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1 Notion définie page 17 



 



 

                                                
2 Notion définie page 24 
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3 Notion définie page 99 



 

 



 

 

 

Historiquement, une tumeur était vue comme un ensemble de cellules cancéreuses 

relativement homogène dont le fonctionnement pouvait alors être élucidée en étudiant les 

propriétés des cellules cancéreuses qui la composent. Au cours des dernières années, les 

tumeurs ont davantage été défini comme des organes à parts entières, présentant des 

interactions complexes à l’image des tissus sains. Considérant cette perceptive, le 

fonctionnement des tumeurs ne peut être élucidé qu’en étudiant à la fois les propriétés des 

cellules cancéreuses et le propriétés du microenvironnement qu’elles développent (Figure 22) 

(Hanahan & Weinberg, 2011).  
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Research Article

Inhibition of DNA methylation promotes breast
tumor sensitivity to netrin-1 interference
Mélodie Grandin1, Pauline Mathot1, Guillaume Devailly1, Yannick Bidet2, Akram Ghantous3,

Clementine Favrot1, Benjamin Gibert1, Nicolas Gadot4, Isabelle Puisieux5, Zdenko Herceg3,

Jean-Guy Delcros1, Agnès Bernet1, Patrick Mehlen1,*,† & Robert Dante1,**,†

Abstract

In a number of human cancers, NTN1 upregulation inhibits apop-
tosis induced by its so-called dependence receptors DCC and
UNC5H, thus promoting tumor progression. In other cancers
however, the selective inhibition of this dependence receptor
death pathway relies on the silencing of pro-apoptotic effector
proteins. We show here that a substantial fraction of human
breast tumors exhibits simultaneous DNA methylation-dependent
loss of expression of NTN1 and of DAPK1, a serine threonine kinase
known to transduce the netrin-1 dependence receptor pro-apop-
totic pathway. The inhibition of DNA methylation by drugs such as
decitabine restores the expression of both NTN1 and DAPK1 in
netrin-1-low cancer cells. Furthermore, a combination of decita-
bine with NTN1 silencing strategies or with an anti-netrin-1
neutralizing antibody potentiates tumor cell death and efficiently
blocks tumor growth in different animal models. Thus, combining
DNA methylation inhibitors with netrin-1 neutralizing agents may
be a valuable strategy for combating cancer.

Keywords apoptosis; breast cancer; decitabine; dependence receptor;

DNA methylation

Subject Categories Cancer; Chromatin, Epigenetics, Genomics & Functional

Genomics
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2016 | Accepted 3 June 2016 | Published online 4 July 2016

EMBO Mol Med (2016) 8: 863–877

Introduction

Recent research focusing on a specific functional family of receptors,

namely the dependence receptors (DRs) (Mehlen et al, 1998; Llambi

et al, 2001), has highlighted their implication in inhibiting tumor

progression. Indeed, in contrast to most cellular receptors, a dual

role characterizes these transmembrane receptors: in the presence

of their respective ligands, they provide a typical positive signal

(promoting cell survival, migration, proliferation, etc.), while the

absence of ligand triggers a cascade of signaling events leading to

apoptotic cell death. The DR protein family currently contains

approximately twenty known members, and one of their most

exhaustively studied ligands is Netrin-1. This DR ligand was the first

secreted attractive axon guidance cue to be described in the early

nineties, since then, the role of netrin-1 in many biological functions

has been established (Cirulli & Yebra, 2007; Mehlen & Guenebeaud,

2010; Ramkhelawon et al, 2014). Netrin-1 receptors, namely, are

the Deleted in Colorectal Carcinoma (DCC), the Uncoordinated-5-

Homologs (UNC5H1-4/A–D). The ability of these receptors to trigger

apoptosis in settings under ligand-limited conditions was shown to

be a constrain for impede tumor progression. Indeed, the inactiva-

tion of UNC5C, and DCC, or the mutation of the DCC-inducing apop-

tosis domain is associated with tumor development and progression

in mouse models (Bernet et al, 2007; Castets et al, 2012; Krimpenfort

et al, 2012). Furthermore, in line with these observations, DCC and

UNC5H are silenced in many cancers, either by loss of heterozygos-

ity or epigenetic mechanisms (Hedrick et al, 1994; Bernet et al,

2007; Shin et al, 2007). Alternatively, in some types of cancers, an

upregulation of NTN1 provides a similar tumor growth selective

advantage by abolishing their dependency on netrin-1 availability in

the micro-environment (Fitamant et al, 2008). This upregulation is

particularly marked in some cases of aggressive breast cancer and

in breast metastasis (Fitamant et al, 2008; Harter et al, 2014). The

reliance on netrin-1 for tumor growth was rapidly perceived as an

opportunity for therapeutic intervention, since it was speculated that

the disruption of the binding of netrin-1 to its receptors should

induce apoptotic cell death in vitro and tumor growth inhibition

in vivo. Consistently, the silencing of netrin-1 or the development of

biological agents interfering with netrin-1/DRs interactions has been
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shown to efficiently reduce tumor growth and metastasis in different

animal models (Fitamant et al, 2008; Delloye-Bourgeois et al,

2009a,b; Paradisi et al, 2013; Grandin et al, 2016). Moreover, an

anti-netrin-1 antibody is under preclinical evaluation and should be

assessed in early clinical trials in 2016.

Nevertheless, a substantial fraction of human tumors appears to

conserve the expression of netrin-1 receptors without upregulating

NTN1 expression, suggesting that the downstream DR pathways

may be impaired (Shin et al, 2007; Mian et al, 2011; Krimpenfort

et al, 2012). In cancers, epigenetic modifications are frequently

associated with an increase in the expression of anti-apoptotic

proteins and with the inactivation of factors inducing apoptosis

(Baylin & Ohm, 2006). In this context, previous studies have

reported that DAPK1, a serine threonine kinase responsible for

UNC5H-induced apoptosis, is downregulated in various cancers

(Llambi et al, 2005; Guenebeaud et al, 2010). Furthermore, mecha-

nistic analyses have demonstrated a direct relationship between the

hypermethylation of the CpG island (CGi) located within the DAPK1

promoter region and its downregulation (Raval et al, 2007; Pulling

et al, 2009; Mian et al, 2011; Kilinc et al, 2012). Finally, it was

shown that treatment with decitabine (5-aza-20-deoxycytidine, DAC)
inhibits the DNA methylation of the DAPK1 promoter and restores

DAPK1 expression in lung cancer cell lines (Tang et al, 2004).

Inhibition of DNA methylation may prove to be a promising

approach for combating cancer (Yang et al, 2010; Rodriguez-

Paredes & Esteller, 2011a; Dawson & Kouzarides, 2012; Tsai et al,

2012). Concordantly, DAC showed anti-leukemic effects in several

clinical trials and has been approved by FDA for the treatment of

myelodysplastic syndromes and recent studies indicated that DAC

shows some effects in preclinical models (Tsai et al, 2012). Here,

we report that treatment with DAC restores the pro-apoptotic

machinery linked to the netrin-1/DR-mediated cell death signaling

pathway in breast cancer cell lines and patient-derived xenografts

and sensitize cancer cells to netrin-1 neutralizing agents. We thus

provide evidence that combining DNA methylation inhibitors with a

netrin-1 neutralizing antibody empowers tumor cell death in vitro

and tumor growth inhibition in mice.

Results

Epigenetic downregulation of netrin-1 is associated with the
epigenetic downregulation of DAPK1, in human breast cancers

In order to study the mechanisms underlying inhibition of netrin-1/

DRs-mediated apoptosis, which in a fraction of tumors is neither

dependent on netrin-1 upregulation nor DR silencing, we investi-

gated DAPK1 expression and DNA methylation in breast tumors.

We thus examined differentially methylated regions (DMRs)

associated with malignant transformation in breast cancer samples

(n = 92) available from The Cancer Genome Atlas (TCGA) by

comparing paired normal/tumoral data obtained from the

HumanMethylation450K Array (HM450, Illumina) and by high-

throughput sequencing of polyadenylated RNA (RNAseq). This

comparison focused on the level of DNA methylation within the

50-end of NTN1 (position �765 to + 1,300 relative to the transcription

start site, TSS) and DAPK1 (+ 365 and + 838 relative to the TSS) and

revealed that these regions were hypermethylated (threshold = 2) in

about 30% of tumoral samples compared with their normal counter-

parts (Fig 1A and B). Furthermore, NTN1 was downregulated

(Fig 1C, fold change (FC) ≤ 0.5) in 43% of cases and the “NTN1-

low” samples were hypermethylated (Fig 1G; P = 3 × 10�2, two-

sided Mann–Whitney test) when compared with samples exhibiting

no NTN1 downregulation (FC ≥ 1.3). Using the same approach for

DAPK1, we observed that samples exhibiting DAPK1 downregula-

tion (29% of the samples, Fig 1D) were also hypermethylated

(P = 3 × 10�4) when compared with the other samples (Fig 1H).

These epigenetic modifications did not seem to be independent

events since in NTN1-hypermethylated samples (n = 23, FC ≥ 2),

DAPK1 was also hypermethylated (mean FC = 2.22), while in

NTN1-hypomethylated samples (n = 13, FC < 0.7), DAPK1 was not

hypermethylated (mean FC = 0.93). The relationship between

DAPK1/NTN1 downregulation and DNA hypermethylation was also

observed in a larger number of breast cancer samples (n = 807)

available on TCGA data portal. Indeed, the mean percentage of CpG

methylation (Fig 1E and F) of DAPK1 and NTN1 were inversely

correlated with their levels of expression (Pearson’s r = �0.32,

P < 10�18 and Pearson’s r = �0.14, P = 6.7 × 10�5, respectively),

suggesting that DNA methylation represses DAPK1 and NTN1 tran-

scription in human breast tumors.

Although we cannot excluded a bias due to stromal contamina-

tion, it should be noted that, in paired samples, while hypermethyla-

tion was observed in tumoral tissues, very low levels of DNA

methylation were measured in their normal counterparts (Fig 1A

and B). For both genes, a region (not represented on HM450)

located at the 30-end of the CGis (Fig 2A, light gray boxes) was

selected for the quantitative analysis of DNA methylation of breast

cancer biopsies (tumor bank—Centre Léon Bérard) by bisulfite

pyrosequencing. The analysis indicated that the mean percentage of

CpG methylation of the DAPK1 and NTN1 pyrosequenced regions

were inversely correlated (Pearson’s r = �0.66, P = 0.003, and Pear-

son’s r = �0.55, P = 0.008, respectively) with their levels of expres-

sion (Fig EV1A and B). Altogether, these data suggested that DNA

methylation is involved in the downregulation of NTN1 and DAPK1

in human breast cancers.

To determine whether this concomitant change in DAPK1 and

NTN1 expression was also observed at the protein levels, DAPK1,

UNC5B, and netrin-1 were measured by immunohistochemistry

(IHC) using tissue microarrays (70 sections) from human breast

ductal carcinoma (Super Bio Chips). This analysis revealed, that,

netrin-1-low samples also exhibited low levels of DAPK1 (v2 test,

P = 0.04). In contrast, UNC5B levels were the same, irrespective of

netrin-1 levels (Fig EV1C and D). This result was validated in the

TCGA cohort of breast tumors samples (n = 807), where a correla-

tion between DAPK1 and NTN1 expression was observed (odd

ratio = 4.71, P = 0.03, Fig EV1E).

In order to establish an in vitro experimental model mimicking

the DNA methylation alterations observed in breast cancer tissues,

DNA methylation patterns of two cancer cell lines were determined

by parallel sequencing. Pull-down assays were conducted using the

MDA-MB-231 cell line derived from human breast cancer, and the

HMLER cell line generated through the in vitro transformation of

human mammary cells (Elenbaas et al, 2001; Morel et al, 2008).

Methylated DNA fragments were selected using a recombinant

protein containing the Methyl-CpG-binding domain of MBD2 of

MBD2 (Methyl-Cap-seq), from MDA-MB-231 cell line derived from
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Figure 1. NTN1 and DAPK1 are hypermethylated and downregulated in human breast cancers.

A, B DNA methylation level of NTN1 (A) and DAPK1 (B) 50 regions (Illumina’s HumanMethylation450K Array (HM450) from The Cancer Genome Atlas breast cohort) in
paired breast tissues (normal: green circles, tumor: red circles), n = 92, Wilcoxon matched-pairs signed rank test, P = 0.004 and P = 0.0008.

C, D NTN1 (D) and DAPK1 (G) gene expression in paired breast tissues (normal: green bars, tumor: red bars), RNAseq from TCGA breast cohort, n = 112 and 114,
respectively.

E, F Correlation between NTN1 (E) and DAPK1 (F) gene expression and DNA methylation in the breast cancer cohort (TCGA, n = 807). Pearson correlation, P = 6.7.10�5,
r = �0.14 for NTN1 (A) and P < 10�16, r = �0.32 for DAPK1 (B), respectively.

G, H Tumor/normal DNA methylation ratio of NTN1 (G) and DAPK1 (H) in human breast tumors (data extracted from TCGA cohort, paired samples) according to gene
expression (downregulated FC ≤ 0.5, down, n = 33, or upregulated FC ≥ 1.3, up, n = 16). P = 3 × 10�2 and P = 3 × 10�4 two-sided Mann–Whitney test, for NTN1
and DAPK1, respectively.
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Figure 2. DNA methylation and demethylation in mammary cell lines.

