is intercon-

vertible, switching fromZEB1lo to ZEB1hi, and vice versa, perhaps

depending on environmental cues or stresses, as this would prob-

ably contribute to cellular plasticity. Mirin in combination with

chemotherapy indeed showed promising effects on tumor growth

leading to tumor stasis in immune-compromised mice. To

our knowledge, though, the lack of clinically approved MRE11 in-

hibitors to date impede direct translation of our findings to cancer

therapy. In this respect, our study fosters the idea of targeting the

translationally relevant intersection of EMT and the DDR.
STAR+METHODS

Detailed methods are provided in the online version of this paper

and include the following:

d KEY RESOURCES TABLE

d RESOURCE AVAILABILITY
B Lead contact

B Materials availability

B Data and code availability

d EXPERIMENTAL MODEL AND SUBJECT DETAILS

B Mice

B Cell lines

d METHOD DETAILS

B Drug treatments

B Cell viability assays

B Generation of plasmids

B Transfection

B RNA extraction and RT-qPCR

B Western blot analysis

B Sorting of PIP-FUCCI cells

B EdU labeling

B Immunofluorescence and image acquisition

B HiMAC

B Cell cycle length measurement

B Subcutaneous tumors and chemotherapy

B Immunohistochemistry

B Single-cell RNA sequencing and analysis

B Analysis of public ZEB1 ChIP-seq data

d QUANTIFICATION AND STATISTICAL ANALYSIS
SUPPLEMENTAL INFORMATION

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

celrep.2022.111819.
Cell Reports 41, 111819, December 13, 2022 13

https://doi.org/10.1016/j.celrep.2022.111819
https://doi.org/10.1016/j.celrep.2022.111819


Article
ll

OPEN ACCESS
ACKNOWLEDGMENTS

We are grateful for Eva Bauer, Britta Schlund, and Friederike Gräbner for
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Rabbit polyclonal anti- ZEB1 Sigma Cat#HPA027524; RRID: AB_1844977

Mouse monoclonal anti- ZEB1 Sigma Cat#AMAb90510; RRID: AB_2665569

Rabbit polyclonal anti- ZEB1 Novus biologicals Cat#NBP1-05987; RRID: AB_1556166
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CMV:Blast-PIP-FUCCI
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Addgene Cat##138715; RRID: Addgene_138715

Biological samples

Mouse Tumor cryosections This paper N/A

Chemicals, peptides, and recombinant proteins

TGFb1 Peprotech Cat#100-21

Mitomycin Sigma Cat#M4287

Camptothecin R&D Cat#1100

Doxorubicin Sigma Cat#44583

Gemcitabine Sigma Cat#G6423

Cisplatin Sigma Cat#C2210000

Hydroxyurea Sigma Cat#H6527
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PFM39 Sigma Cat#SML1839
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Lipofectamine RNAiMAX Thermo Fisher Cat#13778

FuGENE HD transfection reagent Promega Cat#E2311

Matrigel Corning Cat#356231

Critical commercial assays

Click-iT� EdU Alexa

Fluor� 647 Imaging Kit

Thermo Fisher Cat#C10340

Deposited data

Raw and analyzed data

(single cell RNA sequencing)

This paper GEO: GSE217273

Code for ChiPseq analysis

(chip-atlas.org)

This paper Zenodo: https://doi.org/10.5281/zenodo.7304459

Original western blot images This paper Mendeley Data:

https://doi.org/10.17632/dx7bk7p849.1

Experimental models: Cell lines

Human: MCF10A ATCC Cat# CRL-10317; RRID: CVCL_0598

Human: MDA-MB-231 ATCC Cat# HTB-26; RRID: CVCL_0062

Human: A549 ATCC Cat# CCL-185

Human: Panc1 ATCC Cat# CRL-1469; RRID: CVCL_0480

Human: J82 ATCC Cat# HTB-1; RRID: CVCL_0359

Human: HCT116 Regine Schneider-Stock,

University Hospital Erlangen,

Germany

N/A

MDA-MB-231 shGFP/shZEB1 Spaderna et al.86 N/A

Panc1 shGFP/shZEB1 Wellner et al.27 N/A

MCF10A iZEB1 Lehmann et al.47 N/A

Panc1 ishCtrl/ishZEB1 This paper N/A

MDA-MB-231 PIP-FUCCI This paper/Arwin Groenewoud,

FAU Erlangen, Germany.

