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The mechanism of disease-associated trinucleotide repeat instability involves cis-acting factors (cis-elements) in the
vicinity of the repeat, but the nature of these elements is unknown. One cis-element may be the location of the repli-
cation origin relative to the repeat. We have used an SV40 DNA replication system to investigate the effect of the loca-
tion of replication initiation on (CTG),,*(CAG),, stability in primate cells. Depending on the distance between the SV40
replication origin and the repeat tract, templates with 79 repeats yield predominantly expansions or predominantly
deletions or remain intact. All templates with 17 repeats are stable. Thus, cis-elements that affect the sites of Okazaki
fragment initiation relative to the repeat are crucial determinants of instability. This model system recapitulates the
bias for expansions observed in many of the diseases associated with trinucleotide repeats. Our results might explain
the variable amounts of CTG/CAG instability that are observed in different chromosomal contexts.

Introduction

The expansion of certain gene-specific trinucleotide repeats
(TNRs) is a form of mutation that is responsible for at least 15
human diseases. Twelve of these, including myotonic dystrophy
type 1 (DM1), spinobulbar muscular atrophy and Huntington
disease!?, are caused by unstable (CTG)e(CAG) repeats. In the
nonaffected population, the length of the repeat tracts is gener-
ally polymorphic, ranging from 4 to 24 repeat units, and these
lengths are transmitted stably. Lengths with more than 34 repeats
are genetically unstable. Depending on the gene, expansion to
25-35 or 34-90 repeats can lead to disease or be assymptomatic.
Assymptomatic expansions are known as intermediate, pre- or
protomutation alleles’.

In DM1, premutation lengths can expand rapidly to disease-
associated lengths that contain between a hundred and thou-
sands of repeats. The genetic instability of the repeats is sensitive
to the length of the repeat tract, as the products of an expansion
mutation are more likely to undergo a subsequent mutation than
is the original substrate. These genetic alterations are therefore
known as dynamic mutations®>. In individuals with DM1, the
expanded (CTG),, tract shows an extraordinarily large amount of
somatic mosaicism, owing to high somatic instability both
within and between tissues. Somatic instability becomes appar-
ent during fetal development, is evident during the life of
affected individuals®” and can be detected in cultured DM1
cells®?. Although both deletions and expansions are observed
somatically®’ and during transmission'?, there is a bias towards
expansion. The mechanism of (CTG),, instability for myotonic
dystrophy and other TNR-associated diseases is unknown.

In addition to the repeat itself, the sequences in the vicinity
of the repeat (cis-elements) contribute to the mechanism of
instability for several disease loci>!!. Complete allelic associa-
tion between the DM1 expansion and several insertion/dele-
tion polymorphisms flanking the repeat!'>!® show that a
specific chromosomal background is associated with (CTG),,
instability, which suggests that chromosomal context and cis-
elements may be required for expansion. The variable stability
of similar CAG tract lengths at different disease loci provides
further support for a role of flanking sequences®! 11415, Trans-
genic mouse models of TNR instability also indicate that cis-
elements that flank the repeat tract may ‘drive’ repeat
instability'®!7. The nature of such cis-elements is unknown
and has remained elusive for over a decade?!1-18,

Bacterial (Escherichia coli)'®?° and yeast (Saccharomyces
cerevisiae)?'=2* models support a role for DNA replication in
TNR instability in that the direction of replication through the
TNR tract affects its stability. In bacterial and yeast systems,
repeat deletions predominate regardless of the direction of
replication, but the frequency of deletions is higher when the
CTG strand, rather than the CAG strand, is the template for
lagging-strand synthesis!®. Unlike in humans, in which the
repeats tend to expand, the tendency for repeats to be deleted
in bacteria may be caused by differences in the replication fork
dynamics between single-cell organisms and primates. For
example, bacterial Okazaki fragments are considerably longer
(approximately 2,000 nt) than those formed in mammalian
cells (135-145 nt)>>~?7. Analysis of TNR instability in a pri-
mate DNA replication system is lacking.
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To understand TNR instability in a primate system, we estab-
lished an SV40 DNA replication assay. A detailed understanding
of primate replication fork dynamics has been gained through
the SV40 viral DNA replication system?®2°, Each replication fork
comprises a continuous leading strand and a discontinuous lag-
ging strand, which consists of several Okazaki fragments each of
roughly 135-145 nt (Fig. 1a)%°. Unlike synthesis at the leading
strand, which is maintained mostly as a duplex, a portion of the
lagging-strand template must be rendered single-stranded to
permit the priming of an Okazaki fragment. For SV40, this
region of single-stranded template DNA of roughly 290 nt is
defined as the Okazaki initiation zone (OIZ; Fig. 1a)?>%. Each
Okazaki fragment is initiated by RNA priming, extended by
polymerase-o. to an RNA-DNA primer, which is extended fur-
ther by polymerase-d. Synthesis is complete on reaching the ini-
tiator RNA of the previous Okazaki fragment. The processing of
Okazaki fragments involves removal of the RNA primer, gap fill-
ing and ligation?>?°. An alternative, but not mutually exclusive
model for the production of Okazaki fragments is the ‘nested dis-
continuity model’ (Fig. 1a)3!, whereby several initiations of short
primer RNA-DNAs (approximately 34 nt) are processed and lig-
ated. Specific template sequences might determine whether full-
length or nested Okazaki fragments are produced.
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Current models of somatic (CTG),#(CAG),, instability involve
aberrant processing of Okazaki fragments that initiates within
the repeat tract’>-34, Because Okazaki processing occurs only at
sites of Okazaki initiation, we thought that cis-elements that
affect the frequency of Okazaki initiations in the repeat tract
might affect repeat stability. Thus, cis-elements that modulate
replication fork dynamics with respect to the TNR tract would be
determinants of repeat instability.