A Methyl-Cap-seq read density profiles of the 50 end of DAPK1, UNC5B, and NTN1 in MDA-MB-231 (blue) and HMLER (green) cells. Red boxes represent the CpG islands
(CGis); light gray boxes the regions analyzed by bisulfite PCR sequencing; dark gray boxes represent the regions analyzed by parallel sequencing of amplicons from
bisulfite modified DNA; and black boxes represent the exons and UTR. Chromosome coordinates of each gene are given (black lines).

B, C Gene expression was measured by qRT–PCR after 72 h for MDA-MB-231 (B) and HMLER cells (C) treated daily with DAC (10 lM). PBGD expression level was used as
an internal control. Data are expressed as mean � s.e.m. of at least 3 independent experiments. ****P < 0.0001, two-tailed unpaired Student’s t-test.

D, E Measurement of DNA hypomethylation of the DAPK1 (D) and NTN1 (E) promoters after decitabine treatment of MDA-MB-231 and HMLER cells. Over 1960
sequences were analyzed per group in 2 independent experiments. ****P < 0.0001, two-way ANOVA and post hoc Tukey test.
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human breast cancer, and the HMLER cell line constructed from

in vitro transformation of human mammary cells (Elenbaas et al,

2001; Morel et al, 2008). Data obtained indicated that the 50-end
CpGis of DAPK1 and NTN1 were methylated in the two cancer cell

lines (Fig 2A). Furthermore, the treatment of MDA-MB-231 and

HMLER cells with decitabine (DAC) resulted in a significant upregu-

lation of DAPK1 and NTN1 mRNA (Fig 2B and C) and in the inhibi-

tion of DNA methylation within the DAPK1 and NTN1 promoter

regions (Figs 2D and E, and EV1F and G).

Parallel sequencing of DMRs (Fig 2A, dark gray boxes) validated

their methylation status obtained from Methyl-Cap-seq experiments

and indicated that DAC treatments reduced their level of methyla-

tion by half, in vitro (Fig 2D and E). Of note, DAC treatment of

MDA-MB-231 cells resulted in the upregulation of UNC5B, although

its promoter was not methylated in any of the cell lines tested

(Fig 2B and C), suggesting an indirect regulatory mechanism.

However, this upregulation was not observed for the other netrin-1-

specific receptors, UNC5A, UNC5C, and DCC (Fig EV2A and B).

Altogether, these data strongly suggest that DNA hypermethylation

is involved in the transcriptional silencing of DAPK1 and NTN1 in

human breast cancer cells.

Decitabine resensitizes cancer cells to netrin-1
interference in vitro

We thus hypothesized that the pharmacological targeting of the DNA

methylation machinery may restore functional netrin-1/DR path-

ways and resensitize netrin-1-low cells to netrin-1 interference. We

investigated whether the forced expression of DAPK1 in the DAPK1-

negative HMLER cells re-established pro-apoptotic pathways

(Fig EV2C and D). As expected, an increase in caspase-3 activity was

observed in DAPK1 transfected cells. Furthermore, this pro-apoptotic

effect was partially reversed by adding recombinant netrin-1

(Fig EV2D). We next analyzed cell death by conducting viability

assays and caspase-3 activity assays in HMLER cells transfected with

NTN1 siRNA and treated with DAC. While transfections had a mild

effect on HMLER cells per se, treatment with DAC strongly potenti-

ated the netrin-1 deprivation-induced cell death (Fig EV2F–H).

Keeping in mind the therapeutic perspective of our study, we

assessed the effect of combining DAC with a human anti-netrin-1

antibody, net1-mAb (Grandin et al, 2016). MDA-MB-231 and

HMLER cells were treated with DAC or net1-mAb, or a combination

of both drugs. As anticipated, the cell lines were resistant to

net1-mAb alone, while, as previously observed (Lund et al, 2011)

(Rodriguez-Paredes & Esteller, 2011b), DAC induced cell death in

most of the cells tested, as evidenced by DNA fragmentation

(Figs 3A and B, and EV2I and J) and viability assays (Fig 3C). The

addition of net1-mAb to DAC-treated cells significantly enhanced

apoptosis (Fig 3A–C). Moreover, this effect was blocked by the

concomitant addition of recombinant netrin-1 (Fig 3A–C), indicating

that net1-mAb-induced cell death was specifically linked to netrin-1

neutralization. To confirm that the pro-apoptotic activity observed

upon the combined net1-mAb and DAC treatment was not linked to

an intrinsic property of DAC, MDA-MB-231 and HMLER cell lines

were treated with the 5-azacytidine (Aza), a DNA methylation inhi-

bitor. This treatment resulted in similar gene expression modifi-

cations and cell death effects as DAC, when combined with the

net1-mAb (Appendix Fig S1). The functional consequences of this

combination treatment were also evaluated in additional human

breast cancer cell lines. The highest upregulation of both NTN1 and

DAPK1 was observed when treating cells with 10 lM of DAC

(Fig EV3A–E), we thus used this concentration in the combined

DAC and net1-mAb treatment to investigate the induction of apopto-

sis (Fig EV3F). A similar potentiation of cell death by combining

DAC and net1-mAb was observed in cell lines (AU565, SKBR3, and

MDA-MB-157) exhibiting an upregulation of at least one of 3 genes,

NTN1, UNC5B, or DAPK1 (Fig EV3C–E).

The combination of the netrin-1 neutralizing antibody
with decitabine inhibits tumor growth and metastasis
in animal models

We next investigated whether the inhibition of DNA methylation

could also re-establish the netrin-1/DRs-mediated pro-apoptotic

pathways in vivo. Nude mice were engrafted with MDA-MB-231

cells in the mammary fat pad as an orthotopic site for breast cancer.

When tumors were palpable (�100 mm3), DAC was subcutaneously

injected at a therapeutic dose (0.5 mg/kg). Parallel sequencing of

amplicons derived from DAPK1 and NTN1 CGis indicated that these

genes were also hypomethylated (ranging from 5 to 27% depending

of the CpG analyzed) in tumors from DAC-treated mice (Fig 3D).

Furthermore, we observed that DAC treatments were associated

with the re-expression of DAPK1, netrin-1, and UNC5B by the IHC

staining of tumor sections (Fig 3E and F).

To evaluate the effect on tumor growth, MDA-MB-231 orthotopic

xenografts were performed, and mice were treated by

▸Figure 3. Netrin-1 neutralizing antibody net1-mAb triggers apoptosis in hypomethylated MDA-MB-231 and HMLER breast cancer cell lines.

A, B Cells were treated with DAC (10 lM, 72 h), and/or net1-mAb (10 lg/ml, 48 h) and/or recombinant netrin-1 (5 lg/ml, 48 h). TUNEL assays from 3 independent
experiments. ***P < 0.0001 one-way ANOVA.

C Cellular mortality was assessed using the toxilight assay. Data represent mean � s.e.m. from 3 independent experiments. ****P < 0.0001, one-way ANOVA.
D–H MDA-MB-231 cells were implanted into the mammary gland fat pad of immuno-compromised mice. When tumors reached 100 mm3, mice were injected

subcutaneously with decitabine (0.4 mg/kg) or PBS and/or intraperitoneally with net1-mAb (10 mg/kg). (D) Loss of DNA methylation of the NTN1 and DAPK1
promoters in decitabine treated tumors, compared with PBS treated tumors, after one week of treatment. > 1,700 sequences were analyzed per group in 2
independent experiments. ****P < 0.0001, two-way ANOVA and post hoc Tukey-test. (E, F) After one week of treatment, tumors from xenografted mice were fixed
in formalin, embedded in paraffin, and sliced into 4 lm sections. (E) Levels of DAPK1, UNC5B, and netrin-1 were measured in 4 independent tumors per treatment
group by immunohistochemistry staining, and expressed as a percentage of total tumor surface normalized against the control PBS-group. Data represented as
means � s.e.m. ****P < 0.0001, two-way ANOVA and post hoc Tukey-test. (F) Representative tumor sections corresponding to MDA-MB-231 xenografts, scale
bars = 50 lm. (G) Tumor volumes were measured twice a week. The statistical significance of the differences obtained between the control PBS-group and treated
(DAC + net1-mAb) group was determined by two-way ANOVA and post hoc Tukey-test. ***P < 0.0001. Error bars = s.e.m. n = 9 mice per group. (H) Tumor weights
were measured 3 days after the end of the experiment. The statistical significance of the differences obtained between the groups was determined by one-way
ANOVA, ***P < 0.0001. Error bars = s.e.m. n = 9 mice per group.

◀
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intraperitoneal injections of net1-mAb, or subcutaneous injections

of DAC, or a combination of both treatments for a period of 21 days

(Fig 3G and H). While no significant difference was observed

between the control groups and mice treated either with net1-mAb

or DAC alone, the combination of both drugs strongly inhibited

tumor growth (Fig 3G) and led to a reduction in tumor weight

(Fig 3H). Furthermore, similar results were obtained using the

NET1-mAb antibody, which is scheduled for human trials in 2016

(Grandin et al, 2016) (Appendix Fig S2A). Interestingly,

the inhibitory effect of the combined treatment on tumor growth

was associated with a marked increase in tumor cell death

(Appendix Fig S2B and C).

To gain further insights into the mechanisms underlying the

tumor suppressive activity of netrin-1 neutralization following DAC

treatment, cancer cell proliferation and tumor angiogenesis were

analyzed in treated tumors. A small reduction in the proliferative

rate (Ki67 staining) was determined in MDA-MB-231 xenografts

from mice treated with DAC; however, the differences between

treated samples and controls were not statistically significant

(Appendix Fig S3A and B). Staining of sections from MDA-MB-231

xenografts with an antibody directed against CD31 (also known as

platelet endothelial cell adhesion molecule) revealed that the anti-

netrin-1 antibody treatment led to a reduction in angiogenesis. This

finding strengthens a previous report, which suggested the implica-

tion of netrin-1 during angiogenesis (Bongo & Peng, 2014).

However, no statistically significant differences were observed

between mice treated with the anti-netrin-1 antibody alone, where

no inhibition in tumor growth was detected, and the mice treated

with a combination of DAC and net1-mAb, where tumor growth

was profoundly affected (Appendix Fig S3A). Hence, the inhibitory

effect of the combination of DAC and net1-mAb on tumor growth is

likely related to their pro-apoptotic effects, rather than to a change

in proliferation or in angiogenesis.

Finally, the effect of this combination treatment on metastasis

formation was evaluated in a model previously used for monitoring

tumor dissemination (Walker et al, 2004; Delloye-Bourgeois et al,

2009b). MDA-MB-231 cells previously treated with control IgG1,

DAC, and net1-mAb alone or in combination, were seeded onto the

chorioallantoic membrane (CAM) of 10 days old chicken embryos.

Data obtained indicated that CAMs grafted with cells previously

treated with DAC and the net1-mAb exhibited a reduction in the

formation of lung metastasis (Appendix Fig S4).

To move toward a model closer to the human pathology, we

analyzed the effect of combining DAC and the netrin-1 antibody in

mice model bearing a patient-derived tumor (PDX model). Consis-

tently with the data obtained from mice engrafted with cell lines,

DAC treatments induced the hypomethylation of DAPK1 and NTN1

in our PDX (Fig 4A) and increased the levels of DAPK1, UNC5B,

and netrin-1 (Fig 4B and C). Furthermore, IHC staining on tumor

sections indicated that the combination treatment increased the

apoptotic rate (Fig 4D and E), while it was not correlated with

tumor cell proliferation or angiogenesis (Appendix Fig S3C and D).

Similarly to the data obtained in MDA-MB-231 engrafted cells, the

combined treatment reduced the growth of the PDX tumor when

compared to the effects of monotherapies (Fig 4F).

Tumor growth inhibition induced by combining decitabine with
netrin-1 interference is directly mediated by UNC5B and DAPK1

The potential reversibility of epigenetic DNA modifications raised

the possibility that inhibition of DNA methylation might induce the

re-expression of these genes, and thus, resensitize cells to several

pathways resulting in apoptosis. Therefore, we studied gene re-

expression following DAC treatment in MDA-MB-231 and HMLER

cell lines, by RNAseq. Indeed, the 626 upregulated genes upon DAC

treatments (FC untreated/treated cells > 2) both in MDA-MB-231

and HMLER cells were investigated for their Gene Ontology term

and their KEGG pathway contributions using the WEB-based GEne

SeT AnaLysis Toolkit (Wang et al, 2013). Enriched Gene Ontology

terms were of various nature and included response to molecules of

bacterial origin, response to lipopolysaccharide, biological regula-

tion, cell proliferation, and cytokine activity. Enriched KEGG path-

ways included KEGG osteoclast differentiation, KEGG MAPK

signaling pathway, KEGG rheumatoid arthritis, KEGG cytokine–

cytokine receptor interaction, pathways in cancer, and NOD-like

receptor signaling pathway (Appendix Fig S5). Genes upregulated

upon DAC treatment were associated with many biological func-

tions; however, the profiles of transcriptomic changes suggested

that no other pro-apoptotic pathway participated in the synergistic

effect of net1-mAb and DAC on cell death observed herein.

▸Figure 4. DAC treatment triggers upregulation of genes in the netrin-1/dependence receptor signaling pathway, and, when combined with net1-mAb,
induces apoptosis and tumor growth inhibition in a mouse model bearing a patient-derived breast tumor.

