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a b s t r a c t

The tumor suppressor gene HIC1 (Hypermethylated In Cancer 1) is located in 17p13.3 a region frequently
hypermethylated or deleted in tumors and in a contiguous-gene syndrome, the Miller-Dieker syndrome
which includes classical lissencephaly (smooth brain) and severe developmental defects. HIC1 encodes a
transcriptional repressor involved in the regulation of growth control, DNA damage response and cell
migration properties. We previously demonstrated that the membrane-associated G-protein-coupled
receptors CXCR7, ADRB2 and the tyrosine kinase receptor EphA2 are direct target genes of HIC1. Here
we show that ectopic expression of HIC1 in U2OS and MDA-MB-231 cell lines decreases expression of
the ApoER2 and VLDLR genes, encoding two canonical tyrosine kinase receptors for Reelin. Conversely,
knock-down of endogenous HIC1 in BJ-Tert normal human fibroblasts through RNA interference results
in the up-regulation of these two Reelin receptors. Finally, through chromatin immunoprecipitation
(ChIP) in BJ-Tert fibroblasts, we demonstrate that HIC1 is a direct transcriptional repressor of ApoER2
and VLDLR. These data provide evidence that HIC1 is a new regulator of the Reelin pathway which is
essential for the proper migration of neuronal precursors during the normal development of the cerebral
cortex, of Purkinje cells in the cerebellum and of mammary epithelial cells. Deregulation of this pathway
through HIC1 inactivation or deletion may contribute to its role in tumor promotion. Moreover, HIC1,
through the direct transcriptional repression of ATOH1 and the Reelin receptors ApoER2 and VLDLR, could
play an essential role in normal cerebellar development.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction

The extracellular matrix protein Reelin mediates a key signaling
pathway implicated in the regulation of neural progenitor cell
migration and positioning during the early development of cortical
structures in the brain [1,2]. Canonical Reelin signaling relies on
two membrane bound receptors, the Apolipoprotein E Receptor 2
(ApoER2), also known as Low-density lipoprotein Receptor-related
Protein 8 (LRP8), and the Very Low Density Lipoprotein Receptor
(VLDLR); both of which are members of the LDL receptor family
associated with cellular cholesterol homeostasis [3]. Binding of
Reelin leads to clustering of the receptors and subsequent tyrosine
phosphorylation of the cytoplasmic adaptator protein Disabled 1
(DAB1) associated with the intracellular domain of both receptors
[4,5]. Phosphorylated DAB1 recruits several proteins to activate
downstream signaling to promote neural migration and also inter-
acts with LIS1 to remodel microtubules. Mice harboring null muta-
tions in key components of the Reelin signaling including Reelin
itself (reeler mice), Dab1, and double VLDLR/ApoER2 homozygous
mutants all manifest reeler-like phenotypes characterized by se-
vere aberrations in cortical layering [5]. In humans, mutations in
the Reelin pathway have been associated with lissencephaly, epi-
lepsy and Alzheimer’s disease [1].

Besides its crucial physiological function in the brain, Reelin is
also expressed in several other non-neural tissues. Notably, Reelin
is essential for cell migration and ductal patterning during normal
mammary gland development, is expressed in the normal breast
epithelium [6] and deregulation of this signaling pathway has been
associated with tumorigenesis. However, contradictory results have
been described since both increased and epigenetically silenced
expression of Reelin has been observed in different cancer types.
Its silencing, associated with promoter hypermethylation, is corre-
lated with poor prognosis in breast cancer and ectopic expression
of Reelin has been shown to suppress cell migration and metastatic
properties of MDA-MB-231 breast cancer cells [7]. Strikingly, very
few studies have investigated the expression levels and possible
significance of the ApoER2 and VLDLR receptors in tumors. Type I
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(full-length) VLDLR is overexpressed in well-differentiated intesti-
nal carcinoma and in gastric adenocarcinoma as compared to adja-
cent normal tissues [8] whereas up-regulation of Type II VLDLR, a
splice variant lacking exon 16, is correlated with a higher metastatic
potential in gastric and breast cancers [9]. VLDLR and ApoER2 are ex-
pressed at various levels in neuroblastoma cell lines and also in pri-
mary tumors [10].