To test our hypothesis, we used the SV40 DNA replication system
to determine the effect of three cis-elements on (CTG),#(CAG),
instability: first, the sequence (CTG or CAG) of the Okazaki tem-
plate, which is determined by the direction of replication; second,
repeat tract length and third, location of the SV40 replication origin
relative to the repeat tract. The CTG or CAG template might expe-
rience sequence-specific preferences for Okazaki-specific events.
Longer repeat tracts would occupy a larger proportion of the sin-
gle-stranded OIZ and might experience increased Okazaki initia-
tion events. Altering the distance between the replication origin and
the repeat will alter the location of the repeat within the single-
stranded OIZ. Placing the repeat tract at the upstream or down-
stream regions of the single-stranded OIZ might increase or
decrease the frequency of initiation events within the repeat.

We found that all three variables affect repeat stability. Unex-
pectedly, changing only the location of
replication initiation by roughly 130 nt

o1z relative to the repeat tract, while main-
taining the direction of replication,
resulted in profound differences in the
type of mutation observed (expansions
only versus deletions only). Because
DNA templates were replicated in cells
that are competent in DNA replication
and repair activities, our results provide
5" strong evidence for the participation of
cis-elements in TNR instability.
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Fig. 1 Replication fork and replication tem-
plates. a, Each replication fork comprises a con-
tinuous and a discontinuous lagging strand. A
portion of the lagging-strand template must be
o rendered single-stranded to permit Okazaki ini-
replication initiated: tiation; this is the 01Z28:3%, Shown are two differ-
' of CTG ent but not mutually exclusive mechanisms for
producing Okazaki fragments: one produces a

3 fragment with an average length of 135-145 nt;

the other produces a fragment through several
initiations of short primer RNA-DNAs (upper
right)3'. b, The templates contained human
DM1 genomic (CTG), and (CAG), repeats (n=17
or 79), with human nonrepeating sequences
(bold lines) flanking the repeat (sites 417-436
ColE1 and 451-494 from GenBank accession number
e S86455). Repeats are in the stable orientation
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5,210/5,211) at which replication initiation
occurs30, Templates are drawn to scale. ¢, Loca-
tion of the SV40-ori relative to the repeat defines
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lagging-strand template. d, Distance between
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and cloning orientation of the SV40-ori frag-
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Results

A primate replication assay for stability

To investigate the role of primate DNA replication on TNR sta-
bility, we used the SV40 replication system that, in addition to
being a model of the primate replication fork?32%, has been used
to study replication fidelity®>, DNA mutagenesis and DNA repair.
Replication of SV40 plasmids in transfected cells uses both T-
antigen and the replication machinery of the host cell. Replica-
tion initiates in the SV40 origin of replication (SV40-ori) and
begins at a unique nucleotide position—the origin of bidirec-
tional replication (OBR)3°., Replication proceeds bidirectionally,
with both forks progressing at similar rates.

Inserting the SV40-ori closer to one side of the repeat tract
(Fig. 1b) determines the direction of replication fork progression
through the repeats and thus which strand (CTG or CAG) will
serve as the lagging-strand template (Fig. 1c). To analyze the
effect that location of replication initiation might have on repeat
stability, we inserted the SV40-ori at various locations on either
side of the repeat tract, producing a series of SV40-DM1 shuttle
vectors (Fig. 1d). Three of the replication templates used the
CTG strand as the lagging-strand template and four templates
used the CAG strand as the lagging-strand template.

To study expansions from normal (5-30 repeats) to premutation
lengths (34-90 repeats) and expansions of premutation to disease-
associated lengths (approximately 100 repeats), we constructed
genomic DM1 clones®*3# with either 17 or 79 (CTG),, repeats
(Fig. 1d). After their transfection into T-antigen—expressing
primate cells (COS-1)%, the DM1/SV40 templates were repli-
cated by primate proteins and assayed for repeat stability.

Mutation analysis—the STRIP assay

We developed an assay to determine the role of primate DNA
replication on the stability of trinucleotide repeats by individual
product (STRIP) analysis (Fig. 2). We isolated the products of
replication from transfected COS-1 cells*? and digested them
with Dpnl to eliminate unreplicated parental DNAs. Dpnl digests
only DNAs that are methylated on both strands on adenine
residues at GATC sites, a modification that occurs in dam™ bacte-
ria but not in primate cells. Only Dpnl-resistant material—the
products of primate replication—is capable of transforming bac-
teria?l. Individual bacterial colonies therefore represent individ-
ual products of primate replication.

Plasmids isolated from the individual bacterial colonies were
digested with restriction enzymes to release the fragment con-
taining the repeat (Fig. 3a), separated on high-resolution poly-
acrylamide gels and scored for expansion or deletion events (a
representative example is shown in Fig. 3b). Expansion events
are observed as distinct bands that migrate more slowly than
the starting (CTG),9 band, whereas deletion events are
observed as bands that migrate faster. To confirm that these
events were caused by changes in the repeat tract, we electro-
transferred and probed the samples with 32P-labeled (CTG),5
oligonucleotide (Fig. 3¢). We also sequenced individual muta-
tion products, which confirmed that the observed changes
were limited to increases or decreases in the integral number of
repeat units.

