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Abstract
SNAIL1 has been suggested to regulate breast cancer metastasis based on analyses of human breast tumor

transcriptomes and experiments using cancer cell lines and xenografts. However, in vivo genetic experimental
support for a role for SNAIL1 in breast cancer metastasis that develops in an immunocompetent tumor
microenvironment has not been determined. To address this question, we created a genetic SNAIL1 model
by coupling an endogenous SNAIL1 reporter with an inducible SNAIL1 transgene. Using multiple genetic models
of breast cancer, we demonstrated that endogenous SNAIL1 expression was restricted to primary tumors that
ultimately disseminate. SNAIL1 gene deletion either during the premalignant phase or after primary tumors have
reached a palpable size blunted metastasis, indicating that late metastasis was the main driver of metastasis and
that this was dependent on SNAIL1. Importantly, SNAIL1 expression during breast cancer metastasis was
transient and forced transient, but not continuous. SNAIL1 expression in breast tumors was sufficient to increase
metastasis. Cancer Res; 74(21); 6330–40. �2014 AACR.

Introduction
The transcription repressor SNAIL1 has been shown to be

one of the earliest epithelial–mesenchymal transition (EMT)
regulators during development (1), critical for cancer EMT (1),
and its expression in primary human breast tumors strongly
associated with metastasis (2–4). Despite these observations,
the role of SNAIL1-initiated EMT during tumor metastasis
remains contentious (5, 6). In humans, metastatic cells have
been isolated from the periphery and in most instances they
appear epithelial, not mesenchymal (7, 8). These results have
been used to argue against a significant role for EMT in tumor
metastasis. However, most available isolation methods are
biased toward epithelial cells as they often target epithelial
markers (e.g., EpCAM) to capture circulating tumor cells (CTC).
In addition,metastatic cells isolated from the peripherymaynot

reflect their cellular status in primary tumors where the initi-
ation of invasion leading to metastasis occurs. In fact, cancer
EMT is thought to be a transient process (9, 10). In recent
studies, transient, not continuous, TGFb stimulation can result
in reversible induction of SNAIL1 and EMT (4, 7). Similarly, in
human breast cancer, SNAIL1 expression in primary tumors
correlates with overt metastasis, whereas its expression in bone
marrow disseminated tumor cells (BM DTC) does not (4).

To date, most SNAIL1 animal models have utilized cancer
cell lines induced to express SNAIL1 before being injected
intravenously, resulting inmore lungmetastases (11, 12).While
these suggest that SNAIL1 contributes to extravasation, colo-
nization, or reactivation of growth ofDTCs, they donot address
whether SNAIL1 is required in primary tumors to initiate
invasion and intravasation. Other approaches employed tumor
xenografts that overexpress SNAIL1, leading to increased
metastasis (4, 7). However, xenograft models do not account
for the critical interaction between a tumor and its microen-
vironment and immune system. Without genetic evidence,
what have remained unclear are whether (i) SNAIL1 expression
in primary tumors that develop de novo in immunocompetent
hosts is necessary and sufficient to promote tumor cell inva-
sion and metastasis and (ii) SNAIL1 downregulation in met-
astatic tumor cells after initial invasion is required for DTCs to
form overt metastases.

Here, we describe the generation of a mouse model harbor-
ing an endogenous SNAIL1 reporter coupled with a tetracy-
cline (tet)-inducible SNAIL1 transgene. By crossing these mice
and previously characterized floxed SNAIL1 mice (13) with
multiple genetic breast cancer mousemodels, we demonstrate
that conditional deletion of the SNAIL1 gene in primary breast
tumors resulted in a significant reduction in both DTCs and
lung metastases, indicating that breast cancer metastasis is
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highly dependent on SNAIL1. In addition, SNAIL1 expression
during breast cancer metastasis was transient. Forced, con-
tinuous overexpression of SNAIL1 starting in primary tumors
led to a decrease in lung metastasis despite an increase in DTC
number. In contrast, transient overexpression of SNAIL1
increased both DTC number and lung metastasis.

Materials and Methods
Generation of SNAIL1-CBR mice
B6/129/SvJ hybrid XY ES cells were electroporated with the

targeting construct, and 200 G418-resistant clones screened
by PCR to obtain four recombinants. Two recombinants were
transiently transfected with CRE, and 100 ganciclovir-insensitive
clones screened by PCR to obtain five CRE-excised recombinants.
Two recombinants were laser-injected into eight cell-staged
blastomeres, producing100%F1XYmice (14),whichwere crossed
with wild-type females to produce the SNAIL1-CBR line.

Antibodies and reagents
The following antibodies were used: rabbit anti-SNAIL1

(Cell Signaling Technology); mouse anti-E-cadherin (BD Bio-
sciences); mouse anti-vimentin (Cell Signaling Technology);
mouse pan-keratin (Cell Signaling Technology); mouse anti-
NeuNT (Fisher Scientific); mouse anti-CD45 (Cell Signaling
Technology); mouse anti-FLAG (Sigma); and mouse anti-actin
(Sigma). All secondary antibodies were from Jackson Immu-
noResearch. The following reagents were used: neutral buff-
ered formalin (Fisher Scientific); hematoxylin (Sigma); eosin
(Fisher Scientific); carmine alum buffer (StemCell Technolo-
gies); RBC lysis buffer (Sigma); HistoMouse Broad Spectrum
Kit (Invitrogen); DAPI (Sigma); donkey serum and Fab frag-
ment for blocking for immunofluorescence staining in DTCs
(Jackson ImmunoResearch); Feket solution (Fisher Scientific);
Indian ink (Fisher Scientific); doxycycline (Sigma); carbon
tetrachloride (CCl4, Sigma); and D-luciferin (Sigma).

Histologic analyses
Breast whole mount was performed with carmine alum as

previously described (15). Picrosirius stain of liver sections was
performed as previously described (16). Immunohistochemistry
(IHC) was performed per the manufacturer's instructions (Invi-
trogen). For immunofluorescence of DTCs, total lung cells were
obtained by dissociating a section of lung without visible
metastases with collagenase and bone marrow cells isolated
fromboth femurs and tibias anddepleted of red blood cells, then
adhered to poly-L-lysine–treated slides, fixed, permeabilized,
and stained with indicated antibodies per standard protocol.

Lung metastasis analysis by Indian ink stain
Lungs were removed and inflated with 2 mL of 15% Indian

ink by intratracheal injection. Ink-injected lungs were washed
with Feket solution and then bleached overnight with fresh
Fuket solution (17). The numbers of surface lung metastases
were quantified using a magnifying glass.

