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Abnormal proliferation is one characteristic of cancer-associated fibroblasts (CAFs), which play a key role in
tumorigenesis and tumor progression. Oxidative stress (OS) is the root cause of CAFs abnormal proliferation. ATM
(ataxia-telangiectasia mutated protein kinase), an important redox sensor, is involved in DNA damage response and
cellular homeostasis. Whether and how oxidized ATM regulating CAFs proliferation remains unclear. In this study, we
show that there is a high level of oxidized ATM in breast CAFs in the absence of double-strand breaks (DSBs) and that
oxidized ATM plays a critical role in CAFs proliferation. The effect of oxidized ATM on CAFs proliferation is mediated by
its regulation of cellular redox balance and the activity of the ERK, PI3K-AKT, and Wnt signaling pathways. Treating cells
with antioxidant N-acetyL-cysteine (NAC) partially rescues the proliferation defect of the breast CAFs caused by ATM
deficiency. Administrating cells with individual or a combination of specific inhibitors of the ERK, PI3K-AKT, and Wnt
signaling pathways mimics the effect of ATM deficiency on breast CAF proliferation. This is mainly ascribed to the
b-catenin suppression and down-regulation of c-Myc, thus further leading to the decreased cyclinD1, cyclinE, and E2F1
expression and the enhanced p21Cip1 level. Our results reveal an important role of oxidized ATM in the regulation of the
abnormal proliferation of breast CAFs. Oxidized ATM could serve as a potential target for treating breast cancer.

Introduction

Cancer-associated fibroblasts (CAFs) are the most predomi-
nant stromal cells residing in the breast tumor microenvironment
(TM).1 CAFs play a key role in tumor growth, angiogenesis,
invasion, metastasis, inflammation, and metabolism remodeling
via cross-talk with cancer cells through paracrine signals.2-4 Our
previous work has shown that breast cancer-derived CAFs have a
higher proliferation rate compared with normal fibroblasts
(NFs).3 Oxidative stress (OS) in TM mediates the conversion of

CAFs from various cell types such as NFs and mesenchymal stem
cells.2 These work indicates that OS contributes to CAFs abnor-
mal proliferation. Accordingly, a series of cell cycle regulated sig-
naling pathways (e.g., the PI3K pathway) are highly activated in
breast cancer-derived CAFs relative to paired NFs.3,5 Recently,
OS was shown to be responsible for the activation of prolifera-
tion-related signaling pathways in breast CAFs through promot-
ing autophagy-dependent degradation of caveolin1,6 which is
one member of the membrane-bound scaffolding protein family
and functions as a tumor suppressor by negatively regulating
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signal transduction, including the WNT and ERK pathways.7,8

However, the molecular mechanisms by which OS accelerates
CAFs proliferation are still obscure.

ATM protein kinase plays a critical role in the regulation of
DNA damage response and cellular homeostasis. Null mutations
of the ATM kinase gene lead to the ataxia-telangiectasia syn-
drome (A-T).9 Accumulating evidence has shown that ATM
associates with cell proliferation. Growth retardation, premature
aging, and progressive neurodegeneration are hallmarks of the A-
T.9 In addition, various cell types from ATM¡/¡ mouse includ-
ing neural stem cells, astrocytes, and haematopoietic stem cells
have defective proliferation.10-12 These phenotypes of the A-T
can’t be easily explained by the defective response to physiologi-
cal double strand breaks (DSBs) in ATM-null cells. This indi-
cates that ATM kinase could be activated in the absence of DSBs
and have other functions. Indeed, ATM can be oxidized in cyto-
plasm independent of DSBs13 and works as a redox sensor.14

Oxidized ATM is required for the full activation of the PI3K-
AKT pathway via phosphorylating AKT at Ser473.15 Further-
more, oxidized ATM maintains intracellular redox homeostasis
by phosphorylating P53 at Ser 15.16 ATM deficiency results in
proliferation defect of astrocytes by increasing cellular ROS lev-
els, which can be partially rescued by N-acetyL-cysteine
(NAC),10 suggesting that oxidized ATM may phosphorylate
some pathways controlling cell proliferation. Our previous work
found that the ATM signaling is activated in breast CAFs.3 But
how oxidized ATM regulating the proliferation of CAFs remains
unclear.

Here, we show that oxidized ATM promotes breast CAFs
proliferation. ATM deficiency leads to increased ROS levels
and proliferation defect in breast CAFs. Defective prolifera-
tion of breast CAFs is only partially rescued by the antioxi-
dant NAC. Of note, proliferation inhibition of breast CAFs
by the ATM kinase specific inhibitor KU60019 or siRNA is
associated with the inactivation of ERK, PI3K-AKT and Wnt
pathways, 3 major cellular proliferation regulation pathways.
ATM deficiency or blockage of ERK, PI3K-AKT and Wnt
signaling lead to downregulation of b-catenin and transcrip-
tional inhibition of c-Myc. Accordingly, that further results
in down-regulation of the c-Myc dependent cyclin E, cyclin
D1 and E2F1 expression, and activation of the p21Cip1.
Thus, the role of oxidized ATM in controlling CAFs prolifer-
ation is achieved by maintaining cellular redox homeostasis

and activating important cellular proliferation associated sig-
naling pathways.

Results

CAFs have a strong proliferation potential
We previously reported that the activated CAFs have a higher

proliferation rate than NFs.2,5 Indeed, after analyzing our previ-
ous mRNA microarray data of paired breast NFs and CAFs,
some cell cycle-related genes such as E2F1, CCNB1, and
CCNA2 were up-regulated in CAFs compared with NFs
(Table 2), while some other cell cycle-related genes such as
CDKN2B and SFN were down-regulated (Table 3). To verify
these results, CDK1, E2F1, CCNA2, and CCNB2 were assessed
in 3 pair of primary NFs and CAFs derived from breast cancer
patients by qRT-PCR and a consistent expression pattern was
acquired with that of mRNA microarray data (Fig. 1D).

To expand the observation, the proliferation potential was
further tested with breast cancer-derived NFs and CAFs immor-
talized by the human telomerase reverse transcriptase gene
(hTERT). As indicated in Figure 1A and B, CAFs had a faster
cell growth rate and higher densities than NFs, and more CAFs
cells in S-phase were detected (Fig. 1C). Consistently, the pro-
tein levels of p-RB, c-Myc, and cyclin D1 in CAFs were higher
than those in NFs (Fig. 1E). These data indcate that CAFs have
a stronger proliferation capacity than NFs.