Fig. 2 Experimental strategy. Templates replicated in primate cells were analyzed
by STRIP assay. COS-1 cells were transfected with replication templates. After a 48-
h replication period, material was collected by Hirt’s lysis and digested with Dpnl.
The Dpnl-resistant material (gray molecules) represents products of complete
replication by primate cell proteins. Dpnl digestion eliminated unreplicated
(shown in bold) or partially replicated material (shown in gray and bold). Reac-
tions were transformed into E. coli. Only the Dpnl-resistant material yielded
colonies, from which DNAs were isolated and the repeat-containing fragment
released and analyzed for length on high-resolution polyacrylamide gels.
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To focus on mutation events mediated by primate replication,
we needed to correct for both the low amount of repeat length
heterogeneity that is present in the template preparation® and
the limited heterogeneity that is produced during amplification
of miniprep plasmids (see Methods). In both human and model
systems, TNR tract lengths are best described as a distribution.
The background levels for each template were determined by
direct bacterial transformation of the same starting template
DNA used for primate cell transfection. We analyzed individual
molecules (colonies) for repeat length (Fig. 3) and classified
them into one of three categories: ‘less than 79 repeats, 79
repeats’ and ‘greater than 79 repeats’ (Fig. 4). The molecules in
each of these categories could experience primate
replication—mediated expansion or deletion events. After pri-
mate replication, the length distribution of the replicated mater-
ial for each template was determined (Fig. 4).
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The frequencies of primate replication—mediated expansion
and deletion (Table 1) were corrected by subtracting the back-
ground frequencies. Primate replication products that did not
show a significant change (¥2, P>0.05) in the number of mole-
cules in either of the length categories relative to the parental
material are classified as stable or having ‘0’ primate replica-
tion—induced events (Table 1). Templates that showed a statisti-
cally significant difference (¥2, P<0.05) in only the number of
primate cell-replicated molecules with ‘greater than 79 repeats’
or ‘less than 79 repeats’ are classified as having a bias for expan-
sions or deletions, respectively.

An increased percentage of molecules in one category is neces-
sarily coupled with a decrease in the percentage of molecules in
at least one other category (no increased events after primate
replication or ‘0%; Table 1). A template that showed a signifi-
cantly increased number of molecules in both the ‘less than 79’
and the ‘greater than 79 repeats’ categories experienced both
deletions and expansions, which was necessarily coupled with a
decreased proportion of molecules with 79 repeats. This rigorous
approach indicated that the observed spectrum of expansion or
contraction products is the result of primate cell-mediated
mutations and not a function of the distribution of repeat arrays
in the starting material.

Expansion of the premutation template pDM79H

For pDM79H, replication initiates 103 nt to the 3’ side of the
CTG tract (Fig. 1d), and the CAG strand serves as the lagging-
strand template. Replication of pDM79H in primate cells
resulted in mutations that were predominantly expansions at a
frequency of 9% (Table 1). Comparison of only primate replica-
tion products with ‘greater than 79 repeats’ with background
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Fig. 3 Representative example of STRIP analysis. a, Map of the repeat-containing
fragment from the DM1 plasmid replication templates. Human nonrepetitive
flanking sequences are shown as thick lines; plasmid vector sequence is shown as
a thin line. b, Primate replication products were isolated and processed as shown
in Fig. 2. Individual bacterial colonies represent individual products of primate
replication. Plasmids isolated from individual bacterial colonies were digested
with restriction enzymes to release the repeat-containing fragment, resolved on
high-resolution 4% polyacrylamide gels, and scored for expansion (lanes 1 and 2),
intact (lanes 3 and 4) and deletion (lanes 5 and 6) events. Replication products are
shown for pDM79 replication templates. ¢, Southern blot of gel shown in a
hybridized with 32P-labeled (CTG);s. Scored results were corrected for back-
ground as shown in Fig. 4 and are given in Table 1.
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molecules having ‘greater than 29 repeats’ confirmed a signifi-
cant bias for expansions (P=0.016, ¥?=5.8) after primate replica-
tion. The largest expansions after primate replication for
pDM79H were increases of +28 repeats (mean +8), which were
far greater than the largest molecule of +8 repeats (mean +5)
observed in the same parental template preparation. The primate
cell-replicated expansion products were also significantly larger
(Wilcoxon two-sided test, P=0.02) than the molecules contained
in the starting material. Although bacteria can stably propagate
plasmids with as many as 255 (CTG)e(CAG) repeats’®, expan-
sions in bacteria are relatively rare!®. Thus, both the frequency of
expansions and the magnitudes of repeats gained are statistically
significant, which is consistent with a bias for expansions gener-
ated by primate replication of this template.

Direct analysis of replication products

We also analyzed the pDM79H primate replication products
by three independent direct methods. Owing to its inherent
lack of sensitivity, direct Southern-blot analysis of the Hirt’s
replicated material did not detect changes in repeat length
(data not shown). We analyzed individual products of replica-
tion by colony PCR, which eliminates bacterial-induced insta-
bility during culture (Fig. 5a). The PCR results showed a bias
for expansions (11% frequency, y?=7.09, P=0.029), which is
consistent with the 9% expansion frequency detected by
STRIP analysis (Table 1).

