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Abstract

SATB1 drives metastasis when expressed in breast tumor cells by radically reprogramming gene expression. Here, we show
that SATB1 also has an oncogenic activity to transform certain non-malignant breast epithelial cell lines. We studied the
non-malignant MCF10A cell line, which is used widely in the literature. We obtained aliquots from two different sources
(here we refer to them as MCF10A-1 and MCF10A-2), but found them to be surprisingly dissimilar in their responses to
oncogenic activity of SATB1. Ectopic expression of SATB1 in MCF10A-1 induced tumor-like morphology in three-
dimensional cultures, led to tumor formation in immunocompromised mice, and when injected into tail veins, led to lung
metastasis. The number of metastases correlated positively with the level of SATB1 expression. In contrast, SATB1
expression in MCF10A-2 did not lead to any of these outcomes. Yet DNA copy-number analysis revealed that MCF10A-1 is
indistinguishable genetically from MCF10A-2. However, gene expression profiling analysis revealed that these cell lines have
significantly divergent signatures for the expression of genes involved in oncogenesis, including cell cycle regulation and
signal transduction. Above all, the early DNA damage-response kinase, ATM, was greatly reduced in MCF10A-1 cells
compared to MCF10A-2 cells. We found the reason for reduction to be phenotypic drift due to long-term cultivation of
MCF10A. ATM knockdown in MCF10A-2 and two other non-malignant breast epithelial cell lines, 184A1 and 184B4, enabled
SATB1 to induce malignant phenotypes similar to that observed for MCF10A-1. These data indicate a novel role for ATM as a
suppressor of SATB1-induced malignancy in breast epithelial cells, but also raise a cautionary note that phenotypic drift
could lead to dramatically different functional outcomes.
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Introduction

Normal breast epithelial cells acquire malignant phenotypes

through multiple genomic and microenvironmental modifications

[1–3]. Metastatic and highly invasive phenotypes are often fatal.

Understanding these steps is essential to treating the metastatic

tumors [4].

SATB1, which functions as a genome organizer, plays a pivotal

role in promoting breast tumor progression towards metastasis [5].

SATB1 is a nuclear protein that specifically recognizes and binds

specialized genomic sequences that readily form a continuously

unpaired structure when placed under negative super-helical strain

[6–8]. SATB1 binds these sequences, termed base-unpairing

regions (BURs), in the double-stranded DNA form. BURs of

specific gene loci are tethered to a protein complex comprising

SATB1, which then serves as an architectural platform to recruit

transcriptional regulators and chromatin remodeling proteins to

alter the epigenetic states of target gene loci [9,10]. SATB1,

thereby, regulates a large number of genes by folding chromatin

into loops [11] and promotes growth and metastasis of breast

tumors by reprogramming chromatin organization and altering

the transcription of up to 1000 genes [5]. This ‘genome

organizing’ activity of SATB1 is critical for changes in cellular

functions such as T cell differentiation [12,13], T cell activation

[11], postnatal cortical development [14], X-chromosome inacti-

vation [15], epidermal differentiation [16] and progression of

breast tumors to metastasis [5].

SATB1 is expressed in a number of aggressive cancer cell lines

and poorly differentiated human breast tumor biopsies [5,17–20].

In contrast, SATB1 expression is either very low or undetectable

in non-aggressive cancer cell lines and normal mammary epithelial
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cells [5]. Forced expression of SATB1 in breast cancer cell lines,

such as SKBR3, converts them to aggressive tumor cells.

Conversely, silencing SATB1 expression by RNA interference in

highly metastatic human breast cancer cell lines, such as MDA-

MB-231 and BT549, abolishes their ability not only to metastasize,

but also to form tumors in mice [5]. Immunostaining of tissue

arrays containing ,1000 human breast cancer biopsies showed

that high nuclear SATB1 staining correlated with patients’ poor

prognosis (P,0.0001) [5]. These observations suggest that

deregulation of SATB1 in malignant cells alone, in lieu of multiple

successive genomic aberrations, is sufficient to alter the expression

of a large number of genes required for progression of cancer to

metastasis [5].

Involvement of SATB1 in breast cancer has been shown also

by independent studies [17,19–22]. Furthermore, recent reports

have expanded the association of SATB1 with multiple types of

tumors in addition to breast cancer, such as laryngeal squamous

cell carcinoma, endometriod endometrial cancer, hepatocellular

carcinoma, rectal cancer, cutaneous malignant melanoma, and

gastric cancer [21]. There have been two reports that do not

observe a correlation between expression of SATB1 mRNA and

breast malignancy [23,24]. However, to assess SATB1 presence

in breast tumor specimens, it is crucial to examine individual

tumor cells by immunohistochemistry rather than by total

mRNA isolated from whole tissues because in some tumor

specimens, SATB1 is expressed in surrounding stromal cells as

well [21]. By immunohistochemical analyses, other studies have

shown that high SATB1 expression correlates with metastasis of

cutaneous malignant melanoma and gastric cancer [25–27], a

finding consistent with SATB1’s role in breast cancer metastasis

[5].

Whereas earlier studies examined SATB1’s role in the

progression of tumor cells, here we took a more direct approach

and asked whether forced expression of SATB1 in non-malignant

breast epithelial cells could induce a malignant phenotype. The

non-tumorigenic breast epithelial cell line, MCF10A [28], is used

widely to characterize cellular processes involved in the early

stages of tumorigenesis, such as proliferation, migration and

morphogenesis [29–32]. Because cell lines often change function

in culture, we obtained aliquots of MCF10A from two different

sources, which we refer to as MCF10A-1 and MCF10A-2 (see

Materials and Methods). We show that ectopic expression of

SATB1 converted MCF10A-1, but not MCF10A-2, to full-blown

tumorigenicity including metastases to lungs. Gene expression

analysis of MCF10A-1 and MCF10A-2 revealed different expres-

sion patterns of genes involved in cell cycle regulation and

identified the level of the early DNA damage-response kinase,

ATM (ataxia telangiectasia mutated), as a potential reason behind

the differential response to SATB1 expression. Forced SATB1

expression in MCF10A-2 cells, as well as in the non-tumorigenic

breast epithelial cell lines 184A1 and 184B5 [33–35] that express

higher levels of ATM than MCF10A-1 cells, did not alter their

cellular phenotypes. Strikingly however, reduction of ATM levels

in these same cells allowed them to acquire a malignant

phenotype. These results uncover a tumor suppressive function

of ATM in breast tumorigenesis and metastasis, and suggest that

ATM down regulation is critical for the oncogenic activity of

SATB1. The results also draw fresh attention to the universal

observation of phenotypic drift in cultured cells [36] and the

necessity of examining multiple sources of a given cell line before

drawing cause and effect conclusions with cultured cells.

Results

SATB1 expression was shown previously to promote metastasis

in established but non-metastatic breast cancer cells [5]. To

address whether SATB1 is able also to induce malignancy in non-

tumorigenic cells, we examined SATB1 levels in eight non-

tumorigenic and tumorigenic breast epithelial cell lines. The non-

tumorigenic cell line analyzed, MCF10A, was established after

spontaneous immortalization of primary human mammary

epithelial cells derived from reduction mammoplasty [28,37,38].

We examined two different sources of these cells, designated

MCF10A-1 and MCF10A-2 and two other immortalized non-

malignant cell lines, 184A1 and 184B5 that were derived from

reduction mammoplasty of a normal human breast epithelial cells

(specimen#184) after treatment with benzo(a)pyrene [33–35]. In

addition, we analyzed the MCF10A cancer progression series:

premalignant neoT cells (also called MCF10AT; [39]) expressing

mutant HRAS and malignant Ca1d (undifferentiated carcinoma

with low metastatic potential) [39–41]. Quantitative RT-PCR and

immunoblot analyses showed that endogenous SATB1 levels were

very low to undetectable in all immortalized non-tumorigenic cell

lines tested in contrast to its easily detectable expression in

metastatic human breast cancer cell lines, MDA-MB-231 and

BT549 (Fig. 1A). Endogenous SATB1 expression levels (for both

mRNA and protein) in cells from the MCF10A progression series

were detectable, but significantly lower- 1/6th to 1/7th- than those

in aggressive cancer cell lines (Fig. 1A).

To determine whether ectopic SATB1 expression induces a

malignant phenotype in non-tumorigenic cells, we transduced

MCF10A-1 and MCF10A-2 cells with a retroviral vector to

overexpress SATB1 (pLXSN-SATB1) (Fig. 1B). We also overex-

pressed SATB1 in neoT and Ca1d of the MCF10A cancer

progression series (Fig. S1A) and examined the colony morphol-

ogy in three dimensional (3D) cultures grown on top of Matrigel

(Fig. 1C and Fig. S1B). Upon SATB1 overexpression, neoT and

Ca1d cells underwent major morphological changes from spher-

ical to spindle-shaped network structures (Fig. S1B). These altered

colony morphologies resembled the structures formed by aggres-

sive breast cancer cell lines, MDA-MB-231 and BT549, which

express a high level of endogenous SATB1 (Fig. 1C; Fig. S1B,

right). shRNA-mediated SATB1 knockdown in MDA-MB-231

and BT549 cells reversed the colony morphologies from stellate to

spherical structures as reported previously (Fig. 1C; Fig. S1B,

right) [5], suggesting a direct role of SATB1 in the stellate

morphology in these cells. Interestingly, SATB1 overexpression

also altered the colony morphology of MCF10A-1, from uniformly

spherical to a mixture of spherical (white arrow) and spindle-

shaped structures (blue arrow), representing 85% and 15% of the

cell population, respectively (Fig. 1C). On the other hand, SATB1

overexpression in another MCF10A-2, only led to the formation of

slightly enlarged spheres (Fig. 1C). This result suggested that these

two MCF10A cultures possess different properties responsible for

their differential responsiveness to SATB1 overexpression.

