
S
I

G
J
*
†
‡

R

a
i
k
m
t
l
v
m
m
w
e
r
o
fi
t
l
s
e
r
c
f
p
o
a

l

a
s
t
s
S
n

P
v
8

Biochemical and Biophysical Research Communications 285, 1321–1329 (2001)

doi:10.1006/bbrc.2001.5321, available online at http://www.idealibrary.com on
equence Analysis of the Human Kallikrein Gene Locus
dentifies a Unique Polymorphic Minisatellite Element

eorge M. Yousef,*,† Bhupinder S. Bharaj,*,† He Yu,‡
ohn Poulopoulos,* and Eleftherios P. Diamandis*,†,1

Department of Pathology and Laboratory Medicine, Mount Sinai Hospital, Toronto, Ontario, Canada;
Department of Laboratory Medicine and Pathobiology, University of Toronto, Toronto, Ontario, Canada; and
Department of Medicine, Louisiana State University Medical Center, Shreveport, Louisiana

eceived July 2, 2001
morphism; hypervariable minisatellites; repeat ele-
m

a
T
i
g
t
s
t
b
l
“
n
t
b

t
m
q
h
i
h
p
d
g
f
m
c
t
o
c
t

t
a

Minisatellites are repetitive sequences of DNA that
re present throughout the genome. Although the or-
gin and function of these minisatellites is still un-
nown, they found clinical applications as markers of
any diseases, including cancer. Also, they are useful

ools for DNA fingerprinting and linkage analysis. Kal-
ikreins are serine proteases that appear to be in-
olved in many diseases including brain disorders and
alignancy. We have recently characterized the hu-
an kallikrein gene locus on chromosome 19q13.4,
hich includes 15 kallikrein genes. In this study, we

xamined the kallikrein locus (;300 Kb) for all known
epeat elements. About 50% of this genomic area is
ccupied by different repeat elements. We also identi-
ed unique minisatellite elements that are restricted
o chromosome 19q13. Ten clusters of these minisatel-
ites are distributed along the locus on either DNA
trand. The clusters are located in the promoters and
nhancers of genes, in introns, and in untranslated
egions of the mRNA. Analysis of these elements indi-
ates that they are polymorphic, thus they can be use-
ul in linkage analysis and DNA fingerprinting. Our
reliminary results indicate also that the distribution
f the different alleles of these minisatellites might be
ssociated with malignancy. © 2001 Academic Press
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ents; malignancy.

An intriguing feature of the human genome is the
ccumulation of distinctive classes of repetitive DNA.
hese tandemly repetitive sequences were originally

dentified as satellite bands in ultracentrifuge density
radients of complex eukaryotic genomes, but now the
erm “satellite” is applied to any tandemly repetitive
equence (1). Satellite DNA units can be divided into
wo classes: short sequence repeats consisting of 2–20
p units, and more complex repeat units, or minisatel-
ites (1). One family of the latter class, designated
hypervariable minisatellites” arises from variable
umber of tandem repeats of short sequence motifs 10-
o 100-bp long (2). These arrays are frequently unsta-
le and produce highly polymorphic loci.
Despite the debate about the origin and function of

he minisatellite repeats, they found application in
any clinical aspects. A probe based on the core se-

uence of a tandem repeat was able to detect many
ighly variable loci simultaneously and provided an

ndividual-specific DNA “fingerprint” for general use in
uman genetic linkage analysis and medicolegal as-
ects (2, 3). Many satellites are also linked to different
iseases. In progressive myoclonus epilepsy, the elon-
ation of a minisatellite repeat seems to be responsible
or the disease (4) and a subgroup of alleles at the

inisatellite locus for the insulin gene has been asso-
iated with type I diabetes (5). Furthermore, rare mu-
ant alleles of the HRAS1 minisatellite were found to
ccur three times more frequently in patients with
ancer and to represent a major risk factor for many
ypes of cancer (6, 7).

