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Abstract

The enhancer complex regulatory region at the 3’ of the immunoglobulin heavy cluster (IgH3'EC) is duplicated in apes along with four
constant genes and the region is highly conserved throughout humans. Both human IgH3’'ECs consist of three loci high sensitive (HS) to
DNAse I with enhancer activity. It is thus possible that the presence of structural divergences between the two IgH3'ECs and of relative
polymorphisms correspond to functional regulatory changes. To analyse the polymorphisms of these almost identical regions, it resulted
mandatory to identify the presence of divergent sequences, in order to select distinctive primers for specific PCR genomic amplifications. To
this aim, we first compared the two entire IgH3'ECs in silicio, utilising the updated GenBank (GB) contigs, then we analysed the two
IgH3’ECs by cloning and sequencing amplicons from independent genomes. In silicio analysis showed that several inversions, deletions and
short insertions had occurred after the duplication. We analysed in detail, by sequencing specific regions, the polymorphisms occurring in
enhancer HS1,2-A (which lies in IgH3'EC-1, 3’ to the Ca-1 gene) and in enhancer HS1,2-B (which lies in IgH3'EC-2, 3’ to Ca-2).
Polymorphisms are due to the repetition (occurring one to four times) of a 38-bp sequence present at the 3’ of the core of enhancers HS1,2.
The structure of both human HS1,2 enhancers has revealed not yet described polymorphic features due to the presence of variable spacer
elements separating the 38-bp repetitions and to variable external elements bordering the repetition cluster. We found that one of the external
elements gave rise to a divergent allele 3 in the two clusters. The frequency of the different alleles of the two loci varies in the Italian
population and allele 3 of both loci are very rare. The analysis of the Callicebus moloch, Gorilla gorilla and Pan troglodytes HS1,2
enhancers showed the transformation from the ancestral structure with the 31- to the 17-bp external element in hominids.

The relevance of the polymorphisms in the HS1,2 enhancers is due to the variable number of binding sites for the transcription factors:
NF-«kB, CMYB, BSAP1/2, AP1/4, E47, MyoD and pES and thus to the possible influence of these variations on switch, production of Ig and
on maturation of B cells.
© 2004 Elsevier B.V. All rights reserved.
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from mouse to human (Mills et al., 1997), although in rabbit
only one 3’ enhancer is present after 13 copies of the constant
heavy a gene (Volgina et al., 2000).
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The role of the complex regulative region in Ig tran-
scription and in the path of maturation of B lymphocytes is
not definitively known (Hu et al., 2000; Saleque et al., 1999).
Several transcription factors have been shown to be necessary
for B cell maturation (Conley, 2003). The interaction of some
of these factors with germ line (GL) promoters and enhancers
are evidenced in the maturation process and Ig production of
B cells (Laurencikiene et al., 2001). The four enhancers in the
mouse and the three in humans at the 3 of C alpha genes
behave as an LCR and have a concerted activity in class
switch recombination (Manis et al., 1998; Chauveau et al.,
1998a). Moreover, HS1,2 enhancer has an important role in
germ line transcription where the polymorphic cis-acting
factor sites can influence the enhancer activity on reporter
genes (Pan et al., 2000; Denizot et al., 2001). In mouse knock
out of P5S0/NF-kB or C-rel subunit cause several abnormal-
ities in Ig transcription (Michaelson et al., 1996) showing
differential interactions of the NF-«kB subunits with HS1,2
after B cell stimulation with LPS or CD40 (Zelazowski et al.,
2000). The majority of these studies examine the mouse
model where the enhancer complex is present in one copy. It
is relevant to investigate the activity of the enhancer HS1,2
also in the human enhancer complex where it is duplicated,
has polymorphic features and is missing the enhancer HS3-B.

In vitro experiments show interactions of the enhancer
specific binding sites with several transcription factors
(Bessette et al., 2003; Andersson et al., 2000).

The partial duplication encompassing the four constant
genes 3, y1, We, al in apes did generate the cluster y2, y4,
€, a2 at the 3’ of the Py gene around 60 million of years
ago, as suggested by Harindranath et al. (1998); an
interesting model for this duplication of the locus was
proposed by Sadhu et al. (1997). The duplication of the
cluster of the constant heavy genes in the evolution of
primates created new opportunities for the immunoresponse
not only with a double repertoire of heavy genes but also
with the new 3’ enhancer complex (Kawamura et al., 1992).
In fact, the IgH3'EC at the 3’ of Ca-1 gene, corresponding
to a DNA stretch of =35 kb, was duplicated altogether with
the cluster. The genomic structure of the two IgH3’ECs at
the 3’ of both Ca-land Ca-2 (called IgH3'EC-1 and
IgH3’EC-2, respectively) is extensively conserved: in fact,
an overall identity of the major features, with little
degenerations, is observed, and the differences are very
limited (Chen and Birshtein, 1997). Therefore it is
technically difficult to attribute each sequence to one of
the two loci (Pinaud et al., 1997). Moreover, due to the
instability of this specific DNA structure, it is mandatory to
adopt caution and appropriate controls for the analyses of
DNA polymorphisms of the IgH3'EC regions. Frequent
rearrangements have been observed as RFLPs (Bech-
Hansen et al., 1983; Frezza et al., 1998) or as deletions or
duplications involving large DNA fragments (Bottaro et al.,
1991; Rabbani et al., 1996) which could involve also the
regulatory regions with a possible influence on Ig expres-
sion (Rabbani et al., 1995).