The abnormal 3D morphology of SATB1 expressing MCF10A-

1 cells led us to ask whether ectopic SATB1 expression induces

invasive properties in these cells. Invasion assays demonstrated

that SATB1 overexpression elevated the invasive potential of

multiple cell lines derived from MCF10A cells compared to the

parental cell lines. For MCF10A-1 and neoT cells, the invasiveness

increased by approximately 400-fold (Fig. 1D). Ca1d cells showed

the highest increase (more than 800-fold), while MCF10A-2 cells

showed the least increase (Fig. 1D). To examine whether the

altered 3D morphology upon SATB1 expression reflected changes

in cell polarity, we immunostained MCF10A-1 cells expressing
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Figure 1. SATB1 is endogenously expressed in aggressive breast cancer cell lines and its ectopic expression induces malignant
phenotype in non-malignant MCF10A-1, but not in MCF10A-2 cells. A) (Top) Quantitative RT-PCR analysis for SATB1 expression relative to
GAPDH in MCF10A cell lines from two different sources (MCF10A-1 and MCF10A-2), 184A1, 184B5 and MCF10A progression series (MCF10A-neoT and
CA1d), BT549 and MDA-MB-231. (Bottom) Immunoblot for SATB1 expression using the same cell lines as in quantitative RT-PCR analysis. a-tubulin
was used as an internal loading control. B) Immunoblot showing the expression level of SATB1 before and after SATB1 overexpression in MCF10A-1

ATM Knockdown Promotes SATB1-Induced Malignancy
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control vector or SATB1 (pLSXN-SATB1) for filamentous actin

(F-actin), ß-catenin and a6-integrin (Fig. 1E). These proteins are

markers for properly formed mammary acini, which are glandu-

lar-like structures with a hollow lumen surrounded by polarized

epithelial cells [42]. In 3D cultures, MCF10A cells form acinar

structures that have basal polarity with a hollow center resembling

a lumen [43–45], as evidenced by staining of control MCF10A-1

cells (Fig. 1E, top row). Immunostaining of SATB1-expressing

MCF10A-1 cells revealed that the spherical colonies had lost cell

basal polarity, as indicated by reduced ß-catenin expression and

disorganized F-actin and a6- integrin, and did not posses hollow

lumen (Fig. 1E, center row). Spindle-shaped colonies exhibited

even more aberrant localization of these markers (Fig. 1C, blue

arrow; Fig. 1E, bottom row). To examine the level of SATB1

expression in the spherical and spindle colonies, we immuno-

stained SATB1-expressing MCF10A-1 cells for SATB1 on the 6th

day of 3D culturing (Fig. 1E, far right). The results showed that

SATB1 expression was found in both the depolarized spheroids

and spindle- shaped colonies, with SATB1 detected in approxi-

mately 50% of the cells in a single colony. In comparison to the

spherical colonies, the spindle colonies appeared to have a greater

signal intensity for SATB1.

To validate the observed changes caused by SATB1 overex-

pression in MCF10A-1 cells, we isolated two single-cell-derived

clones, clone-1 and clone-2, which expressed SATB1 at high levels

from pooled population (Fig. S1C). Compared to the parental and

vector control populations, clone-1 and clone-2 cells proliferated at

significantly higher rates, whether on plastic in 2D or on top 3D

gels (Fig. 2A). Morphological analysis of both clones in 3D cultures

showed predominantly spindle colonies with a few spherical

colonies (Fig. S1C). In soft agar, both SATB1-overexpressing

clones formed colonies with larger size and approximately 10-fold

higher numbers over those formed by the vector control (Fig. 2B).

The SATB1-induced changes in colony morphology; invasive

potential and anchorage-independent growth all support its role in

driving epithelial-to-mesenchyme transition (EMT). EMT entails

loss of epithelial cell polarity, cell-to-cell contact and cytoskeletal

organization, and presages the development of aggressive pheno-

types during cancer progression [46]. EMT is characterized by

upregulation of mesenchymal markers, fibronectin and vimentin,

and loss of an epithelial marker, E-cadherin. To test if SATB1

overexpression indeed alters the expression of these EMT markers

in MCF10A1 cells, we examined the levels of these proteins in

MCF10A-1 derivatives including parental cells, control vector,

clone-1 and clone-2 by immunoblot analysis. As positive control

cell lines, we used MDA-MB231 cells to express each of two

SATB1 shRNAs (shRNA1, shRNA2) [5] (Fig. 2C). SATB1 is

known to directly regulate ERBB2, an important regulator of

breast cancer progression [47], in MDA-MB-231 cells [5].

Therefore in this assay, we used ERBB2 as a positive control:

SATB1 expression in MCF10A-1 cells increased ERBB2 expres-

sion, whereas depletion in MDA-MB-231 cells greatly decreased

ERBB2 expression. SATB1 overexpression in MCF10A-1 cells

also led to an increase in fibronectin and vimentin. Conversely,

SATB1 depletion in aggressive MDA-MB-231 cells led to a loss or

reduction of these proteins (Fig. 2C). In particular, fibronectin, at

the protein level, appeared to be entirely dependent on SATB1

expression; while at the transcript level, it was shown to be reduced

only 2-fold in MDA-MB-231 upon SATB1 knockdown [5]

(Fig. 2C). In contrast to fibronectin, ß-catenin levels were greatly

reduced and E-cadherin levels were slightly decreased upon

SATB1 overexpression in MCF10A-1 cells (Fig. 2C). In conjunc-

tion with the immunoblot analysis, immunostaining experiments

in clone-1 confirmed the SATB1-dependent regulation of fibro-

nectin and ß-catenin. (Fig. S1D). These results suggest that

SATB1 expression induces EMT and causes a gain of cancer

phenotypes in non-malignant cells.

To verify the observations made in cell cultures, we tested if

SATB1-expressing MCF10A-1 and MCF10A-2 cells could form

tumors in nude mice. We injected SATB1-overexpressing

MCF10A-1 cells (pooled pLXSN-SATB1 and single cell-derived

clone-1) or vector control cells into the fat pad of the fourth

mammary gland and monitored tumor formation. Both types of

SATB1-overexpressing MCF10A-1 cells formed large tumors in

all the injected mice, whereas control cells did not (Figs. 3A, 3B,

and Fig. S2A). Furthermore, to test whether SATB1-overexpress-

ing MCF10A-1 cells exhibit elevated migration and invasion

properties in vivo, we injected clone-1 or control cells into the tail

veins of nude mice and scored metastatic nodules in the lungs

(Fig. 3B, lower panel). A large number of metastatic nodules

(average = 135689.9/lung) were formed from clone-1 cells (4/

5 mice injected) while none were formed from control (Fig. 3B,

lower panel). These data demonstrated that SATB1 overexpres-

sion in MCF10A-1 induces cells to adopt a metastatic cancer

phenotype in vivo. In contrast to MCF10A-1, in vivo analysis

showed that MCF10A-2 cells, which did not exhibit a pronounced

change in their 3D morphology (Fig. 1C) and invasiveness (Fig. 1D)

upon SATB1 overexpression, failed to form tumors in nude mice

(Fig. 3C) and did not produce an appreciable number of metastatic

nodules (Fig. 3C, lower panel).

We examined whether the maintenance of the aggressive

phenotype in MCF10A-derived tumor cells requires sustained

SATB1 expression. As illustrated in Fig. 3D, we isolated clone-1-

TUM cells from tumors derived from xenografts of SATB1-

expressing MCF10A-1 clone-1 (Fig. 3A). We knocked down

SATB1 expression from clone-1-TUM cells by shRNA [clone-1-

TUM (SATB1-shRNA)] and reduced the overall SATB1 tran-

script level by ,70% compared to control cells (Fig. 3E). The

residual SATB1 expression after knockdown could possibly be due

to the varied knockdown efficacies of SATB1-shRNA for different

cells within the clone-1-TUM population. We then injected clone-

1-TUM or clone-1-TUM (SATB1-shRNA) cells into the tail veins

of mice (Fig. 3F, upper panel). Of 7 mice injected with clone-1-

TUM cells, 3 mice had .100 nodules and the remaining 4 mice

had 8–31 nodules each, with an average of 105 nodules per lung.