BM DTC enrichment and Her2Neu FACS analyses
BMDTCswere enriched fromtotal erythrocyte-depletedbone

marrow cells by CD45� selection using CD45 MicroBeads

(Miltenyi Biotec) and an autoMACS Separator as per the man-
ufacturer's instructions. Both CD45þ and unlabeled CD45�

fractions were collected, fixed with 0.01% formaldehyde, per-
meabilized with 0.1% Triton X-100, stained anti-Her2Neu
monoclonal antibody and fluorescently labeled secondary
antibody, and analyzed using a standard FACS protocol.

Spatiotemporal analyses of SNAIL1 and EMT phenotypes
For primary tumors, individual tumors were obtained from

independentmice and sections stained for SNAIL1, E-cadherin,
and vimentin by IHC and the percentage of tumors that had
detectable SNAIL1 expression determined. For bone marrow
and lung DTCs, spreads of pooled whole bone marrow cells or
pooled dissociated whole lung cells from the same mice were
coimmunostained for Her2Neu and SNAIL1, E-cadherin, or
vimentin. The percentage of cells that was positive for SNAIL1
in 150 Her2Neu-positive DTCs was determined. For lung
metastases, lung sections from the same mice were stained
for SNAIL1, E-cadherin, and vimentin by IHC and the percent-
age of metastases that were positive for SNAIL1 in 150 indi-
vidual metastatic foci determined.

Statistical analysis
Mean values were compared using a Student unpaired, two-

tailed t test.

Results
Creation and characterization of a coupled endogenous
SNAIL1 reporter and inducible SNAIL1 mouse (SNAIL1-
CBR)

To determine the spatiotemporal expression and role for
SNAIL1 during cancer metastasis in vivo, we created a multi-
functional SNAIL1 mouse model: SNAIL1-CBR mouse (Fig. 1A
and Supplementary Fig. S1A and S1B). To generate a SNAIL1
reporter that would allow for in vivo, real-time detection of
endogenous SNAIL1 expression, we introduced a cDNA encod-
ing a clic beetle red luciferase (CBR) in frame with the third
exon of the endogenous SNAIL1 locus. In addition, we inserted
a tet-inducible SNAIL1 transgene (TRE-SNAIL1–3FLAG) 30 to
the SNAIL1-CBR gene so as to be able to inducibly overexpress
SNAIL1 in vivo in a tissue-specific manner. Both fusion con-
structs SNAIL1-CBR and SNAIL1–3Flag retain the function of
SNAIL1 as an EMT-inducing factor asmeasured by their ability
to downregulate E-cadherin, upregulate vimentin, and induce
classical morphologic changes of EMT (Supplementary Fig.
S1C and S1D; refs. 18, 19).

To determinewhether SNAIL1-CBR expressionwas properly
regulated in cells, we determined protein and mRNA expres-
sion of SNAIL1 and SNAIL1-CBR in the targeted ES cells
induced to differentiate by removing the leukemia-inhibitory
factor (LIF) from culturing media. Consistent with previous
reports (20, 21), expression of both wild-type SNAIL1 and
SNAIL1-CBR was detected 3 days after LIF withdrawal (Fig.
1C). This indicated that the introduction of CBR did not alter
the transcriptional regulation of the SNAIL1 locus. To deter-
mine the inducibility of the TRE-SNAIL1–3FLAG transgene in
cells, we introduced into targeted ES cells a tet-on DNA
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transactivator (rtTA). In the resultant cells, SNAIL1–3Flag
protein and mRNA were detected only in the presence of
doxycycline (Fig. 1D).

SNAIL1-CBR heterozygousmice were fertile and phenotypic
ally indistinguishable from wild-type mice. A survey of organs
from these mice revealed low bioluminescence signals in
mammary glands and most internal organs (Supplementary
Fig. S1E and S1F), possibly due to physiologic expression of
SNAIL1 in activated resident fibroblasts (13). To demonstrate
the utility and reliability of the SNAIL1-CBR reporter in vivo, we
measured tissue-specific bioluminescence intensity during
both physiologic and pathologic EMT processes known to be
SNAIL1 dependent. Placental development is a robust EMT
process and SNAIL1 has been implicated in trophoblast dif-
ferentiation and uterine invasion (22, 23). At 7.5 days after
coitus (dpc), when trophoblast EMT is high (24), uterine
SNAIL1-CBR signal was 5-fold higher compared with the basal

signal (Fig. 1E).We cannot exclude the possible contribution of
increased SNAIL1-CBR signal from embryonic gastrulation,
another contemporaneous SNAIL1-dependent EMT event (25),
to the uterine signal. Pathologically, SNAIL1 has been impli-
cated in CCl4-induced liver fibrosis (26). SNAIL1-CBR mice
treated with intraperitoneal CCl4 developed liver fibrosis, as
evidenced by the increased collagen deposition (Fig. 1G) and
hepatic SNAIL1-CBR signal concurrently increased approxi-
mately 5-fold compared with the vehicle control (Fig. 1F).
These control experiments indicated that SNAIL1-CBR expres-
sion is properly regulated, readily detectable during in vivo
EMT, and thus a reliable reporter of endogenous SNAIL1
expression in vivo.

The SNAIL family of transcription factors (SNAIL1 and
SNAIL2) has been suggested to play a role in mammary
development (27, 28). Therefore, to determine the functionality
of the TRE-SNAIL1–3FLAG transgene in vivo, we crossed

Figure 1. Generation and
characterization of SNAIL1
reporter and tet-inducible SNAIL1
mice (SNAIL1-CBR). A, a diagram
of the modified SNAIL1 locus in
SNAIL1-CBR mice. B, targeted ES
cells were screened by PCR using
indicated primers. C, SNAIL1-CBR
was properly regulated in targeted
ES cells. Representative of three
experiments are shown. D, the
TRE-SNAIL1–3Flag transgene was
expressed in ES cells only when
both rtTA and doxycycline (dox)
were present. E, uterine SNAIL1-
CBR signal in a pregnant female at
7.5 dpc in vivo (left), ex vivo (two
middle panels), and after uterine
removal (right). N ¼ 5 mice. F,
SNAIL1-CBR was upregulated in
CCl4-induced liver fibrosis as
seen in vivo (left) and ex vivo (right).
N ¼ 5 mice. G, CCl4-induced
bridging fibrosis (arrows) as
revealed by picrosirius stain of liver
sections. N ¼ 5 mice. H, whole
breast mount stain of SNAIL1-CBR
and SNAIL1-CBR; MTA mice
treatedwith doxycycline for 1 week
starting at age 4weeks.N¼5mice.
I, mammary SNAIL1–3Flag mRNA
expression was detected by RT-
PCR only when both MTA and
doxycycline were present.
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SNAIL1-CBR mice with mice carrying the mouse mammary
tumor virus promoter driving expression of rtTA (MMTV-rtTA
or MTA; ref. 29). TRE-SNAIL1–3FLAG transgene expression
was detected in mammary tissue only in the presence of both
MTA and doxycycline (Fig. 1I) and resulted in increased ductal
branching compared with control SNAIL1-CBR mice lacking
MTA (Fig. 1H). This result indicated that the TRE-SNAIL1–
3FLAG transgene was expressed and functional in vivo.

