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Abstract

Prion diseases are a family of unique fatal transmissible neurodegenerative diseases that affect humans and many animals.
Sporadic Creutzfeldt-Jakob disease (sCJD) is the most common prion disease in humans, accounting for 85-90% of all
human prion cases, and exhibits a high degree of diversity in phenotypes. The etiology of sCJD remains to be elucidated.
The human prion protein gene has an octapeptide repeat region (octarepeats) that normally contains 5 repeats of 24-27 bp
(1 nonapeptide and 4 octapeptide coding sequences). An increase of the octarepeat numbers to six or more or a decrease
of the octarepeat number to three is linked to genetic prion diseases with heterogeneous phenotypes in humans. Here we
report that the human octarepeat region is prone to either contraction or expansion when subjected to PCR amplification in
vitro using Taqg or Pwo polymerase and when replicated in wild type E. coli cells. Octarepeat insertion mutants were even
less stable, and the mutation rate for the wild type octarepeats was much higher when replicated in DNA mismatch repair-
deficient E.coli cells. All observed octarepeat mutants resulting from DNA replication in E.coli were contained in head-to-
head plasmid dimers and DNA mfold analysis (http://mfold.rna.albany.edu/?q= mfold/DNA-Folding-Form) indicates that
both DNA strands of the octarepeat region would likely form multiple stable hairpin structures, suggesting that the
octarepeat sequence may form stable hairpin structures during DNA replication or repair to cause octarepeat instability.
These results provide the first evidence supporting a somatic octarepeat mutation-based model for human sCJD etiology: 1)
the instability of the octarepeat region leads to accumulation of somatic octarepeat mutations in brain cells during
development and aging, 2) this instability is augmented by compromised DNA mismatch repair in aged cells, and 3)
eventually some of the octarepeat mutation-containing brain cells start spontaneous de novo prion formation and

replication to initiate sCJD.
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Introduction

Prion diseases, or transmissible spongiform encephalopathies
(TSEs), are a unique family of fatal neurodegenerative diseases
that affect both humans and animals. Prion replication requires
the conformational conversion of the cellular prion protein (PrP®)
from an alpha-helical conformer to beta-sheet rich disease-
associated aggregates (PrP%9). Human prion diseases include
Creutzfeldt-Jakob disease (CJD), fatal insomnia, Gerstmann-
Straussler-Scheinker disease (GSS), Kuru, and the newly identified
variably protease-sensitive prionopathy (VPSPr) [1,2]. Human
prion diseases can be grouped into three classes based on etiology:
familial (genetic), sporadic, and acquired (infectious), among which
sporadic CJD (sCJD) is the most common, accounting for 85-90%
of all human prion cases with very diverse phenotypes. However,
practically nothing is known about the mechanisms underlying the
development of sCJD.

The human prion protein (PrP) is encoded by the PRNP gene, a
single copy gene on chromosome 20. A large number of point
mutations in the PRNP coding region have been linked to inherited
prion diseases with diverse phenotypes: familial GJD (fCJD), GSS,
fatal familial insomnia (FFI), and mixed phenotypes [1]. The most
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common PRNP point mutations include E200K (fCJD), P102L
(GSS), D178N-129M (FFI), and D178N-129V (fCJD) [1]. In
addition, PRNP has an octarepeat region (R1-R2-R2-R3-R4), of
which the R1 repeat encodes a nonapeptide (POGGGGWGQ)
and the other four repeats all encode octapeptides (PHGGGW-
GQ) (Figure 1A). Insertion mutations with 1-9 extra octarepeats
or deletion mutations with loss of two octarepeats also cause
familial prion diseases, in which the clinical and pathological
phenotypes are heterogeneous and heavily influenced by the
number of octarepeats [1]. Some of the insertion mutants contain
novel variant repeats (Figure 1A) that may have resulted from
recombination between wild type repeats [3]. These pathogenic
PRNP mutations are believed to cause prion diseases by rendering
the corresponding mutant PrP protein more prone to adopting a
prion-associated conformation [4,5].

Somatic mutations of specific gene(s) have been reported to be
critical for the development of cancer [6,7] and neurodegenerative
diseases such as Huntington’s disease [8-10] and Alzheimer’s
disease [11]. In Huntington’s disease patients, the CAG repeats of
the huntingtin gene expand in an age-dependent manner in brain
tissues [12], especially the striatum, leading to the formation of
huntingtin protein aggregates in the cytoplasm [13]. Somatic
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Wild type octarepeats
R1 CCT CAG GGC GGT GGT GGC TGG GGG CAG

R2 CCT CAT GGT GGT GGC TGG GGG CAG
R3 CCC CAT GGT GGT GGC TGG GGA CAG
R4 CCT CAT GGT GGT GGC TGG GGT CAA

Mutant octarepeats
R14 CCT CAG GGC GGT GGT GGC TGG GGI CAA
R1a CCT CAG GGC GGT GGT GGC TGG GGA CAG

R2a CCT CAT GGT GGT GGC TGG GGA CAG
R3g CCC CAT GGT GGT GGC TGG GGG CAG
R4c CCC CAT GGT GGT GGC TGG GGT CAA
Oct5 R1-R2-R2-R3-R4
Oct11a R1-R2-R2-R2-R2-R2-R2-R2-R3g-R3-R4
Oct11b R1-R2-R2-R2-R2-R2-R2-R2-R2-R3-R4
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Figure 1. Human PRNP octarepeat sequences and cloned octarepeats for instability analysis. (A) Wild type and mutant human octarepeat
sequences. In the mutant octarepeats, the mutated bases are in bold case and underlined. R14 could be a chimera repeat between R1 and R4; R1a
could be a chimera repeat between R1 and R3; R2a could be a chimera between R2 and R3. The repeats in pOct5, pOct11a and pOct11b are listed. (B)
Diagram of cloned wild type human PRNP octarepeats used for instability analysis. PrP-Oct5: a region encompassing the wild type PrP ORF (762 bp),
232 bp upstream non-coding sequence and 271 bp downstream non-coding sequence subcloned into pGEM-T after PCR amplification (template: wt
human genomic DNA, primers: 42F and 45R). pOct5: the wild type octarepeat region subcloned into pGEM-T after PCR amplification (template: PrP-
Oct5, primers: HP20 and HP306r). Arrows denote the primers. (C) Diagram of cloned insertion mutant human PRNP octarepeats used for instability
analysis. PrP-Oct11a or PrP-Oct11b: a region encompassing an 11-repeat mutant PrP ORF (906 bp), 232 bp upstream non-coding sequence and
271 bp downstream non-coding sequence subcloned into pGEM-T after PCR amplification (template: one of two human genomic DNA samples
containing different 11-repeat octarepeats, primers: 42F and 45R). pOct11a or pOct11b: the 11-repeat octarepeat region subcloned into pGEM-T after

PCR amplification (template: PrP-Oct11a or PrP-11b, primers: HP20 and HP306r). Arrows denote the primers.

doi:10.1371/journal.pone.0026635.g001

mutation of the presenilin-1 gene was also found in an early-onset
sporadic Alzheimer patient who exhibited somatic mosaicism for
the mutation in peripheral lymphocytes and cerebral cortex [11].

We hypothesize that the octarepeat region of the human PRNP
gene is unstable in somatic cells, and that somatic octarepeat
mutations accumulate in long-living neurons and/or other cells in
the brain during development and/or aging, which may result in
spontaneous de novo formation of infectious prions in some brain
cells containing mutated octarepeats to initiate sCJD. The highly
heterogeneous phenotypes associated with familial octarepeat
mutations [1] could explain the diversity of sGJD. Here we report
that the human PRNP octarepeat sequence is unstable during PCR
amplification i vitro or DNA replication in FE.coli and that DNA
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mismatch repair deficiency leads to higher rates of octarepeat
mutation in F.coli. These findings are consistent with a somatic
octarepeat mutation-based etiology for sCJD in humans.

Results

Mutation of the octarepeats during PCR amplification
The wild type octarepeat region of human PRNP was cloned by
PCR amplification from a subject with a wild type PRNP gene
(Figure 1B). The wild type PrP ORF was amplified with Taq
polymerase and primers 42F and 45R to obtain a PCR fragment
that contained 232 bp of 5" non-coding sequence, the wild type
PrP ORF (762 bp) and 271 bp of 3’ non-coding sequence, which
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was subsequently cloned into the pGEM-T vector to obtain PrP-
Oct). Similarly, two 1l-repeat mutant PrP ORFs were PCR
amplified from two subjects with different 11-repeat octarepeats,
which were then cloned into pGEM-T to obtain PrP-Octlla and
PrP-Octl1b (Figure 1C). Sequencing of DNA isolated from single
colonies indicated that the PrP-Oct) clone contained the wild type
R1-R2-R2-R3-R4 octarepeats, the PrP-Octlla clone contained
the R1-(R2)’-R3g-R3-R4 octarepeats and the PrP-Octl1b clone
contained the R1-(R2)’-R3-R4 octarepeats (Figure 1A).

