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The tumor suppressor gene HIC1 (Hypermethylated in Can-
cer 1) that is epigenetically silenced in many human tumors and
is essential for mammalian development encodes a sequence-
specific transcriptional repressor. The few genes that have been
reported to be directly regulated by HIC1 include ATOH1,
FGFBP1, SIRT1, andE2F1. HIC1 is thus involved in the complex
regulatory loopsmodulating p53-dependent and E2F1-depend-
ent cell survival and stress responses. We performed genome-
wide expression profiling analyses to identify new HIC1 target
genes, using HIC1-deficient U2OS human osteosarcoma cells
infected with adenoviruses expressing either HIC1 or GFP as a
negative control. These studies identified several putative direct
target genes, including CXCR7, a G-protein-coupled receptor
recently identified as a scavenger receptor for the chemokine
SDF-1/CXCL12. CXCR7 is highly expressed in human breast,
lung, andprostate cancers. Using quantitative reverse transcrip-
tion-PCR analyses, we demonstrated thatCXCR7was repressed
in U2OS cells overexpressing HIC1. Inversely, inactivation of
endogenousHIC1 by RNA interference in normal humanWI38
fibroblasts results in up-regulation of CXCR7 and SIRT1. In
silico analyses followed by deletion studies and luciferase
reporter assays identified a functional andphylogenetically con-
served HIC1-responsive element in the human CXCR7 pro-
moter. Moreover, chromatin immunoprecipitation (ChIP) and
ChIP upon ChIP experiments demonstrated that endogenous
HIC1 proteins are bound together with the C-terminal binding
protein corepressor to the CXCR7 and SIRT1 promoters in

WI38 cells. Taken together, our results implicate the tumor sup-
pressorHIC1 in the transcriptional regulation of the chemokine
receptorCXCR7, a key player in the promotionof tumorigenesis
in a wide variety of cell types.

HIC1 (Hypermethylated in Cancer 1) is a tumor suppressor
gene that resides on the short arm of chromosome 17, a region
that is frequently deleted and epigenetically silenced in human
cancers (1–4). HIC1 encodes a transcriptional repressor with
five Krüppel-like C2H2 zinc fingers mediating DNA binding via
its consensus binding site consisting of a 5�-(C/G)NG(C/G)-
GGGCA(C/A)CC-3� sequence centered on a GGCA motif
(2, 5). It also contains a central region that recruits CtBP5 co-
repressor complexes (6) as well as an N-terminal BTB-POZ
domain capable of autonomous transcriptional repression (7).
HIC1 is a direct target gene of p53 transactivation through a

p53-responsive element (2, 8, 9). A regulatory feedback loop
between HIC1 and p53 has been deciphered in which HIC1
directly represses the transcription of SIRT1, which deacety-
lates and thereby inactivates p53 (10, 11). Therefore, inactiva-
tion of one allele of HIC1 results in the de-repression of SIRT1
causing decreased p53-mediated transactivation of the remain-
ing HIC1 allele. In addition, SIRT1 also deacetylates HIC1 and
thereby favors its SUMOylation, thus establishing optimal tran-
scriptional repression (12). Recently, HIC1, SIRT1, and E2F1
have also been implicated in a regulatory feedback loop because
HIC1 represses the E2F1 promoter (13) and because E2F1 is a
transcriptional activator of HIC1 (40). Furthermore, E2F1 is a
crucial activator of SIRT1 transcription in response to DNA
damage, but SIRT1 binds E2F1 and deacetylates it thus inhibit-
ing E2F1-mediated gene activation (14, 15).
Current evidence places HIC1 inactivation as an initiating

event in tumorigenesis because of the propensity of Hic1�/�

mice to form spontaneous tumors (16) and the presence of
HIC1 silencing events in pre-neoplastic conditions such as
smoker’s lung, colonic polyps, and cirrhotic liver (17). Elucida-
tion of the tumorigenic mechanisms initiated by HIC1 inacti-
vation is dependent upon the identification of the genes tar-
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geted byHIC1-mediated transcriptional repression. To identify
these target genes, we created an adenoviral vector encoding a
FLAG-HIC1 fusion protein and infected U2OS osteosarcoma
cells, a cell line known to have lost HIC1 expression. Gene
expression profiling was used to identify putative target genes,
and confirmatory studies were then performed. Collectively,
these studies identifiedCXCR7 as a direct transcriptional target
of HIC1.

EXPERIMENTAL PROCEDURES

Construction of Replication-defective Recombinant Adenovi-
ral Vectors—A HindIII-XbaI fragment containing the coding
sequence of humanHIC1 fused to an in-frame N-terminal FLAG
epitope was prepared from the pcDNA3-FLAG-HIC1 vector (6)
and cloned into the pAdCMV2 vector. Recombinant adenovirus
vectors (Ad-FLAG-HIC1) were obtained as described previously
(18). The recombinant adenovirus encoding green fluorescent
protein (Ad-GFP) has been described previously (8).
Expression Profiling—U2OS cells were infected by adding

