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Abstract

Although zinc finger E-box binding homeobox 1 (ZEB1) has been identified as a key factor in the regulation of breast
cancer differentiation and metastasis, its potential role in modulating tumor chemoresistance has not been fully
understood. Here, through the study of specimens from a large cohort of human breast cancer subjects, we showed
that patients with tumors that expressed high levels of ZEB1 responded poorly to chemotherapy. Moreover, ZEB1
expression was positively correlated with expression of B-cell lymphoma-extra large (Bcl-xL) and cyclin D1, which are
key components of tumor chemoresistant mechanisms. At the molecular level, ectopic expression of ZEB1 impaired
the responsiveness of breast cancer cells to genotoxic drug treatment, such as epirubicin (EPI). During this process,
ZEB1 transcriptionally activated the expression of ataxia-telangiectasia mutated (ATM) kinase by forming a ZEB1/p300/
PCAF complex on its promoter, leading to increased homologous recombination (HR)-mediated DNA damage repair
and the clearance of DNA breaks. Using a nude mouse xenograft model, we further confirmed that ectopic expression
of ZEB1 decreased breast cancer responsiveness to EPI treatment in vivo. Collectively, our findings suggest that ZEB1 is

a crucial determinant of chemotherapeutic resistance in breast cancer.

Introduction

Breast cancer is the most common malignancy among
women worldwide and one of the leading causes of cancer
death'. For breast cancer treatment, genotoxic che-
motherapy using drugs such as anti-metabolites, topoi-
somerase inhibitors and anthracyclines, is a principal
approach, which destroys cancer cells by inducing irre-
parable DNA damage. These therapeutic agents are par-
ticularly important for the treatment of breast cancer that
are not suitable for or refractory to endocrine therapies.
However, a major cause of failure in genotoxic drug
treatment is intrinsic and therapy-induced chemoresis-
tance due to enhanced DNA repair in tumor cells**. To
overcome this problem, it is necessary to elucidate the
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mechanisms of resistance to chemotherapy and develop
new chemosensitizers.

The primary mechanism of action of genotoxic drugs is
to interfere with enzymes involved in DNA replication.
These drugs can also induce DNA intercalation and
damage, which ultimately results in DNA lesions in the
forms of double-stranded breaks (DSBs)®. The cellular
response to DNA damage, known as the DNA damage
response (DDR), involves the recognition of DNA
damage, the activation of cell cycle checkpoints, tran-
scription programs, DNA damage repair, and apoptosis, if
the damage is irreparable®. DSBs are predominantly
repaired by two mechanisms, homologous recombination
(HR) and non-homologous end joining”® ~Ataxia-
telangiectasia mutated (ATM) kinase, a keystone in con-
trolling genomic stability, plays a critical role in DDR and
HR repair through a mechanism that is currently not well
understood”'?. Nevertheless, it has been proposed that
upon DSBs, ATM kinase is activated in a process invol-
ving autophosphorylation on serine (Ser'*®!) and in turn
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Fig. 1 Elevated expression of ZEB1correlates with chemoresistance in human breast cancer. a Representative images of
immunohistochemical staining of ZEB1 in chemoresistant and non-resistant tumors are shown. Scale bars, 50 um. b, ¢ Expression of ZEB1 in
chemoresistant tumors were significantly higher than that in non-resistant tumors. d, e The non-negative percentage analysis for Bcl-xL indicates a
positive correlation with ZEB1 expression in primary breast cancer. f, g The non-negative percentage analysis for Cyclin D1 indicates a positive
correlation with ZEB1 expression in primary breast cancer. h Representative images of immunohistochemical staining of ZEB1, Bcl-xL and cyclin D1 in
tumors from three cases are shown. Scale bars, 50 um
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hyperphosphorylates downstream effecters, such as
H2AX, CHK2 and p53 binding protein 1 (53BP1), ulti-
mately leading to the recruitment of DNA repair proteins
to the sites of damage'' ™.

Zinc finger E-box binding homeobox 1 (ZEBI) is a
transcription factor that modulates cell differentiation and
tissue-specific functions'®'®, ZEB1 expression is impli-
cated in the differentiation of multiple cell lineages,
including bone-'"*°, smooth muscle’’, neural-*!, and
T cells*. Recent studies further demonstrate that ZEB1
acts as a driver of epithelial to mesenchymal transition
(EMT) and cancer progression, due to its pivotal role in
the downregulation of epithelial genes, such as E-cadherin
and the miR-200 family of microRNAs**™°, Aberrant
expression of ZEB1 has been observed in many types of
human cancers, including uterine cancer?’, pancreatic
cancer’®, osteosarcoma®, lung cancer®’, liver cancer’,
gastric cancer’?, colon cancer®, and breast cancer®*.
Additionally, ZEB1 is linked to a chemoresistant pheno-
type in cancer cells®®°. For instance, silencing ZEB1
expression reduces both invasion and the resistance to
temozolomide, which is a standard chemotherapeutic
drug for glioblastoma®. In pancreatic cells, the EMT
status and expression level of ZEB1 correlate with the
resistance to chemotherapeutic agents including gemci-
tabine, 5-fluorouracil (5-FU), and cisplatin®*. However,
the molecular mechanisms by which ZEB1 mediates
chemoresistance are yet to be determined.

