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ATM-mediated stabilization of ZEB1 promotes DNA
damage response and radioresistance through CHK1

Peijing Zhang', Yongkun Wei’, Li Wang', Bisrat G. Debeb’, Yuan Yuan®, Jinsong Zhang', Jingsong Yuan',
Min Wang', Dahu Chen', Yutong Sun’, Wendy A. Woodward’, Yongqing Liu®, Douglas C. Dean’, Han Liang’,
Ye Hu', K. Kian Ang’, Mien-Chie Hung””®, Junjie Chen"® and Li Ma"®*

Epithelial-mesenchymal transition (EMT) is associated with characteristics of breast cancer stem cells, including
chemoresistance and radioresistance. However, it is unclear whether EMT itself or specific EMT regulators play causal roles in
these properties. Here we identify an EMT-inducing transcription factor, zinc finger E-box binding homeobox 1 (ZEB1), as a

regulator of radiosensitivity and DNA damage response. Radioresistant subpopulations of breast cancer cells derived from ionizing
radiation exhibit hyperactivation of the kinase ATM and upregulation of ZEB1, and the latter promotes tumour cell radioresistance
in vitro and in vivo. Mechanistically, ATM phosphorylates and stabilizes ZEB1 in response to DNA damage, ZEB1 in turn directly
interacts with USP7 and enhances its ability to deubiquitylate and stabilize CHK1, thereby promoting homologous
recombination-dependent DNA repair and resistance to radiation. These findings identify ZEB1 as an ATM substrate linking ATM

to CHK1 and the mechanism underlying the association between EMT and radioresistance.

Radiation therapy causes cell death by inducing single- and
double-strand DNA breaks"?. The rationale for treating tumour
tissues with radiation without damaging normal tissues is that
compared with normal cells, tumour cells are actively dividing
and often have defects in DNA damage repair machinery, and
thus are less able to repair DNA damage’. A major cause of
failure in radiation treatment is intrinsic and therapy-induced
radioresistant tumour cells, which exhibit increased DNA
repair ability*.

The DNA damage response (DDR) pathway consists of sensors,
transducers and effectors™. In response to genotoxic damage, the
RAD9-HUS1-RADI1 (9-1-1) complex is recruited to the DNA
damage sites by a RAD17-containing protein complex and then
facilitates ATR-mediated phosphorylation and activation of CHK1, an
effector protein kinase that regulates S phase progression and G2/M
cell cycle arrest””. Another sensor complex, the MRE11-RAD50-

NBSI (MRN) complex, detects double-strand breaks (DSBs), recruits

ATM and promotes ATM-mediated phosphorylation of histone H2AX
(YH2AX) surrounding the DNA breaks®®. Subsequently, a number of
signalling and repair proteins accumulate at DNA lesions and form
discrete foci'®12,

Recently, cancer stem cells have been shown to promote
radioresistance through activation of DDR (refs 13,14). Moreover, the
EMT trans-differentiation program can generate cells with stem-like
properties’>. EMT can be induced by various transcription factors,
including Twist, Snail, Slug, ZEB1 and ZEB2 (refs 16,17). However,
it is unclear whether EMT itself or specific EMT regulators cause
properties associated with cancer stem cells such as chemoresistance
and radioresistance.

Here, we found that the EMT regulator ZEBI promotes
DDR and tumour radioresistance. This regulation is initiated
by phosphorylation and stabilization of ZEB1 by ATM and
is mediated by stabilization of CHKI by a ZEBIl-interacting
deubiquitylase, USP7.
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Figure 1 ZEB1 confers radioresistance on mammary epithelial cells.  Significance is determined for the effect of the specific siRNA effect

(a) Immunoblotting of E-cadherin, vimentin, Snail, Twist, ZEB1 and GAPDH
in HMLE cells transduced with Snail, Twist or ZEB1. (b) Clonogenic
survival assays of HMLE cells transduced with Snail, Twist or ZEBI.
n=3 wells per group. IR, ionizing radiation. Significance of Mock versus
Snail, ZEB1 and Twist are shown from left to right. (c) Immunoblotting
of Snail, Twist, ZEB1, E-cadherin, vimentin and GAPDH in HMLE cells
transduced with Snail, Twist or ZEB1 alone or in combination with the
siRNA targeting Snail, Twist or ZEB1. (d) Clonogenic survival assays of
HMLE cells transduced with Snail, Twist or ZEB1 alone or in combination
with the siRNA targeting Snail, Twist or ZEB1. n=3 wells per group.

RESULTS

ZEB1 underlies the association between EMT and
radioresistance

To examine the association between EMT and radioresistance,
we overexpressed Snail, Twist or ZEB1 in the experimentally
immortalized, non-transformed human mammary epithelial cells's,
termed HMLE cells. Each of these transcription factors induced

compared to that of the scramble control. (e) Immunoblotting of Snail,
Twist, ZEB1, E-cadherin, vimentin and GAPDH in MCF7 cells transduced
with Snail, Twist or ZEB1. (f) Clonogenic survival assays of MCF7 cells
transduced with Snail, Twist or ZEB1. Significance of Mock versus ZEB1
is shown. n=3 wells per group. Data in b,d and f are the mean of
biological replicates from a representative experiment, and error bars indicate
s.e.m. Statistical significance was determined by a two-tailed, unpaired
Student’s t-test. The experiments were repeated 3 times. For source data,

see Supplementary Table 3. Uncropped images of blots are shown in
Supplementary Fig. 7.

EMT—as evidenced by changes in morphology (Supplementary
Fig. 1a), downregulation of E-cadherin and upregulation of vimentin
(Fig. 1a), and increased clonogenic survival on irradiation (Fig. 1b
and Supplementary Fig. 1b). In each case, expression of Snail, Twist
and ZEB1 was upregulated; in particular, overexpression of either
Snail or Twist increased ZEB1 expression to a level as high as that
of ZEB1-overexpressing cells (Fig. 1a). Next, we silenced each of the
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Figure 2 ZEB1 is upregulated in radioresistant cancer cells and promotes
tumour radioresistance. (a) Schematic representation of generation of a
radioresistant subline (SUM159-P2) from parental SUM159 cells (SUM159-
PO). (b) Clonogenic survival assays of SUM159-PO and SUM159-P2 cells.
IR, ionizing radiation. n=3 wells per group. (c) Immunoblotting of YH2AX
and HSP90 in SUM159-PO and SUM159-P2 cells treated with 6 Gy ion-
izing radiation. (d) Immunoblotting of Snail, Twist, ZEB1 and GAPDH in
SUM159-PO and SUM159-P2 cells. SUM159-PO cells transfected with
Snail or Twist were used as positive controls. (e) Immunoblotting of Snail,
Twist, ZEB1 and GAPDH in SUM159-PO0 cells transduced with Snail, Twist
or ZEB1. (f) Clonogenic survival assays of SUM159-PO cells transduced
with Snail, Twist or ZEB1. n=3 wells per group. Significance of Mock
versus ZEB1 is shown. (g) Clonogenic survival assays of SUM159-P2 cells

three transcription factors in HMLE cells overexpressing Snail, Twist
or ZEB1, which did not cause reversal of EMT (Fig. 1c). Notably, only
knockdown of ZEBI reduced radioresistance (Fig. 1d), suggesting that
ZEB1 underlies the association between EMT and radioresistance.
Consistent with this notion, we observed upregulation of ZEB1 in
the survival fraction of mock-infected HMLE cells (Supplementary
Fig. 1¢); moreover, the survival fraction of ZEB1-depleted HMLE cells
re-expressed ZEB1 (Supplementary Fig. 1c).

We then overexpressed these three transcription factors in
the MCF7 human breast cancer cell line. Unlike HMLE cells,
MCEF?7 cells express intact p53, which acts as a barrier to EMT
induction!®?. Indeed, none of these three transcription factors
induced EMT in MCF7 cells (Fig. le and data not shown).
Moreover, only ZEB1, but not Snail or Twist, conferred radioresistance
on these cells (Fig. 1f). Taken together, it may not be EMT
itself that causes radioresistance; instead, it is a specific EMT
regulator, ZEB1, that plays a causal role in regulating the response
to radiation.