HIC1 (Hypermethylated In Cancer 1) is a tumor suppressor gene
located at 17p13.3, a region frequently hypermethylated or deleted
in numerous cancers including those of breast, lung, ovary, liver,
colon, kidney and brain [11]. This loss of heterozygosity is particu-
larly frequent in childhood brain tumors including medulloblas-
toma, ependymona, and high grade glioma [12]. The tumor
suppressor gene status of HIC1 has been confirmed by animal mod-
els; heterozygous Hic1+/� mice develop an age- and gender-
dependent spectrum of spontaneous tumors [13]. In addition,
homozygous loss of Hic1 is marked by several abnormalities (peri-
natal death, small size, acrania, exencephaly, craniofacial abnor-
malities, limb defects and omphalocele) very similar to those
found in a severe form of lissencephaly, the Miller–Dieker syn-
drome (MDS) [14]. MDS is a contiguous-gene syndrome marked
by deletion of LIS1 and of multiple genes in a 17p13.3 critical re-
gion including HIC1 [15]. HIC1 encodes a sequence-specific tran-
scriptional repressor consisting of three main functional
domains: a BTB/POZ protein–protein interaction domain (Broad
complex, Tramtrack and Bric à brac/POx viruses and Zinc finger) in
the N-terminal part of the protein, a central region and a C-terminal
domain containing five Krüppel-like C2H2 zinc fingers. These zinc
fingers allow the specific binding of the protein to specific DNA
sequences consisting of a 50-(C/G)NG(C/G)GGGCA(C/A)CC-30

centered on a GGCA motif and named HIC1 responsive elements
(HiRE). HIC1 recruits several co-repressor complexes; CtBP, NuRD,
SWI/SNF and Polycomb PRC2 [12]. Among the 12 HIC1 direct
target genes described to date, half have been identified through
four independent gene profiling experiments using its forced
re-expression in HIC1-deficient tumor cell lines [12]. Notably, several
validated target genes encode membrane-associated receptors
implicated in cell migration such as the G-protein-coupled receptors
(GPCR) CXCR7 and ADRB2 as well as the tyrosine kinase receptor,
EphA2 and its cell-bound ligand ephrinA1 [16–19]. In our list of
potential candidate HIC1 target genes generated from HIC1
re-expression in U2OS osteosarcoma cells, we decided to validate
another membrane-bound tyrosine kinase receptor, ApoER2.

In this study, we demonstrate that the two genes encoding
canonical Reelin receptors ApoER2 and VLDLR are bona fide HIC1 tar-
get genes through overexpression of HIC1 in U2OS osteosarcoma
cells and MDA-MB-231 breast cancer cells. Furthermore, HIC1 di-
rectly regulates ApoER2 and VLDLR expression in normal BJ-Tert hu-
man fibroblasts as demonstrated by siRNA interference and by
chromatin immunoprecipitation (ChIP) of endogenous HIC1.

As a whole, our results identify the two canonical receptors for
Reelin as two new HIC1 direct target genes.
2. Material and methods

2.1. Cell lines and retroviral infection

U2OS, MDA-MB-231 and BJ-Tert cells were maintained in
Dulbecco modified Eagle medium (Invitrogen) supplemented with
10% fetal calf serum, non-essential amino acids and gentamycin.
Cells were cultured at 37 �C in water-saturated 5% CO2

atmosphere.
Retroviral infection of U2OS osteosarcoma cells and MDA-MB-

231 breast cancer cells with the pBABE-Puro-FLAG-HIC1 and the
empty pBABE vector were performed as previously described [18].
2.2. Small interfering RNA

BJ-Tert fibroblasts were reverse-transfected with Lipofectamine
RNAiMax (Invitrogen) according to manufacturer’s instructions
using 10nM small interfering RNA targeting HIC1 (HIC1 siGENOME
SMART Pool M-006532-01, Dharmacon) or a scrambled control se-
quence (si Ctrl; siGENOME RISC free control siRNA, Dharmacon) as
previously described [20].

2.3. Quantitative RT-PCR

Total RNA was reverse transcribed using random primers and
MultiScribeTM reverse transcriptase (Applied Biosystems). Real-
time PCR analysis was performed by Power SYBR Green (Applied
Biosystems) in a MX3005P fluorescence temperature cycler (Strat-
agene) according to the manufacturer’s instructions. Results were
normalized with respect to 18S RNA used as internal control
[17,21]. The primers used for the qRT-PCR analyses reported in this
study are summarized in Supplementary Table 1. p-values were
calculated according to the Student test. ⁄indicates p < 0.1;
⁄⁄p < 0.01; ⁄⁄⁄p < 0.001.

2.4. Chromatin immunoprecipitation

BJ-Tert cells were fixed by adding formaldehyde directly into
the cell plate to a final concentration of 1% for 15 min at 37 �C. Add-
ing glycine to a final concentration of 0.125 M stopped the cross-
linking. After 5 min at 37 �C, cells were lysed directly in the plates
by resuspension in cell lysis buffer (5 mM PIPES pH8, 85 mM KCl,
0.5% NP-40) for 5 min. Then, the samples were pelleted, resus-
pended in 100 ll of nuclei lysis buffer (50 mM Tris–HCl pH8,
10 mM EDTA, 0.2% SDS), and sonicated to chromatins with an aver-
age size of 250 bp using a BioRuptor (Diagenode, Liege, Belgium).
20 lg of chromatin was immunoprecipitated by anti-HIC1 anti-
body or IgG control [17] and classical or real-time PCR analyses
were performed as already described [16,22]. The primers used
are summarized in Supplementary Table 2.

