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ABSTRACT The JC virus (JCV) genotyping method
was used to gain insights into the population history of the
Saami and the Finns, both speaking Finno-Ugric lan-
guages and living in close geographic proximity. Urine sam-
ples from Saami and Finns, collected in northern and
southern Finland, respectively, were used to amplify a 610-
bp JCV-DNA region containing abundant type-specific
mutations. Based on restriction site polymorphisms in the
amplified fragments, we classified JCV isolates into one of
the three superclusters of JCV, type A, B, or C. All 15
Saami isolates analyzed and 41 of 43 Finnish isolates ana-
lyzed were classified as type A, the European type, and two
samples from Finns were classified as type B, the African/
Asian type. We then amplified and sequenced a 583-bp
JCV-DNA region from the type A isolates of Saami and

Although most Central and Southern Europeans
belong to the Indo-European language family, some
Northern Europeans belong to the Finno-Ugric
language family, and hence their ethnic origin has
interested many geneticists. By using the JC virus
(JCV) genotyping method, we investigated the
population history of the Saami and the Finns,
belonging to the Finno-Ugric language family and
living in close geographic proximity.

JCV is a member of the Polyomaviridae family. Its
genome is a single molecule of covalently closed, circu-
lar double-stranded DNA about 5,100 bp in length
(Cole and Conzen, 2001). JCV is ubiquitous among
humans, infecting children asymptomatically, and
then persisting in renal tissue (Chesters et al., 1983;
Kitamura et al., 1997; Padgett and Walker, 1973;
Tominaga et al., 1992; Walker and Padgett, 1983). In
adults, renal JCV replicates and progeny viruses are
excreted in urine (Kitamura et al., 1990, 1994,
Agostini et al., 1996). The main mode of transmission
of JCV is from parents to children through long-term
cohabitation (Kunitake et al., 1995; Kato et al., 1997,
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Finns. According to type-determining nucleotides within
the region, we classified type A isolates into EU-al, -a2, or
-b. Most type A isolates from Saami were classified as
EU-al, while type A isolates from Finns were distributed
among EU-al, EU-a2, and EU-b. This trend in the JCV-
genotype distribution was statistically significant. On a
phylogenetic tree based on complete sequences, most of the
type A isolates from Saami were clustered in a single clade
within EU-al, while those from Finns were distributed
throughout EU-al, EU-a2, and EU-b. These findings are
discussed in the context of the population history of the
Saami and the Finns. This study provides new complete
JCV DNA sequences derived from populations of anthropo-
logical interest. Am J Phys Anthropol 128:185-193,
2005. e 2005 Wiley-Liss, Inc.

Suzuki et al, 2002; Zheng et al., 2004). Kunitake
et al. (1995) estimated that only 50% of virus trans-
mission occurs from parents to children. Neverthe-
less, the strong ethnic distribution of JCV (see below)
can be explained, as transmission outside the family
is often mediated by close contact of children
with other family members (e.g., grandparents) or
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with individuals from the same community (e.g.,
babysitters) (Kunitake et al., 1995).

JCV strains throughout the world are classified
into more than 10 geographically distinct geno-
types (Sugimoto et al., 1997; Guo et al., 1998;
Agostini et al.,, 2001a). The evolutionary relation-
ships among JCV genotypes were examined by
Sugimoto et al. (2002a,b), using the whole-genome
approach with which a highly reliable phylogeny of
JCV isolates can be reconstructed (Hatwell and
Sharp, 2000). The results of these studies showed
that ancestral JCV first divides into three super-
clusters, types A, B, and C, which subsequently
split into the various genotypes of JCV distributed
throughout the world. A split in type A generated
three genotypes, EU-a, -b, and -c. EU-a and -b
mainly contain European and Mediterranean iso-
lates, and EU-c¢ contains northeastern Siberian iso-
lates. The split in type B generated Af2 (the major
African subtype), Bl-c (a minor European sub-
type), and various Asian subtypes (e.g., Bl-a, -b,
and -d, B2, CY, MY, and SC). Type C generated a
single subtype (Afl), consisting of isolates derived
from western Africa. Pavesi (2003) and Chima
et al. (1998) supported the African origin of JCV
by identifying Afl (or type 6 according to the
nomenclature by Agostini et al., 200la) as the
putative ancestral genotype.

The unique mode of JCV transmission, the
geographic distribution patterns of various geno-
types of JCV, and the mode of JCV evolution
together showed JCV to be a marker of human
populations (Sugimoto et al., 1997; Agostini et al.,
1997; Disotell, 2003). Indeed, the JCV genotyping
method was used to elucidate the origins of
various ethnic groups worldwide (Kitamura et al.,
1998; Sugimoto et al., 2002b; Agostini et al.,
1997, 2001b; Guo et al., 1998; Jobes et al., 2001;
Fernandez-Cobo et al., 2002; Yanagihara et al.,
2002; Saruwatari et al., 2002; Miranda et al,
2002; Zheng et al., 2003).

The Saami and the Finns speak Finno-Ugric lan-
guages and live in close geographic proximity.
Their population history was inferred based on
studies using human mtDNA and the Y chromo-
some as markers. As described below (see Discus-
sion), different views were suggested by these stu-
dies: those using mtDNA supported the view that
both populations were formed by European popula-
tions, whereas those using the Y chromosome sug-
gested a contribution by Asians in the formation of
the Saami and the Finns. In this study, a comple-
mentary approach based on JCV was used to solve
this issue.

MATERIALS AND METHODS
Urine samples
Urine samples from Finns were collected with

informed consent from 98 general patients aged 40
years or older in Helsinki and Tampere. Urine
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samples from Saami were collected from general
patients, aged 40 years or older, at the Ivalo
Health Center. The places of residence of the
Saami urine donors were Inari (n = 17), Utsjoki
(n = 14), Petsamo (n = 10), Pello (n = 1), Enonte-
kio (n = 4), Tampere (n = 1), Rovaniemi (n = 2),
and Karasjoki (n = 1). To our knowledge, no
Saami donors had any ancestry from other ethnic
groups. They gave informed consent prior to their
inclusion in the study. Urine samples were stored
in 10 mM EDTA (pH 8.0), and sent to the Labora-
tory of Viral Infection (Department of Virology,
Institute of Medical Science, University of Tokyo,
Japan), where DNA was extracted as described
previously (Kitamura et al., 1990). This study was
approved by the Ethics Committee of the Hospital
District of Varsinais-Suomi.

Polymerase chain reaction

From extracted DNA, the 610-bp IG region and
583-bp ET region of the viral genome were amplified
by polymerase chain reaction (PCR), using primer
pairs P1/P2 and E3/E4, respectively, under condi-
tions described previously (Kunitake et al., 1995).
The sequences of P1 and P2 were described pre-
viously (Kunitake et al.,, 1995). E3 (5-GGCTGC-
AGGCCACTCATACACCCAAAGTA-3') consisted of
nucleotides (nt) 1255-1276 of the JCV genome (Fris-
que et al.,, 1984), and a 5'-terminal heptanucleotide
(shown in italics), which was added to generate a
Pstl site, and E4 (5-GGAAGCTTGCACTGGCTT-
CCCTGCACCAT-3') consisted of nt 1881-1860, and
a 5'-terminal heptanucleotide (shown in italics),
which was added to generate a HindIII site. The IG
region was previously established as a region of the
JCV genome containing abundant type-determining
sites (Ault and Stoner, 1992). The ET region encom-
passes the 3'-terminal region of the VP2/3 gene and
the 5'-terminal region of the VP1 gene, and was
established in this study as a region containing mul-
tiple nucleotide changes unique to each subtype
within type A.

Restriction fragment length polymorphism
analysis

Restriction fragment length polymorphism (RFLP)
analysis analysis was performed for amplified IG
fragments using four restriction enzymes (Ddel,
HincIl, Niul, and Puvull), as described (Kitamura
et al., 1998).

Molecular cloning

PCR-amplified fragments were digested with a
combination of HindIII and PstI. The recovered
fragments were ligated, and were HindIII- phos-
phatase-treated and PstI-digested, alkaline with
pBluescript II SK (+) (Stratagene, La Jolla, CA),
and used to transform competent Escherichia coli
HB101 cells (Takara Shuzo Co. Ltd., Kyoto, Japan).
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Plasmids containing the IG or ET region were pre-
pared using a Qiagen Plasmid Mini kit (Qiagen
GmbH, Hilden, Germany).

