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We have constructed a 2.5-Mb physical and transcription map that spans the human 6p21.2–6p21.3 region and
includes the centromeric end of the MHC, using a combination of techniques. In total 88 transcription units
including exons, cDNAs, and cDNA contigs were characterized and 60 were confidently positioned on the
physical map. These include a number of genes encoding nuclear and splicing factors (Ndr kinase, HSU09564,
HSRP20); cell cycle, DNA packaging, and apoptosis related [p21, HMGI(Y), BAK]; immune response (CSBP,
SAPK4); transcription activators and zinc finger-containing genes (TEF-5, ZNF76); embryogenesis related (Csa-19);
cell signaling (DIPP); structural (HSET), and other genes (TULP1, HSPRARD, DEF-6, EO6811, cyclophilin), as well as a
number of RP genes and pseudogenes (RPS10, RPS12-like, RPL12-like, RPL35-like). Furthermore, several novel genes
(a Br140-like, a G2S-like, a FBN2-like, a ZNF-like, and B1/KIAA0229) have been identified, as well as cDNAs and
cDNA contigs. The detailed map of the gene content of this chromosomal segment provides a number of
candidate genes, which may be involved in several biological processes that have been associated with this
region, such as spermatogenesis, development, embryogenesis, and neoplasia. The data provide useful tools for
synteny studies between mice and humans, for genome structure analysis, gene density comparisons, and studies
of nucleotide composition, of different isochores and Giemsa light and Giemsa dark bands.

The 6p21.3 band of chromosome 6 is one of the most
intensely studied regions of the human genome, be-
cause of the presence of the major histocompatibility
complex (MHC) that occupies 4 Mb within that chro-
mosomal segment.

The mouse MHC is situated on chromosome 17
within the fourth distal inversion, in(17)4 of the t hap-
lotype. The colinearity of genes between the mouse
and human MHC has been shown to extend out of the
human MHC toward both the centromere and the telo-
mere (Tripodis et al. 1998). Sporadic cases have been
reported associating the HLA region in humans with
spontaneous abortion, transmission distortion, and in-
fertility, all characteristics of the mouse t complex (for
review, see Kostyu 1994) and it is possible that the
association extends toward the regions flanking the
MHC.

The 6p21.3 region has been also associated with

neoplasia, as a number of chromosomal rearrange-
ments with breakpoints have been observed in various
human cancers (Johansson et al. 1993; Williams et al.
1997; Xiao et al. 1997). Several genes believed to be
involved directly in cancer have been physically
mapped within the 6p21.2–21.3 region. These are the
high mobility group HMGI(Y) gene (Friedmann et al.
1993), the cyclin-dependent kinase inhibitor 1A (also
known as p21; el-Deiry et al. 1993; Harper et al. 1993),
and the PIM1 oncogene (Cuypers et al. 1986).

To characterize this region in detail, we have con-
structed a physical map (Tripodis et al. 1998) that ex-
tends >2.5 Mb from the centromeric end of the MHC
and marked by the HKE-3 gene, to include the marker
D6S291. As the main tool for transcript map construc-
tion we used the cDNA selection technique (Lovett et
al. 1991; Korn et al. 1992) and complete genomic se-
quencing followed by sequence analysis. These were
enhanced by applying exon trapping (Church et al.
1994), isolation and sequencing of GC-rich fragments
(Shiraishi et al. 1995), and direct screening of cDNA
libraries in selected areas.
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This is the first report of a detailed transcription
map of the region immediately centromeric of the
MHC in humans. The transcription map and genomic
sequence encompass the boundary of a Giemsa-
positive and a Giemsa-negative band. The application
of several gene identification techniques combined
with complete genomic sequencing and analysis has
allowed direct comparison between gene prediction
programs, expressed sequence taq (EST) mapping in-
formation, and isolated exons and cDNAs. The result-
ing detailed transcription map fully integrates the ex-
isting and generated gene information and includes
the identification and elucidation of the organization
for a number of genes. The data provide valuable re-
sources, not only to medical genetics but also to studies
of genome organization.

RESULTS

Direct Screening of a cDNA Library
and exon trapping in a 410-kb region
encompassing TCP-11 and ZNF76
The close mapping of ZNF76 and TCP-11 (Ragoussis et
al. 1992), as well as a relatively high number of BssHII
restriction sites in the same area (Tripodis et al. 1998)
indicated the presence of CpG islands and conse-
quently, additional coding sequences in this 410-kb
region. Two different approaches were used to generate
additional coding sequences: direct screening of a
cDNA library and exon trapping.

Direct screening of the U937 cDNA library resulted
in the isolation of two overlapping cDNA clones of
∼2 kb length, B1 and D5. The two clones map on cos-
mids 15a and 4N (Fig. 1). They are part of the 38-
untranslated region (UTR) of the 6.3-kb mRNA
KIAA0229.

Twelve cosmids from the TCP11 region were
pooled in a single exon trapping experiment. The in-
dividual exons had the following characteristics:
Clones x2A6 and x13H9 (Table 1) have a 100% homol-
ogy with KIAA0229 and therefore, must be exons of
this mRNA. Clone x9C3 was mapped in the T3 end
fragment of cosmid 15a, which contains the gene en-
coding TCP-11. Clones x1C7 and x8F2 (Table 1) have

continuous open reading frames (ORFs) but no simi-
larity was identified in any database search. Clone
x8F2 is partially overlapping with a selected cDNA
(clone 4.2/G5; Table 1), which increases the possibility
of it being a bona fide exon. Clone x2E11 (Table 1)
maps in cosmids 44N22 and 33F1 (Fig. 1) and has a
continuous ORF. No identity with known sequences
was found in electronic searches. Two selected cDNA
clones contain the entire sequence of 2E11. These pu-
tative exons constitute 75% of the insert containing
gridded clones.

Generation of GC-Rich Fragments
in the Area Centromeric to p21
The isolation of GC-rich fragments as an alternative to
sample sequencing was tried on three cosmids that
map centromeric to the p21 gene: 54P5, 27D8, and
23H4 (Fig. 1). The particular region was selected be-
cause of the presence of BssHII sites indicative of CpG
islands and relatively high GC content.

Six fragments were isolated from the three cosmids
and multiple duplicate clones analyzed. The fragments
fall in two groups, the 23H4-A1 group, which is 725 bp
long and has a Tm = 79.9°C and the 23H4-B4 group,
which is 961 bp long and has a Tm = 79.1°C (Table 1).
Searching the DNA databases revealed an almost 100%
identity of both sequences with part of the mitochon-
drion genome but also 100% homology with the 58-
UTR of the Wnt-13 gene, which is located at chromo-
some 1p13 (Katoh et al. 1996).

cDNA Selection
We used three different cDNA libraries (human fetal
brain, fetal liver, and adult muscle) to cover a wide
spectrum of expressed sequences, and 44 cosmids cov-
ering 1.7 Mb of DNA. We analyzed 1920 selected cDNA
clones (1.13 clones per screened kilobase) in total. The
mean redundancy of cDNA clones screened back to the
cDNA filters is 32.76, whereas only 4 of 37 cDNA
clones did not map back to a cosmid. Hybridization
with ribosomal protein-like sequences revealed 165
positive clones (8.59% of all cDNAs) and 195 clones
(10.15%) had a high number of Alu repeats. Taking
these out, 740 true positive clones (or 38.54% of the

Figure 1 (See pages 456–458.) Schematic representation of the transcript map of the 6p21.2–6p21.3 boundary region, immediately
centromeric of the MHC. All physical distances are indicated in the top bar as kilobases and thin lines represent 20-kb intervals. Only the
relevant minimal number of clones is indicated. Blue cosmid names were used in cDNA selection, underlined in exon trapping, yellow
highlighted in isolation of GC rich fragments. PAC/BAC clones are indicated with black lines (prefix dJ for PACs). Clones are drawn to scale.
PAC dJ40L2 is extending on either side, as the arrows indicate. Sequenced clones are indicated in red. PAC dJ340B19 is only partially
sequenced; therefore, the location of the identified transcripts is tentative. The genomic DNA shows sequenced parts (red lines). (Black
boxes) Mapped and predicted exons; (red boxes) mapped ESTs and Unigene contigs; (light blue boxes) predicted CpG islands; (green
boxes) genetic markers; (hatched boxes) selected cDNA clones, cDNA contigs, and exons (names with blue background); (open boxes)
38 and 58 untranslated regions (all drawn to scale). Linking lines were used to indicate multiple matches of EST and cDNA contigs on the
genomic sequence and to denote linked exons, where this is not obvious. Numbers above black boxes indicate the relevant exon number.
The names of genes are indicated above the exons; the arrows show the orientation of transcription. The percentage of GC (blue graph
lines) and percentage of repeats (red graph lines) are indicated under the sequenced genomic DNA and in the last black stripe the exact
position of repeats is indicated as turquoise boxes for the Forward and Reverse strand. Position 0 is the true centromeric end of PAC clone
dJ50J22.
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total picked clones) were identified from a 1.7-Mb re-
gion (0.43 clones per screened kilobase).