A Loss of DNA methylation of the NTN1 and DAPK1 promoters in decitabine-treated PDX tumors, compared with the control PBS group. The percentage of mean DNA
methylation of the 11 DAPK1-CpGs was 94% (550 amplicons analyzed), while that of the 7 NTN1-CpGs was 64% (213 amplicons analyzed). Two-way ANOVA and post
hoc Tukey test.

B Expression of DAPK1, UNC5B, and NTN1 was measured by qRT–PCR in PDX tumors after 7 days of in vivo DAC treatment (0.4 mg/kg). The level of PBGD expression was
used as an internal control. Data are expressed as mean � s.e.m. for at least 3 grafts per group. ****P < 0.0001, two-way ANOVA and post hoc Tukey test.

C Levels of DAPK1, UNC5B, and netrin-1 were measured in at least 3 independent paraffin embedded xenografts per treatment group by immunohistochemistry. Data
are expressed as the percentage of the total tumor surface normalized against the median tumor surface of the PBS group. ****P < 0.0001, one-way ANOVA. Error
bars = s.e.m.

D Cleaved caspase-3 and DNA fragmentation (TUNEL) median number of cells per mm2 were measured in treated xenografts. Data represent mean � s.e.m. from at
least 3 tumors per group. ****P < 0.0001, one-way ANOVA.

E Representative sections of the xenograft PDX analyzed in (D). Scale bars = 50 lm. Arrows indicate positive staining.
F The combination of net1-mAb and DAC reduces human breast tumor growth in immuno-compromised mice. After anesthesia, mice were engrafted in the

interscapular area with a � 60 mm3 patient-derived tumor. When the tumors reached 120–150 mm3, mice were injected subcutaneously with decitabine
(0.4 mg/kg) or PBS and/or intraperitoneally with net1-mAb (10 mg/kg) or with a human IgG1 control isotype antibody (Ctrl IgG1, 10 mg/kg) from day 1 to day 21.
Tumor volumes were measured twice a week; n = 7 mice per group. The statistical significance of the differences obtained between the DAC + Ctrl IgG1 group and
the DAC + net1-mAb group was determined by two-way ANOVA2 and post hoc Tukey test, ****P < 0.0001. Error bars = s.e.m.
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It has been reported (Qi et al, 2015) that the addition of netrin-

1 to the culture medium of human liver cancer, glioblastoma, and

embryonic kidney cell lines induces the expression of the Yes-

associated protein (YAP), of TAZ, a transcriptional coactivator

with a PDZ-binding motif (WWTR1), and of the connective tissue

growth factor (CTGF), the transcription of which is initiated by

YAP/TAZ. The induction of YAP/TAZ following the addition

netrin-1 was correlated with an increase in cell proliferation and

following the addition of netrin-1 neutralization by specific anti-

bodies, with a decrease in the proliferation and migration of the

cell lines analyzed (Qi et al, 2015). Therefore, we verified

whether, in DAC-treated cells, netrin-1 neutralization leads to the

downregulation of the YAP/TAZ signaling pathway, which, in

turn, could participate in the anti-tumoral effects associated with

the combined treatment. The effect of the net1-mAb on the expres-

sion of YAP, TAZ, and CTGF, in MDA-MB-231 and HMLER cells

treated with DAC, was thus investigated. In MDA-MB-231 cells,

DAC treatment increased the level of TAZ and CTGF expression,

while net1-mAb treatment only induced a slight increase in TAZ

expression. In contrast, in HMLER cells, the addition of net1-mAb

only induced the expression of CTGF in DAC-treated cells, while

the expression of YAP and TAZ was not significantly modified

(Appendix Fig S6A and B). Collectively, these observations did not

seem to be in favor of major role of the YAP/TAZ-mediated

signals in the response of cancer cells to the combined DAC/

+net1-mAB treatment. In a similar context, p53 alterations were

reported to cooperate with YAP signaling pathways during cancer

cell proliferation (Di Agostino et al, 2016), raising the question of

the implication of TP53 in the apoptotic effect observed. In the

panel of cells analyzed, T47D cells exhibited no alteration in p53

and did not respond to the combined treatment (Fig EV3F), while

other cell lines, mutated (MDA-MB-231), blocked (HMLER), or

wild type (H460) responded to the combined DAC/+net1-mAb

treatment (Grandin et al, 2016). Taken together, these data

suggested that TP53 does not play a determinant role in the tumor

growth inhibitory effect conferred by the combination treatment.

Similarly to the data reported by Roulois et al (2015) in colorec-

tal cancer cells, DAC treatment of MDA-MB-231 and HMLER cells

induced the interferon regulatory factor 7 (IRF7), a key player in the

type I interferon (IFN)-dependent immune responses (Appendix Fig

S6C and D). We thus investigated the effect of this transcriptional

regulator on the expression of DAPK1, NTN1, or UNC5B upon DAC

treatment in MDA-MB-231 and HMLER cells. The transient transfec-

tion of these two cell lines with a siRNA targeting IRF7 strongly

reduced IRF7 expression and prevented its upregulation upon DAC

treatment (Appendix Fig S6C and D). However, IRF7 mRNA deple-

tion failed to abrogate DAC induction of DAPK1, NTN1, and UNC5B

upregulation, suggesting that IRF7 and more generally the interferon
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Figure 5. Sensitivity ofMDA-MB-231 cell lines stably transfectedwith shRNA targeting DAPK1,UNC5B, andNTN1 to treatments combining DAC and net1-mAb.

A–D Stably transfected MDA-MB-231 cells bearing a control (A), DAPK1 (B), UNC5B (C), or NTN1 shRNA (D) were injected into the mammary fat pad of immuno-
compromised mice. When tumors reached 100–120 mm3, mice were injected subcutaneously with DAC (0.4 mg/kg) or PBS and/or intraperitoneally with net1-mAb
(10 mg/kg). Tumor volumes were measured twice a week, n = 8 mice per group. The statistical significance of the differences obtained between DAC group and
DAC + net1-mAb group for shControl, DAC group and DAC + net1-mAb group for shDAPK1 and shUNC5B, and PBS group and DAC group for shNTN1, respectively,
was determined by two-way ANOVA and post hoc Tukey test. ****P < 0.0001, ns = not significant. Error bars = s.e.m.
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(IFN)-like response is not implicated in regulating the expression of

these genes following DAC treatment.

Our final working hypothesis was, therefore, that the tumor

growth inhibitory effects conferred by the combination treatment

were mediated through the pro-apoptotic DR pathway. To validate

this hypothesis, we generated MDA-MB-231 cells stably expressing

shRNAs targeting DAPK1, NTN1, or UNC5B transcripts. qRT–PCR

analyses indicated that the DAC-induced expression of DAPK1,

NTN1, and UNC5B was efficiently counteracted by gene silencing in

the corresponding MDA-MB-231-shDAPK1, MDA-MB-231-shNTN1,

and MDA-MB-231-shUNC5B cells (Fig EV4A). We then investigated

the responses of the MDA-MB-231-shRNA cells, when engrafted in

mammary fat pad and treated or not with the combination treatment

(DAC and the net1-mAb). After validating the levels of DAPK1,

UNC5B, and netrin-1 by IHC (Fig EV4B–D), anti-active caspase-3

IHC staining was performed on tumor sections and revealed that the

silencing of DAPK1 or UNC5B fully prevents the activation of

caspase-3 mediated by the combination treatment, while DAC

monotherapy resulted in a marked increase in caspase-3 activity

when NTN1 was silenced. Furthermore, the silencing of DAPK1 or

UNC5B mRNA prevented the inhibition of tumor growth induced by

the combination treatment, further confirming our working hypoth-

esis (Fig 5A–C). Moreover, NTN1 silencing was sufficient to induce

tumor growth inhibition following DAC monotherapy (Fig 5D).

Taken together, these data demonstrate that DAPK1 and UNC5B are

the key players involved in the response to the combined DAC and

the anti-netrin-1 antibody treatment.

Discussion

The results presented herein provide a proof of concept that inhi-

bition of DNA methylation can sensitize solid tumors to antibod-

ies mediating tumor cell apoptosis. We previously proposed that

in netrin-1-low tumors, inhibition of the netrin-1 dependence

receptor (DR) pathway may occur either through the downregula-

tion of the receptors or of key signaling pathway partners in

colorectal cancer and neuroblastoma (Bernet et al, 2007; Zhu

et al, 2013). Interestingly, in the panel of breast cancers analyzed

in the current study, low levels of NTN1 expression are associ-

ated with the hypermethylation of the CpG island located in the

50-end of this gene. Furthermore, this correlation between hyper-

methylation and gene silencing was also found for DAPK1, an

essential partner in the apoptotic netrin-1/DR pathway. These

features were confirmed in breast cancer cell lines, since NTN1

was downregulated and methylated in HMLER and MDA-MB-231

cells, and DAPK1 was methylated and downregulated in HMLER

cells.

In addition we showed, both in vitro and in xenograft models,

that combining inhibition of DNA methylation with an anti-netrin-1

antibody resulted in the re-expression of netrin-1 and DAPK1 and

led to tumor cell death and tumor growth inhibition. The correlation

between NTN1 and DAPK1 silencing and DNA hypermethylation

does not exclude that their upregulation in DAC-treated cells might

be dependent on additional factors. For example, UNC5B, while

unmethylated, was upregulated in DAC-treated MDA-MB-231 cells,

and it was previously shown that in breast cancer cells, the down-

regulation of some methylated genes is dependent on the deposition

of the methyl-CpG binding domain protein 2 (MBD2) within their

promoter sequence (Devailly et al, 2015).

It is intriguing that, in the PDX model, the administration of DAC

as a monotherapy only resulted in a slight tumor growth inhibitory

effect. It is unlikely that the resistance to DAC treatment, used as a

monotherapeutic agent, may have resulted from an over- or under-

dosage, since several reports have shown that similar DAC doses

are efficient in reducing tumor formation in some mouse models,

including ApcMin-induced intestinal neoplasia (Tsai et al, 2012),

HRAS-G12V-transformed human epithelial kidney, leukemic cells,

breast cancer cell lines, and engrafted patient-derived tumors (Mian

et al, 2011; Kilinc et al, 2012). Furthermore, DNA hypomethylation

was observed following DAC treatment in MDA-MB-231 xenograft

tumors and PDX, indicating that DNA methylation was efficiently

inhibited by DAC, in vivo. Alternatively, these data would suggest

that tumor-growing conditions can overcome, at least partially, the

anti-tumor effect of DAC. Experimental approaches (Rodriguez-

Paredes & Esteller, 2011b; Yang et al, 2012; Azad et al, 2013) and

clinical trials (ClinicalTrials.gov http://www.clinicaltrials.gov)

using combinations of DAC with other epigenetic modifiers and/or

cytotoxic agents provide interesting strategies for tumor growth

reduction. However, these approaches have overlooked an impor-

tant aspect of DAC, which is the re-expression of potentially masked

targets and pathways. The data reported here provide not only

evidence for the importance of ligand/DRs pairs in the regulation of

tumor development but also advocate a new strategy based on the

specific targeting of genes re-expressed following a DNA

hypomethylating treatment. Finally, inhibitors of DNA methylation

could “prime” tumors to netrin-1 addiction, and the subsequent

treatment with a combination of inhibitors of DNA methylation and

an anti-netrin-1 antibody could result in a powerful therapeutic

strategy.

Materials and Methods

Tumor samples

Human breast cancer samples were provided by the tumor bank of

the Centre Léon Bérard (Lyon, France). Fresh tissue samples were

obtained during breast surgery, prior to any systemic therapy, snap-

frozen in liquid nitrogen, and stored for scientific research in a

biological resources repository, according to the French National

Ethical Guidelines. Tissue microarrays of paraffin embedded breast

tumor sections were obtained from Super Bio Chips (Cliniscience,

Nanterre, France).

Cell lines and treatments

The HMLER, MDA-MB-157, MDA-MB-231, and MDA-MB-231-Luc

breast cancer cell lines (Cell Biolabs, San Diego, CA, USA) were

maintained in Dulbecco’s Minimum Essential Medium F12 Glutamax

(DMEM-F12 Glutamax) (Life Technologies). In addition, human

EGF 10 ng/ml (Promocell, Heidelberg, Germany), hydrocortisone

0.5 lg/ml, puromycin 0.5 lg/ml (InVitrogen), and insulin 10 lg/ml

(InVitrogen) were added to the medium of HMLER cells. AU565 and

T47D cell lines were maintained in RPMI medium (Life Technolo-

gies), supplemented with insulin 0.2 U/ml (InVitrogen) for T47D
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cells. SKBR3 cells were maintained in McCoy’s medium (Life Tech-

nologies). All of these cell lines were supplemented with 10% FBS

(Lonza, Basel, Switzerland) and 1% penicillin/streptomycin

(InVitrogen, Carlsbad, CA, USA). Twenty-four hours after plating,

cells were grown for 3 days in fresh medium containing various

concentrations of decitabine (5-aza-20-deoxycytidine, DAC) (Sigma-

Aldrich) or 2 lM 5-azacytidine (Sigma-Aldrich), renewed every

day. The cells were then cultured, under serum deprived condi-

tions for 48 h, in the presence of the net1-mAb anti-netrin-1 anti-

body (10 lg/ml) (Netris Pharma, Lyon, France), as well as in the

presence or not of the recombinant Flag-tagged netrin-1 (5 lg/ml)

(Adipogen).