0 10 20 30 40 50 60
Days after irradiation
—— Scramble, no treatment
—— Scramble, XRT 2 Gy x 2 x 7 days
ZEB1 shRNA, no treatment
—— ZEB1 shRNA, XRT 2 Gy x 2 x 7 days

transduced with ZEB1 shRNA. Inset: immunoblotting of ZEB1 and GAPDH.
n=23 wells per group. (h,i) Tumour size of mice bearing control (scram-
ble) or ZEB1 shRNA-transduced SUM159-P2 xenografts. Tumours were
locally irradiated with 15 Gy single dose (h) or 2 Gy fractionated dose (XRT)
twice per day for 7 consecutive days (i). n=5 mice per group. General
linear model multivariate analysis was performed to determine statistical
significance. (j) Immunoblotting of ZEB1 and HSP90 in tumour lysates.
Data in b,f-i are the mean of biological replicates from a representative
experiment, and error bars indicate s.e.m. Statistical significance in b,
f and g was determined by a two-tailed, unpaired Student’s t-test. The
experiments were repeated 3 times. For source data, see Supplemen-
tary Table 3. Uncropped images of blots are shown in Supplementary
Fig. 7.

ZEB1 is upregulated in radioresistant cancer cells and
promotes tumour radioresistance
To determine whether ZEB1 is indeed upregulated in radioresistant
tumour cells, we employed y-ionizing radiation to select the
radioresistant subpopulation from the SUM159 human breast cancer
cells that express moderate levels of ZEB1. After a 6 Gray (Gy) dose,
surviving cells formed colonies. We pooled the colonies and repeated
the dose one more time (Fig. 2a). Cells derived from this selection,
named SUM159-P2 cells, exhibited increased clonogenic survival on
irradiation compared with the parental SUM159 cells (SUM159-P0;
Fig. 2b). Irradiation causes DSBs resulting in the formation of yH2AX
foci, and the persistence of YH2AX foci marks delayed repair and
correlates with radiosensitivity?'~>. At 24 h after irradiation, YH2AX
remained in SUM159-P0 cells but disappeared in SUM159-P2 cells
(Fig. 2c), indicating that this radioresistant subline has enhanced
clearance of DNA breaks.

Next, we examined the protein levels of Snail, Twist and ZEBI.
Only one factor, ZEB1, was significantly upregulated in SUM159-P2
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Figure 3 ZEB1 regulates DNA damage repair. (a) YH2AX and DAPI staining
of SUM159-P2 cells transduced with ZEB1 shRNA, 24 h after 6 Gy ionizing
radiation. Scale bar, 10 um. (b) Immunoblotting of ZEB1, yH2AX, H2AX and
GAPDH in SUM159-P2 cells transduced with ZEB1 shRNA, at the indicated
time points after 6 Gy ionizing radiation (IR). (c,d) Images (c) and data
quantification (d) of comet assays of SUM159-P2 cells transduced with ZEB1
shRNA, at the indicated time points after 6 Gy ionizing radiation. n=62 cells
per group. Scale bar, 50 um (c). (e) Immunoblotting of ZEB1 and GAPDH in

cells (Fig. 2d). On the other hand, ZEBI messenger RNA levels
showed no increase (Supplementary Fig. 2a), suggesting that the
observed ZEB1 upregulation was due to post-transcriptional or post-
translational regulation.

We overexpressed Snail, Twist or ZEBI in parental SUM159 cells
(Fig. 2e) and found that ZEB1 was much more powerful than
Snail and Twist in promoting radioresistance (Fig. 2f). As ZEBI
was upregulated in SUM159-P2 cells, we silenced its expression,
which markedly inhibited clonogenic survival at 6 Gy and higher
doses (Fig. 2g). In addition, knockdown of ZEBI rendered the
U20S human osteosarcoma cells more sensitive to ionizing radiation
(Supplementary Fig. 2b). In each case, the EMT status was not altered,

U20S_DR-GFP cells transfected with ZEB1 siRNA alone or in combination
with ZEB1. (f) Homologous recombination repair assays of U20S_DR-GFP
cells transfected with ZEB1 siRNA alone or in combination with ZEBI.
n=3 wells per group. Data in d and f are the mean of biological replicates
from a representative experiment, and error bars indicate s.e.m. Statistical
significance was determined by a two-tailed, unpaired Student’s t-test. The
experiments were repeated 3 times. For source data, see Supplementary
Table 3. Uncropped images of blots are shown in Supplementary Fig. 7.

further confirming that it is ZEB1 rather than EMT itself that causes
radioresistance.

We validated our findings in mice bearing SUM159-P2 xenograft
tumours. When the tumour diameter reached 8 mm, we locally
irradiated the tumour with 15 Gy single dose or a 2 Gy fractionated
dose twice a day for 7 consecutive days. Knockdown of ZEB1 had no
effect on tumour growth without irradiation. In contrast, treatment
with either a 15 Gy single dose or a 2 Gy dose twice daily for 7 days led
to sustained growth inhibition of tumours formed by ZEB1-depleted
cells, whereas tumours formed by the control cells showed a short
initial response and then re-grew at a rate similar to the non-irradiated
tumours (Fig. 2h,i). The knockdown effect of ZEB1 short hairpin RNA
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(shRNA) was retained throughout this tumour radiosensitivity study
(Fig. 2j). Taken together, ZEB1 is required for the radioresistance of
these breast cancer cells in vitro and in vivo.

ZEB1 regulates DNA damage repair
After ionizing radiation treatment, YH2AX foci persist longer in
radiosensitive cell lines than in radioresistant lines?>. In ZEB1 shRNA-
expressing SUM159-P2 cells but not cells infected with a scrambled
control, we observed persistence of YH2AX foci 24 h after ionizing
radiation treatment (Fig. 3a,b), indicating that ZEB1-depleted cells
were less able to repair DNA lesions. To directly gauge damaged
DNA, we performed a comet assay to detect both single- and double-
strand DNA breaks. At 24 h after ionizing radiation treatment, ZEB1-
depleted SUM159-P2 cells exhibited a 4.5-fold increase in the comet
‘tail moment (the percentage of the DNA in the tail x the length
of the tail in micrometres)—a previously described measure of DNA
damage®*, compared with the control cells (Fig. 3c,d).

Our results demonstrate that ZEBI is required for DSB clearance.
In mammalian cells, a key conserved pathway involved in DSB
repair is the homologous recombination pathway®. To determine
the effect of ZEB1 on homologous recombination repair, we used a
U208 cell clone with chromosomal integration of an homologous
recombination repair reporter consisting of two differentially mutated
GFP genes (SceGFP and iGFP) oriented as direct repeats (DR-
GFP); in this assay, expression of I-Scel endonuclease generates
a site-specific DSB in the SceGFP coding region, and when this
DSB is repaired by homologous recombination, the expression of
GFP is restored and can be analysed by flow cytometry to gauge
the efficiency of homologous recombination repair’>”’. We found
that on I-Scel expression, ZEB1-depleted U20S cells exhibited a
significant decrease (~50%) in the percentage of GFP-positive cells,
indicating defective homologous recombination repair (Fig. 3e,f).
Moreover, re-expression of ZEB1 in ZEB1 short interfering RNA
(siRNA)-expressing U20S cells restored homologous-recombination-
based repair (Fig. 3e,f). Collectively, these results suggest that ZEB1
is required for homologous-recombination-mediated DNA damage
repair and the clearance of DNA breaks.

ZEB1 regulates radiosensitivity through USP7-mediated
stabilization of CHK1

We reasoned that ZEB1 regulates radiosensitivity by modulating DDR
pathways. CHK1 and CHK2 are two critical effector kinases in DDR
and checkpoint control®®°, which prompted us to examine their
status in ZEB1-depleted breast cancer cells. Interestingly, knockdown
of ZEBI in SUMI159-P2 cells resulted in a significant reduction
in CHKI1 protein levels in the presence or absence of ionizing
radiation (Fig. 4a); in contrast, neither the CHK2 total protein level
nor its phosphorylation was affected (Fig. 4a). Moreover, expression
of an RNA-mediated interference (RNAi)-resistant ZEB1 mutant
completely reversed the effect of ZEB1 shRNA on CHKI, YH2AX
and clonogenic survival (Supplementary Fig. 3a,b). Conversely,
overexpression of ZEB1 in MCF?7 cells significantly upregulated CHK1
and promoted the clearance of DNA breaks after ionizing radiation
treatment (gauged by YH2AX; Fig. 4b). In addition, Zebl-deficient
mouse embryonic fibroblasts (MEFs) exhibited downregulation of
Chk1 (Fig. 4¢).