These complex regulatory structures probably play an
architectural role in the IgH3’ enhancer complex function: it
may favour recombination events, matrix interactions and the
disposition of the DNA helices for transcription (Pinaud et al.,
2001). Several studies demonstrate the influence of the two
IgH3’ECs on B-lymphocytes maturation and IgH transcrip-
tion; moreover, a primary relevance was ascribed to the
central enhancer HS1,2 (Chauveau et al., 1998a; Pan et al.,
2000). More recently, new evidences indicate the role of the
enhancer HS4 within the IgH3'EC (Sepulveda et al., 2004).

We were interested in a detailed analysis of the structure
of the duplicated IgH3'ECs and of the boundary regions and
in determining the polymorphisms of the enhancers HS1,2-
A (3 to Ca-1) and HS1,2-B (3’ to Ca-2). Therefore, we
devised a strategy which allowed to selectively amplify the
two different loci, in order to check if the fragments
obtained were colinear and absent of discrepancies with the
sequences of the GB. The detailed analysis allowed to
recognise the presence of the new polymorphisms of the
HS1,2-A and -B loci with the variation of relative tran-
scription factor sites. Interestingly, the frequencies of the
homologous alleles in the two loci resulted highly different
in an Italian population sample. The comparison by align-
ment of the sequences of human, rodent, monkey and apes
showed the details of the possible ancestral structure of the
conserved enhancer.

2. Material and methods
2.1. In silicio analysis

Contigs of the constant heavy chain region were rescued
from the GB with blast programs of the NCBI and from the
maps of the chromosome 14 32 telomeric region
(www.ncbi.nlm.nih.gov/mapview/maps.cgi).

Comparison of the sequences of the IgH3'EC-1 and
IgH3'EC-2 was performed with Clustal W programs online
or with Gene Jockey program. The new contig CHR77
working sequence derived from the junction of five
genomic contigs was assembled by the overlapping regions
found by blast search. The new sequencing data of the
clones of different genomes either from cell lines
polymorphic for HindIll site or from human peripheral
blood cells of healthy donors were compared with the
same Clustal W and Blast programs. The WebGene
program (in Cabibbo et al., 2002) at the web site http://
125.itba.mi.cnr.it/~webgene/genebuilder.html was used to
find the consensus sites for transcription factors on the
polymorphic HS1,2-A and HS1,2-B region.

2.2. The selective PCRs
The 5.4-kb fragment of IgH3'EC-1 was selectively

amplified by the primer SA2.5 (5-GGA TCC CTG TTC
CTG ATC ACT G-3') and A2R (5-GCC CTT CCT
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GCC AAC CTG-3) of the sequences U2 and U8, the
last being inverted in IgH3'EC-2 together with the
HS1,2-B sequence (see Fig. 1A and B). Conversely, to
get the IgH3'EC-2 specific fragment of 4.4 kb, the primer
A2R was selected respectively within the US8r sequence
and it was paired to primer A2F (5-GCA CTG TCG
GCT TAC AGA GG-3') within UB2 which is unique in
the IgH3’EC-2.

The reaction conditions were for the SA2.5 and A2R, or
A2F and A2R primers: 1.5 units of Taq Polimerase Platinum
High Fidelity (Invitrogen, Carlsbad, CA, USA) buffer 1X
Platinum High Fidelity (200 mM Tris—HCI, pH 8.4, 500
mM KCl); dNTPs (0.2 mM), MgCl, (1.5 mM), primers 15
pmol, water for final volume of 50 pl. The reaction was
done at 94 °C for 2 min followed by 10 cycles at 94 °C for

