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Abstract

Introduction—The tumor suppressor gene H/C1 (Hypermethylated in Cancer 1) which encodes
a transcriptional repressor with multiple partners and multiple targets is epigenetically silenced but
not mutated in tumors. HIC1 has broad biological roles during normal development and is
implicated in many canonical processes of cancer such as control of cell growth, cell survival
upon genotoxic stress, cell migration and maotility.

Areas covered—The H/CI literature herein discussed include its discovery as a candidate
tumour suppressor gene hypermethylated or deleted in many human tumours, animals models
establishing it as tumour suppressor gene, its role as a sequence specific transcriptional repressor
recruiting several chromatin regulatory complexes, its cognate target genes and its functional roles
in normal tissues. Finally, this review will discuss how its loss of function contributes to the early
steps in tumorigenesis.

Expert opinion—Given HIC1’s ability to direct repressive complexes to sequence specific
binding sites associated with its target genes, its loss results in specific changes in the
transcriptional program of the cell. An understanding of this program through identification of
HIC1’s target genes and their involvement in feedback loops and cell process regulation will yield
the ability to leverage this knowledge for therapeutic translation.

Keywords
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1-Introduction

1.1 Tumor Suppressor Gene Inactivation

Tumor suppressor genes (TSG) normally function to control cellular proliferation. The loss
of TSG function is one of the major mechanisms of tumor formation and is contrasted with
the gain-of-function of oncogenes, which similarly confer growth advantages upon pre-
neoplastic cells. Given that there are two alleles of each gene, it normally requires two
genetic events to inactivate a TSG. Knudson originally proposed the two hit hypothesis to
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explain the inactivation of one of the most common TSGs, the Retinoblastoma gene (~6)
[1]. At the time, these two hits were thought to require deletion or mutation. In the past two
decades, a third process has been implicated in the silencing of tumor suppressor genes,
epigenetic inactivation. These epigenetic alterations, so called because the genetic sequence
of the DNA remains unaltered, involve post-translational modifications of the histone tail,
altered chromatin conformation, transcription factor exclusion and DNA methylation.
Increasingly, these mechanisms are becoming better understood, making possible an era of
therapeutic intervention designed to reverse epigenetic TSG silencing.

1.2 Chromosome arm 17p deletions in cancer

The search for tumor suppressor genes has historically been driven by studies of high
frequency chromosomal losses in tumor tissues. The short arm of chromosome 17 comprises
a region that is commonly reduced to homozygosity in many human cancers including those
of the breast, lung, liver, colon, kidney and brain [2-8]. This chromosomal aberration is
particularly frequent in neural tumors. Childhood brain tumors that exhibit this
chromosomal loss include medulloblastoma, ependymoma, and astrocytoma [9-17]. In
medulloblastoma, the most common malignant brain tumor of childhood, early studies
indicated that 2/3 of tumors exhibit LOH (Loss of Heterozygosity) converging at the
17p13.3 locus [6]. Notably, this region is telomeric to p53and its deletion is distinct from
p53 inactivating events [13, 15, 18-209-17] as has also been shown in high grade glioma
[11, 14]. Subsequent evaluations of medulloblastoma clinical samples by single nucleotide
polymorphism chips have demonstrated that chromosome 17p LOH events are found in
25%, 42% and 63% of sonic hedgehog, group 3 and group 4 tumors respectively whereas
17p LOH in the context of isochrome 17q is confined to subgroups 3 and 4 [21-23].
Therefore, an important question in tumorigenesis has been “what gene(s) is/are affected by
this common deletional event and by extension, what are the functional/biological
consequences of this event ?”

1.3 Identification of HIC1

The search for relevant tumor suppressor genes in tumors with a distal 17p deletion was
narrowed down to the minimal region of deletion in close proximity to the VNTR (Variable
Number of Tandem Repeats) marker YNZ22/D17S5/D17S30 (17p13.3) [9, 10, 13, 24-26].

HIC1 (Hypermethylated In Cancer-1) is one of the genes found in this 17p13.3 region.
Increasing its potential significance, H/C1 resides completely within a CpG island that is
frequently hypermethylated in tumors, a feature associated with the transcriptional silencing
of tumor suppressor genes [27]. H/CZ’s status as a tumor suppressor gene results from its
location in a commonly deleted area, its propensity toward epigenetic inactivation, the
spontaneous formation of tumors in a knockout murine model and the fact that the enforced
re-expression of H/C1 in tumor cell lines significantly decreases their clonogenic survival
[27]. The regulatory region upstream of the H/C1 sequence contains a p53 binding site and
the transcription of H/C1 is activated by wild type p53 [27-29]. As detailed below, HICL1 is
involved in an elaborate regulatory relationship with p53 that involves SIRT1 via post-
translational modifications. Its relationship with p53is compelling given the prominence of
pb53alterations in human cancers. H/C1 is also linked to another prominent tumor
suppressive pathway, Rb. When phosphorylated, Rb releases E2F1, a transcription factor
whose target genes mediate transit of the G1/S checkpoint. E2F1 is also a positive regulator
of HIC1, potentially as part of a negative feedback loop to promote orderly cell cycle
progression [30]. E2F1 also takes part in cellular responses to DNA damage and has been
found to be a necessary component of H/C1 upregulation in that context [31, 32].
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2-HIC1 inactivation in tumorigenesis

The presence of H/C1 methylation has been demonstrated in various tumor types including
renal tumors, pancreatic carcinoma, prostate cancer, gastric cancer, colorectal carcinoma,
myeloid leukemia, non-small cell lung cancer (NSCLC), hepatocellular carcinoma, breast
cancer, astrocytoma, ependymoma and medulloblastoma [3-6, 16, 17, 35-40]. Consistent
with an epigenetically determined tumor phenotype, methylated ~/CI expression can be de-
methylated and re-activated by 5-azacytidine resulting in decreased cellular proliferation,
cell cycle arrest, decreased tumor aggressiveness and increased apoptosis in head and neck
squamous cell and pancreatic carcinomas [36, 40, 41]. Many studies support the postulate
that epigenetic inactivation of H/C1 is a progression event in oncogenesis. For example,
methylation of H/C1 increases across the spectrum from normal liver tissues to pre-
cancerous liver conditions to hepatocellular carcinoma [35]. In colon cancer, DNA in the
region of H/CI exhibits increasing methylation density from normal colonic mucosa to pre-
cancerous colonic polyps to colon cancer [2]. Notably, among colorectal cancer patients,
those arising in the context of ulcerative colitis exhibit the highest levels of H/C1
methylation [37]. Finally, H/CZ was found to be methylated with a significantly greater
incidence in both tumorous and non-tumorous lung tissues from smokers compared to non-
smokers [34].

It should be noted that although HIC1 is frequently hypermethylated in leukemias, some
leukemias have a reduction in HIC1 expression that is not correlated with HIC1 promoter
hypermethylation. This strongly suggests the existence of other inhibitory mechanisms such
as direct transcriptional repression [32].