2.5. Western blotting and antibodies

Proteins were separated by SDS–PAGE and transferred onto
nitrocellulose membranes (GE healthcare). Western blot analyses
were performed as previously described [21]. The anti-HIC1 anti-
body has been previously described [22] and anti-EphA2 and
anti-actin antibodies were purchased from Santa Cruz
Biotechnology.
3. Results

3.1. The two Reelin receptors ApoER2 and VLDLR are HIC1 target genes

Through gene profiling experiments, we previously generated a
list of genes repressed in HIC1-null U2OS osteosarcoma cells fol-
lowing adenoviral infection and re-expression of HIC1 which al-
lowed us to validate several membrane-bound receptors as direct
HIC1 target genes [16–18]. In this list, ApoER2, coding for one of
the two Reelin receptors, appears as another membrane-associated
receptor which could be a new candidate HIC1 target gene strongly
repressed at the earlier post-infection time points (Fig. 1A). To fur-
ther test this hypothesis, we first investigated the effects of HIC1
ectopic expression in two HIC1-deficient cell lines; the osteosar-
coma cells U2OS and the breast cancer cells, MDA-MB-231. After
retroviral infection of these two cell lines with pBABE-FLAG-
HIC1, we observed a significant increase in HIC1 RNA and protein
levels in comparison with the cells infected with the empty pBABE
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Fig. 1. ApoER2 and VLDLR are down-regulated in pBabe-HIC1 infected U2OS and MDA-MB-231 cells. (A) Effects of HIC1 overexpression on ApoER2 mRNAs level in infected
cells. Total RNAs from U2OS cells (HIC1 null) infected with Ad-FLAG-HIC1 and Ad-GFP were prepared at the indicated times (from 8 to 24 h) and Affymetrix HG U133A chips
were used to measure the gene expression. Expression values were normalized to Ad-GFP infected control cells at the same time points. ‘‘% of control’’ corresponds to the ratio
between the expression levels of ApoER2 measured in Ad-GFP and Ad-FLAG-HIC1 infected cells at each time point. (B) Quantitative Real Time PCR (qRT-PCR) analyses of HIC1
and (C) Western blot (WB) analyses of HIC1 and of EphA2 used as positive control in U2OS cells infected with pBABE-FLAG-HIC1 or pBABE-FLAG (pBABE) as control,
abbreviated as pB-HIC1 and pB respectively, in all figures. Actin protein levels were used as a loading control. (D) qRT-PCR analyses of ApoER2 and VLDLR, in U2OS cells
infected by pB-HIC1 or by pB, as control. EphA2 was used as positive control. Values were normalized to 18S. (E) qRT-PCR analyses of HIC1 and (F) Western blot (WB) analyses
of HIC1 in infected MDA-MB-231 cells. ⁄ corresponds to SUMOylated form of HIC1. (G) qRT-PCR analyses of ApoER2 and VLDLR in MDA-MB-231 cells.
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vector. This HIC1 expression correlated with a strong repression of
EphA2, used as a control HIC1-target gene (Fig. 1B–F) [18]. As mea-
sured by qRT-PCR analyses, re-expression of HIC1 resulted in a sig-
nificant decrease in mRNAs levels of ApoER2 in both cell types
(Fig. 1D and G). Interestingly, we obtained similar results for the
second related Reelin receptor VLDLR which was absent in our
microarray analyses (absent call). Conversely, to confirm the role
of HIC1 in the regulation of the ApoER2 and VLDLR genes, we inac-
tivated endogenous HIC1 expression in normal BJ-Tert fibroblasts
by RNA interference. Transfection of these cells with a pool of four
siRNAs targeting HIC1 results in the efficient inhibition of endoge-
nous HIC1 expression and leads to a robust concomitant increase of
VLDLR mRNA levels as well as a moderate increase in ApoER2 and
EphA2 (used as a positive control) mRNA levels (Fig. 2). These ob-
served effects were not owing to off target effects, since similar re-
sults were obtained after transfection of individual siRNAs
targeting HIC1, as previously described [20] (data not shown).
Therefore, our results strongly suggest that the two genes coding
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Fig. 2. Knock-down of endogenous HIC1 in normal BJ-Tert fibroblasts up-regulates ApoER2 and VLDLR expression. BJ-Tert fibroblasts were transfected with non-target siRNA
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for functionally distinct but related receptors for Reelin, ApoER2
and VLDLR are both target genes of HIC1 mediated transcriptional
repression.
3.2. HIC1 directly represses the expression of ApoER2 and VLDLR