From the identified 740 cDNA clones a subset of
177 was sequenced, resulting in a total of 100 kb of
sequence generated from both strands. All the se-
quenced clones were screened for overlaps and contigs
were created. In specific cases the extension toward the
58 and 38 end was done using the rapid amplification of
cDNA ends (RACE) PCR method as well as electronic
walking.

Therefore, 77 unique cDNAs and cDNA contigs
were formed (Table 1), of which 55 were confidently
positioned on the existing physical map (Fig. 1; Table
1). The expression pattern of each contig was assessed,
based on the cDNA library of origin. More than half of
all cDNAs and cDNA contigs originate from the fetal
brain library (Table 1). In some cases additional infor-
mation regarding the expression pattern of a particular
contig was obtained by screening Northern blots. A
comprehensive list showing the clone names, Gen-
Bank identification, size, percentage of repeats, BlastN
and BlastX results, and homologies to the Unigene,
dbest, and htgs databases is shown in Table 1 and their
map position is shown in Figure 1.

Genomic Sequencing
Eleven PAC clones and 3 cosmids are currently se-
quenced and have resulted in a total of ∼1.7 Mb of
sequence, representing ∼70% of the region. Analysis
and annotation of this sequence was performed using
the comprehensive programs available at the UK
HGMP Resource Centre (NIX) and the HPREP suite and
viewed in ACEDB. Furthermore, each PAC sequence
was screened with the sequences of all the generated
clones (cDNAs, exons, GC-rich fragments) and over-
laps were established between coding and genomic se-
quences. The PAC sequences for dJ50J22, dJ524E15,
dJ179N16, dJ108K11, dJ431A14, dJ422H11, dJ109F14,
and dJ187N21 are complete and fully annotated and
are available from the European Molecular Biology
Laboratory (EMBL) and GenBank databases (see Table 2
for accession no.), whereas the rest can be seen at the
Sanger Centre’s web page (http://www.sanger.ac.uk).

Using these analytical tools it was possible to iden-
tify the exact position of all selected cDNAs that cor-
respond to the sequenced PAC clones and correlate
them to known genes, to position new genes identified
by sequence similarity and predicted exons, and locate
other transcription units (sequenced ESTs and Unigene
contigs) and polymorphic markers. The structure of a
large number of genes was elucidated and the fine
physical mapping of the region was verified and en-
hanced (Fig. 1).

The cosmid clones 12K9 (HSICK0912) and 21K7
(HSICK0721) (Janitz et al. 1999) that fully overlap with
the cosmid clone 49H12 were sequenced to comple-

tion at the Sanger Centre, resulting in 40 kb of ge-
nomic fully annotated sequence (presented in Fig. 1).
Data from two additional cosmid clones, namely
46B20 (HSICB2046) and 11F8 (HSF0811) (Herberg et al.
1998a,b), were also included for completion purposes.

Construction of a Transcript Map
In total we have assigned 88 transcribed sequences to
this region (Table 1). Of these 23 are known genes and
11 show significant similarity to previously described
transcripts. This group of 34 transcripts is presented in
Table 3 ordered from centromere to telomere and in-
cludes structural, expression, and interspecies data.

Identified and Mapped Genes
Analysis of the genomic sequence of clone dJ50J22 re-
vealed two putative coding sequences similar to the
ETS transcription factor (four putative exons) and the
GS2-expressed sequence (four putative exons), which
has been assigned to chromosome X (direct submis-
sion, HSU03886). The two putative genes are tenta-
tively called ETSL (for ETS Like) and GS2L (Table 3).

Evidence for the Br140-2 gene is given by the
cDNAs 1.3/C11, 3.1/C1, 4.3/G11, 5.2/C6, 1.2/D10, and
ntcon2, which are located on clone dJ524E15. The first
four cDNAs show strong homology with the Br140
gene, (Thompson et al. 1994; Gregorini et al. 1996).
The ORFs of 1.3/C11 and 4.3/G11 indicate that the
cysteine and histidine residues responsible for the zinc
finger formation (Fig. 2A) and the bromodomain re-
gion (Fig. 2B) of peregrin are highly conserved in this
new gene. Sequence analysis of the genomic sequence
confirmed the presence of a coding sequence homolo-
gous to Br140, tentatively named Br140-2 (see Fig. 1).
The expression profile of the gene, by Northern blot
analysis and by listing the tissues of origin of overlap-
ping ESTs, suggests a widely expressed gene (Table 3).
Homology of Br140 with the AF10 and AF17 human
genes (Prasad et al. 1994) and the CEZF gene from Cae-
norhabditis elegans (Chaplin et al. 1995) suggests that
they may form a new family of regulatory proteins
(Gregorini et al. 1996) and Br140-2 could be the latest
member of this family. The stress-activated protein ki-
nase 2 (SAPK2, also mentioned as p38 and p38b; Lee et
al. 1994; Crawley et al. 1997) is a mitogen-activated
kinase (MAP kinase) that encodes for the cytokine sup-
pressive anti-inflammatory drug (CSAID) binding pro-
tein 1 (CSBP1) and its isoform (CSBP2). It was mapped
on clone dJ179N16 and verified by cDNA clone 4.1/
C12. The alternative exons 9a and 9b are both 79
nucleotides long and are within 4 kb from one an-
other. Further analysis of this PAC revealed the pres-
ence of another stress-activated protein kinase centro-
meric of CSBP, namely SAPK4 (or p38D; Kumar et al.
1997). The SAPK4 gene is also encoded by 12 exons and
transcribed proximally. The SAPK4 and SAPK3 genes
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form a distinct set of p38 MAP kinases, which seem to
mediate the role of CSBP (Goedert et al. 1997). The
sizes of all the exons of the two genes are identical (Fig.
1; Table 3). The two genes have a 61% amino acid
identity. However, SAPK4 occupies a genomic region

that is ∼one-tenth the genomic region of CSBP, due to
its smaller introns. This suggests a duplication event of
a single MAP kinase gene.

Telomeric of CSBP lie 5 exons, coding for a puta-
tive 310 amino acid protein with significant homology

Details of cDNA selection clones, contigs, and exon trapping products ordered from centromere to telomere. Clones below the black
bar possibly fall outside the presented contig. (Clones) Number of clones that form a contig. (Origin) FB, fetal brain; FL, fetal liver; AM,
adult muscle; cDNA, from cDNA selection, but origin could not be determined; HGMP, from the gridded HGMP library; exon, from
the exon trapping; GC, frag., from the GC-rich isolation experiment. (Repeats) Percentage of repeats, identified by RepeatMasker.
(BLASTN-nr) BlastN hits in the nonredundant sequence databases. (dbest) BlastN hits in the EST sequence databases. (htgs) BlastN hits
in the high throughput sequence databases. (Unigene) The identified ESTs belong to a Unigene contig. (BLASTX) Best match is shown
in each case. (Exon prediction) Predictions of the FEX, GRAIL, and Genemark algorithms from NIX.
1For these matches P > le-100. For R67512, P = 7e-20; AI096598, P = 2e-10; W42653, P = 2e-43; AA456; P > 2e-16; H66797, P = 4e-15;
AA074489, P = 3e-54.
2P = 4.5e-7.
3P = 2.1e-5.
4Also WI-15639.
5Also cICK0921Q.

