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SET8 is implicated in transcriptional regulation, hetero-

chromatin formation, genomic stability, cell-cycle progres-

sion, and development. As such, it is predicted that SET8

might be involved in the development and progression of

tumour. However, whether and how SET8 might be

implicated in tumourigenesis is currently unknown.

Here, we report that SET8 is physically associated with

TWIST, a master regulator of epithelial–mesenchymal

transition (EMT). We demonstrated that SET8 and

TWIST are functionally interdependent in promoting

EMT and enhancing the invasive potential of breast cancer

cells in vitro and in vivo. We showed that SET8 acts as a

dual epigenetic modifier on the promoters of the TWIST

target genes E-cadherin and N-cadherin via its H4K20

monomethylation activity. Significantly, in breast carcino-

ma samples, SET8 expression is positively correlated with

metastasis and the expression of TWIST and N-cadherin

and negatively correlated with E-cadherin. Together, our

experiments revealed a novel role for SET8 in tumour

invasion and metastasis and provide a molecular mechan-

ism underlying TWIST-promoted EMT, suggesting SET8 as

a potential target for intervention of the metastasis of

breast cancer.
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Introduction

It is abundantly clear now that epigenetic dysregulation of

histone modifications, which is imparted by epigenetic

modulators and other factors that mediate the installation,

removal, and/or interpretation of the modifications, actively

contributes to human cancer (Minucci and Pelicci, 2006;

Chi et al, 2010). Recently, biological effects of histone methy-

lation/demethylation at distinct lysine residues have received

considerable attentions, and emerging data link aberrant

histone methylation and/or demethylation events to tumour-

igenesis (Krivtsov and Armstrong, 2007; Chi et al, 2010).

For example, it has been reported that the mixed lineage

leukaemia (MLL) family of histone methyltransferases is

involved in human myeloid and lymphoblastic leukaemia

(Krivtsov and Armstrong, 2007); enhancer of zeste homo-

logue 2 (EZH2), a histone H3 lysine K27 (H3K27)-specific

methyltransferase, promotes the proliferation, invasion,

and angiogenesis of epithelial cancer cells, and is predictive

of poor clinical outcome (Richter et al, 2009; Lu et al, 2010);

the jumonji family of lysine demethylases, including

JARID1A, JARID1B, and JARID1C, have been implicated in

leukaemia, prostate cancer, and renal carcinoma (Chi et al,

2010); and recently, we reported that lysine-specific histone

demethylase 1 (LSD1), an H3K4 mono- and di-methylation

(H3K4me1/2)-specific demethylase, suppresses the invasive-

ness and metastasis of breast cancer cells (Wang et al,

2009b).

SET8 (also known as PR-Set7/9, SETD8, KMT5A), a mem-

ber of the SET domain-containing methyltransferase family

(Fang et al, 2002; Nishioka et al, 2002) specifically targeting

H4K20 for monomethylation, has been implicated in a

diverse array of biological processes, such as controlling

gene transcription (Congdon et al, 2010; Li et al, 2011b),

modulating replication origins (Tardat et al, 2010), maintain-

ing genome integrity (Houston et al, 2008; Oda et al, 2009),

and regulating cell-cycle progression and development

(Jorgensen et al, 2007; Oda et al, 2009; Abbas et al, 2010;

Centore et al, 2010; Wu et al, 2010), through its histone

monomethylating activity. Interestingly, SET8 has been

reported to be involved in both activation and repression of

transcription. For example, it has been shown that SET8-

mediated H4K20me1 is associated with a reader/effector

L3MBTL1 to create a transcriptionally repressive status of

chromatin (Nishioka et al, 2002; Trojer et al, 2007) and is thus

considered as a transcription repression mark (Kalakonda

et al, 2008); however, it has also been observed that SET8/

H4K20me1 is enriched in the promoter and coding regions of

transcriptionally active genes (Talasz et al, 2005; Li et al,

2011a) and mediates the transcriptional activation of Wnt

target genes (Li et al, 2011b). Moreover, in addition to histone

modifications, SET8 has been shown to be able to mono-

methylate non-histone protein p53 at lysine 382

(p53K382me1) and to repress its related proapoptotic and

cell-cycle arrest functions (Shi et al, 2007). The involvement
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of SET8 in cell proliferation and genome stability and the

importance of its non-histone target p53 in cell-cycle control

predict its possible role in tumourigenesis. However, whether

and how SET8 is involved in oncogenesis is currently

not known.

Tumour metastasis is the major cause of death in cancer

patients. To achieve a metastatic process, tumour cells must

experience multiple and sequential steps: cell motility, tissue

invasion, intravasation, extravasation, and final colonization

and proliferation of tumour cells at new sites (Yang et al,

2004; Joyce and Pollard, 2009; Klein, 2009; Nguyen et al,

2009; Nicoloso et al, 2009; Polyak and Weinberg, 2009; Psaila

and Lyden, 2009). Each of these steps is regulated by a panel

of signalling pathways. Epithelial–mesenchymal transition

(EMT) is believed to be the initial step of tumour metastasis,

during which epithelial cells shed their differentiated char-

acteristics, including cell–cell adhesion planar, apical-basal

polarity as well as immobility, and acquire mesenchymal

features, such as motility, invasiveness, and a heightened

resistance to apoptosis. EMT program is triggered by a

diverse set of elements including growth factors (Oft et al,

1998; Acevedo et al, 2007), transcription factors such as

TWIST (Yang et al, 2004), FOXC2 (Mani et al, 2007), SNAIL

(Kudo-Saito et al, 2009), HIF1a (Yang et al, 2008), and NF-kB

(Radisky and Bissell, 2007), as well as genetic or epigenetic

alterations (Wang et al, 2009b). Despite considerable

research efforts on EMT program, the molecular pathway

underlying this process is still not totally understood.

TWIST (also known as TWIST1), a highly conserved basic

helix-loop-helix transcriptional factor, plays a pivotal role in

tumour metastasis by promoting EMT (Yang et al, 2004;

Taube et al, 2010). Ectopic expression of TWIST results in

both morphological and molecular alterations in the expres-

sion of particular proteins, such as downregulation of epithe-

lial protein markers (e.g., E-cadherin, a-catenin, b-catenin,

and g-catenin) as well as upregulation of mesenchymal

markers (e.g., N-cadherin, fibronectin, vimentin, and

SM-actin; Yang et al, 2004; Taube et al, 2010). In addition,

as a transcription factor, it is believed that TWIST regulates

transcriptional activity through homo- or hetero-dimerization

(Castanon et al, 2001), thereby conferring its dual mode of

transcriptional output, activation or repression (Yang et al,

2004; Alexander et al, 2006; Cheng et al, 2007; Fu et al, 2011).