In contrast, clone-1-TUM (SATB1-shRNA) cells, which still retain

and MCF10A-2 cells. ß-actin was used as an internal loading control. C) Colony morphologies of MCF10A-1 and MCF10A-2 control and SATB1
overexpressing cells (pLXSN-SATB1: pooled populations), and MDA-MB-231 control and SATB1 depleted (SATB1 shRNA) cells at six days of 3D matrix
on-top culturing. Images were captured with Phase 1 at 20X magnification. Scale bars, 100 mm. Note that SATB1 overexpression caused MCF10A-1 to
form a mixture of large spheroid and spindle structures, indicated by white and blue arrows, respectively, while it caused MCF10A-2 cells to form
larger spheroid structures. The aggressive breast cancer cell line, MDA-MB-231, formed network-like spindle structures, which was inhibited by
knockdown of SATB1. D) Invasion assay of MCF10A-1, MCF10A-2, MCF10A-neoT and CA1d cell lines before and after SATB1 overexpression. Parental
cells lines are shown in blue; SATB1 overexpressing cells are shown in pink. Error bars indicate s.e.m., n = 3 experiments. E) Vector control (top row)
and SATB1-expressing MCF10A-1 (pLXN-SATB1) (bottom two rows) grown on Matrigel were stained for F-actin (red), ß-catenin (green), integrin a6
(green), SATB1 (green) and DAPI (blue). Note that control cells showed the typical acinar structure whereas SATB1-expressing cells showed large
spheroid (i) and spindle (ii) structures. No acinar structures were detected in SATB1-expressing MCF10A-1. Scale bars, 15 mm.
doi:10.1371/journal.pone.0051786.g001
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30% SATB1 expression, produced far fewer metastases. Of

6 mice, all had 25 or fewer nodules, with an average of 9 nodules

per lung (Fig. 3F, upper panel). These data indicate that the

aggressive phenotype of clone-1-TUM is reversible by reducing

SATB1 levels.

We observed varying degrees of lung metastases by clone-1-

TUM cells, which may be attributable to different SATB1

Figure 2. SATB1 overexpression induces EMT in MCF10A-1 cells. A) Cell proliferation assay to compare the growth over time (days, d) of the
parental MCF10A-1 and vector control cells with single-cell-derived SATB1-overexpressing MCF10A-1 clones clone-1 and clone-2 on plastic dishes
(2D) or on Matrigel (3D). Error bars indicate 6s.e.m. from three independent experiments. B) Representative photographs of soft agar colonies
formed by control and SATB1 overexpressing (clone-1 and clone-2) MCF10A-1 cells after 25 days of culture. The mean colony counts from three
replicates are shown. C) Immunoblot analyses for the expression of mesenchymal markers (fibronectin and vimentin), epithelial markers (E-cadherin
and ß-catenin) as well as SATB1 target ERBB2 in MDA-MB-231 (parental, control and SATB1-depleted by shRNA1 or shRNA2) and MCF10A-1 (parental,
control, clone-1 and clone-2). Cell lysates were prepared from cells cultured on plastic dishes (2D). GAPDH was used as a loading control.
doi:10.1371/journal.pone.0051786.g002

ATM Knockdown Promotes SATB1-Induced Malignancy
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Figure 3. Ectopic expression of SATB1 in MCF10A-1 cells induces tumor growth and lung colonization. A) (Left) Representative
photographs of tumors formed by vector control and SATB1 overexpressing (pooled population and clone-1) MCF10A-1 cells injected into the
mammary fat pad of nude mice. (Right) Corresponding tumor sections stained with haematoxylin and eosin. T, tumor; N, normal breast tissue. Scale
bar, 80 mm. B) (Top) Mean tumor volumes as formed in (A). Note that the tumors derived from clone-1 grew at the fastest rate. Each data point is

ATM Knockdown Promotes SATB1-Induced Malignancy
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expression levels. To address this possibility, we isolated the

metastatic lung tissues and performed quantitative RT-PCR. The

levels of human SATB1 transcripts, normalized to human actin

levels, showed a positive, although not directly linear, correlation

between the levels of SATB1 mRNA and the number of metastatic

nodules per lung (Fig. 3F, lower panel). These results support the

contention that high SATB1 levels drive MCF10A-1 cells to form

lung metastases. In contrast to lung metastasis, when we examined

tumor formation by injecting clone-1-TUM or clone-1-TUM

(SATB1-shRNA) into the mammary fat pads of nude mice, we

found virtually no difference in the ability to form tumors by these

two cell lines (Fig. 3G), except for a slight delay in onset of tumor

growth by the latter during the first 2 weeks (Fig. S2B). These in

vivo data indicate that the SATB1 expression level is critical for

tumor progression; whereas low levels of SATB1 expression are

sufficient for tumor formation, higher levels of SATB1 are

necessary for lung metastasis of MCF10A-1 cells.

The contrasting behaviors of MCF10A-1 and MCF10A-2 upon

SATB1 expression highlighted the possibility that fundamental

differences in the genomes of the two cell lines may be responsible

for the disparate responsiveness to SATB1 activity. To determine

whether MCF10A-1 and MCF10A-2 exhibit a gross genotypic

difference, we performed genome-wide copy number analysis to

compare genomes (Fig. 4A). The genotypes of the MCF10A-1 and

MCF10A-2 were 98.83% identical, providing strong evidence that

they were derived from the same predecessor. Furthermore,

analyses of their copy number profiles revealed that they were very

similar as determined by a Pearson correlation of 0.96 (p,2.2e-

16), providing additional evidence that these two lines are

genomically identical. It has been reported that the copy number

profiles of non-malignant MCF10A and premalignant neoT only

differ in chromosome 9.13 and 9.20 [48]. We found no differences

in the copy number profiles from these regions for MCF10A-1 and

MCF10A-2 cells (Fig. S3A). In addition, p53 was similarly

activated in MCF10A-1 and MCF10A-2 cells [49,50], as

determined by phosphorylation of serine 15 and by induction of

downstream genes, p21 and MDM2, upon exposure to ionizing

radiation (12 Gy X-ray) (Fig. S3B), suggesting that p53 is intact in

both cell lines.

To identify the molecular bases for the contrasting phenotypes

of MCF10A-1 and MCF10A-2 cells upon SATB1 overexpression,

we analyzed gene expression patterns. Quantitative RT-PCR

using the Cancer Pathway Superarray (89 genes) revealed

differential expression (.1.5 fold up- or down-modulation with

p,0.05) of genes involved in cell cycle control/DNA repair,

adhesion, angiogenesis and invasion/metastasis. Notably, ATM

mRNA levels were 10-fold lower in MCF10A-1 compared to

MCF10A-2 cells (Fig. 4B). Additional analyses using the Cell Cycle

Pathway and p53 Pathway arrays (89 genes each) confirmed that

the expression of cell cycle and checkpoint genes significantly

differed between the two cell lines (Fig. 4C; Fig. S3C). Among the

cell cycle/checkpoint-related genes, ATM and ATR (ATM and

Rad3-related) were those that were the most significantly

downregulated in MCF10A-1 cells compared to MCF10A-2 cells.

ATM and ATR are members of the PI3-kinase family that sense

and transduce responses to DNA double strand breaks and

regulate cell cycle checkpoints, DNA repair, apoptosis and

senescence [51–53]. Both ATM and ATR share many biochem-

ical and structural similarities, but differ in certain cellular

activities. For example, ATM is critical for the mitotic checkpoint

[54,55] and its mutation is associated with human cancer [56],

whereas ATR is not. We then decided to focus on ATM and

explore whether the difference in the ATM level between the

MCF10A-1 and MCF10A-2 accounts for their contrasting

responsiveness to SATB1 overexpression.

We tested whether MCF10A-1 cells, which have reduced ATM

expression, were impaired for G2/M cell cycle checkpoints. To

this end, we arrested cells at the G1/S boundary of the cell cycle

using hydroxyurea (HU), released cells from HU, and immediately

added paclitaxel, a drug which inhibits mitosis by stabilizing

microtubule polymerization and causes G2/M cell cycle blockage

[57] (Fig. S4). After 18 h of incubation with paclitaxel, MCF10A-1

and MCF10A-2 cells were mostly arrested in G2/M phase.

However, after 22 h of paclitaxel incubation, there was a slight

increase [,8% (p = 0.0078)] in MCF10A-1 cells that had bypassed

the G2/M checkpoint and entered G1 phase compared to

MCF10A-2 cells (Fig. S4). The escape from the G2/M arrest

was followed by apoptosis, which occurred at a later time point

(28 h) for both MCF10A-1 and MCF10A-2. These results suggest

the G2/M checkpoint for MCF10A-1 cells is slightly impaired

compared to MCF10A-2.

