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Abstract
Twist is a basic helix loop helix protein that plays a role both in development and in cancer biogenesis.
While characterizing the effects of Twist on breast epithelial cell transformation, we identified E-
cadherin as a target gene that is down-regulated by Twist. In this study, we demonstrate that Twist
can transcriptionally repress E-cadherin in breast cancer cells. Using transient promoter assays, we
show that Twist can down-regulate E-cadherin promoter activity by up to two folds. This is further
supported by immunoblot analyses which indicated that over-expression of Twist can decrease E-
cadherin protein levels in breast cancer cell lines. Subsequently, chromatin immunoprecipitation was
performed on MCF-7/Twist and Hs578 T (high level of endogenous Twist expression), which
confirmed Twist binding to the E-cadherin promoter. Finally, the functional relevance of this
regulation was verified by quantitative real-time PCR and immunohistochemistry on a cohort of
breast cancer samples.

Introduction
Twist is a basic helix loop helix (bHLH) transcription factor essential in embryological
morphogenesis. It belongs to the HLH superfamily of proteins which are involved in a variety
of regulatory processes in organisms [1]. bHLH proteins dimerize with other members of the
family, bind to short conserved sequences called E-boxes [2] in promoter regions and
transcriptionally regulate target genes. Twist is a highly conserved protein and was initially
identified in Drosophila where it is involved in mesodermal patterning and morphogenetic
movement [3]. In mice, Twist is implicated in neural tube closure and null mutants are
embryonic lethal and die at E10.5 [4]. In humans, Twist is essential for normal vertebrate
development and defects in Twist promote autosomal dominant defects characterized by minor
skull and limb anomalies. Twist is mainly expressed in a subset of adult mesodermal cells
[5]. Twist also plays a role in cellular determination and in the differentiation of several lineages
including myogenesis [6], osteogenesis [7], and neurogenesis [8]. Besides the role of Twist in
normal development, Twist is over-expressed in many cancer types such as breast [9], gastric
[10] and prostate cancer [11].
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E-cadherin is a tumor suppressor transmembrane glycoprotein essential for epithelial cell-cell
adhesion [12]. It belongs to the cell adhesion molecule (CAM) family of proteins that are
expressed in a wide variety of tissues. Cadherins mediate cell-cell adhesion by interacting via
their extracellular domains with other cadherins. E-cadherin switching is indispensable during
development where it drives epithelial-mesenchymal transitions (EMT) [13] during
gastrulation and organogenesis wherein epithelial cells are converted to mesenchymal cells
[14]. The loss or suppression of E-cadherin expression is a critical event signaling loss of the
epithelial phenotype and commencement of the invasive program. There is evidence to indicate
that defects in E-cadherin lead to development and progression of cancer [15].

A majority of defects in E-cadherin expression have been associated with epigenetic origins
such as transcriptional silencing or methylation. Repression by promoter hypermethylation
[16], transcriptional repression [17] and mutations [18] are implicated in E-cadherin-mediated
cancer progression. The roles of Snail [19] and other factors such as p300 and AML1 have
been reported as transcriptional regulators of E-cadherin expression [20].

Earlier we demonstrated that over-expression of Twist occurs in a large number of breast
cancers with a concomitant epithelial-mesenchymal transition [9]. This inverse correlation
between Twist and E-cadherin expression observed in MCF-7/Twist cells prompted us to
decipher the functional role of Twist in regulating E-cadherin expression in breast cancer. We
report here that over-expression of Twist causes the transcriptional down-regulation of E-
cadherin. We demonstrate by chromatin immunoprecipitation that Twist binds in vivo to the
E-cadherin promoter and by promoter-reporter assays that Twist can down-regulate E-cadherin
promoter activity. Furthermore, we show by quantitative real-time PCR (qRT-PCR) that Twist
expression inversely correlates with E-cadherin expression in breast cancer samples.