The instability of the octarepeat region during PCR amplifica-
tion was evaluated by determining the percentage of mutant
molecules in the PCR products (Figure 2A). First, the octarepeat
region was amplified from the cloned PrP-Oct5 or PrP-Octl1a as
templates using Taq polymerase and primers HP20 and HP306r.
Analysis of the PCR products on a 2% agarose gel demonstrated a
single clean band of expected size [308 bp for PrP-Oct5 and
452 bp for PrP-Octlla, consisting of 131 bp upstream of the
octarepeats, the Octd (123 bp) or Octlla (267 bp) octarepeats,
and 54 bp downstream of the octarepeats], confirming the
specificity of the PCR reactions (Figure 3A). Second, the PCR
products, which contained molecules with either the wild type
(input) octarepeats or mutant octarepeats due to PCR errors
(termed PCR-mutant), were cloned and analyzed to determine the
percentage of PCR-mutant molecules in the PCR products
(Figure 2A). An aliquot of the PCR product was ligated into the
pGEM-T vector and transformed into DHb5o competent cells.
After direct colony screening by PCR, the colonies that contained
non-input octarepeats were cultured and plasmid DNAs were
extracted and analyzed by Spel and Sacll digestions to release the
octarepeat insert(s). This analysis revealed that, for PCR products
of PrP-Oct5, 6 out of 750 (0.8%) colonies contained mutant
octarepeats (Figure 3B, Table 1). Sequencing confirmed that these
colonies contained mutant octarepeats with various numbers of
repeats (Figure 3B). One was an insertion mutant with 6 repeats
(R1-R2-R2-R2-R3-R4). The other five were deletion mutants with
1-3 repeats, including two with 3-repeats of different sequences
(R1-R2a-R4 and R1-R3-R4), one with 2-repeats (R1a-R4), and
two with I-repeat of different sequences (R4 and R14) (Figure 3B).
Mutant repeat units (R14, Rla and R2a) were found in three
mutant clones (for sequences see Figure 1), possibly due to
homologous recombination between repeats as previously pro-
posed [3].

PCR products of PrP-Octlla produced 15 out of 147 (10.2%)
colonies with mutant octarepeats (Figure 3C, Table 1). All 15
mutant clones were deletion mutants containing 2-10 repeats,
with one clone each of 9 and 10 repeats [R1-(R2)°-R3g-R3-R4
and R1-(R2)°*-R3g-R3-R4], 2 clones with a 6-repeats of the same
sequence (R1-R2-R2-R3g-R3-R4),3 clones with 5-repeats of two
sequences (R1-R2-R3g-R3-R4 and R1-R2-R2-R3-R4), 2 clones
with 4-repeats of different sequences (R1-R2-R3-R4 and R1-R3g-
R2-R4), 2 clones with 3-repeats of different sequences (R1-R2-R4
and R1-R3-R4), and 4 clones with 2-repeats of 3 different
sequences (R1-R4, R1a-R4, R1a-R14).

In addition, 1 out of 750 clones (0.13%) derived from PrP-Octb
PCR products produced two fragments upon restriction digestion
with SacIl and Spel; one fragment was the same as the template
Octd octarepeats (R1-R2-R2-R3-R4) whereas the other was a
deletion mutant (Rla-R4) (Figure 3D). Further transformation
with this clone did not lead to separation of the two fragments and
digestion with a single-cut restriction enzyme produced two bands
instead of the single band expected for plasmid monomers,
indicating that this mutant clone is a plasmid dimer containing a
wild type Oct) insert and a deletion insert, which is referred to as a
mutant dimer (Figure 2A). Similarly, 10 out of 147 clones (6.8%)
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derived from PrP-OCT11a PCR products were mutant dimers
(Figure 3E), of which one was an insertion mutant [R1-(R2)’-R3g-
R3-R4] and nine were deletion mutants, the latter including one
9-repeat mutant [R1-(R2)°-R3g-R3-R4], seven 6-repeat mutants
with three different sequences [R1-(R2)’-R3g-R3-R4, R1-(R2)*
R3-R4, and RI-(R2)*R3g-R3-Réc] (sce the sequence of Rdéc
in Figure 1A), and one 5-repeat mutant [Rl-(RQ)S-RS-Rﬂ
(Figure 3E). Further examination of non-mutant colonies showed
that 2 out of 30 (6.7%) contained wild type plasmid dimers for
PCR products of PrP-Oct5 while 19 out of 30 (63.3%) contained
wild type plasmid dimers for PCR products of PrP-Octlla,
indicating that the majority of colonies with plasmid dimers
contained only wild type (input) octarepeats as expected. In
contrast, the empty pGEM-T vector by itself failed to produce
detectable plasmid dimers, indicating that the presence of the
octarepeat inserts is critical for promoting dimer formation and
Octll is more effective in causing dimer formation than Oct).
The observation that mutant colonies contained only mutant
plasmid dimers suggests that the mutant plasmid dimers were
initially formed during the ligation reaction (Figure 2A) through an
unknown mechanism. One possibility is that some “paired”
molecules are formed via interactions between the octarepeat
regions of a wild type (input) molecule and a wild type or PCR-
mutant molecule during the PCR reactions, then ligation of two
pGEM-T plasmid vector molecules to one “paired” molecules
during the ligation reaction results in a plasmid dimer. Such inter-
molecule interactions could be enhanced by the repeated
denaturation, renaturation, and DNA replication cycles of the
PCR reaction and by the high concentrations of the PCR product
molecules in the later cycles of the PCR reaction. If] instead, the
mutant plasmid dimers were formed during replication in E.colz,
then most colonies with mutant plasmid dimers should contain a
larger amount of the original plasmid. Following transformation
each colony starts from a single cell containing a single plasmid
molecule and, with the low mutation rate in E.coli, mutation
during replication will most often occur in later rounds of plasmid
replication, making the mutant plasmid a minority of the final
plasmid DNA pool in the resulting colony. Therefore, the actual
total PCR mutation rate should be the sum of monomer mutants
and dimer mutants, which is 7 out of 750 (0.9%) for the PrP-Octb
template and 25 out of 147 (17.0%) for the PrP-Octlla template.
These results indicate that the Taq PCR mutation rate for PrP-
Octlla 1s more than 18 times that of the wild type PrP-Oct)
template.

PCR products of PrP-Oct5 and PrP-Octlla produced by the
high fidelity Pwo polymerase were also similarly examined
(Figure 4). PCR products of PrP-Oct5 produced 6 out of 882
(0.7%) colonies with mutant octarepeats of various repeat numbers
(Table 1; Figure 4B). All six were deletion mutants with 1-2
repeats, including four with a 2-repeat (R1-R4), and two with 1-
repeat of different sequences (R14 and R4) (Figure 4B). PCR
products from the PrP-Octlla template produced18 out of 301
(6.0%) colonies with mutant octarepeats (Figure 4C, Table 1). All
18 mutant clones were deletion mutants containing 2-9 octar-
epeats, including two clones with a 9-repeat of the same sequence
[R1-(R2)°-R3g-R3-R4], 2 clones with a 7-repcat of different
sequence [R1-(R2)*-R3g-R3-R4 and R1-(R2)°-R4], 1 clone with a
6-repeat (R1-R2-R2-R3g-R3-R4), 2 clones with a 5-repeat of the
same sequence (R1-R2-R3g-R3-R4), 2 clones with a 4-repeat of
different sequences (R1-R2-R3-R4 and R1-R3g-R3-R4), 3 clones
with a 3-repeat of two different sequences (1 of R1-R2-R4, 2 of
R1-R3-R4), and 6 clones with a 2-repeat of 2 different sequences
(5 of R1-R4, 1 of R1a-R14) (Figure 4C). Rare clones containing
mutant plasmid dimers were also found: 1 out of 882 clones from
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Figure 2. Schematic diagrams for analysis of octarepeat mutation rate during PCR or replication in E.coli. (A) Measurement of
octarepeat mutants resulting from PCR amplification of octarepeats. Cloned PrP ORF sequences (PrP-Oct5 and PrP-Oct11a) were subjected to PCR
with primers HP20 and HP306r. The PCR products (depicted in a shaded box), which contained input (green line) and PCR-mutant (red line)
octarepeat sequences as well as “paired” molecules (two parallel lines), were cleaned up and ligated to the pGEM-T vector, producing 4 kinds of
ligation products: mutant monomer, wild type monomer, wild type dimer, and mutant dimer. The ligation products were transformed into DH5a
competent cells, and the resulting colonies were directly examined by PCR with primers HP50f and HP293r. Plasmid DNAs were extracted from
colonies containing mutant octarepeats, subjected to restriction analysis with Sacll and Spel, and sequenced. The number of mutant colonies over the
total number of colonies screened was calculated to represent the octarepeat mutation rate during the PCR process. Small oval: individual E.coli cell;
big dashed-line oval: E.coli colony. (B) Measurement of octarepeat mutants resulting from DNA replication in E.coli. pOct5 or pOct11b was used to
transform competent DH5a or XL-1 Red E.coli cells, and plasmid DNA sample prepared from a single colony (depicted in a shaded box) was used to
transform competent DH5a cells. The mutant colonies (containing only mutant plasmid, red dashed-line oval) and new mutant colonies [containing
some cells with the NEW replication-mutant octarepeat insert (light purple), light blue dashed-line oval] were screened out as in (A). The number of
mutant colonies (excluding the new mutant colonies) over the total number of colonies examined should reflect the octarepeat mutation rate during
the 1°* round of plasmid replication and cell division in E.coli (DH50 or XL-1 Red).

