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BSTRACT 

epair of DSB induced by IR is primarily carried out 
y Non-Homologous End Joining (NHEJ), a pathway 

n which 53BP1 plays a key role. We have discov- 
red that the EMT-inducing transcriptional repres- 
or ZEB1 (i) interacts with 53BP1 and that this in- 
eraction occur s rapidl y and is significantl y ampli- 
ed following exposure of cells to IR; (ii) is re- 
uired for the localization of 53BP1 to a subset of 
ouble-stranded breaks, and for physiological DSB 

epair; (iii) co-localizes with 53BP1 at IR-induced 

oci (IRIF); (iv) promotes NHEJ and inhibits Homol- 
gous Recombination (HR); (v) depletion increases 

esection at DSBs and (vi) confers PARP inhibitor 
PARPi) sensitivity on BRCA1-deficient cells. Lastly, 
EB1’s effects on repair pathway choice, resection, 
nd PARPi sensitivity all rely on its homeodomain. 
n contrast to the well-characterized therapeutic re- 
istance of high ZEB1-expressing cancer cells, the 

ovel ZEB1-53BP1-shieldin resection axis described 

ere exposes a therapeutic vulnerability: ZEB1 levels 

n BRCA1-deficient tumors may serve as a predictive 

iomarker of response to PARPis. 
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RAPHICAL ABSTRACT 

NTRODUCTION 

NA double strand breaks (DSB) induced by ionizing 

adiation (IR), chemo-therapeutic agents, or produced as 
y-products of physiological processes such as replication 

tress, transcriptional block or aberrant somatic recombi- 
ation pose an existential threat to survival ( 1–3 ). Ionizing 

adiation-induced DSBs are mostly repaired through-out 
he cell cycle by Non-Homologous End Joining (NHEJ), 
 hich is ra pid, but somew hat err or-pr one. With the appear-
nce of newly replicated DNA in S phase and throughout 
2, the opportunity to carry out templated repair via strand 

nvasion between sister chromatids is afforded through the 
lternate end-joining, single-strand annealing (both error 
rone) and homologous repair (virtually error-free; HR) 
athways ( 4 , 5 ). The details of how chromatin context, cell- 
ycle phase, cell type and dif ferentia tion sta te influence the 
DR, regulating (among other things), the extent of strand 

esection, and length of the repair process are far from 

nderstood. 
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The Z inc finger E -box- B inding protein ZEB1 (also
known as delta-EF1) has a well-documented role as a
transcriptional regulator. ZEB1 and ZEB2 (SIP1) are the
sole members of the zinc-finger-homeodomain family of
transcription factors. Each has two clusters –– amino and a
carboxy-terminal –– of C2H2-type zinc finger domains that
can bind CANNT(G) elements (E-boxes) at promoters and
enhancers and a central POU-like homeodomain, the func-
tion of which (in any context) has not been determined ( 6 ).
Although initially described as transcriptional r epr essors
through their interaction with the CtBP1 / 2 cor epr essors,
ZEB1 can also activate transcription, through its interac-
tion with coactivators (e.g. p300 and YAP ( 7 , 8 )). 

Through its activity at a number of genetic targets, no-
tably the E-cadherin gene promoter, and at specific mi-
croRNA cluster loci, ZEB1 is one of a family of factors
(incl. Snail, SLUG, TWIST, etc.) r equir ed for the initiation
and maintenance of the epithelial-to-mesenchymal transi-
tion (EMT) during both de v elopment and tumor progres-
sion ( 9 , 10 ). ZEB1 has been implicated in virtually all as-
pects of tumor biolo gy, including pro gression, metabolism,
metastasis, cancer stem cell (CSC) maintenance (includ-
ing induction of CSC-specific surface markers) and plas-
ticity, and induces both chemo- and radio-resistance ( 11–
18 ). Consistentl y, ZEB1 is highl y expressed in both the in-
terior of tumor masses, mirroring le v els observ ed in stem
cell (SC) compartments (as observed during normal devel-
opment, tissue regeneration and tumor progression), and at
the leading edge of invasi v e tumors ( 11 , 13–15 , 19 ). In the
context of normal mammary duct de v elopment, high ZEB1
expression in epithelial stem cells is further implicated in
suppressing oncogenic-induced genomic instability by up-
regulating the methionine sulfoxide reductase anti-oxidant
pa thway ( 16 ). This af fect appears to be tissue / tumor-type-
specific, howe v er, as ZEB1-mediated transcriptional r epr es-
sion of N -methyl-purine glycosylase, a key enzyme initiat-
ing base-excision repair, contributes to inflammation-dri v en
colorectal cancer ( 17 ). With respect to DSBs, recent work
has shown that e xclusi v e of its role as an inducer of the
EMT, IR stabilizes ZEB1 which facilitates repair by recruit-
ing the deubiquitinase USP7 to, in turn, stabilize CHK1
( 20 ). Furthermore, it has been reported that ZEB1 tran-
scriptionally regulates se v eral DDR-related genes ( 21 ), in-
cluding the Pol Q promoter, the effect of which may pro-
mote genome stability ( 22 ). Despite its potential impor-
tance to the DDR, howe v er, essentially nothing is known
about whether ZEB1 functions directly at DSBs. 

Initially isolated based on its physical interaction with
p53, 53BP1 is a key player in the DDR. 53BP1 ra pidl y
localizes to DSBs, via recognition of specific ubiquiti-
nated and methylated histone marks, to promote NHEJ
by nucleating the anti-resection complex shieldin ( 23–
28 ). 53BP1 is r equir ed for Class Switch Recombination
(CSR), mid-range V[D]J recombination, and fusion of
de-protected / dysfunctional telomeres ( 29 ). Depletion of
53BP1 radio-sensitizes normal as well as tumor cells in
culture and in xenogr afts, dr amatically increases the num-
ber and size of insertions and deletions (indels) at repair
junctions, and increases chromosomal aberrations ( 30–34 ).
While largely dispensable for cNHEJ in the context of ther-
a peuticall y induced DSBs, there is e xtensi v e e vidence that
53BP1, via the shieldin complex, inhibits more err or-pr one
NHEJ pa thways (i.e. alterna ti v e end-joining and single-
strand annealing) that rely on increasing le v els of resection.
A r ecent r eport describes a r equir ement for the transactiva-
tor SP1 for localizing 53BP1 to DSBs during G1, though
whether these two factors physically interact or arri v e at a
DSB coincidentally is not known ( 35 ). 

We present data showing that ZEB1 promotes 53BP1-
media ted ef fects on DSB r epair. Our r esults demonstrate
that ZEB1 (i) concentrates very ra pidl y at LASER-induced
lesions, (ii) physically interacts with (through it’s home-
odomain region), and recruits 53BP1 at DSBs; (iii) pro-
motes NHEJ and PARPi sensitivity, while a ttenua ting HR
and resection through the homeodomain region; (iv) is re-
quired for physiological distal NHEJ-mediated DSB end-
joining. These data establish a novel link between ZEB1, a
key mediator of the EMT, and 53BP1, a critical determinant
of DSB repair by NHEJ. 

MATERIALS AND METHODS 

Cell culture 

HEK293T, and U2OS cell lines were obtained from ATCC.
The U2OS-based DIvA cell line was a generous gift from
G. Legube (CNRS, Toulouse). The U2OS-based EJ-DR
cell line was a generous gift from S. Powell and R. Bindra
(Sloan-Kettering). HEK 293T , I-SceI Knock-In 293T , 293T
ZEB1 KO, U2OS and U2OS ZEB1 KO cells were cultured
in DMEM (+4.5 g / l glucose) / 10% FCS / 1 × Penn-Strep.
DIvA and ZEB1 KO DIvA cells were cultured in DMEM
(+4.5 g / l glucose) / 10% FCS / 1 mM NaPyruvate / 1 × Penn-
Str ep. EJ-DR cells wer e cultur ed in DMEM (+4.5 g / l
glucose) / 10% Tet-minus FCS / 1 × Penn-Strep. The human
breast cancer cell lines HCC-1937, MD A-MB-231, MD A-
MB-361 and MDA-MB-436 were obtained from ATCC.
The HCC-1937 cells were cultured in RPMI (+4.5 g / l
glucose) / 10% FCS / 1 × Penn-Strep, while the latter three
wer e cultur ed in DMEM (+4.5 g / l glucose) / 10% FCS / 1 ×
Penn-Strep. The CH12.F3 mouse B lymphocyte cell line (a
generous gift from T. Honjo (Kyoto Univ.)) was cultured
in RPMI / 10% FCS / 5% NCTC-109 (Invitrogen) / 1 × Penn-
Strep / 50 �M �MeOH. All cells were cultured in a humid-
ified atmosphere of 5% CO 2 at 37˚C and were verified my-
coplasma negati v e. After re vi ving fr om liquid nitr ogen stor-
age, cells were routinely passaged no more than 5–6 times
before using in an experiment. 