Entire JCV DNAs were cloned into pUC19 at a
unique BamMI site, as described previously (Yogo
et al., 1991). The resultant complete JCV DNA clones
were prepared using a QIAGEN Plasmid Maxi kit
(QIAGEN). Purified plasmids were sequenced as
described previously (Sugimoto et al., 2002a).

DNA sequencing

Purified recombinant plasmids containing partial
or complete genomes were sequenced with an auto-
sequencer (ABI Prism 3735 DNA Analyzer, Applied
Biosystems, Foster City, CA). Primers for sequen-
cing partial genomes (IG and ET regions) were T3
and T7 promoters within the vector, and those for
sequencing complete genomes were described pre-
viously (Sugimoto et al., 2002a).

Phylogenetic analysis

The noncoding regulatory region of the JCV gen-
ome was excluded from phylogenetic analysis. This
was because an accurate multisequence alignment
is hampered by the presence of extensive sequence
rearrangements usually occurring in the regulatory
regions of JCV isolates from the brains of patients
with progressive multifocal leukoencephalopathy
(Yogo and Sugimoto, 2001). DNA sequences were
aligned using CLUSTAL W (Thompson et al., 1994),
with a gap-opening penalty of 15.00 and gap-exten-
sion penalty of 6.66. To evaluate the phylogenetic
relationships among DNA sequences, we con-
structed neighbor-joining (NJ) trees (Saitou and
Nei, 1987), using the CLUSTAL W program. Diver-
gences were estimated by the two-parameter
method (Kimura, 1980), using CLUSTAL W. Phylo-
genetic trees were visualized using TREEVIEW
(Page, 1996). To assess the confidence of branching
patterns of NJ trees, 1,000 bootstrap replicates were
made (Felsenstein, 1985). Bootstrap probabilities
larger than 70% were considered significant (Hills
and Bull, 1993).

Statistical analysis

The differences in genotype distribution between
the Saami and Finns (2 x 3 contingency table)
were analyzed using the overall likelihood ratio
chi-square test. When there was a statistically sig-
nificant difference, in order to explore the details of
the difference, the chi-square value was divided
into two portions (Agresti, 2002), i.e., the difference
in intratype A subtypes and the difference in intra-
EU-a subgroups between the two ethnic groups. All
analyses were performed using SAS software ver-
sion 8.2 (SAS Institute, Inc., Cary, NC).
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TABLE 1. Finnish and Saami JCV isolates whose complete
DNA sequences were determined in this study

Ethnic

Geographic

Isolate origin origin Genotype'  Accession no.?
Sam - 3 Saami  Utsjoki EU - al AB127342
Sam - 8 Saami  Inari EU - a2 AB127343
Sam - 9 Saami  Tampere® EU - al AB127344
Sam - 12 Saami  Rovaniemi EU - al AB127345
Sam -15  Saami  Petsamo EU -al AB127346
FL-3 Finn Tampere EU - al AB127347
FL-4 Finn Tampere EU-al AB127348
FL -7 Finn Tampere EU - a2 AB127349
FL-8 Fin Tampere EU-b AB127350
FL-11 Finn Tampere EU - a2 AB127351
FL - 13 Finn Helsinki EU - a2 AB127353

! Determined according to Figure 1.
2(GSDB, DDBJ, EMBL, and NCBI nucleotide sequence database.
3 Parents of urine donor lived in Inari.

RESULTS

Superclusters of JCV in Saami and Finnish
samples

We detected JCV DNA from Saami and Finn urine
samples using a PCR that amplified the 610-bp IG
region. The detection rates were 15/50 (30%) and
43/98 (44%) in the urine samples from the Saami
and Finns, respectively. We classified the JCV iso-
lates in these samples into superclusters of JCV by
RFLP analysis of amplified IG fragments (Kitamura
et al., 1998). All 15 isolates from the Saami and most
isolates from the Finns were classified as type A
(also designated as EU; Kitamura et al., 1998). Two
isolates from Finns, however, were classified as type
B. Phylogenetic analysis of these type B isolates
revealed that they belonged to Bi-c and -b (data not
shown). Bl-c¢ is a minor genotype of JCV in Europe,
while B1-b is widespread in West and Central Asia
(Sugimoto et al., 1997).

Phylogenetic analysis using the whole-genome
approach

We established five and six JCV-DNA clones con-
taining complete type A sequences from the sam-
ples of Saami and Finns, respectively (Table 1).
The complete type A JCV DNA sequences deter-
mined in this and previous studies (Table 2),
together with a complete GH-1 sequence as the
outgroup, were aligned and used to construct an
NJ tree. Strain GH-1 (Sugimoto et al., 2002a) was
chosen as the outgroup because it belongs to the
predicted ancestral genotype Afl (Pavesi, 2003).
According to the resultant tree (Fig. 1), type A gen-
erated three clusters, EU-a to -¢, with high boot-
strap probability (99-100%). The first split in type
A generated EU-¢ and non-EU-c, and the subse-
quent split in the latter generated EU-a and -b. In
addition, we found that EU-a split into two major
clusters, EU-al and -a2, with high bootstrap prob-
ability (88% or 96%).
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TABLE 2. Origins of JCV isolates whose complete DNA sequences were used in phylogenetic analysis (see Fig. 1)1

Genotype Isolate Geographic origin Accession no.? Reference®
EU - al SW-3 Sweden AB048575 a
EU - al G2 Germany AB038251 b
EU - al N5 Netherlands AB074588 c
EU - al IT-2 Italy AB074582 c
EU - al #124 USA AF015526 e
EU-al Mad - 1 Madison, WI J02226 d
EU - al/dpn AT -2 Northeast Japan AB048569 a
EU -al/Jpn AT -4 Northeast Japan AB048570 a
EU - al/Jpn HR-5 Northeast Japan AB048572 a
EU - al/Jpn HR - 13 Northeast Japan AB048571 a
EU-al/Jpn SD-9 Northeast Japan AB048573 a
EU -al/ Arc ES-1 Arctic Canada ABO074578 [
EU - al/Arc ES-3 Arctic Canada ABO074579 c
EU - al/ Arc KO -2 Northeast Siberia AB074585 c
EU - al/ Arc KO -3 Northeast Siberia AB074586 [
EU - al/ Arc KO -5 Northeast Siberia AB074587 c
EU - a2 G4 Germany AB074580 c
EU - a2 G5 Germany AB074581 c
EU - a2 N2 Netherlands AB048574 a
EU - a2 UK -2 England AB048576 a
EU - a2 IT- 3 Italy AB074583 c
EU - a2 IT-5 Italy AB048568 a
EU - a2 IT-8 Italy AB074584 c
EU - a2 SP -7 Spain AB074591 c
EU - a2 # 123 USA AF015527 e
EU-b N25 Netherlands AB048565 a
EU-b UK-1 England AB048567 a
EU-b SP-1 Spain AB048566 a
EU-b GR-3 Greece AB048563 a
EU-b MR -7 Morocco AB048564 a
EU-b # 402 USA AF(015528 e
EU -¢ AM -5 Northeast Siberia AB074576 c
EU-¢ AM -7 Northeast Siberia ABO74577 c
EU-c¢c AM - 18 Northeast Siberia ABO074575 c
EU-c¢c SI-1 Northeast Siberia AB074589 c
EU-c¢c SI-17 Northeast Siberia AB074590 c

Isolates for which complete sequences were determined in this study are shown in Table 1.

2GSDB, DDBJ, EMBL, and NCBI accession numbers.

3 a, Sugimoto et al., 2002a; b, Kato et al., 2000; ¢, Sugimoto et al., 2002b; d, Frisque et al., 1984; e, Agostini et al., 1998,

All five Saami isolates were found in the EU-al
cluster. In contrast, Finnish isolates were spread
into various clusters, two in EU-al, three in EU-a2,
and one in EU-b. Four of the five Saami isolates,
together with a single Danish isolate (N5), formed a
distinct cluster (the Sam cluster) with a high boot-
strap probability (96%). The urine donors, from
whom the four Sam isolates were obtained, were
unrelated and lived in different regions (Table 1).

