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Summary
Snail1 and ZEB1 are transcriptional repressors that drive tumor initiation and metastasis in animal
models. Snail1 and ZEB1 are frequently coexpressed in tumor cell lines, suggesting that these
factors may cooperate to promote tumor progression. However, coexpression of these
transcriptional repressors in primary human cancer specimens has not been investigated. Previous
studies assessed expression in primary breast cancers of Snail1 messenger RNA, which does not
reflect Snail1 activity because Snail1 is subject to posttranslational modifications that inhibit its
nuclear localization/activity. In the current study, using breast tumor cell lines of known Snail1
and ZEB1 expression status, we developed immunohistochemistry protocols for detecting nuclear
Snail1 and nuclear ZEB1 proteins. Using these protocols, we assessed nuclear Snail1 and nuclear
ZEB1 expressions in primary human breast cancers of varying subtypes (n = 78). Nuclear Snail1
and estrogen receptor α expression were inversely associated in primary breast cancers, and
nuclear Snail1 was expressed in approximately 80% of triple-negative breast cancers (lacking
estrogen receptor α, progesterone receptor, and human epidermal growth factor receptor 2
overexpression). In contrast, nuclear ZEB1 was expressed at a significantly lower frequency in
these breast cancers. Notably, nuclear Snail1 protein was detected in 45% of ductal carcinoma in
situ specimens (n = 29), raising the important possibility that nuclear Snail1 expression in early
stage breast lesions may predict future development of invasive breast cancer. Collectively, our
studies demonstrate frequent expression of nuclear Snail1, but not nuclear ZEB1, in invasive,
triple-negative breast cancers as well as in intraductal carcinomas.
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1. Introduction
Snail1 and ZEB1 are E-box-binding transcriptional repressors that suppress transcription of
epithelial genes (eg, E-cadherin, occludin) while inducing transcription of mesenchymal
genes (eg, fibronectin). These transcriptional repressors promote the epithelial-mesenchymal
transition, a cell program driving self-renewing activity [1,2], invasive behavior [3–6],
tumor recurrence [7], and tumor metastasis in animal models [8,9]. Although the expression/
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activity of these transcriptional repressors in isolation has been assessed in tumor cells, it
remains unclear if these factors cooperate to drive tumor cell invasive behavior.

The functions of Snail1 and ZEB1 seem redundant because they regulate transcription of a
common set of genes [10]. Of note, Snail1 is required for ZEB1 expression during
mesoderm formation in Drosophila embryonic development [11], and, in overexpression
models, Snail1 drives ZEB1 transcription in tumor cell lines [12]. These findings suggest
that Snail1 may be a central determinant of ZEB1 expression in tumor cells. However,
Snail1 and ZEB1 coexpression in primary cancers has not been previously investigated.

Previous studies investigated the expression of Snail1 messenger RNA (mRNA) in primary
breast cancers [7,13]. However, Snail mRNA expression does not predict nuclear Snail
protein expression in these breast cancers because Snail1 is regulated by posttranslational
modifications that influence its protein stability and nuclear localization [14,15]. Cell lines
have been characterized that express both Snail1 mRNA and cytoplasmic Snail1 protein but
lack nuclear Snail1 [14]. Importantly, these cell lines lack detectable Snail1 activity (eg,
down-regulation of Snail1 target genes) [14]. These findings suggest that nuclear Snail1
protein is a better predictor of Snail1 transcriptional activity than Snail1 mRNA or Snail1
protein.

Snail1 protein expression has been reported previously in primary breast cancers. However,
these studies did not attempt to distinguish between nuclear and cytoplasmic Snail1 [15–17].
Nuclear Snail1 protein expression has also been reported in invasive ductal breast cancers
[18–20]. Considering that breast cancer is a heterogeneous disease, there exists a need to
study nuclear Snail1 protein expression across the spectrum of human breast carcinomas.
The current study assesses nuclear Snail1 and nuclear ZEB1 protein expression in human
breast cancers of different subtypes. Our results indicate frequent expression of nuclear
Snail1, but not nuclear ZEB1, in invasive estrogen receptor α (ERα) (−) breast cancers and
in human ductal carcinoma in situ (DCIS) specimens. These findings raise the important
possibility that Snail1 may be a prognostic marker in early stage breast lesions for future
development of invasive breast cancer.