Generation of stable cell lines 

U2OS cells obtained from AT CC wer e expanded upon
receipt and 4th passage aliquots stored in liquid N 2 . A
fresh aliquot of these cells was used in subsequent exper-
iments, always between passage three and se v en. For tran-
sient transfection, cells w ere thaw ed, passaged three-to-four
times, and then transfected (3:1 ratio of PEI to total DNA)
with expression constructs for either flZEB1, the � HD,
PLDLS or � NH3 mutant cDNAs. Two days later cells were
subjected to polyclonal selection with 800 �g / ml G418.
Low passage HCC-1937 breast cancer cells were transfected
as above with either fl human ZEB1 cDNA in pcDNA3
alone, fl human BRCA1 cDNA in p3PA-Puro-iTk alone
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r both together. Two days after transfection, stable cell 
ines were generated using 350 �g / ml G418 (ZEB1 alone), 
.25 �g / ml Puromycin (BRCA1 alone) or both drugs for 
he combination. Selection media was changed e v ery 2–3 

ays to generate polyclonal stable cell lines. 

lasmid constructs 

ull-length (fl) ZEB1 cDNA, (variant 2, NCBI Ref. Seq.: 
M 030751.5) was amplified (see table for primers), with 

am HI (5 

′ ) and Not I (3 

′ ) overhangs and cloned via Gib-
on Assembly (GA) into the CMV-promoter driven expres- 
ion vector pcDNA3.1, yielding pcDNA3.1flZEB1. The 
cDN A3.1 � NH3 construct, w hich removes 160aa from 

he Amino terminal end of ZEB1 was generated in this 
 xpression v ector using Q5 Polymerase deletion mutage- 
esis (NEB Q5 Site-Directed Mutagenesis Kit), and the 
rimer pair listed in the ‘Cloning Primers’ Table in the Sup- 
lemental Methods and Materials. A 183 bp region en- 
ompassing the homeodomain was deleted using Q5 dele- 
ion mutagenesis (see table for primer sequences), yielding 

cDNA3.1 � HD. flZEB1 was amplified with Hind III (5 

′ ) 
nd Bam HI (3 

′ ) overhangs (see table for primer sequences) 
nd fused in frame at its carboxyl end via GA to eGFP in the
ector eGFP-N3 (CLONTECH), to generate flZEB1-GFP. 
3BP1-RFP was gift from S. Jackson, (Cambridge, UK). 

NA interference (si-RNA) 

nock-down of factors in Figure 5 A was carried out using 

00 pmol Smart-pool SiRNAs (53BP1, BRCA1, NT con- 
rol, Dharmacon); or, in the case of ZEB1, 25 pmol siRNA 

argeting the ZEB1 3 

′ UTR (IDT; see Supplemental Mate- 
ials and Methods for list of sequences). One million cells 
ere electroporated (Nucleofector, Lonza), and after 48h, 
EB1 KD EJ-DR cells were rescued via transfection (3:1 

atio of PEI to total DNA) with either empty vector or in- 
icated expression constructs in Figure 3 A, and cultured for 
n additional 48h before induction of DSBs. KD of ZEB1 

n the mouse B lymphoma cell line CH12.F3 (Figure 8 A) 
as carried out using 25 pmol siRNA targeting the ZEB1 

 

′ UTR, as above. 

RISPR / cas KO of ZEB1 

93T, U2OS and DIvA-AID cells were each transiently co- 
ransfected (3 �l linear PEI to 1 �g total DNA) with the 
as9 e xpression v ector Sp5 (Sant Cruz Biotech.) and an 

gRNA-e xpression v ector harboring a ZEB1-targeting se- 
uence (see table). After 5h media was replaced and 48 h 

ater cells were subjected to Puromycin selection (1 �g / ml 
or 293T, 1.5 �g / ml for U2OS and DIvA cells) for an ad-
itional 48 h. Cells were then detached and serially di- 

uted in regular media (w / o puromycin) onto 15 cm culture 
ishes to achie v e well-separated single-cell-deri v ed colonies. 
olonies were picked, expanded and screened for disrup- 

ion of the ZEB1 gene via PCR (see table in Supplemental 
aterials and Methods for primer sequences) as well as for 

rotein le v els via WB. 
ndogenous co-IP 

2OS cells subjected to 8Gy or no IR control were allowed 

o recover for 30 

′ a t 37˚C , placed on ice and washed 1X
ith ice-cold PBS. Cells were scraped, pelleted a t 4˚C , trans- 

erred to microfuge tubes and lysed in Buffer A 20 mM 

EPES (7.4), 150 mM NaCl 2 , 0.2% NP-40, 0.2 mM EDTA, 
 mM MgCl 2 , 1 mM DTT, 50 U Benzonase / ml, 10% glyc-
r ol, pr otease and phosphatase inhibitors (Roche), 1 mM 

MSF, for 30 min at 4˚C. After sonication (30 

′′ on / 30 

′′ off, 
0 

′ total time) in a Bioruptor (Diagenode) to disrupt aggre- 
a tes, lysa te was spun at 20 000 ×g @4˚C, 15 

′ , and protein
oncentration was measured in the saved supernatant (BCA 

ssay, Pier ce). After pr e-clearing the lysate with protein G 

epharose for 2 h at 4˚C, 500 �g of protein was subjected 

o IP o / n at 4˚C with rotation using 5 �g of specified an-
ibody, followed by protein G Sepharose for an additional 
 h. Beads were washed 3 × with 1ml Buffer A, then 2 × in 

uffer A with 300 mM NaCl. A subset of these IP exper- 
ments (Supplementary Figure S2A) included 200 �g / ml 
tBr in the tissue culture media just prior to irradiating the 
ells as well as in the buffers at all subsequent steps from 

he initial washing of the cells at the time of harvest. Pro- 
ein complexes were eluted in 2 × SDS sample buffer and 

ubjected to standard WB on nitrocellulose membranes us- 
ng the indicated antibodies (listed in Table in Supplemental 

aterials and Methods). 

hromatin immunoprecipitation 

or the U2OS-based DIvA system, the protocol of Nel- 
on, et.al. ( 36 ) was followed with minor variations. Af- 
er fixing in 1% f ormaldehyde f or 10 

′ and glycine quench- 
ng, cells were rinsed with ice-cold PBS, scraped, pelleted, 
nd resuspended at 50 �l / 10 

6 cells in Lysis buffer (50 mM 

ris pH 8.0,150 mM NaCl, 5 mM EDTA, 1% Triton X- 
00, 0.1% Na deoxycholate, 0.5% SDS, protease and phos- 
hatase inhibitors (Roche), 1 mM PMSF). Chromatin was 
onicated to an average size of 250–750 bp and 5% of the 
leared lysate was removed for input. The remainder was 
iluted 5-fold in Chip dilution Buffer (50 mM Tris–Cl pH 

.0,150 mM NaCl, 2 mM EDTA, 1.2% Triton X-100, pro- 
ease inhibitors and phosphatase inhibitors, 1 mM PMSF). 
fter addition of Abs (or isotype-specific IgG; see table in 

upplemental Materials and Methods), samples were ro- 
a ted a t 4˚C o / n, followed by addition of biotinylated sec-
ndary Ab, rotation for 1 h, 4˚C, and then with pre-blocked 

treptavidin-coupled magnetic beads, and further rotation 

or 2 h, 4˚C. Beads were washed 3 × with ice-cold low-salt 
ash Buffer (20 mM Tris–Cl pH 8.0, 150 mM NaCl, 2 

M EDTA, 0.1% SDS, 1% Triton X-100) and then once 
ith ice-cold high-salt Wash Buffer (20 mM Tris–Cl pH 8.0, 
00 mM NaCl, 2 mM EDTA, 0.1% SDS, 1% Triton X-100). 
ollowing the Chelex-100 isolation step, DNA was purified 

sing a standard PCR-clean-up column (Qiagen). 2 �l of 
urified ChIP ed DNA w as used in the subsequent qPCR 

eaction. 

uantitative PCR (qPCR) 

eal-time qPCR analysis was carried out using iTaq Uni- 
ersal SYBR Green Supermix (Bio-Rad) for 39 cycles on a 
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Figur e 1. Endo genous interaction between ZEB1 and 53BP1 is amplified post-IR. ( A ) Representati v e WB of reciprocal co-IP, shows that in U2OS cells, 
ZEB1 and 53BP1 each co-IP the other, an interaction that is amplified within minutes after exposure to 4 Gy IR, peaking 1 h later and returning to 
near base-line le v els at the 24 h time point. ( B ) Top, indicated expression constructs of deletion mutants encoding FLAG-tagged ZEB1 or HA-tagged 
53BP1 were introduced into 293T cells, and 36 h later, complex es wer e immunopr ecipitated using anti-FLAG-coupled beads. Bottom, r epr esentati v e WBs 
of the physical interaction between ZEB1 and 53BP1 depends on a 147aa peptide of ZEB1 that includes the homeodomain (left panel) and the 57aa 
oligomerization domain of 53BP1 (right panel). Both endogenous and ov er-e xpression IPs were carried out a minimum of three times. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CFX96RealTime PCR machine (Bio-Rad). Data were cal-
culated using the � Ct method and presented as percent of
input. All data shown are the results of at least three inde-
pendent ChIP experiments with qPCR performed in tripli-
cate and results averaged with SEM. Primer pairs for ChIP
analysis are listed in Supplemental Materials and Meth-
ods. Percent AsiSI cutting efficiencies (listed in Table I in
the Supplemental Materials and Methods) between wt and
ZEB1 KO cells were determined as described in ( 37 ), using
flanking primers across the sites in Chrom 18 and Chrom 21
(listed in Supplemental Materials and Methods) to deter-
mine Ct values before and after administration of 4-OHT. 