For instance, TWIST represses E-cadherin transcription (Yang

et al, 2004; Fu et al, 2011) on the one hand, but, on the other

hand, upregulates the expression of N-cadherin (Alexander

et al, 2006), YB-1 (Shiota et al, 2008), and AKT2 (Cheng et al,

2007), eventually leading to tumour cell EMT and metastasis.

In spite of these, the molecular events leading to TWIST-

facilitated EMT, especially its dual transcriptional mode, are

still not fully understood.

In the present work, we found that SET8 physically

interacts with TWIST in vivo. We showed that SET8 acts as

a dual epigenetic modifier on the promoter of E-cadherin and

N-cadherin through its H4K20 monomethylation activity. We

demonstrated that TWIST and SET8 cooperate to regulate the

expression of E-cadherin and N-cadherin. We showed that

SET8 and TWIST interplay to promote EMT and invasion of

breast cancer cells, and that SET8 expression is positively

correlated with N-cadherin and TWIST expression and

negatively correlated with E-cadherin expression in breast

carcinoma samples.

Results

SET8 is physically associated with TWIST

Tumour metastasis has received extensive research efforts for

its association with high cancer mortality, and EMT is

believed to represent a critical step in tumour metastasis. In

an effort to better understand the regulatory mechanisms

underlying EMT, we employed affinity purification and mass

spectrometry (MS) to identify proteins that are associated

with TWIST, a major inducer in EMT and tumour metastasis.

In these experiments, FLAG-tagged TWIST (FLAG–TWIST)

was stably expressed in breast cancer cell line MCF-7.

Whole cell extracts were prepared and subjected to affinity

purification using an anti-FLAG affinity gel. MS analysis

indicates that TWIST was co-purified with a number of

proteins including BRAP (BRCA1-associated protein), RELA

(a subunit of NF-kB), PPP2CA (Protein phosphatase 2, cata-

lytic subunit, alpha isozyme), and HES-6 (Figure 1A).

Interestingly, five peptides matching the H4K20-specific his-

tone methyltransferase SET8 were also identified in the

TWIST complex (Figure 1A). When incubated with recombi-

nant histone octamers, the eluted TWIST complex indeed

exhibited a monomethyltransferase activity towards H4K20,

supporting the existence of SET8 in the TWIST complex

(Figure 1B).

To further validate the presence of SET8 in the TWIST

complex in vivo, MCF-7 cell nuclear extracts were examined

by protein fractionation experiments using fast protein liquid

chromatography (FPLC) with Superose 6 columns and a high

salt extraction and size exclusion approach. Native TWIST

and SET8 were eluted with an apparent molecular mass

much greater than that of the monomeric protein; TWIST

and SET8 immunoreactivity were detected in chromato-

graphic fractions from the Superose 6 column with a rela-

tively symmetrical peak centred between 667 and 2000 kDa

and were accompanied by histone H4K20 monomethylation

activity, as assayed by incubating these fractions with

recombinant histone octamers and then immunoblotted

with anti-H4K20me1 (Figure 1C). In addition, it has

been reported that TWIST directly interacts with multiple

components of the Mi2/NuRD/MTA2 complex (Fu et al,

2011). Indeed, the elution pattern of TWIST and SET8 in

our experiments largely overlapped with that of the NuRD

complex proteins including Mi2, MTA2, and HDAC1

(Figure 1C).

To further support the in vivo interaction of SET8 and

TWIST, total protein extracts from FLAG–TWIST-expressing

MCF-7 cells were prepared and co-immunoprecipitation ex-

periments were performed with specific antibodies against

target proteins. Immunoprecipitation (IP) with anti-FLAG

followed by immunoblotting (IB) with the anti-SET8 indi-

cated that SET8 is co-immunoprecipitated with TWIST

(Figure 1D). This interaction is also confirmed with endo-

genous proteins in MDA-MB-231 cells (Figure 1D). To test

whether TWIST and SET8 are able to interact in vitro,

glutathione S-transferase (GST) pull-down assay was carried

out using GST-fused SET8 construct and in vitro transcribed/

translated TWIST. The results revealed that SET8 interacted

with TWIST in vitro, whereas another SET domain-contain-

ing histone methyltransferase SET9 had no interaction

with TWIST (Figure 1E). In an effort to map the interaction

interface of SET8 with TWIST, GST pull-down assays
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were performed with GST-fused TWIST and in vitro

transcribed/translated full-length SET8, SET8 N-terminal

fragment (1–202 aa), and C-terminal SET domain (216–

343 aa). The results showed that the SET8 N-terminal frag-

ment is essential for the interaction of SET8 with TWIST

(Figure 1F).

Figure 1 SET8 is physically associated with TWIST. (A) Mass spectrometry analysis of TWIST-associated proteins. Whole cellular extracts
from FLAG–TWIST stably expressing MCF-7 cells were subjected to affinity purification with anti-FLAG antibody that was immobilized on the
agarose beads. The purified protein complex was resolved on SDS–PAGE and silver stained, and the bands were retrieved and analysed by mass
spectrometry. (B) Western blotting examination of SET8 protein level and its H4K20 monomethyltransferase activity in the FLAG–TWIST-
purified fractions using the indicated antibodies. (C) Co-fractionation of TWIST and SET8 complex by FPLC. MCF-7 cell nuclear proteins were
extracted, concentrated, and then 6 mg of nuclear extract was fractionated on Superose 6 size exclusion columns. Chromatographic elution
profiles and immunoblotting analysis of the chromatographic fractions are shown. The elution positions of calibration proteins with known
molecular masses (kDa) are indicated, and an equal volume from each fraction was analysed. (D) SET8 interacts with TWIST in vivo. Whole
cell lysates from FLAG–TWIST stably expressing MCF-7 cells or from MDA-MB-231 cells were prepared and immunoprecipitation was
performed with anti-FLAG or anti-TWIST followed by immunoblotting with anti-SET8. (E) SET8 interacts directly with TWIST in vitro. GST
pull-down assays were performed with the indicated GST-fused SET8 or SET9 protein and in vitro transcribed/translated TWIST. Coomassie
brilliant blue (CBB) staining of the GST-fused proteins was shown. (F) Mapping the interface of SET8 interacting with TWIST by GST pull-down
experiments using GST-fused TWIST and in vitro transcribed/translated full-length SET8 or its deletion constructs.
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Functional interplay between SET8 and TWIST

in promoting EMT in breast cancer cells

As stated above, TWIST is considered to be a master regulator

of EMT (Yang et al, 2004; Horikawa et al, 2007). The inter-

action of SET8 with TWIST suggests that SET8 might also be

involved in tumour EMT and metastasis. In order to further

support the physical interaction and explore the functional

connection between TWIST and SET8, we next investigated

what role, if any, SET8 might play in the EMT stage of breast

cancer metastasis. To this end, the morphological alterations

and epithelial or mesenchymal marker changes in SET8-

or/and TWIST-expressing MCF-7 cells were assessed by

microscopy and western blotting, respectively. As shown in

Figure 2A, while control MCF-7 cells maintained organized

cell–cell adhesion and cell polarity, overexpression of TWIST

or/and SET8 in MCF-7 cells led to loss of cell–cell contacts;