Results
Twist downregulates E-cadherin expression in breast cancer cell lines

To understand the role of Twist in the biogenesis of breast cancer, we generated MCF-7/Twist
- a Twist over-expressing MCF-7 sub-line. Initial characterization of the MCF-7/Twist cell
line indicated the occurrence of an EMT with the associated loss of E-cadherin [9]. Microarray
analysis showed that E-cadherin levels were down-regulated by 260 fold in MCF-7/Twist cells
as compared to MCF-7 cells. To confirm this inverse correlation between Twist and E-cadherin
expression, we performed qRT-PCR on a panel of immortalized normal and breast cancer cell
lines with varying degrees of tumorigenic and metastatic potential using MCF-7 as a baseline
to compare expression levels of Twist and E-cadherin in these cell lines. As seen in Figure 1A,
all the cell lines analyzed showed an increase in Twist expression when compared to MCF-7.
However, expression of E-cadherin was over 2500 fold less in the tumorigenic lines SK-BR-3,
Hs578 T, MDA-MB-231, and MDA-MB-435. MCF-7/Twist cells showed an 826 fold increase
of Twist expression and a 225 fold decrease in E-cadherin expression as compared to parental
MCF-7 cells.

To further confirm the observed correlation between Twist and E-cadherin mRNA levels,
immunoblot analysis was performed on a similar panel of normal and breast cancer cell lines.
As shown in Figure 1B, immortalized normal breast cells (MCF 10A and MCF 12A) showed
no Twist expression but high E-cadherin levels. However there is a significant difference in
their E-cadherin levels probably due to genetic heterogeneity. Within the breast cancer cell
lines, there was an inverse correlation between Twist and E-cadherin levels in Hs578 T, MDA-
MD-231, and MCF-7/Twist cell lines. However in SK-BR-3 and MDA-MB-468 cells,
decreased E-cadherin levels were not associated with Twist over-expression. The immunoblot
analysis of epithelial breast cancer cell lines further validated our finding that Twist down-
regulates E-cadherin expression. However, the levels of Twist mRNA did not correlate with
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protein levels in MCF 10A and MCF 12A cells. It is possible that the stability of Twist protein
in normal immortalized breast cell lines is lower than in cancer cells and needs further
investigation.

Twist represses E-cadherin transcription via E-boxes
In order to determine if Twist directly regulated E-cadherin at the transcriptional level, we
carried out promoter analysis in MCF-7 and MCF-7/Twist cells. We first determined the degree
of suppression of the full-length E-cadherin promoter by using increasing amounts of Twist
plasmid and found a dose-dependent effect (Figure 2A) which was not seen when a truncated
Twist construct (Y103X) was used as the effector plasmid (Figure 2A). Twist mutants were
obtained earlier [21] and are shown in Figure 2D.

Deletion constructs were constructed as described [20] (Figure 2B). Subsequent
characterization of the promoter constructs showed that the full-length construct, E1, exhibited
significant repression (1.8 fold) in the presence of Twist (P=0.0015) (Figure 2B). However,
the maximum repression was observed using constructs E4 and E6 (1.9 folds), indicating the
importance of the proximal region in repression of E-cadherin by Twist.

In order to identify which E-boxes are responsible for bringing about this repression, we carried
out promoter-reporter assays using different combinations of mutated E-boxes as described in
Figure 2C. The down-regulation was significant when the distal E-box was mutated (P=0.047)
indicating that the proximal E-boxes 2 and 3 are important in down-regulation of E-cadherin
by Twist. All other decreases were non-significant.

Finally, we tested the functional activity of the mutant truncated Twist constructs to repress E-
cadherin expression. As shown in Figure 2D, use of wild-type Twist showed the maximum
repression as compared to mutant Twist constructs (P=0.014). However, the mutant constructs
were unable to completely relieve repression of reporter activity indicating that regions other
than the basic helix loop helix domain may play a role in the repression of E-cadherin by Twist.
We obtained similar results in MCF-7/Twist cells. However, the repression of promoter activity
was 3 magnitudes higher when compared to MCF-7 (data not shown).

Overall, these assays indicate that Twist can transcriptionally repress E-cadherin promoter
activity in breast cells.

