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A B S T R A C T

Induction of apoptosis by DNA-damaging agents involves the activation of mitochondrial

apoptotic pathway. Aven has been identified as an antiapoptotic protein and has been

shown to activate ATM in response to DNA damage. In this study, we demonstrated that

enforced expression of Aven blocks UV-irradiation-, SN-38- or cisplatin-induced apoptosis

upstream of mitochondria by stabilising Bcl-xL protein levels in breast cancer cells. Aven

silencing by RNA interference markedly enhanced apoptotic response following treatment

with DNA-damaging agents. Aven is complexed with Bcl-xL in untreated breast cancer cells

and treatment with DNA-damaging agents led to decreased Aven/Bcl-xL interaction.

Importantly, Bcl-xL was necessary for the prosurvival activity of Aven and depletion of

Bcl-xL abrogated Aven-mediated protection against DNA damage-induced apoptosis. Anal-

ysis of breast cancer tissue microarrays revealed decreased Aven nuclear expression in

breast cancer tissues compared with non-neoplastic breast tissues. In particular, we

detected reduced nuclear expression of Aven in infiltrating ductal carcinoma and papillary

carcinoma breast cancer subtypes compared with non-neoplastic breast tissues and infil-

trating lobular breast cancer tissues. Our results suggest that Aven is an important media-

tor in DNA damage-induced apoptotic signalling in breast cancer cells and its nuclear

expression is altered in breast cancer tissues, which may contribute to genomic instability

in breast cancer tumours.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Cells respond to DNA damage by activating cell cycle check-

points and DNA repair mechanisms or by engaging prodeath

pathways.1,2 Genotoxic chemotherapeutic drugs and irradia-

tion target DNA to activate mitochondrial apoptotic pathway

in cancer cells. Deregulation of DNA damage-induced apopto-

sis promotes tumourigenesis3–5 and may lead to emergence of

chemoresistance.6–9 Therefore, it is vital to identify the mech-
er Ltd. All rights reserved

1; fax: +90 216 483 9550.
u (H. Basaga).
anisms of resistance to DNA damage-induced apoptosis and

to target these mechanisms for increasing the effectiveness

of cancer therapy.

Activation and oligomerisation of Bax and Bak mediate

mitochondrial outer membrane permeabilisation (MOMP)

and the release of cytochrome c into cytosol following proa-

poptotic insults, such as growth factor withdrawal, anoxia

and genotoxic stress.10–14 When released into the cytosol,

cytochrome c binds to Apaf-1, triggers the formation of
.
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apoptosome and caspase activation.15 Prosurvival Bcl-2 pro-

tein family members (Bcl-2, Bcl-xL, Mcl-1, Bcl-w and Bfl-1)

prevent MOMP either by sequestering sensitiser BH3-only

proteins (Bad, Puma, Bmf, Noxa and Bik) or by directly binding

and inhibiting Bax and Bak.16–19 Recent studies demonstrated

that development of targeted therapeutics against prosurvival

Bcl-2 proteins is a rational approach to eliminate chemoresis-

tant cancer cells in various cancer types when used in combi-

nation with chemotherapeutics.20–22 Importantly, increased

expression of Bcl-xL, Bcl-2 or Mcl-1 has been shown to confer

resistance to chemotherapy and to be associated with poor

prognosis in breast cancer.23–26 Of note, National Cancer Insti-

tute’s in vitro anticancer drug screen has also identified a

strong negative correlation between drug sensitivity and

Bcl-xL levels, although such a correlation could not be de-

tected for Bax or Bcl-2.27

Aven has been identified as an antiapoptotic protein that

interacts with Bcl-xL and Apaf-1.28 The prosurvival effect of

Aven can be attributed to the ability of Aven to potentiate

Bcl-xL antiapoptotic activity or to inhibit Apaf-1 proapoptotic

function. Recently, Aven was also shown to directly interact

and activate ATM kinase, thereby acts as a critical regulator

of G2/M DNA damage checkpoint.29 Overexpression of Aven

in Xenopus leavis egg extracts led to cell cycle arrest and

knockdown of Aven resulted in the decreased activation of

ATM in response to DNA damage. In addition, ATM can also

phosphorylate Aven at Ser135 and Ser138, which is required

for Aven-induced cell cycle arrest.29

Here we tested the role of Aven in the regulation of DNA

damage-induced apoptosis in breast cancer cells. We demon-

strated that Aven inhibits DNA damage-induced apoptosis by

stabilising Bcl-xL protein levels and Bcl-xL is essential for the

prosurvival activity of Aven. We also investigated the expres-

sion profile of Aven in primary breast cancer tissues using tis-

sue microarrays (TMAs). Our data showed diminished Aven

nuclear expression in breast cancer tissues compared with

non-neoplastic breast tissues. We also demonstrated de-

creased Aven nuclear expression in infiltrating ductal carci-

noma and papillary carcinoma breast cancer subtypes

compared with non-neoplastic breast tissues and infiltrating

lobular cancer tissues.

These findings provide a plausible mechanism that Aven

may confer resistance to DNA damage-induced apoptosis in

breast cancer cells and support the need for further studies

to illustrate the contribution of Aven to clinical outcome in

breast cancer.
2. Materials and methods

2.1. Cell lines and reagents

ZR-75-1, BT20, BT549 and MDA-MB-468 cells were grown in

RPMI 1640 (Biological Industries, Beit-Haemek, Israel) with

2 mM L-glutamine, 10% foetal calf serum, 100 IU/ml penicillin

and 100 lg/ml streptomycin in a humidified incubator at 37 �C
and 5% CO2. MDA-MB-468, BT20, BT549 and ZR-75-1 cells were

transfected either with empty vector (pSG5 Vector) or with

pSG5 HA-Aven using Fugene 6 (Roche, Mannheim, Germany).

The expression levels of Aven and HA-Aven in parental, vec-
tor-transfected and HA-Aven-transfected cells were verified

by using immunoblotting using anti-Aven and anti-HA

antibodies.