One unique feature of chromosome 19 is that it has
he highest repeat density in the whole genome (57%),
s well as the highest gene density (8). In our previous
0006-291X/01 $35.00
Copyright © 2001 by Academic Press
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ork, we characterized the human kallikrein gene lo-
us on chromosome 19q13.3–q13.4 (9, 10). In this pa-
er, we describe sequence analysis of the different mi-
rosatellite and minisatellite repeats of this locus. We
lso identify a unique 37-bp minisatellite element
hich is specific to this chromosomal region and is
eavily distributed in the locus. We further provide
vidence that this minisatellite exhibits a polymorphic
attern that may have clinical and medicolegal appli-
ations. Our preliminary results indicate that these
inisatellites show different frequency patterns in

reast and prostate cancer patients.

ATERIALS AND METHODS

DNA extraction and PCR amplification. DNA was extracted from
hole blood and tissues using the Qiagen QIAamp blood kit, follow-

ng the manufacturer’s recommendations (Qiagen, Chatsworth, CA).
PCR-based, fragment analysis method was employed as described

n detail elsewhere (11). Specific pairs of primers were used for PCR
mplification of each repeat cluster, as shown in Table 1. In sum-
ary, PCR was carried out in a reaction mixture containing 1 ml of

enomic DNA (approximately 1 mg/reaction), 10 mM Tris–HCl (pH
.3), 50 mM KCl, 1.5 mM MgCl2, 200 mM dNTPs (deoxynucleoside
riphosphates), 150 ng of primers, and 2.5 units of HotStar DNA
olymerase (Qiagen Inc., Valencia, CA) on a Perkin-Elmer 9600
hermal cycler. The cycling conditions were 95°C for 15 min to
ctivate the enzyme, followed by 35 cycles of 94°C for 30 s, 64°C for
epeat cluster C3 (64°C for C9) for 30 s, 72°C for 1 min, and a final
xtension step at 72°C for 10 min. One of the PCR primers was
abeled with the fluorescent dye Cy5.5 in order to facilitate detection
f the PCR product on the automated DNA sequencer (Visible Ge-
etics Inc., Toronto, On, Canada).
To verify the identity of the PCR products, they were cloned into

he pCR 2.1-TOPO vector (Invitrogen, Carlsbad, CA) according to the
anufacturer’s instructions. The inserts were sequenced from both

irections using vector-specific primers, with an automated DNA
equencer.

Identification of the PCR product. Two microliters of the PCR
roduct were mixed with 4 mL of a gel loading buffer (Visible Genet-
cs) to which 2 mL each of the two molecular weight markers were
dded. This mixture was denatured at 95°C for 2 min, placed on ice
nd then loaded onto the sequencing gel (see below).
The Long Read Tower (Visible Genetics Inc.) automated sequencer
as used for fragment analysis. Once the gel is loaded, it is posi-

ioned into the sequencer and the buffer chambers filled with 150 mL

Primers Used for Polymerase Chain Reaction (PCR)
Amplification of the Minisatellite Clusters

luster
ID

Primer
name Sequence1

Product size2

(base pairs)

C3 G2F CACCAACCTCTGCAAATTCA
G2RC GGATCTAGGGGAAAGGGACA 546

C9 G1F GAAGCTGGATTGAGGAAACG 600
G1RC GTGCCTCCGGTCTTGAGTAG

1 All nucleotide sequence are given in the 59 3 39 orientation.
2 Product sizes were calculated according to the human genome

roject sequences available at the Lawrence Livermore National
aboratory web site.
1322
nitiated to bring the gel temperature to the set values. Each lane is
oaded with 2 mL of denatured mixture of unknown DNA, size stan-
ard marker, and loading buffer. For quality control purposes, every
ourth lane is loaded with size standard marker only. Laser intensity
as adjusted to bring the signals within the dynamic range of the
etectors. At the end of the run (60 min), the data was analyzed
sing the Fragment Tool of the Gene Objects software (Visible Ge-
etics). The unknown PCR product in the three lanes was aligned
ith the fourth lane which contains the size standards only.