Immunofluorescence 

Co-immunofluorescence staining of 53BP1 and ZEB1 (Fig-
ure 1 B) was carried out as described ( 38 ). Immuno-staining
for �H2AX and RAD51 was carried out as follows. Wild-
type or ZEB1 KO 293T cells were grown on pol y-l ysine-
coated coverslips, and, at gi v en time points, IR-treated (or
no IR control) cells were gently rinsed in 1 × PBS, fixed
in freshly-made 4% paraf ormaldehyde f or 15 

′ , permeabi-
lized in 0.1% Triton X-100 / PBS, 5 

′ , and blocked for 1h in
1% BSA / 0.05% Triton X-100 / PBS (all at RT), then stained
o / n at 4˚C with an anti- �H2A.X-Alexafluor-488 Ab di-
luted 1:2500 in blocking buffer. For Rad51-Alexafluor-568
staining (1:250 in blocking buffer), an extraction step (CSX
buf fer for 5 

′ a t RT) was included after the first PBS wash.
After washing 3 ×, 5 

′ in 0.05%Triton-X100 / PBS at RT, with
gentle rocking, coverslips were mounted and imaged on a
Zeiss LSM-980 inverted microscope using a 20 × objective. 

Live cell imaging 

U2OS cells were plated onto 35 mm glass bottomed dishes
(Ibidi) and 24 h later transfected with the indicated fluores-
cence reporter constructs (ratio of 3:1 linear PEI to DNA),
and cells were imaged 48 h la ter. Initial pla ting numbers
were calculated so that cells were growing exponentially
on day of imaging. One hour before imaging, media was
exchanged for its identical phenol red-minus counterpart
(DMEM). Laser ablation and live cell imaging were car-
ried out on a Zeiss LSM 780 laser scanning confocal micro-
scope with an integrated IR Chameleon Vision-II, ultrafast
Ti:Sapphire laser (see Supplementary Table S2 for detailed
microscope settings). Dishes were imaged on a heated stage
under sparged, 5% CO 2 . To minimize confounding cellular
damage, the focal plane was positioned at the center of each
nucleus and a thin rectangular region of interest was drawn
that traversed the nucleus while avoiding the nuclear mem-
brane. Images were recorded through a 40 × oil immersion
objecti v e using continuous capture as follows. Two images
(1.94 

′′ total time per image to capture both color channels)
wer e r ecorded and the laser (tuned to 780 nm, 10% power,
for three iterations that combined totaled 12 �s) was trig-
gered at the beginning of the third image capture. 

EJ-DR-based DSB repair pathway choice assay 

I-SceI-mediated DSBs were induced in the EJ-DR cell line
as described ( 40 , 41 ). Briefly, at the appropriate time after
administration of RNAi and rescue constructs, cells were
rinsed 1 × in 37˚C PBS, and replenished with complete me-
dia (with 10% Tet-minus FCS) containing 1 �M Sheild1
(Aobious) and 0.1 �M triamcinolone acteonide (Cayman).
After 24 h, cells were again rinsed with PBS, replenished
with complete media and incubated at 37˚C for an addi-
tional 96 h to allow expression and ma tura tion of fluores-
cence proteins. Cells were dissociated from the culture dish
using Accutase (Innovati v e Cell Technologies), diluted di-
rectly in PBS / 1% FCS and analyzed by FLOW. 
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ample pr epar ation f or imaging flow cytometry (IFC) 

2OS cells were subjected to either 4Gy IR or mock ir- 
adiated, then returned to the incubator for 30 

′ . Prepara- 
ion of cells for IFC was carried out essentially as in For- 
ent et al. ( 39 ). Following trypsinization and washing 1 ×

n PBS and counting, 2 × 10 

6 cells / sample in microfuge 
ubes wer e pr e-extracted in 100 �l PBS / 0.2% Triton X- 
00 for 5 

′ on ice. After washing in 0.5 ml ice-cold Buffer 
 (PBS / 1 mg / ml BSA), samples were pelleted (10 K rpm,

0 

′′ , 4˚C), and resuspended in 50 �l Buffer A. An equal 
olume of 4% paraformaldehyde / PBS was added and in- 
uba ted a t RT for 20 

′ . Fixed cells were diluted with addi-
ion of 0.5 ml 1 × permeabilization / wash b uffer (PW b uffer,
ecton / Dickenson), quickly pelleted (10 K rpm, 10 

′′ , RT), 
hen resuspended in 100 �l P / W buffer with Alexa-fluor- 
onjugated Ab and incubated at 4˚C, o / n. The following 

ay, cells were washed in 0.5 ml P / W buffer, pelleted and 

esuspended in 75 �l Buffer A, with 250 �g / ml RNase A 

nd 0.5 �g / ml 4 

′ ,6-diamidino-2-phenylindole (DAPI), then 

ncuba ted a t 4 

◦C ov ernight in the dar k, and then analyzed.
amples stained individually with each fluorophore, includ- 

ng DAPI alone, were included in e v ery analysis for calibra- 
ion of the ImageStream FLOW cytometer. The anti-RPA2 

ntibody (1:750) was conjugated to Alexa 568 (Lightning- 
ink kit, Abcam). 

maging flow cytometry (IFC) analysis 

ombining the statistical power of flow cytometry with 

uorescence imaging to capture distinct, prominent mor- 
hological parameters, this technique allows the number 
f RPA2 foci / cell to be scored –– the ‘spot count’–in each 

hase of the cell-cycle (proportional to DAPI staining). 
he intensity of a gi v en spot / focus is proportional to ex-

ent of RPA decoration (the ‘bright detail Intensity’, itself 
roportional to the extent of resection). During post-flow 

nalysis, acquir ed scor ed data (spot counts and bright de- 
ail intensity) for a gi v en cell can be matched to an indi-
idual captured image of that cell (a representati v e panel 
f such images is presented in Supplementary Figure S5). 
FC associates the scored e v ents / parameters of a gi v en cell
such as fluorescence intensity, side scatter, etc. each rep- 
esented via familiar graphical scatter / dot-plots, including 

ates, etc.) with a captured image of that cell; e v ery sin- 
le plotted e v ent can be matched to a corresponding im- 
ge and vice-versa ( 40 ). Analysis was carried out on an 

DEAS software-dri v en Amnis ImageStreamX Mark II in- 
trument, using DAPI and Alexa 568 excitation channels 
nd extended depth of field (EDF). The EDF optical focus, 
nalogous to confocal imaging, dramatically increases the 
ocusing capability through the depth of the cell, projecting 

tructures such as foci onto a single clear plane (see Sup- 
lementary Figure S5). We arbitrarily chose to score cells 
ith fiv e or more foci (‘High Spot Count’) in our analysis. 

Bright Detail Intensity’, is a relati v e measure of the fluo- 
escence intensity of a gi v en spot, gra phicall y r epr esented
s the sum of the scored cells for a gi v en condition. At least
0 000 cells were analyzed per condition. Cell cycle phase 
s scored as in regular flow cytometry via measurement of 

NA content through DAPI staining. Cells were gated on 

radient RMS versus Normalized Frequency to eliminate 
nfocused cells, and then gated by plotting the area and as- 
ect ratio of the brightfield (M01). To produce spot count 
ata sets (a dir ect measur ement of the number of RPA2- 
taining foci), IDEAS Spot Count Wizard was implemented 

nd groups of high count and low count ( ∼50 cells each) 
ere manually assigned. Further post-acquisition analysis 
as performed in FCS Express 7, where cell-cycle specific 
ata was acquired by dot-plotting DAPI intensity versus 
rightfield aspect ratio and gating for G1, S and G2. The 
for ementioned gates wer e then a pplied to histo grams plot- 
ing Spot Count datasets as acquired in IDEAS software. 
right detail intensity (directly proportional to the extent 
f resection, ( 40 )) was plotted in an identical fashion. 

NA end-resection assay s 

solation of genomic DNA, o / n digestion with indicated 

estriction enzymes, and subsequent CyberGreen-based 

PCR analysis was performed using standard procedures. 
he extent of resection at an AsiSI-induced DSB was quan- 

itated in asynchronous or synchronized DIvA cells as pre- 
iously described ( 37 ). Synchronization was achie v ed us- 
ng double thymidine block as follows. For synchroniza- 
ion in G1 and G2, cells were treated with 4-OHT (or ve- 
icle) 11 and 6 h, respecti v ely after release from the sec- 
nd block, and collected 4 h later ( 41 ). After o / n digestion
ith Bsr GI, genomic DNA was purified and ssDNA near 

he AsiSI-cut site on Chromosome 1 measured by qPCR, 
sing CyberGr een fluor escence. All qPCR r eactions wer e 
arried out in triplicate at least three times. Primer pairs 
sed for normalization of DNA le v els (flanking a region 

f Chromosome 22 devoid of an AsiSI site) and for deter- 
ining cutting efficiency before and after administration of 

-OHT at the AsiSI site on Chrom 1 were from ref ( 37 ).
ercent ss DNA at a gi v en Bsr GI site was calculated as:
ssDNA = 1 / (2 

( � Ct – 1) + 0.5) × 100. This result was then 

ivided by the cutting efficiency to give the final value plot- 
ed in Figure 6 B. Results using the primer pairs targeting 

hrom 22 (a region devoid of an AsisI site) were used to 

ormalize the amount of genomic DNA between experi- 
ental conditions in the qPCR reactions. 

nalysis of PARP inhibitor sensitivity 

ne hundred thousand cells / well were plated in a 12-well 
late and the following day, transfected with either 5 nM 

final] anti-BRCA1 or non-targeting control SiRNA us- 
ng RNAiMax (Invitrogen), according to the manufac- 
urer’s instructions. Twenty-four hrs later, cells were re- 
la ted a t 500 cells / well in 96-well plates, with fiv e e xperi-
ental replicates / condition, and, after an additional 24 h, 

ARPi (or Optimem vehicle) was added to 0, 5, 15 or 30 

M final concentration for each condition. Plates were then 

eturned to the incubator for 5 additional days, after which 

roliferation, as a function of metabolic activity, was ana- 
yzed using the MTT assay (Cyquant, Invitrogen), accord- 
ng to the manufacturer’s instructions. 

nalysis of CSR in vitro 

ild-type or ZEB KD CH12.F3 B lymphoma cells induced 

o undergo CSR from IgM to IgA as described ( 60 ). Cells 
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were split at a density of 5 × 10 

5 / ml and the next day, stimu-
lated to undergo CSR as described, by addition of 1 �g / ml
anti-murine CD40 Ab; BD Biosciences), 5 ng / ml recombi-
nant murine IL-4 (R&D Systems), and 5 ng / ml recombi-
nant human TGF- � (R&D Systems). After 72 h, cells were
collected and stained on ice with Alexa-fluor 488-coupled
anti-IgA Ab (Southern Biotech) and 7AAD (Roche) then
analyzed by FLOW. 