ARTICLES

CHK1 activates the G2 checkpoint in response to stalled replication
forks or DNA damage®'. As anticipated, irradiation resulted in the
arrest of SUM159-P2 cells in the G2/M phase, and knockdown of ZEB1
led to a moderate but significant decrease in the G2/M population
(Supplementary Fig. 3c). CHK1 levels are known to vary depending
on the cell cycle phase®. To exclude the indirect effect due to the
difference in cell cycle, we synchronized scramble-transfected or ZEB1
siRNA-transfected SUM159-P2 cells in the G2/M phase by nocodazole
treatment and released the cells at different time points. As expected,
CHKI1 was detected in S and G2/M phases (Fig. 4d). We found that
in these synchronized cells, CHK1 levels correlated with ZEB1 levels,
and that knockdown of ZEB1 led to downregulation of CHK1 at each
cell cycle stage (Fig. 4d), which suggested that the downregulation
of CHKI caused by ZEB1 depletion is not an indirect effect of cell
cycle changes.

We assessed the effect of CHK1 on radioresistance. Silencing CHK1
expression recapitulated the effect of ZEB1 shRNA on sensitizing
SUMI159-P2 cells to ionizing radiation (Fig. 4e). Conversely, re-
expression of CHK1 in ZEBI1-depleted SUM159-P2 cells rescued
radioresistance (Fig. 4f,g). Moreover, knockdown of CHKI reversed
ZEB1-induced radioresistance in SUM159-PO0 cells (Fig. 4h,i). These
data suggest that ZEB1 regulates tumour cell radioresistance through,
at least in part, CHKI1.

As depletion of ZEB1 downregulated CHK1 protein (Fig. 4a)
but not CHKI mRNA (Supplementary Fig. 4a), and because CHK1
is subject to ubiquitin-dependent degradation following replication
stress®*~*, we reasoned that ZEB1 may regulate CHK1 protein levels
through ubiquitin-dependent mechanisms. Indeed, knockdown of
ZEBL1 significantly induced the polyubiquitylation of endogenous
CHKI protein with or without ionizing radiation (Fig. 5a).

To further investigate the mechanism by which ZEB1 regulates
CHKI ubiquitylation, we attempted to identify ZEBIl-interacting
proteins using a triple-epitope (S-protein, FLAG tag and streptavidin-
binding peptide)-tagged version of ZEB1 (SFB-ZEB1). Tandem-
affinity purification using streptavidin-Sepharose beads and
S-protein-agarose beads followed by mass spectrometric analysis
identified several reported ZEB1 interactors including CTBP2, CTBP1
and SIRT1 (refs 36-38), as well as a previously undescribed ZEB1
interactor, USP7 (Supplementary Table 1 and Fig. 5b).

USP7 is a deubiquitylating enzyme with several reported substrates,
such as p53 (ref. 39), Mdm?2 (refs 40,41), HLTF (ref. 42), PTEN (ref. 43)
and Claspin*. Co-immunoprecipitation assays confirmed that both
USP7 and CHKI could be detected in ZEB1 immunoprecipitates
(Fig. 5¢), and that both ZEB1 and CHKI1 were present in USP7
immunoprecipitates (Fig. 5d). Moreover, purified GST-USP7 could
bind to purified MBP-tagged ZEB1 under cell-free conditions (Fig. 5e),
demonstrating direct interaction between ZEB1 and USP7.

To investigate whether USP7 regulates the stability of CHK1
protein, we examined CHKI1 protein levels in the presence
of cycloheximide (CHX), an inhibitor of translation. Notably,
overexpression of USP7 in 293T cells led to a pronounced increase
in CHKI1 protein stability (Fig. 5f and Supplementary Fig. 4b).
Conversely, knockdown of USP7 in SUMI159-P2 cells reduced
CHKI1 stability (Fig. 5g and Supplementary Fig. 4c) but not ZEB1
stability (Supplementary Fig. 4d). Interestingly, knockdown of
ZEB1 in SUM159-P2 cells destabilized CHK1, but not other
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Figure 4 CHK1 mediates ZEB1 regulation of radiosensitivity. (a) Immuno-
blotting of p-CHK1, CHK1, p-CHK2, CHK2 and GAPDH in SUM159-P2
cells transduced with ZEB1 shRNA, at the indicated time points after 6 Gy
ionizing radiation (IR). (b) Immunoblotting of ZEB1, CHK1, yH2AX, H2AX
and GAPDH in MCF7 cells transduced with ZEB1, at the indicated time
points after 6Gy ionizing radiation. (c) Immunoblotting of ZEB1, CHK1
and GAPDH in ZebI*/*, Zebl*/~ and Zebl~/~ MEFs. (d) Immunoblotting
of ZEB1, CHK1, cyclin A, p-H3 (S10) and GAPDH in SUM159-P2 cells
transfected with ZEB1 siRNA or the scramble control. Cells were arrested
overnight with 0.5ugml~! nocodazole. Mitotic cells were ‘shaken off’ and
then released into normal medium. Samples were collected at the indicated
time points and analysed by western blotting. Cell cycle distribution was
gauged by cyclin A and p-H3 (S10). (e) Clonogenic survival assays of
SUM159-P2 cells transfected with CHK1 siRNA. Inset: immunoblotting
of CHK1 and GAPDH. n=3 wells per group. (f) Immunoblotting of

USP7 substrates such as HLTE p53 or Claspin (Fig. 5h and
Supplementary Fig. 4e,f).

Consistent with stabilization of CHK1, overexpression of USP7
markedly reduced the polyubiquitylation level of CHK1 in 293T cells
(Fig. 5i). To directly examine the deubiquitylating activity of USP7
towards CHK1, we purified USP7 and ubiquitylated CHK1 and then
incubated them in a cell-free system. USP7 purified from 293T cells
transfected with USP7 alone decreased CHK1 polyubiquitylation by

CHK1 and GAPDH in ZEB1 shRNA-transduced SUM159-P2 cells with or
without ectopic expression of CHK1. (g) Clonogenic survival assays of ZEB1
shRNA-transduced SUM159-P2 cells with or without ectopic expression
of CHK1. n=3 wells per group. Significance of ZEB1 shRNA + Mock
versus ZEB1 shRNA + CHK1 is shown. (h) Immunoblotting of ZEB1,
CHK1 and GAPDH in SUM159-PO cells transfected with ZEB1 alone
or in combination with CHK1 siRNA. (i) Clonogenic survival assays of
SUM159-PO cells transfected with ZEB1 alone or in combination with
CHK1 siRNA. Significance of Scramble + ZEB1 versus CHK1 siRNA + ZEB1
is shown. n=3 wells per group. Data in e,g and i are the mean of
biological replicates from a representative experiment, and error bars indicate
s.e.m. Statistical significance was determined by a two-tailed, unpaired
Student’s t-test. The experiments were repeated 3 times. For source data,
see Supplementary Table 3. Uncropped images of blots are shown in
Supplementary Fig. 7.

25% in vitro, and USP7 and ZEB1 co-purified from 293T cells with
co-transfection of USP7 and ZEB1 reduced CHKI1 polyubiquitylation
by 43% (Fig. 5j). Similar to the knockdown effect of ZEB1 and
CHKI, depletion of USP7 also radiosensitized SUM159-P2 cells
(Fig. 5k). We conclude from these experiments that CHKI1 is a
USP7 substrate, and that ZEB1 directly interacts with USP7 and
enhances its ability to deubiquitylate and stabilize CHK1, which in
turn promotes radioresistance.
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Figure 5 ZEB1 interacts with USP7, which deubiquitylates and stabilizes
CHKI. (a) SUM159-P2 cells transduced with ZEB1 shRNA were treated
with 10uM MG132, irradiated with 6Gy ionizing radiation (IR) and
collected 6h later. Lysates were immunoprecipitated with the CHK1
antibody and immunoblotted with the antibodies indicated. (b) A partial
list of ZEB1-associated proteins. (c,d) 293T cells were transfected with
SFB-ZEB1 (c) or SFB-USP7 (d), followed by pulldown with streptavidin—
Sepharose beads (s-S beads) and immunoblotting with the antibodies
indicated. (e) Top: bacterially purified GST-USP7 was incubated with
amylose resin conjugated with bacterially expressed MBP-GFP or MBP-
ZEB1. Proteins retained on the amylose resin were immunoblotted with
the USP7 antibody. Bottom: bacterially purified recombinant proteins
were analysed by SDS-PAGE and Coomassie blue staining. The asterisks
indicate the predicted position. (f) 293T cells were transfected with
SFB-USP7 and treated with cycloheximide (CHX). Cells were collected at
different time points and immunoblotted with the antibodies indicated.
(g,h) SUM159-P2 cells were transfected with USP7 siRNA (g) or
transduced with ZEB1 shRNA (h), and treated with cycloheximide. Cells