Prostate and breast cancer tissues and control samples. Prostate
issue samples were obtained from nine patients who had undergone
adical retropubic prostatectomy for prostatic adenocarcinoma at
ount Sinai Hospital. The patients did not receive any hormonal

herapy before surgery. Fresh tissue samples were obtained from the
ancerous and noncancerous parts of the same prostates that had
een removed. Histologically confirmed tissue specimens were ob-
ained from breast cancer patients who underwent surgical treat-
ent for primary breast carcinoma at Mount Sinai Hospital. The use

f these tissues for research purposes was approved by the Ethics
ommittee of Mount Sinai Hospital. Small pieces of tissue were
issected immediately and stored in liquid nitrogen until analysis.
istological analysis from all the tissue pieces was performed to

nsure that the tissue was either malignant or benign. The tissues
ere pulverized and DNA extracted as described above. Whole blood

amples were obtained from age-matched, apparently healthy men
blood donors). Individuals with documented evidence or suspicion of
alignancy were excluded.

ESULTS

equence Analysis of the Human Kallikrein
Gene Locus

We have recently constructed the first detailed map
f the human kallikrein gene locus on chromosome
9q13.3–q13.4 (10). The locus consists of 261,558 bp of
enomic sequence that harbors 15 kallikrein genes on
ither DNA strand, with no intervening nonkallikrein
enes. In order to further characterize the locus, we
nalyzed the whole sequence for existence of known
epeat elements. The sequence has 49.59% GC content,
hich is comparable to other genomic regions. Approx-

mately 52% of the region was found to be occupied by
arious repetitive elements (on either strand). Short
nterspersed nuclear elements (SINEs), like the ALU
nd MIR repeats, are the most abundant repeat ele-
ents in the region (22.53%), followed by the Long

nterspersed nuclear elements (LINEs) which repre-
ent 13.1%. Table 2 describes the repeat elements
ound in kallikrein locus.

dentification of a Unique Minisatellite Repeat

During structural analysis of the newly identified
LK14 gene (12), we found that the 39 untranslated

egion of the gene is formed mainly by a tandem of
36-bp of a unique minisatellite repeat. We examined

he presence of this repeat element in the rest of the
ocus, and we were able to identify 10 clusters of this

inisatellite in the kallikrein locus. Table 3 and Fig. 1
ummarize the distribution of these repeats along the
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allikrein locus. The clusters were distributed on both
trands of the DNA. As shown in Table 3, the number
f minisatellites in each cluster varied widely from just
hree repeats between the KLK6 and KLK7 genes to 36
epeats in intron I of the KLK7 gene. Four clusters are
ocated between genes, at distances ranging from 1–6
b upstream of the transcription initiation site, two are
ocated in the 39 UTR of genes and three are inside
ntrons. Interestingly, one of the clusters (C10) was
ound to extend from the last part of exon 3 of the
LK14 gene (Table 3). Genomic regions with clusters
f repeats were always composed of either the forward
r the reverse-complementary sequence of the minisat-
llite. Around the KLK14 locus, which had a cluster in
ach direction, the forward-direction cluster was on a
ifferent intron than the reverse-complementary one
Table 3, Fig. 1).

Summary of the Repeat Elements Found in the Human
Kallikrein Gene Locus

Number/
elements

Length
(bp)

Percentage
of sequence

INEs: 269 66938 22.5%
ALUs 202 56668 19.1%
MIRs 67 10270 3.5%

INEs: 102 38919 13.1%
LINE1 47 19831 6.7%
LINE2 53 18881 6.4%
L3/CR1 2 207 0.0%

TR elements: 53 21711 7.3%
MaLRs 14 5356 1.8%
ERVL 22 8137 2.7%
ERV_classI 16 7787 2.6%
ERV_classII 1 431 0.2%
NA elements: 33 9087 3.1%
MER1_type 28 6066 2.0%
MER2_type 5 1472 0.5%

TAB

Analysis of the Clusters of the Uniqu

luster ID Map location Relativ

C1 Between KLK3 & KLK15 KL
C2 Between KLK3 & KLK15 KL
C3 KLK4 39
C4 KLK6 Int
C5 Between KLK6 & KLK7 KL
C6 KLK7 Int
C7 KLK7 Int
C8 Between KLK8 & KLK9 KL
C9 KLK14 39
C10 KLK14 Ex