In this study, we provide evidence that the EMT reg-
ulator ZEB1 plays an important role in breast cancer
chemoresistance by increasing HR-mediated DNA
damage repair. During this process, ZEB1 induces ATM
expression by forming a ZEB1/p300/PCAF complex on
the ATM promoter. Notably, we demonstrated that
patients with tumors that highly express ZEB1 have a
dramatically weaker response to genotoxic drug-based
chemotherapy. Our data collectively have identified a
molecular mechanism underlying ZEB1-mediated che-
moresistance, indicating that ZEB1 may be a potential
target for breast cancer treatment.

Results
Elevated ZEB1 expression correlates with chemoresistance
in human breast cancer

To assess the possible role of ZEB1 in chemoresistance,
we performed immunohistochemical staining for ZEB1 in
233 cases of human breast cancer treated with
anthracyclines-based neoadjuvant chemotherapy. The
subjects were divided into two groups based on their
responsiveness to the treatment and the criteria of
response evaluation criteria in solid tumors. The results
demonstrated that the expression of ZEB1 in chemore-
sistant tumors were significantly higher than that in non-
resistant tumors (Fig. la—c). It has been reported that
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increased cell proliferation and disruption of apoptotic
induction are key mechanisms that contribute to the
failure of chemotherapy. B-cell lymphoma-extra large
(Bcl-xL) and cyclin D1, which mediate anti-apoptotic
response and cell proliferation, respectively, are upregu-
lated in breast cancer tissues that are resistant to geno-
toxic drug treatment®’*®, We further performed
immunohistochemical staining for ZEB1, Bcl-xL and
cyclin D1 in an independent cohort of 139 cases of pri-
mary breast carcinoma. The results demonstrated that the
expression of ZEB1 was positively correlated with those of
Bcl-xL and cyclin D1 (Fig. 1d-h), highlighting that
increased expression of ZEB1 contributes to the cellular
mechanisms that mediate breast cancer chemoresistance.

ZEB1 regulates chemotherapeutic drug-induced DDR

To further determine the mechanism by which ZEB1
induces chemoresistance, ZEB1 was overexpressed or
knocked down in MDA-MB-231 breast cancer cells using a
lentiviral system (Supplementary Fig. S1). Cells were then
treated with EPI or ETOP, and cell viability was measured.
In response to EPI or ETOP treatment for 48 h, there was a
significant decrease in cell growth inhibition in ZEB1/
231 cells as compared to Ctrl/231 cells (Fig. 2a and Sup-
plementary Fig. S2a). Furthermore, we examined the effect
of ZEB1 on EPI- or ETOP- induced phosphorylation of
histone H2A (yH2AX), which is a marker for DDR. The
results confirmed that ZEB1 overexpression significantly
reduced EPI- or ETOP- induced level of yH2AX (Fig. 2b
and Supplementary Fig. S2b) and the formation of YH2AX
nuclear foci (Fig. 2c and Supplementary Fig. S2c). Con-
versely, ZEB1 depletion resulted in the opposite effect in
which it increased cell growth inhibition (Fig. 2d and
Supplementary Fig. S2d) and enhanced YH2AX level and
formation of yH2AX foci (Fig. 2e, f; Supplementary Fig. S2e
and f). These results were not unique to MDA-MB-231
cells; ZEB1 overexpression in MCF-7 cells or ZEB1
knockdown in SUM-159 cells also reduced or enhanced
EPI-induced yH2AX level and yH2AX nuclear foci,
respectively (Supplementary Fig. S3). These results suggest
that ZEB1 may play an important role for DNA damage
repair and DSBs clearance in response to chemotherapy.

In mammalian cells, a key conserved pathway involved
in DSBs repair is the HR-mediated repair pathway®. Thus,
as seen Fig. 2g, we used a U20S cell clone with chro-
mosomal integration of a HR repair reporter consisting of
two differentially mutated GFP genes (SceGFP and iGFP)
oriented as direct repeats (DR-GFP). Expression of I-Scel
endonuclease generates a site-specific DSBs in the
SceGFP coding region, and when this DSBs is repaired by
HR, the expression of GFP is restored and can be analyzed
by flow cytometry to gauge the efficiency of HR repair®>*.
We found that I-Scel expression led to an increase in the
percentage of GFP-positive cells, indicating that I-Scel



Zhang et al. Cell Death and Disease (2018)9:57 Page 4 of 15
A C DMSO EPI (1.25 M)
~ 1001 ~ 1001
2 -»- Ctrli231 X E ;;:/12/3;;1 =
N -= ZEB1/231
. 804 T 801
2 8
S 60+ * g 60+
L * o -
£ 40 o g g
2 o 3 40
s 201 3 201
> 3
g 0 T T T T T T 1 g > 0 I—I'- .
02505 1 2 4 8 16 32 DMSO EPI (1.25uM)
EPI (uM)
B D E
DMSO EPI (1.25 uM
DMSO EPI (1.25 uM) s M0 o simnd . - ( 'l\l )
A Y o 9 - ShZEB1/231 ‘\\1'5\ ?,\\"5 ‘\\1'5\ %\\'ﬁ
A A ~ R R
wa o g Y P £ a o &
130|~-H -J<—Anti-ZEB1 3 130 | s e | — [ ANti-ZEB1
£
17 | ”- — |<-Anti-vH2AX = 17 e s— < Anti-yH2AX
2
17 |—--.||-.|<- Anti-H2AX E 17 | —— gm— S g |<— Anti-H2AX
>
42 |-q|_-|<— Anti-Actin G g —re e ——i 42 | — -"— s |« Anti-Actin
O 02505 1 2 4 8 16 32
EPI (uM)
F
DMSO EPI (1.25 uM)
A
N \Ud
N N\ N A
& 2 o © G
~ 10093 shctrii231 - Beal
¥ |mm shzeB1/231 IScel il
T 80- | WiGERs
8 + |-Scel
g 601
.E- l HR
: 401 Begl Begl
3 - ——_GFP_ iGFP
I
>
EPI (1.25uM)
300 -
H I E ek
I-Sce | 2
ctri ctrl ZEB1 2
U20S-DR-GFP o [T o [ o [T ? 200
\ 4 4 4
wa o £° N " ) " y 2
r's =
e d e A e d £
43 IEI«Anti-Actin E & o
o 10? 10° 10 10° o 10? 10° 10* 10° 10 10° 10 D'
Beg |l I-Scel - + +
ZEB1 - - +
Fig. 2 (See legend on next page.)