SNAIL1 expression in primary breast tumors strongly
correlates with metastasis
As SNAIL1 expression in primary human breast tumors

correlateswith higher rates ofmetastasis (4), we askedwhether

a similar association also holds true in mouse breast cancer
models. To do so, we first crossed SNAIL1-CBR mice with the
MMTV-NeuNT breast cancer model (MMTV-neuNT; SNAIL1-
CBR mice), which produces breast tumors similar to ER-
negative, Her2Neu-positive human breast tumors (30, 31), and
determined SNAIL1 expression within emerging breast tumors
through SNAIL1-CBR bioluminescence and correlated the
signal intensity with the development of lung metastasis
(Fig. 2A–C). A remarkably strong positive correlation between
SNAIL1-CBR expression in primary tumors and incidence of
lung metastasis was observed. No mouse with primary breast
tumors that all exhibited SNAIL1-CBR intensity of �3 � 106

photons/cm2 (mean of 2.5 � 106) had detectable lung

Figure 2. SNAIL1 expression in
primary breast tumors strongly
correlates with increased
metastasis and an invasive
phenotype inMMTV-neuNTmice.N
¼ 23 mice without and 15 mice with
lung metastasis for all panels. A,
representative image of SNAIL1-
CBR bioluminescence in MMTV-
NeuNT mice with SNAIL1-CBR-
positive or -negative tumors. B,
representative images of superficial
lung metastases as seen grossly
(top,blackarrow)andafter Indian ink
stain as white lesions on a black
background (bottom, white arrow).
C, a histogram of incidence of lung
metastasis in mice with SNAIL1-
CBR–positive or –negative primary
tumors. D, representative images of
BM DTCs as detected by Her2Neu
immunofluorescence in mice with
SNAIL1-CBR–positive or –negative
primary breast tumors. E, a
histogram of number of BM DTCs
per 106 bone marrow cells in mice
with SNAIL1-CBR–positive or
–negative primary breast tumors. �,
P ¼ 7.4 � 10�7. F, representative
images of SNAIL1-CBR–positive
and –negative tumors as seen in situ
(top) and ex vivo (bottom). G, a
histogram of distribution of invasive
carcinomasandadenomasbygross
appearance of SNAIL1-CBR–
positive and –negative tumors.
H, representative images of
hematoxylin and eosin (H&E)-
stained primary tumor sections,
revealing a typical protrusion into
surrounding stroma in a Snail1-
CBR–positive tumor (black arrow)
compared with the smooth contour
in a Snail1-CBR–negative tumor.
I and J, representative images of
SNAIL1 and E-cadherin IHC of
sections from SNAIL1-CBR–
positive (I) and –negative (J) primary
tumors, revealing SNAIL1-positive
cells (red arrowheads) in an invasive
front of SNAIL1-CBR–positive
tumor where E-cadherin expression
was decreased. Mus, muscle.
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metastasis, whereas inmicewith at least 1 primary breast tumor
that exhibited an intensity of�107 photons/cm2 (meanof 1.75�
107), 100% developed lung metastasis (Figs. 2C and Supplemen-
taryFig. S2A). Inall subsequent experiments, wedefinedprimary
breast tumors exhibiting<3� 106 photons/cm2 as SNAIL1-CBR-
negative and >107 photons/cm2 as SNAIL1-CBR–positive (Sup-
plementary Fig. S2A).

In human breast cancer, SNAIL1 expression in primary
tumors predicts for distant metastasis; however, its expression
in BM DTCs does not (4), suggesting that SNAIL1 may be
important in primary tumors to initiate invasion andmigration
of cancer cells that ultimately give rise to DTCs, as opposed to
playing a role in the outgrowth of DTCs to form overt metas-
tases. If so, then SNAIL1 expression in primary tumorsmight be
associated with higher numbers of DTCs.We chose to focus on
DTCs instead of blood-borne CTCs because DTCs are consid-
ered to have completed the metastatic cascade (i.e., local
invasion, intravasation, extravasation, and survival in second-
ary organs). In addition, it is unclear what fraction of CTCs
eventually gives rise to DTCs as the majority fail to complete
the metastatic process (32). To test this possibility, we col-
lected total dissociated lung cells and total erythrocyte-deplet-
ed bone marrow cells, then quantified the number of DTCs
through Her2Neu IF using a mouse monoclonal antibody
specific for human and rat, but not mouse, Her2Neu (33). In
mice with SNAIL1-CBR–positive primary tumors, there was a
10-fold greater number of BM DTCs compared with SNAIL1-
CBR–negative primary tumor-bearing mice (Fig. 2D and E). A
similar strong positive correlation was also observed between
the number of lung DTCs and SNAIL1 expression in primary
tumors (Supplementary Fig. S2B). In addition, the numbers of
bone marrow and lung DTCs correlated well with each other
(Supplementary Fig. S2C). As the bone marrow afforded great-
er reliability of enriching for DTCs and there is less chance of
contamination with tumor cells from metastatic foci than in
the lung, we focused on BM DTCs for the remainder of the
experiments. We could not exclude the possibility that some
DTCs could have lost Her2Neu expression; however, the con-
tribution ofHer2Neu-negative DTCs, if any, to the total number
of DTCs would be expected to be similar in animals with either
SNAIL1-CBR–positive or –negative primary tumors because
the ratio of Her2Neu-positive and -negative cells in primary
tumors was similar between SNAIL1-CBR–positive and –neg-
ative primary tumors (Supplementary Fig. S2D).

In summary, these results indicated that SNAIL1-CBR (i.e.,
SNAIL1) expression in primary mouse breast tumors was a
strong predictor for the production of DTCs and subsequent
overt lung metastases.