We analyzed replicated DNAs by electron microscopy (Fig. 5b—d),
which for small DNA fragments can detect length differences of as
few as 30-60 bp (10-20 repeats)8. The replicated material con-
tained longer, but not shorter, molecules ranging from 65.6 nm to
159.6 nm (mean 117.5 £ 25.9 nm), whereas the parental material
ranged from 65.8 nm to 152.02 nm (mean 100 + 13.4 nm). The
replicated material also contained a greater proportion of longer
molecules relative to the parental material (Fig. 5d); thus, the elec-
tron microscopy results support qualitatively both the STRIP and
PCR results. The length distribution difference observed by elec-
tron microscopy and the mutation spectra generated by both the
PCR and STRIP analyses are therefore consistent with a bias for
expansions for primate replication of pPDM79H.

DNA replication actively contributed to (CTG)e(CAG) insta-
bility. To show that DNA replication is essential for the observed
repeat instabilities, we carried out control experiments in which
replication was not permitted. Plasmid replication in transfected
cells requires both the presence of the SV40 replication origin
and the expression of SV40 T-antigen. We therefore transfected
plasmid pMT4, which contains 79 CTG and CAG repeats but no
SV40-ori (Fig. 1d), into COS-1 cells, and the SV40 replication
template pDM79H into CV-1 cells (precursor cells of COS-1),
which do not express SV40 T-antigen®. In both cases, the trans-
fected DNAs were passaged through the primate cells without
replicating, and STRIP analysis of the recovered episomal DNAs
(without Dpnl digestion) did not show any significant repeat
expansions or deletions (Table 1). Thus, the observed repeat
instability is mediated by replication in primate cells and does
not arise through repair or recombination events that are inde-
pendent of replication forks.

Replication direction

To test the effect of Okazaki template sequence, which is defined
by replication direction, we constructed plasmid pDM79E by
inserting the SV40-ori on the opposite side of the repeat tract, as
in pDM79H (Fig. 1d). For pDM79E, replication initiated
approximately 100 nt from the repeat tract, similar to pDM79H,
but pDM79E used the CTG strand as the lagging-strand template
instead of the CAG strand used by pDM79H.
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Replication of pDM79E resulted in mutations that were pre-
dominantly deletions (13%, Table 1). The magnitude of repeats
deleted ranged from —3 to —69 repeats (mean —24 repeats). The
shift from a bias for expansions in pDM79H to a bias for dele-
tions in pDM79E indicates that the direction of primate replica-
tion has a marked effect on repeat instability.

greater overall frequency of mutation compared with replication
of pPDM79H (a total of 18% versus 9%) and showed both expan-
sions (5%) and deletions (13%, Table 1). For pDM79B (Fig. 1d),
replication proceeded in the same direction as pDM79E but initi-
ated further from the repeat tract. Replication of pDM79B did
not result in significant amounts of expansion or deletion, in
contrast to the deletions (13%) obtained with replication of
pDM79E. These results indicate that the position of the SV40-ori
and therefore the location of replication initiation relative to the
repeat tract may contribute to TNR instability.

Small adjustments in the distance between the location of repli-
cation initiation (SV40-OBR) and the repeat resulted in profound
differences in stability (Table 1). In pDM77HD (Fig. 1d), replica-
tion initiated roughly 130 nt further from the repeat tract than in
pDM79H. Replication of pDM77HD yielded mutations that were
predominantly deletions (15%), in marked contrast to the bias for

Location of replication initiation

Altering the location of the SV40-ori relative to the repeat tract
may affect the frequency of Okazaki fragment initiations that
occur in the repeat tract, which in turn may affect instability. To
test the effect of replication initiation site on repeat stability, we
placed the SV40-ori at varying distances from the repeat tract
(Fig. 1d). For pDM79A (Fig. 1d), replication proceeded through
the repeat in the same direction as in pDM79H but initiated fur-
ther from the repeat. Replication of pDM79A resulted in a

replicrfltion initiated: 5' of CTG replication initiated: 3' of CTG
Fig. 4 Mutation analysis. The bacter- 5 3
ial preparation of the parental tem-
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expansions (9%) derived from pDM79H (Table 1). Because this
shift in mutation bias resulted from a change in the location of
replication initiation (Fig. 1d) and not in the direction of replica-
tion, the location of initiation must be a major determinant of
instability. Similarly, pDM79ED (Fig. 1d) was stable (Table 1), in
contrast to the bias for deletions (13%) derived from pDM79E,
which initiated replication roughly 130 nt closer to the repeat
tract (Fig. 1d). We also found an effect of initiation location on
instability for initiation sites further from the repeat tract. Repli-
cation of pDM79AP (Fig. 1d) produced mutations that were
predominantly deletions (13%), in contrast to the mixture of
expansions (5%) and deletions (13%) observed from replication
of pDM79A, which initiated replication approximately 130 nt
from the repeat tract (Fig. 1d). The differences in mutation bias
caused by minor changes in the distance between replication
initiation and the repeat, without changing the direction of
replication, underscores the contribution of cis-elements to
repeat instability.

Repeat length

To determine the effect of repeat length on instability, an identi-
cal series of pDM replication templates containing 17
(CTG)e(CAG) repeats were replicated in COS-1 cells. All of the
pDM17 templates were completely stable after primate DNA
replication (Table 1). Similarly, a template with 30 repeats—a
length that is at the high end of the normal and stable range—
yielded no significant mutations. But many of the templates con-
taining 79 (CTG)e(CAG) repeats showed some degree of
instability. For each of the unstable pre-mutation templates, the

mutation frequency and the magnitude of repeat units gained or
lost was always greater than that observed by bacterial replica-
tion. The expansions and deletions derived from many of the
templates containing 79 repeats, and the lack of instability in any
of the 17 or 30 repeat templates, indicated that there is an associ-
ation between repeat length and instability; that is, longer repeat
tracts are more prone to mutation.

