
ORIGINAL ARTICLE

The TWIST/Mi2/NuRD protein complex and its essential 
role in cancer metastasis
Junjiang Fu1, Li Qin1, Tao He1, 2, Jun Qin1, Jun Hong1, Jiemin Wong3, Lan Liao1, Jianming Xu1, 2, 3

1Department of Molecular and Cellular Biology, Baylor College of Medicine, One Baylor Plaza, Houston, TX 77030, USA; 2Lu-
zhou Medical College, Luzhou, Sichuan 646000, China; 3Institute of Biomedical Sciences and School of Life Sciences, East China 
Normal University, Shanghai 200241, China

Correspondence: Jianming Xu
Tel: +1-713-798-6199; Fax: +1-713-798-3017
E-mail: jxu@bcm.edu
Received 30 June 2010; revised 17 July 2010; accepted 20 July 2010; pub-
lished online  17 August 2010

The epithelial-mesenchymal transition (EMT) converts epithelial tumor cells into invasive and metastatic cancer 
cells, leading to mortality in cancer patients. Although TWIST is a master regulator of EMT and metastasis for 
breast and other cancers, the mechanisms responsible for TWIST-mediated gene transcription remain unknown. 
In this study, purification and characterization of the TWIST protein complex revealed that TWIST interacts with 
several components of the Mi2/nucleosome remodeling and deacetylase (Mi2/NuRD) complex, MTA2, RbAp46, Mi2 
and HDAC2, and recruits them to the proximal regions of the E-cadherin promoter for transcriptional repression. 
Depletion of these TWIST complex components from cancer cell lines that depend on TWIST for metastasis 
efficiently suppresses cell migration and invasion in culture and lung metastasis in mice. These findings not only 
provide novel mechanistic and functional links between TWIST and the Mi2/NuRD complex but also establish new 
essential roles for the components of Mi2/NuRD complex in cancer metastasis.
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Introduction

The high incidence of various cancers is a major threat 
to human health. It is clear that the mortality of most can-
cer patients is not caused by primary tumors, but rather 
by its metastasis to other organs, such as bone, brain and 
internal organs. In the early stages of metastasis, certain 
epithelial tumor cells undergo epithelial-mesenchymal 
transition (EMT), which is characterized by the loss of 
epithelial polarity and differentiation markers such as 
E-cadherin and β-catenin and the gain of mesenchymal 
markers usually expressed by cells with a mesodermal 
origin, such as N-cadherin, fibronectin and vimentin. 
Interestingly, loss of E-cadherin is necessary and suffi-
cient to cause EMT [1, 2]. The cancer cells with an EMT 
phenotype are capable of moving away from their parent 
tumor, interacting with stromal cells, invading their adja-

cent tissues and intravasating into the circulation systems 
[1]. Subsequently, the surviving cancer cells extravasate 
the circulation system, adapt themselves to the destina-
tion tissue environment and eventually develop into scat-
tered metastatic tumors in distal organs. Since certain 
tumor cells, such as some breast tumor cells, often dis-
seminate even before their parent tumor can be clinically 
diagnosed, it is important to explore the currently unclear 
molecular networks governing the above multi-step inva-
sion-metastasis cascade.

TWIST is a master regulater of EMT and metastasis 
of breast cancer and its crucial role appears to be inde-
pendent of another master regulator, Snail [3, 4]. TWIST 
is also a class II member of the basic helix-loop-helix 
(bHLH) transcription factor family, which is tissue-spe-
cifically expressed and binds E-box DNA elements as a 
homodimer or a heterodimer with a class I member, such 
as E12 or E47 [5]. During early embryonic development, 
TWIST is required for mesoderm induction [6]. In the 
process of metastasis, TWIST represses E-cadherin and 
β-catenin expression, promotes EMT, cell motility and 
invasiveness, and permits the intravasation of tumor cells 
[3, 7-9]. TWIST also enhances AKT2 expression, inhib-
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its p53 function and cell apoptosis, mediates HIF-1α-
enhanced cancer progression, promotes cell survival, and 
contributes to oncogenesis, angiogenesis and acquired 
Taxol resistance [7, 10-14]. In agreement with these 
critical roles in cancer cells, TWIST is overexpressed in 
breast, gastric, hepatocellular, prostate and bladder can-
cers, and its upregulation correlates with low E-cadherin 
expression, high cancer aggressiveness and poor survival 
rate [3, 8, 15-19]. These studies clearly demonstrate 
that TWIST is a master transcription factor that controls 
EMT, cancer progression and metastasis and a useful 
molecular target for treatment of cancer metastasis.

The Mi2/nucleosome remodeling and deacetylase 
(Mi2/NuRD) complex consists of multiple components 
and couples both histone deacetylase (HDAC) and 
chromatin-remodeling ATPase activities [20]. Its Mi2α 
or Mi2β component contains ATPase activity that is stim-
ulated by chromatin but not by free DNA or histones [20]. 
Mi2 is known to facilitate nucleosome mobility through 
a sliding mechanism [20-22]. The combined activities 
of HDAC and ATPase in the Mi2/NuRD complex result 
in the generation of densely packed, hypoacetylated nu-
cleosomes for gene silencing [20]. The RbAp46 and/or 
RbAp48 subunits were originally identified as proteins 
associated with the retinoblastoma (Rb) tumor suppres-
sor [23], and they may function as structural proteins 
that provide interactive interfaces for other components 
of the Mi2/NuRD complex [20, 24, 25]. The Mi2/NuRD 
complex also contains one of the metastasis-associated 
(MTA) protein family members, MTA1, MTA2 or MTA3 
[20, 26-28]. Each MTA member modifies the functional 
specificities of the Mi2/NuRD complexes relevant to its 
upstream and downstream signaling pathways and mo-
lecular targets. Specifically, MTA1 is expressed at high 
levels in metastatic cancer cells and its ectopic overex-
pression in mouse mammary epithelial cells can induce 
mammary epithelial proliferation and tumorigenesis [27, 
29, 30]. In addition, MTA1 serves as a transcriptional 
corepressor of estrogen receptor α (ERα) [31]. MTA2 is 
also a corepressor of ERα and its overexpression leads to 
estrogen-independent growth of breast cancer cells [32]. 
MTA3 is an estrogen-inducible gene [20, 33]. In contrast 
to MTA1, MTA3 represses the transcription of genes that 
are implicated in invasive growth, such as Snail [34]. Ec-
topic overexpression of MTA3 in the mouse mammary 
epithelial cells represses Wnt4 signaling and reduces 
mammary doctal branching [35]. Thus, different mem-
bers of the MTA family direct the Mi2/NuRD complex 
to play distinct functions. The Mi2/NuRD complexes 
function primarily in gene repression involved in many 
biological processes, including cancer initiation and pro-
gression.