Next, we asked whether SNAIL1-CBR–positive primary
tumors were associated with a more invasive phenotype that
is associated with increased metastatic disease. Grossly,
SNAIL1-CBR–positive primary tumors [confirmed by real-time
(RT)-PCR; Supplementary Fig. S3A] were irregular in shapewith
multiple protrusions penetrating into and tightly attached to
underlying fascia and muscles, whereas SNAIL1-CBR–negative
tumors were round and loosely adhered to the fascia (Fig. 2F
and G). Microscopically, SNAIL1-CBR–positive tumors exhib-
ited multiple invasive projections, in which numerous cells

expressed SNAIL1 and lacked E-cadherin expression [Fig. 2H
(left, black arrows) and 2I (red arrowheads) and Supplementary
Fig. S3B, left]. In contrast, a smooth contour distinguished
SNAIL1-CBR–negative tumors from surrounding extracellular
matrix and in these tumor cells, E-cadherin expression was
present [Fig. 2H (right) and 2J and Supplementary Fig. S3B,
right]. Thus, expression of SNAIL1 in primary breast tumors is
associated with an aggressive carcinomatous phenotype, char-
acterized by local invasion,whereas primary tumors not expres-
sing SNAIL1 were adenoma like.

SNAIL1 expression in primary breast tumors precedes
detection of DTCs, but SNAIL1 is not expressed by DTCs
and lung metastases.

If SNAIL1 expression in primary tumors drives EMT and
thereby invasion and intravasation, then SNAIL1 expression
in primary tumors might be predicted to precede the detec-
tion of DTCs. To test this hypothesis, we made use of the tet-
inducible activated rat Her2Neu mouse breast cancer model
(MMTV-rtTA; TetO-neuNT or MTA; TAN) because of its
predictable and reproducible tumor penetrance and latency
(34), two key characteristics necessary for a temporal anal-
ysis (Fig. 3A).

SNAIL1 mRNA expression in primary tumors and the num-
ber of BM DTCs were determined in mice after 5 to 8 weeks of
doxycycline treatment, a time well before evident lung metas-
tases. BM DTCs were scored by Her2Neu IF. Low-level SNAIL1
mRNA was present after 5 weeks of doxycycline treatment, a
time when primary tumors were barely palpable (Fig. 3B). This
increased 3- to 5-fold by 6–8 weeks of doxycycline treatment
(Fig. 3B). BM DTCs were barely detectable after 6 weeks of
doxycycline treatment but rose sharply beginning at weeks 7
and 8 (Fig. 3C). It was unlikely that the initial upsurge in both
primary tumor SNAIL1 mRNA levels and BM DTCs was due to
growth of primary tumors, as there was no significant differ-
ence in these parameters between weeks 7 and 8 despite a
simultaneous 3-fold growth in total primary tumor burden
(Fig. 3D). Thus, SNAIL1 expression in primary tumors preceded
the detection of BM DTCs.

In another approach testing this hypothesis, we crossed the
SNAIL1-CBR mouse with the MMTV-PyMT breast cancer
model, which, like the MTA;TAN model, also has a predictable
and uniform, albeit more accelerated, course of tumor devel-
opment (30, 35). Again, a similar temporal relationship
between SNAIL1 expression in primary tumors and generation
of DTCs was observed in MMTV-PyMT; SNAIL1-CBR mice:
SNAIL1-CBR reporter and SNAIL1 mRNA expression followed
first palpable tumors (Supplementary Fig. S4A–S4C) and pre-
ceded the increase in BM DTCs (Supplementary Fig. S4D).

In sum, these two experiments indicated that SNAIL1
expression within primary tumors immediately preceded the
detection of DTCs.

To determine whether SNAIL1 contributed to later stages of
metastasis when DTCs reactivate growth to form overt metas-
tases, we measured SNAIL1 mRNA expression in sets of
primary tumors, BM DTCs, and isolated lung metastases from
the same mice. MTA;TAN mice were treated with doxycycline
for 12 weeks (from 6 to 18 weeks of age) when nearly all had
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developed lungmetastasis (Fig. 3A), then tissues harvested. BM
DTCs were enriched >100-fold by depleting CD45þ hemato-
logic BM cells (not shown). Relative to primary tumors, SNAIL1
mRNA level was >4- and >3-fold less in BM DTCs and lung
metastases, respectively (Fig. 3E). This decrease was also
apparent at the protein level as assessed by SNAIL1 IHC and
IF (Table 1). Of 25 primary tumors, 13 (52%) exhibited detect-
able SNAIL1 expression at invasive fronts where there was
decreased E-cadherin and increased vimentin. In contrast,
SNAIL1 expression was rarely found in Her2Neu-positive BM
DTCs (4%) and lung DTCs (not shown), and lung metastases
(�5%). Histologically, the majority of lung metastases
appeared more epithelial than mesenchymal (Fig. 3F). Similar
results were observed in MMTV-PyMT; SNAIL1-CBR mice
(Supplementary Table S1 and Supplementary Fig. S4E).

Taken together, these results indicated that SNAIL1 expres-
sion was restricted to primary tumors and associated with a
mesenchymal phenotype, whereas overt lung metastases were
more epithelial appearing, suggesting a reversal of EMT, pos-
sibly through the mesenchymal–epithelial transition or MET,
in metastases. However, the possibility that some lung metas-
taseswere formed through SNAIL1-independent events cannot
be excluded.

SNAIL1 is required for breast cancer metastasis.
To determine whether SNAIL1 was necessary for breast

cancer metastasis, we made use of a previously characterized
floxed SNAIL1 mouse (13). Although SNAIL1 expression in
primary tumors of MMTV-PyMTmice was first detected when
primary tumors reached approximately 0.5 cm in diameter
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Figure 3. SNAIL1 expression in
primary breast tumors precedes
detection of DTCs, but SNAIL1 is
undetectable in DTCs and lung
metastases in MTA;TAN mice. A,
important milestones for the MTA;
TAN breast cancer model. B andD,
histograms of relative SNAIL1
mRNA levels in developing primary
breast tumors as determined by
RT-PCRandnormalized toGAPDH
mRNA (B; �, P ¼ 0.01), number
of BM DTCs per 106 BM cells as
quantified by Her2Neu
immunofluorescence (C;
��, P ¼ 0.03), and tumor burden (D)
at indicated times. N ¼ 5 mice at
each time point. E, a histogram of
relative SNAIL1 mRNA levels in a
set of primary tumor, BM DTCs,
and isolated lung metastasis from
the same mouse as determined by
RT-PCR and normalized to
GAPDH mRNA (���, P ¼ 0.0001;
����, P ¼ 0.002). Representative of
three experiments are shown. F,
representative images of the same
hematoxylin and eosin (H&E) and
immunohistochemically stained
sections as in Table 1, revealing
SNAIL1-positive cells (green
arrows) at an invasive front of a
primary tumor where E-cadherin
was low and vimentin high (top).
SNAIL1 was undetectable in BM
DTCs, which exhibited mixed
phenotype (middle), and lung
metastasis, which appeared
epithelial (bottom).
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(Supplementary Fig. S4B and S4C), it is possible that earlier low
level or transient SNAIL1 expression occurs and, if so, this
could be important to promote invasion. In humans and
mouse models, early dissemination from premalignant lesions
such as ductal carcinoma in situ (DCIS) has been described
(33, 36–38). Whether metastatic cells derived from early dis-
semination possess the same potential to develop overt metas-
tases as those from later dissemination remains unclear.
Therefore, to test the requirement for SNAIL1 in breast cancer
metastasis, we decided to delete the SNAIL1 gene either early
(MMTV-Cre) or late (TetO-Cre) during PyMT-induced breast
cancer development (Fig. 4A).