Discussion

We have developed a rapid and efficient assay to study the effect
of primate DNA replication on the stability of trinucleotide
repeat tracts in living cells. Instability required replication medi-
ated by primate cells. We used this system to analyze the effect of
cis-elements on the stability of (CTG),e(CAG),, repeats. The fac-
tors that we have examined include the length of the repeat tract,
the direction of replication and the location of replication initia-
tion. We found that these factors influence both the type of
mutation (expansions versus deletions) and the frequency of
mutations.

Notably, for a specific pre-mutation template, we observed a
high frequency of predominantly expansion mutations, the
detection of which did not require a sensitive selection-based
assay. In bacterial and yeast models of TNR instability, the pre-
dominant mutations are invariably deletions, with only rare
instances of expansion!'®?!. Along with primate cell-specific dif-
ferences, the major reason we observe a bias for expansion muta-
tions for one of seven pre-mutation templates was the location of
the replication origin relative to the repeat tract—a variable that
has not been examined previously.

Table 1 ¢ Corrected frequencies following primate replication

Distance from
SV40- ori (nt)

Repeat

Templates length

Replication initiated 5’ to CTG

pDM79B 79 332
pDM79ED 79 229
pDM79E 79 98

Replication initiated 3’ to CTG

pDM79H 79 103
pDM77HD 77 234
pDM79AP 79 536
pDM79A 79 667
pDM17 E, H, Aand B 17 see above
pDM79H in CV-1 79 103
pMT4 79 NA

Total Frequency (%)
colonies expansions  deletions
N TG
v/
120 0 Oo—E.—
156 0 —————
145 o° 13 —
=—=</
VD N\
133 9 0@ —
125 o 15 ———————
195 0° 13 ———
103 5 13 —
> 40 each 0
52 0 0 replication not
64 0 0 permitted

Corrected mutation frequencies were calculated only for repeat length distributions that were significantly different from the parental template
background (by X2-test or Fisher’s exact test; see Fig. 4). Repeat length distributions that were not significantly different from the parental background
(P>0.05) were classed as stable or having no primate cell-induced events (‘0’). Expansion and deletion frequencies mediated by primate cell replication
were corrected for background by subtracting the frequencies of ‘greater than 79 repeats’ or ‘less than 79 repeats’ events for the parental template
molecules from the frequencies of the same category for replicated products. For those events that increased after replication, the positive value
obtained is reported, whereas those events that decreased after replication are reported as ‘0%’ (no increased events).

42

nature genetics ¢ volume 31 ¢ may 2002



ul":' © 2002 Nature Publishing Group http://genetics.nature.com

article

Fig. 5 Independent analyses of primate cell-replicated material. a, PCR analy-
sis of individual pDM79H replication products (see Methods). Shown are
some of the electrophoretically resolved products and the corrected fre-
quency of mutations. Of a total of 106 primate cell-replicated molecules ana-
lyzed, 16 had ‘greater than 79 repeats’ and 25 had ‘less than 79 repeats’.
When corrected for parental template background (of a total of 109 mole-
cules analyzed, 5 had ‘greater than 29 repeats’ and 33 had ‘less than 79
repeats’), a significant bias for expansions (11% frequency, ¥2=7.09, P=0.029)
was observed. b-d, Electron microscopic analysis of pPDM79H primate replica-
tion products. b, Hirt's extracted replication products were linearized by Sacl
digestion, the unreplicated material was digested by Dpnl, and the Dpnl-
resistant Sacl material was resolved by agarose gel electrophoresis and gel
purified. This material was then digested with Pstl to release the short
repeat-containing fragment. To account for the limited amounts of contami-
nating genomic DNA“, Hirt's lysates were prepared from mock-transfected
cells and purified as above. With the exclusion of Dpnl digestion, the bacter-
ial parental template was treated identically. ¢, Reverse contrast electron
micrographs of DNAs. Scale bar, 100 nm. d, Determination of the contour
lengths of individual repeat-containing fragments (see Methods). Individual
parental (n=124, open bars) and primate cell-replicated molecules (n=30,
filled bars) were batched according to size and scaled according to the per-
centage of molecules with that size. The length distribution of the replicated
material is significantly different (longer) than that of the parental material
(Wilcoxon two-sided test, P=0.0005).

Effect of tract length

In individuals affected by TNR-associated disease, both the unsta-
ble transmission and the somatic instability (expansions and dele-
tions) of CTG/CAG repeats are sensitive to the length of the repeat
tract, which is a hallmark of dynamic mutations">°. We observed a
similar association between the length of the repeat tract and repeat
instability. All of the templates containing 17 (CTG)e(CAG) repeats
were stable, whereas five out of seven templates containing 79
(CTG)e(CAG) repeats showed instability.

Most notably, the pPDM79H template showed a tendency for
expansion, which is, to our knowledge, the first experimental
observation of a predominance for expansions. The stability of a
template containing 30 repeats—a length that has been observed
rarely to be genetically unstable in humans—places the stability
threshold between 30 and 79 repeats. Thus, our primate replica-
tion system recapitulates both the length-dependent instability
and the bias for expansions seen in affected humans.