Oxidized ATM kinase is induced by oxidative stress
independent of DSBs in CAFs

OS has been shown to mediate the transformation of NFs
to CAFs,2,17 suggesting that OS may participate in CAFs pro-
liferation. As a redox sensor, ATM protein kinase could be
activated in CAFs. As expected, mRNA expression levels of
the ATM gene, which was found to be upregulated in CAFs
by microarray analysis, was detected to be increased more than
2.0 folds in primary CAFs compared with NFs by qRT-PCR
(Table 2 and Fig. 2A). To exclude its DSBs-dependent ATM
activation in CAFs, the protein expression levels of total
ATM, p-ATM (s1981), and gH2AX (a biomarker of DSBs)
were measured using Western Blot, IF staining, and IHC.
Interestingly, p-ATM (s1981) and total ATM protein levels
were significantly increased in CAFs, whereas the gH2AX

Table 1. Primers sequences for qRT-PCR

Gene name Forward 50-30 Reverse 50-30 Size (bp)

ATM ACTATCTCAGCTTCTACCCC TGCTCAGAACTTATACCACG 183
CDK1 GGATCTACCATACCCATTGAC TGGCTACCACTTGACCTGT 120
E2F1 ACTCTGCCACCATAGTGTCACCA GACAACAGCGGTTCTTGCTCC 103
CCNA2 AACAGTATGAGAGCTATCCTCGT ATGTAGTTCACAGCCAAATGCAG 95
CCNB2 TACCAGTTCCCAAATCCGAGA AGCTCCATCAAATACTTGGCTA 156
CDKN2B AATCCCCTTATGACTTGCTAC CAATCTAGGCGTTTGCACT 118
b-Actin TGACGTGGACATCCGCAAAG CTGGAAGGTGGACAGCGAGG 205

Abbreviations: ATM, ataxia telangiectasia mutated; CDK1, cyclin-dependent kinase 1; E2F1, E2F transcription factor 1; CCNA2, cyclin A2; CCNB2, cyclin B2;
CDKN2B, cyclin-dependent kinase inhibitor 2B (p15, inhibits CDK4).
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levels were similar between NFs and CAFs (Fig. 2B–C). This
was confirmed by IHC staining in tumor tissues without
chemo- and radio-therapy (Fig. 2D). In addition, the phos-
phorylated AKT (s473), a hallmark of ATM activation by oxi-
dation,16 showed a higher level in CAFs than in NFs. The Akt
phosphorylation was inhibited by the ATM inhibitor
KU60019 in NFs and CAFs (Fig. 2E). These data suggest
that the oxidized ATM, independent of DSBs, exists in breast
CAFs.

To explore whether ATM is oxidized and activated by oxi-
dative stress in a DSBs-independent manner in CAFs, CAFs
were treated with antioxidant NAC and total ATM, p-ATM
(1981), and gH2AX proteins were examined. Under the

NAC treatment, the p-ATM (1981) protein levels were
reduced around 80%, with no influence on the protein
expression of total ATM and gH2AX in CAFs (Fig. 3A),
implying that ATM is oxidized by oxidative stress without
DSBs in CAFs. ROS can be produced at many intracellular
sites, including mitochondria, NADPH oxidases, xanthine
oxidase, and cytochrome P450.18,19 To determine the major
sources of ROS in CAFs, we exposed CAFs to a series of
ROS production inhibitors, including pyrrolidine dithiocar-
bamate (PDTC, a scavenger of H2O2 by maintaining cellular
stores of reduced glutathione), diphenylene iodonium DPI
(an inhibitor of electron transport in flavin-containing sys-
tems including NADPH oxidases and mitochondrial complex

Table 2. Cell cycle related genes up-regulated in CAFs compared with NFs

Agilent probe set Gene symbol Fold difference (CAFs/NFs) GenBank no. Gene name

A_23_P259586 TTK 8.9005 NM_003318 TTK protein kinase
A_23_P58321 CCNA2 6.0332 NM_001237 cyclin A2
A_23_P118174 PLK1 5.5017 NM_005030 polo-like kinase 1 (Drosophila)
A_23_P138507 CDK1 5.0987 NM_001786 cyclin-dependent kinase 1
A_23_P124417 BUB1 4.7619 NM_004336 budding uninhibited by benzimidazoles 1 homolog
A_23_P65757 CCNB2 4.3616 AK023404 cyclin B2
A_24_P313504 PLK1 4.2402 NM_005030 polo-like kinase 1 (Drosophila)
A_23_P163481 BUB1B 3.7153 NM_001211 budding uninhibited by benzimidazoles 1 homolog b

A_23_P70249 CDC25C 3.6697 NM_001790 cell division cycle 25 homolog C (S. pombe)
A_23_P122197 CCNB1 3.4454 NM_031966 cyclin B1
A_23_P57379 CDC45L 3.3416 NM_003504 CDC45 cell division cycle 45-like (S. cerevisiae)
A_23_P92441 MAD2L1 3.105 NM_002358 MAD2 mitotic arrest deficient-like 1
A_23_P80032 E2F1 3.0811 NM_005225 E2F transcription factor 1
A_23_P7636 PTTG1 3.0429 NM_004219 pituitary tumor-transforming 1
A_23_P18579 PTTG2 2.9614 NM_006607 pituitary tumor-transforming 2
A_23_P408955 E2F2 2.9364 NM_004091 E2F transcription factor 2
A_23_P149200 CDC20 2.7836 NM_152623 cell division cycle 20 homolog (S. cerevisiae)
A_24_P105102 PKMYT1 2.6186 NM_182687 protein kinase, membrane associated tyrosine/threonine 1
A_23_P148807 CDC7 2.5734 NM_003503 cell division cycle 7 homolog (S. cerevisiae)
A_23_P254612 DBF4 2.4171 NM_006716 DBF4 homolog (S. cerevisiae)
A_23_P116123 CHEK1 2.3042 NM_001274 CHK1 checkpoint homolog (S. pombe)
A_23_P357365 STAG1 2.232 NM_005862 stromal antigen 1
A_23_P49972 CDC6 2.22 NM_001254 cell division cycle 6 homolog (S. cerevisiae)
A_23_P100344 ORC6L 2.1264 NM_014321 origin recognition complex, subunit 6 like (yeast)
A_24_P66125 STAG2 2.0243 NM_001042749 stromal antigen 2
A_23_P138631 SMC3 2.0242 NM_005445 structural maintenance of chromosomes 3
A_23_P90612 MCM6 1.9995 NM_005915 minichromosome maintenance complex component 6
A_23_P132277 MCM5 1.9615 NM_006739 minichromosome maintenance complex component 5
A_23_P35916 ATM 1.9061 NM_000051 ataxia telangiectasia mutated
A_23_P93690 MCM7 1.8546 NM_182776 minichromosome maintenance complex component 7
A_32_P103633 MCM2 1.8195 NM_004526 minichromosome maintenance complex component 2

Abbreviations: CAFs, carcinoma-associated fibroblasts; NA, not annotated; NFs, normal fibroblasts.