The MMTV-Cre transgene expresses CRE in the mammary
epithelia concurrently with oncogenic MMTV-PyMT expres-
sion. We confirmed CRE expression from MMTV-Cre in the
breast epithelium using ROSA26-LSL-tdTomato mice (39). In
8-week-old mice, tdTomato was present in most, but not all,
cells in the mammary ductal epithelia, consistent with known
mosaicism of the MMTV promoter, but not in surrounding
stromal cells (not shown) (29). For late deletion of SNAIL1, we
treated SNAIL1fl/fl; MMTV-PyMT; TRE-Cre; MTA with doxycy-
cline when the size of primary tumors had reached 0.5cm [age
�7 weeks, a time before the initial upsurge of SNAIL1 expres-
sion (Figs. 4A and Supplementary Fig. S4B)]. In both early and
late SNAIL1 KOs, deletion of SNAIL1 in primary tumors and the
resultant reversal of EMT were verified by IHC for SNAIL1, E-
cadherin, and vimentin (Figs. 4B and Supplementary Fig. S5A
and S5B). Both early and late SNAIL1 KO resulted in a profound
reduction in numbers of lung metastases as measured by
Indian ink stain (Fig. 4C, D, and F) and BM DTCs as measured
by cytokeratin (panCK) IF (Fig. 4E and G), compared with age
andbackground-matched controlmice. Primary tumor burden
was not higher in control mice compared with KOs. The
number of superficial lung metastases was a reliable surrogate
marker for total lung metastatic burden as it correlated with
that of internal metastases as determined histologically (not
shown).

The few lung metastases present in early SNAIL1 KO mice
could have arisen frommetastatic cells that had escaped CRE-
mediated SNAIL1 deletion due to the mosaic MMTV promoter
or through a SNAIL1-independent process. To differentiate
between these two possibilities, we determined the status of
CRE-mediated SNAIL1 gene rearrangement in primary tumors

and lung metastases from the same mice. The rearranged
SNAIL1 allele was readily amplified in primary tumors but
not in lung metastases. In contrast, a control genomic
sequence proximal to the floxed segment was comparably
amplified in both (Supplementary Fig. S5C). This result indi-
cated that the few lung metastases present in early KO mice
likely arose due to incomplete deletion of the floxed SNAIL1
gene in primary tumor cells.

In summary, both early and late SNAIL1 deletion in the
MMTV-PyMT metastatic breast cancer model indicated that
SNAIL1 was required for breast cancer metastasis.

Transient, but not continuous, SNAIL1 overexpression in
primary breast tumors increases metastasis

The presence of SNAIL1 expression in primary tumors yet
absence in DTCs and lung metastases suggested that SNAIL1
expression during metastasis could be transient, or alterna-
tively, needs to be turned off for effective metastasis to occur.
To test this hypothesis, we overexpressed SNAIL1 either tran-
siently or continuously in MMTV-neuNT mice, as this model
has modest metastatic potential (�25%) and asked whether
thesemanipulations affected the extent of metastasis (Fig. 5A).

We generated MMTV-neuNT; SNAIL1-CBR; MTA and con-
trol MMTV-neuNT; SNAIL1-CBR mice (unresponsive to doxy-
cycline). Upon detection of palpable primary breast tumors
(�0.5 cm in diameter and SNAIL1-CBR bioluminescence not
detected), mice were fed 1 mg/mL doxycycline-containing
water, either continuously (12 weeks; Continuous SNAIL1) or
transiently (4 weeks followed by 8 weeks of doxycycline-free
water; Transient SNAIL1), then the number of BM DTCs
and incidence of lung metastasis determined for all groups
(Fig. 5A). The selection of 4-week doxycycline treatment as the
transient treatment window was based on the time course
from initial SNAIL1 expression in primary breast tumors
to initial appearance of lung metastases in MTA;TAN mice
(Fig. 3A).

Tumor latency was similar between Transient and Contin-
uous SNAIL1 and control mice with means of 23 and 24 weeks,
respectively. Primary tumor burden was not higher in SNAIL1-
overexpressing mice compared with controls. Continuous
SNAIL1 overexpression in breast tumor cells increased the
number of BM DTCs 3-fold over that in controls (Fig. 5C).
Surprisingly, however, the percentage of mice that developed

Table 1. Spatiotemporal expression of SNAIL1 in MTA;TAN mice

Tumor site

Total number of tumors,
DTCs, and lung metastases
examined from four animals

Number of SNAIL1-positive
tumors, DTCs, and lung
metastases

Percent SNAIL1
positive

Primary tumors 25 13 52
BM DTCs 150 6 4
Lung metastases 150 7 4.7

NOTE: Three 10-mm sections each of primary tumors and lungs with metastases and BM DTC spreads from four animals were
subjected to IHC for SNAIL1 (primary tumors and lungs) or coimmunofluorescence for Her2Neu and SNAIL1 (BM DTCs) and the
SNAIL1-positive percentage in each tissue type determined. Related to Fig. 3E and F.
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lung metastasis was reduced 3-fold (8.7% vs. 25% in
controls; Fig. 5B).When SNAIL1was transiently overexpressed,
the number of BM DTCs also increased but now was 15-fold
higher than in controls (Fig. 5C; 5-fold higher than in Contin-
uous SNAIL1). More than 60% of Transient SNAIL1 mice
developed lungmetastasis compared with only 25% of controls
and 8.7% of Continuous SNAIL1 mice (Fig. 5B).
The number of primary tumors expressing SNAIL1 and

exhibiting a mesenchymal phenotype (i.e., low E-cadherin and
high vimentin), at the time of analysis, in Transient SNAIL1
mice was comparable with controls and 4-fold lower than that
in Continuous SNAIL1mice. In both Transient andContinuous
SNAIL1 mice, there were few lung metastases that expressed

SNAIL1 and in contrast to primary tumors in Continuous
SNAIL1 mice, most lung metastases in mice of all groups
exhibited an epithelial-like phenotype (i.e., low SNAIL1, high
E-cadherin, and low vimentin; Table 2; and Supplementary
Fig. S6).