Effect of replication direction

We observed that the direction of replication affected the stability
of (CTG)e(CAG) repeats. Bacterial and yeast models of TNR
instability tend to delete repeat tracts, with only rare instances of
expansion'®?1:2224 In these systems, deletions predominate
regardless of the direction of replication; however, the frequency
of deletions is greater when the CTG strand is the template for
lagging-strand synthesis!®21:2224 Unlike bacterial and yeast
models!*2122, the effect of replication direction in our primate
system manifested as differences in mutation type (expansions
versus deletions). Changing the direction of replication while
maintaining the distance of initiation to the repeat resulted in
marked shifts from biases for expansions to biases for deletions
(compare pDM79H with pDM79E) or shifts from biases for
deletions to stable intact repeats (compare pDM77HD with
pDM79ED; Table 1 and Fig. 6). Thus, changing only the direc-
tion of replication while maintaining the location of initiations
has a marked effect on TNR instability.

Effect of location of replication initiation

Systematic analysis of the effect of location of replication initia-
tion on TNR stability showed that profound differences in repeat
stability result from changing the location of replication initia-
tion. Of seven pre-mutation templates, one showed predomi-
nantly expansions, three showed predominantly deletions, one
showed both expansions and deletions and two were stable. The
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location of initiation was as strong a determinant of repeat stabil-
ity as was replication direction. Changing the location of replica-
tion initiation while maintaining the direction of replication
resulted in marked shifts from biases for expansions to biases for
deletions (compare pPDM79H with pDM77HD) or shifts from
biases for deletions to stable intact repeats (compare pDM79E
with pDM79ED; Table 1 and Fig. 6).

Only long tracts were unstable, and expansions were detected
primarily for a template that used CAG as the lagging-strand
template, which provides support for the hairpin model'®*? that
is based on the increased thermodynamic stability of the CTG
hairpin over the CAG hairpin. However, deletions and not
expansions were detected for a different template (pDM77HD)
that used the CAG as the lagging-strand template (but that was
located in a different portion of the OIZ). This shows that the
location of the repeat with respect to the OIZ is a more crucial
determinant of repeat instability than is the differential ability to
form hairpins.

Why were types of mutation events altered by a minor change
(approximately 130 nt) in the location of replication initiation?
Several factors might contribute to this location-dependent
effect, and understanding the processes that occur at a primate
replication fork may provide some insight.

Replication fork dynamics and dynamic mutations

Repeat instability might require the initiation of Okazaki frag-
ments within particular locations of the repeat tract, which
would result in an Okazaki fragment with repeats at its 3" or 5
termini. Various factors contribute to the selection of sites used
for Okazaki initiation and affect whether initiation occurs within
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Fig. 6 Replication fork dynamics and instability of a 5'
CTG and CAG repeats. The location and the
sequence of the repeat in the 0122530 determines
both instability and mutation type (expansion
versus deletion). The OIZ is the region of roughly
290 nt of single-stranded, lagging-strand tem-
plate DNA at the replication fork?>3°. The loca-
tions of the repeat tracts within the indicated
OIZ were determined from the location of the
SV40-OBR3% where replication is initiated. a, For 3
pDM79E, the OBR is 98 nt from the repeat, the

last two-thirds of the OIZ consists of CTG repeats, ¢
and replication yields predominantly deletions.

b, For pDM79H, the OBR is 103 nt from the
repeat, the last two-thirds of the OIZ consists of
CAG repeats, and replication results in a bias for
expansions. ¢, For pDM79ED, the OBR is 229 nt
from the repeat, the first two-thirds of the OIZ
consists of CTG repeats, and repeat tracts were
stably replicated. d, For pDM79HD, the OBR is

234 nt from the repeat tract, the first two-thirds 3 )
of the OIZ consists of CAG repeats, and replica-
tion yields predominantly deletions. e, The loca-
tion of Okazaki fragment initiation may
determine the propensity to form specific muta-
genic intermediates, the aberrant metabolism of
which may result in repeat instabilities. Longer,
rather than shorter (rightmost), nascent repeat
tracts at Okazaki termini may more readily form
these structures.

f

pDM79E

pDM79ED

e

gy,
g

the repeat or not. Human and SV40 Okazaki fragments have an
average length of 135-145 nt (refs 25,27,30), and their priming is
coordinated with leading-strand synthesis?®2?° (Fig. 1a). Priming
occurs within an OIZ?8, which is a region of single-stranded tem-
plate DNA of approximately 290 nt (Fig. 1a).

The boundaries of the OIZ are defined at the downstream end
by the initiation site of the previous Okazaki fragment and at the
upstream end by the progressing fork. Short repeat tracts would
occupy a small proportion of the OIZ, whereas premutation
repeat tracts (roughly 80 repeats or 240 nt) or longer tracts could
span the OIZ and might experience increased initiation events.
Changing the location of the OBR*® will alter the boundaries of
the OIZ, which in turn will alter the sites available for Okazaki
priming and processing. Altering the distance of the replication
origin from the repeat will probably affect the location of the
repeat in the single-stranded OIZ (Fig. 6). This may determine
where Okazaki priming will occur within the repeat. Priming at
the beginning of the repeat tract will result in an Okazaki frag-
ment with a long stretch of repeats at its termini, whereas prim-
ing at the end of the tract will result in a short stretch of repeats.