N/A

SW620 PIP-FUCCI This paper/Arwin Groenewoud,

FAU Erlangen, Germany

N/A

Experimental models: Organisms/strains

Nod-Scid-gamma Fabian M€uller, University

Hospital Erlangen, Germany

N/A

Oligonucleotides

siRNA targeting sequence negative Ctrl #1 Ambion (silencer select) Cat#4390844

siRNA targeting sequence negative Ctrl #2 Ambion (silencer select) Cat#4390847

siRNA targeting sequence CDK6#1

50-GUUUGUAACAGAUAUCGAUTT-30
Ambion (silencer select) Cat# 4390824 (s51)

siRNA targeting sequence CDK6#1

50GCAGAAAUGUUUCGUAGAATT-30
Ambion (silencer select) Cat# 4390824 (s53)

siRNA targeting sequence MRE11

50-GGAUAUUGUUCUAGCUAAUTT-30
Ambion (silencer select) Cat#AM16708 (s144071)

siRNA targeting sequence ZEB1#1

50-GGUAGAUGGUAAUGUAAUATT-30
Ambion (silencer select) Cat#4392420 (s229971)

siRNA targeting sequence ZEB1#1

50-GGAAGAACGUGACAGCACATT-30
Ambion (silencer select) Cat#4392420 (s229970)

Primers for qPCR, see Table S2 This paper N/A

Recombinant DNA

pCDNA3.1 (+) Thermo Fisher Cat#V79020
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Software and algorithms

CellProfiler 2.1.0 Kamentsky et al.87 N/A

GraphPad Prism Version 9.0.0 GraphPad Software RRID: SCR_002798

Leica Application Suite X software Leica N/A

hiMAC Bruhn et al.46 N/A

ChIP-Atlas Oki et al.88 N/A
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Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Harald

Schuhwerk (harald.schuhwerk@fau.de).

Materials availability
This study did not generate new unique reagents.

Data and code availability
d sc RNA-seq data have been deposited at GEO and are publicly available as of the date of publication. For accession numbers

see the key resources table. Original western blot images have been deposited atMendeley and are publicly available. DOIs are

listed in the key resources table.

d All original code has been deposited at Zenodo and is publicly available as of the date of publication. DOIs are listed in the key

resources table.

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

Mice
All mouse experiments were approved by the Committee on Ethics of Animal Experiments of the State of Bavaria (Regierung Unter-

franken, W€urzburg) and performed according to European Animal Welfare laws and guidelines. NOD.Cg-Prkdcscid Il2rgtm1WjI/SzJ

(Nod-Scid-gamma, NSG) were bred by and received from Fabian M€uller (Department of Hematology/Oncology, University Hospital

Erlangen). Mice (male and female) used for subcutaneous tumor cell implantation were 8-10 week old at treatment start.

Cell lines
All cell lines were cultured under standard conditions (37�C, 5% CO2) and routinely tested for absence of mycoplasma. MDA-MB-

231, A549, Panc1, J82 and SW620 cells were cultured in DMEM high glucose (Thermo Fisher, 31966) and HCT116 in McCoy’s 5A

medium (Thermo Fisher, 26600) each supplemented with 10% fetal bovine serum (Thermo Fisher, 10500) and 1% penicillin/strep-

tomycin (Thermo Fisher, 15140). For stably transduced MDA-MB-231 and Panc1 shGFP and shZEB1 cell lines,27,86 cell culture

medium was additionally supplemented with 1 mg/mL puromycin (Sigma, P8833). Panc1 Dox-inducible knockdown clones for