Next, we asked whether ATM mRNA levels are consistently

reduced in SATB1-responsive cells, such as MCF10A-1 and

MCF10-neoT, which both could be induced to become malignant

by SATB1 overexpression, compared to SATB1-resistant cells,

such as MCF10A-2. Indeed, ATM mRNA was lower in MCF10A-

1 and in several other SATB1-responsive breast cancer cell lines as

compared to MCF10A-2 cells (Fig. S5A), suggesting that the level

of ATM negatively correlates with the responsiveness to SATB1

overexpression. We found that the ATM protein and transcript

levels were comparable for MCF10A-1 cells and MCF10A-2 cells

at early passage, but declined after continuous passage in culture

for 90 days. This observation indicates that during passage ATM

expression shifts from high to low in MCF10A cells, leading to a

phenotypic drift from SATB1-resistant to SATB1-responsive types

(Fig. S5A and S5B). The result also suggests that MCF10A-1 cells

could be derived from MCF10A-2 cells and that they are not

independent sublines. Prolonged continuous culture also induced

shown as the mean value (6s.e.m.) of 8–10 primary tumors. (Bottom) The number of metastatic nodules per lung formed by MCF10A-1 vector control
(n = 7) and clone-1 (n = 5) 9 weeks after injection into the tail vein. The mean values for each group are underlined and shown below plot. C) (Top)
The growth of tumor by vector control and SATB1 overexpressing (pLXSN-SATB1) MCF10A-2 cells after injection into mammary fat pads of nude
mice. Note that MCF10A-2 cells did not form tumors upon SATB1 expression. (Bottom) The number of metastatic nodules per lung formed by
MCF10A-2 vector control (n = 7) and SATB1 pool (n = 9) 9 weeks after injection into the tail vein. The mean values for each group are underlined and
shown below plot. D) Schematic diagram for tumor formation and metastasis experiments. Primary tumor cell lines clone-1-TUM derived from
xenografts of SATB1 overexpressing MCF10A-1 clone-1 were transfected with SATB1-shRNA and used for in vivo tumor formation and experimental
metastasis experiments. E) Quantitative RT-PCR analysis for SATB1 transcript levels in parental MCF10A-1, clone-1, clone-1-TUM, clone-1-TUM (vector
control), and clone-1-TUM (SATB1-shRNA) cells relative to GAPDH. F) (Top) The number of metastatic nodules per lung by the pooled population of
clone-1-TUM (n = 7) and clone-1-TUM (SATB1-shRNA) (n = 6) 9 weeks after the injection into the tail vein of nude mice. The mean nodule per lung is
underlined and shown above plot. (Bottom) The level of human SATB1 expression in mouse lungs relative to actin. RNAs were prepared from the
metastatic lung of each injected nude mouse as described in (Top). Quantitative RT-PCR analysis was performed to evaluate the human specific
SATB1 expression originating from the injected cells. The relative levels of SATB1 expression against sample #1 of clone-1-TUM (indicated as one) are
shown. G) The growth of tumor formed by parental or SATB1-shRNA clone-1-TUM cells injected into mammary fat pads of nude mice. Mean volumes
(n = 6 per group) of tumors formed in fat pads of mice are shown.
doi:10.1371/journal.pone.0051786.g003
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SATB1 expression at a low, but detectable, level (Fig. S5C). These

results suggest that MCF10A-1 is not a rare variant of MCF10A

cells and that MCF10A cells are prone to downregulate ATM

upon prolonged culture and acquire phenotypes exhibited by

MCF10A-1 cells. Given that early passage MCF10A-1 express

ATM at levels comparable to MCF10A-2 (Fig. S5A), we tested

whether early passage MCF10A-1 behave similarly to MCF10A-2

upon SATB1 expression. We overexpressed SATB1 in early

passage MCF10A-1 and analyzed 3D morphology (Fig. S5D).

After 6 days culture on top 3D gels, SATB1 overexpression in

early passage MCF10A-1 and in MCF10A-2 both formed

spherical structures and no detectable spindle colonies (Fig. S5D).

Figure 4. Differential response to SATB1 overexpression by MCF10A-1 and MCF10A-2 cells is attributed to their disparate gene
expression patterns involved in cell cycle regulation. A) (Left) Gene copy number profiles for MCF10A-1 and MCF10A-2. Each dot represents
the copy number for a given SNP that is ordered by genomic position, from chromosome 1 to chromosomes X and Y. Vertical lines represent
chromosome boundaries for the autosomes. Data for MCF10A-1 and MCF10A-2 are plotted in green and blue, respectively. The copy number profiles
for both cell lines were largely overlapping, indicating that the cell lines are genomically the same. (Right) Copy number correlation between
MCF10A-1 and MCF10A-2. Each dot represents copy number for a single SNP, where copy number for the MCF10A-1 cell line is plotted along the x-
axis and that for the MCF10A-2 cell line is plotted along the y-axis. The Pearson correlation is 0.96 (p,2.2e-16), which supports the idea that the two
cell lines are identical. B) Expression analysis of genes associated with cancer progression in MCF10A-1 and MCF10A-2. Genes are categorized based
on their specific biochemical functions. Fold gene expression in MCF10A-1 (blue bar) relative to MCF10A-2 (red dotted line at 1 fold) is shown. Each
gene expression level was normalized to the level of GAPDH. C) Expression analysis of genes associated with cell cycle regulation in MCF10A-1 and
MCF10A-2. Genes are categorized based on their roles in specific cell cycle phases. The result is shown as in (B).
doi:10.1371/journal.pone.0051786.g004
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In vitro invasion assays also demonstrated that early passage

MCF10A-1 exhibited similar levels of invasive potential to

MCF10A-2 upon SATB1 overexpression (Fig. S5E).

We then tested whether ATM depletion is sufficient to convert

MCF10A-2 cells from SATB1-resistant to SATB1-responsive

types. We generated MCF10A-2 clones that stably express a

shRNA against ATM (shATM) [58] together with a SATB1-

overexpressing construct (Fig. 5A). Expression of the control vector

or shATM alone did not alter MCF10A-2 phenotypes. However,

co-expression of shATM and SATB1 induced a malignant cell

morphology (Fig. 5B) and invasive activity (Fig. 5C). Thus, ATM

depletion rendered MCF10A-2 cells responsive to SATB1-

mediated malignant induction, suggesting a role of ATM in

suppressing tumorigenic progression driven by SATB1.

To determine whether the oncogenic activity of SATB1 could

be induced in other non-malignant cells lines besides MCF10A, we

analyzed two additional immortalized, non-malignant human

mammary epithelial cell lines, 184A1 and 184B5 [33–35]. 184A1

cells are stable and 184B5 cells are semi-stable during passage in

culture, in contrast to MCF10A cells that are unstable and

susceptible to phenotypic drifts depending on culture conditions

[59,60]. ATM levels in the two 184 cell lines were comparable to

MCF10A-2 (Fig. S5A), and neither cell line adopted malignant

phenotypes upon ectopic SATB1 expression. However, after stable

ATM knockdown (Fig. 5A), both 184A1 and 184B5 cells became

SATB1-responsive and exhibited malignant phenotypes upon

SATB1-overexpression. In 3D culture, ATM knockdown and

SATB1 overexpression led 184A1 cells to exhibit a spindle-like

morphology and led 184B5 cells to form large irregular aggregates

(Fig. 5B). Furthermore, ATM knockdown and SATB1 overex-

pression promoted the invasive activities of 184A1 and 184B5 cells

as well as MCF10A cells (Fig. 5C). These observations further

suggest that ATM serves to protect cells from transformation upon

SATB1 overexpression.

Discussion

The cell culture system has been a valuable resource that has

granted researchers incredible discoveries in biology. Despite the

advantages of using a cell culture-based system to elucidate

biological functions, it has been long known that cells in culture

undergo phenotypic drift, often giving rise to diverse experimental

outcomes [36]. The molecular changes that underlie phenotypic

drift, however, have been largely neglected and are not well

understood. By using cell culture to study oncogenesis, one has to

take into account of phenotypic drift, while carefully recreating the

extracellular and intracellular environment in order to recapitulate

malignant phenotypes in vivo. Through the use of SATB1 ectopic

expression, we discovered that there are at least two populations of

non-tumorigenic MCF10A cells with distinct behaviors: the

SATB1-responsive cell line MCF10A-1, which could be induced

by SATB1 overexpression to adopt a malignant phenotype, and

the SATB1-resistant cell line MCF10A-2, which was relatively

nonresponsive to SATB1’s oncogenic activity and remained non-

malignant after overexpression of the protein. We show here that

ectopic expression of SATB1 alone is sufficient to convert

MCF10A-1 cells to aggressive metastatic cancer cells both in

culture and in vivo.

In studying the contrasting effects of SATB1 ectopic expression

between MCF10A-1 and MCF10A-2, we discovered an intriguing

relationship between SATB1 and ATM. We found that the

oncogenic activity of SATB1 is dependent on the level of ATM

expression in these immortalized cell lines. We compared

MCF10A-1 and MCF10A-2 by genome-wide copy number

analysis for the global genomic structure and found that both

cell lines showed no significant differences. We did, however, find

significant differences in the expression of genes involved in

carcinogenesis, including cell cycle-related, signal transduction,

and invasion/metastasis genes. These genes have crucial roles in

the DNA damage-response and, therefore, in the propensity for

acquiring malignant phenotypes [61]. There was a sharp

reduction in the expression of cell cycle regulatory genes, including

ATM and ATR, in MCF10A-1 compared to MCF10A-2.

Although these kinases are known to phosphorylate and regulate

p53 function, we found that p53 activity was not altered in

MCF10A-1. Strikingly, depletion of ATM alone was sufficient to

convert MCF10A-2 cells from SATB1-resistant to SATB1-

responsive cells, as indicated by the acquisition of malignant

phenotypes upon overexpression of the protein. This phenomenon

was observed also for two additional non-malignant immortalized

breast epithelial cell lines, 184A1 and 184B5. Such selectivity for

SATB1 activity suggests that reduced ATM level serves as a

molecular determinant for SATB1 tumor-inducing activity in non-

malignant cells. Interestingly, we also found that prolonged culture

resulted in the phenotypic drift of MCF10A cells, leading to the

reduction of ATM levels, and thereby, converting the cells from

SATB1-resistant to SATB1-responsive types. Our results are

consistent with a recent report showing that ATM depletion

promotes cell proliferation, transformed phenotypes (e.g., mor-

phology, invasiveness in culture) and genomic instability in

MCF10A and MCF12 cells after prolonged culture [58].