doi:10.1371/journal.pone.0026635.g002

the PrP-Oct5 template contained Octd and R1-R2 (Figure 4D) R3-R4 (1 clone) (Figure 4E). Thus, the total Pwo PCR mutation
while 3 out of 301 clones from the PrP-Octl la template contained rate is 0.8% (7 out of 882) for the PrP-Oct) template and 7.0% (21
Octl1a and either R1-(R2)*-R3g-R3-R4 (2 clones) or R1-R2-R3g- out of 301) for the PrP-Octlla template.
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Figure 3. Instability of octarepeats during PCR amplification by Taq Polymerase. (A) PCR products from the PrP-Oct5 and PrP-Oct11a
templates. The octarepeat regions PCR amplified by Taq polymerase from PrP-Oct5 and PrP-Oct11a with primers HP20 and HP306r were cleaned up
and separated on a 2% agarose gel. (B) Mutant octarepeat clones from PCR amplification of the PrP-Oct5 template: restriction analysis with Sacll and
Spel. Six mutant clones and one wild type clone are shown. The black box marks the template-sized Oct5 band from a wild type clone. (C) Mutant
octarepeat clones from PCR amplification of the PrP-Oct11a template: restriction analysis with Sacll and Spel. Same as in (B) except that PrPOct11a
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was the template. Fifteen mutant clones and one wild type clone are shown. The black box marks the template-sized Oct11 band from a non-mutant
clone. (D) A mutant octarepeat clone containing two octarepeat inserts from PCR amplification of PrP-Oct5. Sacll and Spel digestion of this mutant
clone produced two octarepeat inserts; one was the 5-repeat wild type Oct5 while the other was a 2-repeat deletion mutant (R1a-R4). The arrowhead
points to the band whose sequence is shown above the lane. The black box marks the template-sized Oct5 band from a non-mutant clone. (E)
Mutant octarepeat clones containing two octarepeat inserts from PCR amplification of PrP-Oct11a. Sacll and Spel digestion of the 10 mutant clones
produced two octarepeat inserts; one was the 11-repeat parental Oct11a in all clones while the other was a mutant octarepeat sequence of varying
sizes and sequences. The arrowhead points to the band whose sequence is shown above the lane. The black box marks the template-sized Oct11
band from a non-mutant clone. For all panels, the octarepeat sequence is indicated above each lane; Rep. No., number of repeats; M,100-bp DNA

Ladder.
doi:10.1371/journal.pone.0026635.g003

In comparison to the results obtained using Taq polymerase, the
Pwo octarepeat mutation rate is similar for the wild type human
octarepeats Oct5 (0.8% vs 0.9%) but moderately lower for the
msertion mutant Octlla (7.0% vs 17.0%) (Table 1), indicating
that the fidelity of the polymerase used has only limited influence
on the PCR mutation rate of the octarepeat regions.

Mutation of the octarepeat regions during DNA
replication in DH5a E.coli cells

The instability of the octarepeat region was further evaluated
during DNA replication i vivo in DH5at, a popular E.coli strain for
molecular cloning procedures, which contains the recAl mutation
that results in enhanced insert stability and the endAl mutation
that leads to improved plasmid quality and yield.

First, the octarepeat regions in PrP-Oct5 and PrP-Oct11b were
amplified by PCR with primers HP20 and HP306r and subcloned
mto the pGEM-T vector and sequenced to obtain pOctd and
pOctllb (Figure 1B-C). The cloned pOct5 plasmid was used to
transform competent DH5a cells, and 3 plasmid DNA samples
were prepared, each from a single colony. Similarly, 3 plasmid
DNA samples were prepared from pOctl1b transformed DHboa.
These plasmid DNA samples contained two types of plasmid
molecules: those with just the original octarepeats and those with
both the original octarepeats and mutant octarepeats resulting

from DNA replication errors in E.coli (termed replication-mutant)
(Figure 2B). Next, these plasmid DNA samples were used to
transform competent DH5a cells. After direct colony PCR scre-
ening, colonies with replication-mutant octarepeats were picked
for restriction analysis with Sacll and Spel and sequencing. The
percentage of replication-mutant plasmid molecules in the original
plasmid samples was determined by counting the number of
colonies containing replication-mutant octarepeats over the total
number of colonies screened (Figure 2B), which serves as a
measure of octarepeat mutation rate during DNA replication in
DHba.

For pOct), of the 4234 colonies screened, only 3 (0.07%)
contained replication-mutant octarepeats (Table 1). The three
replication-mutant octarepeats were all different: one was an
insertion mutant of 6-repeats [R1-(R2)*-R3-R4] while the other
two were deletion mutants of different 4-repeat sequences (R1-R2-
R2-R4 and R1-R2-R3-R4) (Figure 5A). Interestingly, all three
colonies with replication-mutant octarepeats contained plasmids
that produced two octarepeat insert bands after digestion with
Sacll and Spel (Figure 5A); sequencing revealed that one of the two
insert bands contained the parental Oct5 octarepeats while the
other harbored the replication-mutant octarepeats. Further
transformation into DH5a with the three clones and restriction
analysis confirmed that these clones were all plasmid dimers.

@ PLoS ONE | www.plosone.org 6

Table 1. Mutation rate of octarepeats during PCR or DNA replication in E.coli.
Mutation Rate (%)

Input Amplification Prep 1° Prep 2° Prep 3° Total

PrP-Oct5 PCR (Taq) NA NA NA 6/750 (0.8%)-monomer
1/750 (0.1%)-dimer
7/750 (0.9%)-all

PrP-Oct11a PCR (Taq) NA NA NA 15/147 (10.2%)-monomer
10/147 (6.8%)-dimer
25/147 (17%)-all

PrP-Oct5 PCR (Pwo) NA NA NA 6/882 (0.7%)-monomer
1/882 (0.1%)-dimer
7/882 (0.8%)-all

PrP-Oct11a PCR (Pwo) NA NA NA 18/301 (6.0%)-monomer
3/301 (1.0%)-dimer
21/301 (7.0%)-all

pOct5 DH5a 11717 1/1347 1/1160 3/4234 (0.07%)

pOct11b DH5a 1/104 2/108 1/104 4/316 (1.3%)

pOct5 XL1-Red 1/160 2/152 1/160 4/472 (0.8%)

pOct11b XL1-Red 1/32 1/40 2/60 4/132 (3.0%)

“Number of colonies with mutant octarepeats/total colonies screened; percentage in the parenthesis.

PEach of the three plasmid preparations was made from a single E.coli colony.

doi:10.1371/journal.pone.0026635.t001
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Figure 4. Instability of octarepeats during PCR amplification by Pwo polymerase. (A) PCR products from the PrP-Oct5 and PrP-Oct11a
templates. The octarepeat regions PCR amplified by Pwo polymerase from PrP-Oct5 and PrP-Oct11a with primers HP20 and HP306r were cleaned up
and separated on a 2% agarose gel. Bl, blank control. (B) Mutant octarepeat clones from PCR amplification of the PrP-Oct5 template: restriction
analysis with Sacll and Spel. Six mutant clones and one wild type clone are shown. The black box marks the template-sized Oct5 band from a non-
mutant clone. (C) Mutant octarepeat clones from PCR amplification of the PrP-Oct11a template: restriction analysis with Sacll and Spel. Same as in (B)
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except that PrPOct11a was the template DNA. Eighteen mutant clones and one wild type clone are shown. The black box marks the template-sized
Oct11 band from a non-mutant clone. (D) A mutant octarepeat clone containing two octarepeat inserts from PCR amplification of PrP-Oct5. Sacll and
Spel digestion of this mutant plasmid clone produced two octarepeat inserts; one was the wild type Oct5 while the other was a 2-repeat deletion
mutant (R1-R2). The arrowhead points to the band whose sequence is shown above the lane. The black box marks the template-sized Oct5 band
from a non-mutant clone. (E) Mutant octarepeat clones containing two octarepeat inserts from PCR amplification of PrP-Oct11a. Sacll and Spel
digestion of the 3 mutant clones produced two octarepeat inserts; one was the 11-repeat parental Oct11a in all clones while the other was a mutant
octarepeat sequence of varying sizes and sequences. The arrowhead points to the band whose sequence is shown above the lane. The black box
marks the template-sized Oct11 band from a non-mutant clone. For all panels, the octarepeat sequence is indicated above each lane; Rep. No.,

number of repeats; M,100-bp DNA Ladder.
doi:10.1371/journal.pone.0026635.g004

For pOctllb, 4 out of 316 DHb5a colonies (1.3%) screened
contained replication-mutant octarepeats, indicating a mutation
rate that is 18 times higher than that of pOct5 in DH5a (Table 1).
All were deletion mutants, with one 8-repeat [R1-(R2)*-R3-R4],
one 9-repeat [R1-(R2)°-R3-R4| and two identical 10-repeat [R1-
(R2)"-R3-R4] regions (Figure 5B). Again, all mutant plasmid
DNAs were dimers that produced the parental Octll band in
addition to the mutant octarepeat band (Figure 5B). There were
also two colonies containing mixed plasmid DNAs that produced a
strong Octl]l band plus 1-2 weaker mutant octarepeat bands
(Figure 5C). Re-transformation of plasmid DNAs from these two
colonies into DH5a led to two kinds of colonies, with the majority
containing only pOctl1b and a minority containing plasmids with
just the newly generated mutant octarepeats. Sequencing con-
firmed that one of the two colonies contained two types of mutant
plasmid DNAs, one had a 12-repeat [R1-(R2)*-R3-R4] and the
other had a 3-repeat (R1-R3-R4); the other colony contained only
one type of mutant plasmid with a 12-repeat [R1-(R2)*-R3-R4]
(Figure 5D). We termed the mutant octarepeats in colonies with
mixed plasmids “NEW replication-mutant” (Figure 2B) because
these mutants were likely due to de novo mutations that were not
present in the original plasmid DNA samples prepared after the
first round of plasmid replication and cell division in FE.coli
(Figure 2B).

