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Isolation and characterization of a pseudogene related
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In a previous study, we isolated genomic clones encoding core 25-1,6- N-acetylglucosaminyltransferase
{C2GnT) and blood group IGnT and proposed that these two genes were produced from a common ancestral
gene by duplication, diversion and intron insertion. In the present study, we have isolated a pseudogene
which is highly related to the gene of C2GnT . The sequence analysis of this pseudogene indicated that the
pseudogene was produced by duplication of a common precursor gene for C2GnT . These results taken
together strongly suggest that the ancestral gene was first duplicated and one of the duplicated genes directly
evolved into the IGnT gene. The other duplicated gene was further duplicated to produce the C2GnT gene

and the pseudogene.
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Introduction

Cell surface carbohydrates are often characteristic of
different cell lineage and different stages of differenti-
ation {1-3]. Among these carbohydrates, those synthe-
sized by f-1,6-N-acetylglucosaminyltransferases are par-
ticularly specific to cell-types. For example, a common
O-glycan branch is formed by core 2 f1,6-N-acetylgluco-
saminyltransferase (C2GnT) and the addition of the
B-1,6-N-acetylglucosaminyl linkage to the Galfl —
3GaiNAc backbone results in the formation of the
hexasaccharide, NeuNAca2 — 3Galffl — 3 (NeuNAc-
&2 — 3Galpl — 4GleNAcfl — 6)GalNAc [4,5]. When
B-1,3-N-acetylglucosaminyltransferase (extension en-
zyme) is also present, the p-1,6-N-acetylglucosaminyl
branch is further extended to form poly-N-acetyllactosa-
minyl side chains in O-glycans [6, 7]. The poly-N-acetyl-
lactosaminy! side chain is often modified to have a
sialyl Le* terminus, NeuNAca?2 — 3Galfl — 4(Fuc-
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a1 —> 3)GlcNAc - R [4, 6]. A dramatic increase in core
2 branching was observed when human T-lymphocytes
were activated from the resting state [5] and this increase
leads into the expression of sialyl Le* in activated
T-lymphocytes [8]. The maturation of thymocytes from
cortical to medullary thymus is associated with the
turning off of C2GnT [9]. In pathological conditions such
as leukaemia and immunodeficiency, leukocytes express
an increased amount of C2GnT [10-13]. Moreover,
highly metastatic tumour cells express much more
branched oligosaccharides than low metastatic counter-
parts [14]. These results indicate that the increase of core
2 branches in hematomalignancy, and tumours in gen-
eral, reflect the cell surface carbohydrates of immature
cells. The results also suggest that core 2-based carbo-
hydrates are involved in metastatic spreading of tumour
cells.