virus stocks directly to the culture medium at an input multi-
plicity of 100 viral particles/cell (18). At nine time points after
adenoviral infection (from 8 to 26 h), total RNA was isolated
from each sample using TRIzol reagent (Invitrogen). 6.0 �g of
total RNA from each sample was then converted to double-
stranded cDNA using the SuperScript Choice System (Invitro-
gen). cDNA was purified using a phenol/chloroform/isoamyl
alcohol extraction. Clean cDNA was used for the in vitro syn-
thesis of biotin-labeled cRNA using the BioArray RNA tran-
script labeling kit (Enzo Diagnostics, Farmingdale, NY). cRNA
was cleaned using RNeasymini kits (Qiagen, Valencia, CA) and
fragmented randomly to�200 bp. Labeled cRNAswere hybrid-
ized to human HG-U133A chips (Affymetrix) for 16 h. Each
chip was scanned using a confocal laser scanner after staining
with streptavidin phycoerythrin followed by a signal-amplify-
ing second antibody. Data analysis was performed using the
Affymetrix Microarray Suite 5.0 software to generate an abso-
lute analysis for each chip. Each chip was scaled to a target
intensity value of 150 to allow for inter-array comparisons. Per
gene normalizations were performed by normalizing the genes
in each HIC1 chip to their corresponding gene on the control
GFP chip for each of the time points. Genes that were flagged as
absent across all time points for both cell types were removed
from the analysis. Self-organizing maps were used to identify
major trends in expression. Raw data can be obtained at NCBI
GEO (www.ncbi.nlm.nih.gov), accession number GSE9854, or
the Children’s NationalMedical Center Public Expression Pro-
filing Resource site.
Western Blot and Antibodies—Proteins were fractionated by

SDS-PAGE and transferred onto nitrocellulose membranes
that were treated as described previously (6). Antibodies
against HIC1 (325 and 2563) have been described previously
(6). Anti-FLAG M2 (F3165, Sigma) is a monoclonal antibody
directed against the epitope tag.We have also usedmonoclonal
antibodies againstHsp60 (sc-13115, SantaCruzBiotechnology)
and polyclonal antibodies against CtBP1 (C8741, Sigma). The
secondary antibodies were anti-rabbit and anti-mouse immu-
noglobulins and a horseradish peroxidase-linked whole anti-
body from Amersham Biosciences.

Generation of a Stable HIC1 Knockdown Cell Line—pLKO1
lentiviral vectors expressing short hairpin (sh) RNAs targeting
HIC1 were purchased from Sigma. Two shRNAs (clone ID;
NM_006487.1-1763s1c1 and 1-1982s1c1) that have been
shown to efficiently knock down HIC1mRNA (19) as well as a
control shRNA (nontargeting shRNA vector, SHC002, Sigma)
were used in these experiments. These vectors contain a puro-
mycin resistance gene for selection of the transduced cells. Len-
tivirus production, transduction of cells, and selection of the
transduced cells for 1 week using 2.0 �g/ml puromycin was
performed as described (19).
Construction of Plasmids, Transient Transfection, and Lucif-

erase Repression Assays—The CXCR7 promoter region was
PCR-amplified from genomic DNA extracted from peripheral
blood lymphocytes of healthy donors using forward and reverse
primers containing KpnI and XhoI restriction sites (supple-
mental Table S1). After restriction digestion, the fragment was
cloned in the pGL3 basic reporter gene vector to generate the
CXCR7 promoter construct, pGL3 CXCR7 �813/�168. The
�386/�164, �191/�164, and �26/�164 CXCR7 promoter
constructs were prepared from this construct by PCR (supple-
mental Table S1). The �191/�164 and �26/�164 �XI
mutants were generated by the two-round PCR strategy with
the following mutant oligonucleotides: sense CAAAGCCAT-
CATCTAGAGGGC and antisense CCTCTAGATGATGG-
CTTTGTAACCC, inwhichTGC in theHiRE site is replaced by
CAT, a mutation shown to abolish HIC1 binding (5). The
�863/�168 �XI construct has been obtained through restric-
tion fragment swapping using a unique SpeI site (position �75
to �70). Briefly, the KpnI-SpeI fragment from the �863/�168
construct was exchanged with the small KpnI-SpeI fragment
from the �26/�164 �XI mutant. All constructs were verified
by nucleotide sequencing.
U2OS cells were maintained in Dulbecco’s modified Eagle’s

medium supplemented with 10% fetal calf serum and trans-
fected in Opti-MEM (Invitrogen) by the polyethyleneimine
(Euromedex) method in 12-well plates with 500 ng of DNA
(20). Cells were transfected for 6 h and then were incubated in
fresh complete medium. They were rinsed in cold phosphate-
buffered saline 48 h after transfection and lysed with the lucif-
erase assay buffer. Luciferase and �-galactosidase activities
were measured by using, respectively, beetle luciferin (Pro-
mega) and theGalacto-light kit (Tropix)with aBerthold chemi-
luminometer. After normalization to �-galactosidase activity,
the data were expressed as fold activation relative to the empty
pGL3 basic control vector. Results represented are the mean
values and standard deviations from at least two independent
transfections in triplicate.
Quantitative RT-PCR—Total RNA was reverse-transcribed

using randomprimers andMultiScribeTM reverse transcriptase
(AppliedBiosystems). Real timePCRanalysiswas performed by
FastStart DNAMaster SYBR Green I PCR (Roche Applied Sci-
ence) in a LightCycler fluorescence temperature cycler (Roche
Applied Science) according to the manufacturer’s instructions.
The primers for SIRT1 and CXCR7 as well as control primers
for actin and GAPDH are summarized in supplemental Table
S2. Primers were used at a concentration of 0.5 �M. According
to amelting point analysis, only one PCRproductwas amplified
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under these conditions. RNAs extracted from U2OS Ad-GFP
were used to generate a standard curve for each gene. Results
were normalized with respect to the internal controls and are
expressed relative to the levels found in Ad-GFP-infected
U2OS cells. Similar experiments were performed with cells
transduced by the control shRNA or the shRNA targeting
HIC1.
Chromatin Immunoprecipitation—ChIP was performed