HIC1 inactivation has been shown to correlate with a more aggressive phenotype and poorer
survival in multiple tumor types. For example, LOH of 17p13.3 has been associated with the
higher grades of astrocytoma, namely anaplastic astrocytoma and glioblastoma multiforme
[14]. In a study of non-small cell lung carcinoma, decreased H/CZ1 expression in tumors, in
comparison to paired normal lung tissue, predicted a poorer survival (80% versus 46% 5
year survival; p=0.034). Suppression of H/C1 expression and its prognostic implications
were found to be invariable by clinical stage, indicating that it is an early event in tumor
development [6]. In renal cell carcinoma, H/CI hypermethylation correlates with an
increased risk of disease recurrence [42]. Likewise, HIC1 hypermethylation is an
independent predictor of poor survival in laryngeal squamous cell carcinoma [43]. The
authors have found LOH and DNA methylation to be silencing events involving the region
containing the H/CI gene in medulloblastoma and correlated H/C1 methylation with
decreased overall survival [16].

3-Animal models

Both the cloning of the AH/C1 gene from a CpG island that is commonly subject to DNA
methylation in neoplastic tissues and its association with malignant progression gave
impetus to the quest to identify the functional role played by HIC1 in normal tissues that is
lost in tumorigenesis. The first HicZ murine knockout model was created in the Baylin
laboratory at Johns Hopkins and showed that HicZ plays a prominent role in neural and
somatic development. Mice with homozygous loss of HicI are marked by perinatal death,
small size, acrania, exencephaly, craniofacial abnormalities, limb defects and omphalocele
[44]. Heterozygous knockouts did not have these defects. These abnormalities are very
similar to those found in the Miller-Dieker syndrome (MDS), a contiguous-gene syndrome
marked by deletion of multiple genes in the 17p13.3/D17S5 region including #/C1. MDS
consists of a constellation of brain malformation (lissencephaly), mental retardation,
craniofacial dysmorphology, defects of the limbs and digits and omphalocele.
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The knock-out mouse model also provided evidence for HIC1’s tumor suppressor function.
The heterozygous mice develop various tumors beginning after 70 weeks and involving
16.4% of mice by 90 weeks compared to 0% for wild-type litter mates. Interestingly, the
observed tumors followed a sex determined pattern with male mice developing epithelial
cancers while female mice exhibited a predominance of sarcomas and lymphomas. In all of
these tumors, the remaining wild-type HicZ allele had undergone epigenetic silencing
marked by DNA methylation[45].

Given the delayed time course of tumor formation allowing for the second epigenetic hit to
occur, it was logical to inquire whether HicI silencing could cooperate with other known
tumorigenic pathways to hasten tumor formation. A double heterozygous model
incorporating p53 knockout (HicI™* p537*) demonstrated, when both events occurred on
the same chromosome, an increased incidence of osteosarcoma formation. When the
deletions occurred on opposite chromosomes, breast and ovarian carcinomas and metastatic
osteosarcomas occurred exhibiting epigenetic inactivation of the wild type HicI allele. This
model showed the importance of cooperation between genetic deletion and epigenetic
inactivation in tumorigenesis [46]. Another double heterozygote cross, between the
medulloblastoma forming Prch17* model and HicZ™*, resulted in an unchanged latency of
tumor onset but a four-fold increase in tumor incidence compared to the Prch1™'* mouse. In
this model, the remaining wild type allele of HicZ was again found to be methylated and
transcriptionally silent. Notably, tumors arising from the Pzch27* model also demonstrate
epigenetic silencing of Hic1 [47].47

Consistent with the observation that HIC1 is methylated in intestinal polyps, it was shown
that loss of a single HicI allele resulted in crypt hyperplasia and Gl tract neoplasia in the
Hic1l Apc double heterozygous model. When the HicZ*'~ mouse was crossed with the polyp
forming mutant Apc murine line (Apc */A716), the resulting double heterozygous mice
displayed a further increase in polyp formation. These polyps, with absent HicI expression,
also featured deregulated WNT signaling with nuclear Beta-catenin and upregulated Sox9
and Sirt1, target genes of Hicl mediated transcriptional repression that play regulatory roles
in the WNT pathway [48].

4-HIC1 target genes

The positional cloning of HIC1 close to the D17S5 microsatellite region and the sequencing
of the corresponding 11.0Kbp region identified an open reading frame containing two well-
defined functional domains: five canonical C-terminal Co,H, Krijpppelike Zinc fingers
motifs involved in sequence-specific DNA-binding and an N-terminal BTB/POZ (bric a
brac, Broad-Complex, tramtrack/Pox viruses and Zinc fingers) domain. The BTB/POZ
domain is a functional domain which at that time had just been identified in actin-binding
proteins such as the Drosophila Kelch and Poxviruses proteins and in a subset of Zinc
fingers transcription factors [27, 49-51].4° These two functional domains, as well as the C-
terminal region are highly homologous to the chicken yFBB-B protein characterized as a
transcriptional repressor of the yF-crystallin gene [52]. These results strongly suggested that
HIC1 was a sequence-specific transcriptional repressor belonging to the BTB/POZ and
C,H,, zinc fingers family [27, 53].

HIC1 contains a cluster of four CoH> Zinc fingers (ZF2-5) which are separated by a
canonical 7-8 amino acids H/C link found in KrijopelHike Zinc fingers strongly suggesting
that they are involved in sequence-specific DNA-binding. By contrast, ZF1, albeit also
phylogenetically conserved, is more distant and is therefore unlikely to contribute to DNA-
binding. Instead, this ZF could be involved in protein-protein interactions [54]. As a first
step toward the identification of HIC1 direct target genes, we have determined the HIC1-
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4.1 SIRT1

specific DNA binding sequence using random oligomers and a GST-HIC1 5ZF-C-Term
fusion protein in multiple rounds of SAAB (Selection and Amplification of Binding sites)
[55]. These studies identified the sequence 5 C/gNGC/GGGCAC/ACC 3 as the optimal in
vitro HIC1 binding site 55, Functional assays and mutational analyses highlighted a GGCA
core motif bound by ZF3 and ZF4 [55].

The BTB/POZ domain is a dimerization and protein-protein interaction domain [49, 51].
Indeed, crystal structures of the BTB/POZ domains of two sequence-specific transcriptional
repressors (BCL6 and PLZF) have revealed a tightly intertwined dimer with an extensive
hydrophobic interface [56-58]. In addition, the BTB/POZ domain forms dimer-dimer
interactions in the crystal opening the possibility for higher order protein complexes. This
might explain why in transient transfection assays, BTB/POZ proteins invariably are
observed in nuclear dots structures [59-61]. Moreover, this punctuated nuclear localization
has been observed for several endogenous BTB/POZ proteins, including HIC1 [62].
Therefore, HICL, as is the case with many BTB/POZ transcriptional repressors must exist as
a branched transcription factor with two or more C-terminal DNA-binding modules.
Consistent with this fact, we have demonstrated that the full length HIC1 protein binds
poorly to a single HIC1 responsive element (HiRE) in electrophoretic mobility shift assays
(EMSA) performed with reticulocyte lysates or with nuclear extracts of transfected cells,
due to an inhibitory effect mediated by the BTB/POZ domain, as demonstrated earlier [49,
55, 63]. Conversely, the full-length HIC1 proteins bind cooperatively to a probe containing
multiple HIC1 consensus binding sites (5XHIRE) [55]. Our studies together with several
others suggest a model in which BTB/POZ proteins could simultaneously bind several, not
necessarily optimal, distant binding sites thereby linking ¢is enhancers of silencers and their
promoters in a single regulatory unit. This architectural role has been better demonstated for
the Drosophila Bab proteins which bind several sites in the large bab locus [64]or for the
vertebrate PLZF protein which can form a DNA loop bringing together multiple distant
PLZF responsive elements in the HoxD gene [65].