SN-38, cisplatin and cycloheximide were purchased from

Sigma–Aldrich (St. Louis, MO). Stratalinker 2400 (Stratagene,

La Jolla, CA) was used for UV-irradiation.
2.2. Apoptosis assays

Apoptosis was evaluated as levels of specifically DEVDase-

cleaved cytokeratin-18 in total cell lysates by using M30

Apoptosense assay (PEVIVA AB, Bromma, Sweden) as de-

scribed before30 and results were presented as fold increase

in units per litre. Apoptosis was also detected by using

Annexin V-FLUOS Staining Kit (Roche, Mannheim, Germany)

and flow cytometry. The activities of caspase-9, caspase-3

and caspase-8 were determined by ApoAlert Caspase Profil-

ing Plate (Clontech, Palo Alto, CA) according to the manufac-

turer’s protocol. The release of fluorochrome7-amino-

4-methyl coumarin was analysed at 380-nm excitation and

460-nm emission using a multiplate fluorescence spectropho-

tometer. Data shown are means ± SEM of three independent

experiments in duplicate and expressed in arbitrary fluores-

cence units per mg of protein.
2.3. Immunoblot analysis

Total cell lysates were prepared in 1% CHAPS buffer (5 mM

MgCl2, 137 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% Chaps

(w/v), 20 mM Tris–HCl (pH 7.5) and protease inhibitors (Roche,

Mannheim, Germany). Proteins were separated on SDS gel

electrophoresis and transferred onto PVDF membranes (GE

Healthcare, Little Chalfont, UK). Membranes were blocked

with 5% milk blocking solution (w/v) in PBS-Tween20 and

incubated with primary and HRP-conjugated secondary anti-

bodies in a buffer containing 10% milk diluent concentrate

(KPL, USA). Proteins were finally analysed by using ECL Ad-

vance chemiluminescence (GE Healthcare, Little Chalfont,

UK) and exposing membranes to Hyperfilm ECL (GE Health-

care, Little Chalfont, UK). The following antibodies were used

for immunoblotting: anti-Aven (BD Biosciences, San Diego,

CA), anti-HA (Abcam, Cambridge, UK), anti-Actin, anti-Bcl-

xL, anti-Bcl-2 and anti-Mcl-1 (Cell Signaling Technology, Bev-

erly, MA).
2.4. Coimmunoprecipitation

Cell lysates were isolated in 1% Chaps buffer as described

previously.31 Briefly, total proteins (800 lg) were immunopre-

cipitated with anti-Aven (BD Biosciences, San Diego, CA) and

anti-Bcl-xL (Cell Signaling Technology, Beverly, MA) antibod-

ies at 4 �C for 2 h or overnight. Immunoprecipitates were

captured by 50% slurry of protein G-Sepharose (GE Health-

care, Little Chalfont, UK) in lysis buffer at 4 �C for 2 h.

Immunoprecipitates were then recovered by centrifugation

and washed three times in 1% Chaps buffer. The samples

were subsequently analysed by immunoblot to detect inter-

acting proteins.
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2.5. Assessment of Bax and Bak activation