according to published protocols with slight modifications.
Briefly, formaldehydewas added directly to the cultured cells to
a final concentration of 1% for 10 min at 37 °C. The cross-link-
ing was stopped by adding glycine to a final concentration of
0.125 M. After 5 min at 37 °C, cells were lysed directly in the
plates by resuspension in cell lysis buffer for 5 min. Then the
samples were pelleted, resuspended in nuclei lysis buffer, and
sonicated to chromatins with an average size of 500 bp using a
BioRuptor (Diagenode, Liege, Belgium). After preclearing with
a 50% slurry of protein A-G beads preincubated with salmon
sperm DNA and bovine serum albumin for 4 h at 4 °C, the
chromatinswere incubatedwith the anti-HIC1 antibodies, nor-
mal rabbit IgG, or with no antibodies overnight. The antibody-
bound chromatin was then pooled down for 30 min with pro-
tein A-G beads, washed extensively, and eluted two times with
250 �l of elution buffer. After addition of 20 �l of 5 M NaCl, the
cross-linking was reversed by overnight incubation at 65 °C.
The immunoprecipitated DNAs as well as whole cell extract
DNAs (input) were purified by treatment with RNase A and
then proteinase K followed by purification on Nucleobond
Extract II (Macherey-Nagel). The purified DNAs were used for
PCR analyses using the relevant primers for SIRT1,CXCR7, and
GAPDH (see supplemental Table S3).
For ChIP upon ChIP experiments, we started with 8-fold

more cells than in the single ChIP experiment. After the first
round of immunoprecipitation, the beads were pooled by cen-
trifugation in TE buffer and incubated in 100 �l of elution
buffer for 10min at 65 °C. After centrifugation, the supernatant
was diluted in 900�l of IP buffer and incubatedwith the second
antibody as in a single ChIP experiment.

RESULTS

HIC1 Expression in U2OS Cells Using an Adenoviral Vector
Results in a ProliferationArrest—U2OS cells were infectedwith
Ad-FLAG-HIC1 or Ad-GFP at amultiplicity of infection of 100
that was determined experimentally to allow infection of
90–100% of the cells as shown by immunofluorescence analy-
ses at 24 h after infection.HIC1proteins display a nuclear punc-
tated localization typical of BTB/POZ proteins (Fig. 1A).
Examination of the kinetics of infection over 48 h demon-

strated that Ad-FLAG-HIC1 proteins can be detected byWest-
ern blotting as early as 16 h post-infection (Fig. 1B). Ectopic
overexpression of HIC1 resulted in a proliferation arrest start-
ing around 16 h, coinciding with the detectability of the FLAG-
HIC1 protein (Fig. 1C). U2OS cells infected with the control
Ad-GFP virus did not undergo proliferation arrest.
Microarray Analyses Identify HIC1-activated and HIC1-re-

pressedGenes—Toobtain a profile ofHIC1-regulated genes, we
prepared total RNAs from U2OS cells infected at a multiplicity
of infection of 100 with Ad-FLAG-HIC1 or Ad-GFP as control

and extracted every 2 h starting at 8 until 26 h post-infection.
Multiple infection time points provided independent sets of
experiments that allowed the identification of early regulated
genes that aremore likely to be direct target genes. These RNAs
were then used to interrogate the Affymetrix Human Genome
U133A chip containing 14,500 transcripts. Direct comparisons
were performed between Ad-FLAG-HIC1 and Ad-GFP-in-
fected cells for each time of infection. These analyses revealed
that 81 genes were down-regulated more than 3-fold, whereas
23 were up-regulated more than 3-fold after 16 and 24 h of
infection, respectively (Tables 1 and 2). Upon closer analysis of
the differentially expressed genes, it became apparent that the
repressed genes were observed early post-infection, whereas
the activated genes were predominantly found later in the
infection kinetics, suggesting that they are not direct HIC1 tar-
get genes in keeping with the known function of HIC1 as a
transcriptional repressor. Strikingly, SIRT1, a direct HIC1 tar-
get gene inWI38 cells (10), was not repressed in the Ad-FLAG-
HIC1-infected U2OS cells; rather it was slightly activated (Fig.
2A). These microarray data were confirmed by qRT-PCR using
RNAs from the 16-h time point (Fig. 2B).
Thus, SIRT1 is not a HIC1 target gene in the Ad-FLAG-

HIC1-infected U2OS cells as has also been shown in an
Ad-HIC1-infected humanD245medulloblastoma cell line (21).
Nevertheless, our results are in close agreement with the well
established function of HIC1 as a transcriptional repressor
(5–7).