Although TWIST is recognized as a master regulator 
of cancer metastasis, the molecular mechanisms through 
which it regulates EMT and metastasis remain unclear. 
Furthermore, although certain components of the Mi2/
NuRD complex are known to play crucial roles in can-
cer, the molecular function of the complex has not been 
mechanistically linked to any master regulators that con-
trol EMT and metastasis. Similarly, the roles of MTA2 
and RbAp46 in cancer require much more research. In 
this study, we purified and identified components of the 
TWIST protein complex. We show that TWIST is com-
plexed with MTA2, RbAp46, Mi2β and HDAC2, which 
are key components of the Mi2/NuRD complex. We 
also provide compelling evidence that these components 
of the Mi2/MuRD complex are essential for TWIST-
mediated repression of E-cadherin expression, as well as 
cancer cell migration, invasion and metastasis.

Results

Purification and identification of the TWIST protein com-
plex

To purify TWIST-associated proteins, inducible 
HEK293 cell lines expressing Flag-tagged TWIST (F-
TWIST) and control Flag (F) were generated (Figure 
1A). After induction by doxycycline (DOX) for 6 h, the 
proteins associated with F-TWIST and F were co-puri-
fied using immobilized Flag monoclonal antibody beads. 
The resulting protein complexes were separated in a gra-
dient gel. In the stained gel, both multiple specific bands 
from the F-TWIST cells and several nonspecific bands 
from the control F cells were detected (Figure 1B). The 
gel slices with specific bands were excised, digested with 
trypsin and analyzed by mass spectrometry. In addition to 
TWIST, a number of other proteins, including TWIST2, 
E12/E47, HDAC2, RbAp46 and MTA2 (GenBank: 
NP_476527, NP_003191, NP_001518, NP_002884, 
and NP_004730), were identified (Figure 1B and data 
not shown). Among these proteins, TWIST2 and E12/
E47 are known heterodimeric proteins of TWIST [36, 
37], while HDAC2, RbAp46 and MTA2, the essential 
components of the NuRD complex, are newly identified 
as TWIST-associated proteins. In mass spectrometry, 
the relative abundance of a protein can be represented 
by the index (%) of relative peptide numbers, which is 
calculated by using the formula: (peptide hits/molecular 
weight) × 100. In our analysis, the indexes of the relative 
peptide number for TWIST, E12/E47, MTA2, RbAp46 
and HDAC2 were 262%, 7.3%, 9%, 6.3% and 3.6%, 
respectively. Because TWIST was the protein directly 
pulled down by the antibody, it was expected to be much 
more abundant than other proteins in the purified protein 
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40 for purifying TWSIT complex. In the positive control 
cell lysate prepared with sonication, the same DNA frag-
ment was detected (Figure 1C). These results suggest 
that the purified TWIST protein complex was not linked 
together by DNA. 

Furthermore, co-immunoprecipitation from cell ex-
tracts followed by immunoblotting verified that MTA2, 
RbAp46 and HDAC2 were also specifically associated 
with endogenous TWIST in MDA-MB-435 metastatic 
cancer cells (Figure 1D). In agreement with the presence 
of HDAC2 in the TWIST complex, a significant amount 
of sodium butyrate HDAC inhibitor-sensitive histone 
deacetylase activity was detected from the F-TWIST-as-
sociated proteins (Figure 1E). These results demonstrated 
that TWIST associates with the essential components, 
MTA2, RbAp46 and HDAC2, of the NuRD complex.

TWIST interacts with multiple components of the NuRD 
complex

To determine specific components of the NuRD com-
plex that directly interact with TWIST, we produced 
glutathione-S-transferase (GST) and GST-TWIST fu-
sion proteins in bacteria, as well as 35S-labeled MTA2, 
RbAp46, HDAC2 and Mi2β (another known component 
of the NuRD complex) proteins by in vitro transcription-
translation-coupled reactions, and performed pull-down 
assays. The purified GST-TWIST, but not GST alone, 
pulled down MTA2, RbAp46 and Mi2β, while both 
GST-TWIST and GST could not pull down HDAC2 
(Figure 2A). Next, we generated and purified GST-
TWIST-N and GST-TWIST-C fusion proteins with N-
terminal 1-112 and C-terminal 110-202 amino acid (aa) 
residues of TWIST in order to determine how TWIST 
interacts with MTA2, RbAp46 and Mi2β (Figure 2B). 
The results showed that TWIST-N associated with MTA2 
and Mi2β, while TWIST-C associated with MTA2 and 
RbAp46 (Figure 2B). This indicates that MTA2 interacts 
with both N- and C-termini of TWIST, while Mi2β and 
RbAp46 interact with the N-terminus and the C-terminus 
of TWIST, respectively. However, since TWIST does 
not directly interact with HDAC2, they may associate 
through other components within the complex.

By using 35S-labeled TWIST and GST-fusion proteins 
containing different fragments of MTA2, we also mapped 
the region of MTA2 responsible for the interaction with 
TWIST (Figure 2C and 2D). Although the N-terminus 
of MTA2 (aa 1-334) did not pull down TWIST, the C-
terminus of MTA2 (aa 308-668) interacted strongly with 
TWIST (Figure 2D). Further analyses using GST-fusion 
proteins with different C-terminal regions of MTA2 
mapped the zinc-finger domain (aa 308-436) of MTA2 as 
a strong TWIST interaction domain, and the regions of 

Figure 1 Purification and characterization of TWIST interacting 
proteins. (A) Induction of Flag-tagged TWIST (F-TWIST) pro-
tein. Stable HEK293 cells with F-TWIST or control F-vector were 
treated with vehicle or doxycyclin (DOX) for 6 h. Western blot 
analysis was performed with whole-cell extracts and antibodies 
against Flag and β-actin. (B) Purification of TWIST protein com-
plex. Flag antibody beads were incubated with F-TWIST and 
F-vector cell lysates. The immunopurified protein complexes 
were resolved by 4-20% SDS-PAGE and visualized by Imperial 
Protein Stain. Mass spectrometry analysis identified MTA2 and 
E12 proteins from the gel slice a (GS-a), HDAC2 and RbAp46 
proteins from GS-b and TWIST1 and TWIST2 from GS-c of the 
F-TWIST gel lane. ns, non-specific bands appearing in both 
lanes. (C) The cell lysate was prepared in cell lysis buffer with 
0.5% of NP-40 from 293 cells. The control (Ctrl) cell lysate was 
prepared with sonication for extracting genomic DNA as a posi-
tive control. PCR was performed to detect E-cadherin promoter 
in both cell lysates. (D) Co-IP and western blot. Endogenous 
TWIST protein in MDA-MB-435 cells was immunoprecipitated 
with TWIST antibody and control IgG. Associated proteins were 
assayed with indicated antibodies. (E) Detection of HDAC activ-
ity in TWIST protein complex. Chemical assay for HDAC activ-
ity was performed with [H3]-acetylated-histone H4 peptide as a 
substrate and co-immunoprecipitated materials by Flag antibody 
from F-TWIST and F-vector cells. The reactions were carried 
out with or without HDAC inhibitor sodium butyrate.
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mixture. To examine whether DNA was involved in the 
purified TWIST protein complex, PCR was performed 
to detect an E-cadherin promoter region known to be as-
sociated with TWIST. The results showed that the DNA 
fragment spanning this region was undetectable in the 
cell lysate prepared in the cell lysis buffer with 0.5% NP-
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aa 434-561 and aa 563-668 as weaker TWIST interaction 
domains (Figure 2D). Finally, in vitro interaction assays 
using the same set of GST-fusion proteins containing 
MTA2 and its fragments were performed to determine 
whether and where MTA2 interacted with HDAC2 and 
RbAp46. We found that the aa 308-668 region in MTA2 
had a weak but detectable interaction with HDAC2 and 
a strong interaction with RbAp46 (Figure 2E). Further 
mapping revealed that this strong RbAp46 interaction 
domain was located in the aa 308-436 region in MTA2, 
although RbAp46 also interacted with the aa 434-668 
region in MTA2 (Figure 2F). These results suggest that 
the TWIST-MTA2-RbAp46-Mi2-HDAC2 complex is 
maintained by multiple interactions between different 
components within the complex. 