In our system, moving the location of the SV40-OBR relative
to the pre-mutation repeat tract had marked effects on the stabil-
ity of the repeat. For pPDM79H, in which the last two-thirds of the
OIZ consists of CAG repeats (Fig. 6b), we found a bias for expan-
sions. In contrast, for pPDM77HD, in which the first two-thirds of
the OIZ comprises CAG repeats (Fig. 6d), we observed predomi-
nantly deletions. Similarly, we saw predominantly deletions for
pDMZ79E, in which the last two-thirds of the OIZ consists of CTG
repeats (Fig. 6a). The repeat was stable for pPDM79ED, in which
the first two-thirds of the OIZ comprises CTG repeats (Fig. 6¢).
Clearly, marked alterations in stability result from moving the
site of initiation by increments of an Okazaki fragment (approxi-
mately 130 nt) relative to the repeat tract (Fig. 1d). Expansion
events seem to require priming within a particular location of the
template CAG repeat tract, which results in an Okazaki fragment
that terminates in a long tract of CTG repeats.

How can the location of the repeat tract within the OIZ deter-
mine repeat instability? An Okazaki fragment that terminates in
a long tract of repeats might facilitate the formation of muta-
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genic intermediates. Such intermediates (Fig. 6¢e) include hair-
pins*? or slipped-strand structures’®-3% that form between
nascent and template strands; between the two nascent strands,
which may occur through replication fork reversal**=4%; or
between the two template strands, which may block or pause fork
progression?’. The sequence (CTG or CAG) and the number of
repeats at the terminus might affect both the type and the
propensity of structure formation. Longer rather than shorter
nascent repeat tracts at Okazaki termini might form these struc-
tures more readily. The metabolism of the structural intermedi-
ates may lead to efficient or error-prone processing by
replication?>?432-34 repair’’4%47 or recombination pro-
teins*3=4>48  all of which could lead to instability. Although other
explanations are possible, it is clear that striking differences in
(CTG)e(CAG) stability result from the location of replication
initiation relative to the repeat tract.

Implications

Changing the location of the SV40-ori relative to the repeat tract
results in profound differences in mutation. A similar location
effect may explain DM1 founder chromosomes and their possi-
ble predisposition to CTG expansion'>!3. The location of the
human chromosomal replication origin that replicates the DM1
region is not known, and it may differ between individuals
affected with DM1 and nonaffected individuals. The distance
between the chromosomal replication origin and the CTG repeat
may be affected by the 1-kb Alu insertion found on all chromo-
somes with expanded DM1 repeats'3. (The Alu insertion is 5 kb
telomeric of the CTG repeat.) A similar distancing effect may be
caused by other DM1 chromosome-specific insertion/deletion
polymorphisms of 0.5 kb that are either telomeric or centromeric
of the CTG repeat!?. In addition to differential replication origin
use, the location of the OIZ relative to the repeat tract might vary
between different tissues—a factor that may explain the tissue-
specific instabilities®.

Factors other than the location of replication origins can affect
the location of priming initiation of Okazaki fragments relative
to the repeat tract. Sequence variations in the proximal nonre-
peating regions that flank the repeats may alter replication fork
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dynamics at the repeats: differences in the density of 3’-PurineT-
5’ priming ‘hotspots™>®4° on either side of the repeat tract may
affect the location of Okazaki priming before, within or after the
repeat tract. Sequence- or tissue-specific nucleosome positioning
in the flanks may affect the priming sites of Okazaki fragments?8.
In this manner, the different chromosomal contexts might
explain the variable amounts of instability of similar lengths of
CTG/CAG tracts observed at the DM1 locus compared with
those observed at the locus associated with spinobulbar muscu-
lar atrophy>! L1415,

We have presented a model system that recapitulates both the
length effect and the bias for expansions observed in individuals
affected with TNR-associated diseases. Because the bias for
expansions occurs on a specific replication template within pri-
mate cells that are competent for DNA replication and repair
processes, these results are conclusive evidence for the participa-
tion of cis-elements in TNR instability.

Methods

Construction of SV40 replication templates. Genomic clones of DM1
(CTG),, have been described®®*%. We subcloned the EcoRI-HindIII (CTG),-
containing fragments into pBLUESCRIPT KSII+ (Stratagene). All clones
used in this study had the repeat in the stable orientation relative to the unidi-
rectional bacterial ColE1 origin of replication (CAG strand is the lagging-
strand template). We confirmed the length and purity of all (CTG),, repeat
tracts by sequencing. The Sphl-HindIlI fragment (viral nucleotide positions
128 and 5,171, respectively) of the SV40 virus, which contains the SV40-ori,
was amplified by PCR (primers are available on request) and inserted into
pBLUESCRIPT KSII+ using the Xbal site in the primers. This 219-nt frag-
ment contains the SV40-OBR (viral nucleotide position 5,210/5,211)%,
which is located 44 nt from the viral HindIII site. The SV40-ori was cloned as
a blunted Xbal fragment into the AfIIII, HindIII, EcoRI or BglI (nucleotide
472, Fig. 1b) site of pBLUESCRIPT KSII+. For each clone, we confirmed the
orientation of the SV40-ori by restriction analysis.

We used dam* E. coli for large-scale plasmid preparations as described>®.
Briefly, cells were collected and lysed with lysozyme (Gibco) and a detergent
solution of 1% Brij 58 (Sigma) and 0.4% deoxycholate (Sigma). Plasmids
were treated with RNAse A and T1 (Sigma), extracted with phenol and puri-
fied twice by caesium chloride/ethidium bromide centrifugation.