SA2.5 A2R
Poly A —)p <

site

IgH3"EC-1

30's, 59 °C per 30 s, 68 °C per 5 min, followed by 20 more
cycles at 94 °C for 30 s, 57 °C for 30 s, 68 °C for 5 min and
one final extension at 72 °C for 10 min. A nested PCR was
performed for either loci with the same two primers, P3Frw
(5-GAC TCA TTC TGG GCA GAC TTG-3') and D3Rev
(5-GTC CTG GTC CCA AAG ATG G-3'), in order to
obtain the polymorphic region of the enhancer HS1,2. The
amplification conditions were performed with 1/10 of the
volume of the selective PCR, to minimise DNA genomic
carryover, with 1 unit of Platinum Taq Polymerase
(Invitrogen) and 1X buffer platinum, dNTPs (0.2 mM),
MgCl, (1.5 mM), primers (15 pmol) adding water to a final
volume of 50 pl. The temperature steps of the reaction were
as follows: 94 °C for 2 min followed by 30 cycles at 94 °C
30 s, 56 °C for 30 s, 72 °C for 1 min followed by a final
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Fig. 1. Genomic organization of the Ig Constant heavy chain genes on chromosome 14q32 region: (A) enlargement of the 3’ Ca-1 IgH3'EC-1; (B) enlargement
of 3’ Ca-2 IgH3' EC-2. The conserved sequence units (U), labelled from left to right with increasing numbers starting from the poly-A site of the membrane Ca
exons, are distinguished by the sequences with tandem repeats (R) which are also numbered from left to right. The slashes, green if common to IgH3'EC-1 and
IgH3’EC-2, blue with the letter U followed by a or b if unique for either one or the other IgH3'ECs, right and left oriented if present in a duplicated reverse
form. The r that follows the Arabic number indicates that the sequence is duplicated in a reverse form. The border of the duplication is inferred by the
homology among the two IgH3'ECs and the interruption is signed on the right of both A and B enlargements. The yellow elliptic inserts represent the three
enhancers of the IgH3'ECs. The arrows indicate the allocation and direction of the primer sequences for selective amplification of the I[gH3'EC-1 or IgH3'EC-2
loci. The contig CHR77 spanning the IgH3'EC-1 region is derived by the assembling of the five contigs reported in the map and in the GenBank with accession
nos. X76785, Y14407, AL928767, AL928765 and U64453. The sequence spanning the IgH3'EC-2 is a sub-fragment (SF AL928742) of 40 kb of the contig
accession no. AL928742. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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extension at 72 °C for 5 min. Controls with direct
amplifications of the same quantities of genomic DNAs as
for nested PCR did not result positive in these experimental
conditions.

2.3. Monkeys and apes DNA amplifications

The amplifications of the enhancer HS1,2 from monkeys
were performed adapting the same human primers used for
the direct nonselective PCR of the short fragment. The apes
enhancers were amplified using the same selective nested
PCRs used for humans. The conditions were the same but
for the annealing temperature were applied 2 °C less. The
Southern blot analysis was performed on genomic DNA
from five samples of Macacus fascicularis digested by Xbal
restriction enzyme and hybridised with the human enhancer
probe with the fluorescence system (Roche Diagnostic,
Germany). DNAs were extracted from blood using the
standard protocol.

2.4. The Italian samples and DNA preparation

The DNA of healthy donors was prepared with standard
methods from a representative group of the middle-south
Italy either by total blood or peripheral blood lymphocytes.
The DNA of a group of donors was prepared by extracting
the genomic DNA from the mouth epithelial cells
embedded in a sterile cotton plug (Becton Dickinson,
Sparks, MD, USA) in that case a lower quantity was
harvested but sufficient for PCR analyses. The cotton plugs
were removed from the support with a sterile lancet and
introduced in a sterile vial with 1.0 ml of TE with SDS 1%,
RNAse (100 pg/ml), 20 pg/ml of proteinase K, then
incubated o.n. at 37 °C gently shaking. The DNA was
harvested as suggested by the standard protocol of Micro-
con (Millipore, Bedford MA, USA).

2.5. Cloning and polymorphisms analysis

The products of selective or not (mice and monkeys)
amplifications were cloned with TOPO XL PCR Cloning
kit (Invitrogen) in the plasmid pCR-XL-TOPO and
electropored in E. coli TOP10 (Invitrogen) competent
cells. The cells were plated on ampicillin selective agar
medium, X-gal and incubated o.n. until the white/blue
colonies were visible. Minipreps were performed with
SIGMA kit (Illinois, USA) and DNA from positive
clones extracted, sequenced with M13 forward and
reverse universal primers and analysed by automatic
AppliedBiosystem capillary 3700 apparatus at the BMR
Sequencing Service CRIBI (Padova, Italy). DNA frag-
ments particularly rich in GC repeats were resolved by
use of DMSO in the sequencing reactions. The product
of direct or nested PCR for the screening of poly-
morphism frequency in the Italian sample was electro-
phoresed on agarose gel 3% stained with ethidium

bromide and the alleles of HS1,2-A and HS1,2-B were
analysed as evidenced in Fig. 4.

3. Results
3.1. In silicio analysis of contigs from GenBank

Search of the GB contigs containing DNA sequences
of the Ig 3’ IgH3'EC-1 locus identified two novel
informative contigs, of 10.8 and 7.3 kb, respectively,
corresponding to the GenBank accession nos. AL928767,
AL928765. The first of these novel sequences closed the
gap between the HS1,2 and HS4 regions and the second the
gap between the HS4 region and the pseudo gamma gene
(Ury). The analysis of the overlaps of the extremities of the
sequences rescued in the GB allowed the reconstitution of
the CHR77 working contig (51 kb long) reported in Fig. 1A.
The assembled sequence corresponds to the complete
IgH3’EC-1 locus.