Detection of Bax and Bak activation by intracellular staining

and flow cytometry using active conformation-specific
0

2

4

6

8

10

12

U
V 

Aven

U
V + Aven

Vector

U
V + Vector

M
30

 A
ct

iv
ity

 fo
ld

 c
on

tr
ol

ZR-75-1
BT20
BT549
MDA-MB-46

0

2

4

6

8

10

12

U
V 

Aven

U
V + Aven

Vector

U
V + Vector

M
30

 A
ct

iv
ity

 fo
ld

 c
on

tr
ol

ZR-75-1
BT20
BT549
MDA-MB-46

* 
* 
** 
* A

Aven

- +  - - +  - - +  - - +  -Aven siRNA
Scrambled siRNA - - + - - + - - + - - +

ZR-75-1 BT549 BT20 MDA-MB-468

Actin

0

2

4

6

8

10

12

U
V

Aven
siR

N
A

U
V + Aven

siR
N

A

Scram
ble siR

N
A

U
V  + Scram

ble siR
N

A

M
30

 A
ct

iv
ity

 fo
ld

 c
on

tr
ol

ZR-75-1
BT20
BT549
MDA-MB-468

0

2

4

6

8

10

12

U
V

Aven
siR

N
A

U
V + Aven

siR
N

A

Scram
ble siR

N
A

U
V  + Scram

ble siR
N

A

M
30

 A
ct

iv
ity

 fo
ld

 c
on

tr
ol

ZR-75-1
BT20
BT549
MDA-MB-468

* 
* 
* 
* D

B

Bax-FITC

C
ou

nt

0

8

16

24

32
Bax-FITC

C
ou

nt

100 101 102 103 104
0

8

16

24

32

Bax-FITC

C
ou

nt

100 101 102 103 104
0

8

16

24

32

Bax-FITC

C
ou

nt

100 101 102 103 104
0

8

16

24

32

Bax-FITC

C
ou

nt

0

8

16

24

32

Bax-FITC

C
ou

nt

0

8

16

24

32

ZR-75-1

ZR-75-1 Aven

CisplatinSN-38UV

Bak-FITC

C
ou

nt

0

8

16

24

32

Bak-FITC

C
ou

nt

0

8

16

24

32

Bak-FITC

C
ou

nt

0

8

16

24

32

Bak-FITC

C
ou

nt

0

8

16

24

32

UV SN-38

Bak-FITC

C
ou

nt

0

8

16

24

32

Bak-FITC

C
ou

nt

0

8

16

24

32

ZR-75-1

ZR-75-1 Aven

Cisplatin

c

Bax-FITC

C
ou

nt

100 101 102 103 104
0

8

16

24

32

100 101 102 103 104 100 101 102 103 104 100 101 102 103 104 100 101 102 103 104

100 101 102 103 104 100 101 102 103 104 100 101 102 103 104

100 101 102 103 104 100 101 102 103 104 100 101 102 103 104

Bax-FITC

C
ou

nt

0

8

16

24

32

100 101 102 103 104

100 101 102 103 104

UV

Bak-FITC

C
ou

nt

0

8

16

24

32

Bak-FITC

C
ou

nt

0

8

16

24

32

UV

Aven

- - + - - + - - + - - +HA-Aven
Vector - +  - - +   - - +   - - +  -

ZR-75-1BT549BT20MDA-MB-468

Actin

HA-Aven
antibodies anti-Bax (6A7, BD Pharmingen) and anti-Bak (Ab-

1, Calbiochem) was performed as described previously.32 Acti-

vation of Bax or Bak was determined by a shift to the right in

the histogram.
0
2
4
6
8

10
12

C
isplatin

Aven

C
isplatin + Aven

Vector

C
isplatin + Vector

M
30

 A
ct

iv
ity

 fo
ld

 c
on

tr
ol

ZR-75-1
BT20
BT549
MDA-MB-468

0
2
4
6
8

10
12

C
isplatin

Aven

C
isplatin + Aven

Vector

C
isplatin + Vector

M
30

 A
ct

iv
ity

 fo
ld

 c
on

tr
ol

ZR-75-1
BT20
BT549
MDA-MB-468

0

2

4

6

8

10

12

SN
-38

Aven

SN
-38 + Aven

Vector

SN
-38 + Vector

M
30

 A
ct

iv
ity

 fo
ld

 c
on

tr
ol

ZR-75-1
BT20
BT549
MDA-MB-468

0

2

4

6

8

10

12

SN
-38

Aven

SN
-38 + Aven

Vector

SN
-38 + Vector

M
30

 A
ct

iv
ity

 fo
ld

 c
on

tr
ol

ZR-75-1
BT20
BT549
MDA-MB-468

88

* 
* 
* 

** 
* 
** 

** 
* 

0
2
4
6
8

10
12

C
isplatin

Aven
siR

N
A

C
isplatin + Aven

siR
N

A

Scram
ble siR

N
A

C
isplatin + Scram

ble siR
N

A

M
30

 A
ct

iv
ity

 fo
ld

 c
on

tr
ol

ZR-75-1
BT20
BT549
MDA-MB-468

0
2
4
6
8

10
12

C
isplatin

Aven
siR

N
A

C
isplatin + Aven

siR
N

A

Scram
ble siR

N
A

C
isplatin + Scram

ble siR
N

A

M
30

 A
ct

iv
ity

 fo
ld

 c
on

tr
ol

ZR-75-1
BT20
BT549
MDA-MB-468

0

2

4

6

8

10

12

SN
-38

Aven
siR

N
A

SN
-38 + Aven

siR
N

A

Scram
ble siR

N
A

SN
-38 + Scram

ble siR
N

A

M
30

 A
ct

iv
ity

 fo
ld

 c
on

tr
ol

ZR-75-1
BT20
BT549
MDA-MB-468

0

2

4

6

8

10

12

SN
-38

Aven
siR

N
A

SN
-38 + Aven

siR
N

A

Scram
ble siR

N
A

SN
-38 + Scram

ble siR
N

A

M
30

 A
ct

iv
ity

 fo
ld

 c
on

tr
ol

ZR-75-1
BT20
BT549
MDA-MB-468

* 
* 
* 
* 

* 
* 
* 
* 

C

Bax-FITC

C
ou

nt

100 101 102 103 104
0

8

16

24

32

Bax-FITC

C
ou

nt

100 101 102 103 104

100 101 102 103 104
100 101 102 103 104

0

8

16

24

32

Bax-FITC

C
ou

nt

0

8

16

24

32

Bax-FITC

C
ou

nt

0

100 101 102 103 104
100 101 102 103 104

100 101 102 103 104
100 101 102 103 104

8

16

24

32

BT549

BT549 Aven

SN-38 Cisplatin

Bak-FITC

C
ou

nt

0

8

16

24

32

Bak-FITC

C
ou

nt

0

8

16

24

32

Bak-FITC

C
ou

nt

0

8

16

24

32

Bak-FITC

C
ou

nt

0

8

16

24

32

BT549

BT549 Aven

SN-38 Cisplatin

0
10

20
30

40
50
60

70
80

90
100

U
V

Aven

U
V + Aven

Vector

U
V + Vector

%
 c

yt
oc

hr
om

e 
c

 re
le

as
e

ZR-75-1
BT549

* * 
* * 

0
10
20
30
40
50
60
70
80
90

100

SN
-38

Aven

SN
-38 + Aven

Vector

SN
-38 + Vector

%
 c

yt
oc

hr
om

e 
c

 re
le

as
e

ZR-75-1
BT549

* * 
* * 

0

10

20

30

40

50

60

70

80

90

100

C
isplatin

Aven

C
isplatin + Aven

Vector

C
isplatin + Vector

%
 c

yt
oc

hr
om

e 
c

 re
le

as
e

ZR-75-1
BT549

* * 
* * 



E U R O P E A N J O U R N A L O F C A N C E R 4 6 ( 2 0 1 0 ) 2 4 9 4 – 2 5 0 5 2497
2.6. Assessment of cytochrome c release

The mitochondrial release of cytochrome c was assayed by

using Chemicon cytochrome c ELISA kit (Millipore, Bedford,

MA) according to the manufacturer’s protocol. Results are ex-

pressed as percent cytochrome c release compared with con-

trol (means ± SEM, n = 4).

2.7. Small interfering RNA transfection

MDA-MB-468, BT20, BT549 and ZR-75-1 cells were transfected

with Aven siRNA Hs_AVEN_5 HP Validated siRNA, Qiagen, Hil-

den, Germany), Bcl-xL siRNA Hs_BCL2L1_8 HP siRNA, Qiagen,

Hilden, Germany) or Scrambled siRNA (Negative Control siR-

NA, Qiagen, Hilden, Germany) by using Hiperfect transfection

reagent (Qiagen, Hilden, Germany) according to the manufac-

turer’s instructions. The efficiency of protein knockdowns

was verified by immunoblotting.