To further understand why ZEBI regulates the stability of
CHK1 but not the stability of other USP7 substrates (Fig. 5h
and Supplementary Fig. 4f), we examined the effect of ZEB1
on the interaction between USP7 and its various substrates. As
expected, CHK1, HLTE p53 and Claspin could be detected in
USP7 immunoprecipitates (Fig. 6a and Supplementary Fig. 4g).
Interestingly, ectopic expression of ZEB1 markedly enhanced

P

0 2 6

IR (Gy)

8 10

were collected at different time points and immunoblotted with the
antibodies indicated. (i) HA-ubiquitin was co-transfected with SFB-GFP
or SFB-USP7 into 293T cells. Lysates from cells with or without 6 Gy
ionizing radiation treatment were immunoprecipitated with the CHK1
antibody and immunoblotted with the HA antibody. Cells were treated
with MG132 (10uM) for 6h before collection. (j) Top: ubiquitylated
CHK1 was incubated with SFB-GFP control or SFB-USP7 purified with
streptavidin—Sepharose beads from 293T cells with or without ZEB1 co-
transfection. The reaction mixture was then immunoprecipitated with the
FLAG antibody and immunoblotted with the CHK1 antibody. Bottom:
purified SFB-USP7 was immunoblotted with antibodies against ZEB1
and USP7. (k) Clonogenic survival assays of USP7 siRNA-transfected
SUM159-P2 cells. n=3 wells per group. Data in k are the mean of
biological replicates from a representative experiment, and error bars indicate
s.e.m. Statistical significance was determined by a two-tailed, unpaired
Student’s t-test. The experiments were repeated 3 times. For source data,
see Supplementary Table 3. Uncropped images of blots are shown in
Supplementary Fig. 7.

the interaction of USP7 with CHKI, but not its association
with HLTE p53 or Claspin (Fig. 6a and Supplementary Fig. 4g).
knockdown of ZEBI1 the
interaction between USP7 (either overexpressed or endogenous)
and CHKI1, but not HLTF and p53 (Fig. 6b,c). Therefore,
ZEB1 specifically promotes the
and CHKI.

Conversely, markedly decreased

interaction between USP7
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Figure 6 ZEB1 specifically promotes the interaction between USP7
and CHK1. (a) 293T cells were transfected with SFB-USP7 alone or
in combination with ZEB1, followed by pulldown with streptavidin—
Sepharose (s-S) beads and immunoblotting with antibodies against
CHK1, HLTF, p53 and USP7. (b) 293T cells were transfected with
SFB-USP7 alone or in combination with ZEB1 siRNA, followed

ZEB1 is phosphorylated and stabilized by ATM

We sought to determine the mechanism by which the ZEB1 protein is
upregulated in radioresistant cells derived from irradiation. A central
component in the DNA repair pathway is ATM (ref. 45): on exposure
to ionizing radiation, ATM kinase is rapidly activated, leading to
phosphorylation of a number of key players in DDR, cell cycle arrest
and apoptosis, such as YH2AX (ref. 8), CHK2 (ref. 46), BRCAL1 (ref. 47)
and p53 (refs 48,49).

We investigated whether ZEB1 is regulated by ATM. Co-
immunoprecipitation revealed physical interaction of ZEB1 with ATM
(Fig. 7a), whereas ATR showed no association with ZEB1 (Supple-
mentary Fig. 5a). Moreover, depletion of ATM in SUM159-P2 cells
significantly downregulated ZEB1 and CHK1 proteins (Fig. 7b); in
contrast, neither knockdown of ATR or treatment with the ATR
inhibitor ETP-46464 (ref. 50) affected ZEB1 protein levels (Supple-
mentary Fig. 5b,c). ATM substrates have a common S/T-Q motif.
Analysis of the ZEB1 protein sequence revealed one evolutionarily
conserved S/T-Q motif encompassing Ser 585. An inhibitor of ATM
kinase, Ku55933, significantly decreased the stability of ZEB1 and re-
duced S/T-Q phosphorylation of ZEB1, as gauged by a phospho-S/TQ
(p-S/TQ) antibody (Fig. 7c). Moreover, this phospho-S/TQ antibody
detected much higher signals in ZEB1 purified from irradiated 293T
cells than that purified from non-irradiated cells (Fig. 7d). Consis-
tently, S/T-Q phosphorylation of endogenous ZEB1 was significantly
upregulated in SUM159-P2 cells, which exhibited much higher levels
of ATM phosphorylation than SUM159-P0 cells (Fig. 7e).

Substitution of either alanine or aspartic acid for Ser 585 (S585A
or S585D) resulted in a 70-80% decrease in S/T-Q phosphorylation
of ZEBI in irradiated 293T cells (Fig. 7f,g), suggesting that this
serine residue accounts for most ZEB1 S/T-Q phosphorylation in
cells with activated ATM. To determine whether ZEB1 is a direct
substrate of ATM, we purified ZEB1 and ATM and then performed
in vitro kinase assays. As a positive control, the known ATM substrate

by pulldown with s-S beads and immunoblotting with antibodies
against CHK1, HLTF, p53 and USP7. (c) SUM159-P2 cells were
transfected with ZEB1 siRNA, followed by immunoprecipitation with
the USP7 antibody and immunoblotting with antibodies against CHK1
and USP7. Uncropped images of blots are shown in Supplementary
Fig. 7.

p53 was phosphorylated by wild-type ATM, but not the kinase-dead
mutant*®* (Fig. 7h). Notably, ATM exhibited robust kinase activity
towards wild-type ZEB1, whereas the phosphorylation of the S585A
mutant was reduced by 60% (Fig. 7h), which suggested that ATM can
directly phosphorylate ZEB1 at Ser 585, but other phosphorylation
sites may also exist.

To determine whether ATM can stabilize ZEB1 through
phosphorylating it at Ser 585, we compared wild-type ZEBI
with the phosphodeficient (S585A) and phosphomimetic (S585D)
mutants. Mutation at Ser 585 did not alter the physical association
between ZEBI and USP7 (Supplementary Fig. 6a) but did affect
ZEB1 protein stability: in the absence of ionizing radiation, the
stability of wild-type ZEB1 was much higher than that of the S585A
mutant but much lower than that of the S585D mutant (Fig. 7i and
Supplementary Fig. 6b); in the presence of ionizing radiation, the
stability of wild-type ZEB1 was markedly increased to a level as
high as that of the S585D mutant, whereas the S585A mutant was
much less stable (Fig. 7i and Supplementary Fig. 6¢). Therefore,
ATM-dependent phosphorylation of ZEBI1 at Ser 585 is crucial
for ionizing-radiation-induced stabilization of ZEB1 but not the
interaction between ZEB1 and USP7. This reveals the underlying
mechanism by which ZEB1 protein is upregulated in radioresistant
breast cancer cells with hyperactivation of ATM. Finally, in SUM159-
PO cells, the S585A mutant was less able to promote radioresistance
than wild-type ZEB1 or the S585D mutant (Fig. 7j), suggesting
that ATM-dependent phosphorylation of ZEB1 is important for the
regulation of radiation response.

ZEB1 correlates with CHK1 protein levels and poor clinical
outcome in human breast cancer

To validate the association between CHK1 and ZEB1 in breast cancer
patients, we performed immunohistochemical staining of these two
proteins (Fig. 8a) on the breast cancer progression tissue microarrays

NATURE CELL BIOLOGY ADVANCE ONLINE PUBLICATION

© 2014 Macmillan Publishers Limited. All rights reserved.