Table 3. Cell cycle related genes down-regulated in CAFs compared with NFs

Agilent probe set Gene symbol Fold difference(CAFs/NFs) GenBank no. Gene name

A_24_P360674 CDKN2B 2.4261 NM_078487 cyclin-dependent kinase
inhibitor 2B (p15, inhibits CDK4)

A_23_P63254 SFN 2.4041 NM_006142 stratifin

Abbreviations: CAFs, carcinoma-associated fibroblasts; NA, not annotated; NFs, normal fibroblasts.
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III), oxypurinol (xanthine oxidase inhibitor), NADPH (cell
surface NADPH oxidase inhibitor), chloramphenicol (cyto-
chrome P450 inhibitor), and rotenone (mitochondrial com-
plex I inhibitor). DCF fluorescence staining showed that
PDTC, DPI, and rotenone but not the other inhibitors spe-
cifically decreased the ROS levels in CAFs (Fig. 3B) and

reduced the p-ATM (s1981) protein levels (Fig. 3C), suggest-
ing that mitochondria-derived ROS are responsible for the
ATM activation in CAFs. These data indicate that oxidative
stress oxidizes and activates ATM kinase in a DSBs-indepen-
dent manner in CAFs and that oxidized ATM may be
involved in the abnormal proliferation of CAFs.

Figure 1. A strong proliferation potential of breast CAFs. (A) Growth curves of the paired immortalized NFs and CAFs were performed with MTT assay at
designed time points. (*, P < 0.05). (B) Phase contrast photomicrographs of NFs and CAFs after incubation for 3 d (upper panel) and 4 d (lower panel).
Scale bars, 50 mm. (C) The cell ratio in S-phase was analyzed using the flow cytometry. (*, P< 0.05). (D) The dysregulated expression of ATM and cell cycle
regulating genes was re-proved in 3 pairs of primary NFs and CAFs from breast cancer patients by qRT-PCR. (*, P < 0.05). (E) The levels of p-RB, cyclin D1,
and c-Myc were determined by Western blot. (*, P < 0.05).
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Figure 2. The activation of oxidized ATM independent of DSBs in CAFs. (A) The mRNA expression of the ATM gene was re-proved by qRT-PCR in CAFs
and NFs derived from 3 breast cancer patients, and its relative fold changes in CAFs and NFs were presented. (*, P< 0.05). (B, C) The protein levels of total
ATM, p-ATM (s1981), and gH2AX (s139) were analyzed by Western blot (B) and by immunofluorescence staining (C) in the immortalized NFs and CAFs.
The relative fold changes of total ATM, p-ATM (s1981), and gH2AX (s139) in NFs and CAFs were displayed. Scale bars, 25 mm (*, P < 0.05). (D) The expres-
sion of p-ATM (s1981) and gH2AX (s139) in breast cancer specimens was analyzed by IHC staining. Scale bars, 50 mm. (E) The expression of p-ATM
(s1981), ATM, p-AKT (s473), and AKT was determined by Western blot in NFs and CAFs in the presence or absence of KU60019 (5 mM) for 24 h.
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Oxidized ATM promotes breast CAFs proliferation
It was recently reported that oxidized ATM can phosphor-

ylate some of downstream substrates in response to various
stimuli such as hypoxia and insulin, which are irrelevant to
the DSBs repair process.15,20 To validate this speculation, we
examined the influence of loss of functional ATM on CAFs
proliferation. Indeed, the CAFs proliferation potential was
dramatically slowed down as determined by cell growth curve
(Fig. 4A), growth densities (Fig. 4B), and the percentage of
S-phase cells in the cell cycle (Fig. 4C) after treatment of
KU60019, an ATM specific inhibitor. This suggests an
important role of ATM in CAFs proliferation. In addition,
the effect of KU60019 on CAFs proliferation was confirmed
by decreased p-RB and c-Myc protein expression using west-
ern blot assays (Fig. 4D). Similarly, the siRNA-mediated
knockdown of the ATM gene led to suppressed proliferation
of breast CAFs (Fig. 5). These results indicate that oxidized
ATM promotes breast CAFs proliferation.

Maintaining of cellular redox homeostasis is not a leading
function of oxidized ATM in promoting CAFs proliferation

ATM was reported to maintain intracellular redox homeosta-
sis. OS caused by the deficiency of ATM is involved in defective
proliferation.12 Thus, we asked whether ATM could promote
CAFs proliferation by regulating intracellular redox homeostasis.
To testify this hypothesis, we measured intracellular ROS levels
in CAFs with or without treatment of KU60019 using the
H2DCFDA probe. CAFs treated with KU60019 had an obvious
higher level of intracellular ROS than the cells without
KU60019 treatment, and the antioxidant NAC reversed the
increased ROS levels in KU60019-treated CAFs to normal levels
(Fig. 6A), indicating loss of functional ATM leads to oxidative
stress in CAFs. The CAFs proliferation defect under loss of func-
tional ATM, however, was partly rescued by NAC (Fig.-
6B7ndash;C). The data are in line with our findings that NAC
decreased the proportion of CAFs at G1 phase via partially
restoring the proliferation related protein levels of p-RB, cyclin

Figure 3.Mitochondria-derived ROS activate the ATM kinase. (A) CAFs were treated with or without NAC (1 mM) for 24 h. Immunoblotting analyses were
done with the indicated antibodies. (B) CAFs were treated with PDTC (20 mM), DPI (10 mM), Oxypurinol (100 mM), NADPH (1 mM), Chloramphenicol
(300 mM), and Rotenone (1 mM) for 2 h. The intracellular ROS levels were measured in cultures (*, P < 0.05, CAFs treated with inhibitor vs control CAFs).
(C) CAFs were treated as in B. Western blots was done with the indicated antibodies (*, P < 0.05, CAFs treated with inhibitor vs control CAFs).
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D1, and c-Myc in CAFs in
the presence of KU60019
(Fig. 6D and E). These
findings suggest that cellular
redox homeostasis main-
tained by ATM is necessary
for CAFs survival, but not
the major source to promote
CAFs proliferation. Other
mechanisms associated with
oxidized ATM may be
involved in regulating the
abnormal proliferation of
CAFs.

