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Summary

Evidence for genetic anticipation has recently become
an important subject of research in clinical psychiatric
genetics. Renewed interest in anticipation was evoked
by molecular genetic findings of a novel type of mutation
termed "unstable DNA." The unstable DNA model can
be construed as the "best fit" for schizophrenia twin
and family epidemiological data. We have performed
a large-scale Southern blot hybridization, asymmetrical
PCR-based, and repeat expansion-detection screening
for (CAG),J(CTG),, and (CCG)./(CGG),, expansions in
eastern Canadian schizophrenia multiplex families dem-
onstrating genetic anticipation. There were no differ-
ences in (CAG)./(CTG)" and (CCG)"/(CGG)" pattern
distribution either between affected and unaffected indi-
viduals or across generations. Our findings do not
support the hypothesis that large (CAG)"/(CTG),, or
(CCG)"/(CGG)M expansions are the major etiologic fac-
tor in schizophrenia. A separate set of experiments di-
rected to the analysis of small (30-130 trinucleotides),
Huntington disease-type expansions in individual genes
is required in order to fully exclude the presence of
(CAG),/(CTG),- or (CCG),/(CGG)"-type unstable mu-
tation.

Introduction

Evidence for genetic anticipation has been an interesting
development in clinical psychiatric genetics. Genetic an-
ticipation, a phenomenon that exhibits increased disease
severity and earlier age at onset (AAO) in younger gener-
ations, was first described in psychiatric disorders more
than three quarters of a century ago (Mott 1911). No
reasonable explanation for anticipation was available
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within the Mendelian paradigm until recently, and the
majority of geneticists tended to interpret this finding as
a statistical artifact-a result of a number of ascertain-
ment biases (Penrose 1948).
Renewed interest in anticipation was evoked by mo-

lecular genetic findings of a novel type of mutation
termed "unstable DNA." Unstable DNA, or an expan-
sion of trinucleotide repeats, has been found to cause
several neuropsychiatric disorders, including myotonic
dystrophy, fragile X, spinal and bulbar muscular atro-
phy, spinal cerebellar ataxia 1, Huntington disease (re-
viewed in Caskey et al. 1992; Richards and Sutherland
1992; Sutherland and Richards 1992; Ross et al. 1993),
dentatorubral pallidoluysian atrophy (Koide et al. 1994;
Nagafuchi et al. 1994), and Machado-Joseph disease
(Kawaguchi et al. 1994).

In psychiatric genetics, building upon several studies
prior to the unstable-DNA era (Mott 1911; Penrose
1971; Gindilis 1979), there have been a number of re-
cent investigations of anticipation in schizophrenia
(Asherson et al. 1994; Bassett and Honer 1994; Sharma
et al. 1994) and bipolar affective disorder (McInnis et
al. 1993; O'Neil et al. 1993; Nylander et al. 1994). All
of these studies have demonstrated an earlier AAO in
younger generations, which is consistent with the antici-
pation hypothesis. Comparison of the intergenerational
differences in disease severity, although relatively more
difficult to measure than the AAO, is less sensitive to
ascertainment biases in comparison with the AAO. In
two studies (McInnis et al. 1993; Bassett and Honer
1994), disease severity was evaluated and determined to
be more severe in younger generations, thus corroborat-
ing the anticipation hypothesis.
DNA instability provides a new opportunity to reeval-

uate a wide spectrum of controversial empirical findings
in schizophrenia genetics. The unstable-DNA model is
able to account for both polygenic and single-major-
locus inheritance patterns of schizophrenia (Petronis and
Kennedy 1995). Unstable trinucleotide repeats can simu-
late an additive effect of a large number of genes with
small effect. On the other hand, unlike classical additive
genes dispersed through the chromosomes, the patho-
genic unstable trinucleotides are concentrated within
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one genetic locus and therefore may segregate as a single
gene.
The unstable-DNA hypothesis in schizophrenia can

be tested by a set of independent molecular genetic meth-
ods for direct detection of trinucleotide-repeat expan-
sion. Riggins et al. (1992) and Li et al. (1993) proposed
the screening of cDNA libraries for genes containing
GC-rich trinucleotide-repeat sequences. This strategy,
although labor intensive, is useful for detecting relatively
short (Huntington disease-type, 30-130 trinucleotide)
expansions and already has proved to be efficient in
cloning the gene of dentatorubral pallidoluysian atrophy
(Koide et al. 1994; Nagafuchi et al. 1994).
A method for direct detection (repeat-expansion de-