ARTICLES

a b No IR IR (6 Gy) ¢ Hours post-IR and CHX d
Pulldown N -Ku55933 +Ku55933 SFB-ZEB1
Input s-S beads @ Q??g?i@ Q?E? - 324- 324 o - 3 24 hours post-IR (6 Gy)
6Gy + - + + - 4+ SRS RES o e
R I S SRRSO N S 38
sre- ¥ ¥ F & = ean  &lESS@edze  Go| e e
T N EREESE-~v zeB;
| T E===== (= - - T
£ 11.00.8 06 0.9 0.6 0.1 =
GAPDH Far=e ok = = ] p-CHK2
== == = cAPDH ) o+
e . PO P2 f
m
i [ =|p-sma SFB-ZEB1
o | == e ZEB1 o8 Mook WT S585A S585D
- Human TGDGNLSPSQPPLKNLLSL S 8[ e =p-s/TQ
= =) zEB1 Mouse AGNGDLSPSQPPLKNLLSL £8 1.0 03 02
= p-ATM Rat AGNGDLSPSQPPLKNLLSL S0 E
§E Xenopus SADGNLTSSQPPLKNLLSL ab ZEB1
o o o1
== awor o
ZEB1
h WT S585A PSS i J 100 o
FLAG- WTKDWTKD WT KD SFB- WT-ZEB1 _ S585A  S585D - =
ATM ‘. P - ‘ZEB1 No IR - 6121824 - 6121824 - 61218 24 hours after CHX (50 ug mi™") C}E = ]:‘
2p|1.0 04 T —— | FLAG-ZEB1 s £l
| z | p53 g 10/ ¢
‘--.--..--.----‘ FLAG-GFP =
‘__ Sl R ‘p_ATM IR(6Gy) — 6121824 — 6121824 — 6 1218 24 hours after GHX (50 pg ml-) g —*— Mock
s ‘ ____________ ‘ FLAG-ZEB1 3 ?35525 o
- et — S588D
2 - ®®|FLAG-GFP 1 : ‘
. mmes wesccave=cses 0 6 10
IR (@Gy)

Figure 7 ATM phosphorylates and stabilizes ZEB1. (a) 293T cells were
transfected with SFB-ZEB1 and treated with ionizing radiation, followed
by pulldown with streptavidin—-Sepharose beads (s-S) and immunoblotting
with antibodies against ATM and FLAG. (b) SUM159-P2 cells were
transduced with ATM shRNA and treated with ionizing radiation (IR).
Lysates were immunoblotted with antibodies against p-ATM, ATM, ZEBI,
CHK1 and GAPDH. (c) SUM159-P2 cells with or without Ku55933
pretreatment (10uM, 1h) were treated with ionizing radiation (6 Gy) and
CHX (50ugml~!), collected at different time points, immunoprecipitated
with the ZEB1 antibody and immunoblotted with antibodies against
p-S/TQ and ZEB1. (d) 293T cells were transfected with SFB-ZEB1 and
treated with ionizing radiation, followed by pulldown with s-S beads and
immunoblotting with antibodies against p-S/TQ and ZEB1. (e) Endogenous
ZEB1 was immunoprecipitated from SUM159-P0O and SUM159-P2 cells and
immunoblotted with antibodies against p-S/TQ and ZEB1. (f) Consensus
ATM phosphorylation site on human ZEB1 (Ser 585) and alignment with
the conserved site on mouse, rat and Xenopus ZEBI. (g) 293T cells
were transfected with wild-type, or the S585A or S585D mutants of

from the National Cancer Institute®’. A highly significant positive
correlation (R=0.43,P <1 x 107°) between CHK1 and ZEB1 was
observed in these breast carcinomas, in which 69% (89 of 129) of the
tumours with high ZEB1 expression exhibited high CHK1 expression,
and 77% (47 of 61) of the tumours with low ZEBI expression showed
low CHK1 expression (Fig. 8b).

Tumour cells with therapy resistance including radioresistance are
likely to be a source of tumour recurrence and metastatic relapse®*. To
determine the correlation of ZEB1 expression with clinical outcome,

SFB-ZEB1 and treated with ionizing radiation, followed by pulldown with
s-S beads and immunoblotting with antibodies against p-S/TQ and ZEB1.
(h) Immunopurified wild-type ZEB1 or the S585A mutant were incubated
with immunopurified wild-type ATM or the kinase-dead (KD) mutant in kinase
buffer containing 32P-ATP. After reaction, proteins were resolved by SDS-
PAGE and subjected to autoradiography and immunoblotting with antibodies
against ZEB1 and p-ATM. Purified GST-p53 was used as a positive control
for ATM kinase activity. (i) HeLa cells were co-transfected with SFB-GFP and
wild-type, or the S585A or S585D mutants of SFB-ZEB1, treated with CHX
with or without IR, collected at different time points and immunoblotted with
antibodies against FLAG. SFB-GFP serves as the control for transfection.
(j) Clonogenic survival assays of SUM159-PO cells transfected with wild-
type ZEB1 or the mutants. Significance of WT-ZEB1 versus S585A is shown.
n=3 wells per group. Data in j are the mean of biological replicates
from a representative experiment, and error bars indicate s.e.m. Statistical
significance was determined by a two-tailed, unpaired Student’s t-test. The
experiments were repeated 3 times. For source data, see Supplementary
Table 3. Uncropped images of blots are shown in Supplementary Fig. 7.

we analysed a cohort of human breast cancer patients in which
transcriptomic profiling was obtained from 286 tumour samples; 87%
of these patients received radiotherapy™. This analysis revealed that
patients with high ZEB1 expression levels (defined as the top 5%) in
their tumours had much worse distant relapse-free survival than those
with low ZEB1 expression levels (defined as the bottom 5%; P =0.02,
Fig. 8c). Collectively, these data suggest that upregulation of ZEB1
may contribute to overexpression of CHK1 in human breast tumours,
which may lead to radioresistance and eventually metastatic relapse.
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Figure 8 ZEB1 correlates with CHK1 protein levels and poor clinical
outcome in human breast cancer. (a) Immunohistochemical staining
of ZEB1 and CHK1 in representative carcinoma specimens on the
NCI breast cancer progression tissue microarrays. Brown staining
indicates positive immunoreactivity. Scale bar, 50um. (b) Correlation
between ZEB1 and CHK1 protein levels in human breast tumours.

DISCUSSION

Radiation therapy plays an important role in breast cancer
management, and one of the main barriers in curing breast
cancer is the intrinsic and therapy-induced radioresistant behaviour
of tumour cells?. Combining chemotherapy with radiation improves
outcomes in many cases, but this strategy also increases toxicity>*.
To overcome this obstacle, it is important to identify the critical
determinants of radioresistance and to develop safe and effective
tumour radiosensitizers.

Recently, a growing body of evidence implicated EMT and
cancer stem cells in the acquisition of radioresistance and drug
resistance'>*%. Here we identified ZEB1 as an ATM substrate
and the mechanism underlying the association between EMT and
radioresistance (Fig. 8d): in response to ionizing radiation, ATM
kinase is activated, which phosphorylates and stabilizes ZEB1; ZEB1
in turn interacts with and promotes the activity of USP7, which
deubiquitylates and stabilizes CHK1.

Cull- and Cul4-containing E3 ubiquitin ligase complexes
target CHK1 for polyubiquitylation and degradation during

:
=0

A\

DNA repair Cell cycle arrest Cell survival

Radioresistance

Statistical significance was determined by a x? test. R is the correlation
coefficient. (c) Kaplan—-Meier curves showing the distant relapse-free
survival of patients with high or low expression of ZEB1 in their breast
tumours. Statistical significance was determined by a log-rank test. (d) The
working model of regulation of radiosensitivity and DDR by ZEB1. IR,
ionizing radiation.

periods of replicative and genotoxic stress***. However, whether
this ubiquitylation is reversible and can be antagonized by
deubiquitylases remains elusive. In this study, we identified CHK1
as a substrate of a ZEBl-associated deubiquitylating enzyme,
USP7. How exactly ZEB1 specifically promotes the interaction of
USP7 with CHK1 but not with other USP7 substrates warrants
future investigation.

ATM kinase is constitutively activated in radioresistant breast
cancer cells (Fig. 7b,e), which could explain upregulation of ZEB1
protein in these cells. It should be noted that checkpoint activation
and DNA repair normally occur within minutes or hours after DNA
damage, whereas the half-life of ZEBI protein is approximately
24 h (Fig. 7i and Supplementary Fig. 6b,c). Therefore, ATM-mediated
stabilization of ZEB1 may not play a major role in the acute
response to ionizing radiation, but instead is important for the
enhanced DNA repair ability of radioresistant tumour cells with
hyperactivated ATM.

Overexpression of ZEB1 has been observed in human breast

tumours®*® and other cancer types®®. Our findings raise the
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caution that radiation treatment may lead to upregulation of
ZEB1 and therapy-induced radioresistance. As depletion of ZEBI
can radiosensitize breast cancer cells in vitro and in vivo, we
suggest that ZEB1-targeting agents have the potential to be used as
tumour radiosensitizers. Moreover, various CHK1 inhibitors are being
tested in anti-cancer clinical trials®!, which warrant investigation as
candidate radiosensitizing agents for breast tumours with high levels
of ZEB1. o

METHODS
Methods and any associated references are available in the online
version of the paper.