Nevertheless, even after .20 passages, these ATM-depleted cells

were only able to form dysplastic lesions and unable to form

malignant tumors in immunodeficient mice [58], suggesting that

an additional event must occur before adopting a malignant

phenotype.

Reduced ATM expression was found not only in cancer cell

lines but also in non-malignant MCF10A cells during passage in

culture. This decline in ATM expression during repeated

subculture may mimic an early stage in the progression of normal

mammary epithelial cells towards malignancy in vivo. Decreased

ATM expression is frequently found in breast tumors, but not in

premalignant lesions, and is associated with poor patients’

prognosis [62]. A premalignant gene expression signature that

exhibits reduced ATM expression might be a prerequisite for

SATB1 to induce cancer phenotypes. Conversely, high ATM

expression could circumvent the tumorigenic effect of SATB1

expression. In support of this possibility, we found that SATB1

overexpression in normal or immortalized (e.g. MCF10A-2)

human mammary epithelial cells prevented them from long term

passage in culture, possibly due to abnormal cytokinesis and

impaired cell cycle progression of these cells (unpublished results).

We observed that MCF10A-1, but not MCF10A-2, had an

impaired G2/M checkpoint. Since ATM plays a role in the mitotic

checkpoint of the cell cycle [55], it is possible that low levels of

ATM enable the survival of SATB1-overexpressing cells, allowing

them to form aggressive tumors. The important functional link

between ATM and SATB1 must be investigated in depth in the

future. Furthermore, a number of genes involved in G2/M

checkpoint and DNA double-strand break repair, including

BRCA2, are significantly reduced in MCF10A-1, suggesting their

relevance to the observed defect in G2/M arrest [63,64].

Conversely, there are several genes, including SNCG, whose

expression levels are significantly upregulated in MCF10A-1

(Fig. 4B). SNCG is involved breast cancer progression [65,66]

and implicated in the mitotic checkpoint through interaction with

BubR1 [67]. Whether these genes also contribute to the
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Figure 5. The combination of ectopic SATB1 expression and ATM depletion induces aggressive phenotype in non-malignant
mammary epithelial cells. A) Immunoblot showing ATM and SATB1 levels before and after SATB1 overexpression (SATB1) and ATM depletion
(shATM) in non-malignant MCF10A-1, MCF10A-2, 184A1 and 184B5 cells. a-tubulin was used as an internal loading control. B) Colony morphologies
of vector control, ATM depleted (shATM), SATB1 overexpressing (SATB1) and ATM depleted/SATB1 overexpressing (shATM+SATB1) cells generated as
in (C). Cells were grown in 3D Matrix on-top cultures. The images were captured with phase 1 at 20X magnification on five days after plating. Scale
bars, 100 mm. D) Invasion assay of ATM depleted (shATM), SATB1 overexpressing (SATB1) and ATM depleted/SATB1 overexpressing (shATM+SATB1)
cells generated as in (a). Error bars indicate 6s.e.m., n = 3 experiments.
doi:10.1371/journal.pone.0051786.g005
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premalignant gene expression signature required for SATB1

oncogenic activity will warrant further investigation.

Our data show that once non-malignant cells gain a gene

expression signature permissive for SATB1-mediated oncogenesis,

SATB1 can induce malignant phenotypes. Further, once SATB1

expression reaches a threshold level, there is a positive correlation

between the SATB1 level and metastatic potential of cancer cells.

In addition, altering the SATB1 level alone is sufficient to switch

cells between highly metastatic and non-metastatic states. Inter-

estingly, even a modest reduction in the SATB1 level (70%)

abrogated lung metastasis, with no major reduction in tumor

formation. This observation suggests that lung metastasis requires

a significantly higher level of SATB1 than the formation of

primary tumor. In sum, our results demonstrate a strong

oncogenic role for SATB1 in immortalized cells under a

permissive gene expression profile and uncover a tumor suppres-

sive role for ATM in preventing SATB1-mediated oncogenesis.

These data further suggest that SATB1 might serve as a novel and

effective therapeutic target for treating invasive and metastatic

breast cancers.

Methods

Ethics Statement
All animal work was done following Institutional Animal Care

and Use Committee guidelines. The protocol was approved by the

Animal Welfare and Research Committee (Permit number: 86R-

12508-1109) of the Lawrence Berkeley National Laboratory, an

accredited Association for Assessment and Accreditation of

Laboratory Animal Care institution.

Cell culture
MCF10A (MCF10A-2) cells were obtained from the American

Type Culture Collection (ATCC) and maintained for ,15

passages as described [32,68]. The MCF10A (MCF10A-1) cells,

obtained originally from ATCC, were maintained for .50

passages in culture medium containing fetal bovine serum, instead

of horse serum. MCF10A-NeoT and MCF10A-CA1d (CA1d) cells

were obtained from the Barbara Ann Karmanos Center and

maintained in culture as described [43]. 184A1 and 184B5 cells

were generously provided by Dr. Martha Stampfer from the

Human Mammary Epithelial Cell Bank at Lawrence Berkeley

National Laboratory and were maintained as described [33–35].

The retroviral packaging cell line Phoenix (Orbigen) was

maintained according to the manufacturer’s instructions and used

to produce retroviruses that contain a vesicular stomatitis virus G

(VSVG) protein. The lentivirus-packaging cell line, 293FT

(Invitrogen), was maintained in G418 (500 mg/ml). BT549,

BT549 (SATB1 shRNA), MDA-MD-231 and cloned SATB1

shRNA transfected cells (shRNA 1 and 2) were prepared and

maintained as described [5]. Protein and RNA samples were

prepared from subconfluent cells in the exponential phase of

growth.

Analysis of mRNA and protein expression
Total RNA was purified using TRI reagent (Sigma) and the

RNeasy kit (Qiagen). Two mg of each RNA sample was reverse

transcribed using the Superscript II RNase H First-Strand

Synthesis system (Invitrogen). cDNAs were analyzed in triplicate

using an ABI 7500 Fast Real-Time PCR System (Applied

Biosystem). The following primers were used for RT-PCR analysis

of 1) SATB1 expression: 59-TGCAAA GGTTGCAGCAAC-

CAAAAGC (forward) and 59-AACATGGA-

TAATGTGGGGCGGCCT (reverse) 3) MDM2 expression: 59-

ACCTCACAGATTCCAGCTTCG (forward) and 59-TTTC

ATAGTATAAGTGTCTTTT (reverse), and 4) p21 expression:

59-GGGGAAGGGACACACAAGAAGA (forward) and 59-AAT-

GAACTGGGGAGGGATGG (reverse). For multi-gene expres-

sion analysis, we used Superarrays (Qiagen; cancer progression,

cell cycle and p53 pathways). We prepared RNA and cDNA

according to manufacturer’s instructions, and data analysis was

done using the software provided by the manufacturer. Protein

levels were assessed by immunoblotting using cell lysates (40–

60 mg) in buffer (20 mM HEPES (pH 7.9), 25% glycerol, 0.5N

NaCl, 1 mM EDTA, 1% NP-40, 0.5 mM dithiothreitol, 0.1%

deoxycholate) containing protease inhibitors (Roche). We used

antibodies against GAPDH (Milipore), SATB1 (Epitomics),

SATB1, E-cadherin, fibronectin, ß-catenin (clone 14), integrin

a6 (CD49f) (BD Biosciences), ERBB2, vimentin (Lab Vision

Corp), b-actin, a-Tubulin (Sigma), and ATM (Genetex).

Overexpression of SATB1
The human SATB1 cDNA was subcloned into either the

pLXSN retroviral vector (Clontech) or pCDF1 lentiviral vector

(Systems Biosciences). pCDF1-SATB1 was used for the MCF10A-

NeoT and progression cell line CA1d, whereas pLXSN-SATB1

was used for MCF10A-1, MCF10A-2, 184A1, and 184B5 cells.

Both viral transduction methods were confirmed to give similar

results. The pLXSN-SATB1 construct was transfected into

Phoenix packaging cells using FuGene HD (Roche). Virus-

containing supernatants were collected after 24–60 h, and titered.

Viral media was added twice with a 24 h interval to 50% confluent

cells in the presence of 8 mg/ml polybrene (Sigma). Forty-eight

hours later, cells were given 800 mg/ml of G418 to select for stably

infected clones. Lentivirus production and transduction were

conducted according to the System Biosciences guidelines. Briefly,

lentivirus vector and packaging plasmid mix were transfected into

293FT cells using lipofectamine 2000 (Invitrogen). After 48 h,

medium was harvested, filtered and used to infect target cells with

the addition of polybrene (10 mg/ml). After 24 h, the medium was

replaced with fresh medium. At 72 h post-infection, puromycin

(0.5 mg/ml) was added for selection and maintained throughout

the culturing period.

