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Duplication of a Genomic Region Containing
the Cdc2L1-2 and MMP21-22 Genes on Human

Chromosome 1p36.3 and their Linkage to D1Z2
Rajagopal Gururajan,1 Jill M. Lahti,1 Jose Grenet,1 John Easton,1,3

Irmhild Gruber,2 Peter F. Ambros,2 and Vincent J. Kidd1,4

1Department of Tumor Cell Biology, St. Jude Children’s Research Hospital, Memphis, Tennessee 38101
USA; 2Children’s Cancer Research Institute, St. Anna Kinderspital, A-1090 Vienna, Austria

Cdc2L1 and Cdc2L2 span ∼140 kb on human chromosome 1p36.3. The products of the Cdc2L genes encode almost
identical protein kinases, the PITSLRE kinases, which have functions that may be relevant to the regulation of
transcription/splicing and apoptotic signaling. These genes are deleted/translocated in neuroblastomas with
MYCN gene amplification, a subset of malignant melanomas, and in a newly delineated deletion syndrome. Here
we report that the p36.3 region of human chromosome 1 consists of two identical genomic regions, each of
which contain a Cdc2L gene linked to a metalloprotease (MMP) gene in a tail-to-tail configuration. This duplicated
genomic region is also linked tightly to D1Z2, a genetic marker containing a highly polymorphic VNTR
(variable number tandem repeat) consisting of an unusual 40-bp reiterated sequence. Thus, these genes and the
polymorphic marker D1Z2 are organized as follows: telomere–D1Z2–58-MMP22-38–38-Cdc2L2-58–58-Cdc2L1-38–
38-MMP21-58–centromere. Remarkably, the introns and exons of Cdc2L1 and Cdc2L2, as well as their flanking
regions, are essentially identical. A total of 15 amino acid differences, 12 nonconservative and 3 conservative, can
be found in the 773–786 amino acids specified by the various products of the Cdc2L genes. Two separate
promoter/58 untranslated (UT) regions, CpG1 and CpG2, are identical to a reported previously methylated
genomic CpG sequence and are used to express >20 different Cdc2L transcripts from the two genes. The
expression of CpG2 transcripts from Cdc2L1 and Cdc2L2 is tissue/cell-line specific. CpG1 transcripts are expressed
ubiquitously from both genes, with perhaps some bias towards the expression of CpG1 Cdc2L1 mRNAs in certain
hematopoietic cells.

[The sequence data described in this paper have been submitted to the GenBank data library under the
following accession nos.: (cDNAs) AF067511–AF067529; (genomic) AF080678–AF080697.]

The human Cdc2L1 and Cdc2L2 genes were local-
ized previously to chromosome band 1p36.3, and
they are deleted/altered frequently in neuroblasto-
mas with amplified MYCN genes, a subset of malig-
nant melanoma, and a 1p36 deletion disorder (Lahti
et al. 1994; Shapira et al. 1997; Nelson et al. 1998).
In fact, these genes are in close proximity to p73,
which like Cdc2L1/2 is located proximally to D1Z2
(Kaghad et al. 1997). The Cdc2L1/2 genes express
>20 distinct PITSLRE protein kinase isoforms, many
arising by alternative splicing (Xiang et al. 1994;
this study). Indirect immunofluorescence has dem-
onstrated that the larger p110 PITSLRE isoforms ex-

pressed by Cdc2L1 and Cdc2L2 are localized in the
nucleus, with a high concentration in nuclear
speckles (Loyer et al. 1998). The cell cycle-regulated
RNA-binding protein RNPS1 was isolated with the
PITSLRE p110 isoforms by two-hybrid cloning
(Loyer et al. 1998). Overexpression of RNPS1 in
mammalian cells results in the redistribution of this
kinase, RNPS1, and certain splicing components
into fewer, and much larger, nuclear speckles. Treat-
ment of the same mammalian cells with transcrip-
tional inhibitors (e.g., H8, DRB) results in an iden-
tical phenotype. In addition, overexpression of
PITSLRE p110 does not disrupt the nuclear organi-
zation (i.e., nuclear speckle structure) of spliceo-
some components such as SC-35. These results sug-
gest that PITSLRE p110/RNPS1 may be involved in
some aspect of transcriptional regulation.

Following apoptotic stimuli a number of the
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PITSLRE isoforms, including selected p110 proteins,
are processed by caspases to generate a p46–50
PITSLRE isoform (Lahti et al. 1995; Beyaert et al.
1997; Tang et al. 1998). Caspase processing of
PITSLRE protein kinases following TNFa or Fas treat-
ment can be blocked effectively by expression of
CrmA (a broad spectrum viral caspase inhibitor) and
bcl-2, or by use of the caspase peptide inhibitors
(e.g., ZVAD–cmk, DEVD–fmk). Caspase processing
of the PITSLRE p110 isoforms is accompanied by the
rapid phosphorylation of p110, and it appears that
phosphorylation of the amino-terminal domain
may influence the ability of these proteases to
cleave this region of the protein (Tang et al. 1998).
The p46–50 PITSLRE isoform generated by caspase
cleavage retains the catalytic protein kinase do-
main, and when immunoprecipated is capable of
phosphorylating histone H1 (Lahti et al. 1995). This
is of considerable interest, as the larger p110
PITSLRE isoforms cannot phosphorylate histone H1
and, conversely, the p46–50 PITSLRE isoform can-
not phosphorylate p110 substrates. Thus, it is pos-
sible that caspase processing may alter the substrate
specificity of the PITSLRE protein kinase.