TWIST targets the NuRD complex to the E-cadherin pro-
moter for repression

We performed several groups of experiments to as-

sess the mechanisms by which the TWIST complex 
represses E-cadherin expression. First, by chromatin im-
munoprecipitation (ChIP) and ChIP-re-ChIP assays, we 
tested whether TWIST could recruit other components 
of the TWIST complex to the chromatin. The 5′ regula-
tory sequence of the human E-cadherin gene contains 
three E-boxes (Figure 3A). ChIP assays using HEK293 
cells expressing F-TWIST or F revealed that TWIST was 
specifically associated with the DNA region contain-
ing the E-boxes but not with a distant control region of 
the 3′ E-cadherin gene (Figure 3B). To test the associa-
tion of other components of the complex with TWIST 
and the E-cadherin promoter, the immunoprecipitated 
materials associated with F-TWIST or F were subjected 
to the second-step ChIP using antibodies against Mi2β, 
HDAC2 and MTA2. Results, with IgG as negative con-
trol, showed that Mi2β, HDAC2 and MTA2 were indeed 
associated with TWIST and/or the E-cadherin promoter 
(Figure 3C). Although it cannot be absolutely excluded 

Figure 2 TWIST directly interacts with multiple components of the Mi2/NuRD/MTA2 complex. (A) GST pull-down assays. 
GST-TWIST and GST proteins purified from bacteria were mixed with 35S-labeled MTA2, Mi2, RbAp46 and HDAC2 proteins 
produced from transcription and translation-coupled reactions. The 35S-labeled proteins bound to GST and GST-TWIST were 
resolved by SDS-PAGE and visualized by exposing to X-ray films. (B) Full-length TWIST and its N- and C-terminal fragments 
used in GST-fusion proteins and GST pull-down assays using GST, GST-TWIST-N and GST-TWIST-C and 35S-labeled MTA2, 
Mi2 and RbAP46 as indicated. (C) Full-length MTA2 and its fragments used in GST-fusion proteins. (D) GST pull-down as-
says using GST-fusion proteins containing MTA2 and its fragments and 35S-labeled TWIST. (E, F) GST pull-down assays us-
ing GST-fusion proteins containing MTA2 and its fragments and 35S-labeled RbAp46 and HDAC2.
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Figure 3 TWIST recruits the Mi2/NuRD/MTA2 complex to E-cadherin promoter and depends on MTA2 to repress E-cadherin 
expression. (A) The proximal region of the E-cadherin promoter contains three TWIST-binding E-boxes. In the ChIP assay, 
PCR with P51 and P32 primers was used to amplify the region with these E-boxes. PCR with primers P3 and P4 in the 3′ re-
gion of the E-cadherin gene, which was more than 100 kb downstream from the indicated E-boxes, served as negative con-
trol in the ChIP assay. (B) ChIP assays using F-TWIST and F-vector HEK293 cells, Flag antibody or control IgG and primer 
pairs of P51/P32 and P3/P4 for E-cadherin gene. (C) ChIP-re-ChIP assays for the E-box region of the E-cadherin gene. The 
first-step immunoprecipitation was performed with Flag antibody and cross-linked and sonicated chromatin of F-TWIST and 
F-vector HEK293 cells. The second-step immunoprecipitation was performed with the eluted materials from the first step and 
with antibodies against Mi2, HDAC2 and MTA2 as indicated. IgG served as a negative control in the second step ChIP. (D, E) 
Generation of stable 4T1 cell pools with lentivirus-mediated expression of Twist shRNA (shTwist-74), Mta2 shRNA (shMta-54 
and -56), RbAp46 shRNA (shRp-20 and -21) and non-targeting shRNA (shCtrl). Panel D shows efficient knockdown of Twist 
and the knockdown did not affect RbAp46 (Rp) and Mta2. Panel E shows efficient knockdown of Mta2 and RbAp46 proteins, 
and knockdown of any one of two proteins did not affect the other one (left panel) and also did not affect Twist (right panel). 
(F) Knockdown of Twist, Mta2 or RbAp46 in 4T1 cells increases E-cadherin promoter activity. 4T1 cell pools carrying non-
targeting shRNA (control) and targeting shRNAs for Twist, Mta2 and RbAp46 as indicated were transfected with 100 ng of 
the E-Cad-promoter-Luciferase reporter plasmid and 30 ng of β-gal expression plasmids in 24-well plates. Luciferase activity 
was assayed 40 h later, normalized to β-gal activity and presented as mean ± SD, n = 3. (G) TWIST represses endogenous 
E-cadherin expression. HEK293 cells with F-TWIST and F-vector were set up in three groups. Groups 1 and 2 were treated 
with vehicle (lane 1 and 4) and DOX for 2 days to induce F-TWIST (lanes 2 and 3) and Flag (lanes 5 and 6). Group 3 was 
treated with DOX for 2 days, and then DOX was removed and cells were cultured for 7 more days (lanes 3 and 6). Western 
blot analyses were performed to analyze E-cadherin, F-TWIST and β-actin. (H) Western blot analysis of MTA2 in puromycin-
selected stable F-TWIST HEK293 cells infected by lentiviruses with a non-targeting control shRNA and five different shRNAs 
against human MTA2 mRNA. The shRNA-MTA2-77 lentivirus successfully reduced both MTA2 and MTA1 proteins. (I) MTA2 
knockdown blocks TWIST-mediated suppression of E-cadherin expression. shRNA control and shRNA-MTA2-77 cells were 
treated with vehicle or DOX to induce F-TWIST for 3 days before western blot was performed to assay E-cadherin, F-TWIST 
and β-actin.
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that these proteins were co-precipitated through a DNA 
linkage, these results, together with the evidence showing 
direct interactions among TWIST, MTA2, RbAp46 and 
Mi2β, suggest that these NuRD complex components are 
recruited to the E-cadherin promoter by TWIST.

Second, we examined how each individual component 
of the TWIST complex influences the E-cadherin pro-
moter activity by shRNA lentivirus-based knockdown 
and transfection assays with an E-cadherin promoter-
driven luciferase reporter. Twist, Mta2 and RbAp46 pro-
teins were efficiently depleted by their respective shRNA 
lentiviruses but were not affected by the control shRNA 
lentivirus in the mouse 4T1 mammary tumor cells. 
Knockdown of Twist, Mta2 or RbAp46 had no signifi-
cant effect on the protein levels of others (Figure 3D and 
3E). The strong lung metastatic feature of 4T1 cells has 
been shown to be dependent on Twist [3]. In agreement 
with previous studies showing that Twist suppressed E-
cadherin promoter activity, its knockdown significantly 
released the inhibition on the E-cadherin promoter activ-
ity. More importantly, the knockdown of either Mta2 or 
RbAp46, each by two different shRNA lentiviruses, also 
released the inhibition of the E-cadherin promoter activ-
ity (Figure 3F).