SATB1- and/or ATM-knockdown cells
To prepare SATB1 knockdown cells, cells were transfected with

the pSUPER-puro (Oligoengine) construct harboring oligodu-

plexes prepared from shRNA2176 59-GGATTTGGAAGA-

GAGTGTC and selected with 1.5 mg/ml puromycin [5]. The

sequences used for ATM silencing were 59-AACATACTACT-

CAAAGACATT (at 812), 59-GCACCAGTCCAG-

TATTGGCTT (at 2404) [69] (or 59-GCAGAGTCAATCA-

TAGA (at 3653) [58]. The sequences were also cloned into

pSUPER-retro-puro (Oligoengine). All sequences were confirmed

on both strands. The constructs were transfected into MCF10A-1,

MCF10A-2, 184A1 and 184B5 cells, which were selected in

puromycin. The levels of ATM were confirmed by qRT-PCR and

immunoblot analysis. As the negative control, we used a sequence

that targets the EGFP cDNA (59-GAAGCAGCAC-

GACTTCTTC), which was cloned into either pSUPER-puro or

pSUPER-retro-puro.

Three-Dimensional (3D) Morphological analysis
Three-dimensional morphological analysis was done by seeding

approximately 5000 cells per well in 24-well plates. Each well was

coated with 150 ml of growth factor reduced Matrigel (BD

Biosciences) and maintained as described [70]. Phase contrast
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images were taken after 3 and 6 days using the EVOS imaging

system (AMG).

Chemoinvasion assay
Assays were performed in 24-well chemotaxis plates with an

8mm polycarbonate filter coated with growth-factor-reduced

Matrigel (BD Biosciences) diluted to 15%. The cells were

resuspended in serum-free medium (56104 cells per well) and

added to the upper chamber. Conditioned media from NIH3T3

fibroblast cultures were placed in the lower chambers as a chemo-

attractant. The chambers were incubated for 20 h at 37uC with

5% CO2; experiments were performed in triplicate. Cells that

migrated to the undersides of the filter were fixed in cold methanol

and stained with crystal violet. The migrated cells were counted by

light microscopy. S.e.m. values were determined for each sample.

Cell proliferation assay
Cell proliferation was measured by seeding approximately

36104 cells on plastic culture dishes, or 16104 cells on Matrigel-

coated 60 mm dishes. At the indicated time points, cells on

Matrigel were incubated with dispase (BD Biosciences) for 2 h at

37uC and then trypsin for 10 min. Cells were counted using a

Coulter counter. Trypan blue exclusion analysis indicated that 99–

100% of the cells were viable.

Soft agar colony formation assay
Cells (16104) were suspended in DMEM containing 5% FBS

with 0.3% agarose and layered on atop 0.5% agarose in DMEM

in 60-mm plates. Cultures were maintained for 25 days. Colonies

were fixed and stained with crystal violet. Colonies greater than

20 mm in diameter were scored as positive. Each experiment was

done in triplicate.

Immunofluorescence analysis
3D cultures were prepared by seeding approximately 3000 cells

per well on Matrigel-coated 8 well chamber slides. The cells were

fixed in 4% paraformaldehyde, permeabilized in 0.5% Triton-

X100 and blocked in 10% normal goat serum. Focal adhesion

complexes were detected with anti-ß catenin (clone 14), anti-

fibronectin, anti-E-cadherin, and anti-integrin a6 (CD49f) (BD

Biosciences). F-actin was detected by fluorescent phalloidin

(Invitrogen). Fixed and permeabilized cells were incubated with

primary antibodies overnight at 4uC, followed by Alexa Fluor 488

and/or Alexa Fluor 594 secondary antibodies (Invitrogen). Images

were collected using a Delta Vision microscope and processed with

SoftWoRx software (Applied Precision).

Primary tumor cell culture
Tumors formed by injection of SATB1 overexpressing

MCF10A-1 (single clone clone-1) cells into nude mice were

isolated and subjected to enzymatic dissociation by 0.2%

collagenase type-2 in DMEM for 2 h at 37uC. The resulting

tumor cell line (clone-1-TUM) was maintained in DMEM/

F12(1:1) medium containing G418 (800 mg/ml).

Analysis of tumour growth and experimental metastasis
Four to seven female NCR athymic mice (6–7 weeks old,

Taconic) were injected with parental cells, vector control cells, a

pool of SATB1-overexpressing cells (pLXSN-SATB1), a single

SATB1-overexpressing clone (clone-1), clone1-1-TUM (vector

control), and clone-1-TUM (shRNA-SATB1). Cells (56105 with

Matrigel at 7 mg/ml in PBS in a volume of 150 ml) were injected

into the fourth mammary fat pad. Tumour growth was monitored

using vernier calipers for 6–7 weeks after injection. For metastasis

analysis, 16106 cells in 150 ml PBS were injected intravenously via

the lateral tail vein. At 9–10 weeks after injection, the mice were

sacrificed and the lungs removed and fixed in 10% formalin. The

number of surface metastases per lung was determined under a

dissecting microscope.

SNP Array and DNA Copy Number Analysis
DNA extracted from MCF10A-1 and MCF10A-2 cells was

labeled and hybridized to the Affymetrix Genome-Wide Human

SNP Array 6.0 for DNA copy number analysis, which can

genotype over 900K SNP markers across the genome. The

Affymetrix Genotyping Console Software was used to make

genotype calls and determine copy number. The default settings

were used for all analyses. All genotype calls that were in

disagreement between the two samples were identified. SNPs for

which either one of both samples failed to yield a genotype call

were excluded. Percent similarity was calculated as follows: D/N *

100, where D = the number of SNPs with differing genotypes in

the two samples, and N = total number of SNPs measured. Copy

number similarity was assessed by plotting the smoothed copy

number value for each sample. The Pearson correlation was

determined between the two sets of copy number values to assess

similarity between the samples.

Cell cycle analysis
For G2/M checkpoint analysis, 46105 cells/well were plated

onto 6-well culture dishes. Cells were given medium supplemented

with 2.5 mM hydroxyurea (HU; Sigma) for 24 h. Cells were

washed 3 times with culture medium, and then continuously

incubated in culture media containing 500 nM paclitaxel (Sigma).

Cells were collected 0, 18, 22 and 28 h later and fixed with 5 ml

ice cold 70% ethanol for 1 h at 4 C. Cells were stained with

50 mg/ml propidium iodine/50 mg/ml RNase/PBS for 30 min in

the dark. Cell cycle analysis was performed using the Guava

system (Millipore) and analyzed using FlowJo software.

Supporting Information

Figure S1 A) Immunoblot showing the expression levels of

SATB1 protein before and after viral transduction of SATB1 in

MCF10A-neoT and CA1d cell lines. ß-actin was used as an

internal loading control. B) Colony morphologies of control and

SATB1 overexpressing MCF10A-neoT and CA1d cells (drug-

selected pooled cell populations), and BT549 control and SATB1

depleted (SATB1-shRNA) cells were compared in 3D Matrix on-

top cultures. MCF10A images were captured six days after plating

with Phase 1 at 20X magnification, and BT549 images were

captured three days after plating at 10X magnification. In

MCF10A progression cell series, SATB1 expression induced

predominant network-like structures. Scale bars, 100 mm. C)

(Top) Immunoblot showing the expression levels of MCF10A-1

pLXSN-SATB1 single clones clone-1 and clone-2. a-tubulin was

used as an internal loading control. (Bottom) Colony morphologies

of clone-1 and clone-2 in 3D Matrix on-top cultures six days after

plating. The images were captured with Phase 1 at 20X

magnification. Scale bars, 100 mm. D) Immunostaining for ß-

catenin, fibronectin, E-cadherin and DAPI using MDA-MB-231

derivatives (vector control and SATB1-shRNA1) and MCF10A-1

derivatives (vector control and clone-1) grown on 2D culture.

Images were captured by fluorescence microscopy at 20x

magnification. Scale bars, 15 mm.

(PDF)
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Figure S2 A) Average weight (gram) of tumors isolated 40 days

after mammary fat pad injection with MCF10A-1 vector control,

pLXSN-SATB1 pool, and clone-1. (n = 4 to 5 mice per group).

Error bars indicate s.e.m. B) Incidence of total palpable tumors in

clone-1-TUM and clone-1-TUM(SATB1-shRNA) after mammary

fat pad injection. This indicates a delay in onset of tumor

formation for clone-1-TUM (SATB1-shRNA) cells compared to

clone-1-TUM during the first week.

(PDF)

Figure S3 A) The graphical analysis comparing Chromosomes 9

and 13 of MCF10A-1 and MCF10A-2 was generated using the R

package DNA copy to segment the log2 ratio values computed

from the Affymetrix implementation of Birdseed. Each dot

represents the log2 copy number for one SNP. The red line

represents the segmented copy number value. The segments

represent genomic regions of similar copy number. B) (Top) p53

activation is comparable in MCF10A-1 and MCF10A-2 cells, as

shown by phosphorylation of serine 15 upon 12Gy x-ray

irradiation. (Bottom) In response to 12Gy x-ray irradiation, p21

and MDM2 are induced for both MCF10A-1 and MCF10A-2

cells, strongly suggesting that p53 function is normal in these cells.

mRNA levels are measured by qPCR and normalized against

average levels of GAPDH, TBP, and L32 control genes. C)

Expression analysis of genes associated in P53 pathway in

MCF10A-1 and MCF10A-2. Genes are categorized according to

their functional gene groupings. Relative fold levels of gene

expression in MCF10A-1 (blue bar) against MCF10A-2 (red

dotted line) are shown. Each of gene expression level was

normalized to the level of GAPDH.

