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Abstract Hypermethylated in cancer, a new candidate tumor
suppressor gene located in 17p13.3, encodes a protein with five
Kru«ppel-like C2H2 zinc finger motifs and a N-terminal protein/
protein interaction domain called broad complex, tramtrack and
bric a© brac/poxviruses and zinc finger domain. Hypermethylated
in cancer appears unique in the broad complex, tramtrack and
bric a© brac/poxviruses and zinc finger family since it contains a
13 amino acid insertion located in a loop between the conserved
LL-strand LL5 and helix KK5 which are involved in dimerization and
scaffolding of the broad complex, tramtrack and bric a© brac/
poxviruses and zinc finger domain. Cloning and sequencing of a
murine hypermethylated in cancer gene suggests that this
insertion has been acquired late in the evolution since it is
present in two mammalian hypermethylated in cancer genes but
absent in its zebrafish and avian counterparts. This is a unique
example of a high divergence of the same broad complex,
tramtrack and bric a© brac/poxviruses and zinc finger domain in
different species.
z 1999 Federation of European Biochemical Societies.
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1. Introduction

The broad complex, tramtrack and bric a© brac (BTB) or
poxviruses and zinc ¢nger (POZ) domain is a ca. 120 amino
acid protein-protein interaction domain conserved from Dic-
tyostelium to human and is found in developmentally regu-
lated transcription factors and actin-binding proteins [1^3]. In
most cases, the BTB/POZ domain is associated with C2H2

zinc ¢nger motifs in proteins involved in transcriptional reg-
ulation through chromatin modelling. For example, the Dro-
sophila GAGA factor, also known as trithorax-like, can coun-
teract histone H1-mediated transcriptional repression, is a
member of the trithorax group genes which maintain the tran-
scriptional status of the initially activated homeotic selector
genes and ¢nally is an enhancer of position e¡ect variegation
(PEV) [2,4]. However, many BTB/POZ and zinc ¢nger pro-
teins are transcriptional repressors such as Drosophila tram-
track and vertebrates ZF5, QF1-binding protein isoform B

(QFBP-B), PLZF and BCL6. In these two latter cases, the
BTB/POZ domain has been shown to mediate homodimeriza-
tion and to recruit a repressing complex containing SMRT/N-
CoR, mSin3A/B and HDAC-1, an histone deacetylase [5,6].
Strong structural support for these observations has been re-
cently brought by the crystal structure of the BTB/POZ do-
main from PLZF solved at a 1.9 Aî A resolution [3]. This
structure has revealed a tightly intertwined dimer with an
extensive hydrophobic region. A surface-exposed groove lined
with conserved residues is formed at the dimer interface and
has been proposed to represent the site of interaction with
nuclear co-repressors and/or other nuclear proteins [3].

A candidate tumor suppressor gene, hypermethylated in
cancer (HIC-1) was recently identi¢ed because of its associa-
tion with a `CpG island' at 17p13.3 that is aberrantly hyper-
methylated and transcriptionally inactivated in several com-
mon types of human cancers [7,8]. HIC-1 encodes a typical
nuclear BTB/POZ protein with ¢ve Kru«ppel-like C2H2 zinc
¢nger motifs in its C-terminal part and a BTB/POZ domain
at its N-terminus [7]. However, the HIC-1 BTB/POZ domain
appears unique among all the BTB/POZ domains known so
far since it contains a 13 amino acids insertion, rich in alanine
(eight out of 13 residues) [7]. Based on a sequence alignment
of BTB/POZ proteins and on the PLZF structure, this inser-
tion is located in a loop, possibly exposed to solvent, between
L-strand L5 and helix K5 which are involved in sca¡olding and
dimerization of the domain [3] (Fig. 1). Strikingly, this speci¢c
insertion is only very partially conserved in its avian homo-
logue, QFBP-B which has been isolated as a sequence-speci¢c
transcriptional repressor of the QF-crystallin gene during em-
bryonic development [9] (Figs. 1 and 2). Such a sequence
divergence is quite unusual as exempli¢ed by ZF5 where the
murine and avian BTB/POZ domains only di¡er by a conser-
vative mutation (leucine/valine) [10]. In this report, we have
cloned the murine HIC-1 gene and shown that the speci¢c
insertion is present in these two mammalian BTB/POZ do-
mains whereas it is absent in its zebra¢sh and avian homo-
logues.

2. Materials and methods

2.1. Cloning of a murine HIC-1 gene
Genomic DNA prepared from the liver of a male mouse (strain 129

SV) was partially digested with Sau3A and cloned into the BamHI-
digested VDASHII vector. This library was screened at a high strin-
gency with a human HIC-1 BTB/POZ probe obtained by PCR using a
previously described human recombinant phage as a template [11].
One candidate recombinant (among the two obtained) was puri¢ed
and used for the studies described here. In particular, a 3.5 kbp NotI
fragment shown by Southern analyses to contain the entire BTB/POZ
domain was subcloned into the pSK plasmid (Stratagene) and sub-
jected to nucleotide sequencing.
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2.2. Nucleotide sequencing
Searches in the expressed sequence tag (EST) database identi¢ed a

partial murine sequence corresponding to 151 nucleotides in the 5P part
of the BTB/POZ domain (GenBank accession number AA103371).
This sequence was used to design oligonucleotides to start the se-
quencing project. DNA sequencing on both strands of the complete
BTB/POZ domain was carried out by using an ABI PRISM 377
automated DNA sequencer (Perkin Elmer Applied Biosystems).