Human chromosome 1 band p36.2–.3 also con-
tains a number of additional genes involved in
apoptotic processes, including DR3, DR3L, TNFR2,
CD30, OX40, and the 4-1BB ligand, which all encode
proteins related to the TNF/NGF death-receptor
family and their pathways (Jensen et al. 1997;
Grenet et al. 1998). More recently, a novel p53-
related gene, p73, has been mapped to a region di-
rectly adjacent to the Cdc2L1/2 genes (Kaghad et al.
1997). Like the Cdc2L1/2 and DR3/DR3L genes, one
allele of p73 is deleted frequently, but mutations
have not been found in the remaining allele in neu-
roblastomas or lung tumors. Expression of p73 can
also trigger apoptosis under certain circumstances
(Jost et al. 1997). Comparative genomic hybridiza-
tion and fluorescent in situ hybridization (FISH)
analyses have shown that many neuroblastoma cell
lines and patient samples (particularly those with
amplified MYCN genes) have deleted varying
amounts of the short arm of chromosome 1 (van
Roy et al. 1997). Amplification of MYCN occurs
rarely in neuroblastoma cell lines or patient samples
in the absence of such 1p deletions, suggesting that
this region must be lost to accommodate the high
levels of N-Myc expression (Caron et al. 1993; Sha-
piro et al. 1993). One interpretation of these results
is that multiple tumor-suppressor genes are in-
volved in the genesis of neuroblastoma (Takeda et
al. 1994; Caron et al. 1995). Loss of 1p36 also occurs
in a number of other tumors, including ductal car-

cinoma of the breast, a subset of malignant mela-
nomas, Merkel cell carcinoma, and colon carcinoma
(Schwab et al. 1996).

Clearly, defining the structure and expression
patterns of the genes localized to the 1p36 region
will help to facilitate detailed molecular analysis of
these deleted/translocated regions in tumors. Such
information may also provide insight into the pos-
sible mechanisms responsible for the deletion of
such a large region of 1p36. Here we report that the
Cdc2L1/2, as well as metalloprotease (MMP21/22),
gene loci localized to 1p36.3 consist of two identi-
cal, tandemly linked genomic regions. Each of these
regions contains a Cdc2L gene linked to an MMP
gene in a tail-to-tail configuration. The highly poly-
morphic genetic marker D1Z2, which contains an
unusual reiterated 40-bp variable number tandem
repeat (VNTR), is located at the distal end of this
∼140-kb region. The distal 1p36.3 deletion break-
point observed in tumors and a newly delineated
1p36-deletion syndrome frequently occurs near
D1Z2, resulting in the loss of one or more of the
Cdc2L genes (Schwab et al. 1996; Shapira et al.
1997). Cdc2L1 and Cdc2L2 are almost identical, yet
transcripts are expressed ubiquitously from these
genes in most human cell lines and tissues exam-
ined. Finally, two distinct promoters, containing
CpG-rich sequences corresponding to a previously
isolated CpG genomic sequence characterized by
Bird and colleagues (Cross et al. 1994), are respon-
sible for the expression of transcripts from Cdc2L1
and Cdc2L2. These data indicate that the Cdc2L1/2
genes and the surrounding sequences have been du-
plicated in their entirety in the 1p36.3 region, and
that each of these genes remains transcriptionally
active. The functional significance of the reiteration
of selected genes within this region of 1p36.3 is not
known, but it might be relevant to the deletion of
1p36 during tumorigenesis.

RESULTS AND DISCUSSION

Structure of the Cdc2L1 and Cdc2L2 Genes

Four cosmids, hCos2A, hCos8A, hCos9A, and
hCos6-3; three P1 phage clones, hP1-11377, hP1-
11378, and hP1-11381; and two BAC clones, BAC-1
and BAC-2, containing the Cdc2L1 and Cdc2L2
genes and spanning ∼140 kb served as the starting
point for determining the structure of these genes.
Early on we discovered that the cosmids contained
nearly identical DNA sequences corresponding to
the 20 exons and 19 introns that constitute the
most widely expressed products of the Cdc2L1 and
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Cdc2L2 genes (Fig. 1). Two distinct sets of alterna-
tively spliced transcripts encoding ∼25 isoforms are
generated from these genes. Whereas Cdc2L1 and
Cdc2L2 express transcripts containing nearly iden-
tical 58 untranslated regions (UTRs) and open read-
ing frames (ORFs), a second set of transcripts con-
taining a unique 58 UTR identical to the consensus
sequence of a previously isolated human CpG island
is also expressed from these genes (Cross et al. 1994;
see below). The very high level of identity between
Cdc2L1 and Cdc2L2 created numerous technical
problems (e.g., double priming that generated over-
lapping DNA sequences with occasional differences)
when direct sequencing of cosmid/P1/BAC DNA
was attempted. Therefore, each cosmid was divided
into smaller fragments that were subcloned for the
purpose of DNA sequence analysis. The Cdc2L1 and
Cdc2L2 genes are separated by ∼50 kb. A highly
polymorphic 40-bp VNTR found in D1Z2 is located
on the distal end of this gene cluster.

