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Abstract

Objectives: Kallikreins are a group of serine proteases clustered together on a small region of chromosome 19q13.4. Recent reports

suggest that kallikreins are differentially expressed in malignancy and have potential as cancer biomarkers. The human kallikrein gene locus

has now been fully characterized and 15 functional kallikreins were identified. Although many kallikrein pseudogenes have already been

characterized in rodents, none have been identified in humans.

Methods and results: In the current study, we identified the first human kallikrein pseudogene named WKLK1 and mapped it between

the KLK2 and KLK4 genes. This pseudogene shares a moderate degree of similarity with the adjacent functional kallikreins. It has a

conserved histidine residue of the catalytic triad of serine proteases and its surrounding motif, but lacks the aspartate and serine residues.

Positions of some cysteine residues are also conserved in the pseudogene. This pseudogene lacks intronic sequences and should thus be

classified as a processed pseudogene. EST and PCR analyses indicate that this pseudogene may be transcriptionally active, because mRNA

was detected in many tissues including the prostate, testis, pituitary, and adrenal glands, as well as in tissues of the female genital organs.

Discussion: The mRNA sequence of the gene is, however, defective and is not predicted to code for a protein. Highly conserved

sequences were found in the flanking region of the pseudogene, thus supporting the view that it evolved by retrotransposition. We also

identified another serine protease fragment that has only the conserved histidine residue. The functional significance of the pseudogene and

the other fragment is yet to be identified.

D 2004 The Canadian Society of Clinical Chemists. All rights reserved.
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Introduction

The term bpseudogeneQ comprises a wide group of

nonfunctional loci with a marked diversity of characteristics

[1]. Vanin [2] defined a pseudogene by two major features:

being related to one or more paralogous genes, and being

defective in function. The lack of function results from

either failure of transcription, translation, or production of a

protein that does not have the same functional repertoire as
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Abbreviations: RT-PCR, reverse transcription-polymerase chain reac-

tion; EST, expressed sequence tag; cKLK1, kallikrein pseudogene-1.
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that encoded by the normal paralog gene [3]. Most

pseudogenes are created by one of two mechanisms: tandem

duplication (nonprocessed pseudogenes) or retrotransposi-

tion from a functional gene (processed pseudogenes) [4].

Kallikreins are a subgroup of the serine protease family

of enzymes [5,6]. In humans, this family consists primarily

of the plasma kallikrein gene and tissue or glandular

kallikreins. Plasma kallikrein is encoded by a single gene

that is structurally different from the genes encoding tissue

kallikreins. Tissue kallikreins comprise a large multigene

family of enzymes in human and many other species [7]

with a highly conserved sequence and tertiary structures [6].

Many members of the human kallikrein gene family were

found to be differentially expressed in diverse disease states

including diseases of the central nervous system [8], skin
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[9,10], and malignancy [11–13]. In our previous work, we

characterized the human kallikrein gene locus on chromo-

some 19q13.4 [5,14]. Data from our laboratory and others

indicate that no additional functional kallikreins are present

in this locus [6,15,16].

In rodents, kallikreins are represented by large multigene

families. In the mouse genome, at least 24 genes have been

identified, and many others were recently found by

bioinformatics tools [17]. A similar family of 15–20

kallikreins has been found in the rat genome [18]. The

structural organization of the kallikrein genes includes five

coding exons; this structure is highly conserved in all

species studied thus far [19]. Interestingly, while many

kallikrein pseudogenes were identified in rodents, none have

been characterized in humans thus far. However, both

Stephenson et al. [20] and Gan et al. [15] have discovered

incomplete fragments or potential pseudogenes in the

kallikrein locus.

The aim of this study was to analyze the human

kallikrein gene locus to identify any possible kallikrein

pseudogenes. Although the functional significance of these

molecules is not yet clear, characterization of such

pseudogenes will help in our understanding of the evolu-

tionary history of kallikreins and the functional significance

of kallikreins among species. In this paper, we characterized

the first human kallikrein-processed pseudogene and iden-

tified its chromosomal localization and its structural

features. We also identified another serine protease fragment

with a conserved histidine residue.
Materials and methods

Expressed sequence tag (EST) searching

The predicted structure of the putative new pseudogene

was subjected to homology search using the BLASTN

algorithm [21] on the National Center for Biotechnology

Information web server (http://www ncbi.nlm.nih.gov/

BLAST/) against the human EST database. A clone with

z98% identity was obtained from the IMAGE consortium

through Research Genetics Inc, Huntsville, AL. This clone

was propagated, purified, and sequenced from both direc-

tions with an automated sequencer using insert-flanking

vector primers.