2.8. Measurement of Bcl-xL, Bcl-2 and Mcl-1 Half-life

Cycloheximide (10 lg/ml) was added to ZR-75-1 and BT549

cells 24 h after transfection with pSG5 HA-Aven. Similarly,

cells were treated with cycloheximide (10 lg/ml) 48 h after

treatment with Aven siRNA. Cell lysates were isolated at the

indicated time points and the expression levels of Bcl-xL,

Mcl-1 and Bcl-2 were determined by immunoblotting. For

Bcl-xL, protein expression levels were semi-quantitatively

determined by densitometry using ImageJ 1.41 software (Ima-

geJ, NIH, USA) and expressed as a ratio of Bcl-xL/Actin.

2.9. Tissue microarrays and immunohistochemistry

Aven protein expression and localisation were assessed on

tissue microarrays (TMA) containing normal and malignant

breast tissues. Tissue microarrays (A202-III, A202-IV, ISU AB-

XIS, Seoul, Korea) were deparaffinised with xylol, passed

through graded alcohols and rinsed successively in distilled

water. This treatment was followed by the use of 1% hydrogen

peroxide in order to block the endogenous peroxidase and

then the sections were washed and processed for the antigen
Fig. 1 – Aven blocks DNA-damage-induced apoptosis upstream

BT549 and ZR-75-1 cells were transfected either with empty vec

lysates were prepared and the expression level of Aven and HA

transfected cells was verified by using immunoblotting using a

(80 mJ/cm2) or treated with SN-38 (60 nM) and cisplatin (20 lM).

48 h (mean ± SEM, n = 4, *p < 0.05, **p < 0.01 by two-tailed t-test)

Aven), BT549 and pSG5 HA-Aven-transfected BT549 (BT549 Aven

(60 nM) and cisplatin (20 lM). Cells were stained for active confo

by incubation with FITC-conjugated secondary antibody. Active

analysed by flow cytometry. Black line, control cells; grey dots, tre

cells were exposed to UV (80 mJ/cm2) or treated with SN-38 (60

cytochrome c was evaluated by using an ELISA-based assay (me

BT549, MDA-MB-468 and BT20 cells were treated with Aven siR

(80 mJ/cm2) or treatment with SN-38 (60 nM) and cisplatin (20 lM

immunoblots. Apoptosis was evaluated 48 h after exposure to U

(mean ± SEM, n = 4, *p < 0.05 by two-tailed t-test).

c

retrieval procedure in 10 mM citrate buffer (pH 6.0) in a micro-

wave oven. Following blocking in normal horse serum (10% in

Tris–HCl buffer containing 0.1% sodium azide and 0.2% Triton

X-100), sections were incubated with the primary antibody

(mouse monoclonal anti-Aven, 1:300, BD Biosciences) for 4 h

at room temperature. The sections were then incubated for

60 min in the affinity-purified biotin-conjugated donkey

anti-mouse antibody (1:250, Jackson Immunoresearch Labs,

West Grove, PA). Next, sections were processed for bright field

immunohistochemistry using the Elite ABC Kit (Vector Labs,

Burlingame, CA) according to the instructions of the manu-

facturer. In order to visualise the antigen-antibody complex,

diamino benzidine (DAB) was used as the chromogen. Posi-

tively stained cells were counted in up to five different areas,

and the frequency of positive cells was determined in

percentage. Scoring was done by taking into account both

the intensity of staining and the distribution of positively

stained cells. The intensity and distribution pattern of protein

expression were evaluated by two independent observers,

neither of whom had access to the diagnosis, by using a

semi-quantitative method (immunoreactive score (IRS)) as

previously described.33 Briefly, the IRS was calculated by mul-

tiplication of staining intensity (graded as 0: none, 1: weak, 2:

moderate and 3: strong staining) and the percentage of posi-

tive staining cells (0: no stained cells, 1: <10% of the cells, 2:

11–50% of the cells, 3: 51–80% of the cells and 4: >81% of the

cells).

2.10. Statistical analysis

GraphPad Prism 3.0 software (Graphpad Software, San Diego,

CA, USA) and SPSS/PC software package version 13.0 (SPPS,

Chicago, USA) were used for statistical data analysis. Stu-

dent’s t-tail, Mann–Whitney U and Kruskal–Wallis tests were

used for comparison of data; significance was set at *p < 0.05

and **p < 0.01.

3. Results and discussion

Aven was demonstrated to increase the survival of CD-1 mice

infected with Sindbis virus.28 In addition, the protective effect
of mitochondrial apoptotic pathway. (A) MDA-MB-468, BT20,

tor (pSG5 Vector) or with pSG5 HA-Aven. After 48 h, total cell

-Aven in parental, vector-transfected and HA-Aven-

nti-Aven and anti-HA antibodies. Cells were exposed to UV

Apoptosis was evaluated by M30 Apoptosense assay after

. (B) ZR-75-1, pSG5 HA-Aven-transfected ZR-75-1 (ZR-75-1

) cells were exposed to UV (80 mJ/cm2) or treated with SN-38

rmation-specific Bax (6A7) or Bak (Ab-1) after 12 h, followed

Bax- or active Bak-related immunofluorescence was

ated cells. (C) ZR-75-1, ZR-75-1 Aven, BT549 and BT549 Aven

nM) and cisplatin (20 lM). The mitochondrial release of

ans ± SEM, n = 4, **p < 0.01 by two-tailed t-test). (D) ZR-75-1,

NA or Scrambled siRNA for 48 h followed by UV-irradiation

). The efficiency of Aven knockdown was checked by

V, SN-38 or cisplatin by M30 Apoptosense assay
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of Aven has been observed in IL-3-deprived and c-irradiated

