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Abstract Polymorphisms in the coding region of the prion
protein gene (PRNP) have been associated with the suscep-
tibility and incubation period of prion diseases in humans
and sheep. However, polymorphisms in this part of the
bovine PRNP gene do not affect the classical bovine spongi-
form encephalopathy (BSE) susceptibility in cattle. Studies
carried out in Germany have shown that insertion/deletion-
type polymorphisms located in the promoter region of the
bovine prion gene are possible genetic factors modulating
BSE susceptibility by changing the level of PRNP expres-
sion. No such association was observed for atypical BSE
cases; however, due to the rare nature of the disease, these
results should be confirmed. Additionally, a single nonsy-
nonymous mutation in PRNP codon 211 (E211K) was de-
scribed in one H-type BSE case in the USA; however, it was
not found in any other cases. Here, we performed genetic
characterization of PRNP promoter indel variations and
determined the polymorphism of open reading frames
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(ORFs) of PRNP and bovine prion-like Shadoo (SPRN)
genes in six Polish atypical BSE cases and compared these
results to the population of clinically healthy Polish Holstein
cattle. No potentially pathogenic mutations were found in the
PRNP ORF in atypical BSE-affected cattle, but our study
showed a high frequency of deletions at the indel loci of
PRNP promoter in these animals. Additionally, a rare se-
quence variation in the SPRN protein-coding sequence was
found in one L-type atypical BSE-affected animal.
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Introduction

Bovine spongiform encephalopathy (BSE) is a transmissible
neurodegenerative disease of cattle, caused by the accumu-
lation of partially protease resistant, pathogenic, misfolded
cellular prion protein (PrP®) in the central nervous system
(Prusiner 1998; Wilesmith et al. 1992). In the last few years,
distinct from classical BSE, an atypical molecular and neu-
ropathological variant of BSE was identified. The atypical
BSE (BASE; bovine amyloidotic spongiform encephalopa-
thy) is characterized by an unusual pattern of deposition and
brain regional distribution of protease-resistant prion protein
(PrP™®) and by different PrP™* banding patterns observed in
Western blot analysis (Casalone et al. 2004; Biacabe et al.
2004). Later studies showed the existence of two atypical
BSE variants, which, in comparison with classical BSE,
showed molecular profiles of PrP™® with a protease-
resistant core of lower (L-type) or higher (H-type) molecular
mass (Biacabe et al. 2004; Casalone et al. 2004; Polak et al.
2004; Buschmann et al. 2006). Most of the studies
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concerning atypical BSE suggest its sporadic or age-dependent
etiology, except for a single American case of H-type BSE,
which was shown to be connected with E211K mutation in the
PrP sequence (Richt and Hall 2008).

In studies on classical BSE, the association with BSE
susceptibility of two indel polymorphisms in the non-
coding part of the prion protein gene (PRNP) was first
described in a small case—control study (Sander et al.
2004). Deletion alleles of 23-bp indel polymorphism (in
the region upstream of exon 1) and 12-bp indel (in
intron 1) were significantly overrepresented in BSE-
affected cattle compared to control animals. Because
the deletion (del) of 23 bp removes the consensus
binding site for RP-58 and the deletion of 12 bp
removes the binding site for transcription factor Spl,
the authors assumed that different promoter haplotypes
may cause differences in PRNP gene expression. Further
in vitro studies showed that the promoter with the 23-bp
del-12-bp del haplotype gives a higher level of reporter
gene expression (Sander et al. 2005). In transgenic
mice, higher expression of PRNP results in a shorter
disease incubation period after BSE inoculation (Vilotte
et al. 2001).

Studies on atypical BSE performed by Brunelle et al.
(2007) showed no association between PRNP promoter
genotypes and susceptibility of cattle to atypical BSE or
other experimentally inoculated TSEs (transmissible spongi-
form encephalopathies). However, a low number of atypical
BSE cases studied worldwide does not allow for reliable
association analysis and more results are needed in order to
better understand the etiology or putative genetic background
of the disease.