Subclassification of type A isolates

By examining the aligned type A sequences used
for the phylogenetic tree (Fig. 1), we identified a
583-bp region (ET region) of the genome where
nucleotide variation was most extensive among
intratype A genotypes (i.e., EU-al, -a2, -b, and -c)
(Table 3). The number of nucleotide differences
varied from 3 (between EU-al and -a2) to 7
(between EU-a2 and -c). We attempted to PCR-
amplify this region from Saami and Finn urine

samples (excluding those in which complete JCV
DNA sequences were analyzed), and obtained
amplified fragments from 10 and 21 urine samples
in the Saami and Finns, respectively. Sequencing
of the amplified fragments unequivocally classified
each isolate into EU-al, -a2, or -b (no isolate was
classified as EU-c).

Based on the type A subclassification data
obtained by phylogenetic analysis (Fig. 1) and by
nucleotide variations in the ET region, we estimated
the frequency of each intratype A genotype in the
Saami and Finns (Table 4), and the findings can be
summarized as follows: 1) EU-b was detected in the
Finns at a low rate (11%), but no EU-b was detected
in the Saami. The observed difference in the detec-
tion of EU-b between the Saami and Finns, however,
was not statistically significant. 2) In the Finns,
both EU-al and -a2 were detected at similar rates,
while in the Saami, EU-al was more frequently
detected than EU-a2.

The difference in genotype distribution was ana-
lyzed using the overall likelihood ratio chi-square
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Fig. 1. NJ phylogenetic tree relating 47 complete type A
JCV DNA sequences. Phylogenetic tree was constructed from
complete sequences, excluding regulatory sequences, using NJ
method. An isolate (GH-1) belonging to type C was used as out-
group. Symbols for sequences are shown in Tables 1 and 2.
Numbers at nodes in tree indicate bootstrap probabilities (per-
cent) obtained by 1,000 replicates (only those >50% are shown).
Intratype A subtypes (EU-a, -b, and -¢) and intra-EU-a sub-
groups (EU-al and -a2) are indicated. In addition, some ethni-
cally distinct clusters within EU-al (EU-a/Arc (Arc), EU-a/Jpn
(Jpn), and Sam are indicated.

test. There was a significant difference in genotype
distribution between the Saami and Finns (x2 =
12.67, df = 2, P = 0.0018). Therefore, the chi-square
statistics (12.67) were divided into two portions, 2.78
and 9.89. Although there was no significant differ-
ence in intratype A subtypes between the Saami
and Finns (x% = 2.78, df = 1, P = 0.0956), a statis-
tically significant difference in intra-EU-a sub-
groups between the two ethnic groups was detected
(x® = 9.89, df = 1, P = 0.0017). The results of these
analyses showed that the differences between
Saami and Finns were mainly characterized by dif-
ferent proportions of EU-al and EU-a2.
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DISCUSSION
Inference based on JCV genotypes

Using the JCV marker, this study provides
insights into the population history of the Saami
and the Finns, both speaking Finno-Ugric lan-
guages and living in close geographic proximity.
We found that all or most of the JCV isolates
detected in both populations belonged to type A, a
supercluster mainly including European and Medi-
terranean isolates (Sugimoto et al., 2002a,b). This
finding suggests that, like other Europeans, the
Saami and Finns are of European descent. We
detected no or few isolates in the Saami and the
Finns that belonged to the Asian genotypes of JCV,
and it therefore appears that the contribution by
Asians to the formation of the Saami and the
Finns was not significant.

According to the phylogenetic analysis of five
type 1 isolates (three from the United States and
two from Hungary), Agostini et al. (2001b) showed
that type 1 divided into two groups, types 1A and
1B (type 1 corresponds to EU-a). In this study,
based on complete JCV DNA sequences of a larger
number (35 in total) of type A isolates, mostly
derived from Europeans (including the Saami and
Finns), we confirmed that EU-a divided into two
groups, EU-al and -a2, with high bootstrap prob-
ability (EU-al and -a2 corresponded to types 1A
and 1B, respectively). Although the above phyloge-
netic analysis was conducted using only the NJ
method, it should be noted that if fully determined
JCV DNA sequences are used as the data set, all
aspects of JCV evolution observed in the NJ are
reproduced in the phylogenetic analysis with the
maximum likelihood method (a typical analysis
based multiple tree algorithms) (Sugimoto et al.,
2002a,b; Zheng et al., 2003; Yogo et al., 2003).

According to this updated classification of type A
JCVs, we obtained the following findings: 1) EU-al
and -a2 comprised most strains isolated from the
Saami and the Finns; 2) rare EU-b isolates occurred
in the Finns, but not in the Saami; 3) EU-c was
detected in neither the Finns nor the Saami; 4) EU-
al and -a2 occurred to an almost equal extent in the
Finns, while in the Saami, EU-al was more preva-
lent than EU-a2; and 5) in a phylogenetic tree relat-
ing fully sequenced type A isolates, the type A
isolates from Saami were all found within EU-al,
while those from Finns were widespread in EU-al,
-a2, and -b. In addition, we detected a few isolates
classified as type B (B1-b and B1-c) only in the Fin-
nish samples. From these findings, we conclude that
the genetic diversity of JCV is more marked in the
Finns than in the Saami. We therefore inferred that
the Saami (at least the Saami population in north-
ern Finland) were formed by a single founding
population and that they did not significantly admix
with other populations in the course of their subse-
quent history. On the other hand, the genetic diver-
sity of JCV in the Finns may represent an admix-
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TABLE 3. Nucleotide variations among various subgroups within type A

Nucleotides at indicated positions®

Genotype 1282 1308 1361 1651 1689 1753 1818 1843 1850
EU-al G C G A A A G G A
EU - a2 G C G A G A G T G
EU-b G Cc A T A A C G A/G
EU-c¢ A T G A A T C G A

! Nucleotide numbers are those of Mad - 1 (Frisque et al., 1984), starting from midpoint of origin of replication and proceeding

clockwise.

TABLE 4. Subclassification of type A isolates detected from
Saami and Finns

Frequency of JCV genotype (%)

Ethnic  No. of isolates EU-a

group analyzed Total al a2 EU-b
Saami 15 15 (100) 13 (87) 2(13) 00
Finns 27 24 (89) 9(33) 15(56) 3(11)

! Classified based on phylogenetic analysis (Fig. 1) or nucleotide
variations in ET region. No isolate was classified as EU-c.

ture of different populations carrying distinct JCV
genotypes.

An interesting feature of the updated pattern for
the evolution of type A JCV (Fig. 1) is that EU-a2
mainly contained isolates from Europeans, and that
EU-al contained not only those from Europeans but
also those from three distinct ethnic groups, north-
eastern Siberians/Inuits, northeastern Japanese,
and Saami. Based on this finding, the following
scenario is conceivable: An ancestral population
carrying proto-EU-a split into two subpopulations,
one carrying EU-al and the other carrying EU-a2.
The subpopulation carrying EU-al would have gen-
erated various subgroups that migrated through
Eurasia to the west and east, whereas the subpopu-
lation carrying EU-a2 would have generated various
subgroups that migrated only to Europe.

EU-b (or type 4 according to the alternative
nomenclature; Agostini et al., 2001a) was detected
in various areas of Europe (Agostini et al., 2001b;
Dubois et al., 2001; Pagani et al., 2003). Interest-
ingly, it appears that the frequency of EU-b signifi-
cantly differs among geographic regions. Thus,
EU-b occurred at higher frequency (>23%) in
Southwest Europe (e.g., Spain, France, and Italy),
and occurred at lower frequency (<18%) in North-
east Europe (e.g., Germany, Poland, and Hungary).
In addition, EU-b occurred at notably high fre-
quency in some ethnic groups (i.e., Basques, Sinti,
and Roma; Agostini et al., 2001b). Our observation
that EU-b did not occur in the Saami and occurred
in the Finns at only low frequency is consistent
with the regional distribution pattern of EU-b
described above, suggesting that people carrying
EU-b were distributed at higher rates in South-
west than Northeast Europe.