A partial IgH3’EC-2 sequence allowed to identify the
GenBank accession no. AL928742 contig, which is 176 kb
long and spans the four constant genes y2, v4, € and o2
together with the complete IgH3'EC-2 (Fig. 1B). The
IgH3’EC-2 region is represented in the GB by few
independent sequences as compared to IgH3’EC-1, but their
colinearity with GenBank accession no. AL928742 contig
confirms the identity of the IgH3’EC-2 locus. The three
reported contigs represent the most update information
about this region of the human genome, except for the
polymorphisms.

The reconstitution of IgH3'EC-1 as a continuous
sequence allowed the direct comparison of the two
constant heavy chain clusters. The structures of both
regulatory regions are described in the next paragraph and
in Fig. 1A and B, where the conserved or rearranged
DNA sequences, as well as the de novo insertions, are
shown. The analysis of the contigs confirmed the
previous results obtained by genomic Southern analysis,
which had shown the presence in both loci of internal
duplications and inversions (Mills et al., 1997). The
homology between the two IgH3’ECs is extended up for
34,550 bp in IgH3'EC-1 (nucleotide 5672 on the
GenBank accession no. U64453) and 37,600 bp in
IgH3’EC-2 (nucleotide 102.713 on GenBank accession no.
AL928742 contig) and excludes the pseudo Elk gene. The
3’ termini of the duplication of the constant heavy chain
cluster include the LTR but not the unique sequence of the
ERV-K10 retrovirus present at the 3’ extreme of the
IgH3’EC-1 region.

In summary, the duplicated IgH3'EC-1 and 2 regions
(see Fig. 1) present 16 conserved sequence units, six
repeated sequences and three inversions, which lie between
the HS1,2 and HS4 enhancers. The unique sequences
specific for each IgH3'EC are four in IgH3’EC-1 and three
in IgH3'EC-2. The comparative analysis of the two contigs
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was essential to define the unique regions where to allocate
the primers for distinctive PCR amplifications, thus allow-
ing the identification of polymorphisms of these regulatory
regions.

3.2. Cloning the IgH3' EC-1 and IgH3' EC-2 subregions

The correct assembly of the regions described above was
verified by new independent clonings from different
genomes. To this aim, we developed a double strategy to
amplify the two independent IgH3'EC regions, one in
exclusion of the other (see Section 2.2). The cloned
fragments were compared by Blast program to the CHR77
contig (IgH3'EC-1) and to the GenBank accession no.
AL928742 contig (IgH3'EC-2). Each of the clones, which
was derived from independent amplifications of five differ-
ent genomes was identical to the sequence of only one of the
two contigs, thus confirming the correctness of the PCR
strategy and the accuracy in the construction of the two
contigs.

A
Selective amplification of HS1,2-A
downstream Cocl (IgH3"EC-1)
Poly A site
H

olm Rl R2: u7 ‘
M2 HS 1,25
—_ <+—— 5402 bp —p HS1.2
- e -«
sazs LT -, A2R
""""""" EcoRI '

ALLELE 1A
ALLELE 2A
ALLELE 3A
ALLELE 4A

1 Core of enhancer HS1,2
3 External element - 31 bp

E= Repeated element -38 bp
External element -17 bp

The two loci described in Fig. 1 present conserved
sequence units (U) and repeated sequences (R), which are
numbered starting from the poly-A site of the membrane
exon of the two alfa constant genes (Fig. 1A and B). Several
inversions and duplications are present and identify the two
IgH3’ECs: the “Ua” or “Ub” sequences (see Fig. 1), which
are present only in one of the two regions, were utilised to
select the primers for PCR distinctive analyses (see Sections
2.2 and 3.3). A confirmation that the selected sequences are
not polymorphic came from the population analyses: several
hundred genomes amplified with these primers always give
the same products, as judged by gel electrophoresis and
confirmed by sequencing.

3.3. The polymorphisms of the HSI,2-A and HSI,2-B
enhancers

To study the polymorphisms of the HS1,2 enhancers of
the two IgH3'ECs, we applied the selective strategy of PCR
amplification of either one of the two IgH3'ECs. To verify