Some studies involving association analysis or QTL
mapping suggest that the genetic resistance/susceptibility
of cattle to BSE may be modulated by genome regions other
than the PRNP locus (Hernandez-Sanchez et al. 2002;
Zhang et al. 2004; Murdoch et al. 2010). Also, the involve-
ment of protein molecules other than PrP in prion deposit
formation was presumed (Kaneko et al. 1997). One of the
proposed candidate genes/proteins is SPRN gene encoding
Shadoo protein (shadow of prion protein, Sho). SPRN is a
prion gene paralog (prion-like gene) localized on bovine
chromosome 26. The protein product of this gene (Sho)
shares several structural and biochemical features with PrP,
and it was predicted to be an extracellular, N-glycosylated,
and glycosylphosphatidylinositol-anchored molecule (Mo
et al. 2001; Premzl et al. 2003). Sho shows prion-like neuro-
protective activity and participates in nervous system devel-
opment, suggesting that its physiological function may be
closely related with that of PrP (Watts et al. 2007). The most
homologous region of Sho and PrP is a hydrophobic
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alanine-rich sequence. This sequence in the prion protein
was proved to be an indispensable factor for PrP“—PrPS°
interactions (Norstrom and Mastrianni 2005). In the brains
of mammals, the expression of SPRN showed overlapping
with the PRNP profile and some studies suggested the co-
regulation of activity of both genes (Premzl et al. 2003;
Uboldi et al. 2006; Lampo et al. 2007; Premzl and Gamulin
2007). The potential role of Sho in TSE pathogenesis was
first suggested by Watts et al. (2007), who showed a dra-
matic reduction of endogenous protein in the brains of mice
inoculated with mice-adapted scrapie strain. The subsequent
results showed that the variations in the SPRN open reading
frame (ORF) may be a potential risk factor for vCJD (var-
iant Creutzfeldt—Jakob disease) and sporadic CJD in
humans (Beck et al. 2008) and for classical scrapie in sheep
(Lampo et al. 2010). All these data suggest the potential role
of Sho in TSE development or in prion biology and encour-
age further studies.

In this study, we investigated the protein-coding
sequences of PRNP and SPRN genes, as well as PRNP
promoter and intron 1 indel polymorphisms in six atyp-
ical BSE cases (five L-type and one H-type) and in a
control group composed of clinically healthy cattle of the
Polish Holstein-Friesian breed. According to our knowledge,
the SPRN sequence of atypical BSE cases has not been ana-
lyzed to date, so this is probably the first study describing
this issue.

Materials and methods

Genomic DNA was isolated from the brain stems of six
atypical BSE-affected cattle (five L-type and one H-type)
of the Polish Holstein-Friesian breed, using the Wizard®
Genomic DNA Purification Kit (Promega). Brain stem sam-
ples were initially tested with an approved rapid test and
confirmed as BSE-positive using Western blot and immu-
nohistochemistry. The studied atypical BSE cases accounted
for 50 % of all atypical BSE cases identified in Poland and

Table 1 Primer sequences used for the amplification of the studied
SPRN regions

Primer sequences Locus PCR product
size (base pairs)
F 5'-TCT GTT CCC AGC SPRN ORF 668
TCC TGA GT-3'
R 5'-GGA GGT GTC ACA
GCT TCA GG-3’
F 5'-CTA CGC CGG CTC SPRN 12-bp indel 179/191
CTC AAT-3’
R 5'-ACG CCC AGT AGC
TGT AGA CG-3'
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Table 2 PCR mixture used for the amplification of both the SPRN
ORF and 12-bp indel

Reaction mixture component Volume/sample [pl]

SPRN ORF/12-bp indel

PCR-grade water 8.99
10x PCR buffer + MgCl, (15 mM) 2.5
Primer mix (12.5 uM each) 3
dNTP mix (10 mM) 3
Q-solution (5x) 5
DMSO (=99.9 %) 0.3125
DNA template (~35 ng/pl) 2
Polymerase (5 U/ul) 0.2
Total volume 25

for 10 % of all atypical BSE cases identified worldwide
(April, 2012).

Genomic DNA from the whole blood of 105 clinically
healthy animals of the Polish Holstein-Friesian breed was
isolated using the Wizard® Genomic DNA Purification Kit
(Promega). Analysis of DNA fragments spanning PRNP
indel polymorphisms and whole PRNP ORFs was per-
formed as described earlier by Gurgul et al. (2012). The
amplification of SPRN gene fragments containing the ORF
and 12-bp indel was performed with the primers shown in
Table 1. The polymerase chain reaction (PCR) cycling con-
ditions and reaction mixtures used are shown in Tables 2
and 3.

The ORFs of the studied genes were sequenced from
both complementary strands using the BigDye Termina-
tor v3.1 Cycle Sequencing Kit (Applied Biosystems).
Prior to sequencing, PCR products were purified with
ExoSAP-IT enzyme mixture (USB Corporation). Se-
quencing products were purified using the BigDye XTer-
minator Purification Kit (Applied Biosystems) and sequence
analysis was made using a 3130xl Genetic Analyzer (Applied
Biosystems).

Differences in the distribution of separate markers between
groups of diseased and control cattle were studied using Fish-
er’s exact test in contingency tables. This test allows the

Table 4 Comparison of alleles and genotypes frequency of the PRNP
23-bp indel polymorphism between atypical BSE-affected and healthy
animals

23-bp indel n Allele frequency Genotype frequency

Ins Del Ins/Ins Ins/Del Del/Del
Atypical BSE 6 - 1 - - 1
Control group 105 0.429 0.571 0.210 0.438 0.352
p-value 0.0018* 0.0038°

*Differences highly significant after Bonferroni correction (nom-
inal significance level p<0.01; after correction: for genotypes p<
0.0033, for alleles p<0.005)

®Differences significant after Bonferroni correction (nominal sig-
nificance level p<0.05; after correction: for genotypes p<0.0167,
for alleles p<0.025)

analysis of a small number of samples with no limitations
regarding the effective sample size.