Oxidized ATM
enhances CAFs
proliferation through
controlling the activity of
key proliferation-related
signaling pathways

There are several critical
signaling pathways, includ-
ing the PI3K-AKT, ERK,
and Wnt signaling path-
ways, which are activated in
breast CAFs as described in
our previous work.3,21

These pathways respond to
extracellular stimuli to regu-
late cellular prolifera-
tion.22,23 To determine
whether the oxidized ATM
in CAFs promotes cellular
proliferation thro-ugh regu-
lating these pathways, their activities were examined in CAFs
treated with or without KU60019. As shown in Figure 7A, the
PI3K-AKT, ERK, and Wnt signaling pathways were significantly
inhibited by KU60019. Consistent with this finding, CAFs pro-
liferation was also decreased as determined by MTT assays
(Fig. 7B), cell densities (Fig. 7C), and flow cytometric analysis
(Fig. 7D) after the cells were treated with LY294002 (the PI3K
inhibitor), U0126 (MEK/ERK inhibitor), or XAV939 (b-catenin
inhibitor) alone or in combination (Fig. 7E). Furthermore, the p-
RB and c-Myc levels were significantly decreased by theses inhibitors
in CAFs (Fig. 7F), which is consistent with the results on KU60019
(see Fig. 4D). These findings indicate that oxidized ATM promotes
CAFs proliferation largely by activating the PI3K-AKT, ERK, and
Wnt signaling pathways.

We next explore the effects of KU60019 on several key pro-
teins (e.g., p21Cip1 and p16Ink4a) associated with cell proliferation
in CAFs. KU60019 treatment stimulated the expression of
p21Cip1, but not p16Ink4a in CAFs (Fig. 7G). Furthermore,
p21Cip1 expression was upregulated by LY294002, U0126, or
XAV939 (Fig. 7F).

Loss of functional ATM inhibits CAFs proliferation partially
through suppressing b-catenin-regulated cell cycle genes

As a transcription factor, b-Catenin plays a critical role in pro-
moting cell proliferation by upregulating a series of target genes,
such as c-Myc, cyclin D1, cyclin E, and CDC25A.24,25 Glycogen
synthase kinase 3b (GSK3b), an upstream negative regulator of
b-Catenin, can be inactivated by AKT and ERK.26,27 Thus, we
hypothesized ATM may promote CAFs proliferation in a
GSK3b/b-Catenin dependent manner. To address this question,
protein levels of p-GSK3b (Ser9), GSK3b, p-b-Catenin
(Ser37), nuclear b-Catenin and total b-Catenin in CAFs were
examined under KU60019 treatment. As shown in Figure 8A,
ATM inhibition by KU60019 reduced p-GSK3b (Ser9), nucle-
ar b-Catenin, and total b-Catenin levels and increased p-b-Cate-
nin (Ser37) levels, while did not influence GSK3b levels in
CAFs. To further determine the role of ERK and AKT on the
GSK3b/b-Catenin axis, LY294002, U0126, and XAV939 were
used. As expected, under the treatment with LY294002, U0126,
and XAV939 alone or in combination, the decrease of p-
GSK3b (Ser9), GSK3b, p-b-Catenin (Ser37), nuclear b-Cate-
nin and total b-Catenin levels in CAFs (Fig. 8B) was similar to

Figure 4. Loss of functional ATM by KU60019 inhibits the breast CAFs proliferation. (A) Growth curves of CAFs under
treatment with or without KU60019 (5 mM) were analyzed with MTT assay for 5 d (*, P< 0.05). (B) Photomicrographs
of CAFs in the presence or absence of KU60019 (5 mM) for 2 d or 3 d. Scale bars, 50 mm. (C) Flow cytometry analyses
of CAFs with or without treatment of KU60019 (5 mM) for 24 h. (D) CAFs were treated with or without KU60019
(5 mM) for 24 h. Immunoblotting analyses were performed with the indicated antibodies. (*, P< 0.05).
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that under KU60019 treatment (shown in Fig. 8A). These results
indicate that inhibition of ATM decreases CAFs proliferation by
directly or indirectly reducing the b-Catenin levels.

c-Myc plays a core role in promoting cell proliferation
through enhancing some positive cell cycle regulators (e.g., cyclin
D1, cyclin E, and E2F1) and antagonizing cell cycle negative

Figure 5. siRNA-mediated knockdown of ATM suppresses the breast CAFs proliferation. (A, B) The knockdown efficiency of the ATM gene by shRNA in
CAFs was testified with qRT-PCR and Western Blot (*, P < 0.05, CAF-shGFP vs CAF-shATM). (C) Growth curves of CAF-shGFP and CAF-shATM were ana-
lyzed with the MTT assay for 5 d (*, P < 0.05, CAF-shGFP vs CAF-shATM at the designed time points). (D) The cell growth density of CAF-shGFP and CAF-
shATM for 2 d or 3 d was displayed by Photomicrographs. Scale bars, 50 mm. (E) Flow cytometry analyses of CAF-shGFP and CAF-shATM. (F) Immunoblot-
ting analyses were performed with the indicated antibodies in both CAF-shGFP and CAF-shATM (*, P < 0.05, CAF-shGFP vs CAF-shATM).
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Figure 6. Maintenance of intracellular redox homeostasis by oxidized ATM plays a minor role in CAFs proliferation. (A) CAFs were pretreated with NAC
(1 mM) for 2 h before treatment with KU60019 (5 mM) for 24 h. Fluorescent H2DCFDA levels were measured in these cells (*, P < 0.05 in comparing
CAFs treated with or without KU60019); (#, P < 0.05 in comparing CAFs in the presence of KU60019 plus NAC-treated or NAC-untreated). (B) Growth
curves of CAFs were measured by MTT assay at the indicated time points. The treatment of CAFs with KU60019 (5 mM) and NAC (1 mM) was as indicated.
(*, P < 0.05, CAFs treated with KU60019CNAC vs CAFs with KU60019 only); (#, P < 0.05, CAFs treated with or without KU60019). (C) Photomicrographs of
CAFs treated with KU60019 (5 mM) for 2 d in the presence or absence of NAC (1 mM). Scale bars, 50 mm. (D) Flow cytometry analyses of CAFs treated
with KU60019 (5 mM) for 24 h in the presence or absence of NAC (1 mM). (E) CAFs was treated with KU60019 (5 mM) for 24 h in the presence of NAC
(1 mM). Western blotting analyses were done with the indicated antibodies (*, P < 0.05, and #, P< 0.05 is similar with (B) indicated).
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Figure 7. For figure legend, see page 1929.
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regulators (e.g., p21Cip1).28 c-Myc expression is transcriptionally
activated by nuclear b-Catenin,29 suggesting c-Myc may mediate
the proliferation function of ATM in CAFs. After the treatment
of CAFs by KU60019, LY294002, U0126, and XAV939, the
binding of b-Catenin to the MYC promoter was blocked
(Fig. 8C), indicating that oxidized ATM plays a positive role in
b-Catenin-mediated c-Myc transcription. As expected, c-Myc
knockdown by siRNA decreased the expression of cyclin D1,
cyclin E, and E2F1, and increased the expression of p21Cip1