B
Selective amplification of HS1,2-B
downstream Co2 (IgH3" EC-2)
Poly A site

Tr R3r | Up2
U6rUsr: R4

<—— 4420 bp —

HS1,2 :
v [ v 11111111 Gl ol AN

AR A2F

= E-- ALLELE 3B
P3Frw

=rrr——— ALLELE 4B

B [4bp BE]16bp B 20bp Internal spacers
E=3 Conserved sequence Unit

Fig. 2. Strategy of PCR selective amplifications for the HS1,2-A and HS1,2-B loci and structure of the polymorphisms. The primer positions are indicated by
the arrows. The Hindlll polymorphic site of the I[gH3’EC-1 region is marked by the asterisk (*). The HS1,2-B is inverted compared to the HS1,2-A, therefore
the primer A2R is inverted in the two sequences and coupled with primer SA2,5 amplifies only the HS1,2-A. The primer A2F corresponds to the Ub2 unique
sequence specific for [gH3’EC-2 and coupled to A2R primer amplifies only the HS1,2-B enhancer. In the lower part of the figure are represented schematically
in part A the four alleles of HS1,2-A and in the part B the two alleles inverted of HS1,2-B. The details of the repeated elements of the different alleles are
schematically depicted in the legend and show the different elements separating the 38-bp repeated sequence.
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the effectiveness of the method, we took advantage of a
HindIll polymorphic site within the U7 fragment of the
IgH3’EC-1 region (Fig. 1): in the genomes, where the
restriction site is present between the HS3 and HSI1,2
enhancers, the enzyme cuts a Hindlll fragment of about 23
kb (Frezza et al., 1998). Primers SA2.5 and A2R, selected
for the amplification of the HS1,2-A region, are situated in
the two contiguous digestion fragments (Figs. 1A and 2A).
In fact, the primers did not amplify any visible fragment,
when the template genomic DNA containing the homozy-
gous polymorphic HindIIl site was previously digested. The
absence of any other amplified fragment, including the
IgH3’EC-2 region, confirmed the specificity of the test. The
control with undigested DNA or with DNA from genomes
lacking the HindIIl site gave rise to the proper amplification
fragment (5.4 kb, see Fig. 2).

The use of primer A2R paired to primer A2F amplified a
unique fragment of the expected length (4.4 kb) correspond-
ing to the IgH3'EC-region, which includes the HS1,2-B
enhancer (Figs. 1B and 2B). The selective amplification for
the IgH3’EC-2 locus was also controlled by the fact that, on

the contrary of IgH3'EC-1, the DNA digested or undigested
with HindlIll enzyme gave the same product.

The confirmation that, using the two specific primer
pairs, only the IgH3'EC-1 or the IgH3'EC-2 clusters were
amplified came from cloning and sequencing of the
amplicons. In fact, the clones obtained from five independ-
ent genomes corresponded to either the working contig
CHR77 or to the GenBank accession no. AL928742 contig.
In agreement with previous reports (Chen and Birshtein,
1997; Mills et al., 1997; Chauveau et al., 1998b), we could
also observe that enhancer HS1,2-B in IgH3'EC-2 is
inverted in comparison with enhancer HS1,2-A of
IgH3'EC-1 (GenBank accession nos. U84575, U84576,
AFO13722, AF013724 and AJ298018).

The selective amplification and cloning of the HS1,2-A
and -B enhancers revealed the occurrence of the alleles
reported in Figs. 2 and 3B (GenBank accession nos.
AJ544218, AJ544219, AJ544220, AJ544221, AY530200
and AY530201). The polymorphic sequences are present
immediately at the 3’ to the core of the enhancer. The four
alleles of IgH3'EC-1 and the two alleles of IgH3'EC-2 vary

ALLELE 4—>
ALLELE 3—>
ALLELE 2—
ALLELE 1—

B ALLELE 1A

ALLELE 2A

ALLELE 3A

31bp El
ALLELE 3B

ALLELE 4A

ALLELE 4B

@ Sites for :CEBP; CETS1P54 (-); CMYB; HSF;
MEF2; OCT1; SR-Y; STAT; THI1E47; YY1 (-)

Q© sites for :1K2; MZF1; NF-kB (P50)

400 bp
300 bp
200 bp

100 bp

38bp Rp

17bp EL.  END HS1,2

= || = 5 ANNNNNNNNNNNNNY

20bpSp.

®

. Sites for : AP4; E47; MYOD; uES
@ Ssites for : CMYB

@ Ssites for : NF-kB (Q6)

Fig. 3. (A) Agarose 3% gel electrophoresis of the different alleles of HS1,2-A and -B from three different genomic samples. Lane 1: M1, the standard size of the
four alleles of a double heterozygous sample; lanes 2-9: genomic samples CM11/CM4/CMS5, G nonselective amplification, A selective amplification of HS1,2-
A locus and B HS1,2-B locus. In the G lanes, the alleles from both loci are visible. In A or B lane, the alleles of either selective amplification are visible. Lane
11: M2 is the size marker for the ladder of 100 bp. (B) Schematic representation of the six alleles piled up for the conserved and duplicated elements. The
structure of the polymorphisms consists of the elements of 38-bp repeated and separated by spacers containing stretches of C of 17 bp on both borders in alleles
1-3 of HS1,2-A and only on one side of alleles 4 of both loci and on allele 3 of HS1,2-B, where on the other side is present the 31-bp spacer with one
transcription site element. The internal spacers of 14 and 20 bp have one transcription site or two in the 16-bp element. The 38-bp repeated element presents
one transcription site as well as the core of the enhancer. The names of the transcription factors are reported in the legend with the corresponding symbols
mapped on the alleles. The sequence of the consensus of the transcription factors reported varies from 9 to 20 bp and the corresponding sequences are fetched

with WebGene program cited in Section 2.1.
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on the number of copies (one to four) of a conserved 38-bp
element. The repetitions of the 38-bp element are separated
by variable spacers of 20, 16 and 14 bp, respectively (Figs.
2 and 3B). In all alleles, the polymorphic sequences are

bordered by two external 17-bp elements, with the
exception of alleles 3B, 4A and 4B. In these alleles, the
external 17-bp element next to the core of enhancer HS1,2 is
replaced by a 31-bp element (Figs. 2 and 3B). Moreover, the