In the Finnish samples, the presence of an iso-
late belonging to Bl-c¢ (also named type 2B)
deserves some additional attention. This genotype

appears to have originated in Asia, as it was
shown by phylogenetic analysis that Bl-c belongs
to the type B supercluster that contains the major
African genotype (Af2 or type 3) and most of the
Asian genotypes of JCV (Sugimoto et al., 2002a).
Bl-c occurs at higher frequency (about 30%) in
the Netherlands, Greece (Guo et al.,, 1998) and
Macedonia (unpublished findings), while it occurs
at lower frequency (2-10%) in Germany, France,
Italy, and Finland (Agostini et al., 2001b; Dubois
et al., 2001; Pagani et al., 2003; this study). It has
not been detected in East Europe, including
Russia, Poland, Hungary, and the Czech Republic
(Sugimoto et al.,, 1997; Agostini et al., 2001b).
These regional distribution patterns of Bl-c sug-
gest ancient human dispersal carrying Bl-c from
the Near East to South Europe. Indeed, Pavesi
(2003) proposed the hypothesis that the early peo-
pling of Europe was mediated by two distinct
human migrations, one carrying the European
genotype (EU-a/b), and the other the Euro-Asiatic
genotype (Bl-c).

Compatibility with genetic findings

Geneticists have investigated the origin of the
Saami and Finns, analyzing the mtDNA and Y-
chromosomal diversity in these ethnic groups.

About 40% of the Saami carry mtDNA belong to
haplogroup V (Torroni et al., 1998), and this high
incidence is linked to very low sequence variation
(Torroni et al., 1998, 2001) (“haplogroup” refers to
the grouping of mtDNAs with mutational events
defined by single-nucleotide polymorphisms, restric-
tion enzyme recognition sites, or deletions at the
same location). It was suggested that the Iberian
peninsula is the most likely homeland of this
haplogroup (Torroni et al.,, 1998). Moreover, many
Saami mtDNAs (32-52%) harbor the “Saami” motif,
defined by three nucleotide variants belonging to a
subcluster (U5) of haplogroup U (Sajantila et al.,
1995; Finnilé et al., 2000). U5 is widespread in Eur-
ope, albeit at lower frequency (Simoni et al., 2000).
“Asian” mtDNA haplogroups (M and Z) occur only at
low frequencies (Lahermo et al., 1996; Torroni et al.,
1998; Meinilé et al., 2001). On the other hand, the
Finns harbor all nine mtDNA haplogroups observed
in other Europeans populations (Torroni et al., 1996,
1998). Nevertheless, U5, which was frequently ob-
served in the Saami (see above), is more common
in Finland than in other European populations
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(Finnild et al., 2000; Meinili et al., 2001). Based on
mtDNA, it therefore appears that both the Saami
and Finns are mainly of European origin. In addi-
tion, it was suggested that the Saami (but not the
Finns) were markedly influenced by the founder
effect or the bottleneck phenomenon, and that Finns
were more significantly admixed with the Saami
than other Europeans speaking Indo-European lan-
guages.

According to a detailed study on Y-chromosomal
diversity in Europe (Rosser et al., 2000), most of
the ethnic groups speaking Finn-Ugric languages,
including the Saami and Finns, harbor two classes
of haplogroups, one that spread throughout Eur-
ope, and the other that spread throughout North-
eastern Europe and Central/Northern Asia. The
latter is represented by haplogroup 16, which car-
ries a novel mutation (Tat C mutation) (Zerjal
et al., 1997). Zerjal et al. (1997) suggested Central
Asia as the geographic origin of this mutation,
while Lahermo et al. (1999) suggested northern
Eurasia. From the Y-chromosomal polymorphisms
found in the Saami and Finns, it can be inferred
that both ethnic groups were formed by multiple
founding populations. However, as Y-chromosomal
diversity is lower in Finns than in the other Eur-
opean populations, including the Saami, it appears
that the Finns, rather than the Saami, were influ-
enced by the founder effect or bottleneck phenom-
enon (Kittles et al., 1999). Explanations of the low
diversity in the Finnish Y chromosome (in contrast
to diverse Finnish mtDNA) have been offered in
the literature (Kittles et al., 1999).

Recent studies showed that type A JCV occurs not
only in European and Mediterranean areas but also
in the Far East, including northern Japan and
northeastern Siberia (Kitamura et al., 1998; Sugi-
moto et al., 2002a,b). This type A JCV evolved as dis-
tinet clusters (EU-a/Jpn and EU-a/Arc) within sub-
type EU-a or a novel subtype designated EU-c.
According to the geographic distribution of type A
JCV, it was previously suggested that small bands,
derived from an ancestral population that generated
modern Europeans, migrated through Eurasia from
west to east, and colonized northeastern Siberia and
northern Japan (Sugimoto et al, 2002a,b; Yogo
et al., 2003). By analogy, it may be speculated that
an ancestral population that generated modern Eur-
opeans also generated a population harboring the
Tat C mutation; this population further split into
two subpopulations, one moving to Northeastern
Europe, the other moving to Northern Asia. If this
speculation proves valid, then the Saami as well as
the Finns carry two classes of Y-chromosome hap-
logroups, both of Caucasoid origin.

CONCLUSIONS

The population history of the Saami and Finns
was previously inferred based on studies using
mtDNA and the Y chromosome as markers. In this
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study, we used a new marker, the JCV genotype,
to infer their population history. Studies based on
the JCV genotype and mtDNA suggested that both
populations are mostly of Caucasoid origin, but
studies based on the Y chromosome suggested that
Asians significantly contributed to the formation of
the Saami and the Finns. Furthermore, there are
other disagreements among studies based on the
three markers as to the numbers of founding popu-
lations in the Saami and Finns. We believe that
the population history of the Saami and Finns
should be elucidated by more detailed studies
using a multidisciplinary approach.
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Abstract

Recently genotyping of JC virus (JCV) DNA in renal tissue was reported to be useful to identify the geographic origin of unidentified
cadavers. In the above study, autopsied tissue samples without storage or stored in a frozen state were used. This study examined JCV DNA
sequence modifications caused by formalin-fixation, in an attempt to elucidate whether formalin-fixed, paraffin-embedded tissue samples can
also be used to determine the genotypes of JCV DNA in the kidney. In four cases, a 610 bp typing region of the JCV genome was PCR-amplified
from renal tissues stored for 1 year in three different states: frozen at —80 -C [Amaker, B.H., Chandler, EW., Huey, L.O,, Colwell, R.M., 1997.
Molecular detection of JC virus in embalmed, formalin-fixed, paraffin-embedded brain tissue. J. Forensic Sci., 1157-1159], formalin-fixed,
paraffin-embedded [Ault, G.S., Stoner, G.L., 1992. Two major types of JC virus defined in progressive multifocal leukoencephalopathy brain
by early and late coding region DNA sequences. J. Gen. Virol. 73, 2669-2678], and soaked in 5% formalin [Baksh, FK., Finkelstein, S.D.,
Swalskey, P.A., Stoner, G.L., Ryschkewitsch, C.F,, Randhawa, P.R., 2001. Molecular genotyping of BK and JC virus in human polyomavirus-
associated interstitial nephritis after renal transplantation. Am. J. Kidney Dis. 38 (2), 354-365]. The amplified fragments were cloned, and
the resultant clones were sequenced. In frozen samples, single sequences (‘original’ sequences) were detected in all cases. In formalin-fixed,
paraffin-embedded samples, not only the original sequences but also those with 1-6 base substitutions were detected. From formalin-soaked
samples, the original sequences and those with 1-5 and 10-13 substitutions were detected. The genotyping of JCV DNA was not hampered
by the presence of 1-6 substitutions, but a shift in JCV genotypes was observed in sequences with 10-13 substitutions. Thus, it was concluded
that the genotypes of JCV DNA in the kidney can be determined only with specimens stored in a frozen state or formalin-fixed for a short time.
© 2005 Elsevier B.V. All rights reserved.