1 The forward (F) and reverse complementary (RC) strands are defin
lignments (see results).

2 UTR; untranslated region.
1323
atellite repeats show that they are highly conserved,
ith more than 80% degree of identity. We developed a

onsensus sequence (AGTCCAGGCCCCCAGCCCCT-
CTCCCTCAGACCCAGG) based on the frequency of
ccurrence of each base pair, and this sequence was
blasted” against the nonredundant GenBank data-
ase and the unfinished genomic sequences database.
s shown in Table 4, high degrees of homology (.80%)
ere only found in genes located in the chromosomal

egion 19q13.2–q13.4, including the kallikrein genes
not shown in Table 4), apolipoprotein C-II, cardiac
roponin I, and XRCC1 DNA repair genes. In genes
ther than the kallikreins, the repeat element occurs in
ariable copy numbers ranging from only one copy in
he ATP1A1 gene, to 23 copies in the cardiac troponin
gene. These data indicate that this repeat element is
pecific to this chromosomal region. Sequence homol-
gy with the unfinished genomic sequences also re-
ealed that all matches are located on chromosome
9-derived bacterial artificial chromosome (BAC) and
osmid clones (data not shown).

olymorphism of the Minisatellite Repeats

We conducted a preliminary screening for two ran-
omly selected clusters, C3 and C9 with DNA samples
rom healthy donors, using the PCR technique. PCR
mplification of the DNA was followed by fragment
ength analysis using a sequencing gel, as described in
he experimental section. Screening for C3 in 35 DNA
amples from healthy individuals indicated the pres-
nce of three different size alleles for this cluster. In
ddition to the expected 546-bp fragment (the length of
he expected PCR product was calculated according to
he Human Genome Project published sequence of this
egion), two other fragments of 618 and 675 bp were
btained. The latter fragments represent an additional
wo and four minisatellite units, respectively. Figure 3

3

inisatellite of the Kallikrein Locus

osition to genes No. of repeats DNA strand1

5 promoter 17 F
5 promoter 7 F
R2 7 F

I 6 F
promoter 3 F
IV 6 F
I 36 RC
promoter 11 F

R 11 F
5 Intron V 13 RC

with respect to the consensus sequence, developed based on multiple
e M

e p

K1
K1

UT
ron
K6
ron
ron
K8

UT
on

ed
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hows a representative gel of PCR products with the
hree alleles and Fig. 4 shows the lengths of these
lleles as determined by fragment length analysis. The
46-bp allele was found to be the most frequent, occur-
ing in 25 out of 35 samples (69%). The remaining two
lleles (618 and 675 bp) occur at a frequency of 34 and
7%, respectively.

FIG. 1. Schematic representation of the relative positions of the
inisatellite repeats along the human kallikrein gene locus on chro-
osome 19q13.3–q13.4. Boxes represent kallikrein genes, and the

enomic lengths are shown in base pairs. The direction of transcrip-
ion is shown by the solid arrows and distances between genes in
ase pairs are also shown next to the connecting lines. The arrow-
eads point to the relative positions of the different clusters in
elation to genes, and the numbers inside the hollowed arrows indi-
ate the number of repeats present in each cluster. The direction of
he hollowed arrows indicate the direction of the strand (whether
entromeric or telomeric) of each cluster.
1324
xpected 600-bp allele, and in addition, a 528-bp (two
ne less minisatellite unit) and a 490-bp (three less
nits) fragment was observed (Fig. 5). The 600-bp al-

ele was the most frequent (occurs in 96% of the sam-
les), followed by the 528 allele (38%). The 490 bp-
llele was found in one sample only (2%).

creening of the Kallikrein Locus
for Other Minisatellites

We also screened the kallikrein locus for the pres-
nce of other, previously reported satellites, but none of
hese elements were found to exist in our sequence,
xcept for the GGAT microsatellite, reported by Weller
t al. (13) upstream of the myoglobin gene. A tandem
epetitive sequence based on (GGAT)83 is located in
ntron I of the KLK13 gene. Jeffreys et al. reported the
solation of a heterogeneous group of minisatellites
sing a probe based on a 33-bp satellite repeat identi-
ed in the human myoglobin gene (2, 13). The kal-

ikrein locus was devoid of these minisatellites.