Core Enhancer

Mouse

Rabbit

Callicebus moloch
Gorilla gorilla

TACTCATTCTGTGCAGAGTTGGCTCACAAGGGCACATGCAAATGGATGTTTGTTTCATAC
GACTCATTCCGGGCACACTCGGCCCTCACAGGCGCATGCAAATGC- -~~~ GGTTCCACTC
GACTCATTCTGGGCAGACTTGGCTGTCAGGGGCACATGCAAATGGCTGTTTGTTCCACAC
GACTCATTCTGGGCAGACTTGGCCCTCAG-GGCACATGCAAATGGTTGTTTGTTCCACAC

GACTCATTCTGGGCAGACTTGGCCCTCAG-GGCACATGCAAATGGTTGTTTGTTCCACAC
GACTCATTCTGGGCAGACTTGGCCCTCAG-GGCACATGCAAATGGTTGTTTGTTCCACAC
DHrrkkkkkkPhPr kKPP, Phk*  Ph*kP kkkQhkkkkkkk*k*F POPOD* * *Q* kPP *

Pan troglodytes
Human allell

Core Enhancer —_

Mouse

Rabbit

Callicebus moloch
Gorilla gorilla
Pan troglodytes
Human allell

AGAAAAACATGTTTCTCACTTTCTGAGGTTGTTTCCAGAAATAGCATCAGT - --- - -
CAGAAAGCGTGCTTCTCGCCCACCGAGGCTGTTTCCAGAAATAGCTGCCGGTCT - -
C-GAAAACATGTTTCTCACCCTCTGAGACTGTTTCCAGAAATAGCTCTCACGATTC

C-GAAAACATGTTTCTTGCCCTCTGAGGCTGTTTCCAGAAATAGCTTGCACGATTCT- - -
C-GAAAACATGTTTCTTGCCCTCTGAGGCTGTTTCCAGAAATAGCTTGCAGGATTCT- - -
C-GAAAACATGTTTCTTGCCCTCTGAGGCTGTTTCCAGAAATAGCTTGCACGATTCT- - -
@ @***@*@**Q**** *@@Q*@*** @****************@ @@Q@@@@@

31 bp

I 38 bp

Mouse

Rabbit

Callicebus moloch
Gorilla gorilla
Pan troglodytes
Human allell

-------------------- CCTGCAGCTGCA
- -TGGCCAGGCCAGGCCAGGCCTGTGCCCGCG
TGTGGCCAGGCCGGCCCAGGCCTCCAGA--CG
CATGGCCAGGCTGGCCCGGGCCTCCAGATTCG
——————————— CCCGCCccceTeccee CGTGGCCAGGCTGGCCCAGGCCTCCAGATTCG

——————————— ICCCGCCCCCTCCCC CGTGGCCAGGCTGGCTCAGGCCTCCAGATTCG
2 Q0 @ Q****Q0 QDOOPDDDDD DD D DD***PODPD *D

——————————— [cledececcentecd

End Enhancer
1y
Mouse GGTTCAS
Rabbit GCGTGE

Callicebus moloch
Gorilla gorilla
Pan troglodytes
Human allell

GGGGGGEC--ACCCGTCCCCCA(
GGGACALC--CCCCCTCCCCCA(
GGGACALCCGCCCCCTCCCCCAS
GGGACALCCGCCCCCTCCCCCAY
*00 %] P00 DPDDDDDDDPPD DDDDD DDPDDDD @ DD D DOVPDPD DD

End Enhancer

Mouse

Rabbit

Callicebus moloch
Gorilla gorilla
Pan troglodytes
Human allell

000D00 00D DDDDDDDDDDDDDDDDD DDDPD DDDDPDD DD DIDDDDDDDDDDD
EcoRI

Fig. 4. The alignment of the HS1,2 enhancer sequence from the different species is reported. The alignment starts with the corresponding number of the
sequences reported in the GenBank. The accession numbers in order are as follows: X96607 from nt. 5125 to 5275 (mouse), AF314408 from nt. 729 to 546
(rabbit), AY649406 from nt. 1 to 292 (C. moloch), AY655739 from nt. 1 to 290 (G. gorilla), AY669117 from nt. 1 to 286 (P. troglodytes) and AJ544218 from
nt. 1 to 286 (human). The different conserved DNA elements are evidenced by coloured boxes. The core of the enhancer (pink) is highly conserved in the six
species analysed. The 17-bp element (blue) on both sides of the 38-bp element present in humans and apes is absent either in mouse, rabbit and Callicebus. The
31-bp element (orange) substitutes the 5" 17-bp element and is conserved in Callicebus and is similar in rabbit. The 38-bp element (yellow) is conserved in
mouse and rabbit and highly conserved from Callicebus to man and is the structure that gives rise to the duplications of the polymorphisms. The symbol *
corresponds to nucleotides conserved in all mammalian species reported, @ corresponds to primates conserved nucleotides. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)
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38-bp element of these alleles (3B, 4A and 4B) presents a
transition from T to C at the first position and a transition
from C to T at the 15th nucleotide. The differences do not
alter the consensus for the transcription factors considered in
this work. Each allele was sequenced twice from at least
four clones from five independent genomes, either homo-
zygous or heterozygous. The total sequences of the 40
clones analysed did not show the occurrence of other
polymorphic sites.