Results and discussion

PRNP promoter (23-bp) and intron 1 (12-bp) indel variations
have been found to be associated with classical BSE suscep-
tibility in cattle and the deletion variants of both polymor-
phisms were related to increased susceptibility, whereas
insertion variants were recognized as being protective (Sander
et al. 2004; Haase et al. 2007; Gurgul et al. 2012). These
polymorphisms were also connected with different levels of
PRNP expression using various experimental approaches
(Sander et al. 2005; Kashkevich et al. 2007; Msalya et al.
2010). No such proof was found for a few (seven H-type and
two L-type) atypical BSE-affected French and US cattle, in
which deletion allele frequencies were similar to those de-
scribed for healthy animals (Brunelle et al. 2007). However, in
four studied French and Polish H-type atypical BSE cases, the
expression level of PRNP in brain stem samples was signifi-
cantly elevated (p=0.001) compared to control cattle (Larska
et al. 2010). In this study, we investigated six atypical BSE
cases (five L-type and one H-type) diagnosed in Polish cattle.
All these animals were homozygous for deletion allele at the

Table 3 Thermal cycling

conditions used for the amplifi- Step SPRN ORF SPRN 12-bp indel

cation of the studied regions

of the SPRN gene Temp. [°C]  Time No. of cycles  Temp. [°C]  Time No. of cycles
Initial activation 95 15 min 1 95 I5min 1
Denaturation 95 35s 35 95 35s 35
Annealing 55 30s 55 35s
Extension 72 1 min 10 s 72 1 min
Final extension 72 20 min 1 72 10 min 1
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Table 5 Comparison of alleles and genotypes frequency of the
PRNP 12-bp indel polymorphism between atypical BSE-affected
and healthy animals

12-bp indel n Allele Genotype frequency

frequency

Ins Del Ins/Ins Ins/Del Del/Del
Atypical BSE 6 0.167 0.833 0.167 - 0.833
Control group 105 0.490 0.510 0.257 0.467 0.276
p-value 0.0368° 0.0078°

 Differences highly significant after Bonferroni correction (nominal
significance level p<0.01; after correction: for genotypes p<0.0033,
for alleles p<0.005)

® Differences significant after Bonferroni correction (nominal sig-
nificance level p<0.05; after correction: for genotypes p<0.0167,
for alleles p<0.025)

locus of the 23-bp indel polymorphism. A high frequency of
deletion was also observed at the locus of the 12-bp indel
polymorphism and only one L-type case was homozygous for
the insertion allele. The frequencies of alleles and genotypes at
both loci differed significantly (p>0.05) between animals with
atypical BSE and healthy cattle (Tables 4 and 5) and, gener-
ally, deletion gene variants were overrepresented in diseased
animals. Similar findings were reported earlier for Polish
cattle with classical BSE (Gurgul et al. 2012). The results
obtained for atypical BSE cases were statistically significant,
even after Bonferroni correction for multiple testing (except
for the allele frequency of the 12-bp polymorphism), which
suggests a potential role of both polymorphic sites in atypical
BSE susceptibility. The low number of studied atypical BSE
cases does not allow for reliable association analysis; howev-
er, our results show that previously published data suggesting
no association of the PRNP indel polymorphism and atypical
BSE susceptibility should be confirmed with more atypical
BSE cases and in animals of different breeds.

The whole sequence of the PRNP ORF in atypical BSE-
affected animals was concordant with those previously

published for healthy animals. The only polymorphism ob-
served in this region in the diseased animals was the 24-bp
insertion/deletion occurring in the sequence encoding octapep-
tide repeats in the N-terminal part of PrP. One L-type atypical
BSE case was homozygous for the 5-repeat (5/5) allele and the
other animals were homozygous for the 6-repeat allele. Al-
though the 5/5 genotype is rare and was not observed in some
populations studied (Premzl et al. 2000; Leone et al. 2002), it
was found with relatively high frequency in healthy Polish
Holstein cattle (Walawski and Czarnik 2003). In previous
studies, no association of octapeptide repeat polymorphism
and classical BSE incidence was found (Hunter et al. 1994);
however, an allele containing five octapeptide repeats was
associated with increased stability of prion protein in transgenic
mice expressing bovine PrP (Brun et al. 2007). In accordance
with this, no potentially pathogenic effect of the 5/5 genotype
can be assumed. Additionally, the mutation E211K described
by Richt and Hall (2008) was not detected in any Polish
animals with H- or L-type atypical BSE.