FL5.12 cells,28 which suggests that Aven provides protection

against diverse prodeath stimuli in cells. Similarly, Aven was

reported to act synergistically with Bcl-xL to decrease cell
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cells were transfected either with empty vector (pSG5 Vector)

or with pSG5 HA(haemagglutinin)-Aven. We verified the

expression level of Aven protein in untransfected and trans-

fected cells by immunoblotting (Fig. 1A). Cells were subjected

to UV damage or treated with SN-38 (an active metabolite of

irinotecan) or cisplatin and apoptosis was determined by

using M30 Apoptosense ELISA assay. As shown in Fig. 1A, over-

expression of Aven in ZR-75-1, BT20, BT549 and MDA-MB-468

cells significantly decreased apoptosis induction by UV, SN-

38 or cisplatin treatment. Annexin V staining assays also con-

firmed the protective effect of Aven against UV-, SN-38- or cis-

platin-induced cell death in breast cancer cells (Fig. S4A). Next,

we asked whether Aven suppresses apoptosis upstream of

mitochondrial permeabilisation by inhibiting Bax and Bak

activation. We tested the activation of Bax and Bak by employ-

ing conformation-specific antibodies for immunofluorescence

staining and flow cytometry detection. Our results show that

overexpression of Aven in BT549 and ZR-75-1 cells prevented

Bax and Bak activation by UV exposure and SN-38 or cisplatin

treatment (Fig. 1B). Consistent with this observation, enforced

expression of Aven inhibited the release of cytochrome c into

cytosol in response to UV, SN-38 or cisplatin treatment in

BT549 and ZR-75-1 cells as determined by cytochrome c ELISA

assays (Fig. 1C). Inhibition of DNA damage-induced apoptosis

by Aven was also confirmed by fluorometric caspase assays.

Aven overexpression inhibited activation of caspase-3 and

caspase-9 in response to treatment with UV-irradiation, cis-

platin and SN-38, whereas caspase-8 activity was not altered

(Figs. S1A, S2A and S3A).

To evaluate the role of endogenous Aven expression in the

apoptotic response to DNA damage-induced apoptosis, we

employed knockdown experiments with Aven siRNA or

Scrambled siRNA and exposed ZR-75-1, BT20, BT549 and

MDA-MB-468 cells to UV, SN-38 or cisplatin. We confirmed

the efficiency of Aven depletion by RNA interference using

immunoblotting (Fig. 1D). M30 Apoptosense ELISA assays

demonstrated increased apoptosis in Aven siRNA-treated

breast cancer cells upon treatment with UV, SN-38 or cis-

platin, compared with control cells. These findings were also

confirmed by using Annexin V staining and flow cytometry

analysis (Fig. S4B). Scrambled siRNA did not show any signif-

icant effect on DNA damage-induced cell death. Moreover,

depletion of Aven by siRNA resulted in enhanced activation
Fig. 2 – Aven prevents DNA damage-induced decrease in Bcl-xL p

(80 mJ/cm2) or treated with SN-38 (60 nM) and cisplatin (20 lM)

extracts were immunoblotted with Bcl-xL or Aven antibody. Acti

BT549 cells were exposed to UV (80 mJ/cm2) or treated with SN-3

prepared in 1% Chaps buffer and the interaction of Aven with B

assays. Input for coimmunoprecipitation was also subjected to

control. (C) ZR-75-1 and BT549 cells were transfected either wit

transfected, vector-transfected and untransfected cells were exp

cisplatin (20 lM). Aven and Bcl-xL protein levels were examined

pSG5 HA-Aven-transfected ZR-75-1 (ZR-75-1 Aven), BT549 and p

treated with 10 lg/ml cycloheximide (CHX) and Bcl-xL protein le

were also transfected with Aven siRNA and Bcl-xL protein level

treatment. Protein expression levels were semi-quantitatively d

Actin.

c

of caspase-3 and caspase-9, but not caspase-8, following

treatment with DNA-damaging agents (Figs. S1B, S2B and

S3B).

UV-irradiation has been reported to decrease Bcl-xL levels

in rat hepatoma cells,35 basal carcinoma cell lines36 and

fibroblasts,37 which was required for loss of mitochondrial

membrane potential, caspase activation and cell death. Fur-

thermore, decreased expression of Bcl-xL was shown to

mediate apoptosis following SN-38 treatment in human

mesothelioma cells or camptothecin treatment in fibroblasts

and hepatocellular carcinoma cells.38–40 Importantly, cis-

platin treatment resulted in decreased Bcl-xL protein levels

in cisplatin-sensitive ovarian carcinoma cells, whereas Bcl-

xL levels did not change in cisplatin-resistant cells.41 A

reduction in Bcl-xL levels was also observed in hepatoma

cells and renal tubular cells treated with cisplatin, contribut-

ing to cell death response to cisplatin.42,43 Taken together,

these studies underscore the involvement of decrease in

Bcl-xL protein levels in DNA damage-induced apoptosis. Gi-

ven the synergistic prosurvival properties of Aven and Bcl-

xL,34 we evaluated the changes of the expression levels of

Bcl-xL and Aven in ZR-75-1 and BT549 exposed to UV dam-

age or treated with SN-38 or cisplatin using immunoblot

analysis. In Fig. 2A, we demonstrated that both Bcl-xL and

Aven protein levels decreased in ZR-75-1 cells following

treatment with DNA-damaging agents. The decrease in Bcl-

xL protein level could be detected after 12 h of treatment.