Despite this wealth of information concerning the /n vitro binding properties of HICL1, only
12 direct target genes have been validated so far. The following six direct target genes were
identified through educated guesses and/or bioinformatics analyses of gene promoters for
the pre?ence of HIC1 binding sites: SIRTI, FGF-BP1, ANP73, CCND1, P57KIF? and
pziwarl

The first bona fice HIC1 target gene identified was S/RT1, a member of the Sirtuin family
of NAD+-dependent deacetylases. Involved in epigenetic regulation through histone
deacetylation but also in post-translational modifications of a still growing list of non-
histone substrates, notably transcriptional regulators, SIRT is implicated in numerous
essential biological processes including aging, metabolism and response to stress. Several
animal models clearly demonstrated that loss of HIC1 and P53 synergized in tumorigenesis
[45, 46]. To decipher how HIC1 and P53 cooperate, these authors analyzed the role of HIC1
in the P53-dependant DNA damage response [66]. HicI knock-out murine embryonic
fibroblasts (Hic1-/- MEFs) were more resistant than wild-type MEFS to etoposide
treatment (80.M for 16 hours) induced apoptosis. Conversely ectopic expression of HIC1 in
MCF7 cells through adenoviral infection resulted in massive apoptosis 2 days after drug
removal whereas cells infected with a control adenoviral vector were resistant [66]. This
effect was strictly p53-dependent since it was lost in cells transfected with shP53. SIRT-1
mRNA and protein expression levels were significantly increased in HicZ-/- MEFs. This
effect is mediated by a cluster of two adjacent HIC1 binding sites (HiRE) in the same
orientation (-1116 and —1039) located 5 to the S/R71 promoter [66]. Chromatin
immunoprecipitation (ChlP) assays in normal human WI38 fibroblasts demonstrated binding
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4.2 FGF-BP1

4.3 ANP73

4.4 CCND1

of endogenous HIC1 and SIRT1 proteins on these two sites leading to the conclusion that a
complex containing HIC1-SIRT1 directly represses transcription of S/RT1[66]. Several
studies have confirmed and extended these results. First, we synchronized the cell cycles of
normal human WI38 fibroblasts by serum starvation to obtain mid-G1 cells and observed a
slight increase in SIRT1 mRNA levels in mid-G1 WI38 cells as compared to quiescent cells.
Strikingly, ChIP experiments clearly demonstrated the binding of HIC1 on the two S/RT1
promoter HIiRE in mid-G1 but not in quiescent cells [67]. The reappraisal of the S/IR71
promoter sequence and the identification of another proximal HiRE helped to solve this
conundrum. Indeed, ChIP experiments revealed a switch of HIC1 binding from the
previously described distal (-1116 and —1039) HiREs to this newly identified proximal site
when growing cells are serum-starved for 72 hours [67]. Notably, this proximal site is
perfectly conserved in the human, murine and rat genomes by contrast with the distal sites.
Recently, this proximal HiRE has been implicated in the suppression of S/RT1 transcription,
mediated in skeletal muscle cells by the pro-inflammatory cytokine IFN-y through the direct
binding of a HIC1-CTIIA (Class 1l transactivator) [68].58

Therefore, SIRT1is a direct target gene of HIC1 in normal cells subjected to various stress
and/or metabolic conditions through a complex interplay between two functionally different
clusters of HIRE and different types of HIC1-corepressor complexes.

The repression of the gene coding for Fibroblast Growth factor-binding protein 1 (FGF-
BP1) by TGFp during smooth cell muscle differentiation /n vitro s strictly dependent on a
HIC1 binding site in its promoter region [69]. FGF-BPL1 is essential for the activation of
FGFs since it allows their release from the extracellular matrix where FGFs are tightly
bound to heparin sulfate proteoglycans and hence inactive. Besides a role in embryogenesis
and wound healing through blood vessel formation, FGF-BP1 is also essential for tumor
angiogenesis. FGF-BP1 is an angiogenic switch in human cancers and is thus up-regulated
in several tumors [70].

ANP73 is a N-terminally truncated isoform of P73, a member of the P53 family. Since it
lacks the N-terminal transactivation domain, ANP73 is a potent dominant-negative inhibitor
of P53 and P73 and has potent anti-apoptotic and oncogenic properties. ANP73 is up-
regulated in many tumors including breast, ovarian, prostate, lung, and esophagus [71]. Its
expression is inversely correlated with HIC1 expression in normal and tumor tissues. HIC1
directly regulates ANP73 via a phylogenetically conserved HIiRE in its 5" untranslated
region [72].

HICL1 is a direct target gene of P53 [27-29]and E2F1 [30]which strongly suggests a direct
relationship between HIC1 and cell-cycle regulation. /n silico analyses of genes encoding
key regulators of the cell cycle identified potential HIRE in various Cyclin genes, notably in
the cyclin D1 promoter region. Cyclin D1 is essential for the G1 to S phase transition in
mammalian cells. Cyclin D1 binds to and activates its associated cyclin-dependent kinases
(CDK4 and CDK®6) to phosphorylate Rb. Phosphorylated Rb is unable to bind E2F1 which
can then transactivate its S phase target genes. To address the potential regulation of Cyclin
D1by HIC1, we synchronized the cell cycle of normal human WI38 fibroblasts by serum
starvation to obtain mid-G1 cells. Chromatin immunoprecipitation (ChlIP) experiments
clearly demonstrated the binding of HIC1 and two co-repressor complexes to the Cyclin D1
HiRE in quiescent cells and its absence in Mid-G1 [67]. Cyclin D1 expression is mainly
controlled by post-transcriptional mechanisms. However, the lack of HIC1 repressive
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4.5 P57KIP2

complexes on the Cyclin D1 promoter nicely correlated with its increase of expression
during Mid-G1. Together, these results identified Cyc/in D1 as a new direct HIC1 target
gene.

P57KIP? (CDKNIC)is also a direct target gene of a transcription factor that we have
isolated as a potential HIC1 partner in a yeast two-hybrid screen (Van Rechem; unpublished
results). In the same experimental setting of cell cycle synchronized human fibroblasts, we
demonstrated that HIC1 repressive complexes are bound on the P57Kip? HiRE in quiescent
cells but not in Mid-G1 cells [67]. Thus, the direct HIC1-mediated repression of the CDK
inhibitor, P57K/P2, and of the CDK activator, Cyclin D1, might at first sight seem
contradictory but could allow for fine-tuned regulation of cell cycle progression. In fact,
P57KIP2 is a positive or negative regulator of G1 phase progression; its expression is high
during Go and G1 phases and decreases during progression from G1 to S. In addition, at low
levels, P57KIP2 binds to the CDK-cyclin heterodimers and promotes their assembly whereas
at high levels it abrogates CDK activity.