Enforced gene expression and siRNA experiment

The pcDNA3.1 vector coding for DAPK1 (Llambi et al, 2005) was

used to enforce the expression of DAPK1 in HMLER cells. Empty

plasmids or plasmids containing a HA-tagged DAPK construct were

transfected into HMLER cells using Lipofectamine 2000 (Invitrogen).

NTN1 siRNA has been previously described (Delloye-Bourgeois

et al, 2009a) and was transfected using Lipofectamine 2000 into

HMLER cells, which were previously treated or not with decitabine

for 72 h. IRF7 siRNA was transfected using Lipofectamine 2000, and

transfected cells were treated for 72 h with DAC. Scramble siRNA

(Sigma) was used as a control.

Stable shRNA transfection of cell lines

Control, DAPK1, UNC5B, and NTN1 shRNA plasmids (Sigma

Mission shRNA) were transfected into subconfluent cells using Lipo-

fectamine 2000, according to the manufacturer’s protocol. After

transfection, puromycin (2 lg/ml) was added to the fresh medium

as a selection factor. The selection of transfected cells occurred over

a 5-day time-course. Cells were then trypsinized and diluted to

obtain 0–2 clones per well in 96-well plates. Cell selection using

puromycin (2 lg/ml) was conducted throughout the shRNA trans-

fection, selection, and all of the subsequent experiments, in order to

conserve gene downregulation. Following their amplifications, cells

were treated or not with DAC, and tested for their level of DAPK1/

UNC5B/NTN1 expression before and after DAC treatment. Clones

that exhibited a “normal” proliferation rate and a low level of

expression of the gene of interest were selected.

Caspase-3 activity and viability assays

Caspase-3 activity was measured as previously described

(Llambi et al, 2005), (Delloye-Bourgeois et al, 2009a) using the

Ac-DEVD-AFC substrate assay (Gentaur Biovision, Brussel,

Belgium). Alternatively, the percentage of cell death was measured

by acridine orange and DAPI staining, using the NucleoCounter NC-

3000 system (ChemoMetec A/S, Allerød, Denmark).

Fluorescent caspase-3 activity

The apoptotic index was measured using the CellPlayer 96-Well

Kinetic Caspase 3/7 Apoptosis Kit, according to the manufacturer’s

protocol (Essen bioscience, Hertfordshire, UK). Three thousands

cells were plated in 96-well plates, treated with DAC (10 lM final) or

vehicle (PBS) for 48 h. The cells were then incubated in serum free

medium enriched with a kinetic apoptosis reagent (1/5,000e), with

net1-mAb (10 lg/ml) and/or with recombinant netrin-1 (5 lg/ml),

and with DAC or PBS. Cells were placed in an IncuCyte FLR or

ZOOM with a 10 × objective in a standard cell culture incubator at

37°C and 5% CO2 for 48 h. As a marker of proliferation, and to

correct for differential proliferation of cells, the total number of

DNA-containing objects was counted at the end of the experimental

time-course, using Vybrant Green. This number was used to calcu-

late the “apoptotic index”, defined as the ratio of the number of

caspase-3/7 positive objects to the total number of DNA-containing

objects, as recommended by the manufacturer’s protocol.

TUNEL assays

For the detection of DNA fragmentation, cells were cultured on

coverslips, and, after treatments, fixed in 4% paraformaldehyde for

20 min. TUNEL assays (terminal deoxynucleodityl-transferase-

mediated dUTP-biotin nick end labeling) were then performed using

300 U/ml TUNEL enzyme and 6 lM biotinylated dUTP, according to

the manufacturer’s guidelines (Roche Diagnostics, Meylan, France).

Mouse model of xenografts

Five-week-old female athymic Swissnu/nu mice were obtained from

Charles River (Ecully, France) and were housed in a specific

pathogen-free animal facility. MDA-MB-231 or MDA-MB-231-Luc

shRNA cells (2 × 106) were resuspended in 200 ll PBS and

implanted into the mammary gland fat pad. When tumors reached

an approximate volume of 100 mm3, 10 mg/kg of net1-mAb (Netris

Pharma, France) or an equal volume of PBS (Life Technologies) was

injected intraperitoneally, twice a week for 3 weeks. DAC was then

injected subcutaneously into the left flank 3 times a week for

3 weeks (dosage: 0.5 mg/kg; vehicle: PBS) or replaced by PBS in

the control groups. Tumor volumes were assessed twice a week

with a caliper and calculated with the formula V = ½

(length × width2). Furthermore, a patient-derived xenograft, PDX-

HBC-146, was generated and housed in the tumor model laboratory

(LMT) of the Centre Léon Bérard. Briefly, following isoflurane anes-

thesia, mice were engrafted in the interscapular area with

a � 60 mm3 patient-derived tumor. When tumors reached 120–

150 mm3, mice were injected subcutaneously with DAC (0.5 mg/kg)

or PBS 3 times a week for 3 weeks and/or intraperitoneally with

net1-mAb (10 mg/kg) or with a human IgG1 control isotype anti-

body (Ctrl IgG1, 10 mg/kg, Evitria, Switzerland) twice a week for

3 weeks. Concomitantly, in order to evaluate the effects of the

treatments on DNA methylation, cell death, cell proliferation,

tumor angiogenesis, and protein expression, some xenografted

mice were treated for only one week (as described above) before

tumor extraction for further analysis. All experiments were

performed in accordance with the relevant guidelines and regula-

tions required by the Animal Ethics Committee (accreditation of

laboratory animal care by CECCAP, ENS Lyon-PBES).

Chicken model for tumor cell dissemination

As previously described (Delloye-Bourgeois et al, 2009b), MDA-MB-

231 cells were initially treated for 3 days with DAC 10 lM or PBS
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(vehicle) and then for 2 days with Control Iso-mAb or net1-mAb.

After trypsinization, 2 × 106 cells were suspended in 100 ll of PBS/
Matrigel (1:1) and seeded on the chorioallantoic membrane (CAM)

of 10-day-old chicks. On day 17, lungs were harvested from the

tumor-bearing embryos and genomic DNA was extracted with a

NucleoSpin Tissue kit (Macherey-Nagel). Metastasis was quantified

by PCR-based detection of the human Alu sequence, using primers

for avian repeated element-specific sequences as controls (see

Appendix Table S1). For both couples of primers, metastasis was

assessed by polymerase activation at 95°C for 2 min followed by 40

cycles at 95°C for 30 s, 63°C for 30 s, and 72°C for 30 s. Genomic

DNA extracted from chicken breast and lungs of healthy chick

embryos was used to determine the threshold between neuroblas-

toma (NB) cell-invaded and non-invaded lungs. All experiments

were performed in accordance with the relevant guidelines and

regulations required by the Animal Ethics Committee (accreditation

of laboratory animal care by CECCAP, ENS Lyon-PBES).

Immunohistochemistry analysis of xenografted cell lines and
patient biopsies

Immunohistochemistry staining was performed on an automated

immunostainer (Ventana Discovery XT, Roche, Meylan, France)

using the DABmap Kit according to the manufacturer’s instructions.

Tissue samples were fixed in 10% buffered formalin and embedded

in paraffin. Following antigen unmasking (citrate buffer pH 7.3,

98°C for 35 min), immunostainings were performed with a poly-

clonal rat anti-mouse netrin-1 antibody (R&D), a rabbit polyclonal

anti-DAPK1 (Acris), or an UNC5B antibody (Sigma), using the

Novolink kit (Leica) for revelation. Apoptotic cell staining was

performed using a rabbit cleaved caspase-3-specific antibody (Cell

Signaling) and the In Situ Cell Death Detection kit POD (Roche).

Angiogenesis was measured using a rabbit polyclonal CD31 (Platelet

Endothelial Cell Adhesion Molecule-1) antibody (ANASPEC), and

the rate of cell proliferation was determined using a mouse mono-

clonal MIB-1-specific antibody (DAKO). Image analysis was

performed using a light microscope (Eclipse E400, Nikon France,

Champigny, France) equipped with a tri-CDD video camera (Sony,

Japan). Quantitative values were determined by morphometric anal-

ysis (Histolab, Microvision Instruments, Evry, France) of at least 40

fields per staining at a ×200 magnification for the xenograft tumor

sections, and one field per staining of the total tissue section at ×40

magnification for the tissue microarray. The total surface occupied

by the tumor was automatically measured, and the positively

stained at each surface was expressed as a percentage of the total

surface for each field analyzed.

RNA isolation

Total RNA was extracted from biopsies and xenografts using the

TRIzol-Reagent (Ambion, Life Technologies) and from cell lines

using the Nucleospin RNAII kit (Macherey-Nagel, Hoerdt,

Germany), according to the manufacturer’s instructions. For RNA-

seq experiments, RNA purity, integrity, and quantification were

assessed using agarose gel electrophoresis and a NanoDrop 1000

(Thermo Scientific, Wilmington, DE, USA). Pools of three to five

independent extractions were sent for high-throughput sequencing

to the Beijing Genomics Institute (BGI, Hong-Kong, China).

Reverse transcription and quantitative real-time RT–PCR

One microgram of RNA was reverse-transcribed, using the iScript

cDNA Synthesis Kit (Bio-Rad, Ivry, France). Quantitative RT–PCR

was performed using a Mini opticon (Bio-Rad) and the SYBR super-

mix qPCR kit (Bio-Rad). Polymerase was activated at 95°C for

3 min, followed by 45 cycles of amplification and 30 s of cooling.

Moreover, gene expression profiles of human samples and cell lines

were validated using 3 other standard housekeeping genes, namely

PBGD, GAPDH, and MBD2, to confirm the results. Primer sequences

for the genes targeted are shown in Appendix Table S1.

DNA extraction

Biopsy samples and xenografted cell lines were cryogrinded in

liquid nitrogen. DNA was then extracted and purified using the

Nucleospin tissue DNA extraction kit (Macherey-Nagel), according

to the manufacturer’s protocol. DNA from cell lines was directly

extracted using the standard protocol (Auriol et al, 2005).

Bisulfite treatment of genomic DNA

Two hundred nanograms of genomic DNA was added to 1.8 lg of

standard plasmid DNA (pGL3 Basic) and converted using the Epitect

Bisulfite kit (Qiagen), according to the manufacturer’s protocol.

Amplification of bisulfite converted DNA and pyrosequencing

Sets of biotinylated NTN1, DAPK1, and primers were designed

within the promoter region (Fig 1D). As a control, non-modified

and modified GAPDH sets of primers were used to assess the effi-

ciency of the bisulfite DNA conversion. Modified DNA was ampli-

fied in a total volume of 50 ll using the Hotstartaq (Qiagen) kit, in

the presence of 1 mM MgCl2 for the DAPK1 and NTN1 primers.

Thermal profiles were as follows: 95°C for 10 min followed by

50 cycles of 95°C for 30 s, 50°C (NTN1) or 52°C (DAPK1) for 30 s

and 1 min 30 s (NTN1 and DAPK1) of extension followed by a

10-min final elongation. The primer sequences are shown in

Appendix Table S1. The quality and quantity of the PCR product

were confirmed on a 2% agarose gel.

PCR products were then pyrosequenced using the Pyromark kit

(Qiagen). Reverse single-stranded biotinylated templates were

isolated using the PyroMark Vacuum Prep WorkStation (Qiagen).

Forty microliters of PCR product was added to 38 ll of binding

buffer (Qiagen) and 2 ll streptavidin sepharose high-performance

beads (GE Healthcare�). The mixtures were shaken for 10 min at

200 g (revolution per minute). After agitation, beads covered with

biotinylated DNA were collected and retained on the filter probes by

permanent vacuum. The filter probes were successively immerged

in different baths: in ethanol 70% for 5 s, in PyroMark denaturation

solution for 5 s, and in PyroMark wash buffer 1× for 15 s (Qiagen).

The vacuum was then turned off, and the beads fixing DNA strands

were released into a 96-well plate containing 25 ll of annealing

buffer with 0.3 lM of sequencing primer in each well. The sequenc-

ing plate was kept at 80°C for 2 min and at room temperature for

5 min. Pyrosequencing reactions were performed in a PyroMark

Q96 system using PyroGold reagents (Qiagen). Results were

analyzed using the PyroMark Software.
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DNA methylation analysis

Bisulfite sequencing, used to determine the CpG methylation

patterns of DAPK1 and NTN1 50UTR regions (Appendix Table S1),

was performed as described (Beygo et al, 2013). Briefly, after a first

amplification using sequence-specific primers, PCR fragments were

tagged in a second amplification step and sequenced using the

Roche/454 GS junior system according to the manufacturer’s proto-

col (Roche emPCR Amplification Method Manual—Lib-A and Roche

Sequencing Method Manual). Data were analyzed using Amplikyzer

(https://pypi.python.org/pypi/amplikyzer/0.97).

Methyl-Capture-sequencing (Methyl-Cap-seq)

Genomic DNAs (1 lg) were sheared to an average length of

300–600 bp. Methylated DNA fragments were isolated using beads

containing the Methyl-CpG-binding domain of MBD2, according to

manufacturer’s recommendations (MethylMiner, InVitrogen). After

sequencing, using the Illumina 2000 high-throughput sequencing

technology by BGI service (Beijing, China), 30–40 million 50-bp

reads were obtained for each input and bound fraction and analyzed

using R and bioconductor packages.