FIGURE 1. HIC1 overexpression in U2OS osteosarcoma cells induces a pro-
liferation arrest. A, expression of HIC1 and GFP in infected U2OS cells. U2OS
cells were infected with Ad-FLAG-HIC1 (left panel) or Ad-GFP (right panel), and
24 h later the expression of HIC1 and GFP was analyzed. The HIC1 protein is
detected by immunofluorescence with the anti-FLAG M2 monoclonal anti-
body in a punctate nuclear pattern. B, expression of HIC1 proteins in
Ad-FLAG-HIC1-infected U2OS cells. Equal amounts of total protein extracts
were subjected to Western blotting (WB) using the anti-FLAG monoclonal
antibody. C, overexpression of HIC1 through adenoviral infection induces a
growth arrest in U2OS cells. U2OS osteosarcoma cells were seeded in 60-mm
plates and infected with Ad-FLAG-HIC1 or Ad-GFP at a multiplicity of infection
of 100 to allow infection of at least 90% of the cells. At the indicated times, cell
counts were made on five microscopic fields, and each point is representative
of the average number of noninfected control cells, Ad-FLAG-HIC1, and Ad-
GFP U2OS-infected cells.
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Down-regulation of CXCR7 in Ad-FLAG-HIC1-infected
U2OS Cells—Among the genes most markedly repressed in
HIC1-overexpressing U2OS cells, we decided to focus our
efforts on the orphan G protein-coupled receptor RDC1
because of its relevance to cancer and the presence of HIC1

consensus binding sites in the regulatory region of the gene.
RDC1 has been recently “deorphanized” as the scavenger che-
mokine receptor CXCR7 that binds chemokine CXCL11 and
CXCL12, also known as SDF-1 (stromal-derived factor) (22,
23). CXCR7 is expressed in a variety of breast, lung, prostate,
and others cancers (24) and promotes their growth in vivo (25).
After infection by Ad-FLAG-HIC1, CXCR7 was specifically
down-regulated 5–7-fold (Fig. 2A), as confirmed by Northern
blot analyses (data not shown) and by qRT-PCR (Fig. 2B, left
panel). Collectively, these data suggested thatCXCR7 is a target
gene of HIC1 in U2OS cells infected by Ad-FLAG-HIC1.
HIC1 mRNA Knockdown Increases CXCR7 and SIRT1

Expression in Normal WI38 Fibroblasts—All the previous
results were obtained by ectopic HIC1 expression through
infection with adenovirus of transformed cell lines not express-
ing endogenous HIC1. To validateCXCR7 as a HIC1 transcrip-
tional target in a more physiological situation, we used RNA
interference with a lentiviral shRNA against HIC1 to reduce
endogenous HIC1 expression in normal human WI38 fibro-
blasts. These cellswere chosen because they expressHIC1 (sup-
plemental Fig. S1) and have previously been used to validate
SIRT1 as a direct HIC1 target gene (10). To that end, we gener-
ated WI38 cell lines expressing a nontargeting control shRNA
(SHC002) and two cell lines expressing shRNAs targetingHIC1
(shHIC1 1763 and shHIC1 1982), as shown previously in HL60
acute myeloid leukemia cells (19). qRT-PCR analyses demon-
strated an efficient, roughly 50%, knockdown of HIC1 in the
WI38 shHIC1 1763 and 1982 cell lines as compared with the
cells infectedwith the control shRNA (Fig. 3A). Similar analyses
using the same RNA samples detected a 2-fold increase in
CXCR7 expression (Fig. 3B) and a 1.5-fold up-regulation of
SIRT1 (Fig. 3C). These results demonstrate that knockdown of

FIGURE 2. CXCR7 is down-regulated in Ad-FLAG-HIC1-infected U2OS
cells, whereas SIRT1 is activated. A, expression levels of CXCR7 and of SIRT1.
Total RNAs from U2OS cells (HIC1 null) infected with Ad-FLAG-HIC1 and Ad-
GFP were prepared at the indicated times after infection (from 8 to 26 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. The Percent of control corresponds to the ratio between the
expression levels of CXCR7 and SIRT1 measured in Ad-GFP and in Ad-FLAG-
HIC1-infected cells at each time point. B, confirmation of the microarray
results for CXCR7 and SIRT1 by quantitative RT-PCR. qRT-PCR analyses were
performed using total RNAs isolated from U2OS cells infected (time course
point 16 h) with Ad-GFP (gray boxes) or with Ad-FLAG-HIC1 (black boxes) for
CXCR7 (left column) and SIRT1 (right column). Values were normalized to
GAPDH or actin as indicated.

TABLE 1
Genes repressed more than 3-fold in Ad-FLAG-HIC1-infected U2OS
cells at 16 h of infection

Repressed gene name
Relative

expression
at 16 h

Affymetrix
probe set no.

Chromosomal
location

%
SNAP 43, SNAPC1 9 205443_at 14q22
TRIM16, TRIM16L 17 204341_at 17p11.2
MAP2K3 18 215498_s_at 17q11.2
PLEC1 18 201373_at 8q24
RDC1, CXCR7 20 212977_at 2
TNS3 20 217853_at 7p12.3
LIF 20 205266_at 22q12.2
WDR6 21 217734_s_at 15q21
AMIGO2 21 222108_at 7
MAP2K5 21 211371_at 15q22.2-q22.31
GRSF1 22 215030_at 4q13.3
FADS1 23 208963_x_at 11q12.2-q13.1
CYP24A1 23 206504_at 20q13
ADORA2B 23 205891_at 17p12-p11.2
KIAA1026 25 213478_at 1p36.13
RIN2 26 209684_at 20p11.22
LRP8 26 205282_at 1p34
MCAM 27 209086_x_at 11q23.3
ADRB2 27 206170_at 5q31-q32
TMEM16B 28 220111_s_at 12
CCND1 29 208712_at 11q13
AHNAK2 29 212992_at 14
KCNJ6 30 214126_at 21q22.13-q22.2
LRP8 30 208433_s_at 1p34
CA12 30 203963_at 15q22
DRAL, SLIM3, FHL2 31 202949_s_at 2q12-q14
INHBA 31 210511_s_at 7p15-p13
NOV 31 214321_at 8q24.1
SFXN3 32 220974_x_at 10q24.2
SNAP-25 32 202508_s_at 20p12-p11.2
EPHA2 32 203499_at 1p36
SOX9 33 202935_s_at 17q24.3-q25.1
CXCL14 33 218002_s_at 5q31

TABLE 2
Genes activated more than 3-fold in Ad-FLAG-HIC1-infected U2OS
cells at 24 h of infection

Up-regulated gene
name

Relative
expression
at 24 h

Affymetrix
probe set no.