4.6 P21CIP/Waf1

P21 (CIPIWAFL) js as is P57KIP2, a member of the CIP/KIP family of cyclin-dependent
kinase inhibitors. P21C/P/Watl s 4 direct target gene of P53 which is activated by stabilized
P53 in response to repairable DNA-damage to reversibly arrest the cell cycle, thus allowing
safe completion of the DNA repair process [73]. Recently, using ectopic expression of HIC1
in MDA-MB231 breast cancer cells as well as HIC1 knock-down and ChIP experiments in
BJ fibroblasts, we identified P21(C/PWAFL) a5 3 new direct target gene of HIC1 [74]. These
results add a new layer of complexity to the P53-HIC1-SIRT1 regulatory network,
modulating the cellular response to genotoxic stress. Indeed, P53 activates the transcription
of P21(CIPIWAFL) 'SIRT1 and HIC1 whereas HIC1 directly represses transcription of S/R71
and P21(CIPWAFL) 127 73-74]. While the P53-mediated activation of the P21(CIPPWAFL) ce|j
cycle inhibitor is necessary early in the DNA damage response to immediately block the cell
cycle progression, its repression by HIC1 could occur later, allowing the cell cycle to
resume in cases of reparable damage or trigger apoptosis in case of non repairable damage
[27, 74].

The other HIC1 direct target genes came from four independent gene profiling experiments
using forced re-expression of HIC1 in tumour cell lines deficient for HIC1; the
osteosarcoma U20S [75], the medulloblastoma D425 [47], the breast cancer MCF-7 [76]and
the PC3 prostatic [77]cell lines. These target genes include ATOH1, CXCRY7, ephrinAl,
EphA2, ADRBZand Sox9. By contrast, S/RT1 is not repressed but is up-regulated (1.5 fold)
both in U20S and D425 cells infected by Adenoviral vectors expressing HIC1, presumably
reflecting a stress response of these cells to the infection [47, 75].

4.7 ATOH1/MATH1

In the Ptch1™'* Hic1*/~ double heterozygotes model, Hicl inactivation results in the
increased incidence of medulloblastomas. These authors therefore investigated the potential
role of HIC1 as a transcription factor essential for normal cerebellar development. Briefly,
the cerebellum is composed of two main cell layers which proliferate and differentiate
during early post-natal development [78]. The external granule cell layer (EGL) is composed
of immature proliferative cells driven by the Sonic hedgehog (Shh) pathway. At day 7 of
development, these cells begin to differentiate and migrate to form the internal granule cell
layer (IGL) composed of non-proliferating, differentiated granule cells [79]. By
immunohistochemistry, Hicl expression was absent in the outer EGL, weakly detectable in
cells lining the inner EGL and strongly expressed in the mature granule cells of the IGL
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[47]. This expression pattern inversely mirrored that of ATOH1/ MATHI a pro-neuronal
transcription factor essential for normal cerebellar development whose deregulation
contributes to medulloblastoma formation [80] Re-expression through adenoviral expression
in the HIC-1-deficient (through promoter hypermethylation) D425 medulloblastoma cell line
and ChIP experiments in normal murine cerebellum at selected times of post-natal
development clearly demonstrated that A7OH1 is a direct target gene of HIC1 through
binding to tandem HiRE sites in a distal 3" enhancer [47] as well as to HiREs in the 5
promoter [81].

4.8 CXCR7/RDC1

CXCR7, also known as RDC1, is a G-protein coupled seven-span transmembrane receptor
(GPCR). CXCRY7 is involved in normal development and in tumorigenesis [82]. Two
CXCRY knock-out models in mice have defined a role in cardiac development. In addition,
CXCRY7is highly expressed in many tumor types and in activated, tumor-associated
endothelial cells. The chemokine CXCL12/SDF-1 has been shown to bind with high affinity
to the CXCR4 and CXCRY7 receptors. In contrast with CXCR4, CXCRY fails to activate
heterotrimeric G proteins and is thus considered to be a non-signalling scavenger receptor
counter-acting CXCR4 function. CXCR7 has been recently shown to affect cellular
signalling networks through heterodimerization with CXCR4. These CXCR4-CXCR7
heterodimeric complexes and the ligand binding to CXCR7 result in preferential activation
of B-arrestin linked signalling pathways instead of canonical G protein pathways, to enhance
cell migration through MAP kinase [83-84]. Therefore, mounting evidence implicates the
CXCR7-CXCR4 and CXCL12/SDF-1 axis in tumorigenesis. In particular, CXCRY7 is
important for prostate and breast cancer metastasis [85-86]. CXCR7 has been shown to be a
direct HIC1 target gene, in part through a phylogenetically conserved HiRE located close to
the transcription start site, in various types of transformed cells re-expressing HIC1 as well
as in normal fibroblasts [67, 7577, 81]. CXCR4 was an absent call in our U20S gene
profiling experiments and has not been described as a HIC1 direct target genes in other
studies. By contrast, SDF1b appears to be a potential HIC1 target gene, either direct or
indirect, as its expression was down-regulated (7-fold) in MCF-7 cells over expressing HIC1
[76]. Clearly, the regulation of the CXCR4-CXCR7-SDF-1 axis by HIC1 deserves further
attention as a potential therapeutic opportunity in many cancer types.

4.9 ephrinAl and EphA2

These two target genes have been isolated in two independent studies, in MCF-7 and U20S
cells overexpressing HIC1, respectively, but will be discussed together since they are
functionally linked; ephrin-Al is the cell-bound ligand of the Tyrosine Receptor (RTK)
EphA2 [76-, 87-88]. These results are in good agreement with the mutually exclusive
expression of EphAZ2and ephrinAl observed in a panel of 28 breast cancer cell lines
including MCF-7 and MDA-MB-231 [89]. Indeed, EphAZis expressed in cells with
mesenchymal characteristics such as MDA-MB-231 whereas epfirinAl expression is
restricted to cancer cell lines which have retained epithelial cell markers [89]. A similar
inverse correlation of expression has been recently described in metastatic ductal carcinoma
samples whereas normal breast and /7 situ ductal carcinomas expressed both EphA2 and
ephrin-Al proteins [90]. The impact of the EphA and ephrinAl signalling on cell behaviour
is complex and highly context-dependent, sometimes with opposite effects [91].
Nevertheless, a widely recognized function of this complex signalling is the regulation of
cell adhesion, positioning and migration [92]. In line with these observations, the over-
expression of HIC1 in MDA-MB-231 strongly inhibits their anchorage-dependent and
anchorage-independent growth as well as their migration and invasion properties [88]. These
effects could at least partly rely on the direct transcriptional repression of £phAZby HICL,
as demonstrated by various biological and functional assays [88]. Similarly, ephrin-Alis a
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4.10 Sox9

4.11 ADRB2

direct HIC1 target gene in normal WI138 human fibroblasts and in MCF-7 cells over-
expressing HIC1 [76]. In addition, misexpression of ep/rinA1 was observed in Hicl /-
e14.5 mouse embryos as compared to wild-type littermates [76] consistent with the roles of
Ephrinsand Hic1 in normal development [45, 93]. As a whole, HIC1 directly regulates
EphAZ2and ephrinA1 expression in normal mammary cells. The early epigenetic alteration
of HIC1 coupled with additional genetic or epigenetic mutational events might then yield
distinct populations of transformed cells expressing either the tyrosine kinase receptor or its
ligand. This could ultimately contribute to intra-tumoral heterogeneity.