(Fig. 8E), leading to impaired CAFs proliferation (Fig. 8F). Fur-
thermore, the expression levels of c-Myc and c-Myc-dependent
critical cell cycle proteins were regulated by the ATM kinase and
its downstream key proliferation controlling pathways in breast
CAFs (Fig. 9A–D, and Fig. 8D). Herein, these data demonstrate
that ATM deficiency indirectly blocks the b-Catenin transactiva-
tion, which results in a subsequent dysregulation of c-Myc
dependent genes involved in CAFs proliferation.

Discussion

Abnormal proliferation is one of CAFs typical features com-
pared with normal fibroblasts.3,30 Oxidative stress (OS) is a criti-
cal inducer of CAFs abnormal proliferation.4,5,31 ATM, an
important intracellular redox sensor, associates with cellular pro-
liferation.15,32 However, the role of oxidized ATM in the abnor-
mal proliferation of CAFs is not known. In the present study,
oxidized ATM was found to be highly expressed in breast CAFs
and to promote the proliferation of breast CAFs. Oxidized ATM
promoted the proliferation of CAFs not only by maintaining cel-
lular redox balance, but also via activating the activity of the
PI3K-AKT, ERK, and Wnt signaling pathways. To our knowl-
edge, this is the first report showing that oxidized ATM promotes
the proliferation of CAFs mainly through increasing the activity
of key proliferation-regulating signaling pathways.

The activated ATM exists independently of DSBs in breast
cancer CAFs. Hitherto, it has been reported that ATM kinase
can be activated via 2 different mechanisms and has corre-
sponding downstream substrates to perform distinct biological
functions.16 The classic mechanism is that ATM is activated
by double strand breaks (DSBs) through interactions with the
MRE11-RAD50-NBS1 (MRN) complex and mediates the
DSBs repair response through activating signaling cascades via
phosphorylating specific substrates such as histone H2AX
phosphorylation at Ser139. Another mechanism is that ATM

is activated by oxidation of the thiol group of its Cys 2991
independently of DSBs and phosphorylates distinct substrates
involved in other cellular processes such as AKT phosphoryla-
tion at Ser473 for glucose metabolism. The auto-phosphoryla-
tion of ATM at Ser1981 is a hallmark of the activation of the
ATM kinase by DSBs and oxidation. Histone H2AX phos-
phorylation at Ser139 and AKT phosphorylation at Ser473 are
the specific biomarkers of the ATM activation by DSBs or oxi-
dation respectively. Our results showed that the expression of
p-ATM at Ser1981 was higher in CAFs than in NFs, indicat-
ing that the ATM kinase is activated in CAFs. The expression
levels of H2AX phosphorylation at Ser139 are not changed in
CAFs compared with NFs (Fig. 2B–D), whereas the expres-
sion of AKT phosphorylation at Ser473 is higher in CAFs
than in NFs and all inhibited by the ATM specific inhibitor
KU60019 (Fig. 2E). The above results show that oxidation
and activation of ATM is elicited by OS without DSBs in
breast CAFs.

Mitochondria-derived ROS oxidize and activate ATM protein
kinase independent of DSB in breast CAFs. ATM protein kinase
can be activated by DSBs in nucleus, but also directly by OS in
cytoplasm.13,19 OS in CAFs may oxidize and activate ATM
kinase in the cytoplasm of breast CAFs. In this current work, we
demonstrated that both total ATM and p-ATM (s1981) mainly
located in the cytoplasm of breast NFs and CAFs. It is well
known that intracellular redox balance depends on the cellular
ROS levels and antioxidant capacity and that ROS levels is
strictly regulated in cells to achieve cellular redox homeostasis.18

Overproduction of ROS at different subcellular sites results in
disruption of cellular redox status and subsequently OS.19 It is
unknown that which source(s) of ROS oxidize the ATM kinase
in breast CAFs. In the present study, we identified that ROS
mainly derive from mitochondria and lead to OS-dependent oxi-
dization and activation of the ATM kinase in breast CAFs.

Oxidized ATM promotes the proliferation of breast CAFs.
Recently ATM has been found to can also be oxidized and acti-
vated by oxidative stress in cytoplasm in a DSBs-independent
manner.13 These evidence suggests that ATM has functions out
of nucleus. Oxidized ATM kinase associates with cell prolifera-
tion.10,12 For example, in hypoxia state, oxidized ATM sup-
presses the activity of mTORC1 through activating the HIF1
pathway by directly phosphorylating HIF1a at Ser696.20 In
addition, after insulin treatment, oxidized ATM-dependent
phosphorylation of AKT at Ser473 is required for the full activa-
tion of the PI3K/AKT signaling pathway,32 which positively

Figure 7 (See previous page). Oxidized ATM enhances the CAFs proliferation through activating key proliferation-related signaling pathways. (A) CAFs
were treated with KU60019 (5 mM) for the indicated time points. Immunoblotting analyses were performed with the indicated antibodies. Total histone
3 functions as a loading control for nuclear proteins. (B) CAFs were treated separately or jointly with LY294002 (20 mM), U0126 (25 mM), and XAV939
(10 mM) for the designed time. Their growth curves were determined by MTT assay (*, P < 0.05, untreated CAFs vs treated CAFs with indicated inhibitor
(s)). (C) Photomicrographs of CAFs treated with or without inhibitor(s) as in B indicated for 2 d. Scale bars, 50 mm. (D) Flow cytometry analyses of CAFs
treated with indicated inhibitor(s) for 24 h as in B. (E) CAFs were treated separately or jointly with LY294002 (20 mM), U0126 (25 mM), and XAV939
(10 mM) for 24 h. Immunoblotting analysis was done with the indicated antibodies. Total histone 3 functions as a loading control for nuclear proteins.
(F) CAFs were treated separately or jointly with LY294002 (20 mM), U0126 (25 mM), and XAV939 (10 mM) for 24 h. The levels of p-RB, c-Myc, p21Cip1, and
p16Ink4a were analyzed by western blot. (G) CAFs were treated with KU60019 (5 mM) for the indicated time. Immunoblotting analysis was performed
with the indicated antibodies.
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regulates the activity of the mTORC1, acting as a chief controller
for cell proliferation in response to extracellular cues such as hyp-
oxia.16,23 These studies strongly suggest that oxidized ATM
probably regulates the proliferation of CAFs. In this study, we

demonstrated that loss of functional ATM by KU60019 treat-
ment or by the siRNA technology led to severe proliferation
defect in breast CAFs. To our knowledge, it is first to report that
oxidized ATM promotes the proliferation of breast CAFs.