During development of human erythrocytes, the blood
group I-branching enzyme (IGnT), is substantially in-
creased. While linear poly-N-acetyllactosamine (Gal-
B1 —» 4GlcNAcpl —» 3), is expressed on fetal erythro-
cytes, it is replaced by branched, I-active poly-
N-acetyllactosamine, Galffl — 4GIcNAcfl — 3(Gal-
1 —> 4GlcNAcpl — 6) on adult erythrocytes [15, 16].
Because of this importance, we have cloned cDNAs
encoding the human C2GnT and IGrT genes [17, 18].
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Pseudogene related to human C2GnT 859
pseudogene FHETTGCPRGG T T TG TC ARG TGGCAGTAC THTGAGGHNIGAHETT T AAGT TGCTCCCTACCC%CCCTGCAG rcc GC'CTCAG fTGCAT] 1941
C26nT EL+E2 b TTGCHR GO TTTGTC AAGTGG CAGTAC TG AGGHIG A T TTHE AAGGHTGC TC CCTACCCHCC TGO -FGG c AT GC!:TCAG TGCAT| 1761
pseudogene TToGGAGCEABE A TTGAACTGGATGC TO)B R AACACCIrATGG -TA ETTIGACHTGGATGTIGACCTCHITGC CAHRGTGTTTG] 2041
C2GnT E1+E2 rrreccaceldslealTreascreeaTeeTaithancacche- - - TA ErrTeacHrecarTerTeaceTelirreccalfiporerrrel 1858
pseudogene CATGAGCA ACHC AR AAGC TTTGGAGACHTTARAACACTGACCATTAN TABCARTTT TR G AAEACARGAACCATHLACAARANEE -FChdfaTc] 2140
C2GnT E1+E2 SATGAGCA AGNCANB AAGC PTTGGAGACN T TAAAACACTGACCATTALGECAATTTTh I aA R AGAAGAAGGA TR ACAARASAb chTraTe] 1958
pseudogene ATTChIETTCC TTGTChATARGTATC JAET S TCCTHTTTGGGGCAGGGACTHITA) -BHETC T TCNTG TCAGAGRAGC TGCATCHTT] 2237
C2GnT E1+E2 chaprrecTreTel - - -hGeaTe AT LT CTHI TTGGGGCAGGGACTHIA) b rorrofiraTcacacaacetccaterr] 2054
pseudogene FFCTGCAGAGH HECTAGARAGGTG Ai S iuy APFpCGG: T AT AR GG C 2337
C2GnT E1+E2 TCTGCAGAGHD ‘¢CTAGAAAGGTC e} - -Eard Aia TTA;&FulabJ nAHAGGH -~ C 2146
pseudogene FrE e rerrrrfr e --CfACCART. TTHEATG Frehead n ﬁi e ca ‘1; 2434
C2GnT EL+EZ - GCAAGGCAITHIG ele’e Nolwr Bele |\ Eele |y tlele’ fele of s TV vE 7 - .Ah Gl 2236
pseudogene fiapf}ce RGA ClCCCT 'HH AG) GeaABTGATTC CTrIfa T 2532
C2GnT E1+E2 y\E ol ¥ LRGAl TGC HH' AGkH-- - Gl jrery NEp. - - erhdral -jral 2319
pseudogene TIEAACk frCARAGAHTA AATRTAT] GHrGAHppT frranpdtelrecadhH iR 2632
C26nT E1+E2 AGCAAC rcanacaHraba CTAATATY - hltraabhfa A raaal - ----- TN IMNE 1 2405
pseudogene feleleloy o1y i) Eod| INGRAETOURE CATHTRBGGA e TG rec i TAA CT 2730
C2GnT E1+E2 AATAATT R TATTCTGCTC TGT Ircarirtabeeabsk - GRTTG) - - - AITTTAR - 2494
pseudogene CTTTATTGTTGGTTTTCAGCAGT TTGGCTATAA TG TGCTTTAGTG TGAAGTAA TTC TGE TTGG TG TTCA TTTCAGGTC TTGTCGC TG TARATTICTGTCT 2830
C2GAT BI14EZ  — s s o s o o ot e e e e e e e e e S e T e S S e 2494
pseudogene TTCATCGAGTTTAGGAATTGTTCGECCATGATTTCTTTATTTTTC TACTCCACTCATTTTCTACTCTCCGC TGGAAGTCCATGTACACACC TGTTGAATT 2930
C2G0T BL4EZ  — o s m s o oo e e o ot ot e o e e e e e e e e e e S S ST 2454
pseudogene GTTTGATATTATC TAATAAGTCCCTOAGGTTCTG P ICATTTTT TT TP P T T T TT TTGAGA TGCAGTCTCGCTCTETCATCCAGGCTGGAGTGCAGTGGCGC 3030
C2GNT EL4+EZ s oo o s oo o o ot e e e e e e e e e e e e e e TS e S s S e 2494
pseudogene AATCTCAGCTCACTGCAACCTCCGCCTCCCAGETTCARGCGATTCTACCTGCS 3083
C26NT E14E2 — o e e s e e e e oo - — o 2494

Figure 1. Comparison of nucleotide sequences of the pseudogene and C2GnT cDNA. C2GnT ¢DNA sequence was constructed by
combination of exon 1 and exon 2 sequences obtained in the previous study [19]. The initiation methionine codon is nucleotides
792794 in the pseudogene sequence. The pseudogene sequence was obtained in the Xho I-Xbal digested genomic DNA. Boxed

sequences are identical.

More recently we have isolated genomic clones harbour-
ing these two genes and found that the genomic organiza-
tion of these two enzymes is diverse despite the fact that
they share three regions of extensive homology in their
catalytic domains; the highly homologous region B is split
between exons 1 and 2 in the /GnT gene while the same
region is encoded entirely by exon 2 in the C2GnT gene.
Based on these results, we proposed that the common
ancestral gene was first duplicated and then each duplic-
ated gene evolved into the C2GnT and IGnT genes by
intron insertion and divergence following the duplication
[19].