This HMG (high-mobility group) transcription factor is down-regulated in U20S cells
overexpressing HIC1 [75]. In the gastrointestinal (GI) tract, Sox9is a target of the Wnt
pathway and is essential to repress genes involved in intestinal development, notably in
colonic crypts. Since H/C1 is epigenetically silenced in human colon cancers, the
gastrointestinal tract of Hic1+/—heterozygous mice, which spontaneously develop tumors,
has been analysed by immunohistochemistry. These experiments demonstrated that loss of a
single Hic1 allele can promote crypt hyperplasia and neoplasia of the Gl tract [48].
Furthermore, H/C1 can cooperate with APC (Adenomatous polyposis coli), another gene
mutated in gastrointestinal tract cancers. Indeed, mice double heterozygote for HicZ*/~, and
for APC*7A716 an APC mutant encoding a truncated protein, develop increased numbers of
polyps throughout the GI tract [48]. In these polyps, the lack of HIC1 expression nicely
correlated with a concomitant up-regulation of Sox9and S/RT1. ChlP assays confirmed that
Sox9is a direct transcriptional target of HIC1 [48].

Given the direct impact of HIC1 on the transcription of several, membrane receptors
(CXCRY7, EphA2) and a ligand (ephrinAl) involved in migration properties of mammary
epithelial cells, we recently focused on the -2 adrenergic receptor (ADRBZ2), another cell
membrane receptor significantly repressed in U20S cells infected by Ad-HICL1 [75, 94].
ADRB2 is a GPCR whose activation by the stress hormones adrenaline/noradrenaline
stimulates migration and invasion in /in vitro cellular models and promotes angiogenesis,
tumor growth and metastasis /77 vivo [95]. Through various biochemical and functional
assays in normal fibroblasts endogenously expressing HIC1 or in the HIC1-deficient
metastatic breast cancer cell MDA-MB-231 infected with a retrovirus expressing HIC1, we
established that ADRB2 is a new direct target gene of HIC1 [94]. In addition, we
demonstrated by gRT-PCR that ADRBZ but not the related ADRBI and ADRB3receptors
was strongly expressed in these cells, making them a suitable experimental model to study
the impact of ADRB2 and H/C1 dysregulation on invasion and migration properties. Indeed,
overexpression of HIC1 inhibited an ADRB2-mediated boost of migration and invasion of
MDA-MB-231 cells both in basal conditions and upon ADRB2 activation by pretreatment
of the cells with isoproterenol, a synthetic cathecholamine targeting and activating S subtype
adrenergic receptors [94]. siRNA inhibition of H/CZin hTERT-HMEC (immortalized
normal mammary epithelial cells) led to an increase in their migration properties [88].
However, despite the expression of ADRBZin these cells, this migratory effect continued to
be delayed upon isoproterenol treatment. Therefore, ADRBZ2 up-regulation per se could not
favor cell motility in normal cells whereas it can in cells like MDA-MB-231 which have
undergone an epithelial-mesenchymal transition (EMT). In agreement with the multistep
process of breast cancer progression, H/C1 inactivation in early tumorigenesis and the
resulting dysregulation of direct target genes could contribute to deregulation of growth,
stress/survival and migration pathways (e.g. CXCR7, SIRT1, EphAZand ephrinAl). It
could also contribute to late steps such as metastasis of EMT-prone cells, via ADRB2
activation.
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4.12 Indirect transcriptional effects through transcription factor sequestration

Besides these direct DNA-dependent transcriptional effects, HIC1 could also regulate the
expression of target genes through indirect effects implicating protein-protein interactions
with other transcription factors. For example, HIC1 can antagonize TCF/p-catenin mediated
transcription in Wnt-stimulated cells through direct multi-domain interactions with the
HMG box transcription factor TCF4 [94]. HIC1 recruits TCF/B-catenin onto discrete nuclear
structures called “HIC1 bodies”. Depending on HIC1 protein levels, TCF-4 and B-catenin
are thus prevented from direct association with the promoters of TCF target genes. This
mechanism is not unique in the BTB/POZ family of transcriptional repressors as
exemplified by the repression of AP-1 function by the BCL6 (B cell lymphoma-6)
transcriptional repressor [96]. As for HICL, it would be interesting to define if this indirect
regulation through “sequestration” in HIC1 bodies might affect additional transcription
factors since a yeast two-hybrid screen experiment has identified numerous transcription
factors as potential interacting partners of HIC1 (our unpublished results).

5-HIC1, a multifaceted transcriptional repressor

The structural organization of HICZ1, an N-terminal BTB/POZ domain and C-terminal Zinc
Fingers domains separated by a central region, is shared by many BTB/POZ transcriptional
repressors, including the well known BCL6 and PLZF [57].

To demonstrate that HIC1 was indeed another BTB/POZ transcriptional repressor, we first
used the GALA4 repression assay in which various fragments of a protein are cloned in frame
with the GAL4-DNA-binding domain and tested in transient transfection assays with a
Luciferase reporter gene driven by GAL4 responsive elements. These experiments
demonstrated that both the HIC1 BTB/POZ domain and central region were autonomous
transcriptional repression domains as previously demonstrated for BCL6 and PLZF [57, 61,
97-100].

However, in striking contrast with these two examples, the HIC1 BTB/POZ domain is
insensitive to Class | and Class Il HDAC inhibitors such as Trichostatin A (TSA) [97]. The
repression mechanisms brought about by the BTB/POZ domain are not fully deciphered
even though two studies have clearly demonstrated an interaction between the isolated HIC1
BTB/POZ domain and the NAD* dependent Class 111 deacetylase SIRT1 [54, 66].

The central region is also an autonomous repression domain but sensitive to TSA indicating
that this region is able to interact with HDAC-containing repression complexes [61, 98]. The
central region is not phylogenetically conserved between HIC1 and its paralog located on
chromosome 22, HRG22 [60], or even in the evolution of HIC1 proteins from zebrafish to
human, with the notable exception of five small conserved peptide motifs [101]. The
function of two of them has been elucidated; the GLDLSKK and the MKHEP motif have
been implicated in the interaction with two components of HDAC-containing repression
complexes, CtBP and MTAL, respectively [61, 67, 99].

The GLDLSKK motif identified through CLUSTAL alignments of HIC1 proteins is highly
similar to the canonical CtBP-interacting domain (CID) containing a PxDLSxK/R motif
found in most proteins interacting with the related CtBP1 and CtBP2 corepressors [101,
102]. Indeed, crystallographic studies have defined a PLDLS-binding cleft lined with several
hydrophobic residues that is implicated in the interaction with a large majority of DNA-
binding transcriptional repressors interacting with CtBPs [102]. Various functional assays
have unambiguously demonstrated that HIC1 interacts with CtBP1 and CtBP2 [61].
Furthermore, these analyses have highlighted the central Leucine residue (Leucine 225 in
the GLDL225SKK motif of HIC1) as the sole invariant residue essential for the interaction of
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transcription factors with CtBPs [98]. In crystal structures, CtBP proteins exist as dimers
whose formation is favoured by NADH over NAD* and CtBP is thus considered to be a
redox sensor linking cellular metabolism to transcriptional repression [102]. In particular,
hypoxia has been shown to enhanced CtBP-mediated repression of the E£-cadherin gene
promoter, a key regulator of EMT through its increased interaction with the ZEB
transcriptional repressor [102]. The same group reported that the glycolytic inhibitor 2-
deoxy-D-glucose (2DG) activates the transcription of SIRT1, an NAD* dependent
deacetylase, through increased NADH levels and the resulting decrease of HIC1-CtBP
interaction with the S/R71 promoter [67, 98, 104].