3.4. Variations of consensus sites in the different HSI,2
alleles

The presence of different consensus sites for tran-
scription factors in enhancers HSI,2 is related to the
different organisations of the four alleles. The repeated
element of 38 bp is present from one to four unvarying
copies in the four alleles, and the copies are separated by
different spacers in both A and B loci, as shown in Fig. 3B.
The 38-bp element presents one copy of the NF-kB (P50)
site which consequently is present from one to four times in
the four alleles. A NF-«B (QO6) site is present at one border
of all the internal variable spacers and is thus absent in
allele 1 but present from one copy up to three copies in the
other alleles. The spacer of 16 bp contains a consensus for
the CMYB factor which consequently is present in one
copy in allele 2A, and in alleles 3 and 4 of both loci. The
31-bp external element specific of alleles 3B, 4A and 4B
contains sites for AP4, E47, MyoD and pES. Since the
alternative 17-bp external element does not present known
cis elements, the replacement of this element with that of
31 bp in allele 3B increases the number of binding sites for
transcription factors of this allele in comparison with allele
3A. This is the main difference among alleles 3A and 3B.
For more details, see Fig. 3B and the GB accession
numbers of the six alleles reported in Section 3.3.

3.5. Analyses of HS1,2 in monkeys and apes

The nucleotide sequences of the enhancer HS1,2 of C.
moloch, G. gorilla and Pan troglodytes which we
isolated and sequenced (GenBank accession nos.
AY 649406, AY655739 and AY669117) were compared to
rodents (GenBank accession nos. X96607, AF314408 of
mouse and rabbit, respectively) and humans (GenBank
accession no. AJ544218). The alignment of Fig. 4 shows the
conservation of the core of the enhancer and the variability
of the polymorphic region starting with either the 31- or the
17-bp external spacers. Among apes and man, only one base
is substituted in Gorilla inside the core region of the
enhancer. In the totality of the enhancer, G. gorilla and P.
troglodytes (chimpanzee) have only 4 and 5 nucleotides of
difference, respectively, where for C. moloch the differences
rise to 29 bp. The apes so far analysed have a conserved
copy of the allele 1A and the HS1,2-B locus has not yet
been cloned but it is supposed to be present with the

Table 1
Allelic frequencies of the enhancers HS1,2-A and -B in the Italian
population

Alleles of the

Allelic frequencies Allelic frequencies

enhancer HS1,2 of HS1,2-A of HS1,2-B

1 0.43940.022 -

2 0.39540.021 -

3 0.06140.011 0.070£0.018
4 0.105+0.014 0.93040.018
Total sample 248 100

Va 1.47 0.02
Degrees of freedom 5 1

P 0.75<P<0.50 0.900

IgH3'EC-2 duplicate region. The new alleles originated with
duplication of the 38-bp element separated by the short
spacers of 14, 16, 17 and 20 bp with different cis elements
for annealing of transcription factors have not been found
yet in monkeys or apes. In the human, IgH3'EC-2 presents
only the alleles with the 31-bp initial spacer which has been
found only in the monkey but not in the apes which were
analysed. A Southern analysis of 5 genomic DNA Xbal
digested of M. fascicularis showed the polymorphism of the
HS1,2 region (data not shown).

3.6. The frequency of the HS1,2 alleles

The frequency of the different alleles of enhancers
HS1,2-A and -B has been determined in a sample of 248
Italian independent healthy donors. In the analysed group,
alleles 1A and 2A are respectively present with a frequency
of 0.44 and 0.39. Allele 3A is the most rare, with a
frequency of 0.06, whereas allele 4A is present with a
frequency of 0.10. The ? analysis is highly significant for
the equilibrium test (see Table 1).

Alleles 4B and 3B are represented with the respective
frequencies of 0.93 and 0.07. The HS1,2-B enhancer has
already been described in a sample of French population and
shown to be present only in the form of allele 4 (Pinaud et
al., 1997). Alleles 1 and 2 were not detected for enhancer
HS1,2-B, but this might depend on the size of the sample
analysed of 100 diploid genomes.

4. Discussion

The novel genomic contigs spanning the 3’ duplicated
regions of the IgH genes cluster and present in the GB since
the end of 2002 have allowed to assemble a continuous
nucleotide sequence of the entire region, from the Ca-1
gene up to the IgH3'EC-2, thus providing new information
about the structure of the two related IgH3'ECs. This has
consented to develop a strategy for specific amplifications
of each of the duplicated regions utilising the sequences that
diverge in the two IgH3’ECs. The regions corresponding to
enhancers HS1,2 of both IgH3'ECs were amplified from
several independent genomes and their sequencing, besides
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confirming the differences observed in the Human GB,
allowed to distinguish the allelic variants of each locus.