Table 2. Sequenced Clones

Clone
name

Accession
no. Type Statusa Contigsb Sequencedc

dJ50J22 Z84484 PAC F 1 146746
dJ524E15 Z84485 PAC F 1 80908
dJ179N16 Z95152 PAC F 1 172048
dJ108K11 Z85986 PAC F 1 145616
dJ431A14 Z85996 PAC F 1 195364
dJ422H11 Z99128 PAC F 1 112984
dJ340B19 AL033519 PAC U 53 128168
dJ109F14 AL022721 PAC F 1 170245
dJ329A5 Z97832 PAC U 6 179338
dJ187N21 Z98036 PAC F 1 103146
dJ291J10 Z93017 PAC U 8 134771
cICK721 AL021366 cosmid F 1 40775
HSICB2046 Z97183 cosmid F 1 39872
HSF0811 Z97184 cosmid F 1 40127

Clone
name

G+C
(%)d Isochore

Repeat
(%)e Genesf

Gene
density

dJ50J22 47.7 H1/H2 29.5 2 0.14
dJ524E15 44.0 H1 44.5 1 0.12
dJ179N16 42.5 L2/H1 37.8 2 0.12
dJ108K11 43.6 L2/H1 46.6 3 0.21
dJ431A14 50.0 H2 25.9 4 0.20
dJ422H11 41.0 L1/L2 45.5 1 0.09
dJ340B19 44.1 H1 50.6 2 0.16
dJ109F14 50.2 H2 35.9 4 0.23
dJ329A5 48.1 H1/H2 32.7 4 0.22
dJ187N21 41.9 L1/L2 45.7 1 0.10
dJ291J10 49.7 H2 51.2 2 0.15
cICK721 50.1 H2 28.3 4 0.98
HSICB2046 49.9 H2 39.5 4 1.00
HSF0811 52.4 H3 30.6 6 1.50

Report of sequenced clones at the Sanger Centre that are part of the physical map of the 6p21.2–6p21.3 boundary region.
a(F) Finished; (U) unfinished.
bNumber of formed contigs.
cProduced sequence (bp).
dPercentage of GC and the corresponding isochore (according to Bernardi 1989).
eThe percentage of repeats was estimated using RepeatMasker.
fThe number of identified genes is used to calculate the gene density, expressed in number of genes per 10 kb.

Transcript Map of Human 6p21.2–6p21.3

Genome Research 461
www.genome.org



T
ab

le
3
.

Li
st

o
f

Id
en

ti
fi

ed
an

d
M

ap
p

ed
G

en
es

in
th

e
6p

21
.2

–6
p

21
.3

B
o

un
d

ar
y

R
eg

io
n

an
d

Ex
p

re
ss

io
n

Pr
o

fi
le

(C
od

in
g)

Th
e

nu
m

be
r

of
co

di
ng

nu
cl

eo
tid

es
;

(G
en

om
ic

)
th

e
ex

te
nt

of
ea

ch
ge

ne
ov

er
th

e
ge

no
m

ic
re

gi
on

.
Th

e
nu

m
be

r
of

ex
on

s
is

in
di

ca
te

d.
W

he
re

no
t

al
le

xo
ns

ar
e

kn
ow

n,
a

“+
”

si
gn

is
us

ed
.

A
lte

rn
at

iv
el

y
sp

lic
ed

ex
on

s
ar

e
in

cl
ud

ed
.

O
rie

nt
at

io
n

is
ei

th
er

p
ro

xi
m

al
(P

)
or

di
st

al
(D

).
Th

e
ex

p
re

ss
io

n
p

ro
fil

e
is

in
di

ca
te

d
w

ith
+

fo
r

ES
T

es
ta

bl
is

he
d

tis
su

e
ex

p
re

ss
io

n
an

d
a

gr
ay

bo
x

fo
r

ex
p

er
im

en
ta

ld
et

er
m

in
at

io
n

(N
or

th
er

n
bl

ot
).

(1
)

N
eg

at
iv

e
N

or
th

er
n

re
su

lts
.I

ft
he

re
is

no
in

fo
rm

at
io

n,
a

bl
an

k
bo

x
is

le
ft

fo
r

th
at

p
ar

tic
ul

ar
tis

su
e.

Th
e

la
st

fiv
e

co
lu

m
ns

in
di

ca
te

ho
m

ol
og

y
w

ith
ot

he
r

sp
ec

ie
s.

(*
)

Ex
p

er
im

en
ta

le
xp

re
ss

io
n

da
ta

p
re

se
nt

ed
in

th
is

w
or

k
an

d
fr

om
re

le
va

nt
lit

er
at

ur
e;

(*
*)

ex
p

er
im

en
ta

le
xp

re
ss

io
n

da
ta

fr
om

re
le

va
nt

lit
er

at
ur

e
on

ly
.

Tripodis et al.

462 Genome Research
www.genome.org



to a sequenced coding segment of a
C. elegans cosmid (clone R05F9,
U41533) and weak similarity to the
SRP40 gene. This putative gene was
designated R05F9.1-like (Fig. 1; Ta-
ble 3).

The Ndr protein kinase, a highly
conserved protein mainly localized
in the nucleus (Millward et al. 1995),
and the HSRP20 gene were posi-
tioned accurately with the help of
cDNA clones and contigs (Table 1).

The detailed genomic organiza-
tion of the murine SRp20 was de-
scribed recently (Jumaa et al. 1997)
and it was shown that alternative
splicing occurs on exon 4 (Jumaa and
Nielsen 1997). The alternative splic-
ing is regulated by the antagonistic
action of SRp20 in favor of use of
exon 4 and of ASF/SF2 in skipping
exon 4. The necessary sequence ele-
ments responsible for this regulatory
process are within and immediately
flanking exon 4 (Jumaa and Nielsen
1997). The sequence of the human
HSRP20, as deposited in the data-
bases, does not include a segment
similar to the murine exon 4. How-
ever, the cDNA data (ntcon7 and nt-
con9) and the genomic sequence of
dJ108K11 show that not only is the
same exon present in humans, but
the flanking intronic sequences have
also been conserved between the two
species. This may well indicate that
the human HSRP20 is regulated in a
similar fashion to its murine counter-
part.

The p21 gene is a cyclin-depen-
dent kinase inhibitor (el-Deiry et al.
1993; Harper et al. 1993). Two mark-
ers are part of the 38-UTR of p21 (WI-
7311 and stSG10190). Interestingly,
part of the complementary sequence
of intron 2 is identical to the 58-UTR
of the geranyl-geranyl-transferase
type-I (GGTase-I) b subunit (F.L.
Zhang et al. 1994). Further telomeric,
four putative exons were identified
that encode for a protein that is simi-
lar to the GTP-binding domain of the
Ras-related RAB proteins (Fig. 1;
Table 3). This putative gene is desig-
nated GTP-BPL (for GTP-binding pro-
tein-like) and has a distal orientation

Figure 2 Identification of the BR140-2 and the human CUTA1 genes by cDNA selection.
(A)The overlap between the translated (ORF1) cDNA clone 1.3/C11 and peregrin shows
that 1.3/C11 shares the same cysteine (C) and histidine (H) (both underlined) residues
with peregrin, which are involved in the formation of the zinc fingers of peregrin. Bullets
denote identity and vertical lines similarity (also for B and C). (B) The overlap between
the translated (ORF2) cDNA clone 4.3/G11 and peregrin shows that clone 4.3/G11 con-
tains a domain highly similar to the bromodomain of peregrin. (C) The overlap between
the translated (ORF3) of ntcon6 and two CutA protein sequences for Escherichia coli and
Arabidopsis thaliana are shown. The percentage of identity and similarity between each
sequence is shown under I and S, respectively, at the bottom right.
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of transcription. Less than 10 kb from the 38UTR of the
GTP-BPL is a G protein-coupled receptor-like sequence,
which has a weak similarity to the galanin-1 receptor
gene (Habert-Ortoli et al. 1994).