2. Methods
2.1. Breast tumor cell lines

MDA-MB-231 triple-negative breast tumor cells were obtained from the American Type
Culture Collection (ATCC). The DKAT triple-negative breast cancer cell line was kindly
provided by Victoria Seewaldt, MD. This cell line was derived from the malignant pleural
effusion of a 35-year-old white woman who initially presented with a 4-cm ERα/
progesterone receptor (PR) (−/−), human epidermal growth factor receptor 2(HER2)/Neu
wild type, creatine kinase 5 (+), epidermal growth factor receptor (+) lymph node-negative
breast cancer (T2N0M0). Ten months from initial diagnosis, metastasis to the lung, pleura,
liver, and bone were observed. Twelve months from initial diagnosis, the woman died of
rapid progression of disease. To generate the DKAT cell line, pleural fluid from this woman
was centrifuged, cells were pelleted, and the pellet was resuspended in mammary epithelial
cell growth medium supplemented with bovine pituitary extract, insulin, human recombinant
epidermal growth factor, and hydrocortisone mammary epithelial growth medium (MEGM)
(Lonza, Basel, Switzerland).

2.2. Primary breast cancer specimens
Snail1 and ZEB1 expression were assessed in human breast cancers (n = 59) from a breast
cancer tissue microarray [21] as well as in triple-negative invasive ductal carcinoma (IDC)
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specimens (formalin-fixed, paraffin-embedded; n = 19) retrieved from the surgical
pathology archives of Duke University Medical Center.

2.3. Snail1 immunohistochemistry
Formalin-fixed, paraffin-embedded sections were deparaffinized, blocked, boiled in pH 9.9
antigen retrieval buffer (Dako, Carpinteria, CA) at 100°C for 20 minutes, and incubated
overnight at 4°C with a Snail1-specific monoclonal antibody (1:200) [22]. Snail1 was
detected by indirect IHC using avidin-biotin peroxidase and the Catalyzed Signal
Amplification System (Dako). Diaminobenzidine was used as a chromogen. Sections were
counterstained with hematoxylin. Paraffin-embedded cell blocks of the DKAT and MDA-
MB-231 cell lines served as external positive controls. Paraffin-embedded MCF-7 cells
served as a negative external control. Negative control reactions used nonspecific mouse
IgG in lieu of the Snail1 antibody.

2.4. Zeb1 IHC
Sections from formalin-fixed, paraffin embedded tissue culture cell blocks were heated in
Tris (10 mmol/L)/EDTA (1 mmol/L EDTA) pH 9.0 for 20 minutes at 100°C and blocked
with A/B blocking kit (Vector Labs, Burlingame, CA) followed by normal horse serum.
Slides were incubated with a goat anti-ZEB1 antibody (E-20; Santa Cruz Biotechnology,
Inc., Santa Cruz, CA; 1 μg/mL) overnight at 4°C followed by biotin-conjugated anti-goat
IgG and horseradish peroxidase-ABC Elite complex (Vector Labs). Diaminobenzidine
chromogen was used as a chromogen, and slides were counterstained with hematoxylin.
MDA-MB-231 and MCF-7 cell blocks served as external positive and negative controls,
respectively. Normal goat serum was used as a negative control reagent in lieu of the ZEB1
primary antibody.

2.5. Interpretation of Snail1 and ZEB1 immunostains
Intraductal and invasive carcinomas showing any degree of nuclear staining were scored as
positive. For ZEB1, staining was often weak and/or focal. Stromal elements, especially
endothelial cells, showed moderate to strong nuclear staining for Snail1 or ZEB1 in most
cells and served as internal positive controls. For statistical analysis, cytoplasmic staining,
which was observed in some neoplastic lesions, was disregarded.

2.6. Statistical methods
All pairwise associations with either nuclear Snail1 or ZEB1 were tested using Fisher exact
method. Pearson χ2 test of proportions was used to test the proportion expressing ZEB1
protein in invasive lobular compared to invasive ductal breast cancers. All tests were 2
tailed, and P < .05 was considered statistically significant.