3. Results

3.1. Nucleotide sequence of the murine HIC-1 BTB/POZ
domain

To address in more detail the phylogenetic conservation of
the HIC-1-speci¢c insertion absent in its avian homologue
QFBP-B and located between the L5-strand and the K5 helix
conserved among BTB/POZ domains and shown in PLZF to
be involved in dimerization, we have cloned and sequenced
the BTB/POZ domain of a murine HIC-1 gene. Restriction
mapping and Southern blotting analyses of a recombinant
phage isolated from a male 129 genomic library [11] showed
that the murine HIC-1 encoding sequence is included in a ca.
3.5 kbp NotI junction fragment in sharp contrast with the
clustering of ¢ve NotI sites in the human gene [7]. Complete
nucleotide sequencing of the murine HIC-1 BTB/POZ domain
and comparison with its human homologue revealed that the
C-terminal part of this domain is less well-conserved than its
N-terminal part. Among the 34 nucleotide changes observed
between the human and murine sequences, 26 are clustered in
the C-terminal half of the BTB/POZ domain (data not
shown). A striking example is the region corresponding to
the HIC-1 insertion where 10 mutations (out of 39 nucleoti-
des) are found. Most of them, however, a¡ect the third nu-
cleotide of the codon, indicating a strong selection pressure at
the amino acid level. In fact, the murine and human BTB/
POZ domains di¡er only by three amino acid changes local-
ized in the 5P part of the speci¢c insertion (Fig. 2). The partial
murine HIC-1 EST sequence (GenBank accession number
AA103371) corresponds in fact to amino acids 2^51 of our
sequence. In the database, we have also found a partial zebra-
¢sh HIC-1 sequence (GenBank accession number AA497316)
which is highly homologous to the mammal and avian BTB/
POZ domains. However, the speci¢c insertion found in the

two mammalian HIC-1 BTB/POZ domains is also very poorly
conserved in zebra¢sh (Fig. 2).

3.2. De¢nition of the boundaries of the murine HIC-1 BTB/
POZ-containing exon

By sequence alignment of various BTB/POZ proteins, the 3P
limit of this domain in HIC-1 and QFBP-B would be the motif
CHLR [1^3] (Fig. 2). A second region just 3P of this motif also
deserves special attention since it has been proposed to
correspond to an exon boundary [7]. Indeed, Makos-Wales
et al. reported that the human HIC-1 BTB/POZ domain is
included in a single encoding exon fused by splicing to a
second encoding exon and preceded by a unique non-coding
exon [7]. The 3P boundary of this ¢rst encoding exon is the
motif CHLRGGGGGGGGYAPY whereas in the chicken
QFBP-B cDNA, the motif CHLRGGYAPY is found [7,9]
(Figs. 2 and 3). These eight glycine residues are all encoded
by a GGC codon yielding a 24 bp sequence reminiscent of the
RRY(26+) cryptic repeats which are enriched in encoding
regions of DNA-binding proteins/transcription factors [12].
Cryptic RRY(i) repeats may be a candidate for triplet repeat
genetic instability and, when mutated in somatic cells, may
contribute to carcinogenesis [12]. Sequencing of the murine
HIC-1 BTB/POZ domain revealed a very similar
CHLRGGGSGGGGYAPY motif, with the fourth GGC co-
don mutated in another RRY type codon, AGC.

Strikingly, we noticed that the proposed human splice do-
nor site at the end of the ¢rst encoding exon [7] is not func-
tional in mouse. Indeed, the canonical dinucleotide gt found
in the human sequence and thus proposed to be the splice
donor site of this exon is mutated into GG in the mouse
(Fig. 3, bottom). These two codons encode a glycine residue.
Furthermore, the open reading frame of the human and mur-
ine BTB/POZ domains extends within these `intronic' sequen-
ces and are homologous (data not shown). Finally, the partial
nucleotide sequence of a chicken QFBP genomic clone that we
have isolated is strictly co-linear in this region with the pub-
lished chicken cDNA sequence [9], arguing against the pres-
ence of an intron (data not shown). By contrast, we observed
that the proposed splice acceptor site in the human sequence
located just upstream of the ATG initiation codon in the
BTB/POZ domain is strictly conserved in mouse [7] (Fig. 3,

Fig. 1. Secondary structure of the C-terminal part from the PLZF BTB/POZ domain and sequence alignment of selected BTB/POZ domains.
With the exception of chicken QFBP-B, the proteins are of human origin. Identical and similar residues are respectively printed in reverse type
and shaded. The sequences aligned correspond roughly to the C-terminal end of the BTB/POZ domain and amino acid numbering is according
to the original publications. The partial PLZF structure is derived from [3] where its complete structure and a sequence alignment of the com-
plete BTB/POZ domains can be found.
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top). The human HIC-1 genomic structure and nucleotide
sequence have been recently corrected in GenBank (Carter
and Baylin, HUMHIC1G, L41919, direct submission). The
human HIC-1 is actually a 714 amino acid protein encoded
by a unique encoding exon preceded by a ¢rst untranslated
exon in good agreement with our results.