Taken together, these results indicated that SNAIL1 was
necessary and sufficient to induce DTCs and overt lung metas-
tases. Transient SNAIL1 overexpression increased both the
number of BM DTCs and the incidence of lung metastasis,
whereas continuous SNAIL1 overexpression decreased the
incidence of lung metastasis. This suggested the possibility
that SNAIL1 expression needs to be downregulated after tumor
cells exit the primary tumor for overt lung metastases to form.

Figure 4. SNAIL1 is necessary for
breast tumor metastasis in MMTV-
PyMT mice. A, a diagram of breast
cancer progression and genetic
mouse models is used. B,
representative images of SNAIL1
immunohistochemically stained
sections of primary tumors from
Early SNAIL1 KO and control mice,
confirming efficient SNAIL1
deletion. C, representative images
of lungs as seen grossly (top) and
after Indian ink stain (bottom) of
control and early SNAIL1 KO mice.
D and E, histograms of number of
lung metastases as measured by
Indian ink stain (D; �, P ¼ 0.0038),
and number of BM DTCs per 106

total BM cells as measured by
panCK immunofluorescence (E; �,
P ¼ 0.00087) in control and early
SNAIL1 KO mice. N ¼ 8 for control
and 6 for early SNAIL1 KO. F andG,
histograms of number of lung
metastases as measured by Indian
ink stain (F; �, P ¼ 0.04), and
number of BM DTCs per 106 total
BM cells as measured by panCK
immunofluorescence (G; �, P ¼
0.03) in control and late SNAIL1 KO
mice. N ¼ 10 for control and 6 for
late SNAIL1 KO.
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Discussion
Using a novel SNAIL1-CBR reporter mouse model and a

previously characterized conditional SNAIL1 KO mouse (13)
crossed to several genetic models of breast cancer, we have
demonstrated that SNAIL1 plays a critical role in breast
cancer metastasis in vivo. Specifically, SNAIL1 expression (i)
is restricted to metastatic primary breast tumors, particu-
larly at invasive fronts; (ii) immediately precedes detection
of DTCs; and (iii) is required and sufficient for efficient
breast cancer metastasis.

Multiple EMT factors are often present simultaneously in the
same tumors (4, 12). Recent studies suggest a spatiotemporal
hierarchy among these factors in developmental and cancer
EMT with SNAIL1 considered one of the earliest master reg-
ulators of EMT initiation (4, 40). This was validated in the
genetic models detailed herein. SNAIL1 expression was

detected in primary tumors but only rarely in DTCs and lung
metastases. The spatiotemporal expression of SNAIL1 appears
to be important for effective metastasis as continuous SNAIL1
overexpression decreasedwhile transient overexpression great-
ly increased the incidence of lungmetastasis. This could be due
to the growth inhibitory properties of SNAIL1 and EMT factors
in general and is consistent with recent reports on inhibitory
effects of prolonged SNAIL1 expression on the renewal capacity
of tumor-initiating cells (41) and on spatiotemporal regulation
of otherEMT factors such asTwist1 andPrrx1 (1, 4, 9, 10, 12).We
cannot exclude the possibility that some lung metastases,
especially those exhibiting detectable SNAIL1 expression, could
have developed from a SNAIL1-independent mechanism. How-
ever, the contributionof suchapathway tometastasis is likely to
be insignificant as lung metastasis was severely impeded when
SNAIL1 was deleted or overexpressed continuously.

Figure 5. Transient, not continuous,
overexpression of SNAIL1 in
primary breast tumors increases
breast cancer metastasis in
MMTV-NeuNT mice. A, a diagram
of breast cancer progression and
genetic mousemodels used. B and
C, histograms of incidence of lung
metastasis as determined by
Indian ink stain and histology (B)
and number of BM DTCs per 106

total bone marrow (BM) cells as
determined by Her2Neu
immunofluorescence (C;
�, P ¼ 0.0013; ��, P ¼ 5.28 � 10�8;
���, P ¼ 2.5 � 10�5) in control,
continuous SNAIL1, and transient
SNAIL1 mice. N¼ 32, 23, and 8 for
control, continuous, and transient
SNAIL1, respectively.

Table 2. Spatiotemporal expression of SNAIL1 in MMTV-neuNT mice

Duration of exogenous
SNAIL1 expression in
primary tumors Tumor site

Number of tumors and
lung metastases examined
from five mice (#)

Number of SNAIL1-
positive tumors and
lung metastases

Percent SNAIL1
positive

Control (Endogenous SNAIL1) Primary tumors 25 4 16
Lung metastases 50 2 4

Continuous SNAIL1 (#) Primary tumors 15 12 80
Lung metastases 24 4 17

Transient SNAIL1 Primary tumors 25 5 20
Lung metastases 50 1 2

NOTE: Three 10-mm sections each of primary tumors and lungs withmetastases from five control, two continuous SNAIL1 (#: only 2 in
23 mice had lung metastasis), and five transient SNAIL1 mice were subjected to IHC for SNAIL1, E-cadherin, and vimentin and the
SNAIL1-positive percentage in each tissue type determined. Related to Fig. 5 and Supplementary Fig. S6.
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Whatmaintainsmetastatic cells in EMT after SNAIL1 down-
regulation remains incompletely understood. Other EMT fac-
tors could cooperate with SNAIL1 to maintain EMT in DTCs
until they reactivate growth to form overt metastases. In
human breast cancer patients, expression of Twist1 in BM
DTCs has been shown to correlate with subsequent develop-
ment of overt metastases (4). In thesemetastatic breast cancer
models, the EMT state appears to persist, at least partially, in
DTCs as evidenced by absence of E-cadherin expression in
these cells while only a few exhibited vimentin expression.
Whether other EMT factors, such as Twist1, replace SNAIL1 in
DTCs in these models remains to be determined.
Although we have not conclusively established that SNAIL1

downregulation in metastatic cells is mechanistically linked to
subsequent MET, the current results suggest that primary site
of function of SNAIL1 is at invasive fronts of primary tumors
and not at metastatic sites and therefore therapeutic targeting
of SNAIL1 is unlikely to exert significant effects on DTCs and
may have clinical benefit in inhibiting cancer EMT initiation
and invasion in the first place. However, a note of caution to
such an approach is warranted given the possibility that low
SNAIL1 expression in DTCs may be required, perhaps in
cooperation with Twist1, to promote EMT and dormancy, and
that inhibiting SNAIL1 in preexistent DTCs may inadvertently
induce them to exit EMT to undergo MET, resulting in
increased metastatic disease, as has been suggested by other
recent studies with other EMT factors (9, 10).
Metastasis has been proposed to occur early in breast

tumorigenesis. In several human breast cancer series, up to
19% of patients with DCIS had detectable CTCs. Yet, the risk of
developing overt metastases was <1% among these patients
(36, 37), suggesting that the vast majority of detected CTCs in
these patients are highly inefficient at colonizing secondary
organs and being reactivated to form metastases. In both
NeuNT and PyMT-induced breast cancer mouse models, dis-
semination of cancer cells was also observed in the premalig-
nant phase (33). Our results inMMTV-PyMTmice suggest that
late dissemination contributes the greatest to overall metas-
tasis and is highly dependent on SNAIL1. Although these
results do not address whether early dissemination requires

SNAIL1 function, early dissemination does not appear to be the
main driver of metastasis, perhaps due to the need for early
DTCs to acquire additional genetic and/or epigenetic changes
and stimuli that promote efficientmigration, colonization, and
reactivation of growth. In fact, Husemann and colleagues
demonstrated that early DTCs from premalignant lesions
required further stimulation from growth factors and a sup-
portive BM environment to form apparent metastases (33).