Official journal of the Cell Death Differentiation Association




Zhang et al. Cell Death and Disease (2018)9:57

Page 5 of 15
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control in Student’s t test

Fig. 2 ZEB1 increases HR-mediated DNA damage repair in response to EPI treatment. a ZEB1/231 and Ctrl/231 cells were treated with different
concentrations of EPI for 48 h, respectively. EPl-induced cell growth inhibition was determined by cell viability assay. *P < 0.05, **P < 0.01 vs respective
control in one-way ANOVA followed by Tukey's honestly significant difference test. b EPIl-induced expression of yH2AX protein was determined by
immunoblotting and normalized to the levels of H2AX. Cropped blots are shown (full-sized blots are presented in Supplementary Fig. S9). ¢ EPI-
induced formation of yH2AX nucleic foci was measured by immunofluorescent staining. At least 500 nuclei were counted and the percentage of
YH2AX-positive nuclei was determined. ***P < 0.001 vs respective control in Student's t test. Scale bars, 20 um. d shZEB1/231 and shCtrl/231 cells were
treated with different concentrations of EPI for 48 h, respectively. EPl-induced cell growth inhibition was determined by cell viability assay. *P < 0.05 vs
respective control in one-way ANOVA followed by Tukey's honestly significant difference test. e EPIl-induced expression of yH2AX protein was
determined by immunoblotting and normalized to the levels of H2AX. Cropped blots are shown (full-sized blots are presented in Supplementary
Fig. S10). f EPl-induced formation of yH2AX nucleic foci was measured by immunofluorescent staining. At least 500 nuclei were counted and the
percentage of yH2AX-postitive nuclei was determined. **P < 0.01 vs respective control in Student's t test. Scale bars, 20 um. g The working model of
HR repair in DR-GFP/U20S cells is presented. h |-Scel endonuclease was introduced into ZEB1-expressiong and control DR-GFP/U20S cells,
respectively. HR repair assay was determined by flow cytometry. i The percentage of GFP-positive cells was quantified. ***P < 0.001 vs respective

induced DSBs that are repaired by HR (Fig. 2h, i). Fur-
thermore, upon I[-Scel expression, ZEBl-expressing
U20S cells exhibited a significant increase (~2.5-fold) in
the percentage of GFP-positive cells as compared to the
control cells, demonstrating that ZEB1 enhanced DSBs
repair by the HR-mediated pathway. These results col-
lectively suggested that ZEB1 may play an important role
for DNA damage repair and DSBs clearance in response
to chemotherapy.

Identification of ZEB1 target genes in breast cancer
chemoresistance

Because ZEB1 functions as a DNA-binding protein with
an essential role in breast cancer development®*!, we
performed chromatin immunoprecipitation (ChIP) cou-
pled deep DNA sequencing (ChIP-seq) to identify endo-
genous transcriptional targets of ZEB1 in MDA-MB-231
cells. We identified 147 genes bound by ZEB1 (Supple-
mentary Fig. S4 and Table S1), nine of which have been
reported to function in the regulation of drug resistance
during tumorigenesis (Table 1). We then performed
quantitative PCR to determine the correlation between
ZEB1 and these chemoresistance-related genes in ZEB1/
231 and shZEB1/231 cells. The results showed a sig-
nificant positive correlation between ZEB1 and ATM
expression at messenger RNA (mRNA) level, in that
ectopic expression of ZEB1 increased, while ZEB1 inter-
ference reduced, ATM expression (Fig. 3a, b). Impor-
tantly, the correlation between ZEB1 and ATM, as well as
the other seven target genes, were demonstrated by
TCGA database analysis (Fig. 3c and Supplementary
Fig. S5), highlighting a predominant role for ZEB1 in
inducing ATM expression in breast cancer cells.