Keywords: JC virus; Genotyping; Renal tissue; Formalin; Paraffin; Base substitution

1. Introduction ported that genotyping JC virus (JCV) DNA in the kidney or

urine provides useful information as to the geographic origin

Although the number of unidentified cadavers is increas-
ing throughout the world (Cattaneo et al., 2000), there is
no reliable means of tracing their origins. Recently it is re-

* Corresponding author. Tel.: +81 3 5841 3366. fax: +81 3 5841 3367.
E-mail address: ikegaya-tky @umin.ac.jp (H. Ikegaya).
! Department of Urology, Faculty of Medicine, The University of Tokyo,
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0166-0934/$ - see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.jviromet.2005.01.019

of unidentified cadavers (Ikegaya et al., 2002). JCV asymp-
tomatically infects most humans during childhood and per-
sists in the kidneys throughout life (Chesters et al., 1983;
Ikegaya et al., 2002, 2004; Kitamura et al., 1997; Padgett
and Walker, 1973; Tominaga et al., 1992). JCV DNA can be
classified into more than 10 genotypes that occupy unique do-
mains in different parts of the world (Sugimoto et al., 1997;
Yogo et al., 2004).
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In the study noted above, autopsied tissue samples with-
out storage or stored frozen were used to PCR-amplify and
sequence a 610 bp region of the JCV genome usually used
for the genotyping (Ault and Stoner, 1992). However, there
are a considerable number of unidentified cadavers for which
only formalin-fixed, paraffin-embedded or formalin-soaked
tissue samples are available. If JCV DNA sequences in tis-
sue samples stored under such conditions could be accurately
determined, the application of the JCV genotyping method
would be expanded greatly.

Indeed, JCV DNA fragments have been amplified by
PCR from formalin-fixed, paraffin-embedded tissue samples
(Amakeretal., 1997; Telenti et al., 1990), and their nucleotide
sequences have been determined to classify the detected ICV
DNA into subtypes (Baksh et al., 2001; Stoner and Ryschke-
witch, 2000). However, to our knowledge, no studies have
been conducted to examine nucleotide modifications that
might be introduced into JCV DNA in tissue samples during
formalin-fixation before being embedded in paraffin. To clar-
ify this issue, we examined the influence of formalin-fixation
by comparing DNA sequences detected in renal tissue sam-
ples stored differently: (a) frozen at —80°C for a year, (b)
fixed in formalin for 2 weeks and then embedded in paraffin,
and (c) soaked in formalin for a year.

2. Materials and methods
2.1. Tissue samples

Both kidneys were excised from eight Japanese cadavers
with various causes of death (Table 1). All cadavers had no
immunosuppressive diseases. The partially excised kidney
blocks were stored for 1 year in three states: (a) frozen (i.e.
frozen at —80°C), (b) formalin-fixed, paraffin-embedded
(i.e. embedded in paraffin at 20 °C after fixation in 5% for-
malin for 2 weeks), and (c) formalin-soaked (i.e. soaked
in 5% formalin at 20°C). Slices (10 mm x 10 mm x 2 mm)
were excised from two different portions of the medulla of
each kidney stored in each state. Paraffin-embedded samples
were deparaffinized, and formalin-soaked samples were de-
formalinated, by the conventional methods. All samples were
minced with scissors and digested with proteinase K in the
presence of 0.5% sodium dodecyl sulfate at 56 °C for 16h.

The digest was extracted once with phenol and once with
chloroform/isoamy! alcohol (24:1 by volume); DNA was re-
covered by ethanol precipitation and then dissolved in 200 L
water.

2.2. PCR

The 610 bpIG region of the JCV genome (Ault and Stoner,
1992) was PCR-amplified from the DNA extracted from renal
tissue samples, using primers P1 and P2 (Kunitake et al,,
1995). The total reaction volume of 50 p.LL contained 2.5 pLL
of sample DNA, 125 units of HotStar Tag DNA polymerase
(QIAGEN GmbH, Hilden, Germany), 200 uM of each dNTP,
1.5mM MgCl,, 0.5 uM primers and a PCR Buffer supplied
by the manufacturer. After activation at 95°C for 15 min,
amplification was performed for 50 cycles. The cycle profile
was 94 °C for 1 min, 55°C for 1 min, and 72°C for 2 min.
Both activation and amplification were carried out in a PC-
800 (Astec, Fukuoka, Japan). The size of the amplicons was
666 bp. PCR was conducted twice for each DNA sample.

2.3. Cloning and sequencing

The amplified fragments were digested with a combi-
nation of HindIIl and Psfl, which excises the IG region
(Kunitake et al., 1995). The digested DNA was ligated
to HindIll- and Pstl-digested, alkaline phosphatase-treated
pBluescript I SK (+) (Stratagene, La Jolla, USA), and
used to transform Escherichia coli HB101-competent cells
(Takara Shuzo Co. Ltd., Kyoto, Japan). Recombinant clones
containing the IG region were selected by digestion with a
combination of HindIII and PstI followed by agarose gel elec-
trophoresis. Purified recombinant plasmids were sequenced
with an autosequencer (ABI Prism 3700 DNA Analyzer, Ap-
plied Biosystems, Foster City, CA, USA). Six clones from
each DNA sample were sequenced.

2.4. Phylogenetic analysis

Neighbor-joining (NJ) phylogenetic trees (Saitou and Nei,
1987) were constructed using the CLUSTAL W Program Ver-
sion 1.7 (Tompson and Higgins, 1994). Divergences were es-
timated by the two-parameter method (Kimura, 1980). Phylo-
genetic trees were visualized with TREEVIEW Program Ver-

Table 1
Eight cases studied
Case Age (years)/gender Post-mortem time (h) Cause of death Detection of JCV DNA?
1 65/M 24 Exsanguination +
2 69/M 72 Frail chest +
3 74/F 20 Pulmonary embolism —
4 43/M 13 Exsanguination —
5 64/M 24 General peritonitis +
6 53/M 19 Burns -
7 33/M 24 Traumatic shock +
8 40/M 15 Strangulation -
2 See text.

—259—



H. Ikegaya et al. / Journal of Virological Methods 126 (2005) 37-43

sion 1.4 (Page, 1996). To assess the confidence of the NJ tree
branching patterns, 1000 bootstrap replicates (Felsenstain,
1985) were performed with CLUSTAL W,

2.5. Statistical analysis

Statistical analysis was performed using the Bartlett test
and the one-factor ANOVA test, with the significance level
set at 5% using Microsoft Excel 2001 software.

3. Results
3.1. Detection of the IG region

As described in Section 2, we excised slices from two
different portions of the medulla of each kidney. Using each
slice, we performed PCR twice to amplify the IG region.
Thus, we repeated PCR eight times using renal tissue samples
derived from the same cadaver and stored in the same state.
If amplified products of about 670 bp were obtained at least
once, we regarded the renal tissue as positive for the JCV
IG region. The specificity of the amplified fragments was
confirmed by analyzing their sequences, as described below.

In four cases (cases 1, 2, 5, and 7), we could amplify the IG
region from renal tissue samples stored in the frozen state.
The tissue samples excised from these cadavers but stored
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in paraffin-embedded and formalin-soaked states also gave
positive amplifications. In cases where the IG region was
not detected in frozen samples, the IG region was detected
in neither paraffin-embedded nor formalin-soaked samples.
Positive amplifications were frequently obtained with only
one of the duplicated DNA samples from stored in not only
frozen but also paraffin-embedded and formalin-soaked tis-
sues. Thus, as judged from the appearance of amplified frag-
ments, renal tissue samples stored in three different states
gave rise to similar amplification resuits.

3.2. Sequence comparisons of amplified IG fragments

We cloned the amplified fragments into a plasmid vec-
tor, and purified clones were sequenced. We sequenced six
clones for each JCV-DNA positive tissue sample. In total, we
identified 25 different IG sequences (SEQ-1 to -25) (Fig. 1).
Table 2 shows the tissue samples in which these sequences
were detected.

A single sequence was detected in the frozen tissue sam-
ple in each case. We designated this sequence as the origi-
nal sequence that had not undergone base modifications. The
original sequences in cases 1 and 2 were SEQ-1, and those
in cases 5 and 7 were SEQ-11 and -20, respectively.