ZEB1 (ishZEB1) or non-silencing control (ishCtrl) were generated as described previously.47 Briefly, the pTRIPZ_ishZEB1 plasmid

was generated by cloning of the shRNAmir cassette of pGIPZ ZEB1 (V3LHS_356187, OpenBiosystems) into the pTRIPZ vector back-

bone using XhoI and MluI. pTRIPZ Inducible Lentiviral Non-silencing shRNA Control (Open Biosystems) was used for generation of

the Panc1 control cell line. ishPanc1 cells were selected using 3 mg/mL puromycin and knockdown was induced by adding 1 mg/mL

Doxycycline (Dox) (Sigma, D3447) every other day for the indicated time. MCF10A cells were cultured in DMEM/F12 (Thermo Fisher

Scientific, 31331) supplemented with 5% horse serum (Thermo Fisher Scientific, 16050), 20 ng/mL EGF (Peprotech, 100-15),

0.5 mg/mL hydrocortisone (Sigma, H0888), 0.1 mg/mL cholera toxin (Sigma, C8052), 10 mg/mL insulin (Sigma I9278) and 10 mM

HEPES (Thermo Fisher Scientific, 15630). For TGFb treatment MCF10A medium was supplemented daily with 5 ng/mL TGFb1 (Pe-

protech, 100-21) for 10 days. Ectopic ZEB1 overexpression was induced in MCF10A iZEB1 cells47 by adding 1 mg/mL Dox every

other day for the indicated time. Control cells were treated with the final concentration of the corresponding solvent control

(500 nM citric acid for TGFb and 0,002% DMSO for Dox). For generation of PIP-Fucci cell lines, lentiviral particles where generated

by transfecting a 10cmPetri dish of 70%confluent HEK293T cells with psPAX2 (lentiviral packaging plasmid), pMD2.G (viral envelope

expression cassette) and pipFUCCI containing plasmid (CMV:Blast-PIP-FUCCI) with respective concentrations 0.72 pmol; 1.3 pmol;

1.64pmol. LipoD293 (25mL) was used to ensure high levels of transfection. Lentiviral particles were harvested after 72 h, clarified by

centrifugation (5000 g, 5 min) and purified by passage through a 0.22 mm low protein binding filter (Millipore). MDA-MB-231 and
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SW620 cells were transduced with 5-fold diluted lentiviral particles, incubating 24 h in the presence of 10 mg/mL polybrene (Sigma,

TR-1003). Transduced cells were selected with Blasticidin (1.25, 2.5 and 5 mg//mL) for two weeks until a stable cell line was obtained.

METHOD DETAILS

Drug treatments
To determine effects on ZEB1hi/lo population, TGFb-treatedMCF10A cells received either 60 nMMitomycin C (MMC) for 24 h or 1 mM

Doxorubicin (Doxo) or 500 nMCamptothecin (CPT) for 30min. Analysis was carried out 24 h or 48 h after release in drug-free but TGFb

containingmedium, respectively. For analysis of ZEB1hi/lo distribution in cancer cells, theywere treated for 72 hwith sub-lethal cell line

specific concentrations (MDA-MB-231 1 nMDoxo, Panc1 10 nMGemcitabine (Gem), A549 1 mMCisplatin (CddP), J82 100 nMMMC,

HCT116 1 nM CPT). To induce S-phase stress, MDA-MB-231, HCT116 and Ctrl-/TGFb-treated MCF10A cells were incubated for

30 min with 2 mM Hydroxyurea followed either by direct fixation or allowing 3 h of recovery in drug free medium. Palbociclib (Palbo,

Selleckchem, PD-0332991) was added to TGFb-treated MCF10A cells for 24h (0.5 mM). Mirin treatment (R&D, 3190) was performed

daily in parallel with TGFb treatment in MCF10A cells (20 mM) or for 72 h in MDA-MB-231, A549, Panc1, J82, HCT116 (10 mM).