A single nucleotide difference in exon 17, re-
sulting in a Lys residue at position 625 in Cdc2L1
and an Asn residue at the same position in Cdc2L2,

accounts for an EcoRI restriction site that is present
in the latter gene but not the former (Fig. 1). This
restriction site provided a useful diagnostic tool that
allowed us to begin the characterization of these
genes. Cosmid hCos6-3, containing the Cdc2L1
gene, does not overlap the cosmids containing the
Cdc2L2 gene (hCos2A, hCos8A, and hCos9A; Fig. 1).
This, in part, made it clear that we were dealing with
a locus containing reiterated and highly identical
genes. The intron/exon boundary sequences of
Cdc2L1 and Cdc2L2 agree with consensus sequences
(see GenBank database entries for DNA sequence de-
tails). Each of these genes spans ∼20 kb (Fig. 1). The
complete genomic sequence for these genes has
been deposited in the GenBank database (accession
nos. listed in Fig. 1).

A schematic showing the nature and location of
amino acid differences between the predicted ORFs
of Cdc2L1 and Cdc2L2 is shown in Figure 2. A total
of 15 amino acids of the 773–786 residues that en-
code the >20 PITSLRE protein kinase isoforms are
unique to either Cdc2L1 or Cdc2L2. The majority of
the 15 amino acid changes (11; all of which are non-

Figure 1 Schematic representation of the duplicated Cdc2L1/2 and MMP21/22 genes linked to D1Z2 on 1p36.3.
Shown is the organization of two duplicated genomic segments on human chromosome 1p36.3; each segment
contains a Cdc2L and MMP gene (Cdc2L1 and MMP2 or Cdc2L2 and MMP22). Also shown is their transcriptional
orientation relative to one another, the mosaic structure of the Cdc2L genes (each having 21 exons and 20 introns),
their linkage to D1Z2, and their relationship to telomeric and centromeric regions of the short arm of chromosome
1. The various human genomic cosmid, P1 phage, and BAC clones used to construct this detailed map are indicated
below the map.
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conservative) are located in the amino-terminal do-
main, whereas only four differences (one noncon-
servative and three conservative) are located in the
protein kinase catalytic and carboxy-terminal do-
mains (Fig. 2). Transcripts corresponding to both
genes have been detected in all human cell lines and
tissues examined thus far (see Figs. 4 and 5, below).
The significance of redundant Cdc2L/PITSLRE ex-
pression is unknown at this time, but the differ-
ences in these gene products may be relevant to
their cellular function(s).

Several of the 11 amino acid differences found
in the amino-terminal domain of the PITSLRE
protein kinases are notable. These include
A r g - 9 4 ( C d c 2 L 1 ) → C y s - 9 4 ( C d c 2 L 2 ) ,
A r g - 1 0 9 ( C d c 2 L 1 ) → C y s - 1 0 9 ( C d c 2 L 2 ) ,
A r g - 1 1 2 ( C d c 2 L 1 ) → H i s - 1 1 2 ( C d c 2 L 2 ) ,
Arg-130(Cdc2L1) → Trp-130(Cdc2L2), the insertion
of Lys-152–Glu-153 and Glu-347–Glu-348–Glu-349
in Cdc2L1 , and Se r -402 (Cdc2L1 ) → Leu -

397(Cdc2L2). The Arg residues at positions 109 and
112 in Cdc2L1 are found within a putative 14-3-3
consensus-binding site [Arg–Arg–His–Arg–Ser–His–
Ser–Ala (Aitken 1998)] that is eliminated by the
changes in these amino acids in 151–349 occur in
Cdc2L2, as does the Ser → Leu change found near a
previously mapped caspase cleavage site (Asp-397 in
Cdc2L1; Beyaert et al. 1997). The latter change is of
possible interest because it resides within a region of
the p110 PITSLRE protein containing sites known to
be phosphorylated by casein kinase II (Malek and
Desiderio 1994). Finally, a polyglutamic acid region
spanning ∼30 amino acids is encoded by exon 9 of
Cdc2L1 and Cdc2L1 (Fig. 2). Trinucleotide repeats
(i.e., GAAn and GAGn) that span 39–48 nucleotides
are associated with this region of these genes. A
number of genes associated with neurological disor-
ders, as well as certain tumors, undergo expansion
of similar trinucleotide repeats as part of the disease
process (Sanpei et al. 1996). Intriguingly, the num-