these cells became scattering and their cobble stone-like

appearance was replaced by a spindle-like, fibroblastic mor-

phology (Figure 2A), which represents morphological

changes of EMT. Consistently, we found that overexpression

of SET8 or TWIST alone resulted in reduction of epithelial

protein markers (E-cadherin, a-catenin, b-catenin, and

g-catenin) and induction of mesenchymal protein markers

(N-cadherin, fibronectin, and vimentin), and co-expression

of SET8 with TWIST led to a more dramatic change in

expression of these proteins (Figure 2B). In agreement with

these observations, immunofluorescent microscopy showed a

reduction or loss of E-cadherin and b-catenin staining from cell

membrane in the TWIST- or/and SET8-expressing MCF-7 cells

compared with their strong membrane staining in control cells,

whereas mesenchymal markers, including N-cadherin

and fibronectin, exhibited a reverse trend (Figure 2A).

Additionally, knockdown of SET8 in the cells stably expressing

TWIST resulted in an elevation (or derepression) of the epithe-

lial markers and a decrease (or deactivation) of the mesench-

ymal markers (Figure 2C). Analogously, knockdown of TWIST

in SET8-expressing MCF-7 cells was associated with an evident

derepression of the epithelial markers and a significant deacti-

vation in the mesenchymal marker (Figure 2C). Together, these

experiments indicate that SET8 and TWIST are functionally

interdependent and act in a cooperative fashion to promote

EMT. Examination of the expression of endogenous SET8 and

TWIST in non-metastatic cell line MCF-7 and metastatic cell

line MDA-MB-231 by western blotting and quantitative real-

time PCR (qPCR) indicated that the expression of both protein

and mRNA of TWIST is high in MDA-MB-231 and low in MCF-7

cells while SET8 has no significant changes in both cell lines

(Figure 3A). This could contribute to the marginal changes in

EMT markers in blank vector-transfected MCF-7 cells with

SET8 or TWIST knockdown (Figure 2C).

Figure 2 Functional interplay of SET8 and TWIST in promoting EMT of breast cancer cells. (A) SET8 cooperates with TWIST to induce
morphological changes in MCF-7 cells. MCF-7 cells were transfected with vector, SET8 or/and TWIST, and the morphological alterations of
MCF-7 cells were observed by phase-contrast microscopy. Immunofluorescence staining of epithelial (E-cadherin and b-catenin) and
mesenchymal (N-cadherin and fibronectin) markers was visualized by confocal microscopy (Green). DAPI staining was included to visualize
the cell nucleus (Blue). (B) Immunoblotting examination of the epithelial and mesenchymal proteins (left) and qPCR analyses of their mRNA
expression (right) in MCF-7 cells overexpressing SET8 or/and TWIST. (C) SET8 or TWIST was silenced in vector, TWIST, or SET8 stably
transfected MCF-7 cells, and the epithelial and mesenchymal markers were measured by immunoblotting (left) and qPCR (right). Each bar
indicates mean±s.d. of three independent experiments. P-values were determined by Student’s t-test. *Po0.05; #Po0.01.
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Functional interdependence of SET8 and TWIST in

enhancing the invasive potential of breast cancer cells

In order to further support the SET8-promoted EMT and to

explore the role of SET8 in tumour invasion, SET8 or/and

TWIST was overexpressed or/and silenced in MDA-MB-231

cells, and the gain-of-function or loss-of-function of SET8 on

the invasive potential of these cells was investigated using

transwell invasion assays. The results indicated that SET8

Figure 3 Functional interdependence of SET8 and TWIST in enhancing the invasive potential of breast cancer cells. (A) The endogenous
protein or mRNA expression of SET8 and TWIST was examined by western blotting (left) or qPCR (right). (B) MDA-MB-231 cells were
transfected with empty vector, TWISTor SET8 expression construct, control siRNA, TWISTor SET8 siRNA. After 48 h of transfection, cells were
starved for 18 h before cell invasion assays were performed using Matrigel transwell filters. The invaded cells were stained and counted. The
images represent one field under microscopy in each group. Each bar indicates mean±s.d. of a representative experiment performed in
triplicate. P-values were determined by Student’s t-test. *Po0.05; #Po0.01.
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overexpression resulted in elevated cell invasion of MDA-MB-

231 cells by 4.5-fold and knockdown of SET8 expression led

to a 2.5-fold decrease in cell invasion of these cells

(Figure 3B). Moreover, SET8 could further enhance TWIST-

promoted invasion of MDA-MB-231 cells, whereas SET8

knockdown rendered an impaired TWIST-promoted invasion

(Figure 3B). On the other hand, in TWIST-depleted MDA-MB-

231 cells, neither overexpression nor knockdown of SET8 was

able to affect the invasive potential of these cells (Figure 3B).

This is similar to MCF-7 cells that exhibit very low level of

TWIST expression and low metastatic potential (Figure 3A).

Collectively, these results indicate that SET8 and TWIST are

functionally interdependent in promoting cell invasion.

SET8-mediated H4K20me1 has a dual function

in TWIST-regulated gene expression

As mentioned above, SET8 is a member of methyltransferase

family that specifically targets H4K20 for monomethylation

(Fang et al, 2002; Nishioka et al, 2002) and is implicated in

regulating either activation (Talasz et al, 2005; Wakabayashi

et al, 2009; Li et al, 2011b) or repression (Nishioka et al, 2002;

Kalakonda et al, 2008) of gene transcription. In order to

explore the mechanistic insight into the interplay between

SET8 and TWIST in facilitating EMT and cell invasion, we

first hypothesized, based on the physical interaction between

SET8 and TWIST and the report that SET8 is able to,

in addition to H4K20, also methylate non-histone proteins

(Shi et al, 2007), that SET8 might target TWIST for methyla-

tion. However, extensive efforts using MS and western blot-

ting to identify TWIST methylation by SET8 yielded negative

results. Therefore, we went to the conventional gene regula-

tion model in which the transcription factor TWIST might

require/recruit SET8 to the promoters of its target genes to

regulate their transcription. As shown in Figure 2B (right),

SET8 or/and TWIST suppressed E-cadherin mRNA expression

and enhanced N-cadherin mRNA expression, whereas had

limited effects on the expression of other markers, suggesting

that E-cadherin and N-cadherin may be transcriptionally

regulated by SET8 and TWIST. qPCR analyses through loss-

of-function of SET8 or TWISTconfirmed the results; depletion

of SET8 or TWIST in TWISTor SET8 stably expressing MCF-7

cells led to a significant increase in E-cadherin mRNA level

and a sharp decrease in N-cadherin gene expression

(Figure 2C, right). Together, these results are consistent

with the reports that E-cadherin and N-cadherin are the direct

targets of TWIST (Yang et al, 2004; Alexander et al, 2006) and

suggested that both E-cadherin and N-cadherin are regulated

by TWIST and SET8 at the transcriptional level.