Third, we investigated how TWIST complex regulates 
endogenous E-cadherin mRNA and protein expression. 
The control F cells had no F-TWIST expression regard-
less of DOX treatment, while untreated F-TWIST cells 
expressed a very low level of F-TWIST protein that 
could not be detected by standard western blot proce-
dure (Figure 3G) but could be detected by western blot 
with more protein loading and/or extended film exposure 
time (data not shown). The DOX-treated F-TWIST cells 
expressed F-TWIST protein as detected by western blot 
analysis (Figure 3G). Specifically, two-day induction 
significantly reduced E-cadherin mRNA and protein 
levels in the F-TWIST cells compared to the control F 
cells and un-induced F-TWIST. Interestingly, after DOX 
was removed from the medium for 7 days, cell F-TWIST 
proteins diminished while E-cadherin mRNA and protein 
levels recovered (Supplementary information, Figure S1 
and Figure 3G). These results suggest that the TWIST-
dependent repression of E-cadherin expression is revers-
ible. It should be noted that the E-cadherin level in F-
TWIST cells is lower than that in F cells even in the ab-
sence of DOX treatment. As these cells expressed a low 
level of F-TWIST even without DOX, the lower level 
of E-cadherin in F-TWIST cells could be a consequence 
of F-TWIST-mediated repression of E-cadherin expres-
sion. In correlation with the repression of E-cadherin ex-
pression by TWIST and promotion of EMT by TWIST, 
F-TWIST induction also repressed the expression of 

several other epithelial markers, including α-cadherin, 
β-cadherin and γ-catenin. Similarly, when F-TWIST ex-
pression was blocked, the expression of these epithelial 
markers could be restored (Supplementary information, 
Figure S1).

Furthermore, to examine whether MTA2 is required 
for TWIST-mediated repression of E-cadherin expres-
sion, we generated F-TWIST cells with stable knock-
down of MTA2. Among five shRNA constructs used to 
target different regions of human MTA2 mRNA, only 
shRNA-MTA2-77 efficiently knocked down MTA2 lev-
el, and also MTA1 level probably due to their sequence 
homology (Figure 3H). Importantly, although DOX-
induced F-TWIST in shRNA-control F-TWIST cells 
significantly suppressed E-cadherin expression, DOX-
induced F-TWIST in F-TWIST cells with MTA2 knock-
down was unable to reduce E-cadherin levels (Figure 3I, 
compare lane 2 with lane 4). These results suggest that 
MTA2 is required for TWIST-mediated inhibition of E-
cadherin expression. Overall, we conclude that TWIST 
interacts with multiple components of the Mi2/NuRD/
MTA2 complex and recruits this gene repression com-
plex with HDAC activity to the E-cadherin promoter for 
repression of E-cadherin expression.

The components of TWIST complex are required for can-
cer cell migration and invasion

Cancer cell migration and invasion capabilities posi-
tively correlate with their metastatic capabilities and 
Twist plays an essential role in promotion of the mouse 
4T1 mammary tumor cell migration, invasion and lung 
metastasis [3]. Thus, to evaluate the contributions of the 
Twist complex components in cancer cell migration and 
invasion, we infected 4T1 cells with either control non-
targeting shRNA lentiviruses or specific shRNA lentivi-
ruses that target Twist (shTwist-74), Mta2 (shMta2-54 
and shMta2-56 against two regions of the MTA2 mRNA) 
and RbAp46 (shRbAp46-20 and shRbAp46-21 against 
two regions of the RbAp46 mRNA) mRNAs and es-
tablished stable cell pools from each infection (Figure 
3D and 3E). Real-time measurements demonstrated 
that compared with shControl cells, the knockdown of 
Twist in shTwist-74 cells drastically reduced cell migra-
tion through a membrane with small pores and invasion 
through Matrigel, which was consistent with a previ-
ous study [3]. Interestingly, similar to the knockdown 
of Twist, the knockdown of Mta2 or RbAp46 equally 
reduced the migration and invasion capabilities of 4T1 
cells (Figure 4A and 4B). To exclude the possible influ-
ence of cell growth fluctuations on cell migration and 
invasion assays, we performed real-time cell growth 
measurements. Results showed that the shControl, 
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shTwist-74, shRbAp46-20/-21 and shMta2-56 cell pools 
had similar growth rates, while the shMta2-54 cell pool 
showed a slightly lower growth rate (Figure 4C). Collec-
tively, these results indicate that the components of the 
Twist complex are required for Twist-mediated 4T1 cell 
migration and invasion.

The MDA-MB-435 cell line expresses high-level 
TWIST [3] and is one of a few available human cancer 
cell lines that can efficiently metastasize to the lung 
in nude mice after formation of xenograft tumors in 
the mammary fat pads [38, 39]. To test whether the 
TWIST complex also promotes cell migration, invasion 
and metastasis in this human cell line, shTWIST (one 
of the three tested constructs) and shRbAp46 (two of 
the three tested constructs) lentiviruses were used to 
generate stable MDA-MB-435 cell pools with largely 

reduced TWIST and RbAp46, respectively (Figure 4D 
and data not shown). Here, the cells infected with non-
targeting shRNA (shControl) lentiviruses served as a 
control (Figure 4D). However, all available shMTA2 
lentiviral constructs failed to knock down MTA2 in 
MDA-MB-435 cells (data not shown). In these stable 
cells, the tGFP indicator was concurrently expressed 
with shTWIST, shRbAp46 or shControl. The MDA-
MB-435 cell pools expressing shControl and shRbAp46 
showed comparable growth rates, while knockdown of 
TWIST enhanced MDA-MB-435 cell growth (Figure 
4E). Real-time measurements of cell invasion through a 
Matrigel layer revealed that knockdown of either TWIST 
or RbAp46 largely inhibited MDA-MB-435 cell invasion 
compared with shControl cells (Figure 4F). These 
results demonstrate that both TWIST and RbAp46, the 

Figure 4 Knockdown of TWIST, MTA2 or RbAp46 specifically inhibits cancer cell migration and invasion. (A-C) Real-time as-
says of cell migration, invasion and growth for 4T1 cells with non-targeting shRNA (shControl) and targeting shRNAs specific 
to Twist (shTwist-74), Mta2 (shMta-54 and shMta-56) and RbAp46 (shRp-20 and shRp-21). (D) Western blot analysis for 
knockdown of TWIST and RbAp46 in MDA-MB-435 cells by shRNAs. (E, F) Real-time assays of cell growth and invasion for 
MDA-MB-435 cell pools expressing shControl, shTWIST and shRbAp46 (shRp-4 and shRp-7).
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two components of the TWIST complex, are required 
for MDA-MB-435 human cancer cells to invade the 
extracellular matrix. 