Defective DNA mismatch repair augments octarepeat
mutation in E.coli cells

DNA mismatch repair is involved in correcting DNA mutations,
and aging leads to compromised DNA repair that may underlie
many age-related diseases [14—22]. To assess the influence of DNA
mismatch repair on octarepeat mutations, the mutation rates of
pOct> and pOctllb were examined in XI-1 Red E.coli cells,
which have no functional mismatch repair genes since all three
primary mismatch repair genes (mutS, mutD, mutT) are defective.

The same protocol used to analyze octarepeat mutation in
DHb5a cells was applied to pOctd and pOctllb plasmid DNA
samples prepared from XL-1 Red E.coli cells (Figure 2B).

Plasmid DNAs were prepared from single colonies after
transformation of competent XIL-1 Red cells with pOctd or
pOctllb. After restriction analysis with SacIl and Spel, single-
colony plasmid DNA minipreps from XL-1 Red, three each for
pOctd and pOctllb that showed no wvisible non-parental
octarepeat band, were selected as the input plasmid DNA
preparations for further transformation in DH5a cells to measure
the percentage of octarepeat mutants after propagation of pOct
and pOctllb in XL-1 Red cells. This pre-selection of plasmid
DNA preparations from XL-1 Red cells is important because
plasmid DNA preparations that produced a visible mutant (non-
input) octarepeat band(s) would lead to an overestimate of the
mutation rate. For pOctd, of the 472 DHb5a colonies screened,
only 4 (0.8%) contained mutant octarepeats (Table 1), including
two distinct insertion mutants with a 6-repeat [R1-(R2)*- R3-R4
and R1-R2-R2-R3-R2a-R4| and two deletion mutants with a 4-
repeat (R1-R2-R3-R4) and a 2-repeat (R1-R4), respectively

@ PLoS ONE | www.plosone.org

(Figure 6A). For pOctllb, of the 132 DHba. colonies screened,
4 (3.0%) contained mutant octarepeats (Table 1). The four mutant
octarepeats were all deletion mutants, including two identical 10-
repeats [R1-(R2)7-R3-R4] and two identical 8-repeats [R1-(R2)°-
R3-R4] (Figure 6B). In addition, similar to the findings for DH5a.-
replicated pOctllb, 2 of the 132 colonies from XI-1 Red-
replicated pOctllb contained NEW replication-mutant plasmid
dimers that produced the parental Octll band plus 1-2 weaker
mutant octarepeat bands upon digestion with Spel and Sacll
(Figure 6C). Subsequent separation by further transformation in
DHba cells and sequencing confirmed that each of the weaker
mutant octarepeat band represented a plasmid dimer species
containing the parental Octl1b insert plus a mutant octarepeat
insert, the latter includes a 3-repeat (R1-R3-R4), a 7-repeat [R1-
(R2)*-R3-R4] and an 8-repeat [R1-(R2)’-R3-R4] (Figure 6D).

The octarepeat mutation rates are significantly higher in XI.-1
Red cells than in DH5a cells for pOct5 (0.8% vs. 0.07%, p = 0.003
by Fisher’s exact test), but the difference for pOctllb is not
statistically significant (3.0% vs. 1.3%, p=0.183 by Fisher’s exact
test). These results indicate that defective mismatch repair could
dramatically increase the mutation rate for the wild type Octd
octarepeats.

Replication-mutant plasmids are all head-to-head dimers

After propagation of pOctd and pOctllb in DH5a or XI-1
Red cells, all resulting mutant plasmids were plasmid dimers
containing the parental octarepeats plus a mutant octarepeat
sequence (Figures 5-6). To dissect the structures of these plasmid
dimers, plasmid DNAs were prepared from two mutant colonies
(containing only mutant plasmid dimer) and two control colonies
(containing only wild type plasmid monomer) after transformation
of pOctd mto DHba, digested with Sacll, Spel, or Scal, and
subjected to agarose gel electrophoresis (Figure 7A). Two mutant
plasmid samples derived from replication of pOctllb in DH5a
were similarly examined (Figure 7A). Upon Scal digestion, the
control plasmids produced a single band with the expected size
corresponding to a monomer (lanes 9, 10 and 17, 18 in Figure 7A),
whereas the mutant plasmids produced two bands whose
combined size equals to a dimer (lanes 7, 8 and 15, 16 in
Figure 7A). PCR analysis of the DNA recovered from these two
bands revealed that the smaller band contained the parental
octarepeats while the bigger band contained the mutant
octarepeats. Upon Sacll digestion, the mutant plasmids produced
two bands (lanes 5, 6 and 13, 14 in Figure 7A); the smaller band
(~0.4-0.5 kb) corresponds to the parental octarepeat insert while
the larger band (~6 kb) corresponds to the plasmid dimer
backbone containing the mutant octarepeat insert. Upon Spel
digestion, the mutant pOctl1b and pOctd plasmids also produced
two bands (lanes 3, 4 and 11, 12 in Figure 7A); the smaller band
(~0.3-0.4 kb) corresponds to the mutant octarepeat insert while
the larger band (~6 kb) corresponds to the plasmid dimer
backbone containing the parental octarepeat insert.

These results revealed that all the mutant plasmids were
head-to-head dimers where one monomer unit contained the
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Figure 5. Instability of octarepeats during DNA replication in DH5a cells. (A) Mutant clones from replication of pOct5 in DH5a cells. pOct5
was transformed into DH5a. Plasmid DNAs were prepared from the resulting colonies, digested with Sacll and Spel and separated on a 2% agarose
gel. Shown are plasmid DNAs from 3 colonies that produced two octarepeat bands of equal molar ratio. (B) Mutant clones from replication of
pOct11b in DH5a cells. pOct11b was transformed into DH5¢. Plasmid DNAs were prepared from the resulting colonies, digested with Sacll and Spel
and separated on a 2% agarose gel. Shown are plasmid DNAs from 4 colonies that produced two octarepeat bands of equal molar ratio. (C-D)
Unusual mutant clones from replication of pOct11b in DH5a cells. Shown are plasmid DNAs from two pOct11b-transformed DH50. colonies that
produced 2-3 octarepeat bands upon digestion with Sacll and Spel, of which the template-sized band is much stronger than the mutant bands (C).
The unequal molar ratio of the octarepeat bands suggests the presence in these colonies of mixed plasmid DNA species where each species
produced one of the octarepeat bands. Re-transformation of these plasmid DNAs into DH5a. cells resulted in separation of the mixed plasmid DNA
species and produced colonies that each contained only one plasmid DNA species as confirmed by restriction analysis and sequencing (D). For all
panels, the octarepeat sequence is indicated above each lane, the arrowhead points to the band whose sequence is shown above the lane, and the

black box marks the template-sized Oct5 or Oct11 band from a non-mutant clone. Rep. No., number of repeats; M,100-bp DNA Ladder.
doi:10.1371/journal.pone.0026635.g005

parental octarepeats while the other monomer unit contained region (Oct)) in the human PRNP gene is unstable during PCR
the replication-mutant octarepeats (Figure 7B). Examination of amplifications with a mutate rate of 0.9%. The insertion mutant
mutant plasmid samples derived from replication of pOct5 and Octlla was more unstable with a mutation rate of 17.0% during
pOctllb in XI.-1 Red cells gave the same result (data not PCR, 18 times greater than that of Octd (Table 1). Mutation
shown). analysis of Oct5 and Octl1b during DNA replication in wild type