Consistent with this finding, a similar reciprocal relationship

between Aven and Bcl-xL protein levels was described previ-

ously.34 Likewise, Bcl-xL levels were decreased in BT549 cells

in response to DNA-damaging treatments. In contrast, we

could not detect any alteration in Aven protein levels after

treatment with UV, SN-38 or cisplatin in BT549 cells

(Fig. 2A). This is interesting, as downregulation of Aven is

not always required for Bcl-xL degradation in response to

DNA damage. Considering the established interaction of

Aven with Bcl-xL,28 we asked whether treatment with

DNA-damaging agents alters the interaction between Aven

and Bcl-xL. To address this issue, we exposed ZR-75-1 and

BT549 cells to UV damage or treated cells with SN-38 or cis-

platin. Total proteins were isolated after 9 h post-treatment

and the interaction between Bcl-xL and Aven was evaluated

by means of reciprocal coimmunoprecipitation assays. As
rotein levels. (A) ZR-75-1 and BT549 cells were exposed to UV

for. Cells were lysed at 0–48 h time intervals and cellular

n was probed as an internal loading control. (B) ZR-75-1 and

8 (60 nM) and cisplatin (20 lM) for 9 h. Total cell lysates were

cl-xL was evaluated by reciprocal coimmunoprecipitation

immunoblot analysis and actin was probed as a loading

h empty vector (pSG5 Vector) or with pSG5 HA-Aven. Aven-

osed to UV (80 mJ/cm2) or treated with SN-38 (60 nM) and

by immunoblot analysis after 16 h of treatment. (D) ZR-75-1,

SG5 HA-Aven-transfected BT549 (BT549 Aven) cells were

vels were detected at 0–16 h by immunoblot analysis. Cells

s were detected 0–16 h following cycloheximide (10 lg/ml)

etermined by densitometry and shown as a ratio of Bcl-xL/
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shown in Fig. 2B, Bcl-xL is complexed with Aven in untreated

ZR-75-1 and BT549 cells, and treatment with DNA-damaging

agents markedly diminished the interaction of Bcl-xL with

Aven. Similar results were observed in reciprocal coimmuno-
A
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precipitation experiments using anti-Aven antibody (Fig. 2B).

Therefore, it is likely that the disruption of Aven/Bcl-xL com-

plex promotes decreased levels of Bcl-xL by enhancing its

degradation. Indeed, the decrease in Bcl-xL protein levels fol-
Bcl-xL

Actin

Aven

BT549

- - - - +    - +HA-Aven
Vector - - - +    - +    -

- +   - +    +    - -
- - +    - - +    +

Bcl-xL siRNA
Scramble  siRNA

0

2

4

6

8

10

12

C
isplatin

A
ven

V
ector

B
cl-xL siR

N
A

S
cram

ble siR
N

A

A
ven + B

cl-xL siR
N

A

A
ven + S

cram
ble siR

N
A

V
ector + B

cl-xL siR
N

A

V
ector + S

cram
ble siR

N
A

C
isplatin + A

ven

C
isplatin + A

ven + B
cl-xL siR

N
A

 

C
isplatin + A

ven + S
cram

ble siR
N

A
 

C
isplatin + V

ector

C
isplatin + V

ector + B
cl-xL siR

N
A

 

C
isplatin + V

ector + S
cram

ble siR
N

A
 

C
isplatin + B

cl-xL siR
N

A

C
isplatin + S

cram
ble siR

N
A

0

2

4

6

8

10

12

U
V

 

A
ven

V
ector

B
cl-xL siR

N
A

S
cram

ble siR
N

A

A
ven + B

cl-xL siR
N

A

A
ven + S

cram
ble siR

N
A

V
ector + B

cl-xL siR
N

A

V
ector + S

cram
ble siR

N
A

U
V

 + A
ven

U
V

 + A
ven + B

cl-xL siR
N

A
 

U
V

 + A
ven + S

cram
ble siR

N
A

 

U
V

 + V
ector

U
V

 + V
ector + B

cl-xL siR
N

A
 

U
V

 + V
ector + S

cram
ble siR

N
A

 

U
V

 + B
cl-xL siR

N
A

U
V

 + S
cram

ble siR
N

A

0

1

2

3

4

5

6

7

8

S
N

-38

A
ven

V
ector

B
cl-xL siR

N
A

S
cram

ble siR
N

A

A
ven + B

cl-xL siR
N

A

A
ven + S

cram
ble siR

N
A

V
ector + B

cl-xL siR
N

A

V
ector + S

cram
ble siR

N
A

S
N

-38 + A
ven

S
N

-38 + A
ven + B

cl-xL siR
N

A
 

S
N

-38 + A
ven + S

cram
ble siR

N
A

 

S
N

-38 + V
ector

S
N

-38 + V
ector + B

cl-xL siR
N

A
 

S
N

-38 + V
ector + S

cram
ble siR

N
A

 

S
N

-38 + B
cl-xL siR

N
A

S
N

-38 + S
cram

ble siR
N

A

* * 

* * 

* * 

M
30

 a
ct

iv
iy

 fo
ld

 c
on

tr
ol

M
30

 a
ct

iv
iy

 fo
ld

 c
on

tr
ol

M
30

 a
ct

iv
iy

 fo
ld

 c
on

tr
ol



E U R O P E A N J O U R N A L O F C A N C E R 4 6 ( 2 0 1 0 ) 2 4 9 4 – 2 5 0 5 2501
lowing treatment with DNA-damaging agents was reported

to be regulated by the proteasome-mediated protein degra-

dation pathway.36,39 While the degradation of Bcl-xL in re-

sponse to camptothecin treatment was blocked by the

proteasome inhibitor MG132, pretreatment with the pancas-

pase inhibitor zVAD-FMK did not show any effect.39 Thus,

the mechanism of Aven-induced prosurvival against DNA-

damaging agents may involve the protection of Bcl-xL from

degradation. To test this possibility, we examined the effect

of Aven overexpression on Bcl-xL protein levels following

treatment with UV, cisplatin or SN-38. ZR-75-1 and BT549

cells were transfected either with empty vector or with

HA-Aven followed by treatment with UV, cisplatin or SN-

38. The protein levels of Bcl-xL and Aven were detected by

immunoblot analysis after 16 h post-treatment. Our results

demonstrate that overexpression of Aven in ZR-75-1 and

BT549 cells prevented DNA damage-induced decrease in

Bcl-xL protein levels (Fig. 2C). Transfection with empty vec-

tor alone did not alter the Bcl-xL levels in untreated cells

or in cells treated with UV, cisplatin or SN-38.