Primate cell culture/transfections. COS-1 cells** were grown in DMEM
supplemented with 10% (vol/vol) fetal bovine serum (FBS). A day before
transfection, cells were plated to a confluency of 20% in 100-mm diameter
dishes. On the following day, cells (at 40% confluency) were incubated for
4 h with 5 pg of plasmid DNA and 50 pl of Lipotaxi transfection reagent
(Stratagene) in 4 ml of DMEM lacking FBS. We then added 5 ml of DMEM
supplemented with 20% FBS and incubated the cells for 24 h, before
replacing the medium with fresh DMEM (10% FBS). We extracted episo-
mal DNAs 48 h after the addition of DNA as described*® using 100 mM
Tris-HCI (pH 7.5), 1 mM EDTA and 0.6% SDS. The DNA was purified
with several phenol/chloroform extractions, ethanol precipitated and
resuspended in 10 mM Tris-HCI (pH 7.6) and 1 mM EDTA.

Mutation analysis/STRIP assay. Mutation analysis was done with the
STRIP assay as outlined in Fig. 2. Episomal DNAs isolated from the trans-
fected cells were digested with 10 U of Dpnl*! (New England Biolabs) for 3 h
at 37 °C in 150 mM NaCl, 70 mM Tris-HCI (pH 7.6) and 1 mM dithiothre-
itol to eliminate unreplicated parental material. We monitored the effective-
ness of Dpnl digestion by transforming Dpnl-digested bacterially grown
plasmids into E. coli, which yielded no colonies. Dpnl-digested Hirt’s mate-
riald was transformed into E. coli*!. We picked individual bacterial
colonies, each representing individual products of primate replication, and
cultured them for a limited growth period (6-h maximum, 4-6 genera-
tions) in 3 ml of Luria broth containing 30 pg ml~! ampicillin. All plasmid
DNAs were isolated by Wizard SV Prep (Promega). We tested more than 15
bacterial strains, including SURE, Stbl2, HB101, XL1-Blue MR, XL1-Blue
MUTS, NR8041 (mutS101), NR8039 (mutH101), ER1801, DH50-mcr and
DH50-Mutl10, for their ability to propagate stably the (CTG),-containing
plasmids. To analyze the SV40 replication products, we selected DH50-mcr
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(Gibco) because of its ability to propagate stably (CTG),-containing plas-
mids (J.D.C. and C.E.P,, unpublished results). We minimized the bacterial
contribution for all clones by: first, having the (CTG)®(CAG) repeat in the
stable orientation relative to the unidirectional bacterial ColEl origin of
replication; second, a limited colony growth time (6 h); and third, bacterial
strain selection. By using these stringent conditions, we can maintain stably
as many as 255 CTG repeats in bacteria®®33. In addition, all primate muta-
tion frequencies were corrected to account for any bacterial background or
length heterogeneity in a template preparation.

Expansion and deletion events were scored by analyzing the repeat
tracts in miniprep DNA relative to the same starting material. Repeat-
containing restriction fragments were resolved on high-resolution 4%
polyacrylamide gels®3.

Corrected frequencies of expansion or deletion generated by primate
replication (Table 1) were calculated by subtracting the background repeat
length heterogeneities in the parental plasmid preparation. Because the
degree and distribution of length heterogeneity can vary between different
bacterial preparations of the same template, it is essential that the same
template preparation that is used for primate cell transfection is used for
bacterial background correction. We determined the background levels for
each preparation of each template by direct bacterial transformation and
analysis of single colonies (1>100). Only statistically significant differences
(%% P< 0.05) are reported.

The magnitudes of repeat length changes were determined by elec-
trophoretic sizing of the repeat-containing fragments relative to the same
starting length material and a known set of markers®. To confirm that the
changes observed were caused by changes in the repeat tract length, sam-
ples were electrotransferred (1.5 mA/cm?, 45 min; Panther Semidry Elec-
troblotter (HEP-1), Owl Separation Systems) to a Biodyne B membrane
(0.45 pm, Pall Corporation). The membrane was probed with a 32P-
labeled (CTG),5 oligonucleotide and exposed to film. We also analyzed
selected products of expansion and deletion events by sequencing.

We compared the distribution of plasmid isomers in the primate
cell-replicated DNAs with that of the parental DNAs by Southern-blot
analysis. There was no difference between the two, which indicated that the
replication products were monomeric (excluding recombination events
taking place outside the repeat).

Electron microscopic analysis of replication products. We purified pri-
mate cell-replicated DNAs as described in the legend of Fig. 5 and mount-
ed them for electron microscopy as described®>0. Briefly, the indicated
gel-purified DNAs were mixed in a buffer containing 2 mM spermidine,
adsorbed to glow-charged carbon-coated grids, washed with a graded
water/ethanol series and rotary shadow cast with tungsten. We examined
samples on a Philips 420 electron microscope and took micrographs on
sheet film. A Cohu CCD camera attached to a Macintosh computer pro-
grammed with IMAGE software (NIH) was used to form the images and to
measure the contour length of DNA molecules.

PCR mutation analysis. Replication products were purified and treated
as for STRIP analysis, except that the analysis of individual replication
products was done by colony PCR amplification and not by bacterial cul-
ture. PCR reactions contained Taq DNA polymerase (Roche), the sup-
plied buffer, 5% dimethyl sulfoxide and primers that flanked the repeat
tracts (primers are available on request). The amplification conditions
were 95 °C for 5 min, 25 cycles of 95 °C for 1 min, 65 °C for 1 min, 72 °C
for 1 min, and 72 °C for 5 min. Products were resolved on a 1.5% agarose
gel in 1 X TBE at 7V/cm for 3 h, in the presence of 50 ng ml~! ethidium
bromide. The frequency of mutations were corrected for length hetero-
geneity in the starting template as described above .
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