The MKHEP motif has been identified as a potential consensus site for SUMOylation, a
versatile modification of numerous nuclear proteins [105]. SUMO (small ubiquitin-related
modifier) is an 11 KDa polypeptide structurally related to ubiquitin and covalently
conjugated in target proteins to Lysine residues in the consensus y-Lys-x-Glu (wKXxE),
where  is a large hydrophobic residue and x any amino-acid. In contrast to ubiquitination,
which usually marks proteins for rapid degradation, SUMOylation is involved in the
regulation of DNA-binding activity, transcriptional activity, nuclear sublocalization and
assembly of multiprotein complexes [106, 107]. We have demonstrated that HIC1 is
SUMOylated on the conserved K314R lysine residue [99]. In addition the K314R point
mutation which inhibits HIC1 SUMOylation does not influence HIC1 subnuclear
localization in punctuate nuclear dots. However, this K314R mutation, as well as the E316A
mutation of the other mandatorily conserved residue in the yKXxE motif, severely impaired
the transcriptional repression potential of HIC1 [99]. SUMOylated HIC1 proteins were
detected by sequential ChIP analyses on promoters of HIC1 direct target genes, in
agreement with the widely accepted model that SUMOylation participates in the assembly
of multiprotein complexes [67, 105]. However, the identity of these transcriptional partners
dependent upon HIC1 SUMOQylation remained elusive.

To answer this question and more generally to better define transcriptional repression
mechanisms brought about by HIC1, we conducted yeast two hybrid screen experiments
using the two autonomous repression domains of HIC1, the BTB/POZ domain and the
central region, as bait to screen a human mammary gland cDNA library. In close agreement
with our previous work, the complete coding sequences of CtBP1 and CtBP2 were among
the interacting clones isolated [61]. Two clones corresponded to a small region of the
specific C-terminal region of MTAL (Metastasis-associated protein 1), an integral subunit of
the NuRD (Nucleosome Remodeling and histone Deacetylase) complex which is one of the
two major types of complexes that modify DNA accessibility to co-factors [108]. NuURD
complexes are the only chromatin complexes known so far which associate two enzymatic
activities - histone deacetylation and chromatin remodelling through ATPase. The NURD
complexes are highly heterogeneous, strongly suggesting that they could target various
promoters with different outcomes linked to transcriptional control, mainly though not
exclusively resulting in repression [109]. The NuRD shared core proteins include the histone
deacetylases HDAC1/HDAC?2, the histone chaperones RBBP7/RbAp46 and RBBP4/
RbAP48 and the p66a and p68p proteins. The interchangeable, mutually exclusive proteins
are the Mi2a or Mi-2f3 ATPases, the Methyl-CpG binding proteins MBD2 or MBD3 and a
protein of the MTA family [110]. This family comprises three distinct members, the related
MTAIand MTAZ genes and the more distant MT7.A3 gene, each also encoding truncated
isoforms [111]. The full-length proteins share a common bi-modular structural organization,
an N-terminal moiety consisting of four individual functional domains implicated in
interactions with the NURD core components together with an unstructured and more
divergent C-terminal end implicated in interactions with various co-factors or sequence-
specific transcription factors. We have validated through functional assays the interaction
between HIC1 and MTAL. More importantly, we have demonstrated that this interaction is
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regulated by two competitive post-translational modifications of HIC1 at lysine 314,
promotion by SUMOylation and inhibition by acetylation [67]. Thus, whereas the
recruitment of the CtBP corepressor to HIC1-target genes is regulated by hypoxia, and more
generally by cellular metabolism, the recruitment of NuRD complexes to HIC1 target genes
is controlled by post-translational modifications of HIC1 lysine 314. It is therefore important
to identify the external cues and signalling pathways controlling these latter modifications
[67].

Another interacting partner isolated in the yeast two-hybrid screen with the HIC1 bait is
ARID1A (A-T rich Interaction domain)/BAF250A (Brgl/Brm associated factor), one of the
two mutually exclusive ARID1 containing subunits of SWI/SNF ATP-dependent chromatin
remodelling complexes [112, 113]. SWI/SNF complexes correspond to a small series of
related complexes of variable composition associating either of the two related but distinct
core ATPases BRG1 and BRM to about ten non-catalytic subunits [112]. These non-
catalytic subunits, referred to as ARID or BAFs, contain various DNA-binding and protein-
binding motifs which modulate the targeting and activity of the ATPases [114]. These
distinct subsets of SWI/SNF complexes have clearly distinct functions, since anti-
proliferative complexes contain ARID1A and pro-proliferative complexes contain ARID1B
[114]. Recently, BAF250B and BAF250A have been characterized as E3 ubiquitin ligases
targeting Histone H2B but the functional link between this new ubiquitination pathway and
chromatin remodelling is still not yet fully understood [115]. Finally, next generation
sequencing of whole exomes has described frequent mutations of SWI/SNF components,
especially of ARID1A, in breast, liver, gastric, esophagus, bladder and gynecological
carcinomas [116]. Together, these analyses have not only confirmed the wide role of SWI/
SNF complexes in cancers but also have established ARID1A as another candidate tumor
suppressor gene.

The last interacting partner that we have recently validated is hPCL3/PHF19 [117], one of
the three human homologs of the Drosophila Polycomb-Iike protein (PCL) that is found in
Polycomb PRC2 repression complexes [81, 118-120]. Polycomb complexes first discovered
in Drosophilaare global epigenetic transcriptional regulators of cell fate decisions in all
metazoans, playing important roles in normal development, stem cell renewal and cancer.
They are organized in multiprotein complexes containing variable chromatin-modifying
Polycomb group (PcG) proteins. In mammals, the best characterized complexes are the
Polycomb Repressive Complexes 1 and 2 (PRC1 and PRC2). PRC2 complex core
components include SUZ12, EED and EZH2, a histone methyltransferase which catalyzes
the di-methylation and trimethylation of lysine 27 of histone 3 (H3K27me3) thereby
generating an epigenetic repressive mark bound by the Polycomb (Pc) protein of PRC1
complexes [119, 120]. PRC2 is associated with accessory components that are essential to
modulate its recruitment to specific loci, notably CpG islands, such as the H3K4me3
demethylase Jarid1b (KDM5b) and/or its repressive activity as with proteins of the
Polycomb like (PCL) family. In line with the significant expansion of PcG genes during
evolution, three orthologs of the unique Drosophila Polycomb-Iike gene have been
characterized in the human genome, APCL 1/PHF1 (human Polycomb-like 1/PHD finger
protein 1), hPCL2/MTFZ2and hPCL3/PHF19 (for a review, [81, 118]). These three genes are
differentially expressed suggesting that their expression pattern could comprise potential
regulatory mechanisms of PcG target genes. These PCL proteins have not been implicated in
the formation and the stability of PRC2 complex in contrast with its two other core
components EED and SUZ12 but are essential for high levels of H3K27 trimethylation as
well as for the cell-specific targeting of PRC2 to specific loci [121, 122]. PHF1, hPCL2 and
hPCL3 are highly similar and share an N-terminal module consisting of three well-defined
functional domains, namely a TUDOR domain and two adjacent PHD (Plant
HomeoDomain) fingers [122]. In contrast with the PHD1 finger, the conserved PHD2 finger
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of hPCL3 has been implicated in its interaction with EZH2 118, Several recent studies have
unraveled specific binding of the TUDOR domain of all human Polycomb-like proteins to
trim ethylated lysine 36 of Histone H3, H3K36me3 [123-126]., an epigenetic mark mainly
associated with transcribed genes [127]. Despite some unresolved apparent discrepancies
between the different studies, the following model begins to emerge. The TUDOR domain
of hPCL proteins recognizes H3K36me3 epigenetic marks and allows targeting and
intrusion of PRC2 into active chromatin regions. Next, the two demethylases associated with
PRC2, KDMb5a/Jarid1lb and PHF19, KDM2b/NOG66 erase the activating H3K4me3 and
H3K36me3 epigenetic marks [123-126]. In addition, this demethylation activates the
catalytic activity of PRC2, thereby favoring the establishment of transcriptional silencing
[128].