Analysis of V[D]J recombination in vitro 

The GFPi reporter and CMV -RAG1, CMV -RAG2 expres-
sion constructs were a generous gift of J. Demengeot (Inst.
G. de Ciencia, Portugal). Recombination Activation Gene
(RAG)-mediated induction of DSBs, re-orientation and
subsequent expression of GFP (GFPi) cDNA was carried
out as described ( 61 ). 70% confluent wt or ZEB1 KO 293T
cells were co-transfected (linear PEI) with the GFPi re-
porter alone (background) or in combination with CMV-
dri v en RAG1 and RAG2 expression constructs, at a ratio
of 1 �g GFPi:0.32 �g RAG1:0.28 �g RAG2. The following
day, media was changed and after an additional 48 h, cells
were harvested and analyzed by FLOW. 

Statistical analysis 

Bar graphs r epr esent the mean ± S.E.M. of at least three in-
dependent experiments. The unpaired two-tailed Student’s
t test was used to calcula te sta tistical significance, and a
P < 0.05 value was considered significant. 

RESULTS 

The physical interaction between ZEB1 and 53BP1 is poten-
tiated by ionizing radiation and they co-localize at DSBs 

In its role as a transcription factor, ZEB1 has been shown
to interact with a number of chromatin-modifying and
transcriptional-regulating factors ( 6 , 8–10 , 42 ). To identify
interacting partners with which ZEB1 promotes radio-
therapeutic resistance we performed a yeast two-hybrid
screen using full length human ZEB1 as the bait. Screening
a HeLa cDNA library, 53BP1 was a prominent positi v ely-
interacting candidate. Re v ersing the configuration of the as-
say, with fl53BP1 as the bait, like-wise, resulted in colony
growth (Supplementary Figure S1). 

The association between ZEB1-53BP1 was confirmed in
resting mammalian U2OS cells via reciprocal endogenous
co-immunopr ecipitation. Exposur e of these cells to 4 Gy
ionizing radiation amplified this interaction very ra pidl y–
within 1–2 min of treatment–peaking at about 1h post-
IR and declined thereafter. Twenty-four hours after treat-
ment, this association had returned to baseline le v els (see
Discussion), (Figure 1 A). To limit (but not eliminate) the
possibility that the amplified interaction between these two
proteins r equir ed DNA, we added the DNA intercalating
agent Ethidium Bromide in the culture media just prior
to irradiation and also during the harvesting, processing
and immunoprecipitation steps. We observed no effect on
the rapid–within at least 2 mins of IR administration–
amplification of the ZEB1-53BP1 interaction (Supplemen-
tary Figure S2A). In addition, western blot analysis shows
that in the 2 min time frame that this amplification occurs,
stead y-sta te protein le v els of ZEB1 and 53BP1 remain un-
changed (Supplementary Figure S2B). 

As 53BP1 is a well-established marker of DSBs, we next
asked whether ZEB1 localizes to IR-induced lesions. Dou-
ble immunofluorescence staining of U2OS cells 30 min af-
ter exposure to 4 Gy showed co-localization of endogenous
ZEB1 and 53BP1 at ionizing radiation-induced foci (IRIF;
Supplementary Figure S3). 

Using ov er-e xpressed epitope-tagged cDNAs in U2OS
cells, w e narrow ed the interaction betw een ZEB1 and 53BP1
to a 147aa region that includes the homeodomain in the
former and to the 57aa oligomerization domain (OD) in
the latter (Figure 1 B). Interestingly, deletion of 305aa from
the amino terminus of ZEB1 (which includes the amino-
terminal zinc-fingers and SMAD interaction domain ( 9 ),
left panel of Figure 1 B) resulted in loss of 53BP1 binding,
whereas the interaction was robustly regained after a fur-
ther 225 deletion (530aa total from the amnio terminus; see
discussion). 

ZEB1 is rapidly recruited to LASER-induced lesions 

As localization of 53BP1 to DSBs occurs within 2 min
of a LASER-induced lesion ( 43 ), we next sought to de-
termine the timing of ZEB1 localization relati v e to this
benchmar k. Using continuous-capture, li v e cell imaging
and near-infrared LASER ablation, we introduced a com-
plex lesion (including DSBs, with a minimum of pyrimi-
dine dimers, ( 44 )) into nuclei of U2OS cells co-expressing
ZEB1-GFP and 53BP1-RFP. Concentration of ZEB1-GFP
fluorescence at the lesion was very rapid –– within at least
2 s –– and precedes 53BP1 (Figure 2 A), which, consistent
with previous findings ( 43 ), arrives at the lesion after about
90 s. This speed of recruitment –– faster than the ability of
our system to record it as a li v e-cell image–led us to com-
pare ZEB1 to that of PARP1, one of the earliest factors
known to localize –– within seconds–to such lesions ( 45–47 ).
To the extent that we can accurately measure, ZEB1-GFP
and PARP1-mcherry arri v e sim ultaneousl y to IF-mediated
LASER stripes (Figure 2 B). Quantification of the kinetics
of these fluor escence r eadouts is presented below these im-
ages. Virtually identical results were obtained–simultaneous
rapid co-localization within the 2 s timeframe r equir ed
to capture both color channels–when ZEB1-GFP was co-
transfected with the cNHEJ repair factor Ku80 fused to
mCherry (Supplementary Figure S13). The speed of this
co-localization to the LASER lesion is clearly seen in time-
la pse ca pture of a second ZEB1-GFP / Ku80-mCherry co-
transfected cell subjected to the same IFR LASER ablation
protocol (Supplementary Figure S14). 

ZEB1 depletion impairs 53BP1 recruitment to both IR- and
enzymatically-induced DSBs 

Gi v en the relati v e timing of localization of these two fac-
tors to a LASER-mediated lesion (Figure 2 A), we asked
whether, following induction of DSBs, ZEB1 is r equir ed
f or f orma tion of a t least a subset of 53BP1 foci, over a
24 h period. Wild-type or CRISPR / Cas9-mediated ZEB1
KO U2OS cells (see Supplementary Figure S4 for anal-
ysis of protein le v els in these cells) were irradiated with
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Figure 2. ZEB1 localization to LASER-induced Lesion is rapid and precedes 53BP1. ( A ) U2OS cells were transfected with the indicated fluorescence- 
tagged cDNAs and 48 h later, subjected to 780 nM near-infrared LASER ablation in the stripes defined by the yellow rectangles (regions of Interest, ROIs). 
Frames were continuously captured (2 s total time for both channels) and images extr acted. ZEB1-GFP concentr a tes a t the lesion within 2 s; 53BP1-RFP 

co-localizes about 1.5 mins later. ( B ) Identical experimental parameters as in panel A, with co-transfection of ZEB1-GFP and PARP1-mCherry. In the 
composite image, the lower yellow ROI marks a region not subjected to LASER ablation (to serve as background fluorescence), while the upper yellow 

ROI marks the site of LASER targeting (at this magnification the position of the cell had drifted slightly over the course of the imagining period, se v eral 
minutes). Fluorescence intensity for each channel in each frame was measured (subtracting background fluorescence of nuclear region not subjected to 
ablation) after images had been captured by r efr eshing the ROI around the site of the lesion (red rectangle in panel B) to generate the graphs below the 
images, plotting fluorescence intensity versus time. The arrow in each graph indicates the moment–the beginning of the fourth imaging ca pture–w hen the 
LASER was fired (a 12 �s burst). Captured images are representati v e of at least six separate transfections / analyses (done on different days). Kinetics 
localization plots are the mean of each time point deri v ed from at least three separate experiments; error bars are S.E.M. 40 × oil objecti v e; detailed 
microscope parameters provided in Supplementary Table S2. 
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 Gy, and various time points, fixed and stained for en- 
ogenous 53BP1 via IF. Compared with wt, ZEB1 KO cells 
ot only display approximately half the 53BP1 foci (Fig- 
re 3 A; quantified below). Interestingly, at 24 h-post treat- 
ent, this ratio is re v ersed, suggesting that DSB resolu- 

ion is delayed in ZEB1-deficient cells (an effect mirrored 

n our analysis of �H2A.X resolution (Figure 4 , see below). 
 similar ef fect–irradia ted ZEB1-deficient cells had half the 

umber of 53BP1-positi v e foci as their wt counterparts–was 
bserved in 293T cells 20 min after IR (data not shown). 
EB1-KO U2OS cells displayed no significant difference 

n cell cycle phase distribution from their wt counterparts 
Supplementary Figure S15). 