In paraffin-embedded tissue samples, not only the origi-
nal but also sequences with a lower rate of base substitutions
(i.e. 1-6 substitutions) were detected in all four cases. For ex-

@ H 3
w O =6 8
R N R R R R R I
§ ¢ ARSSRNSSNINSYNNRRARR 8RR A883333333333k8k4% ¢

a 2 O
I EQLATATATATATGAACTCCGTTAAATTAAAACTGGAATTATAC - MY

SERATATATGTATGAACTCCGTTAAATTAAAACTGGAATTATAC 1 MY
SEBATATATATATGAACTCCGITTAAATTAAAACTGGGATTATAC 1 MY
SEU ATGTATACAGGCACTAAATCAAATTAAAACCGAGATTATGT 13 C
_ SQSATACACATAGGCACTACATCAAATTAAAACCGAGATTACGT B O
2 EQTATATATATATGAACTCCGTTAAATTAAAACTGGAATTATAC - MY
QAT ATATATATGAACTCCGTTAAGTTAAAACTGGAATTATAC 1 MY
EQATATATATATGAATTCCGTTAAATTAAAACTGGAATTATAC 1 MY
SEQBAT ATATATGTGAACTCCGTTAGATTAAAACTGGAATTATAC 2 M
SEQGTATATATATAAACTCCGITTAAATTAAAACTGGAATTATAC 2 M
SEQOUAT ACATATAGGCACCCCGTITTAAATTAAAACTGGAATTATAC 4 M
SSEQMATATATATATGAACTCCGTITTAAATTAAAACTITIGAATTATAC - MY
SEQI2ATATATATATGAACTCCGCTAAATTAAAACTITIGAATTATAC 1 MY
SEQB3ATATATATGTGAACTCCGTTAGATTAAAACTI|ITIGAATTATAC 2 M
SEQUAT G TATATATGAGITITCCGTTAAACTAAAACTITIGAATTATAC §5 M
SEQISAT G T ATATATGAGITCCGTTAAACTAAGACT|ITIGAATTATAC §5 MY
SEQI6AT G TATATATGAGITCCGTITAAACTAAGACT|ITIGAATTAT -C 6 M
EQZ7ATGCGTATATATGAGITITCCGTTAAACTAAGACTITIGAATITGT AC 6 M
SEQBAT ACATATAGGCACTACATCAAATTAAAACCITIAGATTATGT 10 C
_FEQWAT ACATATAGGCACTACATCGAATTAAAACCITIAGATTATGIT 12
7 SEQOAT A[CIA T A T A|G|G|C|A C T|A[C|A[T|CIA A AT T AAA|G|C|CIT|A|IGIA T T A T|G|T - cY
SEQ21 AT AJCIA T A T A|[GIG|C|IA C T|A[C|A|T|CIA AATTAAAIG|IT|CITIA|GIG T T A T|G|T 2 Cy
SEQ22A T A|JCIA T A T A|GIG|C|A CT|A|IC|A|T|CIA AATTAAA|IGC|ICIT|IA|GIACC A T|G|T 2 C
SEQ23AC A|C|A T A T A|GG|CIA C T|A[CIA|T|CIAAATCGT AIGIC|ICITIA|IG|IG T T A T|G|T 5 O
SEQ24A T AITIA T A T AITIGIA|A C T|CICIA|T|CIA AA T TAAAGCICITIG|IGIA T T A T|G|T 5 Y
SEQ25A T GITIA T A T AIGIGICIG C TIAIC|IG|T|TIAAACT AAGIGICITITIGIAIA T T A TIAIC] 12 W

Fig. 1. Nucleotide variations among 1G sequences detected from renal tissue samples stored in various states. The nucleotides shown are those at positions
where differences were found. Nucleotide numbering is that of strain Mad-1 (Frisque et al., 1984). Nucleotides different from those of the original sequence

(shown at the top line in each case) are underlined.
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Table 2
1G sequences detected in renal tissue samples stored in various states

Cases 1G sequence No. of base substitutions No. of clones detected from tissue samples stored in various states Accession number®
Frozen® Paraffin® Formalin®
1 SEQ-1 £ 6 4 4 AB185175
SEQ-2 1 0 1 0 AB185176
SEQ-3 i 0 1 0 AB185177
SEQ-4 13 0 0 1 AB185178
SEQ-5 13 0 0 1 AB185179
2 SEQ-1 - 6 3 4 AB185175
SEQ-6 1 0 0 1 AB185180
SEQ-7 1 0 1 0 AB185181
SEQ-8 2 0 0 1 AB185182
SEQ-9 2 0 1 0 AB185183
SEQ-10 4 0 1 0 AB185184
5 SEQ-11 - 6 2 0 AB185185
SEQ-12 1 0 I 0 AB185186
SEQ-13 2 0 0 2 AB185187
SEQ-14 5 0 0 1 AB185188
SEQ-15 5 0 1 0 AB185189
SEQ-16 5 0 1 0 AB185190
SEQ-17 6 0 1 0 AB185191
SEQ-18 10 0 0 2 AB185192
SEQ-19 12 0 0 1 AB185193
7 SEQ-20 - 6 4 3 AB185194
SEQ-21 2 0 0 1 AB185195
SEQ-22 2 0 0 1 AB185196
SEQ-23 5 0 1 0 AB185197
SEQ-24 5 0 1 0 AB185198
SEQ-25 12 0 0 i AB185199
2 GSDB, DDBJ, EMBL and NCBI accession numbers.
b Stored at —80“C for 1 year.
¢ Fixed in 5% formalin for 2 weeks and embedded in paraffin for 1 year.
4 Stored in 5% formalin for 1 year.
e

Indicates the original sequence.

Table 3
Base substitutions detected in paraffin-embedded and formalin-stored renal
tissue samples

Substitution type No. (%) of
substitutions in

paraffin-embedded

No. (%) of
substitutions in
formalin-stored

samples® samples”
A>T 129 0(0.0)
A—G 16 (44.4) 25(32.9)
A—=C 2(5.6) 5(6.6)
T— A 0(0.0) 0(0.0)
T—G 1(2.8) 4(5.3)
T-—>C 8(22.2) 18 (23.7)
G—A 1(2.8) 10 (13.2)
G—T 1(2.8) 0 (0.0)
G—>C 0(0.0) 0(0.0)
C—A 1(2.8) 5(6.6)
C—»T 5(13.8) 9(11.8)
C—>G 0(0.0) 0(0.0)
Total 36 (100.0) 76 (100.0)
Transitions 30 (83.3) 62 (81.6)
Transversions 6(16.7) 14 (18.4)

Twenty-four clones were examined for each storage conditions.
a Fixed in 5% formalin for 2 weeks and embedded in paraffin for 1 year.
b Stored in 5% formalin for | year.
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ample, the original sequence (SEQ-1) and sequences (SEQ-2
and -3) with a single substitution were found in case 1. The
original sequence (SEQ-1) was identified in three clones, and
sequences (SEQ-7, -9 and -10) with 1—4 substitution were
found in case 2. The original sequence (SEQ-11) and se-
quences (SEQ-12, -15, -16 and -17) with 1-6 substitutions
were found in case 5. The original sequence (SEQ-20) and se-
quences (SEQ-23 and -24) with five substitutions were found
in case 7.

In formalin-soaked tissue samples, the original sequences
were detected in three cases but not in one case. Sequences
with a lower rate of base substitutions were detected in cases
2, 5 and 7 and those with a higher rate of substitutions (i.e.
10-13 substitutions), were detected in cases 1,3 and 5. For ex-
ample, the original sequence (SEQ-1) and sequences (SEQ-
4 and -5) with 13 substitutions were found in case 1. The
original sequence (SEQ-1) and sequences (SEQ-6 and -8)
with 1 or 2 substitutions were found in case 2 (a higher rate
of substitutions were not detected). The original sequence
was not detected in case 3, but sequences (SEQ-13 and -14)
with 2 or 5 substitutions and a sequence (SEQ-18) with 10
substitutions were found. The original sequence (SEQ-20),
sequences (SEQ-21 and -22) with two substitutions and a se-
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Fig. 2. An NJ phylogenetic tree showing the genotype shift detected in renal tissue samples stored in 5% formalin. An NJ phylogenetic tree was constructed
from the five IG sequences detected in case | (see Fig. 1) and reference IG sequences reported previously (Sugimoto et al., 1997). The phylogenetic tree was
visualized using TREEVIEW. The tree was rooted using genotype Af2 as the outgroup, since this genotype was suggested to indicate possible ancestral type
(Pavesi, 2003). The symbols for reference sequences are described elsewhere (Sugimoto et al., 1997). The numbers at the tree nodes indicate the bootstrap
confidence levels (percent) obtained with 1000 replications (only values >50% are shown). Genotypes are indicated on the right of the tree.
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quence (SEQ-25) with 12 base substitutions were detected in
case 7.

3.3. Base substitutions detected in paraffin-embedded
and formalin-soaked tissue samples

The total number of base substitutions in paraffin-
embedded samples was 36, while that in formalin-soaked
samples was 76. This difference was statistically significant
(P <0.05), indicating that more base modifications occurred
in formalin-soaked samples than in paraffin-embedded sam-
ples.