With the repression domains (BTB/POZ and CR regions) of HIC1 as prey, we have
characterized the N-terminal half of the full-length hPCL3 isoform (amino acids 32-361) as
interacting bait. Transient transfection assays and co-immunoprecipitation experiments have
confirmed that HIC1 interacts with hPCL3 or PHF1 and with PRC2 core components. This
interaction relies both on the HIC1 BTB/POZ domain and on the hPCL3 TUDOR and PHD2
domains which also interact with H3K36me3 [124, 125] and EZH2 respectively [81, 118].
As a functional consequence, hPCL3 promotes the formation of a ternary complex between
HIC1 and PRC2. ChIP-gPCR experiments have detected EZH2 and H3K27 trimethylation
on a subset of HIC1 target genes, namely ATOHI, EFNA1and CXCR7[81]. Moreover,
extended HIC1 inactivation by RNA interference resulted in a significant decrease of EZH2
recruitment and H3K27me3 levels on the ATOHI enhancer and promoter in BJ-TERT
fibroblasts. Finally, ChIP analyses of post-natal murine cerebella at P5 and P21 clearly
demonstrated that HIC1 and Polycomb complexes are functionally linked on A7OH1 during
normal mouse cerebellar development 7 vivo [81].

Besides their well-established role as epigenetic regulators maintaining the repressed status
of numerous genes involved in cell growth and development, recent data have emphasized a
potential role of Polycomb group proteins in the DNA-damage response [129]. Besides
PRC1 components involved in histone ubiquitination, PRC2 core components and the
epigenetic H3K27me3 mark are found at double-strand breaks (DSBs). In addition, PHF1 is
rapidly but transiently recruited to DSBs immediately after irradiation and physically
interacts with several proteins involved in the DNA damage response: Ku70/Ku80, RAD50,
SMC1, DHX9 and P53 [130]. PHF1 was recently shown to control P53 stability and activity
in normal and DNA-damage conditions by interfering with MDM2-mediated ubiquitination
and degradation of P53 [131]. Clearly, these new provocative results strongly suggest that
the human Polycomb-like proteins have not yet divulged all their secrets regarding their
connection with transcription factors such as P53 and HIC1 during the DNA-damage
response.

6- HIC1 SIRT1 interaction: epigenetic regulation and/or Posttranslational
modifications

Beginning with the search for a candidate tumor suppressor gene on 17p in the context of
wild-type P53 and its positional cloning [27], HIC1 has been closely linked to P53 and
hence to one of its essential regulators, the deacetylase SIRT1. The HIC1-P53-SIRT1 feed-
back loop has gradually emerged from the phenotypic characterization of sophisticated
animal models, notably the murine double Hic1+/- P53+/-heterozygote in c/sor in trans
[46], from in vitro molecular biology studies [66, 67] and from analyses of human tumors
[132]. Clearly, SIRT1 interacts with HIC1 to repress transcription, including its own.
However the underlying mechanisms are still not yet fully deciphered, particularly the exact
relative contribution of epigenetic silencing mechanisms versus transcriptional regulation
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through SIRT1-mediated post-translational modifications of HIC1. Indeed, SIRT1 is a
double-edge sword. SIRT1 is a Class |1l NAD+ dependent histone deacetylase participating
in the creation of the “histone code”, the complex cross-talk of post-translation
modifications of histone tails, which regulates gene expression by modulating the
compaction status of chromatin. In that context, SIRT1 preferentially deacetylates lysines 9
and 14 of Histone H3 as well as lysine 16 of Histone H4. However, it is becoming
increasingly clear that SIRT1 also regulates many biological processes such as longevity,
aging, metabolism and response to various stresses by deacetylating non-histone substrates
including P53, E2F1, BCL6 and Foxol [133]. We have shown that SIRT1 deacetylates
HIC1, notably at lysine 314 which is competitively targeted for both acetylation by CBP/
P300 and for SUMOylation [54, 99]. Such a competitive acetylation or SUMOQylation of the
same lysine has been detected in several proteins [134]. This is a simplified version of a
multisite modification mechanism whereby a neighbouring phosphorylation synergizes with
the SUMOylation process, as first demonstrated for the MEF2D transcription factor and its
so-called SUMOylation-Acetylation Switch (SAS) motif [135] or Phospho-SUMOyI switch
motif (PDSM) [134-136]. In that case a complex between two deacetylases belonging to
two different classes: the Class 11l NAD*-dependent SIRT1 and a Class Il TSA-sensitive
HDAC, such as HDAC4, HDACS or HDACY is responsible for the acetylation/
SUMOylation switch [137-139]. SIRT1 is involved in deacetylation of the lysine residue
which allows its subsequent SUMOQylation by the Class Il HDAC. This activity is
independent of the C-terminal catalytic deacetylase domain but relies on the regulatory N-
terminal region which interacts with the E2 conjugating enzyme Ubc9 and has thus been
named E3 ligase-like or SUMO-facilitase activity [137-139].

In HIC1, the MK314HEP motif is not a PDSM motif but its acetylation/SUMOylation switch
also depends on a SIRT1/HDAC4 complex [99]. On the one hand, HICL1 interacts with
HDAC4 [99] and with Ubc9, but only in the presence of HDAC4 [140]. On the other hand,
HIC1 interacts with SIRT1 through its BTB/POZ domain [66] and its last four Zinc fingers,
which are also involved in sequence-specific DNA-binding [54]. Conversely, with a series
of SIRT1 deletion mutants, we demonstrated that the amino-acids 610-677 of SIRT1 are
required for the interaction with HIC1 [54]. Notably, this region contains the ESA (Essential
for SIRT1 deacetylase Activity) domain which increases the interaction between the
deacetylase and its substrates, e.g. Ac-P53 and native Ac-Histone H3 [141]. Interestingly,
this 610-677 region of SIRT1 also contains two CK2 consensus sites, which are
phosphorylated upon DNA-damage to increase SIRT1 substrate binding affinity [142]. We
also demonstrated that TBCA, a CK2 inhibitor, severely impaired the HIC1/SIRT1
interaction [54]. HIC1 collaborates with SIRT1 to regulate the P53-dependent apoptotic
DNA-damage response in part through the direct repression of the S/R71 promoter itself;
but the epigenetic status of this promoter in normal and apoptotic DNA-damaged conditions
has not been reported [66]. Recently, we have shown that the SUMOylation of HIC1 is
increased via an ATM-dependent pathway upon repairable (1 hour exposure or apoptotic (16
hours of exposure) double stranded DNA-damage induced by Etoposide [140]. In
accordance with our previous results, we again observed an increased interaction between
endogenous HIC1 and MTAL proteins upon Etoposide treatment of normal human
fibroblasts [140]. Collectively, our results strongly suggest that HIC1 could be activated
upon DNA-damage by its SIRT1-mediated deacetylation followed by its subsequent
SUMOylation to favour the recruitment of MTAL-containing NURD complexes on target
genes including, among others which remained to be identified, S/RT1 itself [54, 67, 99,
140].
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7-Conclusion