Next, using the U2OS (p53 wt)-based DIvA ( D ouble- 
tranded breaks I nduced v ia A siSI) cell line, a 4-OHT- 
nducible system that allows for the reliable interrogation 

f a pproximatel y 180 AsiSI endonuclease-targeted sites dis- 
ersed throughout the human genome (virtually all of these 
 eside in euchromatin, pr eviousl y ma pped and character- 
zed ( 48 , 49 ). This number of DSBs provides a reasonable, 
nzyma tically-genera ted analogue of a therapeutic dose of 
R ( 48 , 50 , 51 ), the consequences of which can be interro-
ated biochemically. As above, we generated a ZEB1 KO 

eri vati v e of this line (for WB analysis, see Supplementary 

igure S4) and, following induction of DSBs, determined 

ia ChIP / qPCR the extent of 53BP1 localization to two 

ites, comparing the parent line to ZEB1 KO. Localiza- 
ion of 53BP1 was dramaticall y reduced –– a pproximatel y 5- 
old –– at a site in Chr 18 and 9-fold at one in Chr 21 (normal-
zed to the minor ef fect tha t ZEB1 depletion had on AsiSi 
utting efficiency in ZEB1 KO cells versus wt –– see Supple- 
entary Table S1; Figure 3 B). Furthermore, ChIP / qPCR 

nalysis of the spatial distribution of 53BP1 and ZEB1 at 
hese two DSBs showed that ZEB1 is r equir ed for 53BP1 

ocalization up to one megabase from either of these AsiSI- 
enerated cuts, and it associates with chromatin to an extent 
hat mirrors the pattern seen for 53BP1 (Figure 3 C). In the 
ontext of these results, it is important to note that depletion 

f ZEB1 had no effect on 53BP1 protein le v els in both 293T
HEK) and in DiVA (U2OS) cells (Supplementary Figure 
4); and had only negligible effects on AsiSI enzymatic cut- 
ing efficiency (Supplementary Table S1). 
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Figure 3. ZEB1 is r equir ed for localization of 53BP1 to a subset of DSBs. ( A ) Top: Time course of 53BP1 foci formation and resolution, ZEB1-proficient 
or -knockout U2OS cells (see Supplementary Figure S4 for analysis of protein le v els) grown on coverslips were subjected to 2 Gy, immediately returned 
to the incubator, and after the indicated times fixed and processed for immunostaining for 53BP1. Nuclei are visualized with Hoechst 33342. Shown are 
r epr esentati v e images deri v ed from one of thr ee experimental r eplications (done on different days), Below: At least 80 cells per condition were scored for 
53BP1-positi v e foci in a blinded fashion and the mean number of 53BP1-positi v e foci are plotted as a function of time. ( B ) Loss of ZEB1 dramatically 
reduces localization of 53BP1 800 bp from AsiSI-induced DSBs. ChIP / qPCR analysis of 53BP1 binding near AsiSI-generated DSBs on either chromosome 
18 or 21, in wt or ZEB1 KO DIvA U2OS cells (see Supplementary Figure S4 for analysis of protein le v els). IgG neg. control was carried out using the 
chr. 18 primer set. ( C ) Spa tial distribution of 53BP1 chroma tin localiza tion fr om 80 to appr oximately 10 6 bp from the AsiSI-induced DSB is lost in the 
absence of ZEB1. In panels B and C, bar graphs depict relati v e ChIP / qPCR results, adjusted for background (ChIP with non-specific IgG) and normalized 
to Input; r epr esentati v e plots from three separate e xperiments. qPCR results in all ChIP expts wer e corr ected for minor differ ences in cutting efficiency 
between wt and KO conditions (see Supplementary Table S1 and Material and Methods). IF staining analysis of ZEB1 effects on IRIF and all ChIP / qPCR 

experiments were carried out at least three times. Statistical analysis employed a two-tailed unpaired Student’s t -test, Error bars are S.E.M. * P ≤ 0.05, 
** P ≤ 0.01, *** P ≤ 0.005. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Loss of ZEB1 delays resolution of �H2AX foci and increases
the number of RAD51 foci 

Wild-type or Crisper / Cas9-generated ZEB1 KO U2OS cells
were subjected to 1 Gy, and appearance and resolution of
�H2AX foci, a surrogated marker of DSB, was monitored
ov er the ne xt 24 h. Residual �H2AX foci were significantly
greater in the ZEB1 KO cells compared to control (Figure
4 , quantified in lower panel), consistent with the results seen
with 53BP1 foci observed 24 h post-irradiation (Figure 3 ).
As above, there was no discernible effect of ZEB1 deple-
tion in these cells on 53BP1 le v els (Supplementary Figure
S4). As ZEB1 is r equir ed for localizing a key regulator of
resection and promoter of NHEJ, 53BP1, to a subset of
DSBs, we then asked whether it affects a classic hallmark of
HR, the Rad51 recombinase ( 52 ). Wild-type and ZEB1KO
U2OS cells were either mock-treated or subjected to 2 Gy,
and 2 h later were processed for IF staining for the presence
of Rad51 foci. Both unirradiated and irradiated ZEB1 KO
cells showed clear evidence of greater RAD51 foci than their
ZEB1-proficient counterparts (Figure 4 B , top; quantita tion
 

is shown below the images). Collecti v ely, these results sug-
gest that loss of ZEB1 delays the repair of DSBs and may
be accompanied by enhanced HR repair. 

ZEB1 promotes NHEJ-mediated DSB repair and inhibits re-
section through its homeodomain 

To determine whether ZEB1 influences the repair of DSBs
via NHEJ or HR pathways (or both), we utilized the EJ-DR
U2OS cell line (a gift from S. Powell and R. Bindra), which
has three stably integrated constructs: reporters measuring
either NHEJ (RFP) or HR (GFP) mediated repair, and a
cDNA encoding an inducible I-SceI enzyme ( 53 , 54 ). These
cells were treated with siRNAs targeting ZEB1, 53BP1,
BRCA1 or non-targeting control, and, following induction
of DSBs, the repair outcomes were analyzed by flow cytom-
etry ( 54 ). The results show that ZEB1 promotes NHEJ to
an extent similar to 53BP1 (Figure 5 A; r epr esentati v e WBs
showing KD specificity are shown in Figure 5 B). 

Depletion of ZEB1 via SiRNA-targeting of its 3 

′ UTR
in the EJ-DR reporter cell line (see r epr esentati v e WB,
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Figure 4. In response to IR, ZEB1 KO delays resolution of �H2AX foci and increases the average number of cells with high le v els of RAD51 foci. ( A ) Top: 
IF staining time course of appearance, post-1Gy, and resolution of �H2AX foci, in either wt, or ZEB1-depleted (via CRISPR KO) 293T cells; Bottom, left: 
quantitation of staining results (200 cells from each condition were scored in a blinded fashion). Bottom right: WB shows virtual absence of ZEB1 protein 
in the KO line. ( B ) wt or ZEB1 KO U2OS cells were subjected to either Mock (Control) or 2 Gy, and, 2 h later stained for RAD51 (see Materials and 
Methods); below, at least 200 cells from each condition were scored (blinded) for presence of RAD51 foci and r esulting per centages categorized as shown. 
Data shown in all panels is a r epr esentati v e e xample of three independent experiments. Asterisks indica te sta tistically significant dif ferences by Student’s t 
test, Error bars are S.E.M.; ns, not significant: P > 0.05; * P ≤ 0.05, ** P ≤ 0.01,*** P ≤ 0.005. 