tection [RED]) was developed by Schalling et al. (1993).
An advantage of this technique is that it does not require
isolation of cDNA clones or information on regions
flanking the unstable DNA. An application of this
method to the screening of Danish schizophrenia kin-
dred revealed several patients with a relatively large
(CTG)17 oligonucleotide ligation product (Sirugo et al.
1995). In association studies, a statistically significant
shift toward larger (CTG)10 and (CTG)17 oligonucleo-
tide ligation products was detected for unrelated schizo-
phrenia and bipolar-affective-disorder patients in com-
parison with unaffected controls (Lindblad et al. 1995;
Morris et al. 1995; O'Donovan et al. 1995). A similar
trend, although not statistically significant, has been ob-
served in our own study of unrelated schizophrenia and
bipolar-affective-disorder patients compared with
matched controls (Vincent et al. 1996). In addition to
the RED technique, a set of methods that include PCR
and two DNA hybridization-based methods for direct
detection of unstable-DNA expansion in genomic DNA
was developed recently by us for detection of large DNA
expansions (Petronis et al. 1996). These direct-detection
methods are able to unambiguously detect large, myo-
tonic dystrophy range, trinucleotide-repeat expansions.
The specific goal of this study was to search for large
(CAG)"/(CTG)" and (CCG)n/(CGG)n expansions as the
major etiologic factor in schizophrenia multiplex fami-
lies demonstrating evidence for genetic anticipation.

Subjects and Methods

Subjects
The subjects were 81 members of five eastern Cana-

dian schizophrenia multiplex families showing genetic
anticipation (Bassett and Honer 1994). Thirty-nine indi-
viduals were from the index generation, 31 were from
the parental generation, and 11 were from the grandpa-
rental generation. Ascertainment and diagnostic assess-
ments have been described in detail elsewhere (Bassett
et al. 1993; Bassett and Honer 1994). Research diagnos-
tic-criteria diagnoses were assigned by consensus of two

psychiatrists (A.S.B. and W.G.H.). Twenty-three indi-
viduals were affected with schizophrenia, schizoaffective
disorder, or schizophrenia spectrum disorder, and 58
were unaffected.

Laboratory Techniques
Southern blotting and hybridization.-Given the

proper conditions, our standard Southern blotting tech-
nique is able to detect a genomic DNA fragment con-
taining ¢300 (CTG)J(CAG)" trinucleotide repeats (Pe-
tronis et al. 1996). Using this method, we screened
genomic DNA samples from subjects as follows. Five
micrograms of total genomic DNA were digested with
25-30 U of restriction enzyme overnight, under the
manufacturer's (New England Biolabs) recommended
conditions. The digested DNA was electrophoresed on
0.8% agarose gels at 50 V for 16-20 h. The gels were
blotted to Hybond-N' membranes (Amersham), with 2
x SSC used as transfer buffer.
The large (CAG)"/(CTG)" fragments that were em-

ployed as the DNA probe in the hybridizations were
generated by PCR extension of complementary oligonu-
cleotides (CAG)7 and (CTG)7. The PCR amplification
was performed by use of 1.0 U of Taq polymerase in
the presence of 0.05 gg each of (CAG)7 and (CTG)7
oligonucleotides, 50 mM KCl, 10 mM Tris-HCl pH 8.3,
1.5 mM MgCl2, 200 gM each of dATP, dCTP, and
dTTP, 100 jiM dGTP, 100 jM 7-deaza-dGTP, and di-
methyl sulfoxide (DMSO) 10%. The cycling conditions
consisted of 30 cycles at 95°C for 15 s, 54°C for 15 s,
and 72°C for 15 s. Radioactive labeling of 50-100 ng
(1-2 ,ul) of the PCR product was performed by use of
the Multiprime labeling kit (Amersham) and 50-100
,Ci of 32P-a-dCTP (5,000 Ci/mmol). Incorporation of
radioactive dCTP reached 30%-60%, and specific ac-
tivities of the probes were 108-109 dpm/,ug. Separation
of unincorporated radioactive dCTP was performed on
a Sephadex G-50 Column DNA grade (NICK TN Col-
umns; Pharmacia).
Two myotonic dystrophy DNA samples with 1.0-kb

and 2.2-kb (CAG)n/(CTG)" expansions were used as
positive controls. The size of the expansions was evalu-
ated by standard Southern blotting hybridization with
a specific DNA probe for the myotonic dystrophy gene
(Petronis et al. 1996).