Reverse transcriptase polymerase chain reaction (RT-PCR)

The RNA was treated with DNase before reverse tran-

scription. Total RNA (2 Ag) was reverse transcribed into first-
strand cDNA using the Superscriptk pre-amplification

system (Invitrogen, Carlsbad, CA). The final volume was

20 Al. Gene-specific primers (A-F2: 5VTCA CTA CTG CTC

ACT GCA TC 3Vand A-R3: 5VCAT ATG TAG GTA CTG

TAG GG 3V) were used for PCR-based amplification of a

human tissue panel as described below. PCR was carried out
in a reaction mixture containing 1 Al of cDNA,10 mM Tris–

HCl (pH 8.3), 50 mM KCl, 2 mM MgCl2, 200 AM dNTPs

(deoxynucleoside triphosphates), 100 ng of primers, and 2.5

units of HotStar Taq polymerase (Qiagen, Valencia, CA) on

an Eppendorf thermal cycler. The cycling conditions were

958C for 15 min to activate the HotStar Taq polymerase,

followed by 40 cycles of 948C denaturation for 30 s, 568C
annealing for 30 s, and 728C extension for 30 s, and a final

extension at 728C for 10 min. Equal amounts of PCR

products were electrophoresed on 1.5% agarose gels and

visualized by ethidium bromide staining.

Cloning and sequencing of the PCR products

Due to the high degree of homology between the genes

in this genomic region, primers were designed to be specific

for the pseudogene, annealing away from conserved

regions. To further verify the identity of the PCR products,

they were cloned into the pCR 2.1-TOPO vector (Invitro-

gen) according to the manufacturer’s instructions. The

inserts were sequenced from both directions using vector-

specific primers with an automated DNA sequencer.

Tissue expression

Total RNA isolated from 36 different human tissues was

purchased from Clontech, Palo Alto, CA. We prepared

cDNA as described above and used it for PCR amplifica-

tion. Tissue cDNAs were amplified at various dilutions

using gene-specific primers. The RNA was treated with

DNase before reverse transcription.

Structure analysis

Genomic sequences generated by the Human Genome

Project (HGP) were obtained from the NCBI web site

(www.ncbi.nlm.nih.gov). Several computer programs were

used to predict the presence of putative new genes in the

genomic area of interest, as described before [22]. Protein

translation was performed using the bTranslateQ software

available from the ExPasy web server (www.ExPasy.org).

Multiple alignment was performed using the bClustal XQ
software package. Conserved domain search was performed

using the bConserved DomainQ (CD) and bProDomQ
programs. Motif search was performed using the

bScanPrositeQ and bMotifScanQ programs available from

the ExPasy web server.
Results

Identification and genomic organization of the kallikrein

pseudogene (wKLK1)

We have previously characterized the human kallikrein

gene locus. The locus spans a region of 261,558 bp on

 http:\\www.ncbi.nlm.nih.gov\BLAST\ 
 http:\\www.ncbi.nlm.nih.gov 
 http:\\www.ExPasy.org 


Fig. 1. Alignment of the deduced amino acid sequence of the human kallikrein pseudogene-1 (WKLK1) with members of the kallikrein multigene family. For

kallikrein protein accession numbers, please see our recent review [5]. Dashes represent gaps to bring the sequences to better alignment. The residues of the

catalytic triad are shown in italics and are marked by stars. Identical residues are highlighted in black and similar residues in grey. The conserved cysteine

residues are indicated by (+). CK, human kallikrein pseudogene-1.
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chromosome 19q13.4 and is formed from 15 kallikrein

genes with no intervening non-kallikrein genes [5,6,11].

Several gene prediction programs were used to identify

any potential new genes in this region, but none was

identified. A hypothetical non-kallikrein protein was

predicted between KLK2 and KLK4 by the NCBI’s

annotation project (GenBank accession # XM_115594).