Disclosure of Potential Conflicts of Interest
No potential conflicts of interest were disclosed.

Authors' Contributions
Conception and design: H.D. Tran, G.D. Longmore, D.D. Tran
Development of methodology: H.D. Tran, K. Zhang, D.D. Tran
Acquisition of data (provided animals, acquired and managed patients,
provided facilities, etc.): H.D. Tran, K. Luitel, M. Kim, K. Zhang, G.D. Long-
more, D.D. Tran
Analysis and interpretation of data (e.g., statistical analysis, biostatistics,
computational analysis): H.D. Tran, M. Kim, K. Zhang, G.D. Longmore,
D.D. Tran
Writing, review, and/or revision of the manuscript: H.D. Tran, G.D. Long-
more, D.D. Tran
Administrative, technical, or material support (i.e., reporting or orga-
nizing data, constructing databases): H.D. Tran, M. Kim, K. Zhang,
G.D. Longmore, D.D. Tran
Study supervision: H.D. Tran, G.D. Longmore, D.D. Tran

Acknowledgments
The authors thank Drs. Stephen Weiss, David DeNardo, Ron Bose, Raphael

Kopan, and David Piwnica-Worms for providing floxed SNAIL1, MMTV-PyMT,
MTA;TAN, ROSA26-LSL-tdTomato mice, and the CBR cDNA, respectively. The
authors also thank Jennifer Gill for help with ES cell differentiation assay, Lynne
Collins, and Julie Prior for help with bioluminescence imaging of mice and
members of our labs for their helpful comments.

Grant Support
This research was supported in part by the NCI 1K08CA160824, the Pardee

Foundation (D.D. Tran), and the Komen Race for the Cure KG110889 (G.D.
Longmore).

The costs of publication of this article were defrayed in part by the payment of
page charges. This article must therefore be hereby marked advertisement in
accordance with 18 U.S.C. Section 1734 solely to indicate this fact.

Received March 28, 2014; revised August 19, 2014; accepted August 20, 2014;
published OnlineFirst August 27, 2014.

References
1. Thiery JP, Acloque H, Huang RYJ, Nieto MA. Epithelial-mesenchymal

transitions in development and disease. Cell 2009;139:871–90.
2. Kudo-Saito C, ShirakoH, Takeuchi T, Kawakami Y. Cancermetastasis

is accelerated through immunosuppression during Snail-induced EMT
of cancer cells. Cancer Cell 2009;15:195–206.

3. Moody SE, Perez D, Pan TC, Sarkisian CJ, Portocarrero CP, Sterner
CJ, et al. The transcriptional repressorSnail promotesmammary tumor
recurrence. Cancer Cell 2005;8:197–209.

4. Tran DD, Corsa CAS, Biswas H, Aft RL, Longmore GD. Temporal and
spatial cooperationofSnail1 andTwist1 during epithelialmesenchymal
transition predicts for human breast cancer recurrence. Mol Cancer
Res 2011;9:1644–57.

5. Tarin D, Thompson EW, Newgreen DF. The fallacy of epithelial mes-
enchymal transition in neoplasia. Cancer Res 2005;65:5996–6000.

6. Garber K. Epithelial-to-mesenchymal transition is important to
metastasis, but questions remain. J Natl Cancer Ins 2008;100:
232–39.

7. Giampieri S,ManningC,Hooper S, Jones L, Hill CS, Sahai E. Localized
and reversible TGFbeta signalling switches breast cancer cells from
cohesive to single cell motility. Nat Cell Biol 2009;11:1287–96.

8. Christiansen JJ, Rajasekaran AK. Reassessing epithelial to mesen-
chymal transition as a prerequisite for carcinoma invasion and metas-
tasis. Cancer Res 2006;66:8319–26.

9. Tsai JH, Donaher JL, Murphy DA, Chau S, Yang J. Spatiotemporal
regulation of epithelial-mesenchymal transition is essential for squa-
mous cell carcinoma metastasis. Cancer Cell 2012;22:725–36.

10. Ocana OH, Corcoles R, Fabra A, Moreno-Bueno G, Acloque H, Vega
S, et al. Metastatic colonization requires the repression of the
epithelial-mesenchymal transition inducer Prrx1. Cancer Cell 2012;
22:709–24.

11. Ansieau S, Bastid J, Doreau A,Morel AP, Bouchet BP, ThomasC, et al.
Induction of EMT by twist proteins as a collateral effect of tumor-
promoting inactivation of premature senescence. Cancer Cell 2008;
14:79–89.

SNAIL1 Is Required and Sufficient for Metastasis

www.aacrjournals.org Cancer Res; 74(21) November 1, 2014 6339

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/74/21/6330/2714851/6330.pdf by guest on 19 M

ay 2023



12. Mani SA, Guo W, Liao M-J, Eaton EN, Ayyanan A, Zhou AY, et al. The
epithelial-mesenchymal transition generates cells with properties of
stem cells. Cell 2008;133:704–15.

13. Rowe RG, Li X-Y, Hu Y, Saunders TL, Virtanen I, de Herreros AG, et al.
Mesenchymal cells reactivate Snail1 expression to drive three-dimen-
sional invasion programs. J Cell Biol 2009;184:399–408.

14. Poueymirou WT, Auerbach W, Frendewey D, Hickey JF, Escaravage
JM, Esau L, et al. F0 generation mice fully derived from gene-targeted
embryonic stem cells allowing immediate phenotypic analyses. Nat
Biotechnol 2007;25:91–9.

15. Bagheri-Yarmand R, Talukder AH,Wang RA, Vadlamudi RK, Kumar R.
Metastasis-associated protein 1 deregulation causes inappropriate
mammary gland development and tumorigenesis. Development 2004;
131:3469–79.