A possible new member of the copines is present
on PAC dJ431A14. The copines are a novel class of C2
domain-containing, calcium-dependent, phospho-
lipid-binding proteins that are highly conserved and
may function in membrane trafficking (Creutz et al.
1998). A number of ESTs that map in the same region
increase the possibility that this is a transcribed and
functional gene.

A cyclophilin-like gene has been identified by se-
quence analysis. The Unigene contig WI-12521 maps
on the same area and increases the possibility that this
is a functional cyclophilin-like gene. Genomic se-
quence from human Xq22 suggests that the cy-
clophilin gene is located there and Haendler and Hofer
(1990) note that there is a number of processed cy-
clophilin pseudogenes. However, all the sequenced
pseudogenes lack introns, in contrast to the described
transcript. A putative CpG island lies 15 kb upstream of
exon 1, as expected from a housekeeping gene, sup-
porting the evidence that this is a functional gene.

The HSU09564 serine kinase extends over at least
90 kb of genomic sequence. There are two alternative
exons 2, designated 2a and 2b, which account for the
isoforms 1 and 2 of the gene. It seems that HSU09564
plays a central role in the regulation of splicing in the
nucleus by controlling the intranuclear distribution of
SR splicing factors in interphase cells and therefore, in
the reorganization of nuclear speckles during mitosis
(Gui et al. 1994).

Although the PAC clone dJ340B19 is not fully se-
quenced, BlastN and BlastX analyses show that the
TULP1 gene is located there. The TULP1 gene was
cloned together with other members of the tub family
of proteins, which have a highly conserved carboxyl
terminus (North et al. 1997). TULP1 mutations were
found in nonsyndromic recessive retinitis pigmentosa
patients (Hagstrom et al. 1998) and in all affected in-
dividuals from two arRP14-linked kindreds (Banerjee et
al. 1998), indicating that the TULP1 protein is essential
for the normal physiology of the retina and respon-
sible for the arRP14. Apart from the TULP1 gene, the
FKBP51 gene and an RPS15A-like gene are also located
in this genomic segment. The FKBP51 gene is a highly
conserved protein that has peptidylprolyl isomerase
activity (Nair et al. 1997).

The hTEF-5 gene (Jacquemin et al. 1996) is located
at the centromeric end of clone dJ109F14 (Fig. 1). The
5.2/C4 clone is practically identical to the hTEF-5 gene
and maps on the cosmid 4B4. Comparison of the ge-
nomic sequence of the overlapping PAC clone
dJ109F14 with the 5.2/C4 and the hTEF-5 sequences
revealed that the hTEF-5 gene is encoded by 11 exons

and the cDNA clone covers exons 8, 9, and 10. Analysis
of the genomic sequence reveals that there are two
alternative exons, designated 3a and 3b (Fig. 1), which
account for two isoforms of the hTEF-5 gene (Fig. 1;
Table 3). The hTEF-5 is a transcription factor that con-
tains the TEA/ATTS DNA-binding domain and plays a
role in myogenesis, cardiogenesis, CNS development,
and organogenesis. The cDNA clone 5.2/C4 originates
from the adult muscle library, in agreement with the
reported expression pattern of the gene (Jacquemin et
al. 1996).

In a tail-to-tail orientation with hTEF-5 is the Csa-
19 gene, which (Fig. 1; Table 3) was cloned by selecting
cDNA clones whose expression is down-regulated in
the thymus by cyclosporin-A (Fisicaro et al. 1995). The
Csa-19 gene is highly conserved between mice and hu-
mans and expressed in many adult and fetal issues but
predominantly in lymphoid organs (Table 3; Fisicaro et
al. 1995). Further telomeric, a putative gene was iden-
tified. It has a weak similarity to ZNF127 (direct sub-
mission, U19107) and was tentatively designated
ZNF127L (Fig. 1; Table 3).

The human peroxisome proliferator-activated re-
ceptor-D (PPAR–D, or PPAR-b; (Schmidt et al. 1992) is
conserved in mouse and rat and was mapped previ-
ously by analysis of a somatic cell hybrid panel on
chromosome 6p21.2–p21.1 (Yoshikawa et al. 1996).
There are two CpG islands, one upstream of the 58-UTR
of the gene and another one in intron 6 (Fig. 1). Inter-
estingly, a number of ESTs and 3 cDNA clones (5.2/D9,
1.2/D11, and 3.2/H12) have been mapped within in-
tron 2 (Fig. 1). It is still unclear whether they are part of
a yet unidentified gene within intron 2.

The heterogeneous ribonucleoparticle hnRNP-1
(direct submission, X78137) was identified in the cen-
tromeric end of the clone and at least 3 putative exons
were predicted (Fig. 1; Table 3). A putative CpG island
(see below) is present immediately upstream exon 1
(Fig. 1), suggesting this is the true functional gene.

The human DEF-6 gene was also identified (Hot-
filder et al. 1999) and is closely related but not identical
to the recently described B-cell-specific switch recom-
binase SWAP-70. The ZNF76 gene is encoded by 12
exons and its 58-UTR coincides with a mapped BssHII
site on the physical map (Tripodis et al. 1998; Fig. 1).
Between the 58-UTR and coding exon 1 there is a
RPL35-like sequence. Further telomeric several putative
exons were identified that also have a proximal orien-
tation of transcription and encode for a protein similar
to fibrillin-2 (Fig. 1; H. Zhang et al. 1994). The novel
putative gene was tentatively called FBN2sml (for simi-
lar).

The KIAA0229 transcript was identified as follows:
the B1 cDNA, isolated by direct screening of the U937
cDNA library, was used to screen the cDNA clones from
the cDNA selection experiment. The cDNA clones posi-
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tive with B1 formed the contig B1con, which extends
further upstream from B1, starting at residue 3918 of
the KIAA0229 mRNA. In addition to that, exon x13H9
identified 4 overlapping cDNA clones. They are all con-
tained within the 419-bp long 1.4/B6 cDNA clone.
Alignment of the sequence of clone 1.4/B6 with the
KIAA0229 sequence shows identity for the first 118 bp
of 1.4/B6 between residues 2109 and 2218 just 10 bp
upstream of exon x13H9.

The KIAA0229 gene has its 38-UTR at least 15 kb
away from TCP-11 and extends over an area of at least
27 kb toward ZNF76, which is 170 kb further centro-
meric (Fig. 1). The B1 cDNA was used to screen a series
of Northern blots (Fig. 3), showing that it is predomi-
nantly expressed in testis as a 7.4-kb transcript,
whereas transcripts with sizes of 9.5 and 4.5 kb were
also detected. In the mouse a 4.5-kb signal was de-
tected in spleen, testis, heart, lung, liver, and skeletal
muscle (Fig. 3). Screening of total genomic DNA digests
with B1 showed that it is present only once in the
genome (not shown). Therefore, the B1 cDNA is part of
a new gene with potential alternative splicing, result-
ing in mRNA species of sizes ranging from 9.5 to 4.5 kb
and with predominant expression in human adult tes-

tis. The KIAA0229 sequence deposited in the databases
is 6335 bp long, which probably coincides with the
6-kb signals detected at the Northern blots. The pre-
dicted protein encoded by the KIAA0229 mRNA shows
similarity to the human ankyrin protein.

The TCP-11 and RPS10 (corresponding to ntcon8)
genes and the RPS10 pseudogene (EST301) were previ-
ously mapped (Tripodis et al. 1998). Further toward the
telomere the genomic sequence of dJ187N21 revealed
the diphosphoinositol polyphosphate phosphohydro-
lase (DIPP) gene (Safrany et al. 1998) and the cDNA
contigs ntcont3 and ntcon5 are part of its 38-UTR.