Since overexpression of Aven prevented DNA damage-in-

duced Bcl-xL degradation, we studied the half-life of Bcl-xL

in the presence or the absence of enforced Aven expression

by using cycloheximide blockade. Our results demonstrate

that protein half-life of Bcl-xL was markedly longer in cyclo-

heximide-treated Aven-overexpressing ZR-75-1 and BT549

cells compared with untransfected control cells (Fig. 2D). Cor-

respondingly, knockdown of Aven by means of RNA interfer-

ence led to shortened Bcl-xL half-life compared with

untransfected control cells (Fig. 2D). These results suggest

that Aven augments the stability of Bcl-xL, which may explain

the protective effect of Aven against DNA damage-induced

apoptosis in breast cancer cells. Of note, enforced Aven

expression did not affect the stability of Mcl-1 and Bcl-2 pro-

teins (Fig. S5), indicating the specificity of Bcl-xL stabilisation

by Aven among antiapoptotic Bcl-2 protein family members.

Reasoning that Aven also interacts with Apaf-1 to exert its

prosurvival function at the level of apoptosome by preventing

its oligomerisation,28 we next asked whether the protective

effect of Aven against DNA damage-induced apoptosis re-

quires the presence of Bcl-xL. To test this hypothesis, we de-

pleted endogenous Bcl-xL by using siRNA-mediated

knockdown, which is followed by overexpression of Aven in

untreated or siRNA-treated cells. Knockdown of Bcl-xL and

enforced expression of Aven in ZR-75-1 and BT549 cells were

confirmed by immunoblot analysis (Fig. 3A and B). Cells were

exposed to UV or treated with SN-38 or cisplatin and apopto-

tic responses were evaluated by M30 Apoptosense ELISA

assays. As demonstrated in Fig. 3A and B, knockdown of

Bcl-xL in ZR-75-1 and BT549 cells resulted in loss of protection

by Aven against apoptosis induced by UV, SN-38 or cisplatin
Fig. 3 – Knockdown of Bcl-xL abrogates protection by Aven again

cells were treated with Bcl-xL siRNA or scrambled siRNA for 24 h

pSG5 HA-Aven for another 24 h. Total cell lysates were analysed

with Bcl-xL or Scrambled siRNA. Actin was probed as a loading c

with SN-38 (60 nM) and cisplatin (20 lM). Apoptosis was assess

*p < 0.05, **p < 0.01 by two-tailed t-test).

c

treatment. Annexin V staining assays also confirmed these

results (Fig. S6). Treatment with Scrambled siRNA or transfec-

tion with empty vector alone did not show any significant

effect on apoptotic response. In addition, knockdown of Bcl-

xL did not significantly enhance the cell death response by

DNA-damaging treatments, which may be due to already acti-

vated prodeath signalling promoting Bcl-xL degradation in

ZR-75-1 and BT549 cells. Intriguingly, siRNA-mediated deple-

tion of Aven resulted in increased cell death response follow-

ing treatment with DNA-damaging agents (Fig. 1D). The

reason may be that Aven has targets other than Bcl-xL, such

as Apaf-1,28 for its prosurvival function and thereby its knock-

down had a more evident effect than Bcl-xL on DNA damage-

induced apoptosis. Together, the data demonstrate that Bcl-

xL significantly contributes to the prosurvival effect of Aven

against DNA damage-induced apoptosis in breast cancer

cells.

Consistent with its prosurvival role, Aven was shown to

be expressed at a higher level in relapsed patients and to be

an independent poor prognostic factor in acute leukae-

mia.44,45 To further investigate the role of Aven in breast

cancer, we next performed immunohistochemical analysis

on two tissue microarrays (TMAs) containing 90 breast can-

cer specimens (infiltrating ductal carcinoma (n = 69), infil-

trating lobular carcinoma (n = 5), papillary carcinoma

(n = 12), Phyllodes tumour (n = 4) and 8 non-neoplastic

breast tissue specimens. Haematoxylin–eosin staining was

carried out to identify representative tumour areas in the

TMA sections (Fig. S7). We evaluated the intensity and the

distribution of staining using semi-quantitative immunore-

active score (IRS) methodology.33 Our results showed that

immunostaining of Aven could be detected in cytoplasm

and nucleus of non-neoplastic breast tissues and breast

cancer tissues (Fig. 4A). We could not detect any significant

difference in the total or cytoplasmic IRS of Aven between

non-neoplastic breast tissues and breast cancer tissues

(Fig. 4B). However, Aven nuclear expression was signifi-

cantly lower in breast cancer tissues compared with non-

neoplastic breast tissues. Next, we determined the cytoplas-

mic and nuclear IRS of Aven in subtypes of breast cancer

tissues. Our results demonstrated similar IRS for cytoplas-

mic expression of Aven in all breast cancer subtypes and

non-neoplastic breast tissues, whereas IRS for Aven nuclear

expression was significantly lower in infiltrating ductal car-

cinoma and papillary carcinoma (a variant of ductal carci-

noma in situ) compared with non-neoplastic breast cancer

tissues and infiltrating lobular carcinoma (Fig. 4C and D).