During the above genomic cloning, we also isolated a

genomic sequence that is highly related to the C2GnT
gene. We describe here the characterization of this
pseudogene. The sequence analysis of the pseudogene
supports the conclusion that this pseudogene and C2GnT
derived from one of the duplicated ancestral genes and
IGnT evolved from the other duplicated gene.

Materials and methods
Isolation of genomic clones

A human placental genomic DNA library, constructed in
AEMBL3, was purchased from Clontech, Inc. The library
was screened with cDNA fragments specific for C2GnT
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and IGnT after labelling by random oligonucleotide
priming [20] using [a-?P] dCTP and a kit from Boeh-
ringer Mannheim. The ¢DNA fragments were obtained
by PCR amplification [21] of ¢cDNA sequences which
encode the beginning of the stem region of the protein to
the 3'-untranslated region as described previously [19].
A probe for Southern hybridization was made by *P-
labelling using random oligonucleotide priming [20].

Southern blot analysis

Phage DNAs were digested with various restriction
enzymes and subjected to Southern blotting and hybrid-
ization as described previously [18]. Briefly, the blots
were hybridized with *P-labelled cDNA inserts of IGnT
or C2GnT. The hybridization was in 6 X SSPE, pH7.4,
0.5% SDS, 50 uygml™' of denatured, sheared salmon
sperm DNA containing 50% formamide at 42 °C for 16 h
[22]. The blot was then washed several times in
2 x SSPE, pH7.4, 0.5% SDS at room temperature for
periods of 10 min and subsequently exposed to Kodak
X-Omat AR film.

DNA sequencing

The DNA fragments of interest were subcloned into
pcDNAI (Invitrogen) and nucleotide sequences were
determined by the dideoxy chain termination method
[23] utilizing T7 DNA polymerase (US Biochemical
Corp.) and [a-*S] dATP (DuPont - New England
Nuclear). In order to judge if any portions of exon
sequences were present, various primers used for cDNA
sequencing [17, 18] were used as described [19]. Once the
phage DNA yielded a sequence for a particular portion
of C2GnT or IGnT exon sequence, sequencing was
extended further using newly synthesized oligonucleo-
tides based on the obtained sequence data. All of the
oligonucleotides used were synthesized on an Applied
Biosystems DNA synthesizer.

Results and discussion

Isolation and characterization of the human C2GnT and
1GnT genes

As shown previously, eight genomic clones were initially
isolated from about 1 X 10° plaques of the placental
genomic DNA library. Among these, clone 20 was found
to contain the C2GnT gene while clones 2, 3, 7, 9, 13
and 14 were found to contain various parts of the IGnT
genes. The sequencing of those genomic clones and an
additional clone containing C2GnT exon 1 showed the
following results.

C2GnT is coded by two exons, of which the second
exon encodes the whole translation product. In contrast,
the complete coding sequence for IGnT is divided over

Bierhuizen et al.

three exons. As shown previously, C2GnT and IGnT
share three regions of extensive homology in their
catalytic domains [18]. However, the high homologous
region B is split between exons 1 and 2 in the IGnT gene
while the same region is encoded entirely by exon 2 in
the C2GnT gene [19].

Isolation and characterization of a pseudogene related to
C2GnT

During these studies, we also isolated clone 6 which
hybridized with C2GnT. The nucleotide sequence of
clone 6 differs from that of C2GnT or IGnT. However,
when the nucleotide sequence of clone 6 was tested for
homology with known sequences, it became evident that
clone 6 contains a nucleotide sequence which is highly
related to C2GnT (Fig. 1).

The sequence corresponding to the initiation methio-
nine of C2GnT lies in nucleotides 792-794. The nucleo-
tide sequence of clone 6 can be aligned by regarding this
codon as the initiation methionine. The resultant trans-
lated sequence, however, becomes out of frame starting
from nucleotides 990-992 (Fig. 2). Moreover, the nuc-
leotide sequence of clone 6 is very similar to the C2GnT
c¢cDNA sequence but no sequence corresponding to
C2GnT intron 1 can be found (see Fig. 1). These results
strongly indicate that this newly isolated gene is a
pseudogene which is highly related to C2GnT.