To determine whether ApoER2 and VLDLR are HIC1 direct target
genes, we first performed CLUSTAL alignments of the upstream
promoter region and first coding exons of the human and murine
loci and searched for the presence of consensus HIC1-responsive
elements (HiREs) to which HIC1 could bind [23]. Based only on
the GGCA core motif, we identified a cluster of three phylogeneti-
cally conserved and adjacent putative HiREs in the same orienta-
tion downstream of the ApoER2 transcription start site and two
isolated HiREs in the opposite orientation in the 50untranslated re-
gion of VLDLR (Fig. 3A). Next, we attempted to design a set of oli-
gonucleotides to PCR amplify the regions containing the putative
HiRE in each gene (arrows in Fig. 3A) in DNA samples obtained
from Chromatin immunoprecipitation (ChIP) of endogenous HIC1
in BJ-Tert fibroblasts. Despite numerous attempts, we were unable
to design a pair of primers able to efficiently amplify in quantita-
tive ChIP-PCR analyses, only one PCR product according to the
melting curve in the relevant region of the ApoER2 50untranslated
region, perhaps due to its high GC content (data not shown). Nev-
ertheless, as shown in Fig. 3B, we were able to specifically amplify
the relevant regions of ApoER2 and SIRT1 (used as a control HIC1
target gene), by performing classical PCR followed by agarose gel
electrophoresis [24], in chromatin immunoprecipitated with anti-
HIC1 antibody but not with non-relevant rabbit IgG. Primers de-
signed to amplify the GAPDH promoter were used as a negative
control. By contrast, for VLDLR, we obtained a set of oligonucleo-
tides that was suitable for ChIP-qPCR analyses and clearly demon-
strated specific binding of HIC1 on this site (Fig. 3C). EphA2 and
GAPDH, used for a control HIC1 target gene and a non-relevant
gene respectively, were also tested. Taken together these results
demonstrate that ApoER2 and VLDLR are two new HIC1 direct tar-
get genes and that HIC1 could regulate the Reelin-Dab1 pathway
through direct transcriptional repression of the two canonical Reel-
in receptors.
4. Discussion

In this study, we characterized the two canonical Reelin Recep-
tors ApoER2 and VLDLR as two new target genes of HIC1, thus dem-
onstrating that HIC1 could directly regulate the Reelin-DAB1
signaling pathway which plays an essential role during the devel-
opment of the brain by guiding the migration and correct position-
ing of neural cells (Fig. 4) [1,5].

HIC1 is a tumor suppressor gene central to complex regulatory
loops, involving the tumor suppressors genes P53 and E2F1 as well
as the deacetylase SIRT1, that regulate growth and cell survival in
response to stresses such as DNA damage. In line with these func-
tions, HIC1 regulates transcription of SIRT1 itself and of several cell
cycle regulatory genes such as cyclin D1 and the cell cycle inhibi-
tors P57Kip1 and P21Waf1 [12,21].

The lack of complete genome-wide screens for HIC1 target
genes from comparisons of HIC1 knock-out versus normal cells
or from CHIP-seq analyses preclude gene ontology analyses. Never-
theless, one category of genes that is clearly over-represented
among the very few HIC1 target genes identified to date is mem-
brane bound receptors involved in cell migration and homing
properties, including CXCR7, ADRB2, EphA2 and its cell surface li-
gand ephrin A1 [12]. The present study has added two other mem-
bers to this group, ApoER2 and VLDLR, encoding the two canonical
receptors for Reelin (Fig. 4). As the Reelin pathways is essential for
mammary gland development, these results strongly suggests that
the loss of HIC1 expression by promoter hypermethylation or loss
of heterozygosity could contribute to early tumorigenesis in part
through deregulation of the EphA2/ephrinA1 and Reelin pathways
in breast cancers and perhaps more generally in epithelial cancers.
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However, the Reelin signaling pathway, and hence these two
receptors, is of paramount importance for correct neural cell
migration and positioning during early development as demon-
strated by the severe phenotypes of knock-out mice and the muta-
tions in these genes associated with human diseases such as
lissencephaly and Alzheimer’s disease. HIC1 is located at 17p13.3
within the critical deletion chromosomal region for the Miller–Die-
ker syndrome combining severe lissencephaly and mental retarda-
tion with developmental abnormalities. Lissencephaly is attributed
to LIS1 haploinsufficiency and mouse models have confirmed that
HIC1 is responsible for the severe developmental defects associated
with MDS [14]. Indeed, in situ hybridization studies have detected
Hic1 expression in the embryonic anlagen of many tissues affected
in MDS [25]. Moreover, Hic1�/� homozygous mice, obtained
through homologous recombination, display various combinations
of acrania, exencephaly, omphalocele and limb defects found in
MDS patients. By contrast, none of these Hic1�/� mice analyzed
displayed significant neuronal migration defects or disorganization
of the cerebral cortex similar to those observed in graded Lis1 mu-
tant mice [14]. In addition, HIC1 is essential for normal cerebellar
development through the direct transcriptional repression of the
ATOH1 gene coding for a pro-neuronal transcription factor which
controls the migration and differentiation of the proliferative,
ATOH1+/HIC1� neuronal precursor cells of the external granule cell
layer (EGL) into non-proliferative, fully differentiated ATOH1�/
HIC1+ cells of the internal granule cell layer (IGL) [26]. As a conse-
quence, loss of function of HIC1 is a common feature found in two-
thirds of human medulloblastomas and, in mice, inactivation of
Hic1 in the Ptch1�/+ Hic1�/+ double heterozygote model increases
the incidence of medulloblastoma over that found in the Ptch1�/+
model [27] [26]. Whereas this EGL differentiation process is mainly
controlled by the Sonic hedgehog pathway through ATOH1, a direct
target gene of HIC1, Reelin is also expressed in EGL cells which are
otherwise negative for HIC1.