We then analysed the binding mode of TWISTand SET8 on

the promoters of E-cadherin and N-cadherin genes. In these

experiments, MDA-MB-231 cells were harvested for chroma-

tin immunoprecipitation (ChIP) analysis, and the results

indicated that SET8 was not only detected on the promoter

of E-cadherin gene, but also on that of N-cadherin gene

(Figure 4A). Furthermore, ChIP/re-immunoprecipitation

(ChIP/ReIP) experiments validated co-occupancy of SET8

and TWIST on the E-cadherin and N-cadherin promoters

(Figure 4A). Since the promoter recruitment of SET8 and

TWIST is consistent with E-cadherin and N-cadherin expres-

sion patterns, it appeared that SET8 functions in a dual mode

in TWIST-regulated gene expression.

To further understand the molecular interdependence of

SET8 and TWIST on E-cadherin and N-cadherin promoters,

SET8 or TWIST was silenced individually in MDA-MB-231

cells and quantitative ChIP (qChIP) assays were performed.

The results demonstrated that TWIST was still associated

with the E-cadherin and N-cadherin promoters upon SET8

knockdown, whereas TWIST silencing abolished the occu-

pancy of SET8 on these promoters, suggesting that SET8 is

recruited by TWIST on E-cadherin and N-cadherin promoters

(Figure 4B). Consistent with the promoter occupancy, in

SET8-depleted MDA-MB-231 cells, the mRNA (Figure 4C)

and protein (Figure 4D) expression of E-cadherin and

N-cadherin increased and decreased, respectively, further

supporting the notion that SET8 is required for trans-activa-

tion or trans-repression of TWIST target genes. Clearly, the

dual regulatory function of TWIST and SET8 is interdepen-

dent, at least on E-cadherin and N-cadherin promoters.

To further support the argument that TWIST and SET8 are

functionally interdependent, reporter activity assays were

carried out in MDA-MB-231 cells with E-cadherin or N-cadherin

promoter-driven luciferase reporter under overexpression or

depletion of SET8. These experiments indicated that SET8

overexpression or knockdown resulted in repressed or en-

hanced E-cadherin reporter activity, respectively, whereas its

overexpression or silencing led to activation or repression of

the N-cadherin reporter activity, respectively (Figure 4E).

However, in TWIST-depleted cells, neither overexpression

nor depletion of SET8 had a significant effect on E-cadherin

or N-cadherin promoter activity (Figure 4E).

We next analysed the methylation status of histone H4K20

on E-cadherin and N-cadherin promoters. It has been reported

that histone H4K20 can be mono-, di-, or tri-methylated by

SET8 (Fang et al, 2002; Nishioka et al, 2002), NSD1 (Rayasam

et al, 2003), Suv4-20h1/KMT5B and Suv4-20h2/KMT5C

(Schotta et al, 2004), respectively. qChIPs in MDA-MB-231

cells indicated that H4K20me1, H4K20me2, and H4K20me3

were all detected on E-cadherin and N-cadherin promoters.

To examine whether or not H420me1 was catalysed by SET8

on these promoters, endogenous SET8 expression was

knocked down in MDA-MB-231 cells and the methylation

status of H4K20 on E-cadherin and N-cadherin promoters

were measured by qChIP. The results indicated that SET8

knockdown was associated with a sharp reduction of

H4K20me1 as well as a slight decrease in H4K20me2 and

H4K20me3 on both E-cadherin (Figure 5A) and N-cadherin

promoters (Figure 5B). Interestingly, TWISTsilencing also led

to a marked decrease of H4K20me1 on E-cadherin and

N-cadherin promoters (Figure 5A and B), further supporting

the argument that SET8 is recruited by TWIST to the E-

cadherin and N-cadherin promoters for monomethylating

H4K20. Meanwhile, the promoter occupancy of H4K20me1

was associated with the expression tendency of E-cadherin

and N-cadherin (Figure 5C and E). Collectively, these experi-

ments indicate that SET8 is recruited by TWIST to E-cadherin

promoter to repress its transcription and to N-cadherin pro-

moter to activate its transcription through its H4K20 mono-

methylation activity. In support of this argument, we created

catalytically inactive SET8 via R295G point mutation within

the SET domain (Nishioka et al, 2002). Ectopic expression of

the inactive SET8 mutant had a dominant-negative role in

H4K20 monomethylation in vivo (Figure 5D), and this was

accompanied by transcriptional derepression of E-cadherin

SET8 promotes TWIST-induced EMT
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and deactivation of N-cadherin (Figure 5E), which is also

confirmed by the E-cadherin or N-cadherin promoter-driven

luciferase activity (Figure 5F).

SET8 cooperates with TWIST to promote breast

cancer metastasis in vivo

To further support the functional interdependence of SET8

and TWIST and to investigate their possible roles in breast

cancer metastasis in vivo, MDA-MB-231 cells that had been

engineered to stably express firefly luciferase (MDA-MB-231-

Luc-D3H2LN, Xenogen Corporation) were infected with retro-

viruses or/and lentiviruses carrying empty vector, TWIST or

SET8 expression construct, control shRNA, TWIST or SET8

shRNA. The effect of the gain-of-function and loss-of-function

of SET8 or/and TWISTwas assessed in immunocompromised

female BALB/c mice by orthotopic implantation of MDA-MB-

231-Luc-D3H2LN cells into the left abdominal mammary fat

pad. The growth/dissemination of tumours was monitored

weekly by bioluminescence imaging with IVIS imaging

system (Xenogen Corporation). A metastatic event was de-

fined as any detectable luciferase signal above background

and away from the primary tumour site. The results showed

that, while either overexpression or depletion of SET8 or/and

TWIST had limited effects on the primary tumour growth

(Figure 6A–C, left), the cell intravasation and spontaneous

lung metastasis were enhanced in mice carrying MDA-MB-

231-Luc-D3H2LN tumours with SET8 or/and TWIST over-

expression and were suppressed in mice carrying MDA-MB-

231-Luc-D3H2LN tumours with SET8 or TWIST depletion, as

assessed by real-time RT–PCR analysis of the relative level of

human GAPDH expression to murine b2-microglobulin in

blood samples (Figure 6A–C, middle) or by bioluminescence

imaging quantifying photon flux (Figure 6A–C, right).

Collectively, these experiments support the notion that

SET8 and TWIST cooperate to increase the metastatic poten-

tial of breast cancer cells in vivo.