Cell viability assays
For chemotherapy and Mirin combination treatment, cells were pre-treated with drugs for 3 days (HCT116 + 10 nM CPT, A549 +

10 mMCddP, J82 + 100 nMMMC, Panc1 + 100 mMGem, MDA-MB-231 + 100 nMDoxo). Pre-treated cells were then seeded in qua-

druplicates in 96-well plates and either cultured for another 3 days in routine cell culturemedium (standard Chemo), continuously with

the respective drugs (Chemo/Chemo) or with the respective drugs plus 10 mMMirin or PFM39 (Chemo/Chemo +Mirin/ PFM39).

For chemotherapy andMRE11 knockdown combination, pre-treated cells (3 days) were cultured for another 3 days with the respec-

tive chemotherapy plus either 10 nM Ctrl or MRE11 siRNA. MCF10A cells were seeded in quadruplicates in 96-well plates, pre-

treated with 60 nM MMC for 24 h and then cultured for another 48 h with 60 nM MMC plus 10 nM Ctrl or MRE11 siRNA or 10 mM

MRE11 inhibitor PFM39. Cell viability was assessed using 5 mg/mL thiazolyl blue tetrazolium bromide (MTT, Sigma, M2128) accord-

ing to the manufacturer’s instructions and relative cell viability was determined relative to solvent control treated cells.

Generation of plasmids
mmZEB1-EGFP (C-terminal fusion of EGFP to full length mouse ZEB1) was a kind gift of Andreas Eger and cloned via BamHI into

pCDNA3.1. The corresponding ctrl EGFP only was cloned via EcoRI into pCDNA3.1.

Transfection
For transient knockdown, cells were transfected with siRNA (10 nM) 24 h after seeding, using Lipofectamine RNAiMAX transfection re-

agent (Thermo Fisher, 13778) according to the manufacturer’s instructions. Cells were analyzed 48 h or 72 h after transfection as indi-

cated in the figure legend. siRNAs were obtained from Ambion (Silencer Select siRNAs, sequences provided in key resources table).

For transient overexpression, cells were transfectedwith 500 ng pcDNA3.1-EGFP or pcDNA3.1-mmZEB1-EGFP 24 h after seeding

using FuGENE HD transfection reagent (Promega, E2311) according to the manufacturer’s protocol. Cells were analyzed 72 h after

transfection.

RNA extraction and RT-qPCR
Total RNA was isolated and reversely transcribed using the RNeasy Plus Mini Kit (Qiagen, 74136) and the RevertAid First Strand

cDNA Synthesis Kit (Thermo Fisher Scientific, K1622) according to the manufacturer’s instructions. cDNA was amplified in 384

well plates using gene specific primers, the Universal Probe Library (Roche, 04869877001) and the TaqMan Universal Master Mix

(Thermo Fisher Scientific, 4440040) according to the manufacturer’s protocol. Samples were run in triplicates in a LightCycler 480

(Roche) and normalized to b-Actin or HPRT1.

Western blot analysis
For whole cell protein cells were lysed in ice-cold lysis buffer (150 mM NaCl, 50 mM Tris-HCl pH 8.0, 0.5% Na-Desoxycholate (w/v),

0.1% SDS (v/v), 1% NP40 (v/v), 1 mM PMSF, 13 complete protease inhibitor cocktail (Roche, 04693132001), 13 PhosStop (Roche,

4906837001). Protein concentration was determined using the BCA Protein Assay (Thermo Fisher Scientific, 23225) in flat-bottom

96well plates according to the manufacturer’s instructions. Protein samples were separated by SDS-PAGE, followed by wet blot

transfer onto nitrocellulose membrane (Roth, 4685.1). Primary antibodies were applied o/n at 4�C, secondary antibodies for 1h at

RT. For protein detectionWestern Lightning Plus ECL solution (Perkin-Elmer, NEL105001EA) and the ChemiDocMP Imaging System

(Bio-Rad) were used. Relative protein quantification was performed with ImageJ.