Besides its well-established function as a direct transcriptional
repressor of ATOH1, HIC1 could have another role in the cerebellum
outside of neuronal development. Indeed, in addition to strong
Hic1 expression in the IGL and no expression in EGL, a pattern in-
versely mirroring that of ATOH1, immunohistochemistry analyses
demonstrate robust Hic1 expression in the Purkinje cell layer of
P15 mouse embryos [26]. Interestingly, each of the Reelin recep-
tors, ApoER2 and VLDLR, direct the dispersal and correct positioning
of distinct populations of Purkinje cells (expressing one or both
receptors) in the developing cerebellum [28]. Our study demon-
strating that ApoER2 and VLDLR are both direct transcriptional tar-
gets of HIC1 could nicely tie together these two set of observations
since it suggests that HIC1 could participate to the regulation of
these two receptors in Purkinje cells expression.
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In conclusion, HIC1 through the direct transcriptional repres-
sion of ATOH1 [26] and of the Reelin receptors ApoER2 and VLDLR,
as shown in this study, could be involved in various essential pro-
cesses of normal cerebellum development.

Acknowledgments

We thank the CNRS, the ‘‘Association pour la Recherche sur le
Cancer’’ (ARC), the ‘‘Ligue Nationale Contre le Cancer’’, Comité du
Pas de Calais and the Thomas Family Foundation for their financial
support.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.bbrc.2013.09.091.

References

[1] J. Herz, Y. Chen, Reelin, lipoprotein receptors and synaptic plasticity, Nat. Rev.
Neurosci. 7 (2006) 850–859.

[2] E. Forster, H.H. Bock, J. Herz, X. Chai, M. Frotscher, S. Zhao, Emerging topics in
Reelin function, Eur. J. Neurosci. 31 (2010) 1511–1518.

[3] S.S. Reddy, T.E. Connor, E.J. Weeber, W. Rebeck, Similarities and differences in
structure, expression, and functions of VLDLR and ApoER2, Mol. Neurodegener.
6 (2011) 30.

[4] D.S. Rice, T. Curran, Role of the Reelin signaling pathway in central nervous
system development, Annu. Rev. Neurosci. 24 (2001) 1005–1039.

[5] Z. Gao, R. Godbout, Reelin-disabled-1 signaling in neuronal migration: splicing
takes the stage, Cell. Mol. Life Sci. 70 (2013) 2319–2329.
[6] E. Khialeeva, T.F. Lane, E.M. Carpenter, Disruption of Reelin signaling alters
mammary gland morphogenesis, Development 138 (2011) 767–776.

[7] T. Stein, E. Cosimo, X. Yu, P.R. Smith, R. Simon, L. Cottrell, M.A. Pringle, A.K. Bell,
L. Lattanzio, G. Sauter, C. Lo Nigro, T. Crook, L.M. Machesky, B.A. Gusterson,
Loss of Reelin expression in breast cancer is epigenetically controlled and
associated with poor prognosis, Am. J. Pathol. 177 (2010) 2323–2333.

[8] T. Chen, F. Wu, F.M. Chen, J. Tian, S. Qu, Variations of very low-density
lipoprotein receptor subtype expression in gastrointestinal adenocarcinoma
cells with various differentiations, World J. Gastroenterol. 11 (2005) 2817–
2821.

[9] L. He, Y. Lu, P. Wang, J. Zhang, C. Yin, S. Qu, Up-regulated expression of type II
very low density lipoprotein receptor correlates with cancer metastasis and
has a potential link to beta-catenin in different cancers, BMC Cancer 10 (2010)
601.

[10] J. Becker, J. Frohlich, C. Perske, H. Pavlakovic, J. Wilting, Reelin signalling in
neuroblastoma: migratory switch in metastatic stages, Int. J. Oncol. 41 (2012)
681–689.