Figure 4 SET8 cooperates with TWIST to regulate E-cadherin and N-cadherin transcription. (A) Recruitment of SET8 and TWISTon E-cadherin
and N-cadherin promoters. ChIP and ChIP/ReIP experiments were performed in MDA-MB-231 cells with indicated antibodies. (B) SET8 is
recruited by TWIST to the E-cadherin or N-cadherin promoter. SET8 or TWIST was silenced individually in MDA-MB-231 cells; qChIP assays
were performed with indicated antibodies. (C) SET8 or TWIST silencing led to increase or decrease in E-cadherin or N-cadherin mRNA level
measured by qPCR. (D) SET8 or TWIST depletion led to an elevation or a reduction in E-cadherin or N-cadherin protein level, respectively, as
measured by western blotting. (E) SET8 interplays with TWIST to regulate E-cadherin promoter- or N-cadherin promoter-driven luciferase
activity. MDA-MB-231 cells were transfected with promoter luciferase constructs together with SET8 or/and TWIST expression or silencing
molecules. Luciferase activities were measured and normalized to those of Renilla. Each bar indicates mean±s.d. of three independent
experiments. P-values were determined by Student’s t-test. *Po0.05; #Po0.01.
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Positive association of SET8 expression with metastasis

in human breast tumours

Next, to further support the role of SET8 in EMT and cell

invasion, we collected breast samples of breast normal tissue

(Normal), non-metastatic breast cancer (NMBC), and meta-

static breast cancer (MBC) from breast cancer patients. The

expression of SET8 mRNA was analysed by qPCR. We found

that SET8 expression is upregulated in MBC (Figure 7A), and

there appeared to be a progressive increase in SET8 mRNA

levels from normal to metastatic samples, suggesting that

SET8 is positively correlated with metastatic capacity.

In addition, TWIST mRNA level is also positively correlated

with the metastatic potential of breast cancer (Figure 7B),

in accordance with a previous report (Yang et al, 2004).

E-cadherin and N-cadherin mRNA levels in metastatic tumour

samples were also analysed and were plotted against the

levels of SET8 mRNA (Figure 7C). Statistical analysis of

E-cadherin and SET8 expression found a Pearson’s correlation

coefficient of �0.6246 (Po0.0001) and a Spearman’s correla-

tion coefficient of �0.6358 (Po0.0001). Similar analysis

of the expression patterns of N-cadherin and SET8 showed

a Pearson’s correlation coefficient of 0.7032 (Po0.0001) and

a Spearman’s correlation coefficient of 0.6698 (Po0.0001),

indicating a strong negative correlation between expression

of E-cadherin and SET8 and a positive correlation between

that of N-cadherin and SET8 in MBCs. A positive correlation

between SET8 and TWISTexpression was also noted in MBCs

(Pearson’s correlation coefficient of 0.5936 (Po0.0001) and

Spearman’s correlation coefficient of 0.5800 (Po0.0001)) but

not in NMBCs (Figure 7D). Furthermore, immunohistochem-

ical (IHC) analyses of the sample sections of NMBCs, MBCs,

and metastatic lymph nodes (MLNs) revealed that SET8 and

TWIST are highly expressed in MBC (i.e., vascular tumour

embolism) and MLN, compared with their expression in

NMBC (Figure 7E), supporting the function interdependence

between SET8 and TWIST in breast cancer metastasis.

Discussion

Recent evidence indicates that dysregulation of histone

methylation (writing), interpretation (reading), and removal

(erasing) is associated with oncogenesis (Chi et al, 2010).

Histone methylation miswriting by MLL rearrangement

(Krivtsov and Armstrong, 2007) or EZH2 deregulation

(Morin et al, 2010) leads to aberrant gene expression and

consequent tumourigenesis, and misreading of histone

methylation marks such as H3K4me3 contributes to cellular

transformation and tumourigenesis (Wang et al, 2009a).

Additionally, histone lysine demethylases, such as LSD1

(Wang et al, 2009b) and the jumonji family (Yamane et al,

2007; Wang et al, 2009b), were implicated in several types of

tumours. It has been reported that the H4K20 monomethyl-

transferase SET8 is required for S-phase progression

(Jorgensen et al, 2007; Tardat et al, 2007), is engaged in

transcriptional regulation (Congdon et al, 2010; Li et al,

2011b), genome replication and stability (Houston et al,

2008; Oda et al, 2009; Tardat et al, 2010), and modulates

the proapoptotic and cell-cycle arrest functions of the tumour

suppressor p53 (Shi et al, 2007), suggesting that SET8 might

be implicated in pathological processes such as tumourigen-

esis. Our current observations that SET8 promotes the

EMT and invasion of breast cancer cells and that the SET8

Figure 5 SET8-directed H4K20me1 is a dual epigenetic mark on the
E-cadherin and N-Cadherin promoters. SET8 recruitment on
E-cadherin (A) or N-cadherin (B) promoter is associated with the
monomethylation status of histone H4K20. After transfection
of MDA-MB-231 cells with siRNAs of control, TWIST or SET8 for
72 h, qChIP assays were performed with mono-, di-, and tri-methy-
lated H4K20-specific antibodies with anti-H4 normalized as 100%.
(C) MDA-MB-231 cells were treated with control or SET8 siRNAs,
and western blotting analysis was performed with antibodies
against the indicated proteins. (D) Western blotting was conducted
in MDA-MB-231 cells overexpressing the FLAG-tagged vector (con-
trol), FLAG–SET8 construct or a dominant-negative FLAG-tagged
SET8 R295G point mutant (SET8 R295G). (E) Catalytically inactive
SET8 R295G mutant resulted in derepression or deactivation
of E-cadherin or N-cadherin transcription, respectively, as measured
by qPCR. (F) Catalytically inactive SET8 R295G mutant resulted
in derepression or deactivation of E-cadherin or N-cadherin promo-
ter activity. Each bar indicates mean±s.d. of three independent
experiments. P-values were determined by Student’s t-test.
*Po0.05.
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expression level is positively correlated with metastatic po-

tential in breast carcinoma suggest that SET8 is another

histone methylation regulator that might be implicated in

the development and progression of breast cancer.