Sorting of PIP-FUCCI cells
PIP-FUCCI reporter expressingMDA-MB-231 and SW620 cells were sorted into G1-, S- andG2/M-phase according tomVenus (PIP)

and mCherry (Geminin1-110) expression using a MoFlo XDP cell sorter (Beckman Coulter). Subsequently, sorted cell fractions were

lysed in lysis buffer and prepared for western blotting as described above.
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EdU labeling
For pulse-labeling with EdU (Thermo Fisher, C10340), cells were cultured with 10 mM EdU for 45 min before fixation with 4% PFA.

Immunofluorescence and image acquisition
For Immunofluorescence (IF) labeling cells seeded onto sterile glass coverslips were fixed in 4%PFA, quenched and permeabilized in

0.2% Triton-X/ 100mMGlycine/ PBS and blocked in 3%BSA/PBS at RT. Primary and secondary antibodies were diluted in blocking

solution and incubated for 1 h or 45min, respectively, at RT in a humidified chamber protected from light. EdU click reaction was

carried out using the Click-iT� EdU Alexa Fluor� 647 Imaging Kit according to the manufacturer’s instructions. Nuclei were stained

with DAPI (Sigma, D9542) before coverslips were mounted onto glass slides with CitiflourTM AF1 solution (EMS, 17970-100). To

determine chromatin-bound proteins (MCM2, pRPA), cells were incubated with extraction buffer (25 mM HEPES pH 7.5, 50 mM

NaCl, 1 mM EDTA, 3 mMMgCl2, 300 mM glucose, 0.5% Triton X-100) for 5 min at 4�C prior to fixation. Images were acquired using

a Leica DM5500 B microscope. Representative images were processed using the Leica Application Suite X software.

For IF on tissue sections, cryopreserved tumors embedded in Tissue Tek O.C.T. compound (Sakura), were thawed and equili-

brated to RT, fixed in 4% PFA for one minute before IF staining as described above using primary antibodies at 4�C over night,

followed by washing in PBS and incubation with secondary antibodies. IF images were acquired as described above and analyzed

on the single cell level in batch using Cell Profiler. The mean of the upper 10% of ZEB1 signal intensities of individual cells from the

Ctrl-treated tumor sections was set as a threshold for calculation of the fraction of ZEB1hi cells in all conditions.

HiMAC
High content microscopy-assisted cell cycle phenotyping (hiMAC) was performed as published previously.46 Raw image files were

subjected to batch analysis using Cell Profiler87 running an automated pipeline46 to identify nuclei and foci and to measure fluores-

cence signal intensities with minor adjustment for each IF staining. Based on the total fluorescence signal intensities of DAPI (DNA

content) and EdU (DNA synthesis), the cell cycle status was derived for individual cells (2N, EdU� = G1-phase, EdU+ = S-phase,

2N, EdU� =G2/M-phase).Where indicated, S-phasewas further divided into early, mid and late S-phase depending on DNA content.

To distinguish between ZEB1hi and ZEB1lo cells, a threshold for ZEB1 total signal intensitieswas set. ForMDA-MB-231, Panc1, A549,

J82 and HCT116 cells, ZEB1 threshold was set by the 90th percentile of ZEB1 intensity in each cell line (i.e highest 10%ZEB1 expres-

sionwas classified as ZEB1hi, remaining 90%of the cells as ZEB1lo). To identify newly generated ZEB1hi cells uponZEB1upregulation

by TGFb, a more stringent threshold was applied in MCF10A cells, set at the 95th percentile of ZEB1 intensity in solvent control (Ctrl)

treated cells. Due to low the ZEB1 expression in MCF10A Ctrl cells, the bulk population is shown instead of the systematic categori-

zation into ZEB1hi/lo. For ectopic ZEB1 induction via doxycycline in MCF10A iZEB1 cells and transient (ZEB1-)GFP overexpression in

cancer cells, the ZEB1 threshold was empirically determined using intensities of non-induced/ non-transfected cells on the same

coverslip. ZEB1 thresholds were always set using the untreated/solvent control treated sample and then applied to the treated con-

ditions to determine changes in the ZEB1hi/lo fractions. To account for the increasing DNA content during S- and G2/M-phase, a

threshold correction factor (1.3 for S-phase, 1.7 for G2/M-phase) was applied in all models.