Figure 2 Detailed schematic comparing the relationship between the structure of the PITSLRE protein kinase and
Cdc2L1/Cdc2L2. The structure of the PITSLRE protein kinase and the Cdc2L exons that encode the protein is shown
in detail at top. Amino acid differences between the proteins encoded by Cdc2L1 and Cdc2L2 are indicated below
the protein schematic. Directly below this schematic are representations of the various PITSLRE mRNAs (denoted as
splice variants) generated by alternative splicing from Cdc2L1, Cdc2L2, or both.
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ber of CAG trinucleotide repeats, and thus the num-
ber of Gln residues, present in the Huntingtin pro-
tein appears to influence its ability to be cleaved by
caspases during apoptosis (Goldberg et al. 1996;
Wellington et al. 1998). This may be of interest as
we have shown previously that a number of the
p110 PITSLRE isoforms are cleaved by multiple
caspases during TNF- and Fas-mediated cell death
(Beyaert et al. 1997; Tang et al. 1998). Exon 9 of
CdcL1 contains three more Glu residues than the
same region of Cdc2L2 because of a difference in the
number of GAA repeats (Fig. 2). At this time we do
not know whether this difference influences the
ability of the respective Cdc2L proteins to be cleaved
by caspases.

Regions adjacent to Cdc2L1 and Cdc2L2, but
outside the transcribed portion of the genes, con-
tain several interesting sequences (Fig. 1). Most
prominently, we noticed a single-copy DNA se-
quence immediately adjacent to the 38 ends of both
Cdc2L1 and Cdc2L2. Comparison of this sequence
to the databases revealed that it was homologous to
several metalloproteinases (Fig. 1; Gururajan et al.
1998). There are two MMP genes in this region of
chromosome 1p36.3, each of which is linked tightly
(∼500–800 bp) to the 38 end of a Cdc2L gene. This is
consistent with the duplication of the genomic re-
gion encompassing both the Cdc2L and MMP genes
in the same area of the short arm (p36.3) of human
chromosome 1. An unusual, reiterated 40-bp se-
quence (repeated >40 times) was found distal to
Cdc2L2 (Fig. 1). A comparison of this sequence to
those in available databases indicates that this se-
quence is ∼90% identical to a similar sequence con-
tained in the anonymous DNA fragment D1Z2 (Bu-
roker et al. 1987; Nakamura et al. 1987). Addition-
ally, a number of Alu-type repeated sequences are
found concentrated near the 58 ends of these genes
as well as several of the larger introns (Fig. 1).

Fiber FISH Analysis of Cdc2L1, Cdc2L2, and D1Z2

To establish a more precise genomic map of the
Cdc2L1/2–MMP21/22 loci, and to confirm our pre-
liminary linkage/organization of these genes, a
technique employing the stretching of genomic
DNA coupled with fluorescent in situ hybridization
(fiber FISH) was used. Others have shown that this
procedure allows high-resolution mapping of large
DNA fragments, particularly with regard to estab-
lishing the physical distance from a fixed reference
point (Parra and Windle 1993). Using this strategy
we determined that the four cosmids, hCos6-3,
hCos8A, hCos2A, and hCos9A, were ∼70, 22, 17,

and 10 kb, respectively, from D1Z2 (Fig. 3). These
results are consistent with what was determined in-
dependently by restriction mapping and DNA se-
quence analysis, and confirm the linkage arrange-
ment of these genes (Fig. 1).

Expression of Cdc2L1 and Cdc2L2 in Human Cell Lines
and Tissues

What are the products of the Cdc2L1 and Cdc2L2
genes, and are they expressed concomitantly in all
cells? To answer this question we analyzed cDNAs
by direct DNA sequencing from human HeLa and
K562 cell lines and testis, as well as by PCR analysis
of RNA from a number of additional human cell
lines and tissues (Figs. 2, 4, and 5). Detailed se-
quence analysis of >30 cDNAs and RT–PCR products
revealed that Cdc2L1 and Cdc2L2 transcripts are ex-
pressed in HeLa and K562 cells as well as testis. In
addition, this analysis revealed that a number of
Cdc2L1 and Cdc2L2 transcripts are generated by
rather complex alternative splicing involving exons
located in the amino-terminal domain, but not in
the protein kinase catalytic domain (Fig. 2). Two
rather intriguing transcripts were found in human
testis. One contains a unique 58 UTR, which is en-
coded by an alternative promoter, that corresponds
to a previously reported CpG island isolated by Bird
and colleagues (Fig. 1; Cross et al. 1994; see below).
A second unusual transcript is generated apparently
by alternative splicing and contains exons 2–5 and
18–20 (Fig. 2). This alternatively spliced transcript
encodes the amino-terminal region of the p110
PITSLRE kinase extending from amino acids 58
(Met) to 165, but the protein kinase catalytic do-
main is removed in its entirety. Three novel amino
acids that result from a frameshift between exons 5
and 18 are also introduced, followed by a premature
stop codon. Thus far, this transcript has only been
found in testis. Its functional implications are not
known at this time, but it is possible that the prod-
uct it encodes might function in a dominant nega-
tive manner during certain stages of development.
In support of this notion, at least eight different
PITSLRE protein kinase transcripts are expressed at
varying levels in Drosophila melanogaster during de-
velopment (Sauer et al. 1996).