3. Results
We used a previously characterized Snail1 antibody [22] to investigate the expression of
nuclear Snail1 protein, representing the active form of this transcriptional repressor, in
primary human breast cancers. This antibody is highly specific for Snail1 [22,23], and it has
been used extensively to characterize Snail1 expression in tumors and embryonic samples
by immunohistochemistry (IHC) [23–26]. Confirming previous findings [22], we
demonstrate in Fig. 1A that this antibody reacts with Snail1 but not with the Snail1 relative,
Slug. Using appropriate positive and negative control breast tumor cell lines, we developed
an immunohistochemical staining protocol using this Snail1 antibody (Fig. 1B). Our studies
using this protocol detected nuclear Snail1 protein in MDA-MB-231 (Fig. 1B) and DKAT
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(data not shown) breast tumor cell lines but not in nuclear Snail1-deficient MCF-7 breast
tumor cells (Fig. 1B).

Using our optimized Snail1 IHC protocol, we next investigated nuclear Snail1 protein
expression in a breast cancer tissue microarray. Nuclear Snail1 protein was detected in
tumor cells of a subset of invasive lobular and invasive ductal breast cancers (2/8 lobular
and 12/51 ductal carcinoma specimens). In the invasive ductal breast cancers, we detected
nuclear Snail1 frequently in ERα (−) but not in ERα (+) cancers (Fig. 1C and D). In fact, we
observed a significant inverse association between ERα and nuclear Snail1 expression
(nuclear Snail1 detected in 69% of ERα [−] ductal breast cancers versus in 8% of ERα [+]
breast cancers; P < .0001) (Table 1A). Nuclear Snail1 expression was significantly
associated with high-grade specimens (80% of grade 3 specimens versus 10% of grade 1 + 2
specimens; P < .0001) (Table 1B). Notably, nuclear Snail1 protein was detected in 75%
(9/12 specimens) of triple-negative breast cancers, lacking ERα, progesterone receptor, and
human epidermal growth factor receptor 2 overexpression.

Using a previously characterized ZEB1 antibody [9,27], we next developed an IHC protocol
for detecting nuclear ZEB1 protein expression in breast tumor cell lines and in primary
breast cancer specimens. As controls, we showed that this IHC protocol detects nuclear
ZEB1 in MDA-MB-231 cells (ZEB1 [+]), but not in MCF-7 cells (ZEB1 [−]) (Fig. 1B).
Nuclear ZEB1 protein was observed more frequently in invasive lobular breast cancers
(38%, or 3/8 specimens) than in invasive ductal breast cancers (8%, or 4/51 specimens), P
= .07. In contrast with our Snail1 data, no association was observed between nuclear ZEB1
expression and ERα status (Table 2A) or tumor grade (Table 2B). Furthermore, nuclear
ZEB1 protein expression in tumor cells of primary invasive ductal breast cancers lacked
significant association with nuclear Snail1 expression in these specimens (Table 2C).

Similar to the results obtained using the tissue microarray, we detected nuclear Snail1
protein in tumor cells of 84% of archival triple-negative breast cancers (16/19 specimens),
whereas nuclear ZEB1 was expressed in tumor cells of 16% of triple-negative cancers (3/19
specimens) (Table 3). Due to the low frequency of ZEB1 expression in triple-negative breast
carcinomas (2/3 ZEB1 [+] cases also expressed Snail1, whereas the third case was not
evaluable for Snail1 expression), we were not able to assess an association between nuclear
ZEB1 and Snail1 expression in this breast cancer subtype. Notably, both nuclear Snail1 and
nuclear ZEB1 were detected in stromal cells associated with all triple-negative breast
cancers (Table 3).

Considering that Snail1 and ZEB1 transcriptional repressors have been implicated in
invasive tumor behavior [10], we sought to determine if these factors are expressed in
preinvasive breast lesions. Nuclear Snail1 was detected in 45% of DCIS specimens (13/29
lesions) (Fig. 2), whereas nuclear ZEB1 was not detected in any DCIS specimens (data not
shown). Nuclear Snail1 was inversely associated with ERα expression in these DCIS
specimens (Table 4A), and this association was statistically significant (P = .014). Although
nuclear Snail1 was detected more frequently in high-grade DCIS than in low-grade DCIS,
the association between nuclear Snail1 expression and DCIS grade did not quite reach
statistical significance (P = .054; Table 4B).

