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Characterization of Allelic and Nucleotide Variation
Between the RAGE Gene on Chromosome 6 and a
Homologous Pseudogene Sequence to Its 5� Regulatory
Region on Chromosome 3
Implications for Polymorphic Studies in Diabetes
Barry I. Hudson, Max H. Stickland, Peter J. Grant, and T. Simon Futers

Activation of the receptor for advanced glycation end

products (RAGE) appears to be a key mechanism in the

pathogenesis of diabetic vascular disease, making RAGE

a candidate gene for investigation. RAGE is located in

the major histocompatibility complex locus on chromo-

some 6, which contains a multitude of overlapping and

duplicated genes involved predominantly in inflamma-

tory and immune responses. The RAGE 5� flanking

region from �505 in a 5� direction overlaps with PBX2,

a gene that has a pseudogene copy on chromosome 3,

making any studies of polymorphisms in this duplicated

region potentially fraught with error. In this study we

have addressed these issues by confirming RAGE as a

predominantly single-copy gene and PBX2 to have two

gene copies in the haploid human genome. We have

characterized the gene:pseudogene differences between

RAGE/PBX2 on chromosome 6 and �PBX2 on chromo-

some 3, which include a change from C to A at position

�1139 RAGE/�2298 PBX2, previously reported as a

polymorphism. Single chromosome–specific DNA ampli-

fication of the duplicated region has clarified five poly-

morphisms to be on chromosome 3 and one (at �1202

RAGE/�2234 PBX2) to be on chromosome 6. In conclu-

sion, this study provides essential data for the study of

RAGE and its genetics. Diabetes 50:2646–2651, 2001

A
dvanced glycation end products (AGEs) exert
their pathogenic effects by various mecha-
nisms, most importantly via cellular receptors,
in particular the receptor for AGEs (RAGE) (1).

Activation of RAGE via AGEs increases receptor expres-
sion and activation of proinflammatory and procoagula-
tory pathways leading to vascular dysfunction (2).
Evidence to implicate RAGE is provided by the beneficial
effect soluble RAGE has on the development of vascular
disease (3), as well as the demonstration of increased
expression in diseased vascular tissue of diabetic animal
models and human subjects (4,5). The role of allelic
variation on changes in the regulation of the RAGE gene
may therefore be important in the pathogenesis of diabetic
vascular disease.

The RAGE gene is located on chromosome 6p21.3 in the
major histocompatibility complex (MHC) locus in the
class III region (6), a gene-rich region of the genome
containing overlapping gene regions and an average of one
gene per 10 kb of DNA (7). The 5� flanking region of RAGE
from around �500 in the 5� direction overlaps with the 3�
untranslated region (UTR) of the PBX2 gene, a transcrip-
tion factor implicated in the development of pre–B-cell
leukemia (8). There also exists a pseudocopy of PBX2 on
chromosome 3 (�PBX2), making any studies of this
region of RAGE a difficult task. We have identified variants
of RAGE in the coding region resulting in amino acid
changes (9) and, more recently, we identified eight novel
polymorphisms in the 5� regulatory region of RAGE, which
we confirmed to be on chromosome 6 (10). A recent study
identified a polymorphism causing a change from C to A in
the duplicated region at �1139 (numbered as �1152 by
Poirier et al. [11] from the translational start site); how-
ever, our own chromosome 6–specific data did not sup-
port �1139 C/A as a polymorphism of RAGE (10).
Therefore, characterization of both this anomaly and the
�PBX2 and RAGE/PBX2 loci are needed. In this study we
have addressed these issues by completely characterizing
the gene:pseudogene differences that occur and the allelic
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variation of both the RAGE 5� regulatory region and
�PBX2.

RESEARCH DESIGN AND METHODS

Identification of the �PBX2 sequence. �PBX2 was identified by homol-
ogy searches to PBX2/RAGE with BLAST (www2.ncbi.nlm.gov) searches and
aligned to establish regions of homology using ClustalW. The RAGE 5�
regulatory sequence was numbered from the transcriptional start site (12),
and the PBX2 sequence (both chromosome 6 and the chromosome 3 pseudo-
gene) was numbered from the translational start site using Genbank entry
NM_002586.
Real-time polymerase chain reaction for quantification of RAGE and