Figure 5. ZEB1 promotes NHEJ to a similar extent as 53BP1 and a ttenua tes HR. ( A ) Representa ti v e WBs showing the effect of the NT, anti-BRCA1, 
anti-53BP1 and anti-ZEB1 siRNAs. ( B ) Top, schematic indicating major functional domains of ZEB1: ZF, Zinc Finger Cluster; SID, SMAD-Interacting 
Domain; HD, Homeodomain; CID, Co-Repressor-Interacting Domain. Bottom, the EJ-DR U2OS-based cell line with stably integrated, I-Sce I-based 
reporters for both NHEJ (RFP) and HR (GFP), were transfected with either NT or indicated SiRNAs, and 48 h later, DSBs were induced (see Materials 
and Methods). Cells were subjected to FL OW anal ysis 72 h after DSB induction. The anti-ZEB1 siRNA targeted its 3 ′ UTR, allowing rescue by either 
full-length (fl) or a homeodomain-deleted ( � HD) cDNAs. ZEB1 KD, similar to the effect of 53BP1 KD, results in a 20% reduction in NHEJ repair, 
with a more modest effect on HR. This effect is rescued, with a potentiation of NHEJ and a concomitant reduction in HR upon transfection of the fl
ZEB1 expression vector, while transfection of the � HD construct had the opposite effect. Results are normalized to induced (IND) control; UN Cont., 
un-induced / No SiRNA; IND. Cont., induced / No SiRNA. error bars = S.E.M. Results are the avg. of three independent expts. with S.E.M. P > 0.05; 
* P ≤ 0.05, ** P ≤ 0.01, *** P ≤ 0.005. 
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Figure 6. ZEB1 Inhibits resection. ( A ) Imaging FLOW cytometry shows that, in response to IR, ZEB1 inhibits number and intensity of RPA2-labled foci. 
Top left panel, in either wt or ZEB1 KO U2OS cells, in the absence of IR, ther e ar e virtually no detectab le RPA2-positi v e foci; Bottom left panel, blue bars, 
30 min after 4 Gy, wt cells with RPA2-positi v e foci appear in all three CC phases, with cells in S having the highest percentage of cells with greater than 
5 foci per cell (high spot count); their ZEB1 KO counterparts, depicted with red bars, show a significant increase in high spot count in all three phases. 
Upper right panel, ZEB1 KO cells stab ly e xpressing the indicated constructs were subjected to 4 Gy and processed for Imaging FLOW cytometry as above; 
compared to vector control (red bars, top row), expression of flZEB1 cDN A dramaticall y reduces RPA2-positi v e foci, while the homeodomain deletion 
( � HD) mutant has a minimal effect (bottom row). A minimum of 20000 cells were analyzed per condition. Data shown in this panel are representati v e of 
three independently performed analyses (carried out on separate days). ( B ) ZEB1 inhibits resection at an enzymatically-induced DSB. An AsiSI-generated 
DSB was induced in synchronized DIvA cells (see Supplementary Figure S7A for WB of these ZEB1 KO U2OS cells), genomic DNA isolated, digested 
with restriction enzyme BsrGI and subjected to qPCR (in triplicate) using PCR primers that flank BsrGI sites at 335, 1618 or 3500 bp downstream of an 
AsiSI cut site on chromosome I. Resection, yielding increased le v els of SS DNA and subsequent PCR product, is increased in asynchronized cells with 
ZEB1 KD, a result amplified in G2. Results, normalized to AsiSI cutting efficiency (see Supplementary Table S1 and Materials and Methods), are the avg. 
of three different expts. with S.E.M. * P ≤ 0.05, ** P ≤ 0.01, *** P ≤ 0.005. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5 B, Bottom) reduced NHEJ-mediated fluorescence
and up-regulated the HR fluorescence output (Figure 5 A).
Re-introduction of a full-length ZEB1 cDNA, r estor ed
NHEJ / HR fluorescence to normal le v els, supporting a role
for ZEB1 in the promotion of NHEJ and inhibition of
HR. Interestingly, introducing a ZEB1 cDNA with only
the homeodomain region deleted ( � HD, Figure 5 A; see
schematic) failed to rescue this repair switch phenotype. 

Using high-throughput imaging flow cytometry
(IFC;( 39 , 40 ) to score the number and intensity of IR-
induced RPA2-positi v e foci (a well-estab lished mar ker
for ssDNA –– see Discussion ( 55 )), in wt versus ZEB1 KO
U2OS cells, we further found that ZEB1 promotes NHEJ,
at least in part, through the attenuation of resection. In the
absence of ZEB1, the number of IR-induced RPA2-positve
foci increased throughout the cell cycle, with the greatest
effect–3.9-fold–in G2 (Figure 6 A, bottom, left). ZEB1-
depleted cells (which showed no discernable difference
in the rate of proliferation from wt cells, Supplementary
Figure S7), like-wise, showed a comparable increase in
the extent of r esection, as r eflected in significantly greater
bright detail Intensity throughout the cell cycle (Supple-
mentary Figure S6). Additionally, mirroring the results
seen in the EJ-DR fluorescent reporter system (Figure 5 A),
rescue of the U2OS ZEB1 KO cells by stably expressing ei-
ther wt flZEB1 cDNA or the HD-deletion mutant resulted
in the a ttenua tion or promotion of r esection, r especti v ely
(Figure 6 , top, right). Cell cycle phase profiles–derived from
intensity of DAPI-staining for DNA content as part of the
IFC analysis –– r emained r elati v ely unchanged across these
conditions (Supplementary Figure S7). Statistical analysis
of cell cycle phase distribution from asynchronously divid-
ing wt versus KO cells that are deri v ed from these Imaging
Flow Cytometry data is presented in Supplementary Figure
S15. Protein le v els of these stab ly e xpr essed cDNAs wer e
verified via western blot (Supplementary Figure S8A). 

These results were corroborated in the context of
enzymatically-induced ‘clean’ DSBs using the DIvA
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Figure 7. ZEB1 confers PARPi sensitivity. Upper panel: ( A ) loss of ZEB1 in U2OS cells significantly increases PARP inhibitor resistance in BRCA1- 
deficient cells, as quantified by cell proliferation (MTT assay). ( B ) Referring to panel A, at 30 nM concentration of Olaparib, ZEB1-positi v e cells are 
significantly more sensiti v e in a BRCA1-deficient background. ( C ) Rescue of fl ZEB1 in ZEB1-KO U2OS cells enhances PARP inhibitor sensitivity in 
BRCA1-deficient cells. ( D ) Ov er-e xpr ession of the ZEB1 transcriptional r epr ession minus m utant ‘PLDLS’ still confers PARPi sensitivity, w hile a the 
homeodomain deletion mutant ‘Delta’ does not rescue this effect. ( E ) In tumor-deri v ed breast cancer cell lines, ZEB1+, BRCA1-deficient cells (MDA- 
MB-436) are sensiti v e to PARP inhibition as quantified by cell proliferation (MTT assay), an effect that is lost in BRCA1-proficient cells (MDA-MB-231). 
( F ) Stable cell lines derived from the ZEB1-deficient / BRCA1 deficient HCC-1937 cells over-expressing either ZEB1 alone, BRCA1 alone, or both, were 
subjected to the same PARPi experimental protocol. As in the pre vious e xamples, cells e xpressing ZEB1 alone (BRCA1-deficient) were sensiti v e to PARPi. 
WB showing expression of rescue cDNAs in U2OS cells is shown in Supplementary Figure S7A; WB demonstrating the e xpected e xpression profiles for 
ZEB1 and BRCA1 in the four cell lines employed in panel E and in the rescued HCC1937 cells are presented in Supplementary Figure S11. All graphs 
depict r epr esentati v e results and all experiments were performed a minimum of three times; data shown are average values ± S.E.M. * P ≤ 0.05, ** P ≤ 0.01, 
*** P ≤ 0.005, **** P ≤ 0.001. 
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ystem, and a qPCR-based resection assay ( 37 ). Loss of 
EB1 significantly increased the appearance of ssDNA 

ear the break, an effect virtually all confined to the G2 

hase as shown in doub le-thymidine-b locked cells (Figure 
 B; see discussion). Cell cycle profiles post-thymidine re- 
ease were similar in ZEB1-proficient and their knock-out 
ounterparts (Supplementary Figure S16). The effect of 
EB1 depletion on AsiSI cutting efficiency at this target 

ite was negligible (Supplementary Table S1) and consis- 
ent with that observed with 53BP1 KD ( 37 ). As ZEB1 

s r equir ed for localization of 53BP1 to a subset of IR-, 
s well as to enzymatically-induced DSBs (Figure 3 ), this 
esult is consistent with the hypothesis that it promotes the 
3BP1 / shieldin-media ted-a ttenua tion of resection activity 

 23–28 ). Depletion of ZEB1 significantly increased that 
ctivity up to at least 3500 bases from the AsiSI-mediated 

SB (Figure 6 B). 

EB1 confers sensitivity to PARP inhibitors through its 
omeodomain 

icro-Homology-Mediated End Joining (MMEJ, also 

alled Theta-Mediated End Joining / TMEJ), is an error- 
rone, PARP1 / Pol Theta-reliant repair pathway that is 
p-r egulated in r esection-deficient genetic backgrounds 
 49–51 ). Gi v en that the r esection-r egulating 53BP1 / 
hieldin complex promotes this pathway in BRCA1- 
eficient backgrounds, and that ZEB1 is r equir ed both for 
3BP1 localization to a subset of DSBs (Figure 3 ), and 

 ttenua tion of r esection (Figur e 6 ), we tested whether ZEB1
mpacts the sensitivity of cancer cells to PARP inhibitors. 

ild-type and ZEB1 KO U2OS cells, depleted of BRCA1 

ia siRNA KD (or control si-RNA) were subjected to 

ncreasing concentrations the PARP1 / 2 inhibitor Olaparib 

or DMSO vehicle) for 5 days. Analysis of cell growth 

t the end of this period showed that, in the context of 
RCA1-depletion, ZEB1-deficincy conferred significantly 

or e r esistance to PARP inhibition compar ed to ZEB1- 
roficinert cells (Figure 7 A, summarized in Figure 7 B), 
n effect phenocopying that of 53BP1 KO (J. Hurwitz, 
ersonal communication). Loss of ZEB1 in these cells 
ad no significant effect on the cell cycle (Supplementary 

igures S7, S9, S15 and S16). Similar results were obtained 

sing the PARP inhibitor Veliparib (Supplementary Figure 
10). PARPi sensitivity could be r estor ed in ZEB1 KO 

2OS cells after stable transfection of full-length ZEB1 

DNA (but not vector control, Figure 7 C , verifica tion of 
rotein expression in Supplementary Figure S8A). 
Gi v en the results above, we predicted that the 

omeodomain-deletion mutant of ZEB1, which fails 
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Figure 8. ZEB1 is r equir ed for physiological DSB repair. ( A ) Class Switch recombination: the murine B lymphocyte cell line CH12.F3 was electroporated 
with either non-targeting (NT) or anti-ZEB1 SiRNA (ZEB1 KD) and 48h later stimulated to undergo CSR. After 72 h cells were stained and gated li v e 
cells (7AAD negati v e) anal yzed by FL O W f or % of surface IgA expression. ZEB1 KD r esulted in gr eater than 50% r eduction in IgA-positi v e cells. ( B ) 
V[D]J recombination: wt or ZEB1 KO 293T cells (see Figure 4 , bottom for WB) were transfected with the RAG-responsi v e GFPi (inv erted, non-e xpressed 
GFP cDNA) reporter and CMV-dri v en e xpression v ectors for RAG1 and RAG2 and gated li v e cells (7AAD negati v e) scored 48 h later for percentage of 
GFP-positi v e signal (inside an RFP + gate –– see MAterials and Methods). Loss of ZEB1 resulted in > 50% reduction in recombina tion-media ted inversion 
of the GFP cDNA to the expressed orientation; shown are representati v e results from experiments performed a minimum of three times; data are the 
average ± S.E.M.; *** P ≤ 0.005. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

to interact with 53BP1 [and, by extension, will fail, in
certain contexts, to localize the anti-resection Shieldin
complex, ( 23–26 )], should allow resection in a BRCA1-
deficient background, conferring PARPi resistance. This
was , indeed the case , as shown if Figure 7 D (verification of
protein expression in Supplementary Figure S8A). 