The striking feature of the nucleotide sequence of this
gene is, however, that it lacks a polyadenylation signal
after nucleotide 2539. The corresponding sequence in
C2GnT contains a polyadenylation signal and polyadeny-
lation takes place after nucleotide 2539 (see Fig. 1).
These results strongly argue against the hypothesis that
this pseudogene was produced from C2GnT mRNA.

The pseudogene contains a 5'-upstream sequence
homologous to one of the Kpnl repetitive sequences
(Kpn 13) and this sequence is present from nucleotide 1
to nucleotide 800 (Fig. 3). KpnlI repetitive sequence is
the major human long interspersed repeated DNA se-
quence [24]. Kpnl repeats often have deletions and
rearrangements at the 5’-end. The number of copies in
the total genome is 5 X 10* to 1 x 10* for the 3’-end and
0.4 X 10* to 2.0 X 10* copies for the 5-end. In this
pseudogene, deletions took place apparently at the
3-end of the Kpnl repeat. Interestingly, this Kpnl
repeat is superimposed by an Alu repetitive sequence
[25] from nucleotide 1 to 295 (Fig. 4). Alu repeat
sequences represent the major human short interspersed
DNA sequence and nearly 1 x 10° copies of the Alu
repeat are present in the human genome [25]. We have
analysed the 5'-sequence upstream from the exon 1 of
C2GnT. However, there is no Kpnl or Alu sequence
corresponding to the upstream sequence of the pseudo-
gene. These results suggest that the Alu or Kpnl
sequence was introduced after the ancestral gene was
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848
ACCAAGCAAAGTCCCTCATTGGCATTTGAAATGCTGAGGCAGTTGCTGT - ~ ~GGAGACATTTTTCTTATCCCACTAAATACCACTTTGTG
M L R ¢ LL - -~ R HF S Y P T K Y H F V

M L R T L L R RRUL F g Y P T K Y Y F M

935
GTTCTTATTTTTTCCCTAGTCACC -~ - TCCGTTTTAAGGATTCATCAAAAGTCCAAATCTGTAAGCGTCACATATGTGGAGCTTGTTGGA
v L I F ¢ L VvV T - &V L R I H QK & K s Vv s v T Y V E L V C

v L v L s L I T ¥ 8 V L R I H g K P EF V S V R H L E L A G

1025
GAGAATCCTAGTAGTCATATTAATTGCACCARAGTTTTACGCGGGCGGATGTAGATGARATCCAAAAGGTAAAACT TGAGATGCTAACAGT
E N P S 8 H I N C T K VvV L / ¢ p v D E I ¢ KV XK L E M L TV
E N P § 8§ D I N C T K V L @Q ¢ bV N E I ¢ K V K L E I L T V

1114
GAAATTTACTAAGCTGCCCTTGGTGTATACCTGACGGCTTTATAAACATGACCAGTTA-TCTACTTCTTCATGTACTTCTTTCATCAAGAG
K F T K ¢ P WcC I PDGF I NMTS / CT S S CTSF I KR
K F K K R P RWTUPDDY I NMTS- - ~ - DOCS8 8 F I KR

1204
ATGTAGATATATTGTAGAACCCCTTAAGAAGGAAGAGGTGAGGTTTCCAATAGCATATTCTATACTGGTTCATTATAAAACTGAAACGCT
¢C R Y I V E P L K X EEV RPF® P I A Y 8§ I L V HY K TETL
R K Yy I v E P L $ K EEAZEUVF P I AY S I VV HHIKTIZEWMIL

1294

TGACACGCTCCAGAGAGCCATCTATATGCCTCAGAATT TCTATTGCATTCATETGGACAAAAAAA AT CAGCAGATTCCTTTTTAGCTGCA
DR L QRAI Y M P QNVFY &I HV D/ K 8§ A D s F L A A
D R L L RA I Y M P QNF Y CVHV DT K s E D S Y L A A

1382
GTGATGGGCATTGGCTCA- -TTTCAGTAACATCTTTGTGGCCTGTCAGTTGGAGAGTCTGET TTATGCCTTGTCGAGTCGGETTCTGGLT
v M6 I ¢S / F S NI VvV A COQUL B S L V Y AL W S R V L A
vV M ¢ I A 8§ ¢ F S8 NV F VA S RULE SV VY A & W & R V Q A