RNA-seq analysis

Reads were aligned on the UCSC Homo sapiens hg19 genome using

TopHat2. Differential expression analyses were performed as

described (Kim et al, 2013), using the Galaxy server (https://usega

laxy.org/). Only genes with at least 1 read per million (RPM) were

kept for subsequent analyses. Enriched Gene Ontology terms and

KEGG pathways were identified using Gene Set Enrichment Analysis

(Subramanian et al, 2005) with genes preranked according to their

fold change induced by DAC treatment.

Data deposition

The MeDP and the RNAseq data from this publication have been

submitted to the GEO database the accession number GSE80177.

Expanded View for this article is available online.
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ABSTRACT

DNA methylation is thought to induce transcrip-
tional silencing through the combination of two
mechanisms: the repulsion of transcriptional activa-
tors unable to bind their target sites when methy-
lated, and the recruitment of transcriptional repres-
sors with specific affinity for methylated DNA. The
Methyl CpG Binding Domain proteins MeCP2, MBD1
and MBD2 belong to the latter category. Here, we
present MBD2 ChIPseq data obtained from the en-
dogenous MBD2 in an isogenic cellular model of
oncogenic transformation of human mammary cells.
In immortalized (HMEC-hTERT) or transformed (HM-
LER) cells, MBD2 was found in a large proportion
of methylated regions and associated with transcrip-
tional silencing. A redistribution of MBD2 on methy-
lated DNA occurred during oncogenic transforma-
tion, frequently independently of local DNA methy-
lation changes. Genes downregulated during HMEC-
hTERT transformation preferentially gained MBD2 on
their promoter. Furthermore, depletion of MBD2 in-
duced an upregulation of MBD2-bound genes methy-
lated at their promoter regions, in HMLER cells.
Among the 3,160 genes downregulated in trans-
formed cells, 380 genes were methylated at their
promoter regions in both cell lines, specifically as-
sociated by MBD2 in HMLER cells, and upregu-
lated upon MBD2 depletion in HMLER. The tran-
scriptional MBD2-dependent downregulation occur-

ring during oncogenic transformation was also ob-
served in two additional models of mammary cell
transformation. Thus, the dynamics of MBD2 deposi-
tion across methylated DNA regions was associated
with the oncogenic transformation of human mam-
mary cells.

INTRODUCTION

In vertebrates, DNA methylation at transcriptional start
sites (TSSs) is an epigenetic modification associated with
the downregulation of gene transcription (1). This epige-
netic modification has been extensively studied during cell
differentiation and neoplastic transformation, since DNA
methylation changes are associated with these biological
processes andmay be involved in the control of gene expres-
sion (2–4). Although DNAmethylation at specific sites can
impair the direct binding of transcription factors to their
targets and, in turn, may lead to transcriptional downreg-
ulation (5–8), these epigenetic signals are also interpreted
by specific proteins (9). These proteins have been classified
into three families (10–12) according to their methyl-DNA
binding domain: the methyl-CpG binding domain (MBD)
proteins; the UHRF proteins that bind methylated DNA
through there SRA domain proteins; and a subclass of zinc
finger proteins that preferentially bind methylated DNA se-
quences (ZBTB33, ZBTB4, ZBTB38, ZFP57, KLF4).
MeCP2, MBD1, MBD2 and MBD4 are members of

the MBD protein family that recognize methylated CpG
sites independently of their surrounding sequences in vitro
(13). In human cells and Xenopus oocytes these proteins
are found associated with chromatin remodeling complexes
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along with histone deacetylases and/or histone methylases
(14–18). The ability of these proteins to recruit repressor
complexes at methylated CpG sites has suggested a direct
relationship between DNA methylation and the establish-
ment of a repressive chromatin architecture. However, more
recent findings suggesting that MBD proteins may also be
involved in other mechanisms such as alternative splicing
and gene activation (19–21) have tempered this concept.
Several genome maps of MBD2 deposition have been

constructed from human and mouse cells. Analysis of
MBD2 binding sites at 25 000 promoter regions indi-
cates that the promoter regions targeted by the endogenous
MBD2 proteins aremethylated and depleted for RNApoly-
merase II (22). Furthermore, parallel sequencing of chro-
matin immunoprecipitated fragments (ChIPseq) obtained
from human HeLa and MCF7 cells expressing tagged-
MBD2 vectors has shown that that MBD2 binding sites are
methylated and that MBD2 deposition at TSS regions is
associated with genes exhibiting repressive histone marks
(21,23). A linear relationship between DNA methylation
and MBD2 deposition is observed in mouse ES cells and
derived neuronal cells expressing biotin-taggedMBD2 pro-
teins from a single copy transgene (24). Although these
studies show that a small fraction of MBD2 binding sites
at promoter regions may be unmethylated and correspond
to actively transcribed genes, these genome-wide analyses
indicate that the presence of MBD2 at TSS regions is pre-
dominantly associated with methylated genes exhibiting a
low transcriptional activity. Altogether, this suggests that
MBD2 acts mainly as a methylation-dependent transcrip-
tional repressor.
As expected from a transcriptional repressor involved in

epigenetic mechanisms, MBD2 seems to play a role in the
acquisition of specific phenotypes. MBD2 can block full re-
programming of somatic to iPS cells through direct bind-
ing toNANOG promoter elements thereby preventing tran-
scriptional activation (25). In mice, MBD2 deletion alters
the immune response (26), protects mice from hind-limb is-
chemia (27) and greatly reduces the number of intestinal
adenoma in tumor-prone APCmin mice (28,29), mimicking
the effects of experimentally induced DNA hypomethyla-
tion (30,31). Detailed gene candidate analysis indicates that
MBD2 controls the expression of some exocrine pancreatic
genes in a tissue-specific manner in mice (32). For exam-
ple, TFF2 is expressed in duodenum and silenced in colon,
while this gene is methylated in both tissues. This tissue-
specific repression is correlated with the tissue-specific pres-
ence ofMBD2 atTFF2 promoter andMBD2 deletion leads
to TFF2 upregulation in colon (32), suggesting that the dy-
namics of MBD2 binding has a direct effect on gene tran-
scription. Taken together these data suggest that the cell-
specific transcriptional repression occurring during differ-
entiation or transformation may be associated, at least for
some genes, with a redistribution ofMBD2 proteins among
methylated DNA regions.
In order to address this question we analyzed MBD2

binding sites in an isogenic cellular model of oncogenic
transformation of human mammary epithelial cells con-
structed from the progression model described by Wein-
berg and colleagues (33). Human mammary cells were im-
mortalized through the introduction of the human telom-

erase catalytic subunit gene (hTERT). The resulting immor-
talized cell line (HMEC-hTERT) was transformed by the
introduction of the SV40 T/t antigens and oncogenic H-
RASV12 genes (HMLER cell line). In a similar model con-
structed from human fetal lung fibroblasts (MRC-5 cells), it
has been shown that DNA methylation changes occur pre-
dominantly during hTERT-induced immortalization while
only subtle changes are associated with the transformation
by SV40 large T-antigen and H-RASV12 (34). Thus, the
comparison of HMEC-hTERT and HMLER cells offers
the opportunity to investigate the potential modifications
of MBD2 binding site associated with the acquisition of a
specific phenotype in an isogenic background with a minor
contribution of DNA methylation changes.

MATERIALS AND METHODS

Cell lines

HMEC-hTERT, HMLER, HME-ZEB1-RAS and mes-
enchymal HME-shP53-RAS cell lines were kindly provided
by Anne-Pierre Morel (CRCL, Lyon, France) and cultured
as previously described (35,36).

Treatments

Cells were seeded at 1.105 per well in six-well plates.
The day after plating, cells were either transfected with
100 pmol of MBD2 targeting siRNA (siMBD2; sens:
5′-GGAGGAAGUGAUCCGAAAdTdT-3′) or control
siRNA (siCtrl; Sigma-Aldrich, Saint Louis, MO, USA,
MISSION siRNA Universal Negative Controls #1) using
Lipofectamine-2000 (Sigma-Aldrich) as specified by the
manufacturer’s instructions, or treated every day with 10
�M of DAC (Sigma-Aldrich). Cells were collected 72 h
after the start of the treatments.

Western-blot

Around 1.0 × 106 cells were lysed in NuPage LDS Sample
Buffer and Reducing Agent (Life Technologies, Carlsbad,
CA, USA). Lysates were sonicated and heated at 95◦C for
10 min. After migration and transfer, membranes were in-
cubated with either anti-MBD2 (Santa Cruz, Heidelberg,
Germany, sc-9397) or anti-ß-Actin (Sigma-Aldrich, A5441)
antibodies.

RNA extraction

Total RNA was extracted using the NucleoSpin RNA
kit (Macherey-Nagel, Hoerdt, France) following manufac-
turer’s instructions. RNA purity, integrity and quantifica-
tion were assessed using agarose gel-electrophoresis and
analysis on aNanoDrop 1000 (Thermo Scientific,Wilming-
ton, DE, USA). Pools of three to five independent extrac-
tions were sent for high-throughput sequencing to MGX-
Montpellier GenomiX (library preparation with the TruSeq
RNA sample preparation Kit from Illumina, followed by
single-end 50 bp sequencing on Illumina HiSeq 2000).
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Digestion of genomic DNA

Genomic DNA was extracted from cell lines using the QI-
Aamp DNAMini Kit (Qiagen, Courtaboeuf, France). Two
hundred micrograms of DNA were digested overnight at
37◦C with either HpaII or MspI restriction enzymes (New
England BioLabs, Evry, France), and analyzed on ethidium
bromide-containing agarose gels.

Methylated-DNA precipitation sequencing (MeDPseq)

Genomic DNA was sheared by sonication (final fragments
ranged between 300 and 500 bp). Methylated-DNA pre-
cipitations (MeDP) were performed from 1 �g of sheared
DNA using the MethylMiner Methylated DNA Enrich-
ment Kit (Life Technologies). Library preparation and
high-throughput sequencing (single-end 50 bp sequencing
on Illumina HiSeq 2000) were performed at Beijing Ge-
nomics Institute (Hong-Kong, China) from pools of five in-
dependent experiments.

Chromatin immunoprecipitation

MBD2 Chromatin immunoprecipitations (ChIP) were per-
formed as previously described (37). Briefly, sheared chro-
matin (with a mean fragment length between 300 and 500
bp) was obtained by sonication of formaldehyde cross-
linked nuclei. ChIP were then performed with a custom-
made rabbit polyclonal antiserumobtained after immuniza-
tion with peptides corresponding to the N-terminal part of
the MBD2 protein (Covalab, Villeurbanne, Lyon) (38) us-
ing the ChIP Assay Kit (Merck Millipore, Saint-Quentin-
en-Yvelines, France) as specified by the manufacturer’s in-
struction. Precipitated DNA was finally purified using Nu-
cleoSpin Gel and PCR Clean-up kit, (Macherey-Nagel) ac-
cording to the manufacturer’s protocol ‘DNA clean-up of
samples containing SDS.’
Input and bound fractions of DNA were dosed by flu-

orometry (Qubit 2.0, Life Technologies). Pools of five in-
dependent experiments were sent for high-throughput se-
quencing to ProfileXpert (Lyon, France) (library prepara-
tion and single-end 50 bp sequencing on Illumina HiSeq
2000).
Alternatively, enrichment in the bound fraction as com-

pared to the input was measured by qPCR for several re-
gions, using iQ SYBR Green supermix (BiroRad). Primer
sequences and corresponding hybridization temperatures
are listed in Supplementary Table S1.

ChIP-chip and MeDP-chip

ChIP-chip and MeDP-chip experiments were performed
as previously described (22). Briefly, chromatin fragments
were precipitated with anti-MBD2 antibody (Covalab), and
DNA fragments were precipitated using a His6-tagged re-
combinant protein containing four MBD domains cloned
from MBD1 (39). The DNA fragments from the ChIP and
MeDP experiments were amplified by random PCR. The
samples were then labeled with the GeneChip WT Double-
Stranded DNA Terminal Labeling Kit and hybridized to
the human tiling arrays (Human Promoter 1.0R Arrays),

which were then washed and scanned by ProfileXpert ser-
vice (Lyon, France) according to Affymetrix protocols.
Microarray signals were analyzed using aroma.affymetrix
package on the hg18 reference genome.

DNA methylation analysis

Bisulfite sequencing, used to determine the CpG methy-
lation patterns of tens regions (Supplementary Table S2),
was performed as described in (40). Briefly, after a first
amplification using sequence-specific primers, PCR frag-
ments were tagged in a second amplification step and se-
quenced using the Roche/454 GS junior system accord-
ing to the manufacturer’s protocol (Roche emPCR Am-
plification Method Manual – Lib-A and Roche Sequenc-
ing Method Manual). The mean number of reads per
sample was 475, see Supplementary Table S2. Data were
analyzed using Amplikyzer (https://pypi.python.org/pypi/
amplikyzer/0.97).

RNAseq analysis

Reads were aligned on the UCSC Homo sapiens hg19
genome using TopHat2 (41). Differential expression analy-
sis was performed as described in (42), using the Bioconduc-
tor package edgeR (43). Only genes with at least 1 read per
million (RPM) in at least two of the samples were kept for
subsequent analyses. Enriched Gene Ontology terms and
KEGGpathway were identified usingGene Set Enrichment
Analysis (44) with genes pre-ranked according to their fold
change induced by siMBD2 treatment.