4. Discussion
Previous studies of Snail1 expression in breast cancer investigated Snail1 mRNA [7,13],
which does not predict Snail1 activity because Snail1 stability/nuclear localization is
regulated by Snail1 posttranslational modifications [14,15]. In the current work, we
investigated expression of nuclear Snail1 protein in primary breast cancers and premalignant
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breast lesions using a highly specific Snail1 antibody. We detected nuclear Snail1 protein
frequently in ERα (−) but not in ERα (+) invasive breast cancers. This finding is in
agreement with previous reports [13,20,28,29] and likely reflects the ability of: (1) ERα to
suppress Snail1 expression [29] and (2) Snail1 to suppress ERα transcription [28].

Similar to results reported for Snail1 mRNA [13], we observed an association between
nuclear Snail1 protein expression and breast tumor grade. However, our work produced
several results that differ from previous data obtained studying Snail1 mRNA. Although
Snail1 mRNA was observed in 47% of human IDC specimens [13], we detected nuclear
Snail1 protein in only 24% of IDC (Table 1A). Similar to other investigators [20], we
detected nuclear Snail1 protein in a subset of lobular cancers (2/8 specimens), which have
previously been reported to lack detectable Snail1 mRNA [13]. This result suggests that
Snail1 mRNA detection by in situ hybridization is less sensitive than nuclear Snail1 protein
detection by IHC. Collectively, our findings suggest that Snail1 mRNA expression in
primary tumors does not predict expression of nuclear Snail1 protein.

Based on the previous demonstration that Snail1 drives ZEB1 transcription [12] and that
Snail1 and ZEB1 are frequently coexpressed in tumor cell lines [12], we investigated the
expression of these transcriptional repressors in primary breast cancers. We detected nuclear
ZEB1 expression in only 8% of invasive ductal breast carcinomas (Table 2). In contrast,
previous studies reported ZEB1 expression in 38% of dedifferentiated invasive ductal breast
carcinomas [30] and in 70% of ERα (−) PR (−) breast cancer tissues [31]. Our detection of
nuclear ZEB1 in a smaller percentage of IDC than was reported in these studies may relate
to the fact that (1) Aigner et al [30] scored carcinoma specimens for total cellular ZEB1, not
nuclear ZEB1, and (2) Graham et al [31] did not distinguish between stromal and tumor cell
ZEB1 staining. Our detection of nuclear ZEB1 most frequently in invasive lobular breast
cancer corroborates previous findings [30]. Contrary to studies in tumor cell lines [12], we
did not detect an association between nuclear ZEB1 and nuclear Snail1 expression in tumor
cells of primary breast cancers (Table 2C). This result suggests that nuclear Snail1 is not a
central determinant of ZEB1 expression in tumor cells of primary breast cancers.

We detected nuclear Snail1 and nuclear ZEB1 proteins in breast cancer–associated stromal
cells (Table 3), raising the possibility that Snail1 drives ZEB1 expression in stromal cells
associated with primary breast cancers. Expression of E-cadherin transcriptional repressors
has previously been reported in tumor-associated stromal cells [16,22,24,30,31], and stromal
Snail1 expression in colon cancer predicts a poor patient prognosis [24]. These findings
underscore the need for further work investigating how stromal Snail1 and ZEB1 expression
influence breast cancer pathogenesis.