To determine whether transcripts correspond-
ing to Cdc2L1 and Cdc2L2 are expressed concomi-
tantly in a variety of different human cell lines and
tissues a PCR–RL experiment was performed (Fig. 4).
This experiment was designed to take advantage of
the EcoRI restriction site present in exon 17 of
Cdc2L2, but not Cdc2L1 (Fig. 1). PCR primers flank-
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ing either side of the EcoRI site, placing the restric-
tion site in an asymmetric position to allow easy
detection of the digested 359 and 180 bp products,
were used. Examination of the PCR–RL products re-
veals that almost equivalent amounts of the uncut
and digested products are present in most of the cell
lines and tissues analyzed (Fig. 4). For comparison,
undigested RT–PCR products from the same cell
lines are also shown. To demonstrate that the con-

ditions we used for EcoRI diges-
tion of the PCR products were
appropriate for the samples,
PCR products generated from
the cosmid templates contain-
ing Cdc2L1 and Cdc2L2 were
treated independently, or to-
gether, with the enzyme and
the products analyzed (data not
shown). At this time, we do not
know whether the few differ-
ences in the ratio of Cdc2L1/
Cdc2L2 transcripts in several
cell types is relevant to the pro-
liferative or death status of these
cells. However, the cell lines
that appear to express primarily
Cdc2L1 transcripts, Daudi and
U937 (Fig. 4), represent a par-
ticularly late stage of hemato-
poiesis. Whether this stage of
hematopoietic development is
relevant to the observed differ-
ences in Cdc2L expression is not
known at this time.

It is not yet clear whether
any of the alternatively spliced
products are restricted to spe-
cific cell types, as it appears that
most cell lines and tissues ex-
press many of these isoforms
(Fig. 4). Discrimination of spe-
cific alternatively spliced tran-
scripts has proven to be very dif-
ficult. A few, rather unusual, al-
ternatively spliced transcripts
(e.g., the transcript found in tes-
tis that removes the majority of
the protein kinase catalytic do-
main) appear to be restricted to
certain cell types. The most
common alternatively spliced
transcripts generate proteins
with/without the putative 14-
3-3 consensus-binding site

mentioned earlier, as well as proteins with/without
the previously mapped caspase cleavage sites at Asp-
387 and Asp-391, which are used during TNF- and
Fas-mediated apoptosis (Beyaert et al. 1997; Tang et
al. 1998). The latter change would render the result-
ing protein insensitive to caspase cleavage at this
site during apoptosis. Another result of some of the
changes in the predicted proteins introduced by al-
ternative splicing is the disruption of coiled–coiled

Figure 3 Fiber FISH analysis of the Cdc2L cosmids and the chromosome
1p36.3 marker D1Z2. Fiber FISH analysis using (A) hCos8A and D1Z2, (B)
hCos2A and D1Z2, (C) hCos9A and D1Z2, and (D) hCos6–3 and D1Z2.
Cosmids 2A, 8A, and 9A contain Cdc2L2; cosmid 6–3 contains Cdc2L1. The
D1Z2 probe is red and the cosmid DNA probes are green. Significant overlap
is indicated by yellow, as in C.
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structural motifs. These motifs are most likely in-
volved in protein–protein interactions, suggesting
that such changes might help to determine what
proteins interact with the various isoforms of the
PITSLRE kinases. The elucidation of the differences
between the various alternatively spliced transcripts
generated by Cdc2L1 and Cdc2L2 should now facili-
tate comprehensive analysis of this gene locus in
human tumors as well as functional studies of these
proteins in mammalian cells.

A Separate Set of Cdc2L Transcripts with an
Alternatively Spliced 58 UTR

The identification of an alternatively spliced Cdc2L
transcript from testis containing a CpG island in its
58 UTR (which matches a previously reported CpG
sequence: GenBank accession no. Z61267) sug-

gested that a distinct group of Cdc2L transcripts
might be expressed in some cells. To examine this,
we used the unique nature of this 58 UTR to design
PCR primers to amplify the CpG1 Cdc2L mRNAs
(containing exon 1, but not exon 1a), or the CpG2
Cdc2L1 transcript (containing exon 1a, but not
exon 1) specifically. Two sets of CpG2 doublets were
generated from many of the cell lines examined
(Fig. 5A). The distance between the bands in the
doublet corresponds precisely to the difference gen-
erated by the presence/absence of exon 48 (Fig. 2),
which was confirmed by DNA sequence analysis of
these products (data not shown). The second set of
doublets was larger than expected, but the distance
between the bands of this doublet once again cor-
responds to what is expected when alternative spic-
ing of exon 48 occurs. These products were also
cloned to determine why they were larger in size.
DNA sequence analysis of these CpG2 transcripts
revealed that the difference in size was caused by
the amount of CpG sequence retained in the 58 UTR
(∼250 bp or 1 kb), once again as a result of alterna-
tive splicing. None of this sequence was found to
encode an extension of the p110 ORFs, as judged by
several in-frame termination codons located imme-
diately upstream of the previously identified trans-
lational start site.