The distribution of breast cancer tissues with low (IRS 0-6)

and high (IRS 6-12) Aven expression in relation to clinical

and pathological characteristics is shown in Table 1. Our

findings did not indicate a significant association between
st DNA damage-induced apoptosis. (A) ZR-75-1 and (B) BT549

and then transfected with empty vector (pSG5 Vector) or with

by immunoblot for Bcl-xL and Aven 48 h post-treatment

ontrol. Cells were then exposed to UV (80 mJ/cm2) or treated

ed by M30 Apoptosense assay after 48 h (mean ± SEM, n = 4,
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Fig. 4 – Aven protein expression in normal and malignant breast tissues. (A) Representative images of immunohistochemical

staining by Aven antibody of human non-neoplastic and breast cancer tissue microarrays (non-neoplastic breast tissue,

infiltrating ductal carcinoma, infiltrating lobular carcinoma, papillary carcinoma and Phyllodes tumour). Scale bar represents

50 lm. Magnifications: 20·, 40· and 100·. (B) IRS of total, cytoplasmic and nuclear expression of Aven in non-neoplastic

breast tissues and breast cancer tissues were determined in the TMA sections. The mean immunoreactivity scores were as

follows: total Aven expression in non-neoplastic tissues, IRS = 8.375 ± 0.532; total Aven expression in breast cancer tissues,

IRS = 7.189 ± 0.234; cytoplasmic Aven expression in non-neoplastic tissues, IRS = 6.25 ± 0.700; cytoplasmic Aven expression

in breast cancer tissues, IRS = 7.624 ± 0.263; nuclear Aven expression in non-neoplastic tissues, IRS = 9.25 ± 0.977; nuclear

Aven expression in breast cancer tissues, IRS = 6.666 ± 0.335. Mann–Whitney U test was used for comparison of data;

significance was set at *p < 0.05. IRS for (C) cytoplasmic and (D) nuclear expression of Aven in non-neoplastic tissues and

subtypes of breast cancer tissues are shown here. Aven immunohistochemical staining was detectable in both cytoplasm

and nucleus of benign and malignant breast tissues. Nevertheless, nuclear expression of Aven in infiltrating ductal

carcinoma and papillary carcinoma was significantly less abundant compared with that in non-neoplastic breast cancer

tissues. Mann–Whitney U test was used for comparison of data. Differences were considered significant when *p < 0.05 and

**p < 0.01.
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Table 1 – Clinical and pathological parameters of cases included in tissue microarrays are summarized (described according
to American Joint Committee on Cancer (AJCC) TNM system). Breast cancer tissue sections were divided into low Aven
expressing (IRS 0-6) and high Aven expressing (IRS 6-12) groups. SPSS/PC software package version 13.0 (SPPS, Chicago, USA)
was used for statistical data analysis. Kruskal–Wallis test was used to evaluate the association between clinical and
pathological parameters and low/high Aven expression. Significance was set at *p < 0.05 (1, p value for low Aven expressing
cases; 2, p value for high Aven expressing cases). Abbreviations: pN, lymph node status; pT, tumor size and invasion; IRS,
immunoreactive score; ER, estrogen receptor; PR, progesterone receptor.

Characteristics Low Aven (score–6) High Aven (score 6–12) Total n (%) p-Value (1,2)

Association of Aven immunoreactivity with clinical and pathological characteristics
Total
Age <50 18 (32.7) 37 (66.3) 55(100) 0.961, 0.045*

50–59 2 (18.2) 9 (81.8) 11 (100)
60–69 7 (43.7) 9 (56.3) 16 (100)
>70 5 (62.5) 3 (37.5) 8 (100)
Total 32 (35.5) 58 (64.5) 90 (100)

pT pT1 10 (34.5) 19 (65.5) 29 (100) 0.223, 0.483
pT2–4 19 (37.2) 32 (62.8) 51 (100)
Total 29 (35.8) 51 (64.2) 80 (100)

pN pN0 21(48.8) 22 (51.2) 43 (100) 0.478, 0.999
pN1 6 (28.6) 15 (71.4) 21 (100)
pN2 1 (12.5) 7 (87.5) 8 (100)
pN3 2 (22.2) 7 (77.8) 9 (100)
Total 30 (37) 51 (63) 81(100)

Grading 1 or 2 18 (36.7) 31 (63.3) 49 (100) 0.221, 0.776
3 or 4 11 (35.5) 20 (64.5) 31 (100)
Total 29 (36.2) 51 (63.8) 80 (100)

ER status Negative 10 (50) 10 (50) 20 (100) 0.506, 0.781
Positive 21 (33.9) 41 (66.1) 62 (100)
Total 31 (37.8) 51 (62.2) 82 (100)

PR status Negative 12 (44.4) 15 (55.6) 27 (100) 0.883, 0.965
Positive 19 (35.2) 35 (64.8) 54 (100)
Total 31 (38.3) 50 (61.7) 81 (100)

c-erB-2 status Negative 19 (38.8) 30 (61.2) 49 (100) 0.582, 0.765
Positive 20 (64.5) 11 (33.5) 31 (100)
Total 39 (48.7) 41 (51.3) 80 (100)
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low or high expression of Aven and pT, pN, grade, ER status,

PR status and c-erB-2 status. In fact, there was a significant

association between total Aven expression and age, as de-

creased total Aven expression was detected with increasing

age (Table 1). Defective DNA damage response, including

failed cell cycle checkpoints and DNA repair machinery,

promotes the generation of genomic instability in cancer

cells. It is noted that genomic instability potentially drives

tumourigenesis in invasive breast carcinomas by promoting

the acquisition of specific gene alterations. Chromosome

instability was reported in nearly 70% of breast tumours

by deletions, amplifications, rearrangements and aneu-

ploidy.46 In particular, infiltrating ductal breast cancers are

characterised by increased chromosomal instability com-

pared with infiltrating lobular breast cancers.47 ATM has

been proposed as a susceptibility gene in sporadic breast

cancer.48,49 Hence, ATM protein levels were found to be low-

er in sporadic invasive ductal breast carcinomas50 and a

significant reduction in the intensity of the nuclear ATM

staining in epithelial cancer cells was detected in 59% of

breast tumours examined.51 Considering that Aven directly

regulates ATM function in response to DNA damage,29 de-

creased Aven nuclear expression might contribute to higher
chromosome instability in breast cancer tumours. Thus, our

findings undercover a novel mechanism for the prosurvival

function of Aven in breast cancer cells and identify Aven as

a candidate protein regulating DNA damage response in hu-

man breast cancer.
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