The components of TWIST complex are required for can-
cer metastasis in vivo

Next, we assessed the roles of Twist complex com-
ponents in breast tumor growth and metastasis using a 
congenic mouse tumor isograft model. Six stable 4T1 
cell pools carrying shRNAs for control, Twist, Mta2 (two 
pools) and RbAp46 (two pools) (Figure 3D and 3E) were 
injected into the mammary fat pads of female BALB/c 
mice. Local tumor growth was measured by volume in 
the first 3 weeks and by tumor weight at the 4th week ex-
perimental endpoint. All recipient mice developed local 
mammary tumors within a week and all tumors showed 
similar growth rates within the first 3 weeks. At the 4th 
week, the tumors formed from five of the six cell pools 
showed comparable weights, but tumors developed from 
the shRbAp46-21 cell pool were heavier than others 
(Figure 5A). Because the cell pool with RbAp46-20 shR-
NA did not change tumor growth, the increased growth 
rate here might be a non-specific effect of the RbAp46-
21 shRNA. In addition, all tumor tissues from different 
cell pools exhibited similar morphology of undifferenti-
ated mammary carcinomas on H&E-stained sections (data 
not shown). Collectively, these results suggest that Twist, 
Mta2 and RbAp46 are not required for local mammary 
tumor initiation and growth in mice.

Lung metastasis was analyzed by imaging the entire 
lung, counting the number of scattered macroscopic 
tumors on the surface and examining the H&E-stained 
lung sections. Numerous metastatic large tumors were 

observed in the lungs of recipient mice with shControl 
mammary tumors. In contrast, both the sizes and num-
bers of metastatic lung tumors were drastically reduced 
in the recipient mice with shTwist, shMta and shRbAp46 
mammary tumors (Figure 5B and 5C). Histological ex-
amination confirmed that compared with those in the 
mice carrying shControl mammary tumors, the num-
ber and sizes of metastatic lesions inside the lung were 
also remarkably reduced in the mice carrying shTwist, 
shMta2-54, shMta2-56, shRbAp46-20 and shRbAp46-21 
mammary tumors (Figure 5D and data not shown). These 
results demonstrate that Mta2 and RbAp46, the two ma-
jor components of the Twist complex, play essential roles 
in Twist-mediated breast cancer metastasis to the lung.

Cancer metastasis consists of multiple steps and Twist 
mainly promotes cancer cell invasion into the circula-
tion system [3]. If the components of Twist complex 
work with Twist and mediate Twist-promoted metastasis, 
knockdown of these components should inhibit breast 
cancer cells from entering the circulation system. To test 
this hypothesis, we collected 150 µl of blood samples 
from individual recipient mice carrying 4T1 tumors of 
similar sizes in their mammary fat pads and assayed the 
colony-forming units (CFUs) in a selective culture me-
dium for tumor cell growth. Tumor cell colonies were 
formed from five out of seven blood samples of mice 
bearing shControl cell tumors and their average num-
ber of colonies was 24 per sample. In contrast, both the 
incidence of positive samples and the number of tumor 
cell colonies formed from blood samples of mice bearing 
shTwist, shMta2 and shRbAp46 tumors were signifi-
cantly reduced. One out of 3, 5 out of 10, and 4 out of 
10 blood samples from mice with shTwist, shMta2-54, 

Figure 5 Twist, Mta2 and RbAp46 are required for breast cancer cell metastasis in mice. (A) Growth profiles of the isografted 
mammary tumors from the indicated 4T1 cells in female BALB/c recipient mice. Data at the 2nd and 3rd weeks are presented 
as estimated average tumor volumes (cm3). Data at the 4th week are presented as average tumor weight (g). (B) Represen-
tative photos of the lungs from different recipient mice carrying isografted mammary tumors from the indicated 4T1 cells at the 
4th week. The asterisks indicate large metastatic tumors. (C) Average numbers of visible 4T1 metastatic nodules in individual 
mouse lung were counted and are presented as mean ± SD, n = 5. (D) Representative H&E-stained lung sections prepared 
from recipient mice bearing isografted mammary tumors formed from shControl, shMta2 and shRbAp46 4T1 cells. N, normal 
lung tissue; M, metastatic nodule. (E) Number of 4T1 tumor cell colonies formed in 15-day culture using 150 µl of blood col-
lected from recipient mice bearing the indicated types of 4T1 tumors for 4 weeks. (F) MDA-MB-435 xenograft tumor growth in 
athymic mice. MDA-MB-435 cells expressing shControl (shCtrl), shTWIST and shRbAp46 (shRp-4 and shRp-7) were injected 
into the mammary fat pads and tumor volumes were measured at the indicated time points. Ten tumors in each of the shCon-
trol, shTWIST and shRp-4 groups and eight tumors in the shRp-7 group were measured. (G) Representative tGFP images of 
primary tumors and lung metastasis derived from MDA-MB-435 cells with shControl, shTWIST and shRbAp46. H&E-stained 
lung sections prepared from mice with the indicated types of tumors are also presented. M, metastatic nodule; N, normal lung 
tissue. (H) Number of MDA-MB-435 lung tumors observed under a stereomicroscope. The average tumor number of the sh-
Control group (n = 5) is significantly higher than that observed in the shTWIST (n = 5) and shRbAp46 (n = 9) groups (P < 0.05). 
(I) Number of tumor cell colonies formed in a culture containing 150 µl of blood collected from recipient mice with the indi-
cated types of MDA-MB-435 tumors. The average number of colonies formed from the blood of mice with shControl tumors is 
significantly higher than that formed from the blood samples of mice with shTWIST and shRbAp46 tumors (P < 0.05).
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shMta2-56, shRbAp46-20 and shRbAp46-21 tumors de-
veloped tumor cell colonies in culture, and their average 
colony numbers per sample were 5, 6.4, 1.8, 0.8 and 0.6, 
respectively (Figure 5E). These results indicate that Mta2 
and RbAp46 play crucial roles, similar to those by Twist, 
in the promotion of 4T1 cancer cell intravasation.

To evaluate the role of the TWIST complex in metas-
tasis derived from human cancer cells, we also injected 
tGFP-labeled shControl, shTWIST, shRbAp46-4 and 
shRbAp46-7 MDA-MB-435 cells (Figure 4D) into the 
mammary fat pads of nude mice. All mice developed 
local tumors within 2 weeks, and thereafter the tumor 
volume in each mouse was measured once a week. In 
agreement with their cell growth rates in culture (Figure 
4E), primary tumors derived from shControl cell pool 
and the two shRAp46 cell pools showed similar growth 
rates, while tumors derived from shTWIST cell pools 
were bigger, starting at 6 weeks after injection (Figure 
5F). When tumor volume reached about 4 cm3 (the sum 
of both side tumors), the local tumor and lung were 
isolated and analyzed by tGFP imaging. All examined 
local tumors showed strong tGFP signal, validating the 
tumor origin from the injected cells. Interestingly, most 
lungs from mice with shControl tumors exhibited strong 
tGFP signals from the metastatic lung tumors, but most 
lungs from mice with shTWIST and shRbAp46 tumors 
did not show or showed weak tGFP signals (Figure 5H). 
Consistent results were also obtained by examining lung 
sections and counting the number of metastatic lung tu-
mors (Figure 5H and 5G). The average numbers of lung 
tumors in mice with shTWIST or shRbAp46 tumors 
were significantly reduced in comparison with those in 
mice with shControl tumors (Figure 5G). Furthermore, 
both the frequency and the average number of cancer cell 
CFUs identified in the blood samples of mice with sh-
Control tumors were much higher compared with that in 
the blood samples of mice with shTWIST or shRbAp46 
tumors (Figure 5I). These results indicate that both 
TWIST and RbAp46 are required for the metastasis of 
MDA-MB-435 human cancer cells in vivo, especially for 
the cancer cells to invade into the circulation.