The BAK gene was identified and verified by the
presence of cDNA clones. The detailed genomic struc-
ture of BAK is described elsewhere (Herberg et al.
1998c). The HMGI(Y) gene maps between DIPP and
BAK (Tripodis et al. 1998). A zinc finger putative gene,
identified by similarity searches and exon prediction,
is situated centromeric to BAK (Fig. 1). Although it was
not possible to determine the total number of exons,
the transcript is proximally orientated. It is a C2H2
type of zinc finger protein and is marked as ZNFL
(Table 3).

The HSET gene was previously mapped in the re-
gion as HTCTEX-7 (Tripodis et al. 1998). It is encoded
by 10 exons and was identified with cDNA 2.3/C12. A
putative CpG island is present in the 58-UTR, but this is
close to an RPL35a pseudogene. Another RPL12-like se-
quence was identified in intron 2 (49H12con1).

The cDNA contig ntcon6 is encoded by 6 exons
and is homologous to EO6811, which is a cDNA en-
coding a polypeptide secreted from human glioblas-
toma cells. The encoded peptide showed similarity to
the Arabidopsis thaliana CutA protein (Fong et al. 1995;
Fig. 2C), which is conserved across species from differ-
ent taxa. In Escherichia coli the CutA protein is presum-
ably involved in copper tolerance and also affects tol-
erance to zinc, cadmium, nickel, and cobalt salts (Fong
et al. 1995). A putative CpG island was identified on
the 58 end of ntcon6. The PHF1 and PHF2 genes are
located between HSET and ntcon6 with a CpG island at
the 58 end (see Fig. 1; Janitz et al. 1999). The PHF1 gene
is similar to the Polycomb of Drosophila melanogaster
and has been previously mapped on chromosome
6p21.3 by in situ fluorescence hybridization (Coulson
et al. 1998).

Further centromeric two exons were identified
that have homology with the synaptic Ras–GTPase ac-
tivating protein p135SynGA, identified in the rat
(Chen et al. 1998). The identified exons belong to the
human homolog, designated hSynGAP. It is centro-
merically transcribed and as it has a head-to-head ori-
entation with ntcon6 (Fig. 1), it is possible that the two
genes share 58-UTRs. The available genomic sequence
does not contain the entire coding sequence of the
hSynGAP; therefore it was not possible to determine the

Figure 3 Expression pattern of B1 in a series of multiple tissue
Northern blots from human adult (Clontech MTNII) and fetal
tissues (Clontech). The tissues present in these blots are as fol-
lows: (Lane 1) spleen; (land 2) thymus; (land 3) prostate; (lane 4)
testis; (lane 5) ovary; (lane 6) small intestine; (lane 7) colon; (lane
8) peripheral blood leukocytes; (lane 9) fetal brain; (lane 10 fetal
lung; (lane 11) fetal liver; (lane 12) fetal kidney. b-Actin control is
shown underneath. Sizes are indicated on the side of each blot.
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total number of exons and the genomic extent of this
gene.

The two cosmid clones cICB2046 and cICF0811
overlap with cosmids and a PAC clone (dJ36A2) previ-
ously mapped in the centromeric end of the MHC (Tri-
podis et al. 1998). The two clones overlap for ∼10 kb
and together result in a 69.9-kb contiguous genomic
segment. The detailed analysis and gene content of
these two clones has been described elsewhere (Her-
berg et al. 1998a,b). In brief, the following gene order
was established in this region: BING3, DAXX (BING2),
BING1, Tapasin, RGL2, HKE2, BING4, and BING5. The
HKE3 (RPS18) gene is present on PAC clone dJ36A2
(Tripodis et al. 1998), telomeric of BING5 (Fig. 1).

Putative Transcripts
Four ESTs/EST clusters were mapped on the dJ179N16
(Fig. 1). One of them is Unigene contig stSG23312,
which includes ESTs derived from breast, heart, lung,
muscle, parathyroid, placenta, and whole embryo. This
contig is ∼4 kb centromeric of the 38-UTR of the SAPK4
gene. Because no poly(A) signal was identified in be-
tween, this EST contig [containing a poly(A) signal]
may be the true 38-UTR of SAPK4.

At the 58 end of the p21 gene outside the dJ431A14
sequence lies the cDNA contig ntcon4, which is highly
similar to the bovine leucine aminopeptidase (LAP), a
highly conserved protein (Taylor et al. 1984). ntcon4 is
also highly similar to the promoter sequence of p21
(91% similarity with 1% gaps over the entire length of
the nucleotide sequence of ntcon4) as shown from
BLASTN searches. The ESTs identified belong to the
Unigene contig hs.106750 (AOO6X39), which has
been mapped on chromosome 4, between markers
D4S1601 and D4S419. These results suggest that the
identified sequence is represented at least twice in the
human genome but no conclusion could be drawn
from this work as to which is the functional transcript
or whether both locations harbor functional genes.

Between Csa-19 and hTEF-5 is located the cDNA
clone 1.4/F5. Sequence similarity searches revealed no
identity of the clone with any known genes, proteins,
or ESTs, even after obtaining additional sequence in-
formation using the RACE PCR method. Genomic
DNA hybridizations revealed that it is single copy and
the clone was used to screen a total RNA Northern blot.
Three signals with approximate sizes of 0.6, 0.8, and
1.8 kb were seen in all tissues with varied intensity, the
strongest being in kidney and skeletal muscle. Two
strong signals from transcripts of ∼9 kb and 4 kb were
detected in spleen and one strong signal of ∼4 kb in
duodenum (data not shown).

The cDNA clone cNT1 was mapped back to cosmid
36, which overlaps with dJ329A5 and was found on the
genomic sequence. Several ESTs and Unigene contigs

flank the cNT1 sequence (Fig. 1), suggesting a yet un-
determined gene.

The Unigene contig WI-30588 was mapped up-
stream of FBN2sml and it represents either a 58-UTR of
this gene or a separate transcript (Fig. 1).

Potential transcripts just telomeric of TCP-11 are
represented by exon x9C3, exon x2E11, and the cDNAs
1.4/B1 and 4.4/D11 (see Fig. 1 and for clone details,
Table 1). These cDNAs and exons did not show homol-
ogy to any known expressed sequences in the data-
bases.

The proximal end of the dJ187N21 clone overlaps
with the cosmids 32O22 and 14I20 as revealed by the
presence of a group of cDNAs (1.1/D11,1.2/B4, 1.4/B1,
1.2G12, 4.4/D11, 1.4/C1) and ntcon1.

Within the DIPP introns are the cDNAs 5.2/A8,
3.1/E12, 2.3/D1, and 5.2/C7 (Fig. 1), but whether they
form part of another expressed sequence is not known.
The 58 end of DIPP is outside the dJ187N21 sequence.

Comparison Between Experimental and Electronic
Gene Identification
All known genes that have been identified by cDNA
selection or exon trapping and are present within the
sequenced segments were identified by the sequence
analysis tools through a combination of BlastN hits to
the nonredundant nucleic acid database and BlastX
hits to protein databases (see Table 1). The exon pre-
diction programs also correctly identified exons at
these positions (Table 1). The 28 cDNAs that did match
the available sequence but showed no similarities to
sequences in the nonredundant database can be split
into two groups: one group of 23, where at least one
prediction program indicated the presence of an exon
and thus supporting the evidence for the presence of a
genuine transcribed sequence, and five cDNAs without
any overlapping exon prediction (Table 1). Most of
these five cDNAs localized within introns of known
genes (for example, 4.4/D2 and 5.3/D5 within the Ndr
locus; see Table 1; Fig. 1) and are most likely cDNA
library artifacts.