EMT is the initial step of tumour metastasis and is essential

for tumour cells to overcome multiple barriers formed by the

normal tissues that they encounter en route. TWIST has been

defined as a chief modulator in epithelial–mesenchymal

conversion and tumour metastasis (Yang et al, 2004;

Mironchik et al, 2005; Ansieau et al, 2008; Shiota et al,

2008) and has been associated with advanced tumour stages

and poor prognosis in several types of cancer (Yang et al,

2004; Kwok et al, 2005; Mironchik et al, 2005; Horikawa et al,

2007; Hasselblatt et al, 2009; Fu et al, 2011). In this study, we

Figure 6 SET8 cooperates with TWIST to promote breast cancer metastatic potential in orthotopic mouse model. (A) The effect of SET8 gain-
of-function or loss-of-function on spontaneous lung metastasis of orthotopic breast cancer cells. (B, C) Cooperation of SET8 and TWIST on
spontaneous lung metastasis of orthotopic breast cancer cells. MDA-MB-231-Luc-D3H2LN cells were co-infected with retroviruses and
lentiviruses carrying empty, SET8 or/and TWIST expression vector, and control shRNA, SET8 or TWIST shRNA-containing vector. These
cells were inoculated into the left abdominal mammary fat pad (2�106 cells) of 6-week-old immunocompromised female BALB/c mice.
Tumour size was measured on day 42 (mammary tumours, n¼ 10). The presence of circulating tumour cells (intravasation, n¼ 10) was
assessed by qPCR of human GAPDH expression relative to murine b2-microglobulin in 1 ml of mouse blood perfusate. Lung metastases were
quantified using bioluminescence imaging (n¼ 10) after 6 weeks of initial implantation, and representative in vivo bioluminescent images are
shown. (D) Examination of SET8 and/or TWISToverexpression and/or knockdown in the cell used in animal experiments by IB. In all panels,
each bar indicates mean±s.d. P-values were determined by Student’s t-test. *Po0.05; #Po0.01.
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found that SET8 and TWIST are physically associated and

functionally interplay to promote EMT. In cells stably expres-

sing SET8, we observed a morphologic transition from the

epithelial to fibroblastic-like shape, which represents the

phenotypic hallmark of EMT (Yang et al, 2004; Mironchik

et al, 2005), implying that SET8 is involved in EMT. To further

determine the molecular connection between SET8 and

TWIST in EMT promotion, we found that SET8 and TWIST

are functionally interdependent in triggering the alterations in

the expression of EMT markers, establishing an essential

role of SET8 in modulating the TWIST-activated EMT and

metastasis of breast cancer.

TWIST has also been characterized as both a repressor and

an activator of transcription on distinct target genes (Yang

et al, 2004; Mironchik et al, 2005; Alexander et al, 2006;

Cheng et al, 2007). The molecular mechanisms underlying

this dual mode of transcriptional regulation are not fully

understood. Previous reports showed that TWIST transcrip-

tion is regulated by a variety of factors such as PPARd (Pan

et al, 2009), STAT3 (Cheng et al, 2008), and HIF1a (Yang et al,

2008). Moreover, researches indicate that SET-domain

methyltransferase superfamily like SET7/9 and SET8 can, in

addition to histone H3 or H4, methylate non-histone proteins

(Shi et al, 2007; Subramanian et al, 2008). In light of the

report that SET7/9 can methylate oestrogen receptor a at

lysine 302 (K302) and further regulate its target genes recruit-

ment and transactivation function (Subramanian et al, 2008)

and that SET8 is able to monomethylate p53 at lysine 382

(p53K382me1) and inhibit its proapoptotic and cell-cycle

arrest functions (Shi et al, 2007), we postulated that SET8

might methylate TWIST and modulate its transcription activ-

ity. However, no SET8-directed methylation of TWIST was

detected. We, therefore, turned our attention to the conven-

tional gene regulation model in which TWIST require/recruit

SET8 to its target promoters to regulate its gene transcription,

and found that SET8 is recruited by TWIST on N-cadherin

promoter and its H4K20 monomethylation activity contri-

butes to the N-cadherin activation. On the other hand, we

revealed that TWIST functions as a transcriptional repressor

and cooperates with SET8 to repress E-cadherin expression,

during which SET8 acts as a corepressor by catalysing H4K20

to H4K20me1 on the E-cadherin promoter. These results are

consistent with previous researches that TWIST acts as a

transcriptional repressor on some targets including E-cadherin

(Yang et al, 2004) and with the original observation that SET8

and H4K20me1 are associated with repressed chromatin and

involved in a gene repression in vivo (Nishioka et al, 2002;

Trojer et al, 2007). In addition, it was recently reported that

TWIST interacts with several components of the Mi2/NuRD

repressive complex during EMT process (Fu et al, 2011),

which is confirmed by our FPLC result showing the Mi2/

NuRD proteins is in the same complex with TWIST. It appears

that SET8 and the Mi2/NuRD complex may collaborate in

fine-tuning the transcriptional activity of TWIST through

their chromatin remodelling activities. This dual function of

SET8-mediated H4K20me1 in both transcription repression

and activation has been well documented (Nishioka et al,

2002; Talasz et al, 2005; Trojer et al, 2007; Kalakonda et al,

2008; Li et al, 2011b). Therefore, it is possible that the dual

mode of TWIST in transcription regulation during EMT might

be conferred by SET8.

Our study indicates that SET8 is a cofactor for TWIST and

may exert its transcriptional activation and repression

through its mediated H4K20 monomethylation. However,

how SET8-mediated H4K20me1 acts as a repressive mark

on E-cadherin and works as an activation mark on N-cadherin

is still not known. It is conceivable that different readers of

H4K20me1 lead to diverse biological effects of H4K20me1.

The reading of the H4K20me1 mark by different effectors, in

Figure 7 Correlation of SET8 with the metastasis of human breast
cancers. The level of SET8 (A) or TWIST (B) mRNA is positively
correlated with breast cancer metastasis. Total RNAs from the
sample of breast normal tissue (Normal), non-metastatic breast
cancer (NMBC), and metastatic breast cancer (MBC) were extracted
and the expression of SET8 and TWIST mRNA was measured by
qPCR with GAPDH as the reference gene. (C) The level of SET8
mRNA is negatively correlated with E-cadherin mRNA and posi-
tively correlated with N-cadherin mRNA in MBCs. The level of
SET8, E-cadherin, and N-cadherin mRNAs was measured by qPCR
and the relative level of SET8 mRNA was plotted against that of
E-cadherin or N-cadherin. (D) The level of SET8 mRNA is positively
correlated with that of TWIST mRNA in MBC samples. Total RNAs
from NMBC and MBC samples were extracted, and the expression
of SET8 and TWIST was measured by qPCR. The relative level of
SET8 mRNA was plotted against that of TWIST. (E) Immunohisto-
chemical analyses of SET8 or TWISTexpression in NMBC, MBC (the
black square represents invasive cancer cells and the red square
indicates cancer embolus in circulation), and MLN samples.
Representative images are shown. Scale bar, 50 mm.
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turn, may be determined by gene-specific DNA context and

other transcription cofactors.

In view of the documentation that b1 integrin is engaged in

the nuclear/cytoplasmic translocation of TWIST and modu-

late TWIST-directed N-cadherin transcriptional activation

(Alexander et al, 2006), we employed the whole cell extracts

for MS analysis to uncover novel functions of TWIST in both

cytoplasm and nucleus. Several nuclear/cytoplasmic proteins

were co-purified with TWIST, such as RELA, PPP2CA, HES-6,

BRAP, and SET8. However, the components of the Mi2/

NuRD/MTA2 complex was not contained in the TWIST-co-

precipitated proteins, which is inconsistent with the results of

a recent report (Fu et al, 2011) and our FPLC results. The

discrepancy of the results between MS and FPLC may be due

to the technical limitation of MS and a low abundance of the

HDAC repressor complex in our assay.