4. Discussion

HIC-1 and QFBP-B are two BTB/POZ zinc ¢nger proteins
of respectively 714 and 641 amino acids. Except for the 99%
homology between residues 490^594 of HIC-1 and 441^545 of
QFBP-B which correspond to the four canonical Kru«ppel-like
zinc ¢ngers likely to be involved in sequence-speci¢c DNA-
binding, the overall homology between the two proteins is
relatively low (Fig. 4). In contrast, the murine and the chicken
ZF5 proteins are more than 95% homologous [10]. Notably,
the other identi¢ed functional domain, the BTB/POZ domain,
is only 80% conserved between HIC-1 and its avian homo-
logue which is again unusual in this protein family. This is
mainly due to encoding sequence acquisition which occurs
lately during the evolution of the HIC-1 gene since it seems

to be restricted to the mammalian HIC-1 genes as shown here.
Although several nucleotides changes are found in this region
between the murine and human sequences, this insertion and
specially the alanine stretch is subject to a strong selection
pressure at the amino acid level, arguing for an important
functional role. What would be the advantage to acquire in
a functional domain a new sequence? This speci¢c insertion
acquired late in the evolution of the HIC-1 BTB/POZ domain
could modify the two main properties ascribed to this domain
in other proteins, namely the dimerization and transcriptional
repression. From its location between the L5 strand and the
K5 helix conserved in the BTB/POZ domain and shown in
PLZF to be involved in dimerization, we could speculate
that this insertion may somehow a¡ect the dimerization po-
tential of the HIC-1 BTB/POZ domain. Extrapolating again
from the PLZF structure, this insertion could also be exposed
at the external part of the dimer. In addition, the stretch of
eight glycine residues found just after the human HIC-1 BTB/
POZ domain is almost perfectly conserved in the murine gene
(seven glycine and a serine residue) whereas only two glycines
are found in the chicken QFBP-B domain. These speci¢c fea-
tures could create a hinge between the BTB/POZ domain and

Fig. 2. Comparison of the amino acid sequences of human HIC-1, murine HIC-1, zebra¢sh HIC-1 and chicken QFBP-B BTB/POZ domains.
The four sequences starting with the ¢rst methionine residue in the HIC-1 and QFBP-B BTB/POZ domains are aligned. In the mouse sequence,
this methionine is preceded by another one (see Fig. 3). The beginning of the zebra¢sh sequence is not known. Identical and similar residues in
at least 50% of the sequences are respectively printed in reverse type and shaded. Gaps (*) have been introduced to maximize the alignment.
Amino acid numbering is according to the original publications [7,9]. The murine sequence has been deposited in the EMBL/GenBank database
(accession number MMU132691).

Fig. 3. A proposed splice donor site in the human HIC-1 gene is
mutated in the mouse. The human [7] and murine (this study) se-
quences encompassing the boundaries of the BTB/POZ-containing
exon are aligned. The canonical dinucleotides ag (splice acceptor)
and gt (splice donor site) are underlined. The human and murine
ATG initiation codon are printed in gray. We noticed the presence
of a second upstream ATG in the murine sequence due to a single
point mutation when compared to its human homologue. In the
3P part of the sequence, the corresponding amino acid is indicated
below each codon using the single letter code.

Fig. 4. Schematic representation of the HIC-1 and QFBP-B proteins.
The structure of the HIC-1 protein is derived from a recent correc-
tion in GenBank (HUMHIC1G) (Carter and Baylin, direct submis-
sion) of reference [7] whereas QFBP-B is derived from the original
publication [9]. The ¢ve Kru«ppel-type zinc ¢nger motifs are repre-
sented as black boxes whereas the gray box refers to the 13 amino
acids speci¢c insertion in the HIC-1 BTB/POZ domain [3,7]. De-
grees of conservation (% of identity and similarity) are indicated be-
low protein representations. The amino acid positions of the homol-
ogous regions are shown.
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the remainder of the molecule in the mammalian HIC-1 pro-
teins, thus possibly creating and exposing, in addition to the
central groove, an interface for another set of interactions
with nuclear proteins. Clearly, the crystal structure from the
HIC-1 BTB/POZ domain and its comparison with PLZF
would be highly informative.

Despite this high degree of evolutionary divergence, the
BTB/POZ domains of HIC-1 and QFBP-B appear as similar
autonomous transcriptional repression domains (S. Deltour et
al., unpublished results). Functional studies are in progress to
determine the e¡ect of these sequence particularities on the
known properties of the BTB/POZ domains in transcriptional
repressors, their homodimerization and their interaction with
the nuclear co-repressors.
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