Note: Supplementary Information is available in the online version of the paper
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METHODS

Cell culture. Mouse embryonic fibroblasts were isolated from ZebI-deficient
embryos, genotyped and cultured as previously described®. The 293T, MCF7 and
HeLa cell lines were from ATCC and cultured under conditions specified by
the manufacturer. The SUM159 cell line was from S. Ethier (Medical University
of South Carolina, USA) and cultured as described at http://www.asterand.com/
Asterand/human_tissues/159PT.htm. The HMLE cell line was from R. A. Weinberg’s
(Whitehead Institute for Biomedical Research, USA) laboratory stock and cultured
in complete Mammary Epithelial Cell Growth Medium (MEGM from Lonza). The
DR-GFP-expressing U20S cell line was from M. Jasin (Memorial Sloan-Kettering
Cancer Center, USA) and cultured in RPMI 1640 medium supplemented with 10%
FBS and 1% penicillin and streptomycin.

Plasmids and shRNA. The Snail, Twist and ZEB1 expression constructs were
from R. A. Weinberg. Wild-type ATM and the kinase-dead mutant constructs
were described previously®. The following shRNA and ORF clones were from
Open Biosystems through MD Anderson’s shRNA and ORFeome Core: human
ZEB1 shRNA, V3LHS-356186 (5'-AGATTTACTGTGCTGTCCT-3'); human ATM
shRNA, V3LHS-350469 (5'-TCAAGAACACCACTTCGCT-3') and V3LHS-350471
(5-AGTTTTACAAACATCTTGG-3'); human CHK1 ORF, PLOHS-100005537;
human USP7 ORF, PLOHS-100066416. The ZEB1 and USP7 ORFs were subcloned
into the pBabe-SFB vector using the Gateway system (Invitrogen). The RNAI-
resistant ZEB1 mutant (ZEB1-RE) was generated using a QuikChange Site-
Directed Mutagenesis Kit (Stratagene). The vectors used in this study are listed in
Supplementary Table 2.

siRNA oligonucleotides. The following siRNA oligonucleotides were
purchased from Sigma: CHKI1 siRNA, SASI_Hs02_00326305 (5-GGAGAG
AAGGCAAUAUCCAATAT-3'); Snail siRNA, SASI_Hs01_00039785 (5'-GGA
CUGUACGCUAUTUGCAJTAT-3'); Twist siRNA, SASI_MmO01_00043024 (5'-GG
UCACUAGCCAAUCGCCAATAT-3'). The on-target plus siRNA that targets
ZEBI was purchased from Dharmacon (J-006564-10-0005, 5-CUGUAAGAGA
GAAGCGGAA-3'). Cells were transfected with 150 nM of the indicated
oligonucleotide using the Oligofectamine reagent (Invitrogen). Forty-eight hours
after siRNA transfection, cells were used for functional assays, and the remaining
cells were collected for western blot analysis.

RNA isolation and real-time PCR with reverse transcription. Total RNA
was isolated using the mirVana RNA Isolation Kit (Ambion) and was then
reverse transcribed with an iScript cDNA Synthesis Kit (Bio-Rad). The resulting
cDNA was used for quantitative PCR using the TagMan Gene Expression Assays
(Applied Biosystems), and data were normalized to an endogenous control
GAPDH. Real-time PCR and data collection were performed on a CFX96
instrument (Bio-Rad).

Lentiviral and retroviral transduction. The production of lentivirus
and amphotropic retrovirus and infection of target cells were performed as
described previously®.

Immunoblotting. Western blot analysis was performed with precast gradient gels
(Bio-Rad) using standard methods. Briefly, cells were lysed in the RIPA buffer
containing protease inhibitors (Roche) and phosphatase inhibitors (Sigma). Proteins
were separated by SDS-PAGE and blotted onto a nitrocellulose membrane (Bio-
Rad). Membranes were probed with the specific primary antibodies, followed
by peroxidase-conjugated secondary antibodies. The bands were visualized by
chemiluminescence (Denville Scientific). The following antibodies were used:
antibodies against ZEB1 (1:1,000, Bethyl Laboratories, A301-922A), CHK1 (1:1,000,
Santa Cruz Biotechnology, sc-8408 clone G-4), p-CHKI1 (S317, 1:1,000, Cell
Signaling Technology, 2344), CHK2 (1:1,000, Cell Signaling Technology, 2662),
p-CHK2 (T68, 1:1,000, Cell Signaling Technology, 2661), H2AX (1:1,000, Cell
Signaling Technology, 2595), YH2AX (1:1,000, Cell Signaling Technology, 2577),
Snail (1:1,000, Cell Signaling Technology, 3879), Twist (1:50, Abcam, ab50887),
p-S/TQ (1:1,000, Cell Signaling Technology, 9607), p-ATM (S1981, 1:1,000, Cell
Signaling Technology, 5883), ATM (1:1,000, Santa Cruz Biotechnology, sc-23921
clone 2C1), USP7 (1:2,000, Bethyl Laboratories, A300-033A), p53 (HRP conjugate,
1:2,000, Santa Cruz Biotechnology, sc-126 HRP, clone DO-1), HLTF (1:1,000,
Santa Cruz Biotechnology, sc-27542 clone Y-20), cyclin A (1:1,000, Santa Cruz
Biotechnology, sc-751 clone H-432), p-H3 (1:1,000, S10, Cell Signaling Technology,
9701), Claspin (1:1,000, Bethyl Laboratories, A300-265), p-ATR (S428, 1:1,000, Cell
Signaling Technology, 2853), ATR (1:1,000, Abcam, ab10312), HSP90 (1:3,000, BD
Transduction Laboratories, 610419, clone 68) and GAPDH (1:3,000, Thermo, MA5-
15738, clone GA1R). The Image] program (http://rsbweb.nih.gov/ij/download.html)
was used for densitometric analysis of western blots, and the quantification results
were normalized to the loading control.

METHODS

Immunofluorescence. Cells were cultured in chamber slides overnight and fixed
with 3.7% formaldehyde in PBS for 20 min at 4°C, followed by permeabilization
with 0.5% Triton X-100 in PBS for 30 min. Cells were then blocked for nonspecific
binding with 10% goat serum in PBS and Tween-20 (PBST) overnight, and incubated
with the YH2AX antibody (1:300, Millipore, 07-164) for 1h at 37°C, followed by
incubation with Alexa Fluor 594 goat anti-mouse IgG (1:400, Invitrogen, A11005) for
1h at 37°C. Coverslips were mounted on slides using anti-fade mounting medium
with DAPIL Immunofluorescence images were acquired on a Zeiss Axio Observer Z1
fluorescence microscope.

Immunoprecipitation and pulldown assays. Cells were lysed in NETN buffer
(100mM NaCl, 1mM EDTA, 20mM Tris-HCI (pH 8.0), 0.5% Nonidet P-40)
containing protease inhibitors (Roche). For immunoprecipitation of protein
complexes, cell extracts were pre-cleared with protein-A/G beads and incubated
with the antibody against CHK1 (1:100, Santa Cruz Biotechnology, sc-8048) or
ZEB1 (1:100, Bethyl Laboratories, A301-922A) for 2h at 4°C. For pulldown of
SFB-tagged proteins, cell extracts were incubated with streptavidin-Sepharose beads
(Amersham Biosciences) for 2h at 4°C. For in vitro binding assays, bacterially
purified GST-USP7 was eluted with glutathione (Amersham Biosciences) and
then incubated with amylose resin (New England BioLabs) conjugated with
bacterially expressed MBP-GFP or MBP-ZEB1. The amylose resin was washed
with NETN buffer and the bound proteins were eluted by boiling in 1x
Laemmli buffer.

Tandem-affinity purification and mass spectrometry. 293T cells were
transfected with SFB-tagged ZEB1. The expression of exogenous protein was
confirmed by immunoblotting. For affinity purification, a total of twenty 10-cm
dishes of 293T cells expressing SFB-tagged ZEB1 were lysed in NETN buffer
containing protease inhibitors for 20 min at 4°C. Crude lysates were cleared by
centrifugation, and the supernatants were incubated with 300 ul streptavidin—
Sepharose beads (Amersham Biosciences) for 2h at 4°C. The beads were washed
three times with NETN buffer, and the bound proteins were eluted with NETN
buffer containing 2mgml™" biotin (Sigma) for 2h at 4°C. The eluates were
incubated with 100 ul S-protein agarose beads (Novagen) for 2h at 4°C, and the
beads were washed three times with NETN buffer. The bound proteins were eluted
by boiling in SDS sample buffer, resolved by SDS-PAGE, visualized by Coomassie
blue staining and subjected to mass spectrometric analysis (Taplin Biological Mass
Spectrometry Facility at Harvard).