Chromosomal
location

%
CA2 974 209301_at 8q22
MMP12 744 204580_at 11q22.3
ID4 644 209291_at 6p22-p21
SMPDL3A 464 213624_at 6q22.31
LPPR4 460 213496_at 1p21.2
CCNE2 448 205034_at 8q22.1
C14orf45 447 220173_at 14q24.3
ACTA2 442 200974_at 10q23.3
TNFAIP8 413 210260_s_at 5q23.1
CDO1 407 204154_at 5q22-q23
SLC7A11 393 207528_s_at 4q28-q32
CYP7B1 386 207386_at 8q21.3
TMEM62 384 218776_s_at 15q15.2
KIAA0895 371 213424_at 7p14.2
PLA2G4A 356 210145_at 1q25
FST 355 204948_s_at 5q11.2
ABHD3 333 213017_at 18q11.2
SPP1 333 209875_s_at 4q21-q25
GPR161 328 214104_at 1q24.2
LGALS8 325 210732_s_at 1q42-q43
TMEM47 316 209656_s_at Xp11.4
SRGN 310 201859_at 10q22.1
ITPR1 307 203710_at 3p26-p25
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endogenousHIC1 in normal humanWI38 fibroblasts results in
up-regulation of CXCR7 as well as of SIRT1, as shown previ-
ously (10).
Repression of CXCR7 Promoter by HIC1—All the above

described results demonstrate that CXCR7 is a HIC1 target
gene. To determine whether CXCR7 is a direct target gene of
HIC1, we first scanned its promoter region for the presence of
consensus HIC1-responsive elements (HiRE, 5�-(C/G)NG(C/G)-
GGGCA(C/A)CC-3�) centered on a GGCA (reverse TGCC)
core motif (5). These analyses identified 11 putative HiRE to
which HIC1 could directly bind through its Krüppel-like C2H2
zinc fingers, some of which are conserved in primate (human

and chimpanzee) and rodent (rat andmouse) genomes (Fig. 4A
and supplemental Fig. S2).

To directly assess the ability of HIC1 to repress transcrip-
tion of CXCR7 through these sites, we cloned �0.8 kbp of
genomic DNA upstream of the transcription start site and
first noncoding exon of CXCR7, as defined in GenBankTM
(NM_020311; gi 114155149), and performed luciferase pro-
moter-reporter assays. To this end, the �813/�168 pro-
moter region of CXCR7 was cloned in the pGL3 basic
reporter vector, and a series of deletion constructs were
made that gradually eliminated the putative HiREs (Fig. 4, A
and B). These constructs were then transfected alone or with
the pcDNA3 FLAG-HIC1 expression vector into U2OS cells,
and promoter activities were thus measured in the absence
or presence of HIC1. As shown in Fig. 4B, transient transfec-
tion of HIC1 significantly repressed the strong CXCR7 pro-
moter activity in the �813/�168, �386/�164, and �191/
�164 constructs. Interestingly enough, this repression is still
elevated in the smaller construct �26/�164.
These results suggest that the regulatory region primarily

involved in the HIC1-mediated repression of CXCR7 is located
in the �26/�164 upstream region of the promoter. Notably,
this region contains only one of the two phylogenetically con-
served and adjacent HiREs (sites IX and XI) found in the same
reverse orientation (5�-TGCC-3�) as in the SIRT1 promoter
(10) (Fig. 4A and supplemental Fig. S2). TheHiRE site IX, which
is present in the �191/�164 construct, does not seem to be
essential because its absence in the �26/�164 construct does
not significantly impair the HIC1-mediated repression (Fig. 4B).

We thus introduced into this XI HiRE site a mutation (TGC
into CAT) previously shown to abolish HIC1 binding (Fig. 5A)
(5). The �191/�164 and �26/�164 constructs both display a
high basal activity repressed by HIC1 expression (Fig. 4B).
However, these two mutated �XI constructs are not signifi-
cantly repressed in the presence of transfected HIC1 (Fig. 5B).
Thus, these results demonstrate that this conserved site XI is
essential for HIC1-mediated repression, whereas the noncon-
served site 10 has little or no effect. In addition, themutation of
this XI site in the context of the longest promoter construct
(�813/�168) results in a significant decrease of repression by
HIC1 (Fig. 5C). In conclusion, the CXCR7 promoter is nega-
tively regulated by HIC1 in transient transfection assays,
strongly suggesting that CXCR7 is a direct HIC1 target gene.
CXCR7 and SIRT1 Are Direct HIC1 Target Genes in Two