For determination of cycling cells, cells were labeled with 10 mM EdU for 24 h prior to fixation, followed by ZEB1 and Ki67 staining

and subsequent hiMAC. Ki67 intensity thresholds were determined empirically for biological replicates. Cycling cells were defined as

Ki67 and EdU positive cells, non-cycling cells as negative for Ki67 and/or EdU.

Cell cycle length measurement
Cumulative EdU labeling was performed (45 min up to 18 h) and the length of the cell cycle as well as the lengths of individual phases

were calculated as described previously.89,90 Briefly, the length from one S-phase to the next S-phase was determined as the time

point when the entire growth fraction (GF) was labelled with EdU (=TGF). The length of one complete cell cycle (TC) was calculated

using the equation TC = TGF / (1-LI0), with LI0 representing the percentage of EdU+ cells at the first labeling time point (45 min).

To estimate the average length of the individual phases the following formulas were applied: S-phase: TC- TGF, G1-phase: % of

G1 cells at first labeling time point x TC, G2/M-phase: % of G2/M cells at first labeling time point x TC.

Subcutaneous tumors and chemotherapy
For subcutaneous tumors, 1*106 MDA-MB-231 cells in a mixture of Matrigel (Corning; 356231) and PBS (ratio of 2:1) were injected

subcutaneously into the flanks of immune-deficient NSG mice. Tumor growth was measured two to three times per week. Chemo-

therapy started when the tumor volume exceeded 500m3, as follows. Two weekly doses of vehicle (PBS) or Doxorubicin (Sigma-Al-

drich; 44583; 1 mg/kg in PBS) were administered by intraperitoneal injections, followed by continuous two subcutaneous injections

of Mirin (0.025 mg/kg per tumor in 0.3% DMSO in PBS) or vehicle (0.3% DMSO in PBS) per week (without doxorubicin) and another

Doxorubicin pulse inweek4.Micewere sacrificedafter 5weeksof therapyor, accordingly, after 3weeksofMirin/DMSOmonotherapy.

Immunohistochemistry
Immunohistochemistry for ZEB1 on human breast, pancreatic and bladder cancer samples was performed as previously

described.47 Samples were retrieved from local archives, and usage was approved by the Ethics Committee of the University of

Erlangen-Nuremberg (no. 374–14 Bc). For ZEB1 IHC on human non-small-cell lung cancer refer to.91
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Single-cell RNA sequencing and analysis
MDA-MB-231 single cell transcriptomes were generated using a commercially available 384-well plate approach from Single Cell

Discoveries (Utrecht, Netherlands). Briefly, routinely cultured MDA-MB-231 cells were collected by trypsinization, resuspended in

PBS and spotted as viable single cells into 384-well capture plates containing 50 nL of barcoded primers and 10 mL of mineral oil

(Sigma Aldrich) using a MoFlo Astrios EQ 1 fluorescence activated cell sorter (Beckman Coulter). The plates were then briefly centri-

fuged at high speed and stored at �80�C until shipping on dry ice and further processing at Single Cell Discoveries (SCD). Library

preparation, sequencing and alignment was performed by SCD.92 Briefly, after heat-lysis of the cells at 65�C, sequential barcoding,
amplification and in vitro transcription was performed to generate a final cDNA library containing TruSeq small RNA primers (Illumina)

for sequencing. Quality and quantity of the cDNA libraries was determined by Bioanalyzer before paired-end sequencing on an Illu-

mina NextseqTM 500. Paired-end readswere then aligned to the ensemble transcriptome (GRCh38) using BWA.93 The corresponding

transcript count table was generated using a custom-written script (https://github.com/anna-alemany/transcriptomics/tree/master/

mapandgo). Downstream processing involving quality controls and filtering (with regards to UMIs, total genes and percentage of

mitochondrial reads per cells), normalization, feature detection, dimensionality reduction, clustering and differential expression anal-