In conclusion, we demonstrated that SET8 promotes EMT

and enhances the invasive capacity of breast cancer cells via

functional interdependence with TWIST and through dual

chromatin remodelling activity. We showed that TWIST and

SET8 cooperate to exert their dual transcriptional regulatory

function via repression of E-cadherin expression and activa-

tion of N-cadherin expression. We demonstrated that SET8

facilitates intravasation and lung metastases of tumour cells

in the mouse model of human breast cancer metastasis.

Significantly, we found that in breast carcinoma samples

that SET8 expression is positively correlated with N-cadherin

and TWIST expression and metastasis and negatively corre-

lated with E-cadherin expression. Together, our experiments

revealed a role for SET8 in promoting EMT and invasive

potential of breast cancer cells, suggesting that SET8 might be

a potential therapeutic target for EMTand metastasis of breast

cancer.

Materials and methods

Antibodies and reagents
Antibodies used were anti-FLAG, anti-Tubulin, anti-TWIST (rabbit),
anti-Fibronectin, anti-Vimentin, anti-HDAC1 (Sigma); anti-MTA2
(Upstate Biotechnology); anti-Mi2 (Santa Cruz Biotechnology);
anti-SET8 (Rabbit, Cell Signaling Technology); anti-MYC (MBL);
anti-E-cadherin, anti-a-catenin, anti-b-catenin, anti-g-catenin, anti-
N-cadherin (BD Bioscience); anti-H4K20me1, anti-H4K20me2, anti-
H4K20me3, anti-H4, anti-TWIST (Mouse) and anti-SET8 (Mouse)
(Abcam). Protein A/G Sepharose CL-4B beads were from Amer-
sham Biosciences, and protease inhibitor cocktail was from Roche
Applied Science. The siRNA sequences used were control siRNA:
50-UUCUCCGAACGUGUCACGU-30; SET8 siRNA: #1, 50-GGAAGAGA
ACUCAGUUACA-30; #2, 50-CAAAUGCUCUGGAAUGCGU-30; TWIST
siRNA: 50-GGACAAGCUGAGCAAGAUUCA-30. siRNA oligonucleo-
tides were transfected into cells using RNAiMAX (Invitrogen) with
the final concentration at 20 nM.

Preparation of cell nuclear extracts
MCF-7 cells were cultured in DMEM medium containing 10% fetal
calf serum (FCS) and nuclear extracts were prepared essentially as
described (Dalton et al, 1997; Smirnova et al, 2000). Briefly, MCF-7
cells were washed twice with cold PBS, scraped, and collected by
centrifugation at 1500 g for 5 min. The cell pellet was resuspended
in hypotonic buffer (10 mM HEPES (pH 7.9), 1.5 mM MgCl2, 10 mM
KCl, 0.5 mM dithiothreitol, and 0.2 mM phenylmethyl-sulphonyl
fluoride), and immediately centrifuged at 1500 g for 5 min. Cells
were then resuspended in two times the original packed cell volume
of hypotonic buffer, allowed to swell on ice for 10 min, and
homogenized with 10 strokes of a Dounce homogenizer (B pestle).
Nuclei were collected by centrifugation at 3300 g for 15 min at 41C.
The nuclei were resuspended in lysis buffer (50 mM Tris–Cl (pH
7.4), 150 mM NaCl, 1 mM EDTA, 0.5% NP-40, 0.25% sodium

deoxycholate and protease inhibitor mixture), incubated for 20 min
on ice on a platform rocking at 150 r.p.m. The supernatant (nuclear
fraction) was collected by centrifugation at 14 000 g for 30 min at
41C. Protein concentration was determined using BCA Pierce
protein assay kit (Thermo Scientific) and 6 mg of nuclear proteins
was used for FPLC assay.

Fast protein liquid chromatography
MCF-7 cell nuclear extracts were prepared and dialysed against
buffer D (20 mM HEPES (pH 8.0), 10% glycerol, 0.1 mM EDTA,
300 mM NaCl) (Applygen Technologies Inc.). Approximately 6 mg
nuclear protein was concentrated to 0.5 ml using a Millipore
Ultrafree centrifugal filter apparatus (10 kDa nominal molecular
mass limit), and then applied to an 850� 20 mm Superose 6 size
exclusion column (Amersham Biosciences) that was equilibrated
with buffer D containing 1 mM dithiothreitol and calibrated with
protein standards (blue dextran, 2000 kDa; thyroglobulin, 669 kDa;
ferritin, 440 kDa; catalase, 232 kDa; bovine serum albumin, 67 kDa;
and RNase A, 13.7 kDa, Amersham Biosciences). The column was
eluted at a flow rate of 0.5 ml/min and fractions were separately
collected.

ChIP, ChIP-ReIP and qChIP
ChIP and qChIP experiments were performed according to the
procedure described previously (Zhang et al, 2004, 2006; Wu et al,
2005; Li et al, 2009; Shi et al, 2011). ChIP-ReIP was done essentially
the same as the primary ChIP. Bead elutes from the first IP were
incubated with 10 mM DTT at 371C for 30 min and diluted 1:50 in
dilution buffer (1% Triton X-100, 2 mM EDTA, 150 mM NaCl, 20 mM
Tris–HCl (pH 8.1)) followed by ReIP with the secondary antibodies.
For common ChIP and ChIP/ReIP assays, the final target DNA
sequence was amplified and resolved on standard agarose DNA
gels; for the qChIP, the target sequences were measured by
quantitative real-time PCR. Primers used were common ChIP/ReIP
primers: E-cadherin: 50-AGGGTCACCGCGTCTATG-30 (forward) and
50-CTTCCGCAAGCTCACAGG-30 (reverse), N-cadherin: 50-CCTCAT
TCTTTGACCTCCTG-30 (forward) and 5-TCTGTAAATAAGACGACCC
AAT-30 (reverse); and qChIP primers: E-cadherin: 50-GCAGGTCCCA
TAACCCACCTA-30 (forward) and 50-CATAGACGCGGTGACCCTCTA-30

(reverse), N-cadherin: 50-TGCCAGTCACTTGCTAACAAAAG-30 (for-
ward) and 50-GTGTGCGCTGGGAGAATAAAG-30 (reverse).