Analysis of Nucleic Acid Content
of the Sequenced Segments
The percentage of GC for all sequenced contigs was
calculated for every 10 kb and plotted in overlapping
windows of 100 bp (Fig. 1). The size of most contigs
coincides with that of the sequenced clones and, in
turn, this is approximately equal to a standard isochore
unit (Bernardi 1989). The isochore content of each se-
quenced clone is shown in Table 2. Identification of
CpG islands was visualized based on outputs provided
by the NIX program and the putative CpG islands were
indicated in Figure 1. Putative CpG islands were iden-
tified in the 58-UTRs of most genes (Br140-2, SAPK4,
CSBP, p21, TEF-5, Csa-19 HSPPARD, hnRNPE-1, hDEF-6,
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ZNF76, PHF1, and EO68011), or between two genes
that have a head-to-head orientation but yet unde-
fined true 58-UTRs (between copine II and cyclophilin-
like, between FBN2sml and B1/KIAA0229, and between
RPL35A-like and HSET). It is possible that the true 58-
UTRs of these genes are located near the identified CpG
islands.

Using the Repeat Masker (of NIX) as output files,
the percentage of all repeats was calculated for every
sequenced 10 kb and plotted alongside the sequenced
data and the percentage of GC content (Fig. 1). The
exact location of the identified repeats is also provided
in Figure 1. As with the percentage of GC, the average
repeats content per sequenced contig was calculated
(Table 2).

For every sequenced contig, the total number of
identified genes was calculated (Table 2). The calcu-
lated averages of percent GC, repeats, and number of
genes were used to estimate positive and negative cor-
relations between these features. There is a significant
strong positive correlation between GC content and
gene number (Spearman’s r = 0.838 at the 0.0001 sig-
nificance level) and density (Spearman’s r = 0.821 at
the 0.0003 significance level), as expected. A relatively
weaker, still significant negative correlation, is also
present between percentage of repeats and both GC
content (Spearman’s r = 10.587 at the 0.027 signifi-
cance level) and gene number (Spearman’s r = 10.600
at the 0.023 significance level).

These correlations can be visually followed in
much greater detail in Figure 1. Local increase of per-
cent GC is observed in almost all cases where there are
exons, whereas overall percentage of GC content is
higher in the most gene-rich regions. The presence of
repeats is less predictive, in terms of gene identifica-
tion, but marked increases of repeats are observed in a
number of large introns (such as intron 8 of CSBP, in-
tron 1 of NDR, and intron 14 of HSU09564) and in a
number of intergenic regions (such as, between
Br140-2 and SAPK4; CSBP and R05F9.1-like; NDR and
HSRP20; HSPPARD and hnRNPE-1; and between BING3
and DAXX). In all these cases this is coupled with a
drop in percentage of GC.

DISCUSSION
We present a transcription map of the 6p21.2–6p21.3
boundary region that spans ∼2.5 Mb. The region starts
from the G-dark band 6p21.2 near the genetic marker
D6S291, and ends immediately centromeric to the
MHC, providing a link with the up-to-date extended
MHC class II region. In total, 88 putative coding se-
quences have been isolated and characterised (Table 1)
and 1.7 Mb of genomic sequence generated and ana-
lyzed (Table 2). This resulted in the identification
of at least 35 genes, of which 23 have been described
previously (Table 3). For most of these genes, the de-

tailed genomic organization, the orientation of tran-
scription, and transcription profiles have been deter-
mined (Fig. 1; Table 3). A number of pseudogenes was
also identified and annotated on the available se-
quence data. At least 63 STSs, ESTs, and EST contigs
have been also positioned on the existing physical map
(Fig. 1).

The identification of transcripts was mainly based
on cDNA selection, and additional methods (exon
trapping, direct screening of cDNA libraries, and isola-
tion of GC-rich fragments) were implemented only in
selected areas. Direct comparison of the various tech-
niques is, therefore, only valid for these areas. Direct
screening resulted in the identification of one gene
(B1/KIAA0229), which was also identified by cDNA se-
lection and exon trapping. There was some overlap be-
tween exon trapping and cDNA selection, which pro-
vided further evidence that the trapped exons are part
of functional genes. However, because more than half
of the exon trapped region is yet to be sequenced, it is
difficult to assess the true success rate of this tech-
nique.

The isolation of GC-rich fragments identified the
58-UTR of the Wnt-13 gene. The Wnt genes are impli-
cated in murine mammary malignancies and also in
human malignancies (Katoh et al. 1996). It is interest-
ing that Wnt-13 is within a segment of chromosome 1
that seems to be involved in a duplication event within
the same chromosome. The corresponding locus on
chromosome 1q23–q25 has been implicated in a trip-
lication event between chromosomes 1, 6p21.3, and 9
(Katsanis et al. 1996). Therefore, it is possible that an-
other Wnt gene or pseudogene is located at chromo-
some 9q34.

It seems that the Tm of the retained fragments is
the most important selective criterion, together with
the size. However, the use of this technique as a tool for
scanning unsequenced cloned DNA is probably super-
seded by the plethora of already sequenced and
mapped ESTs that present undoubtedly the best start-
ing point for construction of transcript maps in most
regions of the human genome.

The cDNA selection proved a very powerful tech-
nique in isolating and characterizing many genes in
the region and supporting the exon trapping results. In
this work, the cDNA libraries used clearly had a large
number of genomic segments derived from unspliced
RNA (i.e., ntcon7 was exclusively part of the intronic
sequence of HSRP20, and many other cDNAs had parts
of coding and parts of intronic sequence). This makes
the subsequent effort for mapping and identifying a
complete gene rather difficult. The intronic segments
can have a number of repeats that may confuse the
mapping by hybridization. At the same time, for every
such cDNA the yield of translated sequence is lower,
which in turn increases the amount of additional work

Transcript Map of Human 6p21.2–6p21.3

Genome Research 467
www.genome.org



needed for identifying a complete gene sequence. The
quality of the cDNA libraries and the size selection (full
mRNA transcripts) are critical factors for the successful
cloning of genes. Increasing the enrichment steps and
selecting from a variety of cDNA libraries significantly
increases the success ratio of this technique.

Our findings are in agreement with previous stud-
ies, where no single method of transcript identification
is sufficient to identify all the transcription units
within a genomic segment (Yaspo et al. 1995).

The obvious complement to these techniques is
the genomic sequencing and the application of simi-
larity searches and exon prediction programs. We have
used this approach with significant success and the re-
sults suggest that we reached 100% recovery of tran-
scribed units in most of the completely sequenced
clones. The available genomic sequence of certain PAC
clones significantly facilitated, not only the mapping
of cDNA clones, but also the identification of the entire
transcribed sequence of putative genes, and with the
help of exon prediction programs, the genomic orga-
nization of these genes. Approximately half (28/48) of
the sequences that resulted from cDNA selection and
exon trapping and matched the available genomic se-
quence did not show any similarity to genes or protein
sequences deposited in public databases (Table 1). The
presence of transcripts in these positions was strongly
supported by EST matches (in nine cases) and exon
prediction results (in 23 cases; Table 1). As a result the
generated material provided valuable experimental
evidence for the presence of transcribed sequences at
19 positions where the sequence analysis tools had pre-
dicted exons, thus indicating that the combination of
the two approaches is still important for the construc-
tion of complete transcript maps.

The identified genes belong to different functional
groups. These included a number of nuclear and splic-
ing factors (Ndr kinase, HSU09564, HSRP20. R05F9.1L);
cell cycle, DNA packaging, and apoptosis related [p21,
HMGI(Y), BAK, GTP-BPL]; immune response (CSBP,
SAPK4, FKBP51); transcription activators and zinc fin-
ger-containing genes (hTEF-5, ZNF76, Br140-2, ETSL,
ZNF127L, ZNFL); development and embryogenesis re-
lated (Csa-19, B1/KIAA0229); cell signaling (DIPP),
structural (HSET), and other genes (TULP1, HSPPAR-D,
hDEF-6, EO6811/ntcon6, copine II, cyclophilinL, hnRNP-
1, PHD1 and PHD2, hSynGAP), as well as a number of
RP genes and pseudogenes (RPS10, RPS18, RPS12-like,
RPL12-like, RPL35-like, and 35A-like).