We next asked whether a key, well described cellular func-
tion of ZEB1–as a nucleator of chromatin modifying activ-
ities that collecti v ely either r epr ess or activate transcription
( 6–8 ) would play role in the response to PARPi. ZEB1 KO
U2OS cells rescued with either a transcription r epr ession-
deficient (Figure 7 D; see Supplementary Figure S8A for
protein expression and Supplementary Figure S8B for ver-
ification of the functional activity of this cDNA ( 56 , 57 )) or
transcription activation-deficient m utant cDN A ( 58 ) (Sup-
plementary Figure S11) were as sensiti v e to olaparib as the
wt ZEB1 cDNA. These data establish that ZEB1’s ability
to promote NHEJ and suppress HR is independent of its
canonical transcriptional activity. 

Lastly, to obtain a more clinically-relevant understand-
ing of the relationship between ZEB1 and the cellular re-
sponse to PARPi, we examined the sensitivity of a panel of
breast cancer cell lines harboring all four combinations of
ZEB1 / BRCA1 genotypes to PARPi. Recapitulating the re-
sults in U2OS cells, BRCA1-deficient cells with high ZEB1
expr ession (MDA-MB-436) wer e significantly mor e sensi-
ti v e to olaparib treatment than cells with low ZEB1 ex-
pr ession (Figur e 7 E). To control for the genetic variability
of these distinct patient-deri v ed lines, we introduced into
the ZEB1-n ull / BRCA1-n ull HCC-1937 cells either flZEB1,
flBRCA1 or both cDN As, generating iso genic pol yclonal
stable cell lines expressing these constructs, and subjected
these, in turn, to PARP inhibitor tr eatment. The r esults r e-
capitulated those we observed in U2OS cells and the four
patient-deri v ed lines (Figure 7 F). Protein expression anal-
ysis for all of these cell lines is shown in Supplementary
Figure S12. 

ZEB1 is r equir ed f or the r epair of physiological DSBs 

Extensi v e characterization of Class Switch Recombination
(CSR) and Variab le [Di v ersity] Joining (V[D]J) recombina-
tion have demonstrated an absolute r equir ement for 53BP1
in the former ( 59–61 ) and for a subset of recombination
e v ents in the la tter ( 62 ). A puta ti v e role for ZEB1 in V[D]J
recombination is further supported by a phenotypic out-
come in a ZEB1 loss-of-function m utant mouse, w hich har-
bors a 99% reduction in the total thymic T cell population
( 63 ). We ther efor e asked, as is the case for non-physiological
DSBs, whether ZEB1 plays a role in somatic recombination.
To investigate CSR, we employed the standard CH12.F3
mouse B cell line, which can be triggered (via Activation-
Induced Deaminase) to carry out a distal NHEJ reaction
in the constant region of the IgH gene, resulting in up-
r egulated expr ession of cell surface IgA isotype, detectable
by FLOW ( 64 ). Depleting ZEB1 using specific si-RNA re-
sulted in a greater than 50% reduction in cell-surface expres-
sion of IgA (Figure 8 A). 

To investigate the role of ZEB1 in V[D]J recombina-
tion (in the context of 53BP1 involvement, the result of
long-range distal end-joining of two enzymatically-induced
DSBs ( 62 )), we made use of a straight-forward fluorescent
reporter-based test system. Co-transfection with cDNAs
expressing the Recombination Activation Genes, RAG1
and RAG2, results in either an NHEJ-mediated inversion
of a GFP cDNA into the correct orientation for expres-
sion downstream of a constituti v ely acting promoter or as
an e xcised, non-e xpressing fused ring ( 65 ). When we intro-
duced these three constructs into ZEB1 KO 293T cells, we
observed, via FLOW, an approximately 40% reduction in
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he establishment of productive, GFP-expressing cells com- 
ared to wt controls (Figure 8 B). Taking into account that 
thers have shown the distance between the distal DSBs is 
eterminati v e for the r equir ement for 53BP1 in V[D]J ( 62 )
his result suggests that ZEB1 is r equir ed for at least a subset
f physiological distal NHEJ repair. 

ISCUSSION 

EB1 is known for promoting the EMT in both de v elop- 
ent and in metastasis, as well as for having pleiotropic 

f fects tha t collecti v el y potentiate tumor pro gression and 

herapeutic resistance ( 10 , 19 ). In addition, recent studies 
ave implicated ZEB1 in regulating the DDR, potentially 

ontributing to its role in therapeutic resistance ( 20 , 22 , 66 ).
ost pertinent to this study, Zhang et al. have shown that, 

n response to IR, ZEB1 activates the G2 / M checkpoint 
ndependent of its role in the EMT. Mechanistically (in 

 radio-resistant deri vati v e of the SUM159 human breast 
ancer cell line), ZEB1, through ATM-targeting (at S585), is 
tabilized and recruits the deubiquitinase USP7 to, in turn, 
tabilize CHK1, allowing for repair ( 20 ). 

Our da ta demonstra te a novel role for ZEB1, indepen- 
ent of ATM or checkpoint activation, directly in repair of 
SBs. We show here, initially through a classic yeast two- 

ybrid genetic screen (Supplementary Figure S1) and, in en- 
ogenous Co-IP and in ov er-e xpression analysis (Figure 1 ), 
hat ZEB1 physically interacts, through its homeodomain, 
ith 53BP1, a central player in the regulation of resection 

nd the promotion of NHEJ. 
We have demonstrated that ZEB1 is r equir ed for localiz- 

ng 53BP1 to a subset of DSBs, promoting NHEJ and in- 
ibiting HR, a ttenua ting resection, and conferring PARPi 
ensitivity–each of which can be attributed to ZEB1s home- 
domain region. As loss of ZEB1 had no significant ef- 
ect on proliferation rates or cell cycle distribution (Sup- 
lementary Figures S7 and S9, S15 and S16), and, as loss 
f ZEB1 increased resection throughout the cell cycle (Fig- 
re 6 ), these data strongly support a direct role for ZEB1 

n DSB repair, per se. Together with our observations on 

he effects of ZEB1 depletion on experimental analogues 
f physiological DSB repair (V[D]J and CSR), these find- 

ngs establish that ZEB1 plays a direct, non-transcriptional 
ole in cis at DSBs, promoting NHEJ at the expense of HR 

 48 , 59 , 60 , 62 , 67 , 68 ). 
ZEB1’s ra pid a ppearance –– within at least two seconds 

Figure 2 ) –– to DSBs, and its r equir ement for the subse- 
uent localization of the 53BP1 / shieldin complex mirrors 

t’s well-established function as a transcription factor, nucle- 
 ting chroma tin modifying / re-modeling factors / activities 
t promoters and enhancers ( 69 , 70 ). The influences that 
etermine where (e.g. chromatin context, PIKK apical ki- 
ase activity) and when (e.g. CC phase, dif ferentia tion 

tate, tumor stage) ZEB1 localizes 53BP1 to DSBs are cur- 
ently under investigation. We note that 53BP1 recruit- 
ent to IR-induced DSBs is not entirely eliminated in the 

bsence of ZEB1 (Figure 3 A), suggesting that ZEB1 re- 
ruits 53BP1 to only a subset of DSBs, presumably influ- 
nced by certain chromatin context. This conclusion is sup- 
orted by the loss of 53BP1 recruitment a t enzyma tically- 

nduced DSBs in ZEB1-deficient DiVA cells (Figure 3 A), 
here AsiSI activity is limited almost exclusively to euchro- 
atic sites ( 48 , 49 ). We speculate that ZEB1 acts by estab-

ishing a 53BP1-permissi v e chr omatin envir onment at cer- 
ain DSBs ( 29 , 71 , 72 ), by promoting the functional dimer-
zation of 53BP1 at these sites ( 73 , 74 ), by nucleating the
3BP1 / shieldin complex via homeodomain-mediated pro- 
ein contacts ( 23 , 24 , 26 , 75 ), or through a combination of
hese. Another (non-m utuall y-e xclusi v e) possibility is that 
3BP1 may be recruited to complex DSBs or clustered 

SBs (such as those induced by IR) through an alternate 
echanism that does not r equir e ZEB1. Further investiga- 

ion is r equir ed f or elucidating the mechanism f or this differ-
ntial r equir ement of ZEB1 for r ecruiting 53BP1 at DSBs. 