[11] M.M. Wales, M.A. Biel, W. el Deiry, B.D. Nelkin, J.P. Issa, W.K. Cavenee, S.J.
Kuerbitz, S.B. Baylin, P53 activates expression of HIC-1, a new candidate
tumour suppressor gene on 17p13.3, Nat. Med. 1 (1995) 570–577.

[12] B.R. Rood, D. Leprince, Deciphering HIC1 control pathways to reveal new
avenues in cancer therapeutics, Expert Opin. Ther. Targets 17 (2013) 811–827.

[13] W.Y. Chen, X. Zeng, M.G. Carter, C.N. Morrell, R.W. Chiu Yen, M. Esteller, D.N.
Watkins, J.G. Herman, J.L. Mankowski, S.B. Baylin, Heterozygous disruption of
Hic1 predisposes mice to a gender-dependent spectrum of malignant tumors,
Nat. Genet. 33 (2003) 197–202.

[14] M.G. Carter, M.A. Johns, X. Zeng, L. Zhou, M.C. Zink, J.L. Mankowski, D.M.
Donovan, S.B. Baylin, Mice deficient in the candidate tumor suppressor gene
Hic1 exhibit developmental defects of structures affected in the Miller–Dieker
syndrome, Hum. Mol. Genet. 9 (2000) 413–419.

[15] J. Yingling, K. Toyo-Oka, A. Wynshaw-Boris, Miller–Dieker syndrome: analysis
of a human contiguous gene syndrome in the mouse, Am. J. Hum. Genet. 73
(2003) 475–488.

[16] C. Van Rechem, B.R. Rood, M. Touka, S. Pinte, M. Jenal, C. Guerardel, K. Ramsey,
D. Monte, A. Begue, M.P. Tschan, D.A. Stephan, D. Leprince, Scavenger

http://dx.doi.org/10.1016/j.bbrc.2013.09.091
http://refhub.elsevier.com/S0006-291X(13)01584-2/h0005
http://refhub.elsevier.com/S0006-291X(13)01584-2/h0005
http://refhub.elsevier.com/S0006-291X(13)01584-2/h0010
http://refhub.elsevier.com/S0006-291X(13)01584-2/h0010
http://refhub.elsevier.com/S0006-291X(13)01584-2/h0140
http://refhub.elsevier.com/S0006-291X(13)01584-2/h0140
http://refhub.elsevier.com/S0006-291X(13)01584-2/h0140
http://refhub.elsevier.com/S0006-291X(13)01584-2/h0015
http://refhub.elsevier.com/S0006-291X(13)01584-2/h0015
http://refhub.elsevier.com/S0006-291X(13)01584-2/h0020
http://refhub.elsevier.com/S0006-291X(13)01584-2/h0020
http://refhub.elsevier.com/S0006-291X(13)01584-2/h0025
http://refhub.elsevier.com/S0006-291X(13)01584-2/h0025
http://refhub.elsevier.com/S0006-291X(13)01584-2/h0030
http://refhub.elsevier.com/S0006-291X(13)01584-2/h0030
http://refhub.elsevier.com/S0006-291X(13)01584-2/h0030
http://refhub.elsevier.com/S0006-291X(13)01584-2/h0030
http://refhub.elsevier.com/S0006-291X(13)01584-2/h0035
http://refhub.elsevier.com/S0006-291X(13)01584-2/h0035
http://refhub.elsevier.com/S0006-291X(13)01584-2/h0035
http://refhub.elsevier.com/S0006-291X(13)01584-2/h0035
http://refhub.elsevier.com/S0006-291X(13)01584-2/h0145
http://refhub.elsevier.com/S0006-291X(13)01584-2/h0145
http://refhub.elsevier.com/S0006-291X(13)01584-2/h0145
http://refhub.elsevier.com/S0006-291X(13)01584-2/h0145
http://refhub.elsevier.com/S0006-291X(13)01584-2/h0040
http://refhub.elsevier.com/S0006-291X(13)01584-2/h0040
http://refhub.elsevier.com/S0006-291X(13)01584-2/h0040
http://refhub.elsevier.com/S0006-291X(13)01584-2/h0045
http://refhub.elsevier.com/S0006-291X(13)01584-2/h0045
http://refhub.elsevier.com/S0006-291X(13)01584-2/h0045
http://refhub.elsevier.com/S0006-291X(13)01584-2/h0050
http://refhub.elsevier.com/S0006-291X(13)01584-2/h0050
http://refhub.elsevier.com/S0006-291X(13)01584-2/h0055
http://refhub.elsevier.com/S0006-291X(13)01584-2/h0055
http://refhub.elsevier.com/S0006-291X(13)01584-2/h0055
http://refhub.elsevier.com/S0006-291X(13)01584-2/h0055
http://refhub.elsevier.com/S0006-291X(13)01584-2/h0060
http://refhub.elsevier.com/S0006-291X(13)01584-2/h0060
http://refhub.elsevier.com/S0006-291X(13)01584-2/h0060
http://refhub.elsevier.com/S0006-291X(13)01584-2/h0060
http://refhub.elsevier.com/S0006-291X(13)01584-2/h0065
http://refhub.elsevier.com/S0006-291X(13)01584-2/h0065
http://refhub.elsevier.com/S0006-291X(13)01584-2/h0065
http://refhub.elsevier.com/S0006-291X(13)01584-2/h0070
http://refhub.elsevier.com/S0006-291X(13)01584-2/h0070