Different Human Cell Types Expressing Endogenous HIC1
Proteins—To confirm thatCXCR7 is indeed a direct target gene
of HIC1 in a more physiologically relevant system, we per-
formed ChIP assays in two different human cell types that
express endogenous HIC1 proteins as follows: normal human
fibroblast WI38 cells (10) and Ewing/PNET SK-N-MC cells
(supplemental Fig. S1). As a positive control for specificity, we
used primers flanking the previously identified HiRE in the
SIRT1 promoter in our ChIP-PCR analysis (10). As negative
control, we used primers located in the GAPDH promoter. As
shown in Fig. 6, we were able to specifically amplify the region
encompassing the HiREs in the SIRT1 promoter from both
WI38 and SK-N-MC chromatin immunoprecipitated by our
polyclonal anti-HIC1 antibody (6) but not by normal rabbit

FIGURE 3. Inactivation of endogenous HIC1 in normal WI38 fibroblasts
up-regulates CXCR7 and SIRT1 expression. A, WI38 cells were infected with
the lentiviruses expressing a control shRNA (SHC002) and two shRNAs
(SH1763 and SH1982) targeting HIC1 (Mission shRNAs; Sigma) as described
previously (19). Total RNAs were extracted, and expression levels of HIC1
mRNA were assessed with real time quantitative PCR as described (9, 19).
B and C, similarly, the expression levels of CXCR7 and SIRT1 were assessed
using specific oligonucleotides (see supplemental Table S2). Values were nor-
malized to actin.
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IgG. Primers designed to amplify the 5� region upstream of the
GAPDHpromoter did not yield a product, further demonstrat-
ing the specificity of this ChIP assay.
To test the promoter of CXCR7, we designed primers sets to

amplify the region mediating the repressive effects of HIC1 on
this promoter in transient transfection assays and containing
adjacent HiREs (Fig. 4B, black arrows, and supplemental Table
S3). These primers were used in PCR experiments using the
same WI38 and SK-N-MC chromatin samples as above.
CXCR7 was readily amplified from the HIC1-immunoprecipi-
tatedWI38 and SK-N-MC chromatins but not from chromatin
immunoprecipitated by the control rabbit IgG, as shown previ-
ously for SIRT1 (Fig. 6, A and B). Taken together, these results
demonstrate that endogenousHIC1proteins are recruited onto
the SIRT1 and CXCR7 promoters in vivo both in normal WI38
fibroblasts and in transformed SK-N-MC cells.
Co-occupancy of HIC1 and Its Co-repressor CtBP on the

CXCR7 and SIRT1 Promoters—We have previously identified
CtBP as a co-repressor of HIC1 (6, 11). We thus performed
sequential chromatin immunoprecipitation assays (ChIP upon
ChIP) to determine whether these two proteins are found co-

localized on endogenous HIC1 target genes. In brief, WI38
chromatin was subjected to a first round of immunoprecipita-
tion as described above. Then the bound material was eluted,
and equal amounts were subjected to a second round of immu-
noprecipitation with anti-CtBP antibodies or normal rabbit
IgG. A band corresponding to the relevant regions of the SIRT1
(10, 11) and CXCR7 promoters was detected in the HIC1/CtBP
but not in the HIC1/IgG ChIP upon ChIP (Fig. 7). Primers
designed to amplify the 5� region upstream of the GAPDH pro-
moter did not yield a product, further demonstrating the spec-
ificity of our assay.
In conclusion, HIC1 and the co-repressor CtBP could

form a complex at the SIRT1 and CXCR7 promoters in nor-
mal WI38 fibroblasts, likely resulting in their direct tran-
scriptional repression.

DISCUSSION

Since its discovery in 1995 (2), a large body of informationhas
been accumulated about HIC1, which is now recognized as a
bona fide tumor suppressor gene (reviewed in Ref. 4). Hic1�/�

heterozygous mice spontaneously develop an age- and gender-

FIGURE 4. CXCR7 is down-regulated by HIC1. A, nucleotide sequence of the 5� region of the human CXCR7 gene. The transcription start site as well as the first
noncoding exon are described in GenBankTM under accession number NM_020311; gi 114155149. The conserved gt dinucleotides of the splice donor site (sd)
are indicated in boldface letters and underlined. Upstream genomic sequences were extracted from the human genome sequence (NC_000002). Potential HiREs
are indicated with the 4-bp core consensus 5�-GGCA-3� (reverse complement strand TGCC) shown in boldface and underlined (5). These sites are numbered from
1 to 11. The sites indicated by roman numerals and highlighted in light gray boxes are those conserved in the primate (human and chimpanzee) and rodent (mice
and rat) genomes (see also supplemental Fig. 3 for a CLUSTAL alignment). The 5� boundaries of the various deletions in the CXCR7 promoter obtained by PCR
are indicated by arrows with the numbering relative to the �1 position of the transcription initiation site. A unique SpeI site (position �75 to �70) used to
obtain the �863/�168 �XI construct is boxed. Primers used to amplify the CXCR7 promoter fragment in the ChIP experiment presented in Figs. 6 and 7 are
indicated by an arrow. B, from top to bottom, a schematic drawing of the 5� promoter region and the first noncoding exon of CXCR7 is shown. Numbering is
relative to the transcription start site (TSS) (bent arrow, position �1). The potential HiREs (5) are shown as black ovals for those found in the primate and rodent
genomes or as white ovals for those found only in the primate genomes. The small arrows indicate the position of the primers used to amplify the relevant
region of CXCR7 in the ChIP and ChIP upon ChIP experiments. The left panel shows a schematic drawing of various fragments of the human CXCR7 first
noncoding exon 5� sequences subcloned in the luciferase reporter plasmid pGL3 basic. Reporter constructs were transfected in triplicate into U2OS cells and
assayed for luciferase activity. Luciferase (luc) activity was normalized for transfection efficiency using a co-transfected �-galactosidase reporter. Repression of
transcription of each construct by HIC1 was calculated by first dividing luciferase activity in the absence of HIC1 by the activity in the presence of HIC1
(normalized for transfection efficiency using a co-transfected �-galactosidase reporter). The value obtained for each construct was then divided by the
repressive effect elicited by HIC1 on the empty pGL3 basic vector to obtain the final fold of activation. Results, expressed relative to a value of 1.0 for cells
transfected with the pGL3 empty vector, are expressed as the mean of three different experiments, and error bars represent standard deviations.
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dependent spectrum of tumors (16), and the epigenetically
silenced Hic1 gene cooperates with p53 to determine cancer
prevalence, progression, and spectrum (26). In fact, HIC1 is
implicated in a complex regulatory feedback loop with p53 and
the class III deacetylase SIRT1 (10) through direct transcrip-
tional regulation mechanisms (2, 8, 9) as well as post-transla-
tional modifications (12, 15, 27, 28). HIC1 encodes a sequence-
specific transcriptional repressor belonging to the BTB/POZ
and Krüppel C2H2 zinc finger subfamily (2). However, despite
this wealth of information, only four genes directly regulated by
HIC1 have been identified to date either by induction, SIRT1
(10), or by promoter analysis andmutagenesis such as FGF-BP1
and E2F1. The FGF-BP1 gene is repressed by HIC1 following
transforming growth factor-� treatment (29). Recently, it has
been shown that HIC1 represses the E2F1 promoter in serum-
starved HSF8 human fibroblasts through recruitment of Brg1