A possible duplication event can be traced in the
case of the CSBP and SAPK4 genes. It is also interesting
that functionally closely related genes reside in the
same general area, such as HSRP20 and HSU09564. Be-
cause it has been shown that addition of HSU09564 to
a splicing reaction in vitro results in dose-dependent
inhibition of pre-mRNA splicing, it would be interest-

ing to see how the activity of the HSRP20 will be af-
fected by the two alternatively spliced forms of
HSU09564.

The gene order of this segment is of great interest,
as this region is syntenic to mouse chromosome 17.
The colinearity of genes between the two species has
been demonstrated in the past for the region immedi-
ately centromeric of the MHC (Kikuti et al. 1997; Tri-
podis et al. 1998). The presented data should help in
establishing the extent of the colinearity. The BAK
gene, TCP-11, ZNF76, HSRP20, and hTEF-5 have mu-
rine homologs that have already been mapped in the
mouse syntenic segment. In our previous work (Tripo-
dis et al. 1998), we presented a human–mouse com-
parative map based on a limited number of genes in
the region. The information presented in this paper
provides a much more detailed gene content for the
human segment. In this way, the transcription map of
the mouse syntenic region should be greatly facilitated
and, upon completion, it will be possible to define the
exact blocks of genes that have been conserved be-
tween the two species.

The localization of BAK between HMGI(Y) and
HSET raises questions over the possible role that BAK
may have in the phenotypic characteristics associated
with inversion of this region in the mouse t complex.
The mouse BAK gene was recently characterized and
maps on mouse chromosome 17B (Ulrich et al. 1997).
It has 62% similarity with the human BAK and is also
encoded by 6 exons (Ulrich et al. 1997). The regional
assignment of BAK in the borders of a mouse chromo-
somal segment that is inverted in the t complex
presents two possible scenarios involving BAK. In the
first scenario, the BAK gene is within the inverted seg-
ment and in the second, it lies exactly on the border of
the noninverted segment, that also contains tctex-7A
and the mouse H-2 complex. In both scenarios, when
the inversion takes place it is possible that the tran-
scriptional control of BAK changes because of new
neighboring elements (that may be another gene, a
promoter sequence, or a transcription activator factor).
Because BAK belongs to the Bcl family of genes and is
involved in apoptosis, it is tempting to assume that
changes in the expression regulation of BAK may be
involved in some of the phenomena leading to the
embryonic developmental mutations and transmis-
sion ratio distortion associated with the t complex.

Analysis of the transcription profile of the identi-
fied genes and cDNAs was greatly facilitated by screen-
ing the EST databases and listing the libraries of origin
of overlapping ESTs (shown as crosses in Table 3). The
overlap between the experimentally established ex-
pression profiles (by Northern blot analysis, shown as
gray boxes in Table 3) and the EST-established profiles
is significantly high. The EST-derived expression pro-
files were in good agreement with experimentally ob-
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tained data and in many cases they were complemen-
tary. Although it has been suggested that EST profiling
can be used as an alternative cheap way to determine
the expression of incompletely characterized genes,
the accuracy of the data is sometimes questionable. For
this reason we suggest that when considering the EST
data one should pay attention to the total number of
clones sequenced from that particular library, as a
rough indication of the frequency of this clone/gene in
the library. If a very high number of ESTs has been
sequenced and there are only a few identical (or over-
lapping) clones present, then it is possible that the
gene is expressed at very low levels in the tissue of
origin. If, however, it is a frequent transcript and the
Northern results are negative, then two possibilities
arise: one is that the EST profile is derived from an
expressed homolog and the other that the gene in
question has a very defined time-window of expres-
sion, which is represented in only one of the two tis-
sues of origin used in the Northern blot and cDNA
library construction, respectively.

Calculation of the GC content of the sequenced
clones and the percentage of repeats (Table 2) and
comparison with the number of genes identified in
each clone led to some interesting observations. When
plotting the percentage of GC of every clone along the
genomic DNA data, the colinearity between GC rich-
ness and high gene density becomes obvious (Fig. 1).
Close inspection of the percent GC graph and the lo-
cation of exons reveals how the local percentage of GC
increases in the coding areas, irrespective of the overall
percent GC content of the region. Calculation of cor-
relation coefficients between percentage of GC, per-
centage of repeats, and gene density support the visual
observations, provided by the graphs in Figure 1. As
expected, a strong positive correlation exists between
gene density and number and percentage of GC,
whereas a negative correlation exists between percent
repeats and percent GC and gene density. The marked
drop in GC content and gene density observed in clone
dJ187N21 (Fig. 1), and the high number of repeats in
dJ291J10 may indicate the physical boundary of the
Giemsa-positive 6p21.2 chromosomal band and the
Giemsa-negative part of the 6p21.3. If the overall av-
erage GC content of the sequenced clones centromeric
and telomeric of dJ187N21 is calculated, there is a ∼5%
difference between the two regions (the centromeric
average is 45.9% and the telomeric average is 50.2%).
This indicates an H2 isochore telomeric of dJ187N21
and an H1 isochore centromeric of dJ187N21. In this
H1 region several L1 and L2 regions are present, as well
as a number of genes with very long introns and re-
peat-rich regions, supporting the suggestion of a tran-
sition to a Giemsa dark band.

The identification of putative CpG islands is in
accordance with the location of most 58 UTRs of genes

and may even be used as a starting search point in
those cases where the 58 UTRs of genes are not yet
known.

The detailed map of the gene content of this chro-
mosomal segment provides a number of candidate
genes for playing a role in biological phenomena that
have been associated with the MHC and the mouse t
complex and include spermatogenesis, development,
embryogenesis, and neoplasia. The data also provide
useful tools for synteny studies between mice and hu-
mans, for genome structure analysis, gene density
comparisons, and nucleotide composition of different
isochores and Giemsa light and Giemsa dark bands.
Furthermore, these data suggest that the centromeric
end of the MHC may extend further than previously
thought. Equally interesting, perhaps, will be the abil-
ity to screen the genomic sequence for yet unknown
elements that may play a role in the initiation of rep-
lication of DNA, and folding of DNA and possibly ele-
ments that are involved in long-range interactions on
the transcription level.

METHODS

Direct cDNA Library Screening
The U937 cDNA library was plated in high density onto four
duplicate filters, to a total final number of approximately 1
million clones. One set of filters was prepared for hybridiza-
tion, and the other served as the master plate. The library was
screened with BssHII containing EcoRI fragments from cos-
mids 36, 25, 4R, 4N, 15a, and 27R (Fig. 1). Single clones were
identified by hybridization on XhoI Southern blots of the in-
dividual clones with the original probes.

Exon Trapping
Exon trapping was performed using the pSPL3b vector
(Church et al. 1994) and as described elsewhere (Yaspo et al.
1995). Twelve cosmids forming a minimum tile path covering
the region were pooled in a single exon trapping experiment.
The pooled cosmids were 3N2, 20L6, 20G1, 36, 25, 4R, 4N,
36P16, 17E12, 27R, 44N22, and 33F1 (Fig. 1). From a total of
1344 isolated exon trap clones (3.3 clones per exon trapped
genomic kilobase), 591 (43.9% of the picked clones) had an
insert, of which 131 (22.1% of the insert containing clones)
were positive with the HIV intronic sequence of the pSPL3b
vector and 55 (9.3% of the insert containing clones) had an
Alu repeat insert. Thus, the number of true positive clones was
405 (or 30.1% of the total picked clones).