FE.coli (DH50) revealed octarepeat mutation rates of 0.07% and
Discussion 1.3%, respectively. The spontaneous DNA mutation rate based on

the frequency of lac/ mutants was 0.00013% in the wild type
Little is known about the etiology of sGJD in humans. In the NROI102 E.coli strain [23], which is more than 500 times lower
present study, we showed that the wild type 5-repeat octarepeat than the spontancous octarepeat mutation rates we observed in the
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Figure 6. Instability of octarepeats during DNA replication in mismatch repair-deficient XL-1 Red cells. (A) Mutant clones from
replication of pOct5 in XL-1 Red E.coli cells. Plasmid DNA samples were prepared from XL-1 Red colonies after transformation with pOct5 and re-
transformed into DH5a cells. Plasmid DNAs from the resulting DH5a colonies were digested with Sacll and Spel and separated on a 2% agarose gel.
Shown are plasmid DNAs from 4 DH5a colonies that produced two octarepeat bands of equal molar ratio. (B) Mutant clones from replication of
pOct11b in XL-1 Red E.coli cells. Same as in (A) except that pOct11b was used. Shown are plasmid DNAs from 4 colonies that produced two
octarepeat bands of equal molar ratio. (C-D) Unusual mutant clones from replication of pOct11b in XL-1 Red E.coli cells. Shown are plasmid DNAs
from two pOct11b-transformed XL-1 Red colonies that produced 2-3 octarepeat bands upon digestion with Sacll and Spel, of which the template-
sized band is much stronger than the mutant bands (C). The unequal molar ratio of the octarepeat bands suggests the presence of mixed plasmid
DNA species in these colonies. Further transformation of these plasmid DNAs into DH5a cells resulted in separation of the mixed plasmid DNA
species and produced colonies that each contained only one of the plasmid DNA species as confirmed by restriction analysis and sequencing (D). For
all panels, the octarepeat sequence is indicated above each lane, the arrowhead points to the band whose sequence is shown above the lane, and
the black box marks the template-sized Oct5 or Oct11 band from a non-mutant clone. Rep. No., number of repeats; M,100-bp DNA Ladder.
doi:10.1371/journal.pone.0026635.g006

DHba strain. Furthermore, in the XL-1 Red E.coli cells where all and the instability of octarepeats is exacerbated by compromised

three major DNA mismatch repair genes were defective, Oct5 had mismatch repair. Given the established link of octarepeat
a mutation rate of 0.8%, 11 times higher than that in DHba; mutations to familial prion diseases [1,24], our data support an
Octl1b had a mutation rate of 3.0%, which is also higher than the octarepeat somatic mutation-based ctiology for sCJD as follows:
1.3% mutation rate found in DH5a although the difference did the instability of the octarepeat region leads to accumulation of
not reach statistical significance. These results demonstrate that somatic octarepeat mutations in brain cells during development
the human PrP octarepeat region is inherently unstable during and aging, and the instability is augmented by compromised DNA
DNA replication, octarepeat insertion mutants are even less stable, mismatch repair in aged cells; eventually some of the octarepeat
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Figure 7. Mutant plasmids from octarepeat replication in DH5a are all head-to-head dimers. (A) Restriction analysis of replication-mutant
plasmids with Spel, Sacll and Scal. pOct5 or pOct11b were transformed into DH5a.. Plasmid DNAs were prepared from two mutant colonies and two
control (non-mutant) colonies each for pOct5 and pOct11b, digested with Spel, Sacll or Scal, and separated by agarose gel electrophoresis. All mutant
colonies appear to contain a minute amount of monomer plasmids. M1, 100-bp DNA ladder; M2, 1-kb DNA ladder. (B) Diagram of the head-to-head
plasmid dimers. The top panel depicts the parental plasmid monomer; the bottom panel depicts the dimer where the newly generated monomer
unit is highlighted in thicker lines. The boxes denote the octarepeat inserts.

doi:10.1371/journal.pone.0026635.g007

mutation-containing brain cells start spontaneous de novo prion could also be a potential cause for sGJD and needs to be examined
formation and replication to initiate sCGJD. The heterogeneous in the future. Other remaining questions include: 1) Are
phenotypes associated with various octarepeat mutations [1] could octarepeat sequences from PrPs of other species also unstable? 2)
explain the phenotypic diversity of sCGJD. A large number of point Do human octarepeat sequences promote higher mutation rates in
mutations in the PRNP coding region have also been linked to flanking regions? 3) Are other repeat sequences in non-PrP genes
familial prion diseases in humans [1]. Consequently, somatic point unstable as well> These are all important areas for future
mutation in non-repeat PRNP coding regions in human brain cells investigations.
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Taq polymerase is of low fidelity and only 17 PCR cycles were
used in experiments to measure the octarepeat PCR mutation
rate. However, the commonly cited fidelity rates for PCR
polymerases are based on measurement of point-mutation errors,
which may have very different mechanism from that of repeat
expansion or contraction. To evaluate the impact of the
polymerase fidelity on the PCR mutation rate of the octarepeat
regions, we repeated the PCR experiments with the high fidelity
Pwo polymerase (Figure 4), whose point mutation rate is 18-fold
lower than that of Taq polymerase (http://www.roche-applied-
science.com). Our results indicate that polymerase fidelity, as
assessed on point mutations, has very limited influence on the
mutation rate of the wild type human octarepeats (Table 1),
suggesting that the mechanism for repeat expansion and
contraction are indeed different from those of point mutations.

The mutation rate of the wild type octarepeat sequence is still
below 1% in both DH5a and XI.-1 Red cells, which is consistent
with the rarity of sCJD. However, in theory, a single brain cell
containing a somatic octarepeat mutation could generate the first
prion seed, thereby initiating sCGJD. Since there are billions of
neurons and glial cells in a human brain, even a mutation rate of
0.001% will translate into tens of thousands of brain cells carrying an
octarepeat mutation. Nevertheless, the occurrence of sCJD is very
rare because spontaneous de novo prion conversion must still be a rare
event in cells harboring somatic octarepeat mutation. Even in
familial octarepeat mutation cases in which all cells carry the
mutation there is a strong age-dependent component [1]. The
majority of mutations we observed in PCR and DNA replication in
E.coli were deletions rather than insertions, but octarepeat deletions
are less commonly associated with familial prion disease [1]. On one
hand, the observed dominance of deletions during PCR and DNA
replication in E.coli is consistent with the rarity of sGJD. On the other
hand, it is important to note that the proportion of octarepeat
insertion mutants in human brain is likely much higher than what we
observed in FE.coli, because it has been reported that repeat
contraction due to deletion biases is common in bacteria while
eukaryotes generally experience unbiased mutation or a bias towards
insertion or repeat expansion [25]. In addition, the highly increased
mutation rate for the octarepeat insertion mutants does not explain
sCJD, but it may underscore the fact that the wild type octarepeat
region in humans has only 5 repeat units.

Reports of somatic point mutations in presenilin 1 gene in a
case of sporadic early onset Alzheimer’s disease [11] and in the
PRNP gene in a sCJD case [26] suggest that somatic point
mutations in other coding positions in PRNP may also lead to
sCJD. The next challenge is to set up sensitive and reliable assays
for direct measurement of somatic mutation rates of octarepeats
in neurons and other brain cells from brain tissues of normal
individuals and sCJD subjects. It is worth noting that the
observed high rate of octarepeat mutation during PCR
amplification indicates that PCR should not be used to assess
octarepeat mutation levels in human genomic DNAs if the
mutation level is low. Indeed, probably all PCR-based data
showing low levels of mutation in any extensive repeat sequence
should be interpreted with caution. Fortunately, since all
octarepeat mutants resulting from plasmid DNA replication in
E.coli are distinct and reside only in head-to-head plasmid dimers
(Figure 7), E.coli can still be used to directly quantify low levels of
octarepeat mutants in a genomic DNA sample if there is no prior
PCR amplification.

Significantly, all mutant octarepeats resulting from plasmid
DNA replication in F.coli were contained in head-to-head plasmid
dimers. Cruciform-dumbbell structures (hairpins on both DNA
strands) have been proposed to facilitate head-to-head plasmid
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dimer formation in FE.coli, resulting from cleavage of the
cruciform  structure followed by replication [27,28]. Analysis
with the mfold program (http://mfold.rna.albany.edu/?q=
mfold/DNA-Folding-Form) reveals that both DNA strands of
Octd and Oct 11 octarepeats can form multiple stable hairpin
structures even under PCR reaction conditions (Figure 8A).
These observations suggest that the octarepeat region tends to
form hairpin structures on one or both DNA strands during DNA
replication, DNA repair or transcription. The hairpin structures
In turn promote mutation of the octarepeats through a
mechanism like DNA polymerase slippage [29] (Figure 8B), and
mismatch repair proteins play a significant role in the mutation
process. In addition, aging is known to contribute to somatic
mutations [30-33]. One major mechanism for age-related
somatic mutations is erroneous DNA repair after DNA damages
in aged cells [19,31]. In aged human brains, compromise of the
mismatch repair system may further enhance octarepeat
mutation and increase the chances of spontaneous de novo
formation of sCJD prions; the de novo prion agents may then
spread to surrounding cells initiating sCGJD.

The PrP octarepeat region has significant biological functions.
The octapeptide repeats bind copper [34-38] and other divalent
cations such as zinc [39] in a pH-sensitive manner, and copper
and iron metabolism is abnormal in PrP-null or prion infected
mice [40-43]. The octapeptide repeat region is also crucial for
metal ion-induced endocytosis of the prion protein [44,45],
prevention of Purkinje cell death in a transgenic mouse model
[46], and PrP-mediated inhibition of Bax-induced cell death in
human primary neurons [47]. Some reports have shed light on
how octarepeat mutations may cause genetic prion diseases in
humans. PrP with expanded octarepeats due to insertion
mutations were more prone to aggregate and the extent of
aggregation was proportional to the number of repeats [48-50].
The size of the octarepeat region also affects PrP conversion by
PrP* [51-53]. The increased propensity towards aggregation of
PrP with expanded octarepeats may underlie inherited prion
diseases caused by mutations of the octarepeat region. Moreover,
brain homogenates from human subjects with 5, 7 or 8 extra
octapeptide repeats transmitted the disease to non-human
primates [3,54]. However, the transmissibility of the nine
octapeptide repeat insertion mutant has not been tested and a
transgenic mouse model expressing mouse PrP with a 14-repeat
octarepeat region developed spontaneous, but non-transmissible,
neurodegenerative disease [55,56].