The use of this particular CpG sequence, iso-
lated in a search for methylated genomic DNA
(Cross et al. 1994), as a promoter for the Cdc2L tran-
scripts suggested that their expression might be sub-
ject to regulation by DNA methylation. If this were
true, tissue-specific expression of Cdc2L1 and
Cdc2L2 transcripts might occur. To determine
whether this was the case, we designed PCR primers
that took advantage of the significant differences
between the 58 UTRs in exon 1 of these genes. In
fact, the CpG1 transcripts derived from Cdc2L1 are
expressed only in human testis, bone marrow, and
the hematopoietic cell lines CEM C7 and 207 (Fig.
5B). Both of these cell lines are characteristic of early
hematopoietic progenitors; CEM C7 is of early T-cell
lineage, whereas 207 is of early B-cell lineage. This
may be of tremendous functional significance, as
Cdc2L1 contains the putative 14-3-3 binding site,
whereas Cdc2L2 does not.

Concluding Remarks

Differences between Cdc2L1 and Cdc2L2 may dra-
matically influence protein localization and/or
function during proliferation and/or apoptosis.
These differences, including a putative 14-3-3 bind-
ing site and changes in coiled–coiled domains, may

Figure 4 PCR–LR analysis of Cdc2L1 and Cdc2L2 mR-
NAs expressed by various cell lines. An analysis of the
expression of Cdc2L1 and Cdc2L2 using a unique EcoRI
restriction site found in exon 17 of Cdc2L2 (bottom)
was performed by RT–PCR. The undigested (1) and
EcoRI-digested (+) RT–PCR products were separated by
agarose gel electrophoresis, transferred to a mem-
brane, and hybridized with the PITSLRE cDNA.
Whereas most cell lines express both Cdc2L1 and
Cdc2L2 transcripts, Daudi and U937 cells appear to
express primarily Cdc2L1 mRNA, which lacks the diag-
nostic EcoRI site. (Bottom) A schematic of Cdc2L struc-
ture relative to the location of the PCR primers used in
this analysis. The expected sizes of the undigested (539
bp) and digested (359 and 180 bp) products is also
indicated.
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also help to explain why two nearly identical genes
express functional transcripts. It also appears that
these genes are expressed in a tissue-specific man-
ner, possibly because of the methylation of CpG se-
quences in their promoter/58 UTR regions. Alterna-
tively spliced transcripts that remove two essential
caspase cleavage sites from the protein have also
been identified, suggesting that a caspase-resistant

form of the PITSLRE protein
kinase may also be required in
cells. It should be noted that
the Cdc2L gene locus in sev-
eral vertebrates, including
chicken, mouse, and human,
consists of at least two dupli-
cated genes (Li et al. 1995; H.
Li, J.M. Lahtia, and V.J. Kidd,
unpubl.; this study). In addi-
tion, at least nine distinct
PITSLRE mRNAs have been
observed in D. melanogaster
(Sauer et al. 1996). Gene du-
plications similar to what is
described herein (i.e., involv-
ing more than a single gene),
although infrequent, have
also been described others.
Examples include the genes
encoding glucocerebrosidase
(GBA) and metaxin (MTX) on
human chromosome 1 band
q21 (Winfield et al. 1997) and
the X and Y genes in the idu-
ronate-2-sulfate sulfatase
(IDS) locus on human chro-
mosome X band q28 (Timms
et al. 1995). The duplication
of the GBA and MTX genes re-
sulted in a nonfunctional
pseudogene adjacent to a
functional copy of each of
these genes (i.e., 58 GBA–
psMTX ... psGBA–MTX 38).
Conversely, the ∼27.5 kb re-
gion of the IDS locus contain-
ing the X and Y genes was du-
plicated in an inverted fash-
ion (i.e., 58 X–Y 38 ... 38 Y8–X8

58) with apparently func-
tional genes in each repeated
region. This latter duplication
is very similar to what we
have observed in the Cdc2L
locus.