(PDF)

Figure S4 (Top) Schematic diagram of M phase cell cycle

checkpoint analysis. Cells were synchronized with 2.5 mM HU for

24 h, followed by removal of HU and continuous incubation in

media containing 500 nM paclitaxel. After 0, 18, 22, and 28 h

incubation with paclitaxel, cells were analyzed for cell cycle

distribution. (Top two rows) Cell cycle profiles of MCF10A-1

treated with HU and HU+paclitaxel. (Bottom two rows) Cell cycle

profiles of MCF10A-2 treated with HU and HU+pacltaxel. At

22 h, percentages are shown for each cell cycle gate (Apoptosis,

G1, S, and G2/M) to demonstrate a defect in the phase

checkpoint of MCF10A-1. Cell cycle profiles are representative

of three experiments.

(PDF)

Figure S5 A) Quantitative RT-PCR analysis for ATM expres-

sion normalized to GAPDH. RNA and cDNA were prepared from

parental cell lines MCF10A-1, MCF10A-2, MCF10A-1_early

(fresh culture from frozen stocks prepared after few passages),

MCF10A-1_(90D) (MCF10A-1 cultured for an additional

3 months), 184A1, 1845B5, MCF10A-neoT, CA1d, BT549 and

MDA-MB-231. B) Western blot showing expression levels of ATM

in MCF10A-2, MCF10A-1_early, MCF10A-1 and MCF10A-

1_(90D). C) Quantitative RT-PCR analysis for SATB1 expression

relative to GAPDH in parental cell lines of MCF10A-1, MCF10A-

2, MCF10A-1_early, MCF10A-1_(90D), 184A1, 1845B5,

MCF10A-NeoT, CA1d, BT549 and MDA-MB-231. D) (Left)

Immunoblot showing the SATB1 expression levels of MCF10A-

1_early pLXSN-SATB1. a-tubulin was used as an internal loading

control. (Right) Colony morphologies of control and SATB1

overexpressing MCF10A-1, MCF10A-1_early, and MCF10A-2

cells (drug-selected pooled cell populations) were compared in 3D

Matrix on-top cultures. The images were captured with Phase 1 at

20X magnification. Scale bars, 100 mm. E) Invasion assay of

MCF10A-1, MCF10A-2, MCF10A-1_early, MCF10A-1_(90D),

MCF10A-neoT and CA1d cell lines before and after SATB1

overexpression. Parental cells lines are shown in blue; SATB1

overexpressing cells are shown in pink. Error bars indicate s.e.m.,

n = 3 experiments.

(PDF)

Acknowledgments

We thank Dr. Martha Stampfer (Lawrence Berkeley National Laboratory)

for providing the 184A1 and 184B5 cell lines.

Author Contributions

Conceived and designed the experiments: TKS YK HJH EO. Performed

the experiments: EO HJH YK SF LMH LRJ. Analyzed the data: EO HJH

MJB SF JWG JC LMH PTS YK TKS. Contributed materials: FR SF JC

JWG MJB YK TKS. Wrote the paper: EO HJH SF MJB JC TKS.

References

1. Bissell MJ, Radisky DC, Rizki A, Weaver VM, Petersen OW (2002) The

organizing principle: microenvironmental influences in the normal and

malignant breast. Differentiation 70: 537–546.

2. Tysnes BB, Bjerkvig R (2007) Cancer initiation and progression: involvement of

stem cells and the microenvironment. Biochim Biophys Acta 1775: 283–297.

3. Polyak K (2007) Breast cancer: origins and evolution. J Clin Invest 117: 3155–

3163.

4. Steeg PS, Theodorescu D (2008) Metastasis: a therapeutic target for cancer. Nat

Clin Pract Oncol 5: 206–219.

5. Han HJ, Russo J, Kohwi Y, Kohwi-Shigematsu T (2008) SATB1 reprogrammes

gene expression to promote breast tumour growth and metastasis. Nature 452:

187–193.

6. Bode J, Kohwi Y, Dickinson L, Joh T, Klehr D, et al. (1992) Biological

significance of unwinding capability of nuclear matrix- associating DNAs.

Science 255: 195–197.

7. Kohwi-Shigematsu T, Kohwi Y (1990) Torsional stress stabilizes extended base

unpairing in suppressor sites flanking immunoglobulin heavy chain enhancer.

Biochemistry 29: 9551–9560.

8. Dickinson LA, Joh T, Kohwi Y, Kohwi-Shigematsu T (1992) A tissue-specific

MAR/SAR DNA-binding protein with unusual binding site recognition. Cell

70: 631–645.

9. Cai S, Han HJ, Kohwi-Shigematsu T (2003) Tissue-specific nuclear architecture

and gene expression regulated by SATB1. Nat Genet 34: 42–51.

10. Yasui D, Miyano M, Cai S, Varga-Weisz P, Kohwi-Shigematsu T (2002)

SATB1 targets chromatin remodelling to regulate genes over long distances.

Nature 419: 641–645.

11. Cai S, Lee CC, Kohwi-Shigematsu T (2006) SATB1 packages densely looped,

transcriptionally active chromatin for coordinated expression of cytokine genes.
Nat Genet 38: 1278–1288.

12. Alvarez JD, Yasui DH, Niida H, Joh T, Loh DY, et al. (2000) The MAR-binding
protein SATB1 orchestrates temporal and spatial expression of multiple genes

during T-cell development. Genes Dev 14: 521–535.

13. Notani D, Gottimukkala KP, Jayani RS, Limaye AS, Damle MV, et al. (2010)
Global regulator SATB1 recruits beta-catenin and regulates T(H)2 differenti-

ation in Wnt-dependent manner. PLoS Biol 8: e1000296.

14. Balamotis MA, Tamberg N, Woo YJ, Li J, Davy B, et al. (2012) Satb1 ablation

alters temporal expression of immediate early genes and reduces dendritic spine

density during postnatal brain development. Mol Cell Biol 32: 333–347.

15. Agrelo R, Souabni A, Novatchkova M, Haslinger C, Leeb M, et al. (2009)

SATB1 defines the developmental context for gene silencing by Xist in
lymphoma and embryonic cells. Dev Cell 16: 507–516.

16. Fessing MY, Mardaryev AN, Gdula MR, Sharov AA, Sharova TY, et al. (2011)

p63 regulates Satb1 to control tissue-specific chromatin remodeling during
development of the epidermis. J Cell Biol 194: 825–839.

17. Li QQ, Chen ZQ, Cao XX, Xu JD, Xu JW, et al. (2011) Involvement of NF-
kappaB/miR-448 regulatory feedback loop in chemotherapy-induced epithelial-

mesenchymal transition of breast cancer cells. Cell Death Differ 18: 16–25.

18. Li QQ, Chen ZQ, Xu JD, Cao XX, Chen Q, et al. (2010) Overexpression and
involvement of special AT-rich sequence binding protein 1 in multidrug

resistance in human breast carcinoma cells. Cancer Sci 101: 80–86.

19. McInnes N, Sadlon TJ, Brown CY, Pederson S, Beyer M, et al. (2012) FOXP3

and FOXP3-regulated microRNAs suppress SATB1 in breast cancer cells.

Oncogene 31: 1045–1054.

ATM Knockdown Promotes SATB1-Induced Malignancy

PLOS ONE | www.plosone.org 13 December 2012 | Volume 7 | Issue 12 | e51786



20. Yamayoshi A, Yasuhara M, Galande S, Kobori A, Murakami A (2011) Decoy-

DNA against special AT-rich sequence binding protein 1 inhibits the growth and
invasive ability of human breast cancer. Oligonucleotides 21: 115–121.

21. Kohwi-Shigematsu T, Poterlowicz K, Ordinario E, Han HJ, Botchkarev VA, et

al. (2012) Genome organizing function of SATB1 in tumor progression. Semin
Cancer Biol.

22. Patani N, Jiang W, Mansel R, Newbold R, Mokbel K (2009) The mRNA
expression of SATB1 and SATB2 in human breast cancer. Cancer Cell Int 9:

18.

23. Hanker LC, Karn T, Mavrova-Risteska L, Ruckhaberle E, Gaetje R, et al.
(2011) SATB1 gene expression and breast cancer prognosis. Breast 20: 309–313.

24. Iorns E, Hnatyszyn HJ, Seo P, Clarke J, Ward T, et al. (2010) The role of
SATB1 in breast cancer pathogenesis. J Natl Cancer Inst 102: 1284–1296.

25. Chen H, Takahara M, Oba J, Xie L, Chiba T, et al. (2011) Clinicopathologic
and prognostic significance of SATB1 in cutaneous malignant melanoma.

J Dermatol Sci 64: 39–44.

26. Cheng C, Lu X, Wang G, Zheng L, Shu X, et al. (2010) Expression of SATB1
and heparanase in gastric cancer and its relationship to clinicopathologic

features. APMIS 118: 855–863.
27. Lu X, Cheng C, Zhu S, Yang Y, Zheng L, et al. (2010) SATB1 is an

independent prognostic marker for gastric cancer in a Chinese population.