ZEB1 induces ATM expression by stimulating its
transcriptional activity

Our ChIP-seq analysis revealed that ZEB1 directly binds
to the ATM promoter, suggesting that ZEB1 may induce
the transcription of ATM. Consequently, we performed
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promoter-reporter assays to examine the regulation of
ATM transcription by ZEB1. As shown in Fig. 4a, the
wild-type —1534/+4235 promoter of the ATM gene has
one canonical Ey-box element (CAGGTG) at position
—854/—849, to which ZEBI1 can potentially bind in our
ChIP-seq analysis*'. The result of luciferase assay indi-
cated that ZEB1 overexpression increased the promoter
activity of ATM-wtE,-1.5k reporter by ~2.1-fold relative
to the control without ZEB1 transfection in MDA-MB-
231 cells (Fig. 4a). A series of truncated and mutated
ATM promoter-reporter constructs were then generated
for analysis. The results showed that deletion or site-
directed mutagenesis of the E,-box element was sufficient
to abolish ZEBl-activated transcription of the ATM
promoter. Importantly, quantitative ChIP assay indicated
that ZEB1 overexpression resulted in a 1.7-fold increase in
its binding to the E,-box element in the endogenous ATM
promoter (Supplementary Fig. S6a and Fig. 4b).
Mechanistically, p300 and PCAF have been shown to act
as cofactors for ZEB1, which can reverse its suppressive
effects on gene transcription®”. We thus investigated the
interaction between ZEB1 and p300/PCAF by co-
immunoprecipitation. The results demonstrated that
both p300 and PCAF were co-immunoprecipitated with
ZEB1 in ZEB1/231 cells (Fig. 4c). The ChIP experiments
further revealed that both p300 and PCAF were recruited
to the ATM promoter in an E,-box-dependent manner,
which was further increased by ZEB1 overexpression
(Supplementary Fig. S6b and Fig. 4d). The observations
collectively suggested that ZEB1 activates ATM tran-
scription by forming a ZEB1/p300/PCAF complex on the
ATM promoter.

We then substantiated ZEB1-regulated expression of
ATM at mRNA and protein levels and in human breast
cancer. As shown in Fig. 4e, a significant, time-dependent
upregulation of ATM mRNA was observed in ZEB1-
expressing MDA-MB-231 cells. Western blotting assay
further confirmed ZEB1-induced expression of ATM at
protein level (Fig. 4f). In contrast, ZEB1 depletion resulted



Page 6 of 15

Zhang et al. Cell Death and Disease (2018)9:57

spioe
/00T "|e 19 oulwe adA1-7 suodsueiy ‘sjpAd)
00— leQ ueAunz wnidjed Jenjjadenul Jo uonenbay ON D199YD 1€l 96960979-91£80979:L 12 L0l TveDTS
7107 "|e 19 SI0JOW Jeindajow
L£0~ oeyz buny JuspUSdaP-3|NGNICDIN ON D199YD 105~ YTLL8LSY—EE/98LSH LI vly DA
€107 “|e 18 JAW YUM UOISS21dX20D
0€£0~  nx Buadeq ‘leAuns pue uolessjijold 13D S3A D199YD LOb— ST8Y9£05-80079£05:72IYD 198  €AId
$10Z " 19 7441 pue 14vy10)
910 uayD nx Buipuig Aq sisoidode gyl S3A D199YD el 98/16120L—LP¥L61T0L:L LIYD 869  €DYlg
510C e 19
o SH unr Aemyied Buifeubis Yol w SIA D199VD 69 76857085-/61 57085/ LIUD 869  L9M9SdY
107 "|e 19 UOl1eAIIDE ||93-] JO 3seyd
620 Wb una-a9f Auea ayy uswbne Jo ajeniu| S3A D199YD 695~ S6ESY69-6/L7P69T LIYD Lg ¥aD
#10C "le 19 SOIWRUAD
620 eufzieyey) 3|ngmoniw Jo uone|nbay S3A DIDLIS) 095¢ 920687221 ~78T88TTC LTI /98 LdSYTD
¥710C “|e 19 SuIXaInau-e1aq Jo)
860 uospiaeq uag  spuebi| dyidads-a)isad)(ds se 10y S3A DIDLIS) v8l— T0ET09E/ L-8/ LO9EL L:EIYD 765 INDIN
10 “|e 19 lledas abewep yNQG ‘skemyred
80  unsusyziny  Buijeubis Juioddayd 3PAd (19D S3A D199YD 68— ££9801801-611801801:L L1YD 889 LY
aseqelep yoD1 ul 1937 4dd-dIud SSL wswyYdHUS
Yim uonepaiod yNyw AwVWUcw‘_w«wm uoipung >Q poajepijep 9)S sNsUasuU0d L g37z 0]} 9due)sig awosowoiyd -plo4 ClIE1S)
L93Z Aq paie|nbaa sauab pajejai-aduelsisaiowdy) | djqel

Official journal of the Cell Death Differentiation Association



Zhang et al. Cell Death and Disease (2018)9:57

Page 7 of 15

significance was determined by Spearman rank correlation analysis

e A C )
g 251 3 Ctrl/231 8192 .
] @l ZEB1/231 S 40064 P<0.001,r=0.484 A °
4 2.04 @ w'erd o
5 o 2048
o 154 S
< X 10244
z <
& 104 S s12d 3
£ 4 .

0 € 2564 ,
= 0.5
K Z 1284
3 < e
14 00' 64 T T T 1
16 64 256 1024 4096
S PP
v © SHF Q¢ ZEB1 mRNA expression
G & )
B
s 47 3 Ctrli231
? @B shzEB1/231
8
Q
x
o
<
P
o
£
()]
2
©
o)
o
N N > N S OO Q2
PRI A gl R R S
v é\/‘; F © R S R
¢ Qg ()