This gene was not, however, supported by the EST

database. We were also not able to amplify different exons

of this predicted gene by PCR from cDNAs of any of 35

different tissues, thus questioning the validity of this

prediction. Sequence analysis of potentially translated

nucleotides in the region between the KLK2 and KLK4

genes revealed, however, a relatively conserved trypsin-like

domain of serine proteases. Searching the expressed

sequence tag (EST) databases, we identified an EST clone

(AA559303) from a prostatic intraepithelial neoplasia

library that maps to this conserved domain region. Attempts

to translate the nucleotides of the putative gene in all

possible frames resulted in the identification of one frame

that produces a polypeptide with a considerable degree of

homology to kallikreins (Fig. 1) and the trypsin domain of

serine proteases. Because this frame is, however, interrupted

by three in-frame stop codons, we considered this gene to be

a pseudogene. We named it human kallikrein pseudogene 1

(wKLK1). Based on matching ESTs, our PCR analysis, and

the homologous region with other kallikreins, we calculated

that wKLK1 spans an area of approximately 1070 nucleo-

tides of genomic sequence on chromosome 19q13.4 and is

located 16986 nucleotides centromeric to KLK4 and 8142

nucleotides telomeric to KLK2 (Fig. 2A). It is interesting to

note that the mouse kallikrein locus, located on cytogenic

region B2 on chromosome 7, syntenic to the human

kallikrein locus on 19q13.4, contains a pseudogene

(wMGK25) in the position and orientation equivalent to

wKLK1 in the human locus (Fig. 2B) [17]. The full

sequence of wKLK1 was submitted to GenBank (GenBank
Fig. 2. Chromosomal localization and direction of transcription of (A) wKLK1 in

mouse KLK locus on chromosome 7, region B2. Genes are represented by wh

Pseudogenes are drawn as shaded horizontal arrows. Intergenic and gene lengths d

serine protease fragment with a conserved histidine domain is indicated by bHQ. F
and mKLK15 were derived from the bgeneQ coordinates in GenBank entries AF1

determined using the mouse genome map available from NCBI. Because the m

future.)
accession # AY302756). Because there are no more

homologous sequences on either end and due to the

presence of repeat elements flanking this sequence, we

assume that the sequence we submitted to GenBank

represents the full sequence of the pseudogene. It should

be mentioned, however, that as is the case with many other

pseudogenes, the exact extension of the sequence might be

impossible to verify.

To reveal the structural identity of this pseudogene, we

performed an analysis of its hypothetical protein product

after removal of the three interrupting stop codons.

bConserved DomainQ (CD) and bProDomQ searches

together with homology alignment indicated the presence

of one of the three conserved amino acids of the catalytic

triad of serine proteases. The highest degree of structural

similarity was found with the adjacent kallikrein subfamily

of serine proteases. The histidine residue of the catalytic

triad and the amino acid motif around it is highly

conserved (Fig. 1). The serine and aspartate residues are

not conserved. In addition, many of the kallikrein

conserved cysteine residues were found to be conserved

in the structure of the pseudogene. The pseudogene shows

highest similarity with the adjacent KLK4 gene (40–50%).

There is also 30–40% homology with other kallikreins.

Taken together, these data suggest that wKLK1 should be

considered a kallikrein pseudogene. One hundred forty

nucleotides near the end of the pseudogene (the area not

conserved with kallikrein sequences) showed multiple hits

with many chromosomal regions, indicating the presence

of a possible repeat element.

To verify the structure of this pseudogene and to examine

its transcriptional activity, we screened the human EST

database and we were able to identify an EST clone from a

prostatic intraepithelial neoplasia library with N98% homol-

ogy with the predicted sequence of the gene (AA559303).

Four other EST clones with partial matching with the 3Vend
of the pseudogene were also identified from prostate,
the human KLK locus on chromosome 19q13.4 and (B) wmGK25 in the

ite horizontal arrows, which denote the direction of the coding sequence.

istances are shown in base pairs (bp). The genomic sequence encoding the

igure is not drawn to scale. (Note: The gene lengths for mKLK4, wmGK25,
98031, AY152430, and AY152434, respectively. Intergenic distances were

ouse genome is currently incomplete, distances shown may change in the



Fig. 3. Representative tissue expression pattern of wKLK1 as determined by

RT-PCR. For additional data, see Table 1.
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adrenal, and uterine cancer libraries. These EST clones,

however, show only a partial match with the genomic

sequence and show other partial matches with other

chromosomes, thus questioning their reliability. We also

screened a panel of 36 tissues by RT-PCR using gene-

specific primers. The mRNA of this gene was found to be

highly expressed in the pituitary gland, testis, prostate,

adrenal gland, breast, esophagus, and many tissues of the

female genital system including the fallopian tube, ovary,

cervix, uterus, and vagina, and to a lower extent in other

tissues (Table 1 and Fig. 3). These results are, in general,

consistent with the EST findings. Screening of this panel of

tissues did not identify any other alternatively spliced form

of this gene that might be encoding a non-truncated protein.

BLAST search against the GenBank database did not reveal

the presence of any orthologues for this pseudogene.