ysis between clusters or groups was performed using the in-built functions in within the packages Scran version 1.18.594 and Scater

version 1.18.5.95 In total, 568 MDA-MB-231 sc transcriptomes were generated and used for downstream analyses. For identifying

differences in the gene expression profile in context of ZEB1, cells were grouped into ‘ZEB1hi’ and ‘ZEB1lo’ if the ZEB1 count in these

cells were ‘higher’ or ‘lower than equal to’ a threshold expression count of 3 (the 3rd quartile ZEB1 expression value, see Figure S2C),

respectively. Finally, functional enrichment analysis on significantly dysregulated genes (FDR<0.05) in ‘ZEB1hi’ cells was performed

using Metascape (https://metascape.org/) or EnrichR (https://maayanlab.cloud/Enrichr/), as indicated.

For analyzing the sc transcriptomes of the lung cancer-brain metastasis PDX (sample LC-MBT-15; profile GSE69405 in GEO), the

cells were categorized using the 3rd quartile as cutoff for ‘ZEB1hi’. The gene set Hallmark ‘G2M checkpoint’ was then analyzed for

enrichment with Signal2Noise ranking metric between ZEB1hi and ‘ZEB1lo (below cutoff) cells.

Analysis of public ZEB1 ChIP-seq data
ZEB1 ChIP-seq datasets (ChIP-Atlas,88) with a significance threshold greater than 5 (�10 log10[Q-value], MACS2, FDR Q < 0.00001)

are included. Genomic coordinates of the promotor (distance ±1kb from transcription start site) in target gene lists were resolved

using UCSC Genome Browser (NCBI RefSeq, hg38). Overlapping features of ZEB1 ChIP-seq datasets and target gene lists were

detected using bedtools (v2.30.0).
Dataset Cell type

SRX100456 GM12878

SRX190265 Hep G2

ERX3507564 MDA-MB-231 (1)

ERX3507565 MDA-MB-231 (2)

SRX2245437 MIA_Paca-2 (1)

SRX2245441 MIA_Paca-2 (2)

SRX2245442 MIA_Paca-2 (3)

ERX1930087 NCH421k

SRX3392333 NCI-H1975 (1)

SRX3392334 NCI-H1975 (2)

ERX1930086 Neural_Stem_Cells

SRX825399 PANC-1
QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were performed using GraphPad Prism and the applied statistical tests as well as the number of replicates (n) are

specified in the relevant figure legends. p values < 0.05 were considered significant and are indicated in the figures. Data are pre-

sented as the mean ± standard error of the mean (SEM) unless otherwise indicated in the relevant figure legends.
Cell Reports 41, 111819, December 13, 2022 e6

https://github.com/anna-alemany/transcriptomics/tree/master/mapandgo
https://github.com/anna-alemany/transcriptomics/tree/master/mapandgo
https://metascape.org/
https://maayanlab.cloud/Enrichr/

	The EMT transcription factor ZEB1 governs a fitness-promoting but vulnerable DNA replication stress response
	Introduction
	Results
	Intercellular ZEB1 heterogeneity is conserved across different cancer entities
	Single-cell transcriptomics reveals changes in cell-cycle progression of ZEB1hi cells
	ZEB1 induces DNA replication stress
	ZEB1 promotes G1/S transition via CDK6
	MRE11-engaging DDR adaptation restrains replication stress in ZEB1hi cells
	MRE11 inhibition selectively reduces ZEB1hi cancer cells and improves chemotherapy

	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
	Mice
	Cell lines

	Method details
	Drug treatments
	Cell viability assays
	Generation of plasmids
	Transfection
	RNA extraction and RT-qPCR
	Western blot analysis
	Sorting of PIP-FUCCI cells
	EdU labeling
	Immunofluorescence and image acquisition
	HiMAC
	Cell cycle length measurement
	Subcutaneous tumors and chemotherapy
	Immunohistochemistry
	Single-cell RNA sequencing and analysis
	Analysis of public ZEB1 ChIP-seq data

	Quantification and statistical analysis