Oncol Rep 24: 981–987.
28. Paine TM, Soule HD, Pauley RJ, Dawson PJ (1992) Characterization of

epithelial phenotypes in mortal and immortal human breast cells. Int J Cancer
50: 463–473.

29. Imbalzano KM, Tatarkova I, Imbalzano AN, Nickerson JA (2009) Increasingly
transformed MCF-10A cells have a progressively tumor-like phenotype in three-

dimensional basement membrane culture. Cancer Cell Int 9: 7.

30. Mazzone M, Selfors LM, Albeck J, Overholtzer M, Sale S, et al. (2010) Dose-
dependent induction of distinct phenotypic responses to Notch pathway

activation in mammary epithelial cells. Proc Natl Acad Sci U S A 107: 5012–
5017.

31. Simpson KJ, Selfors LM, Bui J, Reynolds A, Leake D, et al. (2008) Identification

of genes that regulate epithelial cell migration using an siRNA screening
approach. Nat Cell Biol 10: 1027–1038.

32. Debnath J, Muthuswamy SK, Brugge JS (2003) Morphogenesis and oncogenesis
of MCF-10A mammary epithelial acini grown in three-dimensional basement

membrane cultures. Methods 30: 256–268.
33. Walen KH, Stampfer MR (1989) Chromosome analyses of human mammary

epithelial cells at stages of chemical-induced transformation progression to

immortality. Cancer Genet Cytogenet 37: 249–261.
34. Lehman TA, Modali R, Boukamp P, Stanek J, Bennett WP, et al. (1993) p53

mutations in human immortalized epithelial cell lines. Carcinogenesis 14: 833–
839.

35. Stampfer MR, Bodnar A, Garbe J, Wong M, Pan A, et al. (1997) Gradual

phenotypic conversion associated with immortalization of cultured human
mammary epithelial cells. Mol Biol Cell 8: 2391–2405.

36. Bissell MJ (1981) The differentiated state of normal and malignant cells or how
to define a ‘‘normal’’ cell in culture. Int Rev Cytol 70: 27–100.

37. Soule HD, Maloney TM, Wolman SR, Peterson WD Jr., Brenz R, et al. (1990)
Isolation and characterization of a spontaneously immortalized human breast

epithelial cell line, MCF-10. Cancer Res 50: 6075–6086.

38. Tait L, Soule HD, Russo J (1990) Ultrastructural and immunocytochemical
characterization of an immortalized human breast epithelial cell line, MCF-10.

Cancer Res 50: 6087–6094.
39. Dawson PJ, Wolman SR, Tait L, Heppner GH, Miller FR (1996) MCF10AT: a

model for the evolution of cancer from proliferative breast disease. Am J Pathol

148: 313–319.
40. Santner SJ, Dawson PJ, Tait L, Soule HD, Eliason J, et al. (2001) Malignant

MCF10CA1 cell lines derived from premalignant human breast epithelial
MCF10AT cells. Breast Cancer Res Treat 65: 101–110.

41. Heppner GH, Miller FR, Shekhar PM (2000) Nontransgenic models of breast

cancer. Breast Cancer Res 2: 331–334.
42. Weaver VM, Petersen OW, Wang F, Larabell CA, Briand P, et al. (1997)

Reversion of the malignant phenotype of human breast cells in three-
dimensional culture and in vivo by integrin blocking antibodies. J Cell Biol

137: 231–245.
43. Debnath J, Brugge JS (2005) Modelling glandular epithelial cancers in three-

dimensional cultures. Nat Rev Cancer 5: 675–688.

44. Weaver VM, Lelievre S, Lakins JN, Chrenek MA, Jones JC, et al. (2002) beta4

integrin-dependent formation of polarized three-dimensional architecture
confers resistance to apoptosis in normal and malignant mammary epithelium.

Cancer Cell 2: 205–216.

45. Underwood JM, Imbalzano KM, Weaver VM, Fischer AH, Imbalzano AN, et
al. (2006) The ultrastructure of MCF-10A acini. J Cell Physiol 208: 141–148.

46. Thiery JP (2002) Epithelial-mesenchymal transitions in tumour progression. Nat
Rev Cancer 2: 442–454.

47. Mosesson Y, Yarden Y (2004) Oncogenic growth factor receptors: implications

for signal transduction therapy. Semin Cancer Biol 14: 262–270.
48. Kadota M, Yang HH, Gomez B, Sato M, Clifford RJ, et al. (2010) Delineating

genetic alterations for tumor progression in the MCF10A series of breast cancer
cell lines. PLoS One 5: e9201.

49. Kruse JP, Gu W (2009) Modes of p53 regulation. Cell 137: 609–622.
50. Levine AJ (1997) p53, the cellular gatekeeper for growth and division. Cell 88:

323–331.

51. Lavin MF, Shiloh Y (1997) The genetic defect in ataxia-telangiectasia. Annu
Rev Immunol 15: 177–202.

52. Durocher D, Jackson SP (2001) DNA-PK, ATM and ATR as sensors of DNA
damage: variations on a theme? Curr Opin Cell Biol 13: 225–231.

53. Rodier F, Coppe JP, Patil CK, Hoeijmakers WA, Munoz DP, et al. (2009)

Persistent DNA damage signalling triggers senescence-associated inflammatory
cytokine secretion. Nat Cell Biol 11: 973–979.

54. Hayashi MT, Cesare AJ, Fitzpatrick JA, Lazzerini-Denchi E, Karlseder J (2012)
A telomere-dependent DNA damage checkpoint induced by prolonged mitotic

arrest. Nat Struct Mol Biol 19: 387–394.
55. Yang C, Tang X, Guo X, Niikura Y, Kitagawa K, et al. (2011) Aurora-B

mediated ATM serine 1403 phosphorylation is required for mitotic ATM

activation and the spindle checkpoint. Mol Cell 44: 597–608.
56. Cortez D (2005) Unwind and slow down: checkpoint activation by helicase and

polymerase uncoupling. Genes Dev 19: 1007–1012.
57. Rowinsky EK, Donehower RC (1995) Paclitaxel (taxol). N Engl J Med 332:

1004–1014.

58. Mandriota SJ, Buser R, Lesne L, Stouder C, Favaudon V, et al. (2010) Ataxia
telangiectasia mutated (ATM) inhibition transforms human mammary gland

epithelial cells. J Biol Chem 285: 13092–13106.
59. Sarrio D, Rodriguez-Pinilla SM, Hardisson D, Cano A, Moreno-Bueno G, et al.

(2008) Epithelial-mesenchymal transition in breast cancer relates to the basal-like
phenotype. Cancer Res 68: 989–997.

60. Wang B, Soule HD, Miller FR (1997) Transforming and oncogenic potential of

activated c-Ha-ras in three immortalized human breast epithelial cell lines.
Anticancer Res 17: 4387–4394.

61. Kastan MB, Bartek J (2004) Cell-cycle checkpoints and cancer. Nature 432:
316–323.

62. Ye C, Cai Q, Dai Q, Shu XO, Shin A, et al. (2007) Expression patterns of the

ATM gene in mammary tissues and their associations with breast cancer
survival. Cancer 109: 1729–1735.

63. Choi E, Park PG, Lee HO, Lee YK, Kang GH, et al. (2012) BRCA2 fine-tunes
the spindle assembly checkpoint through reinforcement of BubR1 acetylation.

Dev Cell 22: 295–308.
64. Venkitaraman AR (2009) Linking the cellular functions of BRCA genes to

cancer pathogenesis and treatment. Annu Rev Pathol 4: 461–487.

65. Bruening W, Giasson BI, Klein-Szanto AJ, Lee VM, Trojanowski JQ, et al.
(2000) Synucleins are expressed in the majority of breast and ovarian carcinomas

and in preneoplastic lesions of the ovary. Cancer 88: 2154–2163.
66. Ji H, Liu YE, Jia T, Wang M, Liu J, et al. (1997) Identification of a breast

cancer-specific gene, BCSG1, by direct differential cDNA sequencing. Cancer

Res 57: 759–764.
67. Gupta A, Inaba S, Wong OK, Fang G, Liu J (2003) Breast cancer-specific gene 1

interacts with the mitotic checkpoint kinase BubR1. Oncogene 22: 7593–7599.
68. Petersen OW, Ronnov-Jessen L, Howlett AR, Bissell MJ (1992) Interaction with

basement membrane serves to rapidly distinguish growth and differentiation

pattern of normal and malignant human breast epithelial cells. Proc Natl Acad
Sci U S A 89: 9064–9068.

69. Olson E, Nievera CJ, Klimovich V, Fanning E, Wu X (2006) RPA2 is a direct
downstream target for ATR to regulate the S-phase checkpoint. J Biol Chem

281: 39517–39533.
70. Lee GY, Kenny PA, Lee EH, Bissell MJ (2007) Three-dimensional culture

models of normal and malignant breast epithelial cells. Nat Methods 4: 359–365.

ATM Knockdown Promotes SATB1-Induced Malignancy

PLOS ONE | www.plosone.org 14 December 2012 | Volume 7 | Issue 12 | e51786