Interestingly, another well-studied transcription factor, 
P1, has recently been shown to be r equir ed for G1-specific 

ocalization of 53BP1 to DSBs (and the subsequent promo- 
ion of NHEJ ( 35 )). Although ZEB1 deficiency results in 

n increase in resection throughout interphase (Figure 6 A), 
t remains to be determined whether ZEB1-mediated local- 
zation of 53BP1 is confined to a specific cell cycle phase. 

ith respect to timing, our data from li v e cell LASER ab- 
ation studies shows that ZEB1 localization to that lesion 

ccurs at least as ra pidl y as PARP1 ( 46 ). Whether SP1 is
pstr eam, downstr eam, coincident with or independent of 
EB1 remains to be inv estigated. Like wise, it remains to 

e determined if, like ZEB1, SP1 physically interacts with 

3BP1. Although ZEB1 and SP1 both contain Cys 2 / His 2 - 
ype zinc fingers, ZEB1 uniquely harbors an homeodomain 

HD) with a classic helix-turn-helix structure, and, as dis- 
ussed above, we have shown that this 144aa domain is re- 
uired for ZEB1s effects in DSB repair. 
A central finding of this work, that ZEB1 a ttenua tes re- 

ection, is consistent with the recent expansion of the mech- 
nistic role for 53BP1 in pro-NHEJ activity. A number of 
 ecent r eports show that 53BP1 localizes both the shieldin 

rotein complex, which directly inhibits exo-nucleolytic ac- 
ivities and long-range resection ( 23–27 ), as well as the 
esection-countering fill-in Polymerase- � ( 28 ). Consistent 
ith our data demonstrating that 53BP1 localization at a 

ubset of DSBs r equir es ZEB1, r eduction or loss of ZEB1 

esults in an increase in HR-promoting resection (Fig- 
re 6 ). The resection phenotype we observed here is initi- 
ted through the interaction between the HD of ZEB1 the 
ligomerization domain (OD) of 53BP1 (Figures 1 B, 5 A 

 A and 7 D), r equir ed components of the ZEB-53BP1 axis. 
D-containing proteins play well-established key roles as 

ranscription factors during embryonic structural pattern- 
ng and organogenesis ( 76 , 77 ), but can also function non- 
r anscriptionally in tr ansla tion ( 78 ), protein stabiliza tion 

 79 ) and in export of mRNA ( 80 ). In this report, we find that
he 147aa region incorporating the ZEB1 homeodomain is 
 equir ed for (i) physical interaction with 53BP1 (Figure 1 B; 
hether this is direct is currently under investigation); (ii) 
romoting NHEJ (Figure 5 ); (iii) a ttenua ting resection (Fig- 
r es 6 , Supplementary Figur e S6) and (iv) PARPi sensitivity 

Figure 7 ). 
ZEB1’s effect on resection was measured two ways, by 

coring RPA2-positi v e foci via imaging flow cytometry 

IFC) and quantifying the presence of ssDNA at defined 

istances from known AsiSI cut sites via qPCR (Figure 
 ). With regard to the former method, hyperphosphoryla- 
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tion of the RPA2 subunit (Ser4 / 8, Ser32 and Thr21), in-
creases during resection, but not at replication forks. Ac-
cor dingly, this mar ker has been used to distinguish be-
tween these two e v ents using immunofluorescence of fixed
cells ( 81–83 ). Despite considerable effort, we could not find
an IFC-compatible anti-phospho-RPA2 antibody to dis-
tinguish between these two ssDNA targets. The fact that
ZEB1-deficiency causes an increase in both the number and
intensity of RPA2-positi v e foci throughout interphase (Fig-
ures 6 , Supplementary Figure S6), with no apparent effect
on the length of S-phase (Supplementary Figure S7), makes
this a suitable readout for resection. If, in post-IR ZEB1 KO
cells, an increase in the number of cells with a High Spot
Count / Bright Detail Intensity occurred only in S phase, it
might, for example, suggest a replication stalling effect. In
both of these readouts, howe v er, we observ ed that ZEB1-
deficient cells show an increase in all three phases. 

In contrast to the Image Stream analysis, the qPCR anal-
ysis of DNA upstream of an enzymatically-deri v ed DSB
showed virtually no increase in resection in G1 in ZEB1
KO cells (Figure 6 B). A reasonable explanation for this dis-
crepancy is that the former analysis involved subjecting cells
IR-mediated DNA damage (4Gy), resulting in a complex
mixture of lesions (including DSBs, a large number of SS
breaks , multiple adducts , etc.) requiring e xtensi v e process-
ing, including resection. A ‘clean’ enzymatically-induced
DSB, howe v er, can be ra pidl y r epair ed through cNHEJ with
minimal processing, and, as resection is down-regulated in
G1, this pathway will predominate. 

One unresolved question raised by this study is whether
the interaction between ZEB1 and 53BP1 is direct or indi-
rect and, in the subset of DSBs where it occurs, whether it re-
quir es DNA / chromatin. The incr ease in the association be-
tween endogenous ZEB1 and 53BP1 proteins occurs within
2 min after exposure of U2OS to therapeutic le v els of IR (4
Gy; Figure 1 A), a timing consistent with kinetics of local-
ization we observed in our live-cell imaging analysis (Figure
2 ). While we cannot rule out a role for DNA / chromatin in
the initiation of this amplification, during post-treatment
processing, addition of an agent known to reduce confor-
mational flexibility of DNA–ethidium bromide ( 84 ) –– had
no apparent effect on the temporal stability of this associa-
tion, suggesting that chromatin, per se, may not be r equir ed
for its persistence (Supplementary Figure S2A). 

Another critical question relates to the chromatin con-
text in which 53BP1 r equir es ZEB1 for localization. Our
Co-IP analysis also identifies the 47aa OD of 53BP1 as be-
ing r equir ed for this interaction (Figur e 1 B). Not only is this
domain responsible for oligomeriza tion / multimeriza tion of
this factor at DSBs ( 29 , 74 ), but has very recently been
shown to mediate liquid-liquid phase separation (LLPS;
( 85 )) through interaction with the core Heterochromatin
Protein 1 � (HP1 �) and the r epr essi v e epigenetic modifi-
cation H3K9me3 ( 86 ). In addition, a very r ecent r eport
from the Soutoglou group has shown that such 53BP1-
sponsor ed LLPS r epair compartments ar e r estricted in
scope again through the oligomerization domain–in G1
by the scaffold protein AHNAK. They demonstrated that
loss of AHNAK results in increased foci condensation
and droplet fusion with a concomitant increase in p53
accumula tion / activa tion and downstream consequences,
such as apoptosis and senescence ( 87 ). As ZEB1 and 53BP1
co-localize at IRIF (Supplementary Figure S3), but ZEB1
is r equir ed for 53BP1 localization to only a subset of these
sites (Figure 3 A), our current efforts to characterize the
specific chr omatin envir onment to which ZEB1 localizes
at a DSB is being informed by, among other things, the
homeodomain–OD interaction. 

ZEB1 plays a broad pleiotropic role in cancer biology,
particularly in metastatic compartments of solid tumors
( 15 , 18 ) and this applies, as well, to ZEB1’s role in the DDR.
Recent data from the Positgo, Ma and Tissier laboratories
show that ZEB1 regulates base excision repair ( 88 ), CHK1
stability ( 20 ) and MMEJ / TMEJ ( 22 ), respecti v ely. In the
case of the last study, the authors provide convincing evi-
dence, including from patient samples, that the inverse cor-
relation between ZEB1 and Pol Theta in aggressi v e, claudin
low, triple negati v e breast cancers is due to direct transcrip-
tional r epr ession of the PolQ gene by ZEB1. The conse-
quent reduction in TMEJ may play a role in reducing ge-
nomic instability in at least a subset of these triple nega-
ti v e tumor cells, conferring a selecti v e advantage ov er their
ZEB1-deficient counterparts ( 22 ). In light of these data, a
functional role for ZEB1 as a regulator of resection (via
localization of the 53BP1 / shieldin complex) will likely de-
pend on a number of factors beyond chromatin context, in-
cluding cell cycle phase, complexity of the DSB, and tumor
stage. 

The clinical relevance of the ZEB1–53BP1 axis described
here, howe v er, is centered largely on BRCA-deficient tu-
mors, w hich rel y on TMEJ as a back-up repair pathway in
S / G2 –– one basis for the synthetic lethality of PARP inhi-
bition. Critically in this regard, ZEB1KO / BRCA1 KD cells
ov er-e xpressing either the ZEB1 transcriptional r epr ession
mutant or wt cDNA were equally sensiti v e to PARPi (Fig-
ure 7 ). Whether the down-regulation of PolQ by ZEB1 is
confined to G1–inhibiting the err or-pr one TMEJ pathway
in a CC phase dependent on the less err or-pr one rapid cN-
HEJ pathway (which is clearly potentiated by the ZEB1–
53BP1 axis), remains to be elucidated. Consistent with this
r easoning, in their r eport, Prudhomme et al. speculate that
the down-regulation of TMEJ by ZEB1 may result in a par-
allel induction of cNEHJ, an outcome supported by the
present study ( 22 ). 

In contrast to the well-characterized therapeutic
resistance of high ZEB1-expressing cancer cells, the
ZEB1 → 53BP1 → shieldin –| resection axis described
here exposes a potential novel vulnerability: ZEB1-
expressing / BRCA1 / 2-deficient cells are sensiti v e to PARP
inhibitors. ZEB1 le v els in BRCA-deficient patients and / or
tumors ma y, theref ore serve as a biomarker to pr edict r e-
sponse to PARP inhibition, and we ar e curr ently exploring
this possibility. 
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