1472
GACCTCAACTGCATGAGGGACCTCTGCACAGTGAGTGCAGACTGGAAGTACTTAATACATGTTTGTAGTATGGAT TTTCCTATTAAAACT
D L NCMU RDULCTV S ADWIE KY L I HV CSMUDTF?PTIZKIT T
D L N C M K D L Y A M

s A NW X Y L I N L C G M D F P I KT

1561
AACCTA-AAATTCTTAGGAAGCTCAAGTTGTTAATGGGTGAAGACAGTCTCAAAGCCAAGAGGATGCCATCCAATAAAGAAGAAAGGTC
N L / I VvV REKUIL X L L MGETDSUL KA AIZ KU RMZPSNI KEERW
N L E I VR XL K L L M GENNIULETEIRMM®PSHXKEERWVW

1651
AABAAGTGGTATCCAGATATTAATGEAAAGCTGACACATGTGGGCACTGTCAAAGGCCATCCTCCGCTECGAAGCACCCATTTTTTCAGGC
K K D I N G K L T H V ¢ TV K GH P PILEAU®PTIF 8 C
K K v vV N ¢ XK L T N T ¢ T V XK M L P P L E T P L F 5§ G

1741
GTGCCTATTTTGTGGTCAGTAGGGAGTATGTGGGGCATGTGCTAGAGCAT GAAAAAACCCAAAAGTTTATGGACTGGCTGCCGAGGCACA

A

s A Y P VYV 5 R E YV G KKV L EDEI KTQIXKFMEWV R GT

S A Y FP V¥V V § RE YV G Y V L NEI KTIQKXIL MEWSAZQDT
1831

GACAGCCCAGATAAGTATCTCTAGGCCATCATCCGAAGGATCGCTGAAGTCCCTGGCTCATTCGCCTTAAGCCATAAGTACAAGTTGTCT

D § P DX YL * A I I RRIAEWV PGS F AL S HK Y K L 8

Yy §$ P D E Y L WATTIOQRTIPEV P G S L P A S HK Y DL 8

1921
GOAATCCATGCCCTTECTAGGTTTGTCAAGTGGCAGTACTC TGAGGATGACEGTTTTCAAGGATGC TCCCTACCCACCCTGCAGTEGGGTC
¢ M 5 A VvV A R F V KW Qg Y S E DDV F KDAUPY P P C S8 GV
D M Q AV A RPFUV KWOQYFEGDUVsS K Gg-A?PY P P CDGCV

2011
TCCATCGCACTCAGCATGCATTTTCGGAGCCAGCAGCTTGAACT GCATGCTGTCTAAACACCTATGGETGCAAGCTTATACGTTTGACATG
$ M H $§ A C I FP G A S &L NWMULCIKHILWV QAY TF DM