Finally, a number of the genes localized to
1p36.3, including Cdc2L1/2, MMP21/22, and DR3/
DR3L, are tandemly duplicated (Grenet et al. 1998;
Gururajan et al. 1998). As this region of chromo-
some 1p is subject to frequent deletion and/or trans-
location, this might suggest an essential function
for these genes. Conversely, it is possible that these
gene-duplication events reflect the relative instabil-

Figure 5 RT–PCR analysis of the expression of Cdc2L transcripts originating
from the two different CpG promoter regions in various human tissues and cell
lines. (A) RT–PCR analysis of CpG1 and CpG2 (see Fig. 1) transcripts expressed by
Cdc2L1 and Cdc2L2. The various tissues and cell lines are indicated above each
lane, whereas five different sized products (see text for explanation) are indicated
on the right of each panel. (B) RT–PCR analysis of the expression of CpG1 tran-
scripts corresponding to the Cdc2L1 gene, using the same set of tissue and cell
line RNAs. The arrows at right indicate that these CpG1 mRNAs are expressed in
a few, but not all, of the sources examined. Decreased resolution of the two
RT–PCR products (bottom) is caused by the short run of the agarose gel used to
analyze the RNAs from the various cell lines.

GURURAJAN ET AL.

936 GENOME RESEARCH

 Cold Spring Harbor Laboratory Press on June 14, 2026 . Published by genome.cshlp.orgDownloaded from 

http://genome.cshlp.org/
http://www.cshlpress.com


ity of this chromosome region and that they are
relevant to the deletions and translocations that are
frequently mapped to 1p36.3. Karsten and col-
leagues have suggested that a double deletion in-
volving the IDS and W genes in a Hunter syndrome
patient may be the result of homology-associated
nonhomologous recombinations caused by the
presence of similarly large duplicated regions on hu-
man chromosome X band q28 (Karsten et al. 1997).
Either way, it will be of interest to determine
whether additional tandemly duplicated genes are
localized to this region of chromosome 1 and if such
duplications are a common feature of other human
chromosomes.

METHODS

Cosmids, P1 Phage, and BAC Clone Isolation

The isolation of cosmids spanning Cdc2L1 and Cdc2L2 has
been described earlier (Lahti et al. 1994). P1 phages and BAC
clones were obtained from Genome Systems, Inc. PCR primers
corresponding to the 58 UTRs of Cdc2L1 and Cdc2L2 were used
to generate 185- (Cdc2L1) and 390- (Cdc2L2) bp PCR products
from human genomic DNA. The primer sequences are as fol-
lows: Cdc2L1, 197F, 58-CAGATGAATGTGGCTCAGG-38;
199R, 58-CGAGAGTCTCTCCAGGTC-38; Cdc2L2, T308, 58-
GGTAGACAGAAGGGACTC-38; 198R, 58-GGCTTGACCCA-
CAGCCTC-38. For the first primer set (197F/199R) the PCR
conditions were as follows: initial denaturation at 95°C for 5
min, denaturation at 95°C for 15 sec, annealing at 56°C for 15
sec, and extension at 72°C for 30 sec for a total of 30 cycles.
For the second and third primer sets (T308/198R and 196F/
198R) the conditions were hot start, initial denaturation at
95°C for 5 min, denaturation at 95°C for 15 sec, annealing at
56°C for 15 sec, and extension at 72°C for 30 sec for a total of
30 cycles. The PAC clone addresses are PAC-166-15I, PAC-254-
8O, and PAC-23-22D.

Isolation of PITSLRE cDNAs

A human testis Lambda ZAP express cDNA library (Stratagene)
was screened independently with random primed 32P-labeled
cDNA probes derived from a region corresponding to nucleo-
tides 1124–2471 (carboxy-terminal half; all numbering is
based on GenBank sequence U04816) and nucleotides 106–
768 (amino-terminal region). The filters were hybridized at
42°C in standard hybridization buffer containing 50% for-
mamide overnight and washed with 22 SSC/0.5%SDS at
68°C. Phagemids from positive-phage clones were rescued ac-
cording to manufacturer’s instructions (Stratagene). Genomic
DNA subclones were constructed by digesting cosmid DNA
with the desired restriction enzyme and subcloning fragments
into pBS KS(+) (Stratagene).

To obtain full-length clones corresponding to the 58 re-
gion of PITSLRE p110 cDNA, RT–PCR was performed using
total RNA from HeLa cells. The RNA was reverse transcribed
using random primers with Superscript II (Stratagene).
PITSLRE cDNA was obtained from the cDNA pool by PCR

using primers GSPRT1, 58-GTGTTGATATCACTCAAATGGGT-
GATGAAAAGGACTC-38 (spans nucleotides 106–131 of Gen-
Bank sequence U04816) and GSPRT2, 58-AGGATGGTGTT-
GATCTCCCTCAG-38 (spans nucleotides 1525–1505). The
PCR conditions used for this reaction were as follows: initial
denaturation at 94°C for 4 min, denaturation at 94°C for 1
min, annealing at 65°C for 45 sec, and extension at 72°C for
4 min for a total of 35 cycles. The resulting ∼1.4-kb PCR prod-
uct was cloned into PCR II vector (Invitrogen).