PBX2 gene copy number. Taqman probe/primer sets were designed for three
regions: RAGE/PBX2 duplicated region (�1204 to �507), RAGE promoter
(�506 to �247), and the control single-copy Factor XIII (FXIII) exon 2. The
sequence of the primers and probes are available from the authors. After
primer and probe optimization, efficiencies of primer amplification were
corrected using a linearized control plasmid containing segments of RAGE/
PBX2 and FXIII. This construct contained the RAGE promoter (�1204 to
�247) and exon 2 of the FXIIIA gene. Standard curves were generated for
each primer probe set using the target plasmid and four genomic DNA
samples that were subsequently used with each primer/probe set along with
controls containing either no DNA or only pGEM-3Zf(�) DNA. All reactions
were performed in triplicate using an ABI Sequence Detection System 7700
(Applied Biosystems).
Single chromosome polymerase chain reaction amplification to deter-

mine gene:pseudogene nucleotide differences. Polymerase chain reaction
(PCR) was performed specifically from chromosomes 6 and 3 using primers
with a common 5� forward sequence (�1350/�2086 5� TGGGGAAGTAGCTT
GTTTTTT 3�) in the duplicated region and a specific 3� reverse primer in each
single chromosome copy (RAGE/PBX2 5� CAGAGCCCCCGATCCTATTT 3�
and �PBX2 5� ATTTATCCTGTTGCCTTTCCC 3�). PCR fragments were gel-
purified using a NucleoSpin kit (Macherey Nagel), and DNA was sequenced
using an automated ABI310 (Applied Biosystems).
Polymorphism characterization. Polymorphisms within the �1350 to �507
RAGE/�2086 to �2930 PBX2 duplicated region were detected by denaturing
high-performance liquid chromatography (DHPLC) and single-strand confor-
mation polymorphism (SSCP) as previously described (10). Regions �1350
to �1156, �1196 to �968, �896 to �646, and �719 to �546 previously
demonstrated polymorphic patterns using primers that amplified within the
duplicated region; however, chromosome 6–specific PCRs demonstrated
these polymorphisms to originate from another locus (10). These regions
correspond to �PBX2 �2086 to �2281 (region A), �2240 to �2470 (region B),
�2541 to �2770 (region C), and �2718 to �2891 (region D). Allelic differences
determined by SSCP/DHPLC were reamplified individually from chromosome
3– and 6–specific PCR fragments for regions A–D and sequenced.
Restriction fragment–length polymorphism studies to confirm polymor-

phic and nucleotide differences. To verify the SSCP/DHPLC results for
RAGE/PBX2 and �PBX2, PCR–restriction fragment–length polymorphism
(PCR-RFLP) was used. Fragments A–D were amplified from chromosome 3–
and 6–specific PCR products, endonuclease-digested, and electrophoresed.
To completely verify our results for the �1139/�2298 C/A variation as a
gene:pseudogene difference, PCR-RFLP with DdeI was used to analyze a
fragment from �1204 to �247 (chromosome 6) and from �2232 of PBX2 to
246 bp of the 3� end of the pseudogene insert (chromosome 3) from DNA
isolated from 100 previously described anonymous blood donors (10). In
addition, the chromosome 6 target was PCR-amplified from DNA obtained
from 200 previously described type 2 diabetic subjects (10).

RESULTS

Identification of the duplicated region of RAGE/

PBX2 on chromosome 3. A homologous sequence of
RAGE on chromosome 6 was identified on chromosome 3;
however, a number of crucial differences were observed. It
was found that it contained the sequence in the 5� direc-
tion of �507 of RAGE, with none of the �506 to �1 and
coding regions of RAGE. For PBX2, the entire mRNA
sequence, including 233 bp of 5� UTR and the entire 3� UTR
(minus the last two T nucleotides, �2931 and �2932),
matched the chromosome 3 sequence, with no intronic
chromosome 6 sequence of PBX2 being present. This
indicated that the sequence was a retrotransposed pseu-

dogene for PBX2, which was further confirmed by the
presence of a 3� polyadenosine tract at the end of the 3�
UTR.
Genomic copy number of the RAGE gene. Table 1
shows the values of gene copy number for four genomic
DNA samples for RAGE and PBX2. For all samples, RAGE
(�506 to �247) and FXIII had an equal copy number,
whereas the region of the RAGE promoter that overlaps
with the PBX2 gene (�1204 to �507) is present in twice
the amount of the other two targets, indicating that there
are two loci for this target.
Identification of gene:pseudogene sequence differ-

ences. All identified nucleotide differences between the
chromosome 6–overlapping RAGE/PBX2 sequence and
the �PBX2 chromosome 3 sequence are shown in Fig. 1.
These include a �1139 RAGE/�2298 PBX2 C/A change,
previously identified as a polymorphism on RAGE by
Poirier et al. (11) (numbered as �1152 C/A in their study).
Identification of gene:pseudogene polymorphisms.