Theoretically upon the frequency of duplications of the
Ig heavy constant genes present in the human populations
(Rabbani et al., 1996), we cannot exclude an extra copy of
the enhancer HS1,2, although in the genomes analysed by
the selective method, we never found discrepancies or more
than two alleles.

With the actual techniques at present it is impossible to
obtain information about the structure of the haplotypes
with different combinations of the alleles, due to the
difficulty of amplifying in a single reaction a fragment
spanning about 180 kb.

The analysis of the HS1,2 enhancers has provided two
main information: (1) also in the HS1,2-B locus, different
alleles are present; (2) the polymorphisms in the two loci
seem to have a different origin.

In a screening of 248 Italian healthy donors, we have
identified the presence of four alleles of the HS1,2-A locus
and two alleles of the HS1,2-B locus from a sample of 100
Italian healthy donors (see Fig. 2). Allele 4-A of HS1,2-A
and allele 3-B of HS1,2-B, which have very low frequencies
in the Italian population (Table 1), had not been described
before.

The different alleles are characterised by the number of
repetitions and by the nature of the two external spacers,
here distinguished on the basis of their length: 17 and 31 bp
(see Figs. 3 and 4). The observation of the structure of the
alleles suggests that, as allele 4 is identical in both
IgH3'ECs, the duplication of the cluster took place in a
genome harbouring that allele. On this presumption, allele
3-B of IgH3’EC-2 could have originated from allele 4 of the
same locus, possibly indicating a tendency of the enhancer
to curtail the number of repetitions. In the case of the alleles
of probable independent origin 1-A, 2-A and 3-A of
IgH3’EC-1 there are no indications to favour the hypothesis
that deletions from allele 3 produced the two shortest alleles
or vice-versa that alleles 2 and 3 derived from allele 1 by
duplications; it has however to be taken into account that the
ancestral structure must have contained only one element,
which eventually would have been amplified and then
reduced. It is remarkable that alleles 1 and 2 are highly
present in European populations, indicating a positive
selection for these two forms compared to the other two
alleles. It would be interesting to understand if and why the
presence of the shorter forms of the enhancer HSI,2
represent a possible advantage.

In this respect, the cloning and sequencing of the
HS1,2 from Callicebus, Gorilla and chimpanzee evi-
denced in all three cases the allele 1, although with the
31-bp spacer for the monkey. It is possible that allele 1 is
the more commune allele as it is for human European
populations (V. Giambra, in preparation). The comparison
of the monkey and apes DNA sequences confirmed that
the core enhancer is the more conserved part of the
enhancer, but among the most recent species it resulted

that the 38mer is also very conserved. It has to be
understood why this 38-bp structure is so important to be
not changed in the duplications that gave rise to the
different alleles.

Our observation (data not shown) that the enhancer of
M. fascicularis of the only IgH3'EC present is poly-
morphic supports the hypothesis that different allelic
forms were already present before the duplication, and
the study of the alleles present in monkeys and apes
should help to recognise the polymorphic structure of the
ancestral gene. It is worth mentioning that in mouse, rat
and rabbit the HS1,2 element shows a 3’ conserved part
resembling the 31-bp element present in the human
alleles 4 of both loci and in allele 3-B of HS1,2-B. The
alleles 4 and 3-B which hamper the 31mer could be
supposed the oldest human alleles. It can be inferred that
the possible transformations toward the actual shape of
human alleles started from an ancestral gene with the 31-
bp spacer and with one 38-bp element as suggested by
the structure of C. moloch. 1t could be also hypothesized
that in the hominids, since the duplication of the
IgH3'EC happened, the time resulting was not sufficient
to introduce in the IgH3'EC-2 locus as many poly-
morphisms as observed for the IgH3’EC-1 locus. As well,
it could be possible that the relative function of the
HS1,2-A has more influence on the selection of new
alleles which resulted to enrich the immunosystem.

An obvious consequence of the presence of different
HS1,2 alleles resides in the variation of the number of
copies of the consensus sequences for several transcription
factors. In particular, the number of sites for NF-kB/Q6 and
NF-«kB/P50 varies from one to three and from one to four,
respectively, in the six alleles. This can be of primarily
importance, as enhancers of the two IgH3’ECs loci
influence the regulation of immunoglobulin production
(Denizot et al., 2001) and B lymphocytes maturation
(Andersson et al., 2000), as observed also by targeted
deletions of enhancer pairs in mouse (Shi and Eckhardt,
2001).

Studies of human genetics should help to understand the
role of the polymorphism of the two enhancers, since at least
two pathologies have been associated with the increased
frequency of allele 2 of HS1,2-A (Aupetit et al., 2000;
Frezza et al., 2004).
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