Fig. 3 ZEB1 upregulates the expression ATM. a, b The mRNA level of nine chemoresistance-related genes was examined by quantitative PCR (a) in
ZEB1/231 vs Ctrl/231 cells and (b) in shZEB1/231 vs shCtrl/231 cells and normalized to the levels of B-actin. *P < 0.05, **P < 0.01, ***P < 0.001 vs
respective control in Student’s t test. ¢ TCGA database analysis indicates a positive correlation between ZEB1 and ATM mRNA levels. Statistical

in the opposite effect, which downregulated ATM mRNA
and protein expression (Supplementary Fig. S7a and b).
Moreover, ZEB1-induced ATM expression was demon-
strated in ZEB1-expressing MCF-7 and ZEB1-interfering
SUM-159 cells (Supplementary Fig. S7c and d). To
determine the correlation between ZEB1 and ATM
expression in human breast cancer, we performed
immunohistochemical staining in 139 cases of primary
breast carcinoma. We found that samples displaying a
high percentage of ZEB1-positive cells exhibited a high
level of ATM expression (Fig. 4g, h), whereas cancers
exhibiting lower ZEB1 levels showed diminished ATM
expression. Importantly, the results also confirmed a
positive correlation between the expression of ZEB1 and
phosphorylated ATM (p-ATM) (Fig. 4i, j). Immunohis-
tochemical staining of samples from three representative
subjects confirmed the positive relationship between
ZEB1, ATM and p-ATM expression (Fig. 4k), which is
consistent with our finding that ZEB1 activates ATM in
breast cancer cells and may thus promote DNA damage
repair in response to chemotherapy.
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ZEB1 renders breast cancer chemoresistance by targeting
ATM

Next, we tested whether ZEB1/ATM axis would func-
tionally confer resistance to genotoxic drug-mediated cell
growth inhibition in MDA-MB-231 cells. Thus, a control-
or ATM-targeted short hairpin RNA (shRNA) was
introduced into ZEB1/231 cells, followed by treatment
with EPL. Knockdown of ATM was assessed by western
blotting (Supplementary Fig. S8a). Cell viability assays
indicated that ectopic expression of ZEB1 led to a
decreased growth inhibition in response to EPI, which was
attenuated by ATM knockdown (Fig. 5a). EPI-induced
level of YH2AX and formation of YH2AX foci were further
measured in ATM-depleted ZEB1/231 cells. The results
demonstrated that ATM depletion abolished the ability of
ZEB1 to suppress EPI-induced yH2AX level (Fig. 5b) and
formation of YH2AX nuclear foci (Fig. 5c¢). Similarly,
ZEB1/231 cells were pre-incubated with an ATM kinase
inhibitor, KU-55933, followed by treatment with EPL. The
results confirmed that inhibition of ATM activity atte-
nuated ZEB1-decreased cell viability inhibition (Fig. 5d)
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Fig. 4 ZEB1 induces ATM expression by stimulating transcription of the ATM gene. a MDA-MB-231 cells were co-transfected with the ZEB1
expression plasmid and different wild-type ATM promoter luciferase reporter constructs. Extract luciferase activities were determined 36 h after
transfection using a Betascope analyzer. Luciferase values were normalized to Renilla activities. **P < 0.01 vs respective control in Student’s t test.
b Overexpression of ZEB1 significantly enhanced its recruitment to the endogenous ATM promoter as confirmed by a quantitative ChIP assay. *P <
0.05 vs respective control in Student’s t test. ¢ The interactions among ZEB1, p300 and PCAF protein were analyzed by co-immunoprecipitation in
ZEB1/231 cells. Cropped blots are shown (full-sized blots are presented in Supplementary Fig. S11). d Overexpression of ZEB1 significantly enhanced
the recruitment of p300 and PCAF to the endogenous ATM promoter as confirmed by a quantitative ChIP assay. **P < 0.01, ***P < 0.001 vs respective
control in Student’s t test. e, f MDA-MB-231 cells were transiently transfected with the ZEB1 expression plasmid or vector control. At the indicated
time points, expression of ZEB1 and ATM were verified by (e) quantitative PCR and (f) immunoblotting and normalized to the levels of B-actin.
Cropped blots are shown (full-sized blots are presented in Supplementary Fig. $12). **P < 0.01, ***P < 0.001 vs respective control in one-way ANOVA
followed by Tukey's honestly significant difference test. g, h The non-negative percentage analysis for ATM indicates a positive correlation with ZEB1
expression in primary breast cancer. i, j The non-negative percentage analysis for p-ATM indicates a positive correlation with ZEB1 expression in
primary breast cancer. k Representative images of immunohistochemical staining of ZEB1, ATM, and p-ATM in tumors from three cases are shown.

Scale bars, 50 um

and formation of YH2AX foci (Fig. 5e) in response to EPL
Same results were obtained in ETOP-treated ZEB1/
231 cells as in the EPI-treated cells (Supplementary
Fig. S8b and c). Taken together, we have found an
important mechanism that ZEB1 regulates the sensitivity
of breast cancer cells to genotoxic drug treatment in an
ATM-dependent manner.

ZEB1 promotes breast cancer chemoresistance in vivo
Next, we determined whether elevated ZEB1 expression
in breast cancer cells influences tumor response to che-
motherapeutic treatment in vivo. ZEB1/231 or Ctrl/
231 cells were injected into the mammary fat pads of
female BALB/c nude mice to establish a nude mouse
xenograft model, followed by treatment with EPI (Fig. 6a).
The results indicated that EPI effectively inhibited tumor
growth in BALB/c nude mice with control tumors but not
in the mice with ZEB1-expressing tumors (Fig. 6b). Upon
treatment with EPI, tumor weights were significantly
higher in mice injected with ZEB1/231 cells compared
with those injected with Ctrl/231 cells (Fig. 6¢). Western
blotting and immunohistochemical staining further con-
firmed the upregulation of ZEB1 and ATM expression in
tumors from ZEB1/231 mice as compared to the Ctrl/231
mice (Fig. 6d, e). Collectively, these data demonstrate that
ZEB1 can reduce breast cancer chemosensitivity in vivo.