Discussion

TWIST interacts with multiple components of the Mi2/
NuRD gene repression complex

TWIST, a known master regulator of cancer metasta-
sis, is a member of the bHLH transcription factor family 
[4, 5]. TWIST forms homodimers or heterodimers with 
E12 or TWIST2 and binds the E-box DNA elements [5]. 
Although previous studies have suggested that TWIST 
can either activate or repress its target genes in breast 

cancer cells [3, 10], the mechanism through which 
TWIST regulates gene expression remains unknown. 
This lack of knowledge undermines our ability to under-
stand specific transcriptional controls of cancer cell EMT 
and metastasis. To solve this problem, we focused on the 
purification and identification of the TWIST complex, 
which revealed that TWIST is specifically co-purified 
with TWIST2, E12, MTA2, RbAp46 and HDAC2. 
Among these TWIST-associated proteins, TWIST2 and 
E12 are known TWIST heterodimer partners [36, 37], 
indicating a suitable purification procedure. Interestingly, 
the other co-purified proteins contain components of the 
NuRD complex. The association between TWIST and 
these NuRD complex proteins was further confirmed 
by co-immunoprecipitation of endogenous proteins in 
MDA-MB-435 cells. As the complex contains HDAC2, 
it accordingly contains HDAC enzyme activities for his-
tone deacetylation. Furthermore, the in vitro protein-pro-
tein interaction assays provided significant insights into 
the TWIST/Mi2/NuRD complex organizations. Specifi-
cally, the N-terminus of TWIST interacted with MTA2 
and Mi2β; the C-terminus of TWIST interacted with 
MTA2 and RbAp46; and there was no detectable interac-
tion between TWIST and HDAC2. Further mapping re-
vealed that the zinc-finger domain (aa 308-436) of MTA2 
contained strong interaction motifs for both TWIST and 
RbAp46, while a downstream region of MTA2 might 
contain another weak interaction domain for TWIST. We 
also found a weak but detectable interaction between the 
C-terminus of MTA2 and HDAC2. These findings indi-
cate that TWIST simultaneously interacts with multiple 
components (Mi2β, RbAp46 and MTA2) and even with 
multiple domains of a single component (MTA2) of the 
Mi2/NurD complex, forming a relatively stable gene re-
pression apparatus.

A potential concern for co-purified proteins that can 
associate with DNA is whether the co-purified protein 
components are associated through protein-protein in-
teraction or protein-DNA-protein linkage. In our co-
immunoprecipitation experiments, the cell lysis buffer 
with 0.5% of NP40 nonionic detergent could barely ex-
tract genomic DNA from the cells as assayed by PCR, so 
the purified TWIST-associated proteins should be a result 
of protein-protein interaction.

The interactive relationships between TWIST and 
components of the Mi2/NuRD complex are depicted in 
Figure 6. In this model, for the first time, we are able to 
observe the physical interactions between TWIST and 
Mi2β, MTA2 and RbAp46, as well as the direct interac-
tions between MTA2 and RbAp46 and between MTA2 
and HDAC2. A recent study also showed the interac-
tion between MTA1 and RbAp46 [40]. The inclusion of 
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The TWIST/Mi2/NuRD/MTA2 complex represses gene ex-
pression by association with proximal promoter regions 
of its target genes

Although we know that TWIST represses E-cadherin 
promoter and the silencing of E-cadherin expression is a 
hallmark of EMT [1, 3, 9], the specific mechanisms were 
unknown. In this study, we have provided multiple lines 
of evidence for the essential role of TWIST/Mi2/NuRD 
complex in the repression of the E-cadherin promoter. 
First, the ChIP-re-ChIP assays clearly indicate that the 
E-cadherin promoter associated not only with TWIST 
but also with Mi2β, MTA2 and HDAC2. This suggests 
that TWIST may be capable of recruiting the Mi2/NuRD 
complex to the E-cadherin promoter region for histone 
modification, chromatin remodeling and transcriptional 
repression. Second, the knockdown of either MTA2 or 
RbAp46 increased the E-cadherin promoter activity as 
the knockdown of TWIST did, suggesting that the Mi2/
NuRD/MTA2 complex is required for TWIST-mediated 
repression of E-cadherin promoter activity. Of course, 
we could not exclude the possibility that knockdown 
of the NuRD complex components might also affect 
other transcription factors due to their diverse functions. 
Third, induction of TWIST in HEK293 cells decreased 
E-cadherin, while switch-off of TWIST restored 
E-cadherin. This implies the reversibility of TWIST-
dependent E-cadherin gene repression in these cells. 
More importantly, we showed that knockdown of MTA2 
in these TWIST-induced cells efficiently blocked TWIST-
dependent E-cadherin gene repression. This indicates 
that the Mi2/NuRD compex components are required 
for TWIST-dependent E-cadherin gene repression. Thus, 
the above findings allow us to propose the regulatory 
pathway from TWIST to the formation of TWIST/Mi2/
NuRD complex, to the repression of E-cadherin promoter 
by Mi2 and HDAC-induced gene silencing, and to the 
cancer cell EMT and metastasis.

The TWIST/Mi2/NuRD/MTA2 complex regulates breast 
cancer metastasis

Using the 4T1 mouse tumor cell model, Yang et al. 
elegantly demonstrated the essential role of TWIST in 
metastasis [3]. The 4T1 cell line came from a metastatic 
subpopulation of the spontaneously arisen Balb/c mouse 
mammary tumor [44, 45]. When 4T1 cells were xeno-
grafted to the mammary glands of female Balb/c mice, the 
recipient mice rapidly formed local tumors and developed 
extensive lung metastasis. However, the knockdown of 
Twist in these 4T1 cells efficiently reduced their migra-
tion and invasive capabilities in culture and suppressed 
their lung metastasis in mice, indicating that 4T1 cells 
depend on Twist for metastasis [3]. Since this model has 