Tandem repeats, including microsatellites (simple tandem
repeats of 2-8 nucleotides) and minisatellites (variable number of
tandem repeats of usually 7-100 nucleotides that span 500-
20,000 bp) are common in cukaryotic genes and promoters [57]
and they mutate at high frequencies in both germ-line cells and
somatic cells [30,32,58-61]. Intergenerational and somatic
instability of repeat sequences has been convincingly associated
with neurodegenerative diseases. Over 20 unstable microsatellite
repeats consisting of repeats of 3—5 nucleotides have been linked to
neurological diseases, including the CGG repeats in the FMRI1
gene for fragile X syndrome, the CAG repeats in the androgen
receptor for Kennedy’s disease, the CAG repeats in the huntingtin
gene for Huntington’s disease (HD), the C'T'G repeats in the
DMPK gene for myotonic dystrophy type 1, the CCTG repeats
in the ZNF9 gene for myotonic dystrophy type 2, and the ATTCT
repeats in the ATXNI0 gene for spinocerebellar ataxia type
10 [62] . Many of the microsatellite repeats exhibit significant
tissue-specific somatic instability. The CTG repeat in the DMPK
gene of myotonic dystrophy type 1 patients is highly unstable in
muscle cells [63,64]. The CAG repeat region in the huntingtin
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Figure 8. A hairpin structure-based model for mutation of octarepeats. (A) Diagram of hairpin structures of Oct5 and Oct11b as predicted
by mfold. The likely secondary structures of Oct5 and Oct11b octarepeat sequences were examined with the online mfold program (http://mfold.rna.
albany.edu/?q = mfold/DNA-Folding-Form). Only the most stable structure for each sequence as predicted by mfold at the PCR annealing condition
(50 mM Na*, 1.5 mM Mg”, 58.5°C) is depicted, but the E.coli condition (170 mM Na*, 37°C) yielded similar results. The three colored hairpins
represent the common ones shared by Oct5 and Oct11b sequences; the insertion of 6 extra repeats in Oct11b led to 6 additional hairpins (in black)
that are identical to the first hairpin (in orange). (B) Hairpin-based slippage model for contraction or expansion of the octarepeats. The parental DNA
strands are in thick lines and the newly synthesized DNA strands (leading strand or lagging stand) are in thin lines. The red lines denote the
octarepeat region on parental DNA strands while green lines denote the octarepeat region on the newly synthesized DNA strands; hairpin formation
on the parental DNA strand leads to contraction whereas hairpin formation on the lagging strand being synthesized results in expansion. Adopted
from Figure 3 in [29].

doi:10.1371/journal.pone.0026635.g008

gene also exhibits high levels of mosaicism in HD neurons/brains relationship to development of sporadic diseases should be
[8-10]. Moreover, the CAG repeat expansion in HD brains was examined more closely.

reported to occur prior to clinical disease onset and become more

pronounced over time [12]. The longer the repeat length of the Materials and Methods

somatically expanded CAG repeats, the earlier the age of disease

onset [65]. In general, longer repeats are associated with more Ethics statement

severe instability, which was confirmed in transgenic mouse The human brain tissue samples were obtained from the National
models expressing C'T'G repeats of various lengths [66]. Germ-line Prion Disease Pathology Surveillance Center at Case Western Reserve
and somatic minisatellite instability is also common in the human University, Ohio. All samples are from deceased subjects, and personal
genome [58,59,67,68]. The instability of the PRNP octarepeat information is limited to age, sex, symptoms, neuropathology, and
region, which does not qualify as a minisatellite due to its limited classification of prion disease. These samples have been classified as
size and contains mostly imperfect tandem repeats, suggests that “not human subjects” by the University Hospitals Case Medical
somatic instability of less dramatic tandem repeats in functional Center Institutional Review Board since our research meets criteria for

genes may be more common than thought and their potential exemption under Federal regulations 45 CFR 46.102 (f).
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Genomic DNA extraction

Frozen human brain tissues were provided by the National
Prion Disease Pathology Surveillance Center at Case Western
Reserve University. Brain tissue (10-20 mg) was incubated at
55°Ci overnight in 560 ul of lysis buffer (50 mM Tris-Cl, 0.1 M
EDTA,1% SDS,100 mM NaCl, 400 pg/ml of proteinase K
(Roche, IN, USA), and genomic DNA was extracted using a
standard phenol/chloroform protocol, dissolved in water and
stored at—20°C in multiple aliquots for further experiments.

Preparation of PCR templates (PrP-Oct5 and PrP-Oct11a)
and plasmids (pOct5, pOct11b) for mutation analysis

Genomic DNA from one subject with wild type PrP-129MM
was used to clone by PCR the wild type human PrP ORF
template, which is named PrP-Oct5 for the five-repeat octarepeats
(Figure 1B). Similarly, genomic DNAs from two subjects with PrP-
129MM and different 11-repeat mutant alleles were used to clone
by PCR the insertion mutant human PrP ORF templates, named
PrP-Octlla and PrP-Octllb, respectively (Figure 1C). The
human PrP ORF was amplified by PCR with a Mastercycler
thermal cycler (Eppendorf, NY, USA) in a 50 ul reaction
containing 50 ng human genomic DNA, 200 uM dNTPs (each),
1.5 mM MgCl,, 0.4 uM each of primers 42F (CATAACT-
TAGGGTCACATTTGTCC) and 45R (CCAGATTAACCAA-
TGGTTATTTGC), and 5 units of Taqg DNA polymerase (Roche,
IN, USA). The PCR cycles were: 94°C for 2 min; 94°C for 30 sec,
58.5°C for 30 sec and 72°C for 90 sec for 31 cycles; 72°C for
7 min. All primers used in this study were HPLC-purified
(Invitrogen, CA, USA). The A260/280 ratios of DNA samples
in this study were 1.8-2.0 as assayed with a Nanovue
spectrophotometer (GE Healthcare, NJ, USA). The expected
PCR products were 1265 bp for PrP-Oct5 and 1409 bp for PrP-
Octlla and PrP-Octl1b, which include 232 bp upstream of the
ATG initiation codon, the PrP ORF (762 bp for PrP-Oct5 and
906 bp for PrP-Octlla/b), and 271 bp downstream of the stop
codon. The PCR amplified PrP ORFs were cloned into the
pGEM-T vector (Promega, WI, USA) (see below) and the
sequences confirmed by automated sequencing using primers
HP306f (GAGTAAGCCAAAAAC-CAACATG) and HP432r
(CGATAGTAACGGTCCTCATAG). The PrP-Oct5 clone had
the expected 5 wild type repeats (R1-R2-R2-R3-R4); the PrP-
Octlla clone had R1-(R2)’-R3g-R8-R4 and the PrP-Octllb
clone had R1-(R2)%-R3-R4 where (R2)” and (R2)® denote 7 and 8
consecutive R2 repeats, respectively (Figure 1A). Cloned PrP-Oct5
and PrP-Octlla were used as the templates for PCR mutation
analysis. The octarepeat region of PrP-Oct5, PrP-Octl1a and PrP-
Octl1b were subcloned into pGEM-T after PCR amplification
with primers HP20 (GGATGCTGGTTCTCT-TTGTG) and
HP306r (CATGTTGGTTTTTGGCTTACTC) and confirmed
again by sequencing to obtain pOct5, pOctlla and pOctllb,
respectively (Figure 1B-C). pOctd and pOctllb were used for
octarepeat mutation analysis in E.coli.

Mutation detection in PCR products or plasmid DNAs
replicated in E.coli

The octarepeat mutation rates in PCR products or plasmid
DNAs replicated in E.coli were measured as depicted in Figure 2.
To measure the mutation rate in the octarepeat region during
PCR amplification, the octarepeat region was amplified by PCR
from PrP-Oct5 or PrP-Octlla with primers HP20 and HP306r
and either Taq polymerase (Roche, IN, USA) or Pwo polymerase
(Roche, IN, USA). The PCR products were treated with the
Wizard PCR clean-up kit (Promega, WI, USA), ligated to pGEM-
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T (for Pwo-amplified products, A-tailing was done first with Taq
DNA polymerase in PCR buffer with 0.2 mM dATP) and
transformed into competent DH50a cells (New England Biolabs,
MA, USA) on LB-agar plates with X-gal. Direct colony PCR
screening was conducted as follows. Individual white and light
blue colonies were directly picked by pipette tips into 20 ul of PCR
reaction mix [200 pM dNTPs (each), 1 xPCR buffer containing
1.5 mM MgCly, 0.4 uM each of primers, and 2 units of Taq DNA
polymerase] and subjected to PCR with primers HP50F
(GTGACCTGGGCCTCTGCAAG) and HP293R (CTTACT-
CGGCTTGTTCCACT) as follows: 94°C for 2 min; 94°C for 30
sec, 66.5°C for 30 sec and 72°C for 60 sec for 17 cycles; 72°C for
7 min. The PCR products were separated on 2% agarose gels
containing ethidium bromide. Sometimes bacteria picked from 2-5
colonies were pooled for one PCR reaction to increase the screening
throughput; if non-template sized band(s) was found for a pooled
sample, each of the 2-5 colonies was then picked separately and
plasmid DNA extracted and examined to determine the mutant-
containing colony. The mutant-containing colonies were grown
overnight in LB medium, and plasmid DNAs were extracted using a
plasmid DNA miniprep kit (Promega, WI, USA) and subjected to
double digestion with restriction enzymes Sacll and Spel (New
England Biolabs, MA, USA); the released octarepeat insert band(s)
was recovered and subjected to automated sequencing. The 100-bp
DNA ladder and 1-Kb DNA ladder (New England Biolabs, MA,
USA) were used as markers for agarose gel electrophoresis. Colonies
that contained mutant (non-input) octarepeats were counted as
octarepeat mutants. The mutation rate was calculated as the
number of octarepeat mutant colonies over the total number of
colonies screened.