Table 3 lists all base substitutions detected in amplicons
from paraffin-embedded and formalin-soaked tissue samples.
In formalin-fixed, paraffin-embedded samples, base transi-
tions (n=30) were five times as frequent as transversions
(n=6), as in formalin-soaked samples.

3.4. Location of sequences with substitutions on
phylogenetic trees

We examined whether the presence of lower and higher
rates of base substitutions affected the genotypes of JCV. Five
sequences (SEQ-1 to SEQ-5) detected in case 1 in paraffin-
embedded and formalin-soaked tissue samples together with
197 1G sequences reported by Sugimoto et al. (1997) were
used to construct an NJ phylogenetic tree. On the resultant
trees (Fig. 2), the original sequence (SEQ-1) and sequences
(SEQ-2 and -3) with a lower rate of base substitutions were
found within the MY cluster, whereas sequences (SEQ-4 and
-5) with a higher rate of base substitutions were located within
the CY cluster. Similarly, we analyzed the distribution of se-
quences detected in cases 2, 5 and 7 on NJ phylogenetic trees
(data not shown), and confirmed that the original sequences
and those with a lower rate of base substitutions fell within
the same genotypes (genotype MY incases 2 and 5 and CY in
case 7) (Fig. 2), and that sequences (SEQ-18, -19, -25) with
a higher rate of substitutions were located within genotypes
to which the original sequence did not belong (Fig. 2).

4. Discussion

For the first time, the effect of formalin-fixation on the
nucleotide sequence of JCV DNA in tissue samples was an-
alyzed in this study. The JCV DNA sequence detected in
tissue samples stored in a frozen state served as the source of
unaffected JCV DNA sequences (designated original ones).
Original and variant sequences were detected in tissue sam-
ples that underwent formalin-fixation. A comparison between
original and variant sequences allowed us to detect base sub-
stitutions.

When JCV DNA with some bases modified with formalin
is used as the template for PCR amplification, the modified
bases were recognized as one of the four bases, sometimes
as a base different from the original one, generating base
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substitutions that can be identified by sequencing. The present
finding that base transitions much more frequently occurred
than transversions in paraffin-embedded as well as formalin-
soaked tissue samples suggests that Tag DNA polymerase
can distinguish between modified purines and pyrimidines
with some ambiguity.

It has been reported that as the time of exposure to formalin
increased, the PCR-amplification of DNA was more severely
damaged (Inoue et al., 1996; Rogers et al., 1990). In this study,
the paraffin-embedded tissue samples were previously fixed
with formalin for 2 weeks, while the formalin-soaked sam-
ples were fixed for 1 year. Thus, based on our results, we may
state that the duration of fixation affected the appearance of
base substitutions. More substitutions were found after long-
term fixation than after short-term fixation. As a result, we
detected IG sequences with a higher rate of base substitu-
tions (i.e. 10—13 substitutions per IG sequence) only in tissue
samples undergoing long-term fixation. We found a genotype
shift in sequences with a higher rate of substitutions. In con-
trast, we did not detect a higher rate of substitutions in tissue
samples undergoing short-term fixation, but instead a lower
rate of substitutions (i.e. 1-6 substitutions per IG sequence)
was detected. Sequences with a lower rate of substitutions
did not cause a genotype shift.

In summary, it was found that a significant number of
base substitutions occurred in viral DNA sequences ampli-
fied from formalin-fixed, paraffin-embedded renal tissues,
and that the rate of base substitutions increased in tissues
soaked in formalin for a prolonged time (1 year). Thus, it
was concluded that the genotypes of JCV DNA in the kid-
ney can be determined only with specimens stored in a frozen
state or formalin-fixed for a short time (2 weeks). The present
findings also suggest that special care should be paid to the
diagnosis of viral diseases using formalin-fixed, paraffin-
embedded tissues for which formalin-fixation time is un-
known.
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To clarify the stability of the BK polyomavirus (BKPyV) genome in renal transplant (RT) recipients,
three to five complete BKPyV genomes from each of six RT recipients with surviving renal allografts
were molecularly cloned. The complete sequences of these clones were determined and

compared in each patient. No nucleotide difference was detected among clones in two patients,
and a few nucleotide variations were found among those in four patients. In each of these patients a

parental sequence (usually the major sequence), from which variant sequences (usually minor
sequences) with nucleotide substitutions would have been generated, were identified. A

comparison between the parental and variant sequences in each patient identified a single
nucleotide substitution in each variant sequence. From these findings, it was concluded that the
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genome of BKPyV is stable in RT recipients without nephropathy, with only minor nucleotide
substitutions in the coding region.

BK polyomavirus (BKPyV) is ubiquitous in human popula-
tions, infecting children and persisting in the kidney.
The renal BKPyV is reactivated in immunocompromised
patients, usually without obvious symptoms. A relatively
small proportion of renal transplant (RT) recipients, how-
ever, develop polyomavirus-associated nephropathy (PVAN)
(de Bruyn & Limaye, 2004). Although host factors (e.g.
immunological conditions) are important in the pathogen-
esis of PVAN (de Bruyn & Limaye, 2004), the genetic change
of BKPyV may also involve the progression of the disease.
Indeed, several authors have reported sequence rearrange-
ments in the transcriptional control region (TCR) of the
BKPyV genome derived from diseased tissue (Chen et al.,
2001; Randhawa et al., 2003). Furthermore, genetic varia-
tions in the BKPyV VP1 gene have been detected in bioptic
renal specimens from patients with PVAN (Baksh et al,
2001; Randhawa et al,, 2002). Nevertheless, the implications
of these genetic changes for the pathogenesis of PVAN
remain unclear.

Chen et al. (2004) recently investigated the genetic vari-
ability of BKPyV in vivo. They sequenced several full-length

The GenBank/EMBL/DDBJ accession numbers of the sequences
reported in this paper are AB217917-AB217921.

viral DNA clones obtained, using PCR, from the striated
muscle and heart of a patient with BKPyV-associated capil-
lary leak syndrome (BKPyVcap) and also from the urine of
one human immunodeficiency virus type 2-positive subject
(BKPyVyy) and one healthy control subject (BKPyVyc).
They detected a high degree of variation (mean difference,
0:29% per site) in the coding region among clones in
BKPyVcap, and a lower, but still remarkable, degree of
variation (mean difference, 0-1-0-2% per site) among
clones in BKPyVy; or BKPyVyc. Non-synonymous nucleo-
tide substitutions (i.e. those resulting in amino acid sub-
stitutions) were frequently observed in all subjects. In
addition, the authors did not identify a potentially proto-
typal sequence that might have generated the variant
sequences detected in each subject.

The findings reported by Chen et al. (2004) presented a
sharp contrast to observations made with JC polyomavirus
(JCPyV), a virus closely related to BKPyV. Using the
standard method of cloning that allows one to obtain intact
viral DNA molecules (Sambrook et al, 1989), Zheng et al.
(2004) established and sequenced five to nine complete
JCPyV DNA clones in each of 11 healthy individuals
(parents and children in five families), and compared the
resultant sequences in each individual. Variations in the

0008-1368 © 2006 SGM  Printed in Great Britain
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Table 1. RT patients analysed in this study

All patients received a transplanted kidney from a living related

donor.
Patient Gender, age Time after Serum
(years) transplant creatinine
(months) (mg dirhy*
1 F (51) 4 1-4
2 M (30) 13 15
3 M (42) 82, 83 1-4
4 F (36) 12 1-7
5 M (55) 3 1-1
6 M (49) 7 1-3

*To convert to pmol 17! multiply by 88.

coding region were detected in six individuals, but not
in five individuals. The detected variations were mostly
single-nucleotide substitutions, and only three of 10 nt

substitutions caused amino acid substitutions. Further-
more, the authors detected possible prototypal sequences at
the nodes of family specific clusters of phylogenetic trees.

We examined the stability of the BKPyV genome in RT
patients without PVAN, as a basis of future studies analys-
ing possible genetic changes of BKPyV associated with the
pathogenesis or progression of PVAV (see above). We
established multiple full-sized BKPyV DNA clones from the
urine of each of six RT patients with surviving renal allo-
grafts, by using the standard method of molecular cloning
(Sambrook et al., 1989). In each patient, three to five com-
plete BKPyV DNA clones were sequenced and the resultant
sequences were compared in each patient.