FIG. 2. A contiguous DNA sequence within intron I of the KLK7
ene, representing 33 of the 36 minisatellite units. The sequence was
ligned to highlight the differences (in bold) between the repeats.
tars represent gaps to bring the sequences to better alignment.
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ssociation of the Unique Minisatellite Repeats
with Malignancy

We performed a preliminary screening for the occur-
ence of the C3 minisatellites in nine pairs of normal
nd malignant prostatic tissue from the same patient.
rostate tissues. Out of the nine pairs examined, three
airs showed heterogeneity in the distribution of the
ifferent alleles in the normal and cancerous tissues.
igure 4 shows the results of two of these samples. The
rostate cancer sample (PC8) has the 546 and 618
lleles, while its normal counterpart (PN8) has the 546
llele only. The normal tissue sample (PN7) has two
lleles, while its cancerous partner (PC7) has the 546
llele only. This points out to the possibility that any of
hese clusters might have somatic mutations associ-
ted with malignancy.

Genes that Show Regions of High Degree of Hom
Found in the Kal

Gene name Number of matches2

polipoprotein C-II 4
ardiac troponin I 23
RCC1 DNA repair gene 14
lpha 1,2 fucosyltransferase 9
ENG34 7
TP1A1 1
oliovirus related protein 2 2
nterleukin 11 (mRNA) 3
roponin T (TNNT1) 18
CL3 7

1 Kallikrein genes located in the kallikrein locus were excluded.
2 Matches on both strands were considered and only matches with
3 According to GenBank report.
4 Leucocyte receptor cluster encoded novel gene.

FIG. 3. A representative gel showing the three alleles that were
mplified by PCR for the C3 cluster, from six prostate cancer (PC)
issues. The PC1 sample has the 675 and 618 bp bands, while the
C2 has 675 and 546 bp bands. Band identity was verified by se-
uencing. M, molecular weight marker, with lengths of markers
hown on left.
1325
We have also conducted preliminary screening for
he frequency of the different alleles of these two clus-
ers in breast and prostate cancer tissues and normal
atched controls. Table 5 shows that while the fre-

uency of the 600 and 490 alleles of the C9 cluster were
lmost the same in the cancer and control patients, the
28-bp allele was significantly more frequent in pa-
ients with histologically confirmed breast tumors com-
ared with their normal matched controls (P 5
.019). For the C3 cluster, the frequency of the 546
llele was higher in patients with prostate tumors (his-
ologically confirmed patients with high PSA values)
ompared to the control subjects (with normal PSA
alues and no evidence of malignancy by physical and
ectal examination).

ISCUSSION

Kallikreins are serine proteases with diverse physi-
logical functions (14). The unique minisatellites of the
uman kallikrein locus are located in exons, introns,
nd in the promoter/enhancer regions of genes. Other,
reviously reported minisatellites were found to be
ntimately associated with genes and gene clusters
ithin chromosomes (15). Both the alpha-globin and

mmunoglobulin heavy chain loci contain several dis-
inct minisatellites in both intergenic and intronic lo-
ations (16–18). Minisatellites appear within introns
f the retinoblastoma, interleukin-6, myoglobin, and
polipoprotein C genes (19). Insulin, apolipoprotein B,
nd collagen type II genes bear minisatellites immedi-
tely upstream or downstream from coding sequences
20). Other genes, such as epithelial mucin, involucin,
nd proline-rich proteins contain transcribed and
ranslated minisatellite arrays.

Four clusters of this minisatellite were found to be
ocated in the promoter/enhancer region (1–6 Kb up-

ogy with the Consensus Minisatellite Sequence
ein Gene Locus1

Chromosomal localization3 GenBank Accession No.

19q13.2 M10612
19q13.4 X90780
19q13.2 L34079
19q13.3 AB006136
19q13.4 AF211968
1p13 M28284
19q13.2–q13.3 AF044964
19q13.3–q13.4 M81890
19q13.4 AJ011712
19q13.1 U05681

80% homologies were included.
ol
likr

.
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tream of the transcription initiation site) of some kal-
ikrein genes, pointing out to the possibility that they

ight play a role in the regulation of gene expression.
his idea is supported by comparing the consensus
equence with known transcription-factor binding sites
here we found the presence of conserved AP-2, TFIID,
nd SP-1 binding sites in the consensus sequence (data
ot shown).
Our results indicate that this minisatellite repeat is

pecific to the chromosomal region 19q13.2–q13.4, con-
istent with an earlier report that points out to this
ossibility (21). Being chromosome and band-specific,
hese minisatellites represent a unique phenomenon.
oshida et al. (22) reported the presence of two repeat
equences in the promoter region of the neuropsin
ene. Careful examination of these repeats reveals that
hey are components of the main minisatellite repeat
resented here.