18 years of HICL1 research since the gene was first cloned in the Baylin laboratory has
established the biological importance of HIC1 in various essential physiological roles
ranging from normal development to cell growth control and survival upon various
genotoxic or metabolic stresses. HIC1 is a multi-faceted transcriptional repressor interacting
with four major repression and chromatin remodelling complexes. These interactions, at
least for the NuRD and CtBP complexes, are regulated by post-translational modifications
allowing fine-tuned repression of gene-specific pathways depending on the external cues. So
far, only a limited number of HIC1 direct target genes have been validated, but all of them
confirmed the developmental regulation and tumor suppressor functions of HIC1. In
addition to transcription factors involved in developmental processes and cell cycle
regulators, HIC1 also represses transcription of various RTK and GPCR membrane
receptors involved in proliferation and migration/invasion properties. Several animal models
(double heterozygotes) have highlighted the collaboration between HIC1 and its direct target
genes to accelerate and/or modify tumor formation. The next breakthroughs will come as a
result of genome-wide ChlP-seq analyses of HIC1 direct target genes yielding a wide
coverage and unbiased genome-wide analyses of HIC1 binding sites and therefore providing
further insight in regulatory networks implicating HIC1.

8-Expert Opinion

The translational power of epigenetics lies in the fact that epigenetic determinants of gene
transcription are actively maintained and therefore reversible [143]. Epigenetically targeted
translational strategies are beginning to be tested in clinical trials and these efforts are
accelerating as a greater understanding of, and appreciation for, the role of epigenetic gene
regulation in cancer is realized.

Initial attempts to impact the epigenetic programming of cancer cells focused on DNA
methylation. The DNA methyltransferases DNMT1, 2, 3a and b are variously responsible
for transferring a methyl group to the 5" position of cytosine residues in CpG dinucleotides
in different contexts. DNMT inhibitors have been sought to prevent the maintenance of
DNA methylation yielding demethylation with cell division, thereby causing the re-
expression of silenced genes. The most mature DNMT inhibitors are the nucleoside
analogues 5-aza-2’-deoxycytabine (Decitabine) and 5-azacytadine (Vidaza) which have
been extensively tested in leukemia and myelodysplastic syndromes, achieving FDA
approval for the latter indication. The small molecules hydralazine and procainamide, both
approved for cardiovascular conditions, also exert competitive inhibition of DNMT1 and are
being explored in cancer trials [144]. One drawback to this approach is its lack of precision;
global hypomethylation may also act to accelerate tumor progression pathways via
reactivation of tumor promoting genes [145].

With the discovery of the importance of the histone code and the recognition of the
association between histone deacetylation and repression of gene transcription, histone
deacetylase inhibitors (HDACIs) were developed. In general, the net effect of HDACis is to
re-express epigenetically silenced genes. A number of HDACIs have been developed with
varying specificities for Class I, 11 and 1V histone deacetylates. Among those in early phase
clinical trials, the best studied include short chain fatty acids (the anti-epileptic drug valproic
acid, sodium phenylbutyrate, Pivanex) and the hydroxamic acids (trichostatin A,
suberoylanilide hydroxamic acid (a.k.a. Vorinostat, SAHA), Panobinostat, CHR-3996,
SB939, Givinostat, etc.). HDACIs are now being widely tested in combination with
radiation and cytotoxic chemotherapy for hematologic malignancies and solid tumors (for
review see Nebbioso, et al. [143]). Another group of endogenous histone deacetylases are
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the sirtuins, responsible for 2 important histone tail modifications- the acetylation status of
H4K16 and H3K9 -deacetylation of which results in heterochromatic formation and gene
silencing. The sirtuins also act on non-histone proteins and Sirt1’s de-acetylation of p53
leading to its inactivation has positioned it as a tumor promoter. Of course, Sirtl is also a
HIC1 target gene and loss of HIC1 increases levels of Sirtl as well as its activity upon p53
[66]. Therefore, Sirtl inhibition is one example of a translational opportunity stemming
from an understanding of HIC1’s function. Another refinement has been the linkage
between the methylation state of lysine and arginine residues in the histone tail and gene
transcriptional activity yielding a class of drugs effecting histone de-methylation. The
multiple potential sites of methylation coupled with their ability to be mono-, di-, or tri-
methylated yields an enormous complexity of potential methylation states which, if
understood along with the molecules responsible for their creation, could address the main
weakness of epigenetic therapies, specificity. One modification associated with the
repression of transcription is methylation of the 27t lysine of histone H3 (H3K27), carried
out by EZH2 as part of the polycomb repressive complex 2 (PRC2). As noted above, HIC1
plays an important role in recruiting PRC2 to its target genes. Importantly, EZH2 gain of
function mutations are found in B cell lymphomas causing increased H3K27 trimethylation
via enhanced PRC2 activity [146]. Two groups have reported EZH2 inhibitors that show
remarkable specificity causing epigenetic reprogramming and apoptosis primarily in
mutated lymphoma cells but also in some wildtype lymphoma cells, demonstrating the
potential power of targeted inhibition of epigenetic mechanisms [147-149].

Epigenetic reprogramming resulting from the loss of HIC1 is not a global unfocused event.
Rather, given HIC1’s ability to direct the repressive PRC2 machinery to sequence specific
binding sites associated with its target gene promoters, its loss results in specific changes in
the transcriptional program of the cell. An understanding of this program through
identification of HIC1’s target genes and their interrelationships in feedback loops and cell
process regulation will yield the ability to leverage knowledge about the consequences of
HIC1 loss for therapeutic translation.
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Figure 1. HIC1, itsassociated transcriptional co-repressorsand their target genes

A) HICI can recruit to its target genes four major chromatin repression and remodelling
complexes.: CtBP com., NuRD, Polycomb PRCZ2 and SWI/SNF.

From top to bottom: Linear representation of the HIC1 protein with its functional domains,
the BTB/POZ and the central region which are autonomous repression domains as well as
the four C-Terminal Zinc fingers which are involved in sequence-specific binding to a HIC1
responsive element (HiRE). HIC1 Lysine 314 in the MKHEP conserved motif can be
competitively modified by Acetylation or SUMOylation, this latter modification favouring
the interaction with MTAL. The direct interacting partners of HIC1 characterized by yeast
two hybrid screen, hPCL3, MTAL and ARID 1A are shown as ovals with the respective
complexes to which they belong shown as boxes. SIRT1 interacts with the BTB/POZ and
zinc finger domains of HIC1. This interaction can be implicated in the post-translational
modification of HIC1 in conjunction with HDAC4 as a SUMO E3 ligase-like or in
epigenetic modification of the promoter regions of HIC1 target genes.

B) Summary of HICI target genes. HIC1 directly represses genes involved in angiogenesis,
embryonic development, proliferation and in cell migration and invasion properties.*
Unique to the transcription factor TCF4, HIC1 interacts with the transcription factor TCF4
and “sequesters” it away from its direct target genes into “HIC1 nuclear bodies” thereby
indirectly suppressing the transcriptional response induced by Wnt signalling.
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