Construction of E-cadherin or N-cadherin reporter plasmid
and luciferase assays
For E-cadherin reporter construction, the sequence of E-cadherin
promoter and partial first exon (�736 to þ 64 bp) was obtained by
PCR using primers 50-AAATTTGAGCTCGCCTGGGCAAGACAGA
GC-30 (forward) and 50-GAATTTAGATCTGAGCGGGCTGGAGTCT
GA-30 (reverse); the N-cadherin reporter was generated as described
previously (Alexander et al, 2006). The first intron (þ 746 to
þ 3156 bp) from the human N-cadherin gene was obtained by PCR
using primers 50-AAATTTGAGCTCGGCTCTAGGGGCTGGATT-30

(forward) and 50-GGTTGGAGATCTTGTTGTTCGGGCGTGTAA-30 (reverse).
These PCR products were digested and ligated into the BglII-SacI
sites of pGL3 basic vector (Promega) to generate pGL3-E-cadherin
or pGL3-N-cadherin luciferase reporter construct. MDA-MB-231 cells
in 48-well plates were transfected with E-cadherin or N-cadherin
promoter luciferase reporter, Renilla plasmid, and indicated
expression constructs, using LTX-Plus (Invitrogen). The amount
of DNA in each transfection was kept constant by addition of empty
vector. Forty-eight hours after transfection, the firefly and Renilla
luciferases were assayed according to the manufacturer’s protocol
(Promega), and the firefly luciferase activity was normalized to that
of Renilla luciferase. Each experiment was repeated in triplicate.

Transwell invasion assay
The transwell invasion assay was performed using the transwell
chamber (Chemicon Incorporation) with a Matrigel-coated filter.
MDA-MB-231 cells were cultured in Leibovitz’s L-15 medium with
10% FCS at 371C without CO2, and overexpression or/and knock-
down of SET8 or/and TWIST was performed via transfection of
corresponding vectors and/or siRNA duplexes. Forty-eight hour
later, cells were deprived in serum-free Leibovitz’s L-15 medium.
After 18 h of deprivation, cells were harvested, washed three times
in PBS and resuspended in serum-free culture medium. Afterwards,
1�105 of these cells in 300ml of serum-free media were plated onto
the upper chamber of the transwell. The upper chamber was then
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transferred to a well containing 500ml of media supplemented with
10% FCS and incubated for 24 h. Cells may actively migrate from
the upper to the lower side of the filter due to FCS as attractant.
Cells on the upside were removed using cotton swabs, and the
invasive cells on the lower side were fixed, stained with 0.1%
crystal violet solution, and counted using light microscope. The
experiment was repeated three times.

Retroviral production and infection
The generation of the pBabe-TWIST or pBabe–SET8-integrated
retroviruses was conducted according to a protocol described by
Weinberg’s lab (Addgene: production of retroviruses using Fu-
GENE-6). Briefly, the human expression plasmid of pBABE-
3� FLAG–TWIST or pBABE-3� FLAG–SET8 was generated by
subcloning the 3� FLAG–TWIST or pBABE-3� FLAG–SET8 frag-
ment into the pBABE-Puro vector using following primers: pBABE-
3� FLAG–TWIST: 50-GGCGGTGGATCCATGGACTACAAAGACCATGA
CGGTG-30 (forward) and 50-AAATTTCAATTGCTAGTGGGACGCGGA
CATGGACCA-30 (reverse); pBABE-3� FLAG–SET8: 50-GGCGGTGG
ATCCATGGACTACAAAGACCATGACGG-3 (forward) and 50-AAATTC
AATTGTTAATGCTTCAGCCACGGGTGGGCT-3 (reverse). The retro-
viral plasmid vectors pBABE-3� FLAG–TWIST/-SET8, pVSV-G, and
pGag-Pol were co-transfected into the packaging cell line 293T. Viral
supernatants were collected 48 h later, clarified by filtration, and
concentrated by ultracentrifugation. The concentrated virus was
used to infect 5�105 cells (20–30% confluent) in a 60-mm dish
with 8mg ml�1 polybrene. Infected cells were selected by 2mg ml�1

puromycin (Merck).

Lentiviral production and infection
Assembling of RNAi lentivirus system using pLL3.7 and other
LentiLox vectors was carried out according to a protocol described
online (http://web.mit.edu/jacks-lab/protocols/pll37.htm). In
brief, siRNA sequences targeting human TWIST or SET8 were
designed and cloned into the pLL3.7 shuttle vector. The recombi-
nant construct as well as three assisted vectors, VSVG, pMDL g/p
RRE, and RSV-REV, were then transiently transfected into 293Tcells.
Viral supernatants were collected, filtrated, concentrated, and
quantified. The concentrated virus was used to infect 5�105 cells
in a 60-mm dish with 8 mg ml�1 polybrene.

In vivo metastasis
The MDA-MB-231-Luc-D3H2LN cell line (MDA-MB-231 cell line
engineered to stably express firefly luciferase) (Xenogen Corpora-
tion) was infected with retroviruses or/and lentiviruses carrying
empty vector, TWIST and/or SET8 expression construct, control
shRNA, TWISTor SET8 shRNA. These cells were inoculated into the
left abdominal mammary fat pad (2�106 cells) of 6-week-old
immunocompromised female BALB/c mice (Charles River, Beijing,
China). Lung metastasis bioluminescence imaging was conducted
after 6 weeks of initial implantation, in which mice were
anesthetized and given 150mg g�1 of D-luciferin in PBS by i.p.
injection. Fifteen minutes after injection, bioluminescence was
imaged with a charge-coupled device camera (IVIS; Xenogen).
Bioluminescence from relative optical intensity was defined

manually, and data were expressed as photon flux (photo-
ns s�1 cm�2 Steradian�1) and were normalized to background
photon flux which was defined from a relative optical intensity
drawn over a mouse that was not given an injection of luciferin.
Metastatic cells in circulation were assessed by real-time RT–PCR
analysis of the relative level of human GAPDH expression to murine
b2-microglobulin in blood samples. Animal handling and proce-
dures were approved by the Peking University Health Science
Center Institutional Animal Care and Use Committee.

Tissue specimens and analysis
Breast normal tissues, NMBC, MBC, and MLNs were procured from
surgical specimens from patients with breast cancer for which
complete information on clinical tumour size and metastatic status
was available. For mRNA extraction, samples were frozen in liquid
nitrogen immediately after surgical removal. Samples from NMBC,
MBC, and MLN were fixed in 10% neutral-buffered formalin
overnight, and then processed, paraffin embedded, sectioned, and
stained with haematoxylin and eosin according to the standard
protocol. For IHC analysis, 3mm sample sections were incubated
with primary antibodies indicated overnight at 41C in a humidified
chamber, followed by incubation with the HRP-conjugated second-
ary antibodies for 2 h. Staining is completed by 5–10 min incubation
with 3.30-diaminobenzidine (DAB) substrate, which results in a
brown-coloured precipitate at the antigen site. All human tissue was
collected using protocols approved by the Ethics Committee of the
Peking University Health Science Center. For detailed Materials and
methods, see Supplementary data.

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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