Within the RAGE/PBX2 chromosome 6 sequence from
�1350 to �507, only one rare polymorphism was detected
at position �1202 of RAGE/�2234 PBX2 (Fig. 2), as
previously reported (10). Chromosome-specific PCR dem-
onstrated that �PBX2 on chromosome 3 contained at
least four common polymorphisms from the SSCP/DHPLC
results. Polymorphisms were identified on chromosome 3
at position �2114 (A insertion), �2345 (T/C), �2609 (T
insertion), and �2862 (C/T) (homologous to RAGE �1324,
�1092, �828, and �575, respectively), with an additional
polymorphism detected toward the end of the pseudogene
at �2920 (G/C) (homologous to RAGE �517) when se-
quenced. The insertion polymorphism at �2114 of �PBX2

created an extra adenosine insertion (AAA) in addition to
the A insertion nucleotide sequence difference between
�1334 of RAGE/�2112 chromosome 6 (A) and �2112/
�2113 of �PBX2 chromosome 3 (AA) at this locus.
PCR-RFLP studies of chromosome 3 and 6 to verify

pseudogene polymorphisms and the �1139/�2298

C/A variation as a gene:pseudogene difference. Poly-
morphisms on chromosome 3, which altered a restriction
site, were identified for the A insertion at �2114 (DraI),
the T-to-C substitution at �2345 (Mwo I), and the C-to-T
substitution at �2609 (Ear I). PCR-RFLP subsequently
confirmed these polymorphisms on the chromosome 3
�PBX2 but not the chromosome 6 RAGE/PBX2 PCRs,

TABLE 1
Real-time quantification of genomic DNA for the RAGE gene
promoter, the adjacent PBX2 gene, and a target in exon 2 for
coagulation factor FXIII A subunit.

DNA sample RAGE/PBX2 RAGE FXIIIA

1 332 (210) 158 (100) 154 (97)
2 441 (191) 231 (100) 243 (105)
3 461 (215) 214 (100) 249 (116)
4 347 (238) 146 (100) 191 (131)
Mean (%) 395 (211) 187 (100) 209 (112)

Data are amount of target (standard curve). The amount of target for
four different genomic DNA samples is given in fentogram equiva-
lents of plasmid containing all three targets, used to make a standard
curve for each primer/probe set. The standard curve was generated
using 50–800 pg of target plasmid. The mean is shown for each target
with the equivalent percent to RAGE shown in brackets normalized
to RAGE set to 100%.
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with matching allelic patterning obtained from SSCP/
DHPLC (data not shown). The PCR-RFLP obtained for the
�1139/�2298 C/A variation for both chromosome 3 and
6 is shown in Fig. 3, which includes samples of all
allelic pattern variations obtained by SSCP/DHPLC for the
B region. These experiments demonstrated the RAGE
�1139/PBX2 �2298 nucleotide on chromosome 6 to be a C

(n � 300) and the �PBX2 nucleotide on chromosome 3 to
be an A (n � 100) and not polymorphic.

DISCUSSION

Pseudogenes are a common feature of the genome and are
defined as a nonfunctional copy of a gene that can arise by

FIG. 1. Nucleotide sequence alignment of the chromosome 6 RAGE 5� regulatory sequence, with the homologous chromosome 3 �PBX2 sequence.
Differences between the sequences are shown and highlighted in bold type.

VARIATIONS IN RAGE 5� REGULATORY REGION AND �PBX2
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two major mechanisms: the entire duplication of a region
of genomic DNA or the retrotransposition of a double-
stranded sequence generated from the single-stranded
RNA copy of a gene (13). �PBX2 is of the latter category
because of its lack of intronic structure and the presence
of a 3� polyadenylation tract. The implications of the PBX2
gene duplication is that any studies of RAGE polymor-
phisms within the overlapping region could either spuri-
ously identify a polymorphism of chromosome 3 or
identify a gene:pseudogene nucleotide difference as an
allelic variant. In our previous study, we clarified which
detectable polymorphisms were located on chromosome 6
of the RAGE gene (10), but we were unable to establish the
polymorphisms that occurred on �PBX2, the exact over-
lap of the homologous chromosome 3 and 6 regions, and
the gene:pseudogene differences. A recent report has
emphasized the need for this study with the description of
a polymorphism in the duplicated region of RAGE at
position �1139 (numbered as �1152, taken from the
translational start site) (11), which we had not detected
using a more stringent SSCP/DHPLC combined mutation
detection methodology (10). The completion of the human
genome project has created a volume of new gene data,
including the sequence for the �PBX2, which has allowed
us to clarify any discrepancies.