Deubiquitylation of CHK1 in vivo and in vitro. For the in vivo deubiquitylation
assay, transfected 293T cells were treated with a proteasome inhibitor MG132
(10 uM) for 6 h. The cell extracts were subjected to immunoprecipitation and western
blot analysis with the indicated antibodies. For preparation of ubiquitylated CHK1
as the substrate for the in vitro deubiquitylation assay, 293T cells were co-transfected
with HA-ubiquitin and SFB-CHKI1 and were treated with MGI132 for 6h.
Ubiquitylated CHK1 was purified from the cell extracts with streptavidin-Sepharose
beads. After extensive washing with NETN buffer, the bound proteins were eluted
with biotin. SFB-USP7 was transfected into 293T cells alone or in combination
with ZEB1, purified with streptavidin-Sepharose beads and eluted with biotin. In
vitro deubiquitylation reaction was performed as described previously®. Briefly,
ubiquitylated CHK1 protein was incubated with purified USP7 in deubiquitylation
buffer (50 mM Tris-HCI (pH 8.0), 50 mM NaCl, 1 mM EDTA, 10 mM dithiothreitol
and 5% glycerol) for 2 h at 37 °C. After reaction, CHK1 was immunoprecipitated with
FLAG antibody-conjugated beads. The beads were washed with deubiquitylation
buffer, and the bound proteins were eluted by boiling in 1x Laemmli buffer and
subjected to western blot analysis with the indicated antibodies.

In vitro kinase assay. 293T cells were transfected with 10 pg of wild-type FLAG-
ATM or the kinase-dead mutant and then irradiated. Activated or kinase-dead
ATM was immunopurified from the cell extracts with FLAG beads (Sigma, M8823).
Wild-type SFB-ZEBI or the S585A mutant was transfected into 293T cells and
immunopurified with FLAG beads. Kinase reactions were initiated by incubating
purified ATM with purified ZEB1 or GST-p53 (Millipore, 14-865) in kinase
buffer (Upstate, 20-108) containing 10uCi [y-**P]ATP for 30min at 30°C in
a hybridization oven-shaker (Thermo Scientific). After reaction, proteins were
resolved by SDS-PAGE, transferred to nitrocellulose membrane and analysed by
autoradiography. The membrane was then subjected to immunoblotting with the
antibodies against p-ATM, ZEB1 and p53.

Clonogenic survival assay. Equal numbers of cells were plated in 10-cm tissue
culture dishes at a clonogenic density (500 cells per dish) and irradiated by
using a JL Shepherd Mark I-68A 137Cs irradiator with the indicated doses.
Cells were incubated for 10-14 days. Colonies were stained with crystal
violet and quantified using a Gel Doc EZ Imager instrument (Bio-Rad) with
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the Quantity One software. Survival fraction was calculated as: (number
of colonies/number of cells plated)i agiuea/(Nnumber of colonies/number of
cells plated)non-irradiated-

Comet assay. DNA damage was assessed by a single-cell gel electrophoresis assay
using a CometAssay Kit (Trevigen, 4250-050-K) according to the manufacturer’s
protocol. Briefly, cells were collected at the indicated times after 6 Gy irradiation,
mixed with low-melting-point agarose and plated on the CometSlide. Cells on the
slides were lysed for 30 min at 4 °C, subjected to electrophoresis at 21 V for 30 min
under alkaline conditions, and then neutralized and stained with SYBR green. The
presence of comet tails was examined with a Zeiss Axio Observer Z1 fluorescence
microscope. Tail moment was calculated as previously described®: (percentage of
the DNA in the tail) x (length of the tail in micrometres), where the percentage of
the DNA in the tail and the length of the tail were quantified by using software from
Trevigen (Comet Assay IV, http://www.perceptive.co.uk/downloads/getcomet.php?
a=588EAFB5&c=d).

Homologous recombination repair assay. A U20S cell clone stably expressing
an homologous recombination repair reporter was described previously”. Briefly,
2 days after transfection with the ZEBI siRNA, 1 x 10° U20S cells expressing
the homologous recombination repair reporter were electroporated with 10 ug of
pCBASce, an I-Scel expression vector described previously®. Cells were collected 2
days after electroporation and subjected to flow cytometry analysis to determine the
percentage of GFP-positive cells resulting from homologous-recombination-based
repair of I-Scel-induced DSBs.

Tumour radiosensitivity study. Animal experiments were performed as
previously described® in accordance with a protocol approved by the Institutional
Animal Care and Use Committee of MD Anderson Cancer Center, and mice were
euthanized when they met the institutional euthanasia criteria for tumour size
and overall health condition. When used in a power calculation, our sample size
predetermination experiments indicated that 5 mice per group can identify the
expected effect of ZEB1 on tumour radiosensitivity (P < 0.05) with 100% power.
Solitary tumour xenografts were produced in the muscle of the right hind limb
of twelve-week-old female nude mice (NCR Nu/Nu) by inoculation of 3 x 10°
ZEB1-depleted (ZEB1 shRNA) or control (scramble) SUM159-P2 cells. Mice were
randomly assigned to no treatment or treatment groups consisting of 5 mice per
group. Radiation treatment was initiated when tumours grew to approximately
8.0mm (range: 7.7-8.2mm) in diameter. A 15Gy single dose or fractionated
dose (2 Gy per fraction, twice daily for 7 consecutive days) was delivered to the
tumour-bearing limb of mice using a small-animal irradiator (Co-V, Theratron 780;
MDS Nordion) with a cobalt-60 source (field size, 10 x 10 cm; source axis distance,
64.9 cm), at a dose rate of 0.955 Gy min~'. During irradiation, unanaesthetized
mice were mechanically immobilized in a jig so that the tumour was exposed in
the radiation field and the animal’s body was shielded from radiation exposure.
Three mutually orthogonal diameters of the tumour were measured every other
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day with a vernier caliper, and the mean value was calculated and used as the
tumour diameter. An investigator (L.W.) who measured tumour size was blinded
to the group allocation during all animal experiments and outcome assessment.
General linear model multivariate analysis was performed to determine statistical
significance using the SPSS 14.0 software package.

Patient study. The breast cancer progression tissue microarrays were purchased
from the NCI Cancer Diagnosis Program. These tissue microarrays consist of three
different case sets, including 190 analysable cases of breast carcinoma. Samples were
deparaffinized and rehydrated. Antigen retrieval was done by using 0.01 M sodium
citrate buffer (pH 6.0) in a microwave oven. To block endogenous peroxidase activity,
the sections were treated with 1% hydrogen peroxide in methanol for 30 min. After
1 h pre-incubation in 10% normal serum to prevent nonspecific staining, the samples
were incubated with the antibodies against ZEB1 (1:400, Bethyl Laboratories, A301-
922A) and CHKI1 (1:150, Santa Cruz Biotechnology, sc-7234) at 4°C overnight.
The sections were then incubated with a biotinylated secondary antibody, followed
by incubation with avidin-biotin peroxidase complex solution (1:100) for 1h
at room temperature. Colour was developed with the 3-amino-9-ethylcarbazole
(AEC) solution. Counterstaining was carried out using Mayer’s haematoxylin. All
immunostained slides were scanned on the Automated Cellular Image System IIT
(ACIS III) for quantification by digital image analysis. A total score of protein
expression was calculated from both the percentage of immunopositive cells and
immunostaining intensity. High and low protein expression was defined using the
mean score of all samples as a cutoff point. The x? test was used for statistical analysis
of the correlation between ZEB1 and CHKI.

Statistical analysis. Each experiment was repeated three times or more. Unless
otherwise noted, data are presented as mean = s.e.m., and Student’s ¢-test (unpaired,
two-tailed) was used to compare two groups for independent samples. The data
analysed by ¢-test meet normal distribution; we used an F-test to compare variances,
and the variances are not significantly different. Therefore, when using an unpaired
t-test, we assumed equal variance, and no samples were excluded from the analysis.
P <0.05 was considered statistically significant.
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Supplementary Figure 1 Induction of EMT by Snail, Twist or ZEB1.