Discussion

Chemotherapy plays an important role in breast cancer
management, and one of the main barriers in curing
breast cancer is intrinsic and therapy-induced chemore-
sistance. To overcome this obstacle, it is important to
identify the critical determinants of chemoresistance and
to develop safe and effective tumor chemosensitizers>*.
Our work reveals a key role for ZEB1 in breast cancer
chemoresistance. First, we showed that patients with
tumors that express high levels of ZEB1 have a weaker
response to chemotherapy. Second, we found that ZEB1
induces ATM activity by forming a ZEB1/p300/PCAF
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complex on the ATM promoter. Expression of ZEB1 is
increased in breast cancer and positively correlates with
ATM protein levels. Third, ZEB1 promotes DDR in breast
cancer cells in response to chemotherapy and confers
chemoresistance by reducing genotoxic drug-induced
DSBs in an ATM-dependent manner. Finally, down-
regulation of ZEB1 increases the sensitivity of breast
cancer cells to chemotherapy in vitro and in vivo.
Therefore, our study reveals the possibility that ZEB1 acts
as a determinant of chemoresistance in breast cancer.

Our data suggest that patients are less likely to benefit
from genotoxic drug-based neoadjuvant chemotherapy if
they have breast cancers with high ZEB1 expression,
compared with tumors with low ZEB1 expression. It is
known that ATM kinase is constitutively activated in
chemoresistant tumor cells*>™*°, which is consistent with
our results showing that ZEB1 induces ATM activation by
recruiting the transcriptional coactivators p300 and PCAF
to the ATM promoter. By examining 139 primary breast
cancer specimens, we found that ZEB1 expression is
elevated in cancer tissues, and this expression positively
correlates with the expression of ATM and p-ATM,
suggesting that increased ZEB1 expression may be the
primary cause of hyperactivated ATM in some breast
cancers. Taken together with our observations that ZEB1
overexpression decreases breast cancer cell sensitivity to
EPI and ETOP treatment in an ATM-dependent fashion,
ATM upregulation may at least partially account for the
resistance of this subset of breast cancers against che-
motherapy. These findings have shed new light on the
mechanisms of chemoresistance in breast cancer.

A growing body of evidence suggests that EMT reg-
ulators play important roles in the acquisition of che-
moresistance and radioresistance  during tumor
development®=°. For example, Zhang et al.*’ reported
that ATM-mediated stabilization of ZEB1 promotes DDR
and radioresistance through CHK1. Here, we extended
the study to identify ZEB1 as an ATM regulator, indi-
cating a positive feedback loop between ZEB1 and ATM



Zhang et al. Cell Death and Disease (2018)9:57 Page 10 of 15

A B
~ 100+
2 1997 = ctri231 DMSO EPI (1.25 uM)
- -2 ZEB1/231+shCtrl R
c 801 = ZEB1/231+shATM o
2 . T kDa & o & &
5 60 :
'_E 17 - <« Anti-yH2AX
< 40- .
= 17 | — w— || a— s [« Anti-H2AX
S 20-
= 43 | w— | e << Anti-Actin
q’ T T 1 1
© o 2 4 8 8 10
EPI (uM)
Cc DMSO EPI (1.25 uM)
D
~ 80913 shetnl . 7 1009 =3 ctrir231
= @R shATM = =3 ZEB1/231+DMSO
- 3 ~ 80 Wl ZEB1/231+KU55933
T 601 g * —
(8] oy
5 = = .
& z M
X ol =
3 § 20 2 2
g s
= a l'-'ll- ' T 0
DMSO  EPI(1.25uM) © 2.5UM 5uM
EPI
__ 1504 3 Ctri/231
= ER ZEB1/231
§ * *
2 100- |
:‘g‘
g 50-
e
> 0-
DMSO + - + - -
EPI - o+ - o+ 4
KU55933 - - - *

Fig. 5 ATM is required for ZEB1-mediated chemoresistance. a-c The specific shRNA targeting ATM or scramble shRNA was introduced into
ZEB1/231 cells, followed by treatment with different concentrations of EPI for 48 h. a Cell growth inhibition was determined by cell viability assay.
*P < 0.05, **P < 0.001 vs respective control in one-way ANOVA followed by Tukey's honestly significant difference test. b EPl-induced expression of
YH2AX protein was determined by immunoblotting and normalized to the levels of H2AX. Cropped blots are shown (full-sized blots are presented in
Supplementary Fig. S13). ¢ EPl-induced formation of yH2AX nucleic foci was measured by immunofluorescent staining. At least 500 nuclei were
counted and the percentage of yH2AX-postitive nuclei was determined. **P < 0.01 vs respective control in Student's t test. Scale bars, 20 pm.