To measure the mutation rate of octarepeats during DNA
replication in wild type F.coli (DHb5a), pOctd or pOctllb was
transformed into DH)5a. Plasmid DNA prepared from a single
DHba. colony from transformation with pOctb or pOctl1lb was
used to as the input plasmid preparation. The input plasmid
preparation was transformed into DHb)5a, and the resulting
colonies were subjected to PCR screening. The colonies that
produced a mutant (non-input) octarepeat band(s) during the PCR
screen were subjected to overnight culture, plasmid DNA
extraction, restriction enzyme analysis and sequencing. The
mutation rate was calculated as the number of DH5a colonies
containing non-input octarepeats over the total number of DH5a
colonies screened. Three mput pOctd DNA preparations and
three input pOctllb preparations, each extracted from a single
DHba colony, were examined in this fashion, and the average
mutation rate calculated (Table 1).

Similar protocol was applied to estimating the mutation rates of
Octd and Octllb in the DNA repair-deficient XL-1 Red E.coli
cells (Stratagene, CA, USA). pOctb or pOctl1b plasmid DNA was
transformed into competent XI.-1 Red cells. Plasmid DNA
minipreps were obtained from single XIL-1 Red colony and
examined by restriction analysis with SacIll and Spel. Three
plasmid minipreps each for pOct5 and pOct11b that did not show
visible mutant (non-parental) octarepeat insert band on agarose
gels were selected as the input plasmid samples, which were used
for further transformation into DH)a and octarepeat mutant
screening as described above.

Sequencing and alignment

Plasmid DNAs and gel-purified PCR products or restriction
digestion fragments were subject to automated sequencing and the
resulting sequences were aligned with wild type human PrP sequence
using LALIGN (http://xylian.igh.cnrs.fr/bin/lalign-guess.cgi).

October 2011 | Volume 6 | Issue 10 | €26635



Mfold analysis

Octarepeat sequences (Octd and Octll) were subjected to
the online DNA mfold analysis (http://mfold.rna.albany.edu/?q =
mfold/DNA-Folding-Form) to predict potential secondary struc-
tures. The folding parameters for PCR conditions were 50 mM Na*
and 1.5 mM Mg at the three PCR temperatures: 94°C
(denaturation), 58.5°C (annealing), or 72°C (extension); the folding
parameters for E.coli were 170 mM Na* at 37°C.

Statistics analysis
Statistical significance was evaluated by Fisher’s exact test

(1-sided) with the SPSS 13.0 software (SPSS Int.).

References

1. Kong Q, Surewicz WK, Petersen RB, Zou W, Chen SG, et al. (2004) Inherited
prion disease (chapter 14). Prusiner S, ed. Prion biology and diseases (2nd Ed).
New York: Cold Spring Harbor Laboratory Press. pp 673-776.

2. Zou WQ, Puoti G, Xiao X, Yuan J, Qing L, et al. (2010) Variably protease-
sensitive prionopathy: a new sporadic disease of the prion protein. Ann Neurol
68: 162-172.

3. Goldfarb LG, Brown P, McCombie WR, Goldgaber D, Swergold GD, et al.
(1991) Transmissible familial Creutzfeldt-Jakob disease associated with five,
seven, and eight extra octapeptide coding repeats in the PRNP gene. Proc Natl
Acad Sci U S A 88: 10926-10930.

4. Prusiner SB (1989) Scrapie prions. Annu Rev Microbiol 43: 345-374.

5. Linden R, Martins VR, Prado MA, Cammarota M, Izquierdo I, et al. (2008)
Physiology of the prion protein. Physiol Rev 88: 673-728.

6. Harris TJ, McCormick F (2010) The molecular pathology of cancer. Nat Rev
Clin Oncol 7: 251-265.

7. Poulogiannis G, Frayling IM, Arends MJ (2010) DNA mismatch repair
deficiency in sporadic colorectal cancer and Lynch syndrome. Histopathology
56: 167-179.

8. De Rooij KE, De Koning Gans PA, Roos RA, Van Ommen GJ, Den
Dunnen JT (1995) Somatic expansion of the (CAG)n repeat in Huntington
disease brains. Hum Genet 95: 270-274.

9. Gonitel R, Moffitt H, Sathasivam K, Woodman B, Detloff PJ, et al. (2008) DNA
instability in postmitotic neurons. Proc Natl Acad Sci U S A 105: 3467
3472.

. Telenius H, Kremer B, Goldberg YP, Theilmann J, Andrew SE, et al. (1994)
Somatic and gonadal mosaicism of the Huntington disease gene CAG repeat in
brain and sperm. Nat Genet 6: 409-414.

. Beck JA, Poulter M, Campbell TA, Uphill JB, Adamson G, et al. (2004) Somatic
and germline mosaicism in sporadic early-onset Alzheimer’s disease. Hum Mol
Genet 13: 1219-1224.

. Kennedy L, Evans E, Chen CM, Craven L, Detloff PJ, et al. (2003) Dramatic
tissue-specific mutation length increases are an early molecular event in
Huntington disease pathogenesis. Hum Mol Genet 12: 3359-3367.

. DiFiglia M, Sapp E, Chase K, Schwarz C, Meloni A, et al. (1995) Huntingtin is a
cytoplasmic protein associated with vesicles in human and rat brain neurons.
Neuron 14: 1075-1081.

. Ben Yehuda A, Globerson A, Krichevsky S, Bar On H, Kidron M, et al. (2000)
Ageing and the mismatch repair system. Mech Ageing Dev 121: 173-179.

. Brooks PJ (2002) DNA repair in neural cells: basic science and clinical
implications. Mutat Res 509: 93-108.

. Felton KE, Gilchrist DM, Andrew SE (2007) Constitutive deficiency in DNA
mismatch repair. Clin Genet 71: 483-498.

. Gorbunova V, Seluanov A, Mao Z, Hine C (2007) Changes in DNA repair
during aging. Nucleic Acids Res 35: 7466-7474.

. Hardwick RJ, Tretyakov MV, Dubrova YE (2009) Age-related accumulation of
mutations supports a replication-dependent mechanism of spontaneous
mutation at tandem repeat DNA Loci in mice. Mol Biol Evol 26: 2647-2654.

. Hsich P, Yamane K (2008) DNA mismatch repair: molecular mechanism,
cancer, and ageing. Mech Ageing Dev 129: 391-407.

. Imam SZ, Karahalil B, Hogue BA, Souza-Pinto NC, Bohr VA (2006)

Mitochondrial and nuclear DNA-repair capacity of various brain regions in

mouse is altered in an age-dependent manner. Neurobiol Aging 27: 1129-1136.

Neri S, Pawelec G, Facchini A, Ferrari C, Mariani E (2008) Altered expression

of mismatch repair proteins associated with acquisition of microsatellite

instability in a clonal model of human T lymphocyte aging. Rejuvenation Res

11: 565-572.

Park Y, Gerson SL (2005) DNA repair defects in stem cell function and aging.

Annu Rev Med 56: 495-508.

Schaaper RM, Dunn RL (1991) Spontaneous mutation in the Escherichia coli

lacI gene. Genetics 129: 317-326.

Croes EA, Theuns J, Houwing-Duistermaat JJ, Dermaut B, Sleegers K, et al.

(2004) Octapeptide repeat insertions in the prion protein gene and early onset

dementia. J Neurol Neurosurg Psychiatry 75: 1166-1170.

21.
22.

24.

@ PLoS ONE | www.plosone.org

15

Human Prion Protein Gene Octarepeat Instability

Acknowlegments

We are grateful to the National Prion Disease Pathology Surveillance
Center for providing the human brain tissue samples from deceased
subjects. Di Wu and Mengjie Zheng helped with initial PCR analysis.
Jinghong Liu and Yifan Chen assisted with plasmid preparations. We are
indebted to Robert Petersen for proofreading and editing.

Author Contributions

Conceived and designed the experiments: QK BL. Performed the
experiments: BL LQ. Analyzed the data: QK BL JY. Contributed
reagents/materials/analysis tools: QK BL LQ). Wrote the paper: QK BL.