Figure 6 A model for TWIST-mediated gene repression. TWIST 
binds to E-box as homodimer or heterodimer with E12 or with 
TWIST2. The TWIST N-terminus interacts with MTA2 and Mi2, 
while its C-terminus interacts with MTA2 and RbAp46. Mi2, 
RbAp46 and MTA2 recruit HDAC2 to the DNA/TWIST complex 
through direct interactions. The TWIST-dependent recruitment 
of Mi2 and HDAC2 chromatin-remodeling enzymes to the pro-
moter represses the target gene expression.
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RbAp48 and HDAC1 in TWIST complex is based on 
previous studies that showed both as core components 
of the NuRD complex [41]. At this time, several unclear 
issues still deserve additional studies. First, it remains 
undetermined whether MTA1 could also associate with 
TWIST. Previous studies have shown that either MTA1 
or MTA2, but not both, can exist in a single NuRD com-
plex [28]. Second, although the co-purification of TWIST 
with TWIST2 and E12 suggests that TWIST/E12 and/or 
TWIST/TWIST2 heterodimers may be responsible for 
recruiting the Mi2/NuRD complex, the possibility that 
TWIST/TWIST homodimers might also play a role in re-
cruitment of the Mi2/NuRD complex cannot be exclud-
ed. Third, previous studies showed that one of the methyl 
CpG-binding domain (MBD) family members, MBD2 or 
MBD3, also associates with the NuRD complex [20, 24, 
42]. MBD2 can bind to methylated DNA for gene silenc-
ing, while MBD3 loses this function during vertebrate 
evolution [43]. Although neither MBD2 nor MBD3 was 
detected from the TWIST-copurified proteins by mass 
spectrometry, it is unclear whether MBD2 or MBD3 
can associate with TWIST as a component of the Mi2/
NuRD complex. Future study on this issue may clarify 
the relationship between E-box/TWIST-mediated gene 
repression and DNA methylation/MBD2-mediated gene 
repression. 
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great advantages, including tumor cells with a natural 
origin and a highly metastatic feature, host mice with an 
intact immune system important for cancer metastasis, 
and a proven contribution of Twist to metastasis in these 
cells, it provides an ideal tool to examine the roles of 
other Twist complex components. Using this model, we 
compared the roles of Mta2 and RbAp46 with that of 
Twist. Our data indicated that the knockdown of Mta2 or 
RbAp46 had no specific effects on cell proliferation and 
local tumor growth but did inhibit 4T1 cell migration, in-
vasion and metastasis to the same degree as knockdown 
of Twist did. In addition, similar to the inhibitory effect 
of Twist depletion on 4T1 tumor cell intravasation during 
metastasis, depletion of Mta2 or RbAp46 also drastically 
suppressed 4T1 tumor cell intravasation. These results 
strongly support that the Mi2/NuRD/MTA2 complex is 
essential to the mediation of Twist-controlled cancer cell 
migration, invasion and metastasis.

As TWIST promotes cancer cell intravasation from 
the local tumors [3], the cancer cells for testing TWIST 
function could not be injected into the blood. This con-
siderably limited the choices of available metastatic 
models using human cancer cells. After examining 
multiple human cancer cell lines for their TWIST levels 
and tumorigenic and metastastic capacities, we decided 
to use the MBA-MD-435 cells that express high-level 
TWIST and exhibited nearly 100% tumorigenic and lung 
metastatic frequencies when injected into the mammary 
fat pads. MDA-MB-435 cells were previously used as 
a malignant human breast cancer cell line in numerous 
publications. However, its origin became ambiguous 
as its gene expression profile was found to be similar 
to M14 cells, which were believed to have a melanoma 
origin. Recently, Dr Chambers reviewed all the evidence 
and suggested that the MDA-MB-435 cell line is still 
a poorly differentiated, aggressive breast cancer line 
[46]. Regardless of its origin, our results demonstrate 
that the TWIST complex is required for the MDA-
MB-435 human cancer cells to invade ECM in vitro and 
metastasize in vivo, similar to its role in the 4T1 mouse 
breast cancer cells.

Off-targeting is a potential concern in all siRNA-based 
knockdown studies. Two quality control approaches are 
commonly used to validate the specificity of siRNA-
based targeting. One is to express an siRNA-resistant 
mRNA in the knockdown cells as a rescue control, and 
the other is to use multiple siRNA constructs to target 
different mRNA resions to achieve consistent results. 
In this study, due to the hard-to-transfect feature of 
4T1 and MDA-MB-435 cells, we chose to use multiple 
shRNA constructs in each knockdown experiment. 
For knocking down MTA2 and RbAp46, two shRNA 

constructs for human mRNAs and another two different 
shRNA constructs for mouse mRNAs were effective. 
For knocking down TWIST, although only one shRNA 
worked for human mRNA in HEK293 and MDA-
MB-435 cells and another shRNA worked for mouse 
mRNA in 4T1 cells, the effect of TWIST knockdown 
was predictable from previous studies, and shRNAs for 
human and mouse were different and targeted different 
regions of the mRNAs. The use of these multiple 
shRNA constructs in the knockdown experiments should 
efficiently avoid the potential off-targeting problem.

In conclusion, we have identified the TWIST protein 
complex that contains multiple components of the Mi2/
NuRD chromatin-remodeling and gene repression 
complex, including Mi2β, MTA2, RbAp46 and HDAC2. 
These components of the Mi2/NuRD/MTA2 complex are 
responsible for mediating TWIST-repressed E-cadherin 
expression and TWIST-controlled cancer cell migration, 
invasion and metastasis. These findings allow us to 
propose a molecular regulatory pathway from TWIST to 
TWIST/Mi2/NuRD complex, to repression of E-cadherin 
promoter by HDAC and Mi2 enzyme activity-induced 
gene silencing, and to cancer cell EMT and metastasis. 
These findings also provide us more downstream 
components of the TWIST-signaling pathway as potential 
molecular targets to inhibit breast cancer metastasis.

Materials and Methods

Inducible cell lines
HEK293 cells with a Flp-In-T-REx system (Invitrogen) were 

transfected with the pcDNA5/FRT/TO empty vector and the vector 
containing the full-length hTWIST cDNA, respectively. Cells were 
cultured in medium containing 5 µg/ml blasticidin and 200 µg/ml 
hygromycin B for 10 days. The surviving cells were expanded and 
treated with 0.1 µg/ml of DOX to examine inducible expression 
of F-TWIST. The cells with empty vector were treated in the same 
way to serve as a control. 

Purification and identification of the TWIST complex
F-TWIST and F-vector cells with 80% confluence were treated 

with DOX for 6 h and lysed in ice-cold EBC buffer containing 20 
mM Tris-HCl (pH 8.0), 125 mM NaCl, 2 mM EDTA 0.5% NP-
40 and a protease inhibitor cocktail. The lysates were centrifuged 
at 16 000 × g for 1 h at 4 °C. The supernatants were diluted 2-fold 
with a buffer containing 20 mM Tris-HCl (pH 8.0), 100 mM KCl, 
20% glycerol, 1 mM EDTA and protease inhibitors and then incu-
bated with the anti-Flag M2 agarose beads (Sigma) at 4 °C for 2 h. 
The beads were washed 5 times in a buffer of 20 mM Tris-Cl (pH 
8.0), 400 mM KCl, 0.5 mM EDTA, 10% glycerol, 0.25% NP-40 
and protease inhibitors, and one time in TBS buffer with 50 mM 
Tris-HCl (pH 7.4) and 150 mM NaCl. The bound proteins were 
eluted by 3× Flag peptide solution (Sigma), separated in a SDS-
PAGE gel and stained with Imperial Protein Stain (Pierce). Gel 
fragments with specific protein bands were incubated with trypsin 
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and analyzed by mass spectrometry as described [47].