ChIPseq analysis

Reads were aligned on the UCSC Homo sapiens hg19
genome using Bowtie (45). Duplicate reads were filtered
using SAMTools (46) to limit PCR induced biases. Pre-
liminary peak detection was performed using Model-based
Analysis of ChIP-Seq (MACS) (47). Over sequenced re-
gions were defined as 500 bp regions containing more than
three times the median number of reads in at least one of
the two inputs. Peaks were filtered against these over se-
quenced regions, as they represent suspicious false positive
regions. Peaks in HMEC-hTERT and HMLER were com-
pared using MAnorm (48), and peaks common to both cell
lines or cell line specific peaks (P value ≤ 0.01) were de-
termined. Read density visualization at specific locations
were drawn with Sushi.R (49). K-mean clusterization of
peaks and subsequent visualization were performed with
seqMINER (50). Integrative analysis of ChIPseq, RNAseq
and ChIP-chip data was performed using the Bioconductor
package Repitools (51). Top enriched motifs in peaks were
obtained using the RSAT oligo-diff tool (52).

Data deposition

The ChIPseq, the RNAseq and the microarray data from
this publication have been submitted to the GEO database
as entry GSE63237.
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RESULTS

Identification of MDB2 binding sites and methylated DNA
regions in HMEC-hTERT and HMLER cells

To identify possiblemodifications ofMBD2deposition pro-
files associated with phenotype changes, genome-wide anal-
yses (ChIPseq) were performed in an isogenic cellularmodel
(Figure 1A) constructed from immortalized HMEC cells
(HMEC-hTERT cells) transformed by expressing SV40T/t
antigen and H-RASV12 (33,35). In this study, we focused
on the endogenous protein in order to take into account
the potential changes in the regulation of MBD2 during
the transformation process. In parallel, we identifiedmethy-
lated DNA regions by MeDPseq experiments performed in
both cell lines using the MethylMiner kit (Invitrogen) for
selecting methylated DNA regions.
Methylated DNA regions and MBD2 peaks were iden-

tified from the aligned reads (sequenced fragments) (Fig-
ure 1B). These data were compared with ChIP-chip and
MeDP-chip data obtained using an array representing
25,500 promoter regions (Human Promoter 1.0R array,
Affymetrix). Methylated regions identified by MeDPseq
were enriched in MeDP-chip experiments performed with
recombinant proteins containing four MBD domains from
MBD1 (22,39) (Supplementary Figure S1A and B). Simi-
larly, MBD2 peaks identified from ChIPseq were enriched
in MBD2 ChIP-chip (Supplementary Figure S1C and D).
Next, a group of genomic regions sharing the same char-
acteristics (MBD2 binding and DNA methylation) in both
cell lines was analyzed by ChIP-qPCR (Figure 2A). Data
obtained indicated a good concordance between the two
methods, qPCR (Figure 2A) and determination of the dis-
tribution of MBD2 reads by ChIPseq (Figure 2B–H). We
also validated 14 cell-specific MBD2 binding sites (Sup-
plementary Figure S2). For many of these, DNA methyla-
tion changes did not seem to be associated with the gain
of MBD2 binding sites in HMLER cells (Supplementary
Figure S2 regions 14q11.2, 12q11.22, 8q22.2 and 16p13.3).
Ten of these regions were amplified by PCR from bisulfite-
modified DNAs. Parallel sequencing of the PCR fragments
validated their methylation status deduced fromMeDP-seq
experiments (Supplementary Table S2). On all the regions
analyzed by qPCR, we confirmed that depletion of MBD2
by siRNA strongly reducedChIP efficiency (Supplementary
Figure S3), confirming the specificity of the antibody.

Endogenous MBD2 binding sites are methylated

MBD2 binding sites (2.5 kb up and down of the cen-
ter of each peak) were visualized by heat maps showing
read density from the MBD2 ChIPseq (MBD2-reads), the
MeDPseq (MeDP-reads) and the negative control, Input-
seq. As expected, strong signal intensities were observed
whenMBD2-reads were plotted against MBD2 peaks (Fig-
ure 1C, HMLER cells and 1F, HMEC-hTERT cells). The
centers of MBD2 peaks were also enriched in MeDP-reads
(Figure 1C and F), indicating that high density in DNA
methylation signals was associated with MBD2 binding
sites. However, K means clustering showed that a subset
of MBD2 peaks is associated with weakly or unmethy-
lated DNA regions (Figure 1C and F). Conversely, DNA

methylation peaks identified by MeDPseq were enriched in
MeDP-reads (Figure 1D and G).

The clustering of MeDP positive regions according to
their MBD2 ChIPseq read densities suggested that up to
a quarter of methylated DNA regions were bound by en-
dogenous MBD2 (Figure 1D and G). Altogether, these
data indicated that, in HMEC-hTERT and HMLER cells,
the endogenous MBD2 proteins associated predominantly
methylated DNA regions, as previously reported from ec-
topic expression of tagged-MBD2 proteins in other cel-
lular models (23,24,53). The relationship between DNA
methylation and MBD2 binding was also observed at Alu
sequences. Alu sequenced are classified into three main
groups depending on the age of the sequence (Repeat-
Masker table download from UCSC). The younger se-
quences, AluY, were found to be more methylated than the
AluJ (older Alu sequences). The AluS, intermediate in age,
exhibited an intermediate level of DNA methylation (Sup-
plementary Figure S4C). The distribution of MBD2 read
densities on these Alu sequences was parallel to the DNA
methylation profiles (Supplementary Figure S4B).
When CpG islands (CGIs, UCSC database) were classi-

fied according to their length and plotted against MeDP-
reads, the shorter CGIs tended to exhibit an increased read
density (Figure 1E and H). These short CGIs were also en-
riched in MBD2 reads (Figure 1E and H), showing that
MBD2 proteins targeted CpG-rich sequences when methy-
lated. The clustering of CGIs according to their MBD2
ChIPseq orMeDPseq read densities led to the identification
of a CGI subgroup where MBD2 binding or DNA methy-
lation were detectable mainly on the shore of the islands,
while another subgroup shown a preferential enrichment at
the core sequences (Supplementary Figure S5A and D).
Identification of enriched K-mer in MBD2 peaks using

RSAT tool failed to identify any sequence specificity except
the presence of CpG sites (Supplementary Table S3). Al-
together, these data indicated that DNA methylation is the
main parameter driving MBD2 deposition.

MBD2 is a major DNA methylation-dependent transcrip-
tional repressor

Transcriptomes of HMEC-hTERT and HMLER cells
were determined from RNAseq experiments. Genes with a
methylated DNA region within ±1 kb of their TSS showed
a low transcriptional level (Supplementary Figure S5). Sim-
ilarly, the transcriptional level of genes with MBD2 peaks
within ±1 kb of their TSS was low (Supplementary Figure
S6). Thus MBD2 binding of promoter was linked to gene
silencing.
The effects of MBD2 depletion and DNA methylation

inhibition on gene transcription were then assessed. High-
throughput sequencing of poly-adenylatedRNA (RNAseq)
were performed with RNA extracted from HMLER cells
treated with either siMBD2 (siRNA targetingMBD2 tran-
scripts (37,54)) or 5-aza-deoxycytidine (DAC).Non-specific
siRNA was used as a control. The analysis of the data
was performed from duplicate RNAseq experiments (Sup-
plementary Table S4). RNAseq analysis indicated a reduc-
tion of 89.5 ± 0.33% of MBD2 mRNA in siMBD2-treated
HMLER cells, while the levels of MeCP2 and MBD1 tran-
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Figure 1. EndogenousMBD2 proteins bindmethylatedDNA regions. (A) Experimental scheme; the transformedmesenchymalHMLER cell line is derived
from the immortalized epithelialHMEC-hTERT cells by oncogenic transformation usingH-RASV12 and SV40T/t oncogenes. Sequencingswere performed
on a pool of five independent experiments. (B) Reads visualization at a MBD2 peak present in each cell line; MBD2 reads in black, input reads in gray,
MBD2 peaks in black bars. Reads matching the + and− strands are on top and bottom, respectively. (C and F) Read density ofMeDPseq,MBD2ChIPseq
and Input at eachMBD2 peak. (D andG) Read density ofMeDPseq,MBD2ChIPseq and input at eachMeDP peak. (E andH) Read density ofMeDPseq,
MBD2 ChIPseq and input at each CpG island (CGI), sorted by their size. (C to E) HMLER cell line. (F to H) HMEC-hTERT cell line.
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Figure 2. Concordance between ChIP-qPCR and ChIP-MBD2 at various genomic locations. (A) ChIP-qPCR experiments mapping MBD2 binding sites,
in HMEC-hTERT cells (green) and HMLER cells (red). Each experiment was performed in duplicate. (B–H) Genome coverage for MeDPseq (black),
MBD2 ChIPseq (orange) and Input-seq (gray) in HMEC-hTERT (upper tracks) and HMLER (bottom tracks) at the seven genomic location tested in A.
Scales are in Fragments Per Million (FPM); Genes in blue, CpG islands in red; qPCR amplicon localization in green.

scripts were not affected (Supplementary Table S4). This
downregulation was also observed at protein level as shown
by western blot analysis (Figure 3A). Digestion of ge-
nomic DNA with HpaII, a restriction enzyme inhibited by
CpG methylation, indicated that DAC induced a global
DNA hypomethylation of HMLER cells (Supplementary
Figure S7). Parallel sequencing of PCR fragments indi-
cated that all the nine methylated genes analyzed were hy-

pomethylated after DAC treatments (Supplementary Table
S2). The classification of the sequencedmolecules according
to their methylation patterns indicated that this hypomethy-
lation was not randomly distributed but corresponded to
a mixture of fully demethylated molecules and unaffected
molecules (data not shown).
Among the 14,814 genes whose expression level could be

reliably assessed in our experiment (see materials and meth-
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Figure 3. MBD2 is a methylation-dependent transcriptional repressor in HMLER cells. (A) Immunoblot analysis of MBD2 proteins in siRNA treated
HMLER cells. (B) Box plots depicting the fold changes (FC) of the transcription levels of genes upregulated upon MBD2 depletion (siMBD2) and the
FC of the same genes in 5-aza-deoxycytidine treated cells (DAC). The upregulated genes were defined as genes exhibiting a FC ≥ 2 with a P value ≤ 0.01.
(C) Box plots depicting the FC of the transcription levels of genes upregulated upon DAC treatments and the FC of the same genes in MBD2-depleted
HMLER cells. (D) Heat maps of genes upregulated or downregulated upon siRNA targeting MBD2. Most genes upregulated by MBD2 depletion were
also upregulated by DAC treatments. (E) Heat maps of genes upregulated or downregulated upon DAC treatments. About 44% of the genes upregulated
uponDAC treatments were also upregulated byMBD2 depletion. (F to I) Integrative analysis of ChIPseq and RNAseq.Mean coverages at gene promoters
were plotted according to their responses to MBD2 siRNA or DAC treatments. Genes were classified into seven groups according to their responses to
either MBD2 depletion or DNA methylation inhibition. N genes: number of genes in each group. For each gene cluster, mean MBD2-read densities and
mean MeDP-read densities at the TSS (± 3 kb) were determined. (F) MBD2-read density at TSS regions of genes classified by their response to siMBD2.
(G) MeDP-read density at TSS regions of genes classified by their response to siMBD2. (H) MBD2-read density at TSS regions of genes classified by their
response to DAC treatments. (I) MeDP-read density at TSS regions of genes classified by their response to DAC treatments.
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ods section), 14.6% (2,164) were upregulated (fold change
greater than 2, and P-value ≤ 0.01) upon siMBD2 treat-
ments. In line with the previous experiments showing that
MBD2 associated methylated DNA regions (Figure 1), a
large proportion (∼70%) of these upregulated genes were
also found upregulated in HMLER cells treated with DAC
(Figure 3B and D). Conversely, a subset of genes (∼40%)
upregulated in DAC-treated HMLER cells was also upreg-
ulated upon MBD2 depletion (Figure 3C and E).
Cross analyses of RNAseq, MBD2 ChIPseq and

MeDPseq experiments were performed by plotting MBD2-
read densities and MeDP-read densities at the TSS (±3
kb) of genes classified in seven clusters according to their
responses to either MBD2 depletion or DNA methylation
inhibition. These data are summarized in Figure 3F–I
and indicated that the upregulated genes upon MBD2
depletion were enriched in MBD2-reads near their TSS in
untreated cells (Figure 3F, red curves). Therefore, MBD2
gene repressions were likely due to MBD2 binding at pro-
moter regions. As expected from the correlation between
MBD2 binding and DNA methylation, the TSS regions of
these upregulated genes were also enriched in MeDP-reads.
(Figure 3G, red curve). Conversely, the genes upregulated
upon hypomethylation of HMLER cells were enriched
in MBD2-reads and MeDP-reads (Figure 3H and I, red
curves).
Enhancers are distal regulatory elements that can im-

pact gene transcription levels. Andersson et al. (55) identi-
fied 66,942 enhancer-TSS association in the human genome.
The clustering of these enhancers according to their MBD2
ChIPseq (Supplementary Figure S8A) or MeDPseq read
densities (Supplementary Figure S8B) indicated that 6.412
and 10,896 enhancers were bound by MBD2 or methy-
lated, respectively, in HMLER cells. Genes associated with
MBD2-positive enhancers or methylated enhancers were
significantly underexpressed (Supplementary Figure S8C).
A subset of these genes was upregulated upon treatments
with siMBD2 (Supplementary Figure S8D) or with DAC
(Supplementary Figure S8E).
Genes close to a CGi, exhibiting amethylated or aMBD2

positive core region, were expressed at a low level when com-
pared with genes associated with unmethylated/MBD2-
free CGi (Supplementary Figure S5B and E). Furthermore,
DAC and siMBD2 treatments led to an upregualtion of
the genes associated with methylated/MBD2-positive CGi-
core regions (Supplementary Figure S5C and F). Although
significantly less affected, the transcription level of genes as-
sociated with methylated or MBD2-positive CGi-shore re-
gions were also downregulated (Supplementary Figure S5B
and E), while inhibition of DNA methylation or MBD2
depletion upregulated these genes (Supplementary Figure
S5C and F). Thus, the repressive forces of DNA methyla-
tion and MBD2 binding seem to be positively correlated
with CpG density.
A similar effect ofMBD2 depletion or inhibition ofDNA

methylation was also observed at repeated elements. De-
pletion of MBD2 or DAC treatments induced a small in-
crease of the steady state level of transcripts corresponding
to AluY elements while the transcription level of the un-
methylated and MBD2-free AluJ elements were unaffected
by these treatments (Supplementary Figure S4A).