In vivo binding of Twist to E-boxes in the E-cadherin promoter
To study mechanistically the role of Twist in down-regulating E-cadherin expression, we
examined the in vivo binding of Twist to the E-cadherin promoter. To address this, we carried
out chromatin immunoprecipitation (ChIP) assays using MCF-7/Twist cells and Hs578 T, a
breast cancer cell line that has an intrinsically high level of Twist. As shown in Figure 3A and
3B (lane 5), the PCR from anti-Twist precipitations resulted in a specific amplification product.
Identical amplification products were seen in the positive controls from both total input
chromatin and anti-acetyl-histone H3 precipitations (lanes 1 and 2 respectively). Moreover, no
amplification was seen in samples that were processed in the absence of chromatin or
precipitating antibody (lanes 3 and 4 respectively). We obtained similar results by qRT-PCR
(data not shown). These results indicate that Twist binds directly or as part of a complex to the
endogenous E-cadherin promoter in vivo.

Twist and E-cadherin are inversely correlated in breast cancer patients
To extend the observed inverse correlation between Twist and E-cadherin expression in breast
cancer cell lines to human breast cancers, we quantified Twist and E-cadherin mRNA levels
in breast tumors. A total of 31 breast cancers (grade I=6, grade II=12, grade III=13) and four
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normal breast samples were analyzed by qRT-PCR (Figure 4A). Twist expression in grade III
tumors increased 2.9 folds over grade I tumors. In the same samples, E-cadherin expression
decreased 1.2 folds as tumor grade increased. For the different tumor grades, the expression
levels of Twist and E-cadherin were significantly different in grades 2 and 3 when analyzed
by Welch’s t-test. The correlation was not significant when Twist expression levels were
compared to E-cadherin by 2-way ANOVA.

When the entire data set of breast tumor samples were analyzed by Pearson’s correlation
(Figure 4B), we found a trend towards an inverse correlation between Twist and E-cadherin
expression (r=−0.27) although it was not significant (P=0.14). The lack of significance could
be due to heterogeneity of the tumor samples studied or the small sample size.

In order to verify the data obtained by qRT-PCR analysis, we immunohistochemically analyzed
for Twist and E-cadherin protein levels on a larger number (n=87) of breast cancer samples.
As seen in Figure 4C, we compared Twist nuclear intensity staining (low versus medium, high)
to E-cadherin staining (absent, low, medium versus high). We found a significant inverse
correlation between Twist and E-cadherin expression by Chi-square test (P=0.035) and by
Fisher’s exact test (0.045). In Figure 4D, three representative immunohistochemistry pictures
of different breast tumor grades showing the inverse correlation between Twist and E-cadherin
expression levels are shown.

Discussion
Epithelial-mesenchymal transitions are responsible for the development of the mesoderm from
the epithelium during embryo development. The movement of cells that characterizes this
process is brought about by a switch in E-cadherin expression, which causes them to lose their
ordered epithelial phenotype and become plastic. This is analogous to late-stage tumorigenesis
when E-cadherin silencing causes loss of cell-cell adhesion and results in gain of the invasive
phenotype.

The complete reverse is true for Twist expression. During gastrulation, Twist is expressed in
a subset of epithelial cells causing them to invaginate and eventually form the presumptive
mesoderm. Thus Twist expression is obligatory for the occurrence of the EMT during embryo
development. Analogously, we have earlier shown that cancer cells over-expressing Twist are
motile and invasive and exhibit all the characteristics of having undergone an EMT [9]. This
inverse relationship between E-cadherin and Twist expression lead us to further probe into the
regulation of E-cadherin by Twist. E-cadherin silencing is thought to be mediated via
transcriptional regulation and methylation in various cell types. It has already been shown that
the closely related bHLH protein Snail is a repressor of E-cadherin [19].

Following the EMT by MCF-7/Twist cells, we identified E-cadherin as a potential target of
Twist. This finding was verified by qRT-PCR and immunoblotting on a series of immortalized
breast cell lines and breast cancer cell lines. However, a perfect concordance was not observed
between the mRNA and protein levels for Twist and E-cadherin levels. This would indicate
that other mechanisms also regulate the expression levels of these two proteins.