HV R S8 V C I F GAGDILUNWMILI®RIEKHH-L F A NI KF DV
2101

GATGTTGACCTCCTTGCCACCTAGTGTTTGGATGAGCATCTGAGCCATAAAGCTTTGGAGACTTTAAAACACTCACCATTATTAGCAATT

p v by, L»aT®*CL DEMHT LI RHI KA ATILTETTL K H *

D vV DL FAI Q CLDEHTLU&RHIEKATLTETDTTLZKH *

Figure 2. Comparison of translated amino acid sequences of the pseudogene and C2GnT. Each set of three lines (from top to
bottom) shows the nucleotide sequence of the pseudogene, its deduced amino acid sequence and C2GrT amino acid sequence. In
order to maximize the homology between two predicted amino acid sequences, gaps are allowed. Stop codons and frame shifts are
denoted by asterisks and slashes, respectively, in the pseudogene amino acid sequence.
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pseudogene = —--mmvecmemmeeeee RC TA l' G. ACHG. N TAF TCGHRARAC 80
Kpn-13 GGATCCCTTCCTTACACS A TA CA AC chathanahodotabanazahasnc 99
pseudogene CHpL appac EacanraBrdracecaaEalrir{me s b oEGCaACARAAGRARAAANTMEACAARE 179
Kpn-13 chpl t:A acaThdebalrGeGean) Ayu,pr—a hikceaateaaaachdpaaapitizacaaabbeo 194
pseudogene 2P CTAAAMRGC TICTGCACAGCABAHGAAAC ARG GhEAACCTANF AHRATGCHEAGAAART: AR HpAFATCT 276
Kpn-13 hoTasaRhGoTTeTGeACAGCARRR ARAC e :Ye! ciaaceabeaiaatechhncanalc geaatcipbteareT 293
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Figure 3. Comparison of the nucleotide sequence of the pseudogene and Kpn-13 repetitive sequence. The homology between these
two sequences does not exist after nucleotide 800 in the pseudogene sequence. Thus 376 nucleotides in the 3'-region of the Kpn-13
sequence are missing. The homology is apparently absent right after initiation methionine (nucleotides 792-794) starts.

duplicated. Alternatively, the duplicated gene was rear-
ranged by homologous recombination through Alu or
Kpn 1 repeats as shown for the glycophorin genes [26].

In previous studies, we showed that C2GnT and IGrT
are related to each other and they contain homologous
sequences in regions in the catalytic domains, named A,
B and C [18]. The sequence analysis of C2GnT and
iGnT genes demonstrated that the highly homologous
region B is split between exons 1 and 2 in the IGnT
gene, while the same region is entirely coded by exon 2
in C2GnT gene. The other highly homologous regions,
A and C, are also encoded by exon 2 in the C2GnT
gene, while they are encoded by exon 1 and exon 3,

respectively, in the IGnT gene (Fig. 5). Moreover, both
C2GnT and IGnT genes reside at the band of 21 of
chromosome 9. These results exclude the possibility that
the IGnT and C2GnT were formed through exon
shuffling [19]. These results taken together strongly
suggest that the common ancestral gene was duplicated
and one resultant gene directly evolved into IGnT after
divergence and intron insertion. The other gene was
further duplicated to produce (C2GnT gene and the
pseudogene (Fig. 5).

Similar results were obtained on a-2,6-sialyltrans-
ferases. Comparison of the deduced amino acid sequence
demonstrated two regions of significant homology among
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Figure 4. Comparison of the nucleotide sequences of the pseudogene and Alu repetitive sequence. Alu repetitive sequence has
homology with the upstream sequence of the pseudogene.

Common Ancestal gene

L.

Duplication

C2/Pseudogene Progenitor I Progenitor gene

Duplication

C2 Progenitor gene Pseudogene Progenitor I Progenitor gene

Intron insertion and Diversion

A

T T |
1 2 3

C2GnT Pseudogene IGnT

Figure 5. Evolutionary pathway of the C2GnT gene, the IGnT gene and the pseudogene. A common ancestral gene was duplicated
and the resultant gene directly evolved into IGnT gene after intron insertion and diversion. The other gene was further duplicated to
produce C2GnT progenitor gene and the pseudogene. The C2GnT progenitor gene evolved into C2GnT gene by intron insertion
and diversion.
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different sialyltransferases. One of them, sialyl motif L,
corresponds to residues 178-225 in rat Galfl —
4GIcNAc a-2,6-sialyltransferase and was recently found
to be the binding site for CMP-NeuNAc [27]. The
residues 178 to 225 are, however, split between exon 2
and exon 3 [28, 29], supporting the conclusion that those
homologous regions were not brought together by exon
shuffling.

The studies on the genomic organization of glycosyl-
transferases revealed that there are two different types of
genomic organization. One is represented by the C2GnT
gene, in which the entire coding region is coded by one
exon, These include N-acetylglucosaminyltransferase 1
[30], and fucosyltransferases III-VI [31]. The other is
represented by the IGnT gene, in which the coding
regions are split by several exons. These include f-1,4-
galactosyltransferase [32], a-2,6-sialyltransferase [28, 29]
and «-1,3-galactosyltransferase [33]. The present study
strongly suggests that these seemingly different gene
organizations among different glycosyltransferases were
most likely produced from the common ancestral genes
by gene duplication, diversion and intron insertion.
Further studies are needed on the C2GnT and IGnT
gene family to test this hypothesis by studying the
chromosome localization of the pseudogene and the
genomic organization of C2GnT and IGnT in the lower
animal kingdom.
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