RT patients analysed in this study are shown in Table 1.
Entire BKPyV DNAs were cloned into pUC19 at the unique
BamHI site by the standard method (Sambrook et al., 1989)
as described previously (Yogo et al, 1991). The complete
BKPyV DNA clones were prepared using a Qiagen Plasmid
Maxi kit. Purified plasmids were sequenced as described

Table 2. Complete BKPyV DNA sequences detected in patients 1-6

Nucleotides (amino acids) at positions of the Dunlop genome (Seif et al, 1979) are shown, when differ-
ences were detected among sequences from the same patients. The numbers of clones with individual
sequences and the GenBank/EMBL/DDB] accession numbers are also shown. Six clones (TW-1, TW-3,
TW-4, TW-5, TW-8 and THK-9) will be reported elsewhere (T. Takasaka and others, unpublished data).

Sequence Subtype* nt 1744} nt 1807t No. clones Accession no.}

Patient 1

TW-1§ Ic G (E) G (E) 2 AB211381

TW-1a Ic G (E) C (Q) 1 AB217917

TW-1b Ic A (K) G (E) 1 AB217918
nt 4101

Patient 2

TW-3 v T (L) — AB211391

TW-3a$§ v G (R) - 4 AB217919

Patient 3

TW-4 ~ - 3 AB211382

Patient 4

TW-5 Ic - - 3 AB211383
nt 11569

Patient 5

TW-8§ Ic C(S) - 3 AB211385

TW-8a Ic A (stop codon) — 1 AB217920
nt 11279

Patient 6

THK-9§ Ic T (V) - 2 AB211379

THK-9a Ic G (V) - AB217921

*Previously classified using phylogenetic analysis (T. Takasaka and others, unpublished data).

tLocated in the VP1 gene.
+GenBank/EMBL/DDB]J accession numbers.
§Ancestral sequence (see text).

lILocated in the agnogene.

9Located in the VP2/3 gene.
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elsewhere (T. Takasaka and others, unpublished data). The
determined and reference sequences were aligned using the
CLUSTAL W program (Thompson et al., 1994). Translation of
nucleotide sequences into amino acid sequences was per-
formed with GENETYX-MAC version 11.10 (Genetyx). A
neighbour-joining (NJ) phylogenetic tree (Saitou & Nei,
1987) was constructed using the CLUSTAL W program
(Thompson et al., 1994). Divergences were estimated with
the two-parameter method (Kimura, 1980). The phylo-
genetic tree was visualized using TREEVIEW (Page, 1996). The
confidence of branching patterns of the NJ trees was assessed
based on 1000 bootstrap replicates (Felsenstein, 1985).

When we recently established full-sized BKPyV DNA clones
from the urine of RT patients, we obtained multiple clones
in six patients, but sequenced only a single clone for each
patient (T. Takasaka and others, unpublished data). In the
present study, we determined the clones left unsequenced. A
comparison of the sequences determined in this and the
other study (T. Takasaka and others, unpublished data)
identified one to three unique sequences in each patient
(Table 2). (i) Three sequences, TW-1, TW-1a and TW-1b,
were detected in patient 1. In reference to TW-1, TW-laand
TW-1b carried single nucleotide substitutions at nt 1807

and 1744, respectively, within the VP1 gene [nucleotide
numbers are those of the strain Dunlop (Seif et al., 1979)].
Both nucleotide substitutions resulted in amino acid
substitutions within a predicted outer loop (the BC loop)
of the VP1 protein (Chang et al., 1996) (Table 2). (ii) Two
sequences, TW-3 and TW-3a, were detected in patient 2.
In reference to TW-3, TW-3a carried a single nucleotide
substitution at nt 410 within the agnogene. This nucleotide
substitution resulted in an amino acid substitution. (iii) A
single sequence, TW-4, was detected in patient 3. (iv) Simi-
larly, a single sequence, TW-5, was detected in patient 4. (v)
Two sequences, TW-8 and TW-8a, were detected in patient
5. In reference to TW-8, TW-8a carried a single nucleotide
substitution at nt 1156 within the VP2/3 gene. This nucleo-
tide substitution inserted a stop codon. (vi) Finally, two
sequences, THK-9 and THK-9a, were detected in patient 6.
In reference to THK-9, THK-9a carried a single nucleo-
tide substitution at nt 1127 within the VP2/3 gene. This
nucleotide substitution did not result in any amino acid
substitution.

The TCR sequences of representative BKPyV clones in
patients 1-6 were previously clarified, and all had the
archetypal configuration (Takasaka et al, 2004). In the

100 1]
KOM-3 .
e RYU-3 !
— KOM-2
100 100
b KOM-7
97 v
THK-8
83 TW-3
100 } Patient 2
TW-3a - Fig. 1. NJ phylogenetic tree relating com-
JL - plete BKPyV DNA sequences detected in
patients 1, 2, 5 and 6. An NJ phylogenetic
84 ~ Dik Ib tree was constructed from nine complete
100 BKPyV sequences detected in patients 1, 2,
—— KOM-1 - 5 and 6, and 10 complete BKPyV sequences
100 Dun :l la Fietected in unrelated individuals and'belong-
ing to subtype la, b, il or IV (Seif et al.,
TW-8 7 1979; Tavis et al, 1989; T. Takasaka and
_[100 :|Patient5 others, unpublished data) (the non-coding
TW-8a regulatory region of the BKPyV genome was
excluded from this phylogenetic analysis).
100 THK-9 . The phylogenetic tree was visualized using
71 Patient 6 ‘
THK-9a le TREEVIEW. The tree was rooted using sub-
type lll isolates (ie. AS and KOM-3) as the
TW-1 outgroup. The numbers at nodes in the iree
59 indicate the bootstrap confidence levels
TW-1a | Patient 1 (percentage) obtained with 1000 replications
61 (only values =50% are shown). Subtypes
0:01 TW-1b - la, b, ic, Il and IV and sequences detected
Divergence in patients 1, 2, 5 and 6 are indicated.
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present study, we did not detect any difference in the TCR
among clones derived from each patient.

To elucidate the evolutionary relationships among several
unique sequences detected in patients 1, 2, 5 and 6, we
constructed an NJ phylogenetic tree from the BKPyV DNA
sequences detected in these patients together with reference
sequences reported previously (Seif et al., 1979; Tavis et al.,
1989; T. Takasaka and others, unpublished data). On the
resultant tree (Fig. 1), the BKPyV DNA sequences in patients
1, 2, 5 and 6 formed individual clusters, We detected a
sequence (TW-1, TW-3a, TW-8 or THK-9) at the node of
each cluster, probably representing the prototypal sequence
that generated variant sequences in each patient. It may be
worth noting that the prototypal sequences were usually
the major ones (Table 2).

In this study, we investigated the stability of the BKPyV
genome in RT recipients without PVAN. We found that the
genome of BKPyV is rather stable in these patients, with only
minor nucleotide substitutions in the coding region. This
finding forms the basis of further study on the genetic
changes possibly involved in the progression of PVAN.

The finding noted immediately above is contradictory to a
high intra-strain genetic diversity in BKPyV suggested by
Chen et al. (2004). This discrepancy may be related to the
difference in the methods used to obtain a full-sized
genome. We used standard molecular cloning (Sambrook
et al., 1989), whereas Chen et al. (2004) used PCR amplifi-
cation. Standard molecular cloning warrants the isolation
of intact complete viral genomes, while PCR amplification
inevitably involves replication errors, even though the
frequency of errors may be reduced by using a thermostable
DNA polymerase with proofreading activity. The frequently
detected variations in BKPyV (Chen et al., 2004) (see above)
could have been introduced by the authors during PCR.
Nevertheless, it remains to be elucidated whether the BKPyV
genome undergoes a high variability in a specific disease, i.e.
BKPYVcap.

In this study, we detected four non-synonymous nuclestide
substitutions and one synonymous substitution. Of the four
non-synonymous substitutions, three resulted in amino acid
changes in VP1 and the agnoprotein, and one generated an
incomplete VP2/3 protein due to the insertion of a stop
codon, While viruses with incomplete VP2/3 proteins may
not be infectious, it remains to be elucidated whether the
amino acid changes in VPI and the agnoprotein cause
alterations in the properties of BKPyV,
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