To further identify cDNA clones derived from Cdc2L1 or
Cdc2L2, the cDNA clones were sequenced rapidly using two
nucleotides with primer 6822, 58-GTGCCCTCCTCGATCCTG-
38 (corresponding to nucleotides 1400–1383). Clones derived
from Cdc2L1 have a G at nucleotide position 1298, whereas
those from Cdc2L2 have an A at the same position. Truncated,
or alternatively spliced, cDNA clones were assigned to either
gene by comparison to the genomic sequence of Cdc2L1 and
Cdc2L2.

Sequence Analysis

The cDNA and genomic clones were sequenced using T3 and
T7 primers and various internal primers. The resulting ge-
nomic sequence were compared to PITSLRE cDNA sequences
by GAP and BESTFIT analyses (GCG) to ascertain the intron/
exon boundaries, as well as the extent of alternative splicing.
The genomic DNA sequences were further analyzed using
FASTA (GCG) and BLAST to identify repeat sequences.

Fiber FISH Analysis

Genomic DNA was stretched as described by others (Parra and
Windle 1993). Chromosome preparations were performed ac-
cording to standard procedures. DNA probes (the human
Cdc2L cosmids 6–3, 2A, 8A, and 9A, and D1Z2) were prepared
by nick translation with 30 µM of each of four deoxynucleo-
tide triphosphates and 100 µM of either biotin–dUTP (Boeh-
ringer Mannheim) or digoxigenin-11–dUTP (Boehringer
Mannheim). Slides were hybridized using a modified fluores-
cent in situ hybridization protocol (Lestou et al. 1996).
Briefly, slides were dehydrated by ethanol passage and then
air-dried. Hybridization mixture (10–20 µl) containing 50%
formamide, 10% dextran sulfate (Pharmacia AB) in 22 SSC,
0.3 M sodium citrate (pH 7), 0.3 µg sonicated salmon sperm
DNA (Sigma), and 2–4 ng/µl of each labeled probe. Standard
fluorescent detection procedures were used. Fluorescence mi-
croscopy utilized a Leitz Ortholux II microscope equipped
with filter blocks A2, N3, and I3 for viewing the DAPI, TRITC,
and FITC signals, respectively, and with double or triple band-
pass filters (Omega Optical and AF-Analysentechnik), allow-
ing the simultaneous visualization of fluorescence by DAPI,
fluorescein, and Texas red or rhodamine.

Estimations of length and distance on microscopically
observed DNA images were based on the predicted span of
0.34 nm per base pair for relaxed duplex DNA. These mea-
surements were performed with a 0.01-mm Nikon Objective
Micrometer. Fluorescence images were analyzed and stored
using the ISIS software (MetaSystems, Altlussheim, Germany).

RT–PCR and PCR–Restriction Length Analysis

Total RNA (5 µg) from different tissues was reverse transcribed
with random primers using Superscript II (Stratagene).
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PITSLRE cDNA-specif ic primers E5FR, 5 8 -GACCT-
CAAGAGCCTGATGGAGACC-38, corresponding to nucleo-
tides 1621–1644 and E9RP, 58-GTTCATGAGGTCGAAGC-
CCTGGTC-38, corresponding to nucleotides 2160–2137, were
then used for the PCR–LR reaction. The PCR conditions were
as follows: initial denaturation at 94°C for 4 min, denatur-
ation at 94°C for 45 sec, annealing at 62°C for 45 sec, and
extension at 72°C for 80 sec for a total of 25 cycles. The re-
sulting 537-bp PCR product was purified away from free
nucleotides by centrifugation through a microcon 100 (Ami-
con), and an aliquot of this material digested with EcoRI. Un-
digested PCR product was electrophoresed alongside the
EcoRI-digested product on a 2% agarose gel for comparison.
Cdc2L2-derived PCR product can be digested by EcoRI and
visualized as 359- and 180-bp products. The corresponding
Cdc2L1-derived PCR product is not digested by EcoRI. PCR
analysis of CpG1 transcripts expressed from Cdc2L1 and
Cdc2L2 in human tissues and cell lines was performed with
the following primers: A–EA (Cdc2L1-specific), 58-
TTCTCTGGCTCCGGGACCGGCG-38 corresponding to
nucleotides 45–65 of GenBank accession no. U04816; EERP
(Cdc2L1 and Cdc2L2), 58-TCCTGGAATGCTCCCTTGC-
CATTTC-38 corresponding to nucleotides 566–541 of Gen-
Bank accession no. U04816; and CpGA (Cdc2L1 and Cdc2L2),
58-GACTGAACCCGAGGAAATAGCCCA-38. PCR analysis of
PITSLRE CpG2 transcript expression was performed with the
CpGA and EERP primers as follows: initial denaturation at
94°C for 3 min, denaturation at 94°C for 45 sec, annealing at
74°C for 30 sec, and extension at 72°C for 2.1 min for a total
of 35 cycles. PCR analysis of PITSLRE Cdc2L1 transcript ex-
pression was performed with the A–EA and EERP primers as
follows: initial denaturation at 94°C for 3 min, denaturation
at 94°C for 45 sec, annealing at 67°C for 45 sec, and extension
at 72°C for 2.1 min for a total of 35 cycles.
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