We compared the 5V and 3V flanking ends of the

pseudogene against each other and against all direct repeat

sequences reported by Vanin [2] for all known processed

pseudogenes. Interestingly, the two regions were highly
Table 1

Tissue expression of WKLK1 by RT-PCR

Tissue Expression levela

Adipose ++

Adrenal +

Bone marrow �
Brain �
Cerebellum +

Cervix ++

Colon �
Esophagus ++

Fallopian tube +++

Fetal brain �
Fetal liver ++

Heart �
Hippocampus ++

Kidney �
Liver �
Lung �
Mammary gland ++

Ovary ++

Pancreas �
Placenta �
Prostate ++

Pituitary +++

Salivary �
Skeletal muscle �
Skin ++

Spinal cord �
Spleen +

Small intestine �
Stomach �
Testis ++

Thymus �
Thyroid +

Tonsil +

Trachea �
Uterus ++

Vagina ++

a +++, high; ++, moderate; +, low; �, negative.
similar (Fig. 4). The boxed areas in Fig. 4 show the highly

similar direct repeats in these regions.

Sequence analysis of the kallikrein locus indicated the

presence of another serine protease fragment with a

conserved histidine residue. We identified the bLSAAHCQ
motif, which has a statistically significant homology with

the SwissProt signature motif of the histidine residue of

serine proteases ([LIVM]-[ST]-A-[STAG]-H-C [H is the

active site residue] and the underlined amino acids are

present in the identified motif) (SwissProt ID:

PDOC00124). The location of this fragment is shown in

Fig. 2. No EST matches were found for this fragment.
Discussion

In this paper, we report the cloning of the first human

kallikrein pseudogene WKLK1. It was classified as a

kallikrein pseudogene based on its structural similarity with

other kallikrein proteins and its defective structure that will

make it biologically inactive as a serine protease (all three

possible reading frames encode predicted truncated protein

products that are interrupted by stop codons, in addition to the

missing aspartate and serine residues of the catalytic triad).

Pseudogenes fall into two major categories: those which

retain their intervening sequence and those lacking inter-

vening intronic sequences termed bprocessed pseudogenesQ
(a more abundant category). Our newly identified pseudo-

gene meets the characteristic criteria for processed pseudo-

genes, including the lack of intronic sequences in the

genomic structure, cessation of homology with the func-

tional gene at the start and end of transcription, and the

presence of flanking direct repeats [2]. Extra poly A

sequences that are present in many processed pseudogenes

were not found in WKLK1.

Many processed pseudogenes were reported in different

chromosomes away from their functional counterparts. Few,

however, were found near the functional paralog [1]. As the

term pseudogene is a bnegativeQ definition, it should be

noted that the possibility still exists that there are functional

splice variants of these genes that exist only in certain

tissues or certain developmental stages or pathological

situations. Also, as is the case with other pseudogenes, the

possibility still exists that they can encode for a truncated,

yet functional protein [2,23,24].



Fig. 4. Alignment of the nucleotide sequence of the 5Vand 3Vregions flanking the wKLK1 gene. Dashes represent gaps to bring the sequences to better

alignment. Identical residues are indicated by asterisks. Potential direct repeat areas are boxed.
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It should be noted that not all processed pseudogenes

reported are exact DNA copies of their respective RNAs.

Two human immunoglobulin pseudogenes (human immu-

noglobulin q and immunoglobulin EC1) and mouse cortico-

protein h lipoprotein precursor pseudogenes have been

shown to correspond to only part of their respective mRNAs

[2].

The possible transcriptional activity of the WKLK1 gene,

shown by EST and PCR analysis, is not unprecedented.

Consideration of how pseudogenes are formed suggested

that most are unlikely to be transcribed. Transcripts of

pseudogenes, however, have been previously reported for

the mouse C a3-globin pseudogene, two Siglec genes [25],

and others [26–28]. As some of the ESTs identified for the

gene show also partial matches with other genomic

sequences in other chromosomes and the genomic contam-

ination of the RNA used for the PCR cannot be absolutely

excluded, the transcriptional activity of the pseudogene

should be interpreted with caution. The functional relevance

of pseudogene transcripts remains unclear [3].

The study of pseudogenes should not be entirely

regarded as a cul-de-sac. Although it is unlikely that

reactivating (reverse) mutations will occur so as to restore

their function, pseudogenes may nevertheless influence the

evolution of other functionally significant sequences by, for

example, mediating recombination events or acting as

sequence donors in gene conversion [4].

The most acceptable model for the evolution of

pseudogenes proposes the insertion of an mRNA inter-

mediate through DNA breaks [4]. The presence of flanking

direct repeats supports the theory of retrotransposition of a

processed RNA intermediate lacking intervening sequences,

which have probably been acquired during the process of

transposition.

In conclusion, we cloned the first kallikrein pseudogene

in the human kallikrein gene locus on chromosome 19q13.4.

This will be useful in further understanding the evolution

and function of these genes in humans.
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