The regulatory capacity of Twist is through its ability to bind to E-boxes as homodimers or
heterodimers. E-boxes have been shown to be distributed amongst promoter regions of many
genes including E-cadherin. The bHLH protein Snail (which is a transcriptional target of Twist)
has been shown to regulate E-cadherin expression via E-box 1 [20]. However, our data points
to the importance of E-boxes 2 and 3 in the regulation of E-cadherin by Twist and the lack of
functionality of E-box 1. As Twist and Snail have different binding affinities for E-boxes, it is
likely that over-expression of Twist would facilitate preferential binding to E-box 2 and 3
through a variety of mechanisms such as sequence context and protein binding partners. This
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is in conformity with published data, which showed that transcriptional regulation forms the
major regulatory method modulating E-cadherin expression [17].

The functional importance of the down-regulation of E-cadherin by Twist was verified in
human breast cancer samples. Initial experiments using qRT-PCR clearly demonstrated that
increased expression of Twist in grade III tumors exhibited decreased E-cadherin levels. The
same was true using immunohistochemistry in eighty-seven breast cancer samples. These
results paralleled our in vitro data, thus providing further support to our hypothesis that
increased Twist expression can promote breast tumor biogenesis and one such mechanism is
via regulating E-cadherin expression [9;17].

Besides Twist, there are several other molecules that play important roles in EMT induction.
These include the zinc finger transcriptional repressors Snail and Slug [19;22], as well as two
members of the ZEB family ZEB1 [23] and ZEB2 and the Id family of HLH proteins [24].
Their mechanistic role in EMT and tumorigenesis via the down-regulation of E-cadherin is
still being explored [25]. It is possible that many of these regulatory molecules may work in a
concerted fashion or in a sequential manner to bring about EMT, thus facilitating the
progression of the invasive breast cancer phenotype.

In summary, when seen in the background of high Twist expression in invasive breast cancer
cell lines and in high-grade/invasive breast tumors, our results demonstrate that Twist plays a
direct role in the EMT mechanism by down-regulating E-cadherin expression and promoting
invasive and metastatic phenotype. This would bring into focus the multi-faceted roles of Twist
in inducing neoplastic transformation as well as provide alternative pathways to which one can
develop novel chemotherapeutic drugs for the treatment of breast cancer.

Materials & Methods
Promoter analysis

As reported previously [20], 6 deletion constructs and 6 mutant constructs were generated from
the region spanning 1 kb upstream of the transcription start site of the E-cadherin promoter
and cloned into a luciferase reporter vector (Figure 2B and 2C). There are 7 canonical Twist
binding E-box sites (CANNTG) in this region. Transient co-transfection assays were carried
out using promoter constructs and effector plasmids expressing Twist [9;26]. All experiments
were done in replicates and at least 5 times.

Chromatin immunoprecipitation
Chromatin immunoprecipitation was performed as described previously [27]. A set of PCR
primers 5′-CTCCAGCTTGGGTGAAAGAG -3′ and 5′-GGGCTTTTACACTTGGCTGA -3′
was designed for specific amplification of the E-cadherin promoter between the M1 and M2
E-boxes. The primers amplified a 93 bp region from −371 to −279 with respect to the
transcription start site.

Twist and E-cadherin levels in human breast cancers
Fresh frozen breast cancer samples controlled for adequate tumor content were obtained from
the University Medical Center Utrecht, The Netherlands. RNA was extracted and qRT-PCR
performed using iQ SYBR green supermix (BioRad Laboratories, Hercules, CA) on an
iCycler5 (Bio-Rad laboratories). Amplification of 36B4, a housekeeping gene, was used for
normalizing gene expression values, Ct = Ct (Twist or E-cadherin) − Ct (36B4). Fold difference
was calculated by the formula 2 −ΔΔ Ct, where ΔΔCt = ΔCt (Normalized Twist or E-cadherin)
− ΔCt (Normalized control samples).
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Additional samples were evaluated by immunohistochemistry using in-house prepared Twist
antibody and commercial E-cadherin antibody. We stained a total of 87 samples which were
grouped according to the staining patterns: Twist low (1.00) vs. medium/high (2.00) and E-
cadherin absent/low/medium (1.00) vs. high (2.00).