(13) and that E2F1 activates the transcription ofHIC1 (40), thus
generating another regulatory loop. Finally, microarray analy-
ses based on the Ptch1�/� Hic1�/� model of medulloblastoma
identified ATOH1 (21). In addition to its role as a tumor sup-
pressor gene, Hic1 is also essential for normal development as
shown by the embryonic lethal phenotype of mice bearing
homozygousHic1 deletion (30). As the four knownHIC1 target
genes are unlikely to fully account for the effects of HIC1 dele-
tion, it stands to reason that the majority of HIC1 target genes
remains to be discovered.
This study is the second attempted genomic analysis of HIC1

target genes throughmicroarray gene expression profiling (21).
Expression changes at various time pointsweremonitored after
HIC1 re-expression in transformed U2OS cells that have lost

FIGURE 5. Phylogenetically conserved HiRE XI is essential for the tran-
scriptional repression of CXCR7. A, nucleotide sequence of the 5� region of
the human CXCR7 gene showing the mutation introduced into the conserved
HiRE XI site (TGC in the core motif replaced by CAT) to impede HIC1 binding
(5). B, reporter constructs schematically shown in the left panel were trans-
fected in triplicate into U2OS cells and assayed for luciferase activity. Lucifer-
ase (luc) activity is shown in the right panel (gray boxes). Repression of tran-
scription of each construct by HIC1 was calculated exactly as detailed in
legend to Fig. 4B. Results, expressed relative to a value of 1.0 for cells trans-
fected with the pGL3 empty vector, are expressed as the mean of four differ-
ent experiments, and error bars represent standard deviations. The p values
are indicated (*, p values � 0.5; **, p values � 0.05). C, same experiments were
performed with the �813/�168 wild-type and �XI constructs. The results are
the mean of two independent transfections in triplicate with the p value indi-
cated as in B.

FIGURE 6. ChIP analyses of HIC1 on CXCR7 and SIRT1 promoters. Normal
human WI38 fibroblasts (A) or transformed human SK-N-MC Ewing/PNET cells
(B) that both express endogenous HIC1 proteins (see supplemental Fig. 1)
were cross-linked with 1% formaldehyde. Cross-linked chromatin immuno-
precipitated (IP) with polyclonal anti-HIC1 antibody (Ab) (325), with rabbit
IgG, or no antibody were used in PCR amplification with primers flanking the
functional HiREs identified by our luciferase assays in the CXCR7 promoter.
The region previously identified in the SIRT1 promoter in WI38 cells (10) was
used as positive control, whereas PCR with the 5� promoter of GAPDH was
used as an internal nonbinding control (10). An H2O control corresponding to
PCR without DNA yielded no amplified products (data not shown). Represent-
ative gels of one ChIP among three experiments are shown.

FIGURE 7. ChIP upon ChIP assays demonstrate that HIC1 and CtBP might
form a stable complex on SIRT1 and CXCR7 promoters. Normal human
WI38 fibroblasts were cross-linked with 1% formaldehyde. Cross-linked chro-
matin was sonicated and immunoprecipitated with polyclonal anti-HIC1 anti-
body (325) (1st IP HIC1). The bound material was eluted, divided in two, and
subjected to a second round of immunoprecipitation with anti-CtBP antibod-
ies (2nd IP CtBP1) or with normal rabbit IgG (2nd IP IgG). PCR amplifications
were performed using primers flanking the functional HiREs previously iden-
tified in SIRT1 (10) and in CXCR7 (this study). PCR with the 5� promoter of
GAPDH was used as an internal nonbinding control as described in Fig. 6.
Representative gels of one ChIP upon ChIP among two experiments are
shown.
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endogenous HIC1 expression but are wild type for p53, retino-
blastoma protein, and Brg1. This model is physiologically rele-
vant because double-cis Hic1�/� p53�/� heterozygous mice
develop osteosarcomas and can also be correlated with human
osteosarcomas that frequently harbor hypermethylation of
HIC1 in tumors with p53 mutations (26). We used RNAs
extracted from 8 to 26 h post-infection allowing us to identify
genes repressed at the earliest time points after infection, which
are more likely to represent a “first wave” of direct target genes.
At 16 h, Ad-FLAG-HIC1-infected U2OS cells overexpressed
moderately the FLAG-HIC1 protein but were already growth-
arrested (Fig. 1).
In our time course experiment, we identified a total of 81