(a) Phase contrast images of HMLE cells transduced with Snail, Twist
or ZEB1. Scale bar: 50 um. (b) Images of clonogenic assays of HMLE
cells transduced with Snail, Twist or ZEB1. (¢) Immunoblotting of ZEB1
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and GAPDH in mock-infected HMLE cells or HMLE cells transduced

with ZEB1 alone or in combination with transfection of ZEB1 siRNA. C:
control (non-irradiated); SF: survival fraction collected 3 weeks after 6-Gy
irradiation.
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Supplementary Figure 2 ZEB1, SNAII and TWISTI mRNA levels are not
substantially increased in SUM159-P2 cells. (a) qPCR of ZEB1, SNAI1 and
TWISTI in SUM159-PO and SUM159-P2 cells. n= 3 samples per group. (b)
Clonogenic survival assays of U20S cells transfected with ZEB1 siRNA. n=
3 wells per group. Inset: immunoblotting of ZEB1 and GAPDH. Data in a and

b are the mean of biological replicates from a representative experiment, and
error bars indicate s.e.m. Statistical significance was determined by a two-
tailed, unpaired Student’s t-test. The experiments were repeated 3 times.
The source data can be found in Supplementary Table 3. Uncropped images
of blots are shown in Supplementary Fig. 7.

WWW.NATURE.COM/NATURECELLBIOLOGY

© 2014 Macmillan Publishers Limited. All rights reserved.



SUPPLEMENTARY INFORMATION

Hours Post-IR (6 Gy)
Scramble sh-ZEB1 sh-ZEB1+ZEB1-RE

100 B
-1 24 - 124 - 1 24 TSl S
— — — -—-ZEB1 /; \\\\. mlﬁ
< .. Sa|d
C ~ - ~
o S X X
—_——_—— — — — CHK1 5 . © &
j_E 10 1 Sl Il I
(_6 \\ Q n~
s —— — A 2 »
a —— Scramble
—_——— o a— H2AX _'.’_Sh-ZEB1
sh-ZEB1 + ZEB1-RE
el p————_ €7\ = D] & 1 T !
0 6 10
IR (Gy)
C 70,
No IR P=1x10° P=4x10%
60 - "R
P=3x107
—~ 501
R
C
2 40 1
o
jum S
&
Q 30 1
=
g I -
20 A
10 4
0 T
Scramble sh-ZEB1

Supplementary Figure 3 Effect of ZEB1 on CHK1, radiosensitivity and the
G2 checkpoint. (a) Immunoblotting of ZEB1, yH2AX, H2AX and GAPDH

in ZEB1 shRNA-transduced SUM159-P2 cells with or without ectopic
expression of an RNAi-resistant ZEB1 mutant (ZEB1-RE), at the indicated
time points after 6 Gy IR. (b) Clonogenic survival assays of ZEB1 shRNA-
transduced SUM159-P2 cells with or without ectopic expression of an
RNAi-resistant mutant (ZEB1-RE). n = 3 wells per group. (c) Percentage of

the G2/M population. SUM159-P2 cells were transduced with ZEB1 shRNA,
treated with 6-Gy IR and analyzed by flow cytometry. n = 3 wells per group.
Data in b and c are the mean of biological replicates from a representative
experiment, and error bars indicate s.e.m. Statistical significance was
determined by a two-tailed, unpaired Student’s t-test. The experiments were
repeated 3 times. The source data can be found in Supplementary Table 3.
Uncropped images of blots are shown in Supplementary Fig. 7.
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Supplementary Figure 4 ZEB1 specifically regulates the protein stability of
the USP7 target CHK1. (a) gPCR of CHKI in SUM159-P2 cells transduced
with ZEB1 shRNA. n = 3 samples per group. (b) Quantification of CHK1
protein levels (normalized to GAPDH) in Fig. 5f. (c) Quantification of CHK1
protein levels (normalized to GAPDH) in Fig. 5g. (d) SUM159-P2 cells were
transfected with the scramble control or USP7 siRNA (si-USP7) and then
treated with 50 ug/ml cycloheximide (CHX). Cells were harvested at different
time points as indicated and then immunoblotted with antibodies to ZEB1,
USP7 and GAPDH. (e) Quantification of CHK1 protein levels (normalized

to GAPDH) in Fig. 5h. (f) SUM159-P2 cells were treated with 50 ug/ml
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cycloheximide (CHX), harvested at different time points as indicated and
then immunoblotted with antibodies to Claspin, ZEB1 and GAPDH. (g)
293T cells were transfected with SFB-USP7 alone or in combination with
ZEBI1, followed by pull-down with streptavidin-sepharose beads (s-s beads)
and immunoblotting with the antibody to Claspin. Data in a are the mean
of biological replicates from a representative experiment, and error bars
indicate s.e.m. Statistical significance was determined by a two-tailed,
unpaired Student’s t-test. The experiments were repeated 3 times. The
source data can be found in Supplementary Table 3. Uncropped images of
blots are shown in Supplementary Fig. 7.

WWW.NATURE.COM/NATURECELLBIOLOGY

© 2014 Macmillan Publishers Limited. All rights reserved.



SUPPLEMENTARY INFORMATION

a b c
Pulldown NC')\lR I\R - ETP-46464 (100 nM) +
s-s beads (6&1 %&(«Qﬁgo\i Qﬁ:@ﬁ( IR (6 Gy) + o+
SFB-ZEB1 + 0@.,‘?‘ X o@.,?‘ X a ewmm amm 7EBA
& & F Y S
ATR
e p-ATR — p-CHK1
— ATM -
-— — ATR S e e CHK1
— - ATR

~ p-CHK2

= = o == — ZEB{

INpUt| == w—— AT\
— w= CHK2
e FLAG-ZEB1 - - o o= o= GAPDH _—

— e o GAPDH

Supplementary Figure 5 ATR does not regulate ZEB1. (a) 293T cells were with IR. Lysates were immunoblotted with antibodies to p-ATR, ATR, ZEB1
transfected with SFB-ZEB1, followed by pull-down with streptavidin- and GAPDH. (c) SUM159-P2 cells were pretreated with ETP-46464 and
sepharose beads (s-s beads) and immunoblotting with antibodies to ATR and treated with IR. Lysates were immunoblotted with antibodies to ZEB1,
ATM. (b) SUM159-P2 cells were transfected with ATR siRNA and treated p-CHK1, CHK1, p-CHK2, CHK2 and GAPDH.
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Supplementary Figure 6 ATM-dependent phosphorylation of ZEB1 at streptavidin-sepharose beads (s-s beads) and immunoblotting with the
S585 is critical for radiation-induced stabilization of ZEB1 but not the USP7 antibody. (b, ¢) Quantification of ZEB1 proteins levels (normalized
interaction between ZEB1 and USP7. (a) 293T cells were transfected to co-transfected GFP) in Fig. 7i. Uncropped images of blots are shown in

with SFB-ZEB1 (wild-type, S585A or S585D), followed by pull-down with Supplementary Fig. 7.
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Supplementary Figure 7 Uncropped images of blots.
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Supplementary Table 1 List of ZEB1-interacting proteins identified by TAP-MS analysis

Peptide hits Protein Name
44 ZEBA1

39 C12orf11
22 C150rf44
16 CTBP2
15 XRCC5
14 INTS10
13 XRCC6
11 DDB1
CTBP1
SIRT1
AHCYL1
PPM1G
TP53
CSNK2A1
AHCYL2
MYBBP1A
USP7
C7orf26
LRRC59
FAM98B
PUF60
TRIM28
ZNF516
RIOK2
CHFR
SSRP1
MTDH
PARP1
C220rf28
SART1
WIBG
LTV1
ZNF655
CROP
LUC7L2
ICT1
U2AF1
AFG3L2
U2AF2
C100rf125
WDR12
LUC7L2
ERI1
FAU
STRBP
PHF6
AIMP1
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Supplementary Table 2 Vectors used in this study

Insert name

Mouse Twist1 ORF
Human SNAI1 ORF
Human ZEB1 ORF
Human CHK1 ORF
Human ZEB1 shRNA
Human ATM shRNA
Human ATM ORF
Human USP7 ORF

Vector name

pBabe-puro
pBabe-puro
pFUW
pLOC-blast
pGIPZ-puro
pGIPZ-puro
pcDNA3
pBabe-SFB
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Supplementary Table 3 Source data.
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