Figure 8. Loss of functional ATM leads to the proliferation defect in CAFs partially through down-regulating b-catenin and cell cycle regulation genes.
(A) CAFs were treated with KU60019 (5 mM) for the indicated time. Immunoblotting analyses were performed to detect activity of GSK3b and b-Catenin.
Total histone 3 functions as a loading control for nuclear proteins. (B) CAFs were treated separately or jointly with LY294002 (20 mM), U0126 (25 mM),
and XAV939 (10 mM) for 24 h. Activated GSK3b and b-Catenin were determined using Immunoblotting analysis. Total histone 3 functions as a loading
control for nuclear proteins. (C) CAFs were separately treated with or without inhibitors including LY294002 (20 mM), U0126 (25 mM), and XAV939
(10 mM) for 24 h. ChIP assay was done with an anti-b-catenin antibody for immunoprecipitation followed by PCR with c-MYC promoter-specific primers.
(D) CAFs were separately treated with or without inhibitors including LY294002 (20 mM), U0126 (25 mM), and XAV939 (10 mM) for 24 h. Immunoblotting
analysis was performed with the indicated antibodies. (E) The c-Myc gene in CAFs was knocked down by the shRNA, and the expression of c-Myc related
genes was tested by Immunoblotting analysis with the indicated antibodies. b-Actin worked as loading control. (F) The growth curves of CAFs with or
without c-Myc depletion was measured with the MTT assay (*, P < 0.05).
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The antioxidant capacity of oxidized ATM plays a limited role
in breast CAFs abnormal proliferation. Low levels of ROS pro-
mote cell proliferation, but high doses of ROS impair cell

proliferation by triggering cell cycle arrest, senescence, and apo-
ptosis.14,33 One important function of oxidized ATM is to main-
taining intracellular redox balance by reducing the cellular ROS

Figure 9. c-Myc mediates the functional ATM in promoting the breast CAFs proliferation. (A)The differential expression analysis of the cell cycle core reg-
ulators between NFs and CAFs was done by Western blot with the indicated antibodies. (B) The activity of key cellular proliferation regulating pathways
between NFs and CAFs was determined using Western blot with the indicated antibodies. (C, D) Western blot analyzes the effect of ATM deficiency
caused by KU60019 (5 mM for 24 h) on the protein expression levels of cell cycle-associated proteins (C) and the activity of key cell proliferation regulat-
ing pathways (D) in breast CAFs using the indicated antibodies. (E) A cartoon scheme is used to depict the c-Myc mediated function of oxidized ATM in
promoting breast CAFs proliferation.
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levels and enhancing the cellular antioxidative capacity.16,19 For
example, oxidized ATM decreases the mitochondrial ROS pro-
duction by suppressing oxidative phosphorylation in a LKB1/
AMPK/TSC2/mTORC1 dependent manner after H2O2 treat-
ment.34 However, the role of the cellular redox status maintain-
ing function of oxidized ATM in the proliferation of CAFs is
unknown. Unexpectedly, we observed that OS caused by ATM
deficiency played a minor role in the abnormal proliferation rate
of breast CAFs, indicating that oxidized ATM may regulate
breast CAFs proliferation via other underlying mechanisms. This
finding is supported by the Kim’ study that OS is not the leading
cause of proliferation defect in astrocytes with ATM deficiency.10

However, the antioxidant capacity of oxidized ATM plays a key
role in the proliferation of haematopoietic stem cells.12 The rea-
son for this discrepancy may indicate the cellular specificity of
the antioxidant function of oxidized ATM in regulating cell
proliferation.

Redox state regulates the proliferation of breast CAFs through
regulating positive and negative key cell cycle regulators by bal-
ancing the activity of positive and negative proliferation regula-
tion pathways. A moderate level promotes the cell proliferation
by activating the positive proliferation controlling pathways such
as the ATM and PI3K-AKT pathways, which promote cell prolif-
eration via indirectly controlling positive key cell cycle regulators
such as c-Myc.14 A high level of ROS can lead to adverse cellular
events, for instance, proliferation arrest and autophagy, via the
p53/p21Cip1 axis.14,18 The p53/p21Cip1 axis can arrest cell cycle
by indirectly inactivating pRB and c-Myc.35,36 The degree of
ROS in CAFs probably approach the high levels because the OS-
activated breast CAFs have abnormal proliferation and harmful
cellular events such as autophagy simultaneously.3,4 OS may acti-
vate the proliferation controlling signaling pathways such as the
PI3K/AKT pathway and the p53 pathway in CAFs at the same
time. Indeed, our previous publications support this specula-
tion.3,21,37 This is also consistent with our results in this study
(Fig. 6E). These evidence suggests that NAC treatment not only
reduced the activity of the ATM signaling, which is necessary for
the full activation of proliferation regulating pathways such as
the PI3K/AKT pathway, but also decreased the activation of the
p53 pathway (Fig. 6E). As a result, the net effect of NAC treat-
ment may be that the activity of positive proliferation regulation
pathways exceeds that of negative proliferation control pathways
(Fig. 6E). KU60019 treatment-mediated ATM deficiency in
CAFs not only decreased the activity of the positive proliferation
regulation pathways such as the PI3K/AKT pathway, but also
increased the activity of the p53 signaling (Fig. 6E) via disturb-
ing the intracellular redox balance (Fig. 6A). Likewise, NAC
treatment did not influence the activity of the ATM signaling in
the presence of KU60019, but reduced the activation of the p53
pathway by alleviating ROS levels (Fig. 6A and E ). So, this may
reasonably explain the contradictory phenomenon which is that
NAC rescued the decreased expression of p-RB, cyclin D1 and
c-Myc, in response to KU60019 treatment. Our results and other
studies are not completely consistent. The p21Cip1 and p16INK4a

CDK inhibitor are key negative cell cycle regulators. The p21Cip1

CDK inhibitor may be partially responsible for the proliferation

arrest of neural stem cells induced by ATM deficiency.11

Whereas, the p16INK4a CDK inhibitor may in part contribute to
the proliferation defect of ATM-deficient astrocytes and haema-
topoietic stem cells.10,12 This may result from different cell types
and the residual activity of ATM in the presence of NAC and
KU60019.