Preferential Isolation of GC-Rich DNA Restriction
Fragments
The isolation of GC-rich DNA restriction fragments (Shiraishi
et al. 1995) involved the sequential digestion of 600 ng of
cosmid DNA with four enzymes, MseI (TTAA), Tsp509I
(AATT), NlaIII (CATG), and BfaI (CTAG). The digests were
subsequently run in denaturing gradient gel electrophoresis
(Sambrook et al. 1989) maintained in a water bath at 59.5°C,
over a period of 12 hr at 10 V/cm. The gel was visualized by
staining with ethidium bromide and the DNA-containing gel

Transcript Map of Human 6p21.2–6p21.3

Genome Research 469
www.genome.org



slices were cut with sterile scalpels. The DNA was extracted
using electrophoresis in DEAE–cellulose membrane (Sam-
brook et al. 1989), subcloned into appropriately prepared
pGEM-5Zf, pGEM7-Zf (Promega), and pUC18 (TaKaRa) vec-
tors, and multiple clones isolated and stored at 180°C. The
clones were analyzed by hybridization and sequencing.

cDNA Selection
Forty-four cosmids, representing ∼1.7 Mb of the region, were
pooled in a single experiment. The cosmids used for this ex-
periment are—from centromere to telomere—3K8, 45J9,
22A13, 18I21, 8G1, 41H20, 23P3, 34P18, 18H1, 45P17, 2E22,
52N2, 18D21, 20L4, 43K2, 4B4, 15B22, 3N2, 20L6, 20G1, 36,
25, 4R, 4N, 17E12, 36P16, 27R, 44N22, 33F1, 45F22, 1J2, 9I10,
41P11, 3A15, 32O22, 37A9, 51G4, 7C15, 47K16, 39E3, 16E11,
51B16, 49H12, and 1J20 from a cosmid contig that maps in
the MHC class III region (Fig. 1). Direct cDNA selection was
performed as described by Korn et al. (1992). Three random
primed cDNA libraries, with tissue-specific adapters, were
used simultaneously. The cDNA libraries used were a human
fetal brain (mixture of eight brains ranging from 21 to 26
weeks), a human fetal liver (mixture of three livers of 22, 23,
and 26 weeks), and a human adult muscle (normal male, 30
years old). A total of 1920 clones was picked and stored in
96-well plates and high-density filters were generated. Part of
the resulting selected cDNA eluate was used as a probe to
screen a Southern blot with EcoRI digests of the cosmids used
for the cDNA selection experiment. The same blot was then
hybridized with total human DNA to identify the bands with
a high content of repeats. In this way specific bands were
isolated for screening the generated material including whole
cosmid DNA from every cosmid that was used in the cDNA
selection experiment, and selected cDNAs were screened back
to the cosmids.

58 and 38 Extension of Coding Sequences
With RACE PCR
The Marathon-Ready cDNA kit (Clontech) was used for ex-
tending the coding sequences of identified cDNA clones to-
ward the 58 and 38 directions, applying the RACE PCR
technology. were 5.2H458 (CTCCACACAAA CCACCCTCGA-
CATC), 5.2H458N (GTTCATAGGTTGTGGCTGGCTTCTG),
5.2H438 (TGTCGTTGATTTAAAGGAGCCAGTGC), 5.2H438N
(CTATGGTGTCTCTGGTCGCGTCTG), and 5.2H4NEW
(CTTCCAGCATCTTGAGCTTGTC) for ntcon2, 1.4F558

(CCCACTAGGAGCCCCAAACT GTCAC), 1.4F55 8N
(GAAATTCCTGGAGGCTGCACTGG), 1.4F538 (GTTCT-
CAAGACAGGTCCAGCCAGCTAC), 1.4F53 8N (TAT-
CTGAAGGCTCGTGTGCTAATCGC), and 1.4F5NEW (TGTG-
TTCTTCAGTTCAGGGAC) for cDNA clone 1.4/F5, X7L2
(AGCACCTCACTGTCTTCCTCG), X7L3 (CCAAACAAAAGA-
CAGGAGCAGAGAGG), X7R1 (ATGATGAGCCCTGTTCCTGC),
and X7R2 (TGCGTCAACCTCATCCCTCAGATTACATCC) for
ntcon6, and 34H1R (GCTCTTTATGAACTGCCCAACTTCCT-
GTCC) and 34H1REV (TATCGGTTTGACGGTTACACTTGG)
for the B1/KIAA0229 transcript. The reactions and cycling
conditions were the same for the primary and nested PCR
amplifications and were according to the recommendations
of the manufacturer. The generated single bands were isolated
from the gel using GeneClean II (Bio101, Inc.) and subcloned
using the TA cloning kit (Invitrogen). The generated clones
were then sequenced.

Sequencing
For genomic sequencing whole clones were randomly sub-
cloned into M13mp18 and pUC18. Recombinant clones (80%
M13s, 20% pUCs) were picked, amplified, and purified in 96-
well microtitre plates (Beck and Alderton 1993; Mardis 1994;
A. Smith and L. Baron, unpubl.). The DNA sequence was de-
termined using enzymatic dideoxy chain termination se-
quencing chemistry and automated ABI 373/377 DNA se-
quencers (Applied Biosystems, Foster City, CA). The generated
reads were quality clipped, screened for cloning and sequenc-
ing vectors, and assembled into contigs as described previ-
ously (Avis et al. 1997). For all other sequencing (of cDNA,
exon trapped, and GC-rich clones) the automated ABI 377
DNA sequencer was used and the finished sequences were
stored in GeneJockeyII (Biosoft) formatted files.

Electronic Analysis of the Sequencing Data
The finished genomic sequence was analyzed and annotated
using the HPREP analysis suite (G. Micklen and R. Durbin,
unpubl.) and the Sanger Centre analysis strategy (http://
www.sanger.ac.uk/Teams/Informatics/Humana/). General se-
quence data manipulations were performed using the Gene-
JockeyII program (Biosoft). PCR-related analysis was done us-
ing the Amplify v1.2 program (University of Wisconsin).
Searches of the public databases were done via the World
Wide Web, primarily at the Baylor College developed “BCM
Search Launcher” (Worley et al. 1995; Smith et al. 1996)
(http://gc.bcm.edu:8088/search-launcher/launcher.html)
and at the National Centre for Biotechnology Information
supported BLAST and Gapped-BLAST web pages (http://
www.ncbi.nlm.nih.gov/; Altschul et al. 1997). The NIX plat-
form (http://menu. hgmp.mrc.ac.uk/menu-bin/Nix/Nix.pl)
was also used for both the genomic and potential mRNA se-
quences. In this platform the sequence is masked for repeat
regions using Washington University’s RepeatMasker pro-
gram and Blast searches are started using the masked se-
quence against the various databases. The following exon-
finding programs are run using the masked sequence: Grail,
Genemark, Fex, Hexon, Fgene. The trnascan program is run
on the sequence to identify t-RNA genes. The algorithm to
determine CpG islands is based on the definition of CpG Is-
lands by Gardiner-Garden and Frommer (1987). Sequence ex-
ploration and gene discovery version 1.3 was used (Informat-
ics Group, Oak Ridge National Laboratory, Oak Ridge, TN,
USA). The SPSS statistical package (Windows version, 7.5) was
used for calculating Spearman’s r values and levels of signifi-
cance.

Northern Blots
The following Northern blots were commercially obtained:
Human Multiple Tissue Northern (MTN) Blot (lot 47886 and
21/165), Human Multiple Tissue Northern (MTN) Blot II (lot
46969), Human Fetal Multiple Tissue Northern (MTN) Blot II
(lot 49927), and Mouse Multiple Tissue Northern (MTN) Blot
(lot 2x155) (all from Clontech) and Adult Human Tissue Total
RNA Blot (serial no. H347) (BIOS Laboratories). Hybridization
of Northern blots was performed following the recommenda-
tions of the manufacturer. Hybridization took place over a
period of at least 18 hr and usually over 24 hr at 42°C. Wash-
ing of the blots was also according to the manufacturer’s rec-
ommendations, typically including the high stringency wash.
The exposure times ranged from 14 days to 1 month.
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Southern Blotting, Hybridization, and High-Density
Gridding
Southern blotting, probe labeling, competition, hybridiza-
tion, and high-density gridding onto nylon filters (Hybond-
N+, Amersham) were performed as described in Tripodis et al.
(1998).
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