genes whose expression was down-regulated at least 3-fold
after 16 h of infection with Ad-FLAG-HIC1, whereas 23 genes
were up-regulated at least 3-fold after 26 h (Tables 1 and 2).
Strikingly, SIRT1, one of the four HIC1 target genes described
so far, was not repressed but was rather activated (�1.5-fold) in
each Ad-FLAG-HIC1 sample (Fig. 2A) as confirmed by qRT-
PCR (Fig. 2B). Although clearly a target gene in fibroblasts (10,
11, 13), SIRT1maynot be an universalHIC1 target (21). Indeed,
a recent study has failed to detect any correlation between the
SIRT1mRNA levels and the HIC1 status in diffuse large B-cell
lymphomas showing either wild-type HIC1 expression (8
tumors) or completeHIC1 inactivation (10 tumors) (31). In two
animal models of medulloblastoma, SIRT1 mRNA levels from
Ptch1�/� Hic1�/� tumors and Ptch1�/� tumors were similar
to normal age-matched cerebellum. Moreover, in the D245
medulloblastoma cell line infected with Ad-HIC1, SIRT1 is
slightly activated (1.3-fold), whereas ATOH1 is strongly re-
pressed (18-fold) (21).
One would not expect the other previously described HIC1

target genes FGF-BP1, ATOH1, andE2F1 to be found onour list
of potential target genes because FGF-BP1 is only repressed
after transforming growth factor-� treatment of cell lines that
can undergo smooth muscle differentiation (29) and ATOH1
encodes a neuronally specific transcription factor. E2F1 is a
target of HIC1 in normal HSF8 fibroblasts (13). However, in
transformed cell lines such as U2OS, the re-expression of HIC1
may not be sufficient to counteract the deregulation of E2F1
expression. This is reminiscent of the lack of repression of
SIRT1 observed upon re-expression of HIC1 in medulloblas-
toma cell lines (21) or in U2OS (this study).
We have first focused our studies on RDC1, a recently deor-

phanizedG-protein-coupled receptor strongly repressed in our
Ad-FLAG-HIC1-infectedU2OS cells (Fig. 2). CXCR7, formerly
known as RDC1, has been shown to be a second receptor, in
addition to CXCR4, for the chemokine SDF-1 (stromal cell-
derived factor 1)/CXCL12 (22). Although CXCR7 binds
CXCL12 even in cells lacking CXCR4, CXCR7 may not func-
tion as a classical chemokine receptor, as evidenced by the
absence of ligand-inducedCXCR7-mediated calciummobiliza-
tion or cellmigration (23, 32). In fact, recent studies in zebrafish
have demonstrated that CXCR7 does not act as a signaling
receptor but instead participates in chemokine-guided cell
migration by ligand sequestration (33). These results however
did not totally rule out the possibility that CXCR7 could induce

signal transduction as suggested by studies on tumor growth
and survival.
The SDF-1/CXCR4 chemotactic pathway is a key player in

the cross-talk between various tumor cells and their microen-
vironment. First, CXCR4 is essential for the metastatic spread
of breast cancers to organs where CXCL12 is expressed (34).
Second, stromal fibroblast-derived CXCL12 can stimulate sur-
vival and growth of neoplastic breast cells in a paracrine fashion
and can promote tumor angiogenesis by recruiting circulating
endothelial cells to the tumor microenvironment (endocrine
effect) (35). Similarly, CXCR7 is by far the strongest cellular
gene induced during transformation of dermal microvascular
endothelial cells by Kaposi sarcoma-associated herpesvirus,
and upon ectopic expression of CXCR7, NIH3T3 become
tumorigenic in nude mice (36). CXCR7 is highly expressed in
human primary breast and lung tumors, and it is expressed in
both malignant cells and in the tumor-associated vasculature
but not in normal blood vessels (25). Finally, inhibition of
CXCR7 by various strategies such as small interfering RNA
interference, specific high affinity smallmolecule antagonist, or
intrakines severely reduces proliferation of carcinoma cells in
vitro (37) as well as in vivo tumor growth in animal models (32).
Taken together, these results demonstrate that CXCR7 has key
functions in promoting tumor development and progression
through specific pathways and mechanisms that still remain to
be elucidated. In addition, quantitative histologic analyses con-
firmed thatCXCR7 expression increases with increasing tumor
grade of prostate tumors (24). Reciprocally, HIC1 is hyperm-
ethylated in prostate tumors, and hypermethylation of one
HIC1 allele is even already observed in histologically normal
prostate and in benign hyperplastic tissues (38, 39). Our results
showing that CXCR7 is a direct target of HIC1 could tie
together these two sets of data.
In conclusion, we have identified the scavenger chemokine

receptor CXCR7 as an additional bona fide HIC1 target gene.
Our results demonstrate that HIC1 is a direct repressor of the
CXCR7 gene and suggest that in tumors with loss of HIC1
expression the resulting increase in CXCR7 expression could
participate in tumor progression.
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