C-Myc mediates the role of ATM in promoting the prolifera-
tion of breast CAFs. C-Myc is a well-known transcription factor
which promotes cell cycle progression through controlling the
expression key cell cycle regulators.28 As far as we know, it is not
reported that whether ATM regulates the expression of c-Myc.
However, accumulative evidence implys that ATM may indi-
rectly regulate the expression of c-Myc. First, c-Myc is located
downstream of the ERK-MAPK, PI3K-AKT, and Wnt signaling
pathways. These pathways are the chief mechanisms in response
to extracellular stimuli to control cell proliferation.22,25 b-cate-
nin, which is a core component of the Wnt pathway and func-
tions as a transcription factor, plays an important role in
regulating cell proliferation by trans-activating up-regulation of
cell cycle genes, such as cyclin D, c-Myc, and cyclin E.22,25 Both
the ERK and PI3K-AKT pathways can activate the b-catenin
through inactivating the downstream GSK3b kinase by phos-
phorylating it at Ser9,23,38 which can phosphorylate b-Catenin
at Ser33, Ser37, and Thr41 in cytoplasm, leading to its degrada-
tion via the way of ubiquitylation-mediated proteasome.27 Sec-
ond, these pathways are active in breast CAFs.26,39,40 Finally,
oxidized ATM can regulate the activity of many signaling path-
ways through phosphorylating specific substrates.16 However,
whether oxidized ATM promotes CAFs abnormal proliferation
in a c-Myc dependent manner by enhancing the activity of these
pathways needs to be determined. In this study, we found that
oxidized ATM promotes the proliferation of breast CAFs by
increasing the expression of c-Myc through activating the ERK-
MAPK, PI3K-AKT, and Wnt signaling pathways (Fig. 8 and
Fig. 9A–D). Based on our results in the study, a model was pro-
posed to depicting the role of c-Myc in mediating the oxidized
ATM-regulated proliferation of breast CAFs (Fig. 9E).

Protein phosphorylation is a key post-translational modifica-
tion (PTM) in signal transduction by modulating substrate activ-
ity, stability, interaction with other proteins, subcellular
localization, and its additional PTMs. Phosphorylation and
dephosphorylation can fine-tune the function of a kinase sub-
strate. Oxidized ATM kinase may control the activity of the
ERK, PI3K-AKT, and Wnt signaling pathways through phos-
phorylating the core components on these pathways. Indeed,
oxidized ATM fully activates the PI3K-AKT signaling pathway
via directly phosphorylating AKT at Ser473 after insulin treat-
ment.32 The underlying mechanisms need to be investigated in
our next study.

In summary, our findings demonstrate that oxidized ATM
plays a key role in promoting the proliferation of breast CAFs
through keeping intracellular redox homeostasis and activating
the ERK, PI3K-AKT, and Wnt pathways. These findings provide
important insights into the mechanisms by which oxidized ATM
promotes the abnormal proliferation of CAFs and new targets for
treating breast cancer.
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Materials and Methods

Cell lines and cell culture
Paired immortalized NFs and CAFs cell lines derived from

breast cancer have been established as described previously.37

These cells were routinely maintained in full DMEM (41965–
062, Gibco) supplemented with 10% fetal bovine serum
(100099–133, Gibco) at 37�C in humidified atmosphere con-
taining 5% CO2.

MTT assay and flow cytometric analysis
The cell proliferation rate was determined by the 3-(4,5-

dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium bromide
(MTT) assay. Cells were plated at 3 £ 103 cells per well in 96-
well plates. When reaching 60% confluence, cells were treated
with KU60019 (S1570, Selleck Chemicals), LY294002 (S1105,
Selleck Chemicals), U0126 (A1901, Beyotime), and XAV939
(S1180, Selleck Chemicals). Following the treatment, 10 ml
MTT solution (C0009, Beyotime) (5 mg/ml in PBS) was added
into each well and continually cultured for 4 h. Then the
medium was carefully discarded, 200 ml DMSO was added into
each well and shaked gently on a rotator for 10 min in dark at
room temperature. The absorbance was readed on an ultraviolet
spectrophotometric reader at a wave-length of 492 nm (BioteK).
The experiments were repeated 3 times.

The cell cycle S-phase was analyzed by flow cytometry. Cells
were processed by standard methods using propidium iodide
staining of DNA as previously described.41 Briefly, after cells
were treated under specific conditions when reaching 60% con-
fluence, the cells were trypsinized, washed twice with cold PBS,
fixed by 75% ethanol, incubated with RNAase and stained by
propidium iodide (P4170, Sigma Aldrich). Tritiated thymidine
uptake of cells was determined using a cytomics FC device (Beck-
man coulter). The experiments were performed in triplicate.

Cell growth density and cellular morphology
Cells were plated at 5£ 105 cells in 2 ml full DMEM per well

in 6-well plates and cultured to reach 60% confluence. After
treatments by specific reagents according to experimental design,
the density and morphology of cells were observed by using phase
contrast microscopy (Nikon, TE 2000-V) at designed time
points.

Western blot analysis
Western blot assays were done as described previously.41

Briefly, total cell proteins were harvested in RIPA lysis buffer
(P0013B, Beyotime), quantified using the BCA protein assay kit
(P0012, Beyotime), separated in 10% SDS-PAGE gel, and sub-
jected to protein gel blotting. The primary antibodies included
monoclonal mouse p21Cip1 antibody (AP021, Beyotime, 1:500
dilution), polyclonal rabbit p16INK4a antibody (BS6431, Bio-
world, 1:500 dilution), polyclonal rabbit p-RB (s795) antibody
(BS6414, Bioworld, 1:500 dilution), monoclonal rabbit total his-
tone 3 antibody (AH433, Beyotime, 1:500 dilution), monoclo-
nal mouse b-Actin antibody (AA128, Beyotime, 1:1000
dilution), monoclonal rabbit p-ERK1/2 (T202/Y204) antibody