In the SPRN protein-coding sequence in atypical BSE-
affected and in healthy animals, five single-nucleotide poly-
morphisms (SNPs) and one indel were identified (Table 6). Of
the SNPs identified, three (110G>C, 125C>T, and 128G>A)
were nonsynonymous nucleotide substitutions and only two
silent SNPs (288A>G and 360G>A) were previously de-
scribed by Stewart et al. (2009). Of the newly observed SNPs
in bovine (Bos taurus) SPRN gene, two (125C>T and
128G>A) were previously described in homologous sequen-
ces obtained from the B. grumniens species (yak) (Stewart
et al. 2009). The allele and genotype frequencies of the iden-
tified SNPs did not differ significantly between atypical BSE
and control animals (p>0.05) and only common polymor-
phisms (SNP 110G>C, 288A>G, and 360G>A) were observed
in both diseased and control animals (Table 6).

The deletion of 12 bp in the coding region of SPRN
(nucleotides 201 to 212) observed by Stewart et al. (2009)
in domestic cattle was identified in one L-type atypical
BSE-affected animal in a heterozygous state. This mutation

Table 6 Comparison of the ge-

notype frequencies of SPRN n Genotype Nucleotide position (allele)
ORF polymorphisms between
atypical BSE-affected 110 125 128 12-bp indel 288 360
and healthy animals 1*-C 1-C 1-A 1 —ins 1-A 1-A
2-G 2-T 2-G 2 — del 2-G 2-G
Atypical BSE 6 1/1 - 1 - 0.833 0.500 -

12 0.167 - - 0.167 0.333 0.167
#Alleles are numbered and 212 0.833 - 1 - 0.167 0.833
genotypes are presented as Control group 100 1/1 - 0.980 - 1° 0.580 0.050
corresponding numbers 12 0.030  0.020 0020 - 0320 0250
°The group spans both sequenced 2/2 0.970 - 0980  — 0.100  0.700

and PCR-tested animals
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Fig. 1 Comparison of
hydrophobic sequence of Sho
protein (a), with translation of the
identified deletion gene variant
(12-bp del) (b)

R2 R3 R4 R5*

a- 55- SSMR - VAAG — AAAG — AAAG - AAAG - LAAG — SSWR - 82
b- 55- SSMR - VAAG — AAAG —

del - AAAG-LAAG-SSWR-78

*- R1 — RS — tetra-amino-acid repeats

causes the indel of one (aa 67—70) of five tetra-amino-acid
repeats in the repetitive alanine-rich sequence of bovine
Sho. The repetitive region spans amino acids from 59 to
78 in bovine Sho and forms the hydrophobic region of the
protein. A homologous, hydrophobic sequence was also
found in the N-terminal part of the prion protein, and
it was shown to be crucial for PrP°~PrP° interaction
(Norstrom and Mastrianni 2005). A special role is played
in this sequence by palindrome sequence AGAAAAGA,
which alone shows strong neurotoxic activity (Tagliavini
et al. 2001). In bovine Sho, a similar peptide with the
AGAAAGA motif was identified. The deletion of 12 bp,
observed here, occurs in the region encoding this peptide,
but due to the repetitive nature of the region, the
AGAAAGA sequence is not being deleted from the Sho
sequence (Fig. 1). The deletion of 12 bp was identified only
in one atypical BSE-affected animal and none of 100
healthy animals studied carried the deletion gene variant.
To test whether this mutation is a natural rare sequence
variation in the Polish cattle population, 112 other randomly
selected animals were tested (with the use of the PCR test).
In general, 212 samples from healthy animals (424 genes)
have been tested and no deletion allele of a SPRN 12-bp
indel has been found. This mutation could be considered as
potentially pathogenic; however, previous studies showing
similar gene variants in some healthy animals of B. taurus
(cattle), B. gaurus (gaur) (EU605794.1), and Bison bison
(American bison) (HM179105.1, HM179104.1) do not allow
for such a conclusion.

Conclusions

Here, we found a significant association of two PRNP
promoter and intron 1 indel variations and atypical BSE
susceptibility in Polish Holstein-Friesian cattle. These results
are inconsistent with previously published studies of atypical
BSE from France and the USA (Richt and Hall 2008) and
encourage further studies comprising a greater number of
diseased animals. Also, a rare variant of the SPRN ORF
sequence was identified in one of the studied atypical BSE-
affected animals. This gene variant (12-bp deletion) was not
observed in 212 clinically healthy animals of the control
group. The same variant was previously described in other
animals of the Bovidae family but, however, not in association

with the possible susceptibility to atypical BSE. This may
suggest its natural occurrence in some populations, rather than
its pathogenic effect.
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