d, e ZEB1/231 cells were treated with 10 uM KU-55933, followed by treatment with the indicated concentrations of EPI for 48 h. EPIl-induced cell
viability inhibition (d) and formation of yH2AX nucleic foci (e) were determined. *P < 0.05, ***P < 0.001 vs respective control in Student’s t test
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Fig. 6 Elevated expression of ZEB1 promotes chemoresistance in vivo in a nude mouse xenograft model. a A total of 1.5 x 10° ZEB1/231 and
Ctrl/231 cells were respectively injected into the mammary fat pads of nude mice (n =5). Tumor development was allowed for 10 days, and then the
mice were intraperitoneally injected with 5 mg/kg EPI (once per 2 days) for another 2 weeks. b Tumors from ZEB1/231 and Ctrl/231 mice that were,
respectively, treated with EPI and normal saline (NS) are shown. ¢ Approximate tumor weights were measured. ***P < 0.001 vs respective control in
Student’s t test. d, e Expression of ZEB1 and ATM in breast cancer xenografts was examined by (d) western blotting and (e) immunohistochemical
staining. Cropped blots are shown (full-sized blots are presented in Supplementary Fig. $14). **P < 0.01 vs respective control in Student’s t test. Scale
bars, 20 um
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regulation: in response to genotoxic treatment, ATM
kinase is activated, which phosphorylates and stabilizes
ZEB1; ZEB1 in turn interacts with p300 and PCAF, a
process that upregulates ATM expression. In fact, it has
been shown that ZEB1 recruits distinct transcriptional
cofactors in different contexts*>>'~>3, For example, Post-
igo et al.** reported that ZEB1 normally recruits the
corepressor CtBP1 and not coactivators p300 and PCAF;
however, in response to TGF-p, recruitment of p300/
PCAF displaces CtBP1 from ZEBI1, which then activates
TGF-p-responsive genes.

It is known that ZEB1 promotes cancer progression
through a variety of genetic and epigenetic mechanisms>"~
335436 Our research reveals that one of these mechan-
isms is to promote DDR by inducing ATM expression,
thus conferring resistance to chemotherapeutic drugs.
Consistent with our results that ZEB1 overexpression
attenuates EPI- and ETOP-induced cell growth inhibition,
ZEB1 has been shown to facilitate cancer cell proliferation
in the presence of DNA damage®”®. Further supporting
our conclusion, ZEB1 enhances HR-mediated repair of
DSBs in response to radiation*”. As HR is an error-free
repair mechanism for DSBs, ZEB1 may therefore function
to maintain genome integrity. This new function of ZEB1
may appear to be inconsistent with the current knowledge
that cancer cells are commonly associated with genome
instability and that many oncogenes promote, rather than
maintain, genome instability’>®’. However, we reason that
a certain level of genome integrity is needed in order for
cancer cells to continue proliferating. ZEB1 may thus
function as an oncogene that maintains a balance to allow
cancer cells to proliferate in the presence of genome
instability that serves as a source of cancer-promoting
mutations, without accumulation of excessive DNA
damage that leads to proliferative arrest or apoptosis. This
function of ZEB1 in promoting DDR is especially
important for the survival and proliferation of cancer cells
in the face of chemotherapeutic agents that induce mas-
sive DNA damage, which leads to chemoresistance.
Intriguingly, the fact that ZEB1-mediated attenuation of
cell cycle arrest in EPI- and ETOP-treated breast cancer
cells is not associated with an enhancement of cytotoxicity
supports a role of ZEBI in facilitating the repair of DNA
lesions®"%%,

ZEB1 overexpression has been observed in human
breast cancer’* and several other cancers®’ >, Because
depletion of ZEB1 chemosensitizes breast cancer cells
in vitro and in vivo, we suggest that ZEB1-targeting agents
have the potential to be used as tumor chemosensitizers.
Moreover, various ATM inhibitors are being tested in
anti-cancer treatment®®, which warrant investigation as
candidate chemosensitizing agents for breast cancer with
high levels of ZEBI.
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Materials and methods
Tissue samples

A total of 233 breast cancer subjects received
anthracyclines-based neoadjuvant chemotherapy were
obtained from the General Hospital of the People’s
Liberation Army (Beijing, China) along with pathologic
information (Table S2). Besides, 139 samples of primary
breast cancer in tissue array were obtained from Ale-
nabio Biotechnology Ltd., Xi'an, China. All patients had
histologically confirmed invasive ductal carcinoma of
breast cancer. This study was approved by the institu-
tional ethics committees at PLAGH and Medical Col-
lege of Nankai University. All patients provided
informed consent according to the latest version of the
Helsinki Declaration on human research ethics. All
methods were carried out in accordance with the
approved guidelines.

Immunohistochemical analysis

Immunohistochemical analysis of paraffin-embedded
sections was performed using the Envision Kit
(Dako) following the manufacturer’s protocols. Sections
were boiled in retrieval solutions to expose antigens.
The specific antibodies (Supplementary Information)
were applied to the sections. Normal rabbit IgG was used
as a control (CST, #2729). Slides were counterstained
with hematoxylin, dehydrated, and mounted. Immu-
nostaining was independently evaluated by two
pathologists.

Cell culture and transfection

Human breast cancer cell lines MDA-MB-231, MCE-7
and SUM-159 were maintained in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% FBS,
100IU penicillin and 100 mg/ml streptomycin. Human
osteosarcoma cell line U20S-DR-GFP were maintained in
RPMI 1640 supplemented with 10% FBS, 100 IU penicillin
and 100 mg/ml streptomycin. Cells were transfected using
Lipofectamine 2000 (Invitrogen) following the manu-
facture’s protocol.