Pseudogenes are by no means a rare event, as exempli-
fied by the complete mapping and sequencing of chromo-
some 21, which revealed that of 225 identified genes, 57
were found to be pseudogenes (14). The MHC locus alone
on chromosome 6p21.3 containing RAGE has perhaps
more genes than the whole of chromosome 21 and there-
fore should make researchers studying this region more

cautious for the occurrence of duplication. Current esti-
mates are not available for the level of pseudogenes
present for the MHC class III locus but, significantly, in the
class II locus, �10% of the genes have pseudogene copies
(7).

We set out to confirm the copy number of RAGE and
PBX2 because of the Aguado and Campbell (15) study
showing that PBX2 had perhaps two or three copies in the
genome. Using real-time PCR, we demonstrated RAGE is a
single-copy gene, as previously demonstrated (6,16), and
the PBX2 gene has two copies, supporting previous stud-
ies showing that a functional copy of PBX2 was present on
chromosome 6 and that a possible pseudogene copy was
on chromosome 3 (15). It was therefore unsurprising that
when we characterized �PBX2, we found many gene:
pseudogene nucleotide differences, and the majority of the
polymorphisms detected in the RAGE/PBX2 duplicated
region were located in the pseudogene on chromosome 3.
The results confirm that polymorphisms are more frequent
on the PBX2 pseudogene as opposed to RAGE/PBX2, in
line with the theory of the nonselective nature of pseudo-
genes to undergo more sequence changes than the gene of
origin.

The nucleotide changes between chromosome 6 and 3
included a C (chromosome 6) to A (chromosome 3)
change at �1139/�2298, reported as a polymorphism by
Poirier et al. (11). To verify our results and confirm the
�1139/�2298 C/A gene:pseudogene difference, we per-
formed a PCR-RFLP study on the pseudogene polymor-
phisms we detected. We demonstrated the PCR-RFLP
genotypes of the polymorphisms matched their corre-
sponding SSCP/DHPLC allelic patterning. This included a

FIG. 2. Map of the polymorphisms of the RAGE 5� regulatory sequence/PBX2 3� UTR on chromosome 6 (A) and the �PBX2 3� UTR on chromosome
3 (B). Polymorphisms are indicated by arrows and in bold type.
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�2345 T/C polymorphism in the �1196 to �968 RAGE/
�2240 to �2470 PBX2 region, which indicated that for the
pattern differences detected, the �2345 T/C polymor-
phism—not variation at the �1139/�2298 locus—was
responsible. Sequencing of samples for any SSCP/DHPLC
patterns of this region demonstrated the RAGE nucleotide
on chromosome 6 as �1139C and the �PBX2 nucleotide
on chromosome 3 to be an A. Further investigation of the
�1139/�2298 C/A variation as a gene:pseudogene nucleo-
tide difference and not a polymorphism by PCR-RFLP
confirmed our results. Poirier et al. (11) reported that
the �1139A allele occurred with a frequency of 4–7%
in 392 Danish Caucasian subjects, with 8.5–15% being
C/A heterozygous. We therefore studied 100 Caucasian
random blood donors based on the expectation that at
least eight samples would be heterozygous if this were a
polymorphism. We investigated both chromosomes 3 and
6 individually by chromosome-specific PCR-RFLP, which
demonstrated not one individual to be polymorphic for the
�1139/�2298 polymorphism for either locus. To verify
this and to demonstrate that this is not a diabetes-specific
polymorphism, we screened 200 Caucasian type 2 diabetic

subjects, finding no detectable variation for RAGE at
�1139, which therefore suggests that position �1139 is
monomorphic.

In conclusion, this study has identified the overlap and
copy number of RAGE and has shown that on chromo-
some 3, a pseudogene of PBX2 does exist. We identified
the gene:pseudogene differences that occur and the allelic
variation of the two loci. Finally, our data suggest the
�1139 RAGE/�2298 PBX2 C/A variation is a gene:pseudo-
gene difference and not a polymorphism of the RAGE
gene. This new data should aid future studies of allelic
variation of RAGE in its relevant biological settings.
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