HDAC activity assay
HDAC activity assay kit was purchased from Upstate. The 

materials immunoprecipitated from equal amounts of F and 
F-TWIST cell lysates by Flag antibody beads were incubated with 
10 µl of 3H-acetate-labeled histone H4 peptide in 200 µl of HDAC 
assay buffer containing 50 mM Tris-HCl (pH 8.0), 10% glycerol, 
0.1 mM EDTA and 1 mM dithiothreitol for 2 h at 37 °C. The 
reaction was stopped with 50 µl of 1 N HCl and 0.4 M acetate. 
After centrifugation, 100 µl of supernatant was collected, mixed 
with 3 ml of scintillation cocktail and counted on a scintillation 
counter.

Immunoprecipitation and immunoblotting
Methods for immunoprecipitation (IP) and immunoblotting 

were described previously [47, 49]. TrueBlot IP/WB kit from 
eBioscience was used to eliminate the IgG bands in the immunob-
lotting analysis.

GST pull-down assays
GST, GST-TWIST and GST-MTA2 fusion proteins were ex-

pressed in BL21 Escherichia coli, solubilized in a sarkokyl solu-
sion as described [50] and allowed to bind to the glutathione-
sepharose 4B breads (Amersham Pharmacia Biotech). 35S-labeled 
TWIST, MTA2, HDAC2, Mi2β and RbAP46 proteins were syn-
thesized using the TNT in vitro transcription-translation kit (Pro-
mega). The GST pull-down assays for protein-protein interactions 
between GST-fusion proteins and 35S-labeled proteins were carried 
out as described [47].

ChIP and ChIP-re-ChIP assays
HEK293 F-TWIST and F-vector cells were cultured in 15-

cm plates to 65% confluence and treated with 0.1 µg/ml DOX for 
16 h. The DNA-bound proteins in these cells were cross-linked in 
1% formaldehyde for 10 min. ChIP assays were performed using 
M2 Flag antibody beads and antibodies against TWIST, MTA2, 
HDAC2, RbBp46, Mi2b [49]. For ChIP-re-ChIP assays, the eluted 
materials were diluted with dilution buffer and subjected to the 
re-ChIP step using antibodies against MTA2, HDAC2 and Mi2β 
and the protein A/G beads. PCR was performed to detect a 205-
bp proximal promoter region of the E-cadherin gene using primers 
ChIP51 (5′-cgt cta tgc gag gcc ggg t-3′) and ChIP3 (5′-aac tga ctt 
ccg caa gct cac a-3′). PCR amplification of a distant 3′ region of 
the E-cadherin gene with primers P54 (5′-gtc tga gct ccc tga act 
cct c-3′) and P34 (5′-cag caa cgt gat ttc tgc att t-3′) was used as a 
negative control.

Quantitative RT-PCR
For quantitative RT-PCR (RT-qPCR), total RNA was extracted 

from cells and transcribed into cDNA as templates. Sequence-spe-
cific fluorescence-labeled probes and primers for TaqMan qPCR 
were matched by the Universal Probe Library Center software 
(Roche Applied Science). Relative concentrations of mRNA were 
obtained by normalization to 18 S RNA.

Luciferase reporter assay
40%-confluent cells in 24-well plates were transfected with 0.1 

µg of the pGL3-Ecad(-108)-luc reporter and 30 ng of β-Gal ex-

pression plasmids using Lipofectamin 2000. Luciferase and β-gal 
activities were measured 40 h after transfection. The luciferase 
activity of each sample was normalized to the β-gal activity of the 
same sample. All experiments were performed in triplicates.

shRNA-based knockdown of TWIST, MTA2 and RbAp46
Four sets of shRNA lentiviral particles, each containing five 

shRNAs that target different regions of the same mRNA, were pur-
chased from Sigma. These shRNAs target mouse Twist (SHVRS-
NM-11658), Mta2 (SHVRS-NM-11842) and RbAp46 (SHVRS-
NM-9031) mRNAs and human MTA2 (SHGLY-NM-004739) 
mRNA. In addition, one non-targeting shRNA lentivirus 
(SHC002V) was purchased as a control. 4T1 mouse breast tumor 
cells and HEK293 human cells were infected with these respec-
tive lentiviruses and selected in a medium containing 10 µg/ml of 
puromycin. Surviving cells were pooled and expanded for analyses 
of Twist, MTA2 and RbAp46 expression levels.

The GIPZ lentiviral shRNAmir-GFP system (Open Biosystems) 
was used to knock down human TWIST and RbAp46 in MDA-
MB-435 cells. Lentiviruses that co-express GFP with TWIST 
shRNAs (clone RHS4430-99329086), shRbAp46 shRNAs (clones 
RHS4430-98842683 and RHS4430-98893597) or non-targeting 
shRNA were used to infect MDA-MB-435 cells. The infected cells 
were selected in a medium containing 4 µg/ml of puromycin.

Real-time assays of cell growth, migration and invasion
Real-time cell growth, migration and invasion assays were 

carried out using an RT-CES system with 16-well E-plates and 
16 double-layered chambers separated by a membrane with 8 µm 
pores (ACEA Biosciences Inc.). For cell migration assay, the up-
per chambers were seeded with 50 000 cells in 100 µl of serum-
free medium and the lower chambers were filled with medium 
containing 5% serum. For cell invasion assay, the membrane was 
pre-coated with 20 µl of 1:40 diluted Matrigel before cells were 
seeded. The process of cell migration and invasion was monitored 
every 30 min till the experimental endpoint.

Analyses of tumor growth and metastasis in mice
Mouse protocols were approved by the Baylor College of 

Medicine Animal Care and Use Committee. 8- to 12-week-old 
female BALB/cJ mice from Jackson Laboratory were anesthetized 
with 2.5% Avertin (0.1 ml/10 g, i.p.). For each recipient mouse, 
4T1 mammary tumor cells (2 × 105) in 200 µl of DME-10 medium 
were injected into the 4th pair of mammary glands (100 µl for each 
gland) as described [51]. Tumor growth was measured weekly. 
Mice were sacrificed in 4 weeks. At the experimental endpoint, 
the weights of local mammary tumors were measured. The lung 
metastasis was carefully examined as described [51]. To determine 
the number of tumor cells in the blood, 150 µl of blood sample 
was collected from the heart of each mouse and cultured for 3 
weeks in a selective medium for growth of puromycin-resistant 
4T1 cells. The formed colonies were counted as described [3].

In another experiment, stable cell pools expressing tGFP and 
shRNAs for TWIST, RbAP46 or control shRNA were injected into 
the 4th mammary glands on both sides of 6-8-week-old female 
athymic nude mice from Harlan. For each site, 2 × 106 cells in 
100 µl PBS were injected. Tumor length (L) and width (W) were 
measured once a week and tumor volume was calculated as (L × 
W2)/2. Mice were sacrificed when the total volume of both side 
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tumors reached about 4 cm3. 150 µl of blood sample was collected 
from the heart of each mouse for culture to determine the cancer 
cell CFUs in the circulation as described above. Primary tumors 
and lungs were isolated for imaging and histological analyses. 
The metastatic tumors appearing on the lung surface were counted 
under a stereomicroscope. 
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