430 M. Dubuissez et al. / Biochemical and Biophysical Research Communications 440 (2013) 424–430
chemokine (CXC motif) receptor 7 (CXCR7) is a direct target gene of HIC1
(Hypermethylated In Cancer 1), J. Biol. Chem. 284 (2009) 20927–20935.

[17] G. Boulay, N. Malaquin, I. Loison, B. Foveau, C. Van Rechem, B.R. Rood, A.
Pourtier, D. Leprince, Loss of hypermethylated in cancer 1 (HIC1) in breast
cancer cells contributes to stress-induced migration and invasion through
beta-2 adrenergic receptor (ADRB2) misregulation, J. Biol. Chem. 287 (2012)
5379–5389.

[18] B. Foveau, G. Boulay, S. Pinte, C. Van Rechem, B.R. Rood, D. Leprince, The
receptor tyrosine kinase EphA2 is a direct target gene of hypermethylated in
cancer 1 (HIC1), J. Biol. Chem. 287 (2012) 5366–5378.

[19] W. Zhang, X. Zeng, K.J. Briggs, R. Beaty, B. Simons, R.W. Chiu Yen, M.A. Tyler,
H.C. Tsai, Y. Ye, G.S. Gesell, J.G. Herman, S.B. Baylin, D.N. Watkins, A potential
tumor suppressor role for Hic1 in breast cancer through transcriptional
repression of ephrin-A1, Oncogene 29 (2010) 2467–2476.

[20] V. Dehennaut, I. Loison, M. Dubuissez, J. Nassour, C. Abbadie, D. Leprince, DNA
double-strand breaks lead to activation of hypermethylated in cancer 1 (HIC1)
by SUMOylation to regulate DNA repair, J. Biol. Chem. 288 (2013) 10254–
10264.

[21] V. Dehennaut, I. Loison, G. Boulay, C. Van Rechem, D. Leprince, Identification of
p21 (CIP1/WAF1) as a direct target gene of HIC1 (Hypermethylated In Cancer
1), Biochem. Biophys. Res. Commun. 430 (2013) 49–53.

[22] G. Boulay, M. Dubuissez, C. Van Rechem, A. Forget, K. Helin, O. Ayrault, D.
Leprince, Hypermethylated in cancer 1 (HIC1) recruits polycomb repressive
complex 2 (PRC2) to a subset of its target genes through interaction with
human polycomb-like (hPCL) proteins, J. Biol. Chem. 287 (2012) 10509–10524.
[23] S. Pinte, N. Stankovic-Valentin, S. Deltour, B.R. Rood, C. Guerardel, D. Leprince,
The tumor suppressor gene HIC1 (Hypermethylated In Cancer 1) is a
sequence-specific transcriptional repressor: definition of its consensus
binding sequence and analysis of its DNA binding and repressive properties,
J. Biol. Chem. 279 (2004) 38313–38324.

[24] W.Y. Chen, D.H. Wang, R.C. Yen, J. Luo, W. Gu, S.B. Baylin, Tumor suppressor
HIC1 directly regulates SIRT1 to modulate p53-dependent DNA-damage
responses, Cell 123 (2005) 437–448.

[25] C. Grimm, R. Sporle, T.E. Schmid, I.D. Adler, J. Adamski, K. Schughart, J. Graw,
Isolation and embryonic expression of the novel mouse gene Hic1, the
homologue of HIC1, a candidate gene for the Miller–Dieker syndrome, Hum.
Mol. Genet. 8 (1999) 697–710.

[26] K.J. Briggs, I.M. Corcoran-Schwartz, W. Zhang, T. Harcke, W.L. Devereux, S.B.
Baylin, C.G. Eberhart, D.N. Watkins, Cooperation between the Hic1 and Ptch1
tumor suppressors in medulloblastoma, Genes Dev. 22 (2008) 770–
785.

[27] B.R. Rood, H. Zhang, D.M. Weitman, P.H. Cogen, Hypermethylation of HIC-1
and 17p allelic loss in medulloblastoma, Cancer Res. 62 (2002) 3794–
3797.

[28] M. Larouche, U. Beffert, J. Herz, R. Hawkes, The Reelin receptors Apoer2 and
Vldlr coordinate the patterning of Purkinje cell topography in the developing
mouse cerebellum, PLoS ONE 3 (2008) e1653.