These data highlighted the role of MBD2 in the DNA
methylation-dependent gene repression and indicated that,
for a large subset of genes, a loss of MBD2 or a demethyla-
tion have similar effects leading to their upregulation. Thus,
we investigated the contribution of these two epigenetics
events, MBD2 deposition and DNA methylation, on the
downregulation associated with the transformation of im-
mortalized HMEC-hTERT cells.

Dynamics ofMBD2 deposition during oncogenic transforma-
tion

Differential MBD2 binding profiles between HMEC-
hTERT and HMLER cells were determined by quantita-
tive comparison of MBD-peaks (48) identified by ChIPseq
analyses. A high number (17,899) of MBD2 peaks was not
affected by the transformation process (Figure 4A). How-
ever, 5,326 regions (22.9%) associated byMBD2 in HMEC-
hTERT cells lost MBD2 in HMLER, while 7,419 (29.3%)
regions gainedMBD2 binding in HMLER cells when com-
pared with MBD2 profiles in HMEC-hTERT (Figure 4A).
DNA methylation changes were more limited in propor-
tion as HMEC-hTERT and HMLER cells shared 393,631
DNAmethylation peaks while 49,995 regions (11.2%) were
HMEC-hTERT specific and 65,115 regions (14.1%) were
HMLER specific (Figure 4B).

To investigate if MBD2 redistributions were due to lo-
cal DNA methylation changes, we analyzed changes in
MeDPseq read density at MBD2 peaks shared by both cell
lines, or unique to either HMEC-hTERT or HMLER (Fig-
ure 4C). The mean values (number of HMLER MeDP-
reads minus HMEC-hTERT MeDP-reads) were near zero
for all MBD2-peak categories. However, a few outliers did
show a strong decrease of DNA methylation in regions
losing MBD2, and a strong increase of DNA methylation
in regions gaining MBD2. ChIP-qPCR experiments have
exemplified this latter point at several chromosomal loca-
tions such as 10q11.22, 10p15.1 and 1p36.33 (Supplemen-
tary Figure S2A).
Thus, at somemethylated sitesMBD2 deposition was not

observed in HMEC-hTERTcells, while these sites were as-
sociated by MBD2 in HMLER cells. These data indicated
that MBD2 deposition is a dynamic process not exclusively
driven by DNA methylation changes.

MBD2 is involved in the repression of genes downregulated in
oncogenic HMLER cells

Interestingly, genes downregulated during the transforma-
tion of HMEC-hTERT gained MBD2-reads and MeDP-
reads at TSS regions (Figure 4D and E, red curves). Fur-
thermore, more than 50% (1,168 of 2,164) of genes up-
regulated upon MBD2 depletion in HMLER cells were
genes downregulated during the transformation process
(Figure 4F andG). Read densities at theMBD2 peaks near-
est to the annotated TSS of these 1,168 genes were visual-
ized by heat maps showing read density from the MBD2-
reads and the MeDP-reads. At least half of these regions
were enriched in MBD2 in HMLER cells when compared
with HMEC-hTERT cells (Figure 4H).

Data obtained for TFPI2, LINC00842, OSR2, CLDN6
and TNFRSF12A genes illustrate this analysis (Figure 5E–
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Figure 4. Dynamics of MBD2 distribution during oncogenic transformation. (A) Venn diagram depicting the overlap between MBD2 binding sites of
HMEC-HTERT andHMLER cells; in green: regions that significantly loseMBD2 during transformation (P value≤ 0.01), in red: regions that significantly
gainMBD2 during transformation (P value≤ 0.01), in brown: common regions. (B) Venn diagram depicting the overlap between methylated DNA regions
of HMEC-HTERT and HMLER cells; in green: regions that significantly lose DNA methylation during transformation (P value ≤ 0.01), in red: regions
that significantly gain DNA methylation during transformation (P value ≤ 0.01), in brown: common methylated DNA regions. (C) DNA methylation
changes at MBD2 binding sites. Differences in MeDP coverage (FPM, Fragments Per Million) at MBD2 peaks were computed for regions bound by
MBD2 in both cell lines, losing MBD2 or gaining MBD2 in HMLER when compared with HMEC-hTERT. (D and E) Genes were classified according
to their differential expression level (FC) between HMEC-HTERT and HMLER cells. (D) Genes downregulated during oncogenic transformation gain
MBD2-reads near their TSS (red curve), in contrast to unaffected (black curve) or downregulated genes (green curve). (E) Genes downregulated during
oncogenic transformation exhibited gain of MeDP-reads near their TSS (red curve), in contrast to unaffected (black curve) or downregulated genes (green
curve) (F) Venn diagram depicting the overlap between genes upregulated upon MBD2 depletion, DAC treatments and genes downregulated in HMLER
cells when compared with HMEC-hTERT cells. A large proportion of genes downregulated during oncogenic transformation was also upregulated upon
MBD2 depletion and DNA methylation inhibition in the transformed HMLER cell line. (G) Transcription level modification between HMEC-hTERT
and HMLER, of the 2,164 genes upregulated after a siMBD2 treatment in HMLER. Around 1,168 of these genes are expressed at least two times less
in HMLER than in HMEC-hTERT. (H) Read densities from MeDPseq, MBD2 ChIPseq and Input-seq in HMEC-hTERT and HMLER, at the closest
MBD2 peaks in HMLER cells form the TSS of the 1,168 genes identified in (G). Around half of these regions shown an increase MBD2 ChIPseq read
density in HMLER as compared to HMEC-hTERT.
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Figure 5. Examples of genes repressed by MBD2 during oncogenic transformation. (A–D) MBD2 ChIP-qPCR at four genomic regions corresponding
to five gene promoters in the HMEC-hTERT cell line and the transformed HMLER, HME-ZEB1-RAS and HME-shP53-RAS cell lines. These regions
exhibited an increase of MBD2 binding during oncogenic transformation. Each experiment was performed two times independently. (E–I) Relative expres-
sion of five genes in HMEC-hTERT, HMLER treated with a control siRNA (siCtrl), a siRNA targetingMBD2 (siMBD2) or 5-aza-deoxycytidine (DAC),
HME-ZEB1-RAS treated with a control siRNA or a siRNA targetingMBD2 and in HME-shP53-RAS treated with a control siRNA or a siRNA targeting
MBD2. Expression levels were estimated from RNA sequencing duplicates.

I and Supplementary Figure S9A). MBD2 deposition near
the TSS of these genes was increased during oncogenic
transformation (Supplementary Figure S2 and Figure 5A–
D). These genes were downregulated during oncogenic
transformation. Depletion of MBD2 by siRNA led to an
upregulation of these genes in the transformed cell lineHM-
LER (Figure 5E-I). These data indicated that MBD2 par-
ticipated in the establishment of transcriptomic changes in-
duced by oncogenic transformation.

Dynamics of MBD2 deposition upon oncogenic transforma-
tion of immortalized human mammary cells by ZEB1 expres-
sion or P53 depletion

Transcriptomic analyses of HMLER cells treated with
siMBD2 or siControl indicated thatMBD2 depletion led to
an upregulation of genes that are silenced upon the trans-
formation of HMEC-hTERT cells by expressing SV40 T/t
antigens and H-RASV12 genes. It has been shown that the
expression of SV40-derived sequences affects several other
pathways in addition to pRB and P53 (56), raising the pos-
sibility of a SV40-dependent redistribution of MBD2 pro-
teins. Among the mechanisms able to cooperate with the
expression of mutated H-RAS during neoplastic processes,
the expression of the transcription factor ZEB1 or the dis-
ruption of P53-pathways seem to play crucial roles (57,58).
Thus, the involvement of MBD2 in the control of gene ex-
pressionwas investigated in two cellularmodels (Figure 6A)
in which SV40 T/t-antigens expression were replaced by
ZEB1 gene expression (HME-ZEB1-RAS cell line) or a
shRNA targeting P53 transcripts (HME-shP53-RAS cell

line) (35,36). When induced, both cell lines exhibited, as the
HMLER cells, a mesenchymal phenotype and malignant
properties (33,35,36).
We induced MBD2 depletion in HME-ZEB1-RAS and

HME-shP53-RAS cells by siMBD2 treatments, and differ-
ential gene expression profiles between siMBD2 and siCon-
trol treated cells were determined from RNAseq experi-
ments (Figure 6A). Transient transfection of siMBD2 re-
sulted in a reduction of 89.0 ± 0.33% and 91.3 ± 0.25% of
MBD2 transcripts in HME-ZEB1-RAS and HME-shP53-
RAS cells, respectively (Supplementary Table S3), and a
large decrease in MBD2 proteins was also observed from
western blot analyses (Figure 5B).

We identified 584 genes upregulated by MBD2 deple-
tion in at least two cell lines (Figure 5C, fold change
≥ 2, P value ≤ 0.01). A large subset (247, 42.3%) of
these genes were downregulated during oncogenic transfor-
mation (Figure 6D). According to our ChIPseq data, at
least half of the MBD2 peaks near the TSS of these 247
genes shown an increase MBD2 binding in HMLER as
compare to HMEC-hTERT (Supplementary Figure S10).
MBD2 ChIP-qPCR assays performed at genomic loca-
tions previously analyzed (Figure 2 and Supplementary
Figure S2) indicated that MBD2 binding profiles identified
in HMLER cells were frequently similar in HME-ZEB1-
RAS and HME-shP53-RAS cells (Figure 7). Notably, var-
ious losses (17q25.3, 1q21.3) or gains (9q21.12, 10p15.1,
1p36.33, 8q22.2, 16p13.3) of MBD2 binding during onco-
genic transformation were reproduced in these two models
(Figures 5A–D, 7B and Supplementary Figure S9B). As ex-
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Figure 6. MBD2 repressed a common set of genes during oncogenic transformation. (A) Experimental scheme of generation of two cell lines fromHMEC-
hTERT cells by oncogenic transformation. HME-ZEB1-RAS cells were obtained by the expression of the embryonic transcription factor ZEB1 and
H-RASV12, and HME-shP53-RAS cells were obtained by the expression of a shRNA targeting P53 and H-RASV12 genes. (B) Immunoblot analysis of
MBD2 protein level in HME-ZEB1-RAS and HME-shP53-RAS upon siRNA treatment targeting MBD2. (C and D) Heat maps summarizing genes
downregulated (green) or upregulated (red). (C) A set of 548 genes was upregulated in MBD2 knockdown cell lines. (D) Most of these genes upregulated
by siRNA against MBD2 in transformed cell lines were genes that are downregulated during oncogenic transformation.

pected from genome-wide data, parallel sequencing of PCR
fragments obtained from bisulfite-modified DNA indicated
that MBD2 deposition was correlated with DNA methyla-
tion inHME-ZEB1-RAS andHME-shP53-RAS cells at the
10 genes analyzed (Supplementary Table S2).
Altogether, these data suggest that MBD2 is involved in

the regulation of gene expression during the transformation
of HME-ZEB1-RAS and HME-shP53-RAS cells. This role
is thus likely to be independent of the strategies involved in
the abrogation of oncosuppressive barriers.

Genes repressed byMBD2 in transformed cell lines may con-
tribute to the epithelial phenotype

Genes upregulated byMBD2 depletion inHMLER,HME-
ZEB1-RAS and HME-shP53-RAS were investigated for
their Gene Ontology terms and their KEGG pathways
contributions by Gene Set Enrichment Analysis (GSEA).
Enriched Gene Ontology terms were of various natures
but include EXTRACELLULAR REGION, BASE-

MENT MEMBRANE, INTEGRIN COMPLEX (Sup-
plementary Table S5). Enriched KEGG pathways included
KEGG CELL ADHESION MOLECULES CAMS,
KEGG FOCAL ADHESION (Supplementary Table S4).
Although genes repressed byMBD2 in the transformed cell
lines showed a wide diversity of functions, some of them
appeared to be associated with the epithelial phenotype.
Their downregulation by MBD2 may contribute to the
epithelio-mesenchymal transition induced by the oncogenic
transformation of these cells.