The frequency of Snail1 and ZEB1 expression in preinvasive mammary neoplasia has not
been previously investigated. Our studies are important in demonstrating nuclear Snail1
protein, but not nuclear ZEB1 protein, in 45% of DCIS specimens (Table 4). Similar to the
results obtained in invasive ductal breast cancers (Table 1A), nuclear Snail1 expression was
inversely associated with ERα expression (Table 4A). Nuclear Snail1 expression was also
associated with high tumor grade in DCIS lesions, although this association did not quite
reach statistical significance (Table 4B). This finding corroborates previous results
demonstrating Snail1 expression in a limited number of comedo-type DCIS [13,20].
However, in the current study, nuclear Snail1 was also expressed in a fraction (16%) of low-
grade DCIS specimens (Table 4B). Our demonstration that nuclear Snail1 is expressed in
45% of DCIS specimens establishes an important foundation for future studies examining if
nuclear Snail1 expression in premalignant breast lesions predicts future development of
invasive breast cancer. Furthermore, our detection of nuclear Snail1 in a subset of
preinvasive breast lesions suggests that Snail1 as well as upstream regulators of Snail1
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expression/activity may be logical therapeutic targets for suppressing development of
invasive breast cancer.
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Fig. 1.
A, Protein lysates from 293 cells [Control (Con)], human Snail1-transfected 293 cells
(Snail1), or human Slug-transfected 293 cells (Slug) were immunoblotted with a Snail1 [21]
or Slug (Santa Cruz) antibody, + IRdye secondary antibody. Proteins were visualized using
Odyssey Infrared Imaging. B, Formalin-fixed, paraffin-embedded MCF-7 and MDA-
MB-231 cell pellets were stained with a ZEB1-specific or Snail1-specific antibody. C,
Representative nuclear Snail1 staining of a formalin-fixed, paraffin-embedded ER (−)
human ductal breast carcinoma. Nuclear-localized Snail1 is indicated by arrows labeled with
an “N.” D, Representative Snail1 staining of an ER(−) and an ER (+) human ductal breast
carcinoma. Note the expression of nuclear Snail1 in the ER (−) but not in the ER (+)
specimen. All images were photographed at ×200 magnification.
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Fig. 2.
Nuclear Snail1 protein expression was assessed in 29 archival human DCIS specimens (see
Table 4) using our optimized Snail1 IHC protocol. Nuclear Snail1 protein was detected in 13
of 29 specimens. Two representative nuclear Snail1 (−) specimens (no. 1, no. 3) and 2
nuclear Snail1 (+) specimens (no. 2, no. 4) are shown. Note nuclear staining in stromal cells
in all 4 cases. Images photographed at ×400 magnification.
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Table 1A

Inverse association between ERα and nuclear Snail1 expression in invasive ductal breast cancers (tissue
microarray)

No. of nuclear Snail1 (−) specimens No. of nuclear Snail1 (+) specimens

ERα (−) 4 9

ERα (+) 35 3

P < .0001.
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Table 1B

Association between nuclear Snail1 and tumor grade in invasive ductal breast cancers (tissue microarray)

No. of nuclear Snail1 (−) specimens No. of nuclear Snail1 (+) specimens

Low grade (grades 1 and 2) 37 4

High grade (grade 3) 2 8

P < .0001.
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Table 2A

Lack of an association between nuclear ZEB1 and ERα expression in invasive ductal breast cancers (tissue
microarray)

# Nuclear ZEB1(−) Specimens # Nuclear ZEB1(+) Specimens

ERα(−) 11 2

ERα(+) 36 2

p=0.27
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Table 2B

Lack of an association between nuclear ZEB1 and tumor grade in invasive ductal breast cancers (tissue
microarray)

# Nuclear ZEB1(−) Specimens # Nuclear ZEB1(+) Specimens

Low grade (grades 1 & 2) 39 2

High grade (grade 3) 8 2

p=0.17
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Table 2C

Lack of an association between nuclear Snail-1 and nuclear ZEB1 expression in invasive ductal breast cancers
(tissue microarray)

# Nuclear Snail-1(−) Specimens # Nuclear Snail-1(+) Specimens

# Nuclear ZEB1(−) Specimens 36 3

# Nuclear ZEB1(+) Specimens 11 1

p=1.00
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Table 3

Nuclear Snail1 and nuclear ZEB1 expression in archival triple-negative cancers

Parameter Total no. of specimens No. of positive specimens % of positive specimens

Nuclear Snail1 (+) tumor cells 19 16 84

Nuclear Snail1 (+) stromal cells 19 19 100

Nuclear ZEB1(+) tumor cells 19 3 16

Nuclear ZEB1(+) stromal cells 19 19 100
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Table 4A

Inverse Association between nuclear Snail-1 and ERα protein expression in intraductal carcinomas (DCIS)

Variable # Nuclear Snail-1(−) Lesions # Nuclear Snail-1(+) Lesions

ERα(−) 2 7

ERα(+) 15 5

p=0.014
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Table 4B

Association between nuclear Snail-1 expression and DCIS grade

Variable # Nuclear Snail-1(−) Specimens # Nuclear Snail-1(+) Specimens

Low grade 10 2

High grade 7 10

p=0.054
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