16. Fujii T, Fuchs BC, Yamada S, Lauwers GY, Kulu Y, Goodwin JM, et al.
Mousemodel of carbon tetrachloride induced liver fibrosis: Histopath-
ological changes and expression of CD133 and epidermal growth
factor. BMC Gastroenterol 2010;10:79.

17. Miretti S, Roato I, Taulli R, Ponzetto C, Cilli M, OliveroM, et al. Amouse
model of pulmonary metastasis from spontaneous osteosarcoma
monitored in vivo by Luciferase imaging. PLoS ONE 2008;3:e1828.

18. ZhangK, CorsaCA, Ponik SM, Prior JL, Piwnica-WormsD, Eliceiri KW,
et al. The collagen receptor discoidin domain receptor 2 stabilizes
SNAIL1 to facilitate breast cancer metastasis. Nat Cell Biol 2013;15:
677–87.

19. Zhang K, Rodriguez-Aznar E, Yabuta N, Owen RJ, Mingot JM, Nojima
H, et al. Lats2 kinase potentiates Snail1 activity by promoting nuclear
retention upon phosphorylation. EMBO J 2012;31:29–43.

20. Gill JG, Langer EM, Lindsley RC, CaiM,Murphy TL, KybaM, et al. Snail
and the microRNA-200 family act in opposition to regulate epithelial-
to-mesenchymal transition and germ layer fate restriction in differen-
tiating ESCs. Stem Cells 2011;29:764–76.

21. Kokudo T, Suzuki Y, Yoshimatsu Y, Yamazaki T, Watabe T, Miyazono
K. Snail is required for TGFbeta-induced endothelial-mesenchymal
transition of embryonic stem cell-derived endothelial cells. J Cell Sci
2008;121:3317–24.

22. FedorovaL,Gatto-WeisC,Smaili S, KhurshidN,Shapiro J,MalhotraD,
et al. Down-regulation of the transcription factor snail in the placentas
of patients with preeclampsia and in a rat model of preeclampsia.
Reprod Biol Endocrinol 2012;10:1–11.

23. NakayamaH,Scott IC,Cross JC. The transition toendoreduplication in
trophoblast giant cells is regulated by the mSNA zinc finger transcrip-
tion factor. Dev Biol 1998;199:150–63.

24. Senner CE, Hemberger M. Regulation of early trophoblast differenti-
ation lessons from the mouse. Placenta 2010;31:944–50.

25. Nieto MA, Bennett MF, Sargent MG, Wilkinson DG. Cloning and
developmental expression of Sna, a murine homologue of the Dro-
sophila snail gene. Development 1992;116:227–37.

26. Rowe RG, Lin Y, Shimizu-Hirota R, Hanada S, Neilson EG, Greenson
JK, et al. Hepatocyte-derived Snail1 propagates liver fibrosis progres-
sion. Mol Cell Biol 2011;31:2392–403.

27. Come C, Arnoux V, Bibeau F, Savagner P. Roles of the transcription
factors snail and slug during mammary morphogenesis and breast
carcinoma progression. J Mammary Gland Biol Neoplasia 2004;9:
183–93.

28. Chakrabarti R, Hwang J, Andres Blanco M, Wei Y, Luka�cis?in M,

Romano R-A, et al. Elf5 inhibits the epithelial€A��mesenchymal tran-
sition in mammary gland development and breast cancer metas-
tasis by transcriptionally repressing Snail2. Nat Cell Biol 2012;14:
1212–22.

29. Wagner KU, McAllister K, Ward T, Davis B,Wiseman R, Hennighausen
L. Spatial and temporal expression of the Cre gene under the control of
the MMTV-LTR in different lines of transgenic mice. Transgenic Res
2001;10:545–53.

30. Fantozzi A, Christofori G. Mouse models of breast cancer metastasis.
Breast Cancer Res 2006;8:212.

31. Muller WJ, Sinn E, Pattengale PK, Wallace R, Leder P. Single-step
induction ofmammary adenocarcinoma in transgenicmice bearing the
activated c-neu oncogene. Cell 1988;54:105–15.

32. Vincent-Salomon A, Thiery JP. Host microenvironment in breast
cancer development: epithelial-mesenchymal transition in breast can-
cer development. Breast Cancer Res 2003;5:101–6.

33. Husemann Y, Geigl JB, Schubert F, Musiani P, Meyer M, Burghart E,
et al. Systemic spread is an early step in breast cancer. Cancer cell
2008;13:58–68.

34. Moody SE, Sarkisian CJ, Hahn KT, Gunther EJ, Pickup S, Dugan KD,
et al. Conditional activation of Neu in the mammary epithelium of
transgenic mice results in reversible pulmonary metastasis. Cancer
Cell 2002;2:451–61.

35. Guy CT, Cardiff RD, Muller WJ. Induction of mammary tumors by
expression of polyomavirus middle T oncogene: a transgenic mouse
model for metastatic disease. Mol Cell Biol 1992;12:954–61.

36. Franken B, deGroot M,MastboomW, Vermes I, van der Palen J, Tibbe
A, et al. Circulating tumor cells, disease recurrence and survival in
newly diagnosed breast cancer. Breast Cancer Res 2012;14:R133.

37. Roses RE, Arun BK, Lari SA, Mittendorf EA, Lucci A, Hunt KK, et al.
Ductal carcinoma-in-situ of the breast with subsequent distant metas-
tasis and death. Ann Surg Oncol 2011;18:2873–8.

38. Weng D, Penzner J, Song B, Koido S, Calderwood S, Gong J.
Metastasis is an early event in mouse mammary carcinomas and is
associated with cells bearing stem cell markers. Breast Cancer Res
2012;14:R18.

39. Madisen L, Zwingman TA, Sunkin SM,OhSW, ZariwalaHA,GuH, et al.
A robust and high-throughput Cre reporting and characterization
system for the whole mouse brain. Nat Neurosci 2010;13:133–40.

40. Peinado H, Olmeda D, Cano A. Snail, Zeb and bHLH factors in tumour
progression: an alliance against the epithelial phenotype?Nat Reviews
Cancer 2007;7:415–28.

41. Celia-TerrassaT,Meca-CortesO,MateoF, dePazAM,RubioN, Arnal-
Estape A, et al. Epithelial-mesenchymal transition can suppress major
attributes of human epithelial tumor-initiating cells. J Clin Invest
2012;122:1849–68.

Cancer Res; 74(21) November 1, 2014 Cancer Research6340

Tran et al.

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/74/21/6330/2714851/6330.pdf by guest on 19 M

ay 2023



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings true
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 0
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 900
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ([Based on '[High Quality Print]'] Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides true
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        18
        18
        18
        18
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 18
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [792.000 1224.000]
>> setpagedevice