(14474, Cell Signaling Technology Co (CST), 1:1000 dilution),
monoclonal rabbit ERK1/2 antibody (4348, CST, 1:1000 dilu-
tion), monoclonal rabbit c-Myc antibody (5605, CST, 1:1000
dilution), monoclonal rabbit cyclin D1 antibody (2978, CST,
1:1000 dilution), monoclonal mouse cyclin E (4129, CST,
1:1000 dilution), polyclonal rabbit E2F1 antibody (3742, CST,
1:1000 dilution), monoclonal rabbit ATM antibody (2873,
CST, 1:1000 dilution), monoclonal rabbit p-ATM antibody
(s1981) (5883, CST, 1:1000 dilution), monoclonal rab-
bit gH2AX (s139) antibody (9718, CST, 1:1000 dilution),
monoclonal mouse p-AKT (s473) antibody (12694, CST,
1:1000 dilution), monoclonal rabbit AKT antibody (4685,
CST, 1:1000 dilution), polyclonal rabbit b-Catenin antibody
(9562, CST, 1:1000 dilution), polyclonal rabbit p-b-Catenin
(s37) antibody (sc101651, Santa Cruz, 1:1000 dilution), poly-
clonal rabbit p-GSK3b antibody (sc-11757, Santa Cruz, 1:1000
dilution), and polyclonal rabbit GSK3b antibody (sc-9166,
Santa Cruz, 1:1000 dilution). After incubating with primary
antibodies for overnight at 4�C, the appropriate horseradish per-
oxidase (HRP)-conjugated secondary antibodies (Beyotime) were
subsequently applied and immunodetection was done using the
enhanced chemiluminescence system (Cool-Imager). All experi-
ments were repeated at least 3 times.

Quantitative real-time PCR (qRT-PCR)
The qRT-PCR primers for each gene were listed in the

Table 1. Total RNA was isolated from NFs and CAFs using Tri-
zol (Invitrogen) according to the manufacturer’s protocol. RNA
quantity was determined by agarose gel electrophoresis and by
spectrophotometry. qRT-PCR was performed using the Prime-
script RT reagent kit (Takara) and SYBR Premix Ex TaqTM

(Takara) according to the protocol of the manufacturer. b-Actin
was used as internal reference gene. All experiments were done at
least 3 times.

Immunohistochemistry (IHC) staining
IHC was done as described previously.42 Briefly, tumor and

its adjacent normal tissues were fixed with formalin. Paraffin-
embedded specimens were then sectioned into 4-mm sections
and stained with H&E staining according to standard histopath-
ological techniques. After treated with 3% hydrogen peroxide in
methanol for 30 min to exhaust endogenous peroxidase activity,
the sections were incubated with monoclonal rabbit anti-p-ATM
antibody (2873, CST, 1:50 dilution) and monoclonal rabbit
gH2AX antibody (5883, CST, 1:50 dilution) for overnight at
4�C. Then, the sections were sequentially incubated with poly-
mer helper solution (ZSBiO) for 20 min, polyperoxidase-anti-
mouse/rabbit IgG (PV-9000, ZSBiO, 1:100 dilution) for
30 min at 37�C, and stained with diaminobenizidine. Specimens
used in this study were approved by the Ethics committees of
Chongqing Medical University.

Immunofluorescence assay was done as described previously.37

Briefly, NFs and CAFs were grown on pre-prepared coverlips and
fixed within 4% paraformaldehyde for 15 min at room tempera-
ture when reaching 40% confluency. Following washing 3 times
with PBS, cells were incubated with 1% triton-100 for 20 min at
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room temperature and then blocked with 10% goat serum solu-
tion for 30 min at 37�C. Subsequently, cells were separately
incubated with antibodies specifically against p-ATM (2783,
CST, 1:250 dilution) and gH2AX (5883, CST, 1:250 dilution)
for overnight at 4�C. After washing, cells were then incubated
with an appropriate FITC-labeled secondary antibody (ZSbio)
for 1 h at 37�C in a humidified incubator. Sections were
immersed in aqueous medium containing 10% DAPI as a
nuclear counterstain (Beyotime). A negative control was done to
ensure the specificity of immunofluorescence assay by using a
normal mouse or rabbit IgG as the primary antibodies.

Analysis of intracellular ROS
Intracellular ROS levels were measured using the Reactive

Oxygen Species Assay Kit (S0033,Beyotime, 1:200 dilution)
according to the instruction of the manufacture. Briefly, 10 mM
20,70-Dichlorofluorescene diacetate (H2DCFHDA), which can
be oxidized by ROS and forms a fluorescent compound, dichlor-
ofluorescein,43 was added to cells and continually incubated for
30 min. Then cells were lysed with RIPA buffer (Beyotime), and
fluorescence was determined by scanning the total cell lysate
using Cary Eclipse (Agilent) at excitation and emission wave-
lengths of 485 and 535 nm.

ChIP assay
ChIP was performed as previously described using a Thermo

Fisher Biotechnology kit (26156).22 Chromatin prepared from
cells in a 30-cm2 bottle was used to determine total DNA input
and for overnight incubation with the primary antibody against
b-Catenin (9562, CST, 1:100 dilution) or with normal rabbit
IgG (A7016, Beyotime, 1:100 dilution). The human MYC pro-
moter-specific primers used in PCR were 50-CAGCCCGA-
GACTGTTGC-30 (forward) and 50-CAGAGCGTGG
GATGTTAG-30 (reverse).

siRNA interference
The lentiviral plasmids pLKO.1-ATM and control plasmid

pLKO.1-GFP were kindly provided by Dr. Wen Chen (Sun Yat-
sen University, Guangzhou). The lentiviral vectors containing
hairpin oligoes against ATM and GFP (negative control) were

transfected into 293T cells respectively. The CAFs were infected
with Supernatant virus and screened with 1 mg/ml puromycin,
generating cell lines named as CAF-shATM and CAF-shGFP
respectively. For the c-Myc siRNA plasmid, synthetic DNA
inserts for expressing the specific c-Myc shRNA were cloned into
pLVX-shRNA1 (Clontech). The c-Myc shRNA was stably trans-
ferred into CAFs. The target sequence for c-Myc shRNA is 50-
GATCCGAACGGAGGGAGGGATCGCGCTTTTTCAAGA-
GAAGCGCGATCCCTCCCTCCGTTCTTA-30. Negative co-
ntrol shRNA sequence, which does not target any known human
cDNAs, is 50-AAGGTGTCAGAAACTGACGAT-30.

Statistical analysis
Statistical analysis was performed using the SPSS standard ver-

sion 13.0 software. The data were presented as the means § SD.
Each experiment was repeated at least 3 times. For comparisons
between multiple groups, ANOVA followed by the Student-
Newman-Keuls multiple comparisons test was used; and for sin-
gle comparisons between 2 groups, the Student t test was used. A
value of P < 0 .05 were considered significant.
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