Plasmid construction

The human complementary DNAs (cDNAs) fragment
encoding the full-length ZEB1 sequence®' was prepared
by PCR and cloned into pLV-EF1-MCS-IRES-Bsd (Bio-
settia). The lentiviral-based vector pLV-H1-EFla-puro
(Biosettia) was used to express shRNAs in breast cancer
cells. The human ATM promoter (—1534/+235)
sequences were obtained by PCR from human genomic
DNA and cloned into pGL3-basic vector (Promega).
Mutagenesis of the E,-box in the human ATM promoter
was performed using a QuikChange Site-Directed Muta-
genesis kit (Stratagene).
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Generation of lentivirus system

Lentiviruses were generated by transfecting sub-
confluent HEK293T cells together with the lentiviral
vectors and packaging the plasmids by calcium phosphate
transfection. Viral supernatants were collected 48 h after
the transfection, centrifuged at 75,000xg for 90 min,
resuspended and filtered through 0.45-um filters
(Millipore).

Cell proliferation assay

Cells were seeded onto a 96-well plate at a density of
4 % 10 cells per well, followed by treatment with different
concentrations of EPI for 48h. Cell viability was then
assessed using the CCK-8 assay according to the manu-
facturer’s protocols (Dojindo). Six parallel replicates were
measured for each sample.

RNA extraction and quantitative RT-PCR

Cells were transfected with ZEB1 expression plasmid
or ZEB1-targeted shRNA. Total RNA (0.5 pg) from each
sample was collected using TRIzol reagent (Invitrogen)
and was used for first-strand cDNA synthesis using M-
MLV Reverse Transcriptase (Takara). The specific pro-
ducts of ZEB1 and ATM were amplified by quant-
itative PCR using TransStart Green Q-PCR SuperMix
Kit (TransGen). GAPDH was used as a normalization
control.

Immunoblotting assay

Preparation of total cell extracts and immunoblotting
with appropriate antibodies was performed as previously
described*!. The appropriate antibodies were used as seen
in Supplementary Information. Labeled proteins were
visualized by an ECL chemiluminescence kit (Millipore).

Immunofluorescence microscopy

Cells were washed twice with PBS and fixed in 4%
paraformaldehyde. The cells were incubated with rabbit
polyclonal Ab against yH2AX (ab2839, Abcam) for 3 h at
37 °C, washed with PBS and incubated with DyLight 488-
conjugated secondary antibody (Cwbiotech) for another 3
h. The cells were stained with DAPI (50 pg/ml) for 5 min
for the detection of nuclei by Confocal FV1000 (Olym-
pus). YH2AX-positive cell was calculated with (yH2AX
add-in cells/DAPI stained cells) x 100%. At least 500 cells
were counted per well.

HR DNA repair assay

A U20S derivative clone stably expressing HR reporter
DR-GFP was described previously*>*’, U20S-DR-GFP
cells were seeded onto a six-well plate at a density of 5 x
10° cells per well, followed by co-transfection with
pCBASce (the I-Scel expression plasmid) and ZEB1
expression plasmid. At 72 h after transfection, the number
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of GFP-positive cells was measured by flow cytometric
analysis using a LSR Fortessa (BD).

The Cancer Genome Atlas database analysis

Analyses of The Cancer Genome Atlas (TCGA) data-
base were performed on primary breast cancer tumor
samples with RNA-sequencing data. Level 3-normalized
gene expression (RNA Seq V2) was obtained from cBio-
Portal (http://www.cbioportal.org/). A total of 1098 breast
invasive carcinoma patients were analyzed. The gene
expression data is transformed into log2 scale.

Luciferase assay

Cells were co-transfected with the wild-type or mutant
human ATM promoters and ZEB1 expression plasmid in
24-well plates. Lysates were prepared at 36h after
transfection, and luciferase activities were measured
using the dual-luciferase reporter assay system (Pro-
mega) according to the manufacturer’s protocols. The
luciferase activities were normalized to the values for
Renilla luciferase.

Immunoprecipitation assay

Cell lysates was incubated with specific antibodies plus
Protein G agarose beads (Invitrogen) at 4°C overnight,
followed by three washes with a buffer containing 50 mM
Tris (pH 7.5), 100 mM NaCl, 7.5 mM EGTA, and 0.1%
Triton X-100. The antibodies used for immunoprecipi-
tation were shown in Supplementary Information.

Chromatin immunoprecipitation

ChIP assays were performed using an EZ-ChIP kit
(Millipore) according to the manufacturer’s instructions.
The antibodies used in these experiments were shown
in Supplementary Information. The fragment of human
ATM promoter containing the E;-box element in
immunoprecipitates was amplified by quantitative PCR.

Tumor xenograft experiments

Cells were collected and suspended in 200 pl of PBS at a
concentration of 5 x 10° cells per ml, then injected into
the mammary fat pads of female BALB/c nude mice.
Tumor development was allowed for 10 days. The mice
were then intraperitoneally injected with 5 mg/kg EPI
(once per 2 days) for another 2 weeks. The mice were
killed when tumor masses were detected 4 weeks after
surgery. Tumor tissues were also processed and sectioned
for histological evaluation.

The study protocol was approved by the Ethics Com-
mittee of Medical College of Nankai University. The
animal experiments were performed in strict accordance
with the National Institutes of Health Guidelines for the
Care and Use of Laboratory Animals. Mice were sacrificed
under anesthesia (10% chloral hydrate, peritoneal
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injection), and all efforts were made to minimize dis-
comfort and pain.

Statistical analysis

Statistical analyses were performed using SPSS
13.0 software, the data from all the experiments are pre-
sented as means + SD and represent three independent
experiments. One-way analysis of variance was used to
compare means between treatment groups. Where
appropriate, Student’s ¢ test for unpaired observations was
applied. A P value <0.05 was considered significant. The
r-value test was used to evaluate correlation analysis.
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