DISCUSSION

It has long been known that DNAmethylation patterns are
altered in cancer cells (59,60), these modifications include
global loss of 5-methylcytosines and local hypermethyla-
tions (61,62). Aberrant methylations at CpG islands have
been extensively studied in past years since such hyperme-
thylations have been found at the 5′ regulatory sequences
of many tumor suppressor genes and associated with their
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Figure 7. MBD2 ChIP-qPCR experiments from HMEC-HTERT, HMLER, HME-ZB1-RAS and HME-shP53 cell lines. Error bars represent average
deviation from two independent experiments. (A) MBD2 binding at several positive and negative regions. (B) MBD2 redistribution in the genome during
oncogenic transformation was frequently concordant in the different transformed cell lines.

silencing (3,63). Although the expression level of genes in
their tissue of origin may influence their methylation status
in the corresponding cancer cells (64), genome-wide studies
have shown that hundreds of genes exhibiting hypermethy-
lated CpG island at their 5′ end were never methylated from
embryonic development onward (3).

From the first studies using in vitro methylated gene ex-
pression vectors, accumulating evidence indicates that the
methylation of CpG rich sequences at the 5′ end of a gene
provides a strong signal for maintaining/inducing gene si-
lencing (65,66). In cell lines, inhibition of DNA methyla-
tion by cytosine analog (17) orDNMT1knockdown (67,68)
leads to the re-expression of many methylated genes. This
relationship has been also observed in living animals. For
example, conditional inactivation of DNMT1 causes aber-
rant gene expression of many genes in mouse fibroblasts
(69).
Histone deacetylation, histone methylation and chro-

matin compaction are major events involved in gene repres-
sion and DNA methylation is associated with these chro-
matin modifications (70,71). The importance of proteins as-

sociating DNA sequences was suggested many years ago
by in vitro transcription assays showing that the methyla-
tion of templates does not prevent transcription (72), while
methylated vectors are not transcribed in living cell (65,73).
From these pioneering works, it had been established that
specific proteins from different families recognize methy-
lated DNA. Among these proteins, the proteins contain-
ing a methyl-CpG binding domain were the first discov-
ered (13,74) and many studies have indicated that theMBD
proteins are good candidates for interpreting the methyla-
tion signals (9,10). In contrast with transcription factors,
the sequence specificities of these proteins does not seem to
be very stringent. In vitro assays indicate that MBD1 has
a higher affinity for meCGCA or TGmeCGCAsites (75),
while MeCP2 preferentially associates methylated CpG fol-
lowed by a run of four or more A/T bases (76). However,
the presence of symmetrically methylated CpGs seems to
be the major determinant of their binding since multiple
methylated CpGs can override their sequence preference at
methylated sites (75,76). Biochemical studies ofMBD2have
also indicated a preference for a short sequence CmeCGA



5850 Nucleic Acids Research, 2015, Vol. 43, No. 12

(77). In line with this finding, CCG sequences are preferen-
tially found in manyMBD2 genomic targets (77). However,
this observation might be biased by over-representation of
methylated CpG-rich sequences among the genomic targets
of MBD2 (37,78–82).
The intracellular concentrations of each MBD protein

may also influence their targeting, for example, in neurons
MeCP2 is highly expressed and tracks methyl CpG densi-
ties (83). In HeLa cells, clearance of MBD2 by siRNA at
the BRCA1-NBR2 locus does not promote the binding of
the endogenousMeCP2 orMBD1 proteins. However, over-
expression of a vector coding for MeCP2 induces its bind-
ing at this site (37). In mice, knockdown of the individual
MBDproteins,MeCP2,MBD1 orMBD2 (84–86) results in
the upregulation of many genes but not in global misexpres-
sion of endogenous methylated genes. Thus, other members
of the family might compensate for the absence of a spe-
cific MBD since many cell and tissue types express multiple
MBDproteins. Nevertheless, the deletion of a specificMBD
protein leads to specific phenotypes (10), indicating a func-
tional specificity for these proteins and gene candidate anal-
ysis has provided examples of gene specific upregulation.
Altogether, these data argue against a full redundancy be-

tweenMeCP2,MBD1 andMBD2, and suggest that the dis-
tribution of MBD proteins across the methylated regions
might represent an additional level in the interpretation of
the DNA methylation marks. Indeed, our analysis of the
MBD2 binding profiles during the oncogenic transforma-
tion of immortalized human mammary cells indicates that
the modifications of MBD2 distribution are, for a subset of
genes, independent of DNA methylations changes.
Although chromatin immuno-precipitation of endoge-

nous MBD proteins has proven challenging (23,24,53), we
have performed ChIPseq against endogenous MBD2 pro-
teins in two isogenic cell lines in order to take into ac-
count the cell-specific regulation of MBD2. Despite the
significant differences in technologies, ChIPseq data cor-
related well with those obtained from MBD2 ChIP-chip
experiments. ChIP-qPCR on arbitrary chosen negative or
positive regions also showed a good concordance between
data obtained from ChIP-qPCR and ChIPseq experiments.
Furthermore, MBD2 depletion upon siRNA treatments
strongly reduced MBD2 ChIP efficiency on these regions.
Thus, the data obtained from ChIPseq experiments per-
formed from antibodies directed against the endogenous
proteins seem to be representative of the MBD2 binding
profiles of the studied cell lines.
The identification of MBD2 binding sites has provided

an opportunity for the search of in vivo sequence prefer-
ences driving MBD2 deposition. In line with previous bio-
chemical analyses, we did not detect any over-represented
sequences in theMBD2 peaks, CG sequence excepted. Nev-
ertheless, the proposed preference for a CCG sequence (77)
may escape this analysis since this short sequence is over-
represented in CpG islands.
The lack of consensus sequence and the strong enrich-

ment in methylated CpGs at MBD2 peaks support a di-
rect relationship between DNA methylation and MBD2
binding, at least in HMEC-hTERT and HMLER cells.
The method used for the mapping of methylated DNA
regions was based on the selection of methylated DNA

fragments using recombinant proteins associating methy-
lated CpGs. Thus, selected fragments can contain addi-
tional CpGs that were not methylated, preventing a di-
rect evaluation of the methylated-CpG density. Neverthe-
less, combining themapping ofMBD2-tagged proteins with
single base pair resolution methylomes allow the establish-
ment of a linear relationship between MBD2 enrichment
and methylation density, in neuronal cells (24). It should
be noted that, for a minority of MBD2 binding sites, ad-
ditional events participate in MBD2 deposition. Indeed,
we observed that some MBD2 peaks were not associated
with methylated DNA regions. In line with this observa-
tion, it has been proposed that theNuRD complexmediates
the binding of MBD2 to unmethylated DNA regions (24).
Altogether, these data indicate that the main determinant
for MBD2 binding is the methylation status of the DNA
in both HMEC-hTERT and HMLER cells. Furthermore,
about 25% of the methylated DNA regions identified from
MeDPseq matched MBD2 binding sites. Although we can-
not exclude that othermethyl DNAbinding proteins associ-
ated the same methylated DNA regions (82), MBD2 seems
to be an important player in the epigenetic machinery in
HMEC-hTERT and HMLER cells.
MBD2 knockdown experiments were also in favor of

an involvement of MBD2 in the downregulation of many
methylated genes. Depletion of MBD2 by siRNA induced
an upregulation of about 2,000 genes and 70% of these
genes were also upregulated by a DAC treatments in HM-
LER cells. The analysis of TSS regions of genes upregulated
uponMBD2depletion in untreatedHMLERcells indicated
that these genes were enriched inMBD2 andDNAmethyla-
tion marks when compared with genes unaffected or down-
regulated byMBD2 siRNA. Conversely, the TSS regions of
genes upregulated by DAC were enriched in MBD2 when
compared with unaffected or downregulated genes upon
DNA hypomethylation. The impact of MBD2 depletion on
gene expression was globally less stringent than DAC treat-
ments. DNA hypomethylation induced the upregulation of
a higher number of genes thanMBD2 depletion and higher
fold changes in gene expression. It is tempting to explain
these differences by the involvement of otherMBDproteins
and of MBP proteins from other families in the repression
of methylated genes. However, the distinct nature of both
treatments prevents a quantitative comparison, since data
may be biased by differences in treatment efficiencies and ki-
netics. Further analysis of our data at non-promoter regions
indicated that DNAmethylation at enhancer sequences was
correlated with low transcriptional activity of the genes po-
tentially regulated by these elements, as previously reported
in embryonic stem cell (87). Furthermore, a correlation be-
tween MBD2 deposition at enhancer sequences and low
transcriptional activity was also observed, suggesting that
MBD2 may modulate the activity of regulatory regions not
directly associated with the 5′ end gene regions. These data
also confirm that MBD2 plays an important role in the in-
terpretation of DNA methylation signal in HMLER cells.
In the isogenic cellular model studied, the immortal-

ized cells (HMECT-hTERT) and the oncogenic cells HM-
LER, most of the MBD2 binding sites were shared by
both cell lines. However, oncogenic transformation was
associated with a partial redistribution of MBD2 pro-
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teins, 5,326 MBD2-positive regions in HMEC-hTERT lost
MBD2 binding in HMLER, while 7,419 regions in in
HMEC-hTERT gained MBD2 in HMLER cells. Such re-
distribution may be in part explained by local DNAmethy-
lation changes. Nevertheless, the majority of the regions
gaining or losing MBD2 in HMLER exhibited comparable
MeDPseq-read densities in both cell lines. This redistribu-
tion of MBD2 was also observed at promoter regions and
associated with the modulation of the transcriptional ac-
tivity of the corresponding genes. Among the 3,160 genes
downregulated in transformed cells, 380 genes were methy-
lated at their promoter regions in both cell lines, specifically
associated by MBD2 in HMLER cells, and upregulated
upon MBD2 depletion in HMLER. Thus, the redistribu-
tion of MBD2 proteins occurring in HMLER cells seemed,
at least for a subset of genes, independent of DNA methy-
lation changes. As observed for MeCP2 (76), not all the po-
tential MBD2 binding sites were precipitated byMBD2 an-
tibodies suggesting that additional factors are involved in
MBD2 deposition. Several hypotheses, not mutually exclu-
sive, could explain these specific profiles: competition with
transcription factors (26), steric hindrance due to chromatin
proteins, stabilization of the interaction between MBD2
and methylated DNA by other proteins. Although the pre-
cise mechanisms driving the specificity of the MBD fam-
ily protein profiles remain to be experimentally established,
redistribution of MBD2 proteins across methylated DNA
regions seems to be associated with the transformation pro-
cess(es) occurring in the immortalized human mammary
cell lines cells expressing the SV40 T/t antigens and H-
RASV12, or either ZEB1 or a shP53.
HMLER cells were obtained by sequential introduction

of hTERT, SV40 large T/small t antigens, oncogenic H-
RASV12 genes (33,35) in primary cultures of human mam-
mary epithelial cells. The expression of SV40 sequences
affects multiple pathways in human mammary cells (56),
raising questions about a SV40-dependent redistribution
of MBD2 proteins. We also suppressed the oncosuppres-
sive barriers in HMEC-hTERT cells either by ectopic ex-
pression of the transcription factor ZEB1 or a P53 de-
pletion. The resulting HMLER cell lines, after introduc-
tion ofH-RASV12 gene, exhibited oncogenic properties and
a mesenchymal phenotype (36). In HME-ZEB1-RAS and
HME-shP53-RAS, most of the 14 regions exhibiting a gain
or loss of MBD2 in HMLER cells showed similar MBD2
binding changes. Furthermore, hundreds of genes upregu-
lated by MBD2 depletion in HME-ZEB1-RAS and HME-
shP53-RAS cells were also upregulated in HMLER upon
treatment with the siRNA targeting MBD2. Thus, the dy-
namics of MBD2 deposition do seem to be independent of
the strategy used for overcoming the oncosuppresive bar-
riers. However, we cannot exclude that a large part of the
MBD2 redistributions observed are linked to the intro-
duction of H-RASV12. MBD2 redistribution and its conse-
quences on gene expression have been investigated in exper-
imental models. Nevertheless, it should be noted that ZEB1
reactivation is a common feature of aggressive and undiffer-
entiated human breast cancers, especially in the claudin-low
intrinsic subtype (88), and that alterations of P53-pathways
play a crucial role in human cancers (89).

The involvement of MBD2 in the oncogenic process has
been already suggested. For example, MBD2 repression of
Lect2 genemay participate in polyp formations viaWnt sig-
naling pathways in mice carrying ApcMin alleles (29). In hu-
man mammary cancer cell lines, the repression of DAPK1
mediated by MBD2 seems to actively participate in main-
tenance of their aggressive phenotypes when xenografted
into immuno-deficient mice (90). None of these genes was
targeted by MBD2 during transformation in the cellular
models studied here (Supplementary Table S4). The role
of MBD2 in transformation is likely to be due to the re-
pression of multiple targets, which may differ between ex-
perimental models or pathologies. Nevertheless, the genes
downregulated during the oncogenic transformation of im-
mortalized human mammary cells seem to be preferential
targets for MBD2. Furthermore, these genes were prefer-
entially reactivated by MBD2 depletion and enriched in
MBD2 binding sites in cell lines constructed from the dis-
ruption of oncosuppressive barriers in immortalized cells.
It has been reported that in similar cellular models, the ma-
jor methylation changes at gene promoters occur during
the immortalization step, while subsequent steps of onco-
genic transformation are associated with subtle modifica-
tions of DNAmethylation and gene expression (34). In line
with these data, we only find minor modifications of the
DNA methylation patterns between the immortalized cells,
HMEC-hTERT and the oncogenic HMLER cells. Alto-
gether, these data emphasize, at genome-wide level, the role
played by the epigenetics readers of DNAmethylation dur-
ing oncogenic transformation. The reprograming of cancer
cells may be due to a redistribution of methyl-DNA binding
proteins in addition to DNA methylation alterations.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online.
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