[29] G. Zhang, A.H. Assadi, R.S. McNeil, U. Beffert, A. Wynshaw-Boris, J. Herz, G.D.
Clark, G. D’Arcangelo, The pafah1b complex interacts with the Reelin receptor
VLDLR, PLoS ONE 2 (2007) e252.

http://refhub.elsevier.com/S0006-291X(13)01584-2/h0070
http://refhub.elsevier.com/S0006-291X(13)01584-2/h0070
http://refhub.elsevier.com/S0006-291X(13)01584-2/h0075
http://refhub.elsevier.com/S0006-291X(13)01584-2/h0075
http://refhub.elsevier.com/S0006-291X(13)01584-2/h0075
http://refhub.elsevier.com/S0006-291X(13)01584-2/h0075
http://refhub.elsevier.com/S0006-291X(13)01584-2/h0075
http://refhub.elsevier.com/S0006-291X(13)01584-2/h0080
http://refhub.elsevier.com/S0006-291X(13)01584-2/h0080
http://refhub.elsevier.com/S0006-291X(13)01584-2/h0080
http://refhub.elsevier.com/S0006-291X(13)01584-2/h0085
http://refhub.elsevier.com/S0006-291X(13)01584-2/h0085
http://refhub.elsevier.com/S0006-291X(13)01584-2/h0085
http://refhub.elsevier.com/S0006-291X(13)01584-2/h0085
http://refhub.elsevier.com/S0006-291X(13)01584-2/h0090
http://refhub.elsevier.com/S0006-291X(13)01584-2/h0090
http://refhub.elsevier.com/S0006-291X(13)01584-2/h0090
http://refhub.elsevier.com/S0006-291X(13)01584-2/h0090
http://refhub.elsevier.com/S0006-291X(13)01584-2/h0095
http://refhub.elsevier.com/S0006-291X(13)01584-2/h0095
http://refhub.elsevier.com/S0006-291X(13)01584-2/h0095
http://refhub.elsevier.com/S0006-291X(13)01584-2/h0100
http://refhub.elsevier.com/S0006-291X(13)01584-2/h0100
http://refhub.elsevier.com/S0006-291X(13)01584-2/h0100
http://refhub.elsevier.com/S0006-291X(13)01584-2/h0100
http://refhub.elsevier.com/S0006-291X(13)01584-2/h0105
http://refhub.elsevier.com/S0006-291X(13)01584-2/h0105
http://refhub.elsevier.com/S0006-291X(13)01584-2/h0105
http://refhub.elsevier.com/S0006-291X(13)01584-2/h0105
http://refhub.elsevier.com/S0006-291X(13)01584-2/h0105
http://refhub.elsevier.com/S0006-291X(13)01584-2/h0110
http://refhub.elsevier.com/S0006-291X(13)01584-2/h0110
http://refhub.elsevier.com/S0006-291X(13)01584-2/h0110
http://refhub.elsevier.com/S0006-291X(13)01584-2/h0115
http://refhub.elsevier.com/S0006-291X(13)01584-2/h0115
http://refhub.elsevier.com/S0006-291X(13)01584-2/h0115
http://refhub.elsevier.com/S0006-291X(13)01584-2/h0115
http://refhub.elsevier.com/S0006-291X(13)01584-2/h0120
http://refhub.elsevier.com/S0006-291X(13)01584-2/h0120
http://refhub.elsevier.com/S0006-291X(13)01584-2/h0120
http://refhub.elsevier.com/S0006-291X(13)01584-2/h0120
http://refhub.elsevier.com/S0006-291X(13)01584-2/h0125
http://refhub.elsevier.com/S0006-291X(13)01584-2/h0125
http://refhub.elsevier.com/S0006-291X(13)01584-2/h0125
http://refhub.elsevier.com/S0006-291X(13)01584-2/h0130
http://refhub.elsevier.com/S0006-291X(13)01584-2/h0130
http://refhub.elsevier.com/S0006-291X(13)01584-2/h0130
http://refhub.elsevier.com/S0006-291X(13)01584-2/h0135
http://refhub.elsevier.com/S0006-291X(13)01584-2/h0135
http://refhub.elsevier.com/S0006-291X(13)01584-2/h0135

	The Reelin receptors ApoER2 and VLDLR are direct target genes of HIC1 (Hypermethylated In Cancer 1)
	1 Introduction
	2 Material and methods
	2.1 Cell lines and retroviral infection
	2.2 Small interfering RNA
	2.3 Quantitative RT-PCR
	2.4 Chromatin immunoprecipitation
	2.5 Western blotting and antibodies

	3 Results
	3.1 The two Reelin receptors ApoER2 and VLDLR are HIC1 target genes
	3.2 HIC1 directly represses the expression of ApoER2 and VLDLR

	4 Discussion
	Acknowledgments
	Appendix A Supplementary data
	References