Statistical analysis
Statistical analysis was done using Prism (GraphPad Software Inc., San Diego, CA). qRT-PCR
data was initially screened for outliers by the Grubbs test (α = 0.05). Patient data and promoter
assays were analyzed by Students t-test. For correlation, Pearson’s test was used to determine
significance and the trend line was determined by non-linear regression. P values below 0.05
were considered significant.
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Figure 1. Twist inversely correlates with E-cadherin expression in breast cancer cells
A, Quantitative real-time PCR of breast cancer cell lines. Relative expression is calculated with
MCF-7 as baseline. An inverse correlation was observed between Twist and E-cadherin mRNA
expression as demonstrated by quantitative real-time PCR. B, Immunoblots showing E-
cadherin and Twist expression in a panel of normal breast and breast cancer cell lines, which
include both invasive and non-invasive phenotypes. Normal cell lines are seen on the left with
progressively more invasive cell lines on the right. Antibodies against Twist were made in-
house while E-cadherin (BD Biosciences) and β-actin (Sigma-Aldrich) were commercially
obtained.
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Figure 2. Twist repression of E-cadherin promoter
A, Dose dependent repression of E-cadherin promoter. Determination of the degree of
suppression of the full-length E-cadherin promoter activity in the presence of increasing
amounts of Twist plasmid in transient co-transfection assays. The Y103X mutant Twist
construct (Mut) was used to test for specificity of repression. B, Upper panel shows a schematic
of the E-cadherin promoter with E boxes shown as hollow triangles. Deletion constructs are
indicated at 5′ end with E1–E7. Twist represses E-cadherin transcriptionally. Each of the 6 E-
cadherin promoter reporter constructs was repressed 1.2 to 2 fold by Twist. The largest
significant repression was seen in construct E4, indicating the importance of the proximal
region in E-cadherin regulation by Twist. Statistical significance (P<0.05) is indicated by
asterisks. C, Full length Twist is essential for E-cadherin repression. Upper panel shows E-
cadherin E4 construct with E-box mutants indicated by M1, M2, and M3. Twist repression was
statistically significant only in M1 construct indicating its lack of function in mediating the
repression. This indicates that E-box 2 and 3 may play an important role in the down-regulation
of E-cadherin by Twist. D, Upper panel shows Twist deletion mutants. Mutations are indicated
with amino acids changed to stop codons. Lower panel shows mutant Twist constructs were
unable to repress E-cadherin promoter significantly indicating that regions other than the basic
helix loop helix domain play a role in the repression of E-cadherin.
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Figure 3. In vivo binding of Twist protein to the E-cadherin promoter sequence
ChIP was carried out following established protocols using MCF-7/Twist and Hs578 T cells
and analyzed using E-cadherin promoter-specific primers by PCR. Primers amplified a 93 base
pair fragment. Identical volumes from the final precipitate were used for the PCR reactions.
M-molecular weight marker (bp), lane 1- total input immunoprecipitate, lane 2- acetylated
histone H3 immunoprecipitate, lane 3- no chromatin immunoprecipitate, lane 4- no antibody
immunoprecipitate and lane 5- Twist immunoprecipitate.
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Figure 4. Relation between Twist and E-cadherin expression in patient breast cancer samples
A, mRNA levels of Twist and E-cadherin in breast tumors measured by quantitative real-time
PCR. A total of 31 breast tumor (grade I=6, grade II=12, grade III=13) and four normal breast
samples were analyzed. Loss of E-cadherin expression was concomitant with increased Twist
expression in higher-grade tumors. B, A trend towards an inverse correlation was observed
between Twist and E-cadherin expression (r=−0.27, p=0.14) in the breast cancer patient
samples. C, Results of immunohistochemical analysis of Twist and E-cadherin expression in
eighty-seven human breast cancer samples. The crosstab shows comparison of Twist nuclear
staining and its intensity (classified as low vs. medium/high) against E-cadherin expression
(absent/low/medium vs. high). D, Representative photomicrographs of human breast tumor
samples from lobular and ductal samples that were analyzed for Twist and E-cadherin levels
(left panel − 40×, middle and right panel −20×).
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