FIG. 4. A representative graph showing the three alleles of the
engths of the PCR products in base pairs. The upper panel show
ounterpart (PN7), and the lower panel shows another pair of normal
SS) were added to the sample, and the markers were run alone in
1326
The pattern of base changes between the repeat
locks is distinctly non-random, e.g., bases 2, 8, 10, 20,
nd 36 are always replaced by (A) and bases 12, 16, and
4 are always changed from C to T (Fig. 2). In addition,
ome of the mutated repeats are identical [see e.g.,
ines 2 and 4, and 10 and 11 in Fig. 2]. This observation
as previously reported for other minisatellites (18)
nd could be explained by either multiple unequal
rossing over events or multiple rounds of localized
ene conversion.
An interesting feature of these minisatellites is that

hey exhibit polymorphism. This phenomenon can find
pplicability in DNA fingerprinting for medicolegal
urposes and can also be utilized in linkage analysis. It
s not obvious how such sequences came to reside in
ifferent locations. The sequences flanking the repeats
re not related and show no evidence to support a
ransposition theory. Jeffreys et al. reported the pres-

cluster of minisatellites. The numbers below the peaks represent
comparison between the cancerous tissue (PC7) and its normal
cancerous tissues (PC8/PN8). For each lane, size standard markers

third and sixth lanes.
C3
s a
and
the
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nce of a core region of an almost invariant sequence
GGGGCAGGAXG) in a heterogeneous group of mini-
atellites isolated by probing with the myoglobin gene
inisatellites. Multiple alignment of our satellite with

hese repeats shows that a comparable sequence (GG-
AGGAGG) exists in almost all of our minisatellites.
his core region might help to generate minisatellites
y promoting the initial tandem duplication of unique
equence DNA and/or by stimulating the subsequent
nequal exchanges required to amplify the duplication

nto a minisatellite (2). Also, this core sequence is sim-
lar to the generalized recombination signal (X) of E.
oli (23). As polymorphic minisatellites may also be
ecombination hotspots (2), it might be significant that
he core sequence is similar in length and “G” content
o the (X) sequence.

Our preliminary results indicate that at least some
f these minisatellites occur in higher frequency in
ancer. This finding is not unprecedented. Previous
eports indicate that rare mutant alleles of the HRAS1
inisatellite were found to occur three times more

requently in patients with cancer and that they are a
ajor risk factor for common types of cancer (6, 7). In

FIG. 5. A representative graph showing the three alleles of the C
roducts in base pairs. For each lane, two size standard (SS) marker
un alone in the fourth lane. For more details, see text.
1327
hree out of nine pairs (normal/cancer) of prostate tis-
ues examined, different alleles were found when com-
aring the normal and malignant tissues from the
ame patient. There is now a debate regarding the
ssociation of minisatellite repeats and different dis-
ases, including cancer. One theory hypothesizes that
hey demonstrate linkage disequlibrium with inherited
athogenic lesions, and they simply represent markers
or the disease without being actually involved in the
athogenesis. However, other studies indicated that
ome of these minisatellites bind to transcriptional
egulatory factors and can up- or down-regulate the
ranscription of nearby genes (24, 25).

We have evidence that our minisatellites posses
inding sites for transcription factors. The intronic
inisatellite of the interleukin-1a also has a binding

ite for SP-1 transcription factor (26). Krontiris et al.
roposed a model explaining how could the minisatel-
ite alterations affect transcription directly (7). In ad-
ition, it has been shown that many of the kallikrein
enes are differentially expressed in different malig-
ancies (12, 14, 27–33). The KLK3 (PSA) and KLK2
human glandular kallikrein) already found clinical

luster. The numbers below the peaks represent lengths of the PCR
50 bp and 650 bp) were added to the sample, and the markers were
9 c
s (4
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pplicability as prostate cancer markers, and other
allikrein genes are recently emerging as potential
iomarkers for different cancers (34–36).
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