5. Metzgar D, Liu L, Hansen C, Dybvig K, Wills C (2002) Domain-level
differences in microsatellite distribution and content result from different relative
rates of insertion and deletion mutations. Genome Res 12: 408-413.

Alzualde A, Moreno F, Martinez-Lage P, Ferrer I, Gorostidi A, et al. (2010)

Somatic mosaicism in a case of apparently sporadic Creutzfeldt-Jakob discase

carrying a de novo DI78N mutation in the PRNP gene. Am ] Med

Genet B Neuropsychiatr Genet 153B: 1283-1291.

Lin CT, Lyu YL, Liu LF (1997) A cruciform-dumbbell model for inverted dimer

formation mediated by inverted repeats. Nucleic Acids Res 25: 3009-16.

Lin CT, Lin WH, Lyu YL, Whang-Peng J (2001) Inverted repeats as genetic

elements for promoting DNA inverted duplication: implications in gene

amplification. Nucleic Acids Res 29: 3529-3538.

Mirkin SM (2006) DNA structures, repeat expansions and human hereditary

disorders. Curr Opin Struct Biol 16: 351-358.

. Coolbaugh-Murphy MI, Xu J, Ramagli LS, Brown BW, Siciliano MJ (2005)
Microsatellite instability (MSI) increases with age in normal somatic cells. Mech
Ageing Dev 126: 1051-1059.

. Larsson NG (2010) Somatic mitochondrial DNA mutations in mammalian

aging. Annu Rev Biochem 79: 683-706.

Simpson AJ (1997) The natural somatic mutation frequency and human

carcinogenesis. Adv Cancer Res 71: 209-240.

. Wallace DC (2010) Mitochondrial DNA mutations in disease and aging.
Environ Mol Mutagen 51: 440-450.

. Brown DR, Qin K, Herms JW, Madlung A, Manson J, et al. (1997) The cellular
prion protein binds copper in vivo. Nature 390: 684-687.
saggelli E, Kozlowski H, Valensin D, Valensin G (2006) Copper homeostasis
and neurodegenerative disorders (Alzheimer’s, prion, and Parkinson’s diseases
and amyotrophic lateral sclerosis). Chem Rev 106: 1995-2044.

5. Millhauser GL (2007) Copper and the prion protein: methods, structures,
function, and disease. Annu Rev Phys Chem 58: 299-320.

. Varela-Nallar L, Toledo EM, Chacon MA, Inestrosa NC (2006) The functional
links between prion protein and copper. Biol Res 39: 39-44.

. Vassallo N, Herms J (2003) Cellular prion protein function in copper

homeostasis and redox signalling at the synapse. ] Neurochem 86: 538-544.

Choi C]J, Kanthasamy A, Anantharam V, Kanthasamy AG (2006) Interaction of

metals with prion protein: possible role of divalent cations in the pathogenesis of

prion diseases. Neurotoxicology 27: 777-787.

Brown DR (2003) Prion protein expression modulates neuronal copper content.

J Neurochem 87: 377-385.

Singh A, Isaac AO, Luo X, Mohan ML, Cohen ML, et al. (2009) Abnormal

brain iron homeostasis in human and animal prion disorders. PLoS Pathog 5:

¢1000336.

Singh A, Kong Q, Luo X, Petersen RB, Meyerson H, et al. (2009) Prion protein

(PrP) knock-out mice show altered iron metabolism: a functional role for PrP in

iron uptake and transport. PLoS One 4: e6115.

Singh A, Mohan ML, Isaac AO, Luo X, Petrak J, et al. (2009) Prion protein

modulates cellular iron uptake: a novel function with implications for prion

disease pathogenesis. PLoS One 4: ¢4468.

Perera WS, Hooper NM (2001) Ablation of the metal ion-induced endocytosis of

the prion protein by disease-associated mutation of the octarepeat region. Curr

Biol 11: 519-523.

. Brown LR, Harris DA (2003) Copper and zinc cause delivery of the prion

protein from the plasma membrane to a subset of early endosomes and the

Golgi. J] Neurochem 87: 353-363.

Atarashi R, Nishida N, Shigematsu K, Goto S, Kondo T, et al. (2003) Deletion

of N-terminal residues 23-88 from prion protein (PrP) abrogates the potential to

rescue PrP-deficient mice from PrP-like protein/doppel-induced Neurodegen-

eration. J Biol Chem 278: 28944-28949.

Bounhar Y, Zhang Y, Goodyer CG, LeBlanc A (2001) Prion protein protects

human neurons against Bax-mediated apoptosis. J Biol Chem 276:

39145-39149.

Yin S, Yu S, Li C, Wong P, Chang B, et al. (2006) Prion proteins with insertion

mutations have altered N-terminal conformation and increased ligand binding

26.

27.

28.

29.

39.

40.

41.

42.

44.

46.

47.

48.

October 2011 | Volume 6 | Issue 10 | €26635



49.

50.

51.

52.

56.

57.

activity and are more susceptible to oxidative attack. ] Biol Chem 281:
10698-10705.

Yu S, Yin S, Li C, Wong P, Chang B, et al. (2007) Aggregation of prion protein
with insertion mutations is proportional to the number of inserts. Biochem J 403:
343-351.

Yu S, Yin S, Pham N, Wong P, Kang SC, et al. (2008) Ligand binding promotes
prion protein aggregation-role of the octapeptide repeats. FEBS J 275:
5564-5575.

Hiraga C, Kobayashi A, Kitamoto T (2009) The number of octapeptide repeat
affects the expression and conversion of prion protein. Biochem Biophys Res
Commun 382: 715-719.

Moore RA, Herzog C, Errett J, Kocisko DA, Arnold KM, et al. (2006)
Octapeptide repeat insertions increase the rate of protease-resistant prion
protein formation. Protein Sci 15: 609-619.

. Priola SA, Chesebro B (1998) Abnormal properties of prion protein with

insertional mutations in different cell types. J Biol Chem 273: 11980-11985.

. Brown P, Gibbs CJ, Jr., Rodgers-Johnson P, Asher DM, Sulima MP, et al. (1994)

Human spongiform encephalopathy: the National Institutes of Health series of
300 cases of experimentally transmitted disease. Ann Neurol 35: 513-529.

. Chiesa R, Piccardo P, Quaglio E, Drisaldi B, Si-Hoe SL, Takao M, Ghetti B,

Harris DA (2003) Molecular distinction between pathogenic and infectious
properties of the prion protein. J Virol 77: 7611-7622.

Biasini E, Medrano AZ, Thellung S, Chiesa R, Harris DA (2008) Multiple
biochemical similarities between infectious and non-infectious aggregates of a
prion protein carrying an octapeptide insertion. J Neurochem 104: 1293-1308.
Gemayel R, Vinces MD, Legendre M, Verstrepen KJ (2010) Variable tandem
repeats accelerate evolution of coding and regulatory sequences. Annu Rev
Genet 44: 445-477.

@ PLoS ONE | www.plosone.org

16

58.

60.

61.

62.

63.

64.

66.

67.

68.

Human Prion Protein Gene Octarepeat Instability

Bois PR (2003) Hypermutable minisatellites, a human affair? Genomics 81:
349-355.

Buard J, Collick A, Brown ], Jeffreys AJ (2000) Somatic versus germline
mutation processes at minisatellite CEB1 (D2S90) in humans and transgenic
mice. Genomics 65: 95-103.

Ellegren H (2000) Microsatellite mutations in the germline: implications for
evolutionary inference. Trends Genet 16: 551-558.

Ellegren H (2004) Microsatellites: simple sequences with complex evolution. Nat
Rev Genet 5: 435-445.

Brouwer JR, Willemsen R, Oostra BA (2009) Microsatellite repeat instability
and neurological disease. Bioessays 31: 71-83.

Botta A, Rinaldi F, Catalli C, Vergani L, Bonifazi E, et al. (2008) The CTG
repeat expansion size correlates with the splicing defects observed in muscles
from myotonic dystrophy type 1 patients. J] Med Genet 45: 639-646.

Kaliman P, Llagostera E (2008) Myotonic dystrophy protein kinase (DMPK) and
its role in the pathogenesis of myotonic dystrophy 1. Cell Signal 20: 1935-1941.
Swami M, Hendricks AE, Gillis T, Massood T, Mysore J, et al. (2009) Somatic
expansion of the Huntington’s disease CAG repeat in the brain is associated with
an earlier age of disease onset. Hum Mol Genet 18: 3039-3047.

Seznec H, Lia-Baldini AS, Duros C, Fouquet C, Lacroix C, et al. (2000)
Transgenic mice carrying large human genomic sequences with expanded CTG
repeat mimic closely the DM CTG repeat intergenerational and somatic
instability. Hum Mol Genet 9: 1185-1194.

Bois P, Collick A, Brown J, Jeffreys AJ (1997) Human minisatellite MS32 (D1S8)
displays somatic but not germline instability in transgenic mice. Hum Mol Genet
6: 1565-1571.

Kiaris H, Hatzistamou J, Spandidos DA (1996) Instability at the H-ras
minisatellite in human atherosclerotic plaques. Atherosclerosis 125: 47-51.

October 2011 | Volume 6 | Issue 10 | €26635