Hybridization for the restriction enzyme-digested ge-
nomic DNA was performed at 63°C for 14-20 h in 1.5
x SSPE, 10% SDS, 10% PEG, 100 jg of herring sperm
DNA/ml, and 2-3 x 107 dpm of DNA probe/20 ml of
hybridization solution (one 22-cm X 22-cm membrane).
Washing of the membranes containing genomic DNA
was performed three times in 0.3 x SSC and 0.1% SDS,
at 20°C for 40 min each time and then twice at 65°C
for 40 min. The membranes were exposed to Kodak X-
ray film for 1-3 d at -70°C, with intensifying screens.
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In order to avoid a false-negative result due to poten-
tial somatic mosaicism of the expansion site (see the
Discussion section in Petronis et al. 1996), a variety of
different restriction enzymes was applied. For detection
of (CAG)n/(CTG)n expansion, we tested eight restriction
enzymes in the genomic digests: ApaL1 (rare cutter);
BstEII (quite-rare cutter); HindIII, EcoRI, and HincIII
PstI (average cutters); and the relatively frequent cutters
TaqI, MspI, and BstNI. The total number of genotypings
performed was 648. For detection of (CCG)n/(CGG)n
expansion a total of five enzymes (BstEII, PstI TaqI,
MspI, and BstNI) were used, and a total of 405 genotyp-
ings were performed.

Asymmetrical PCR.-The asymmetrical PCR-based
method can be used as an additional test for large (>0.5-
kb) trinucleotide RED (Petronis et al. 1996). An asym-
metrical extension of a (CAG)7 primer was performed
with 0.5 gg of total genomic DNA from each subject.
In order to reduce the DNA-template variability across
samples, equal amounts of DNA template are required.
We double-checked DNA concentrations by using spec-
trophotometer measurement of optical density and
ethidium bromide visualization on agarose gels. The
other components in the PCR mixture were 2.0 U of Taq
polymerase (Perkin Elmer Cetus), 0.05 jig of (CAG)7
oligonucleotides, 50 mM KCI, 10 mM Tris-HCl pH 8.3,
1.5 mM MgCl2, 200 jM each of dATP, dCTP, 100 jM
dGTP, 100 jM 7-deaza-dGTP, and 10% DMSO in a
total volume of 25 jil (Perkin Elmer Cetus 9600 ther-
mocycler). The cycling conditions consisted of 150 cy-
cles at 950C for 30 s, 560C for 60 s, and 720C for 60 s.
After the first 75 cycles an additional 2.0 U of Taq
polymerase were added. The PCR product was loaded
onto a 1.5% agarose gel and electrophoresed for 3 h at
100 V in a standard Pharmacia LKB gel tank. The gel
was blotted on a Nylon-N' membrane (Amersham)
overnight. Hybridization with the (CAG)n/(CTG)n probe
was performed as described above in the discussion of
Southern blot technique. The membranes with the asym-
metrical PCR products were washed three times in 0.1
x SSC and 0.1% SDS at 20'C for 40 min, then twice
at 650C for 40 min.
RED analysis.-RED was performed as described by

Schalling et al. (1993), with minor alterations (Sirugo
and Kidd 1995), on a subsample of 50 individuals from
four families. Two micrograms of genomic DNA and
100 ng of the phosphorylated oligonucleotide (CTG)1o
were used in the ligase chain reaction. After denatur-
ation at 98°C for 5 min, 5 U of the thermostable DNA
ligase, Ampligase (Epicentre Technologies), were added,
and the reactions were cycled at 70°C for 30 s and at
94°C for 10 s, for 396 cycles. The same DNAs from
two myotonic dystrophy individuals as were used in
the Southern blotting approach were used as positive
controls. Electrophoresis was performed as described by

Schalling et al. (1993), and then the product was capil-
lary blotted overnight onto Hybond-N+ soaked in 1
X Tris-borate EDTA and covered with four layers of
3M paper. The DNA was UV cross-linked to the mem-
brane by means of Stratalinker (Stratagene). The mem-
branes were prehybridized for 1 h in Amasino buffer
(7% SDS, 10% polyethylene glycol, 0.25 M NaCl, and
0.13 M phosphate buffer, pH 7.2) at 65°C and then
hybridized for 16 h in the same buffer with (CAG)1o 3'
end-labeled with 32P-adCTP (NEN-Dupont), with ter-
minal deoxynucleotidyl transferase (Gibco-BRL). The
membranes were washed twice for 30 min in 1 x SSC
and 0.1 % SDS at room temperature and then twice for
30 min in the same solution at 64°C. Autoradiography
was performed for 16 h-3 d, with intensifying screens
at -80°C and NEN/Dupont X-ray film.
We also tested a (CTG)17 oligonucleotide, as sug-

gested in Schalling et al.'s (1993) original paper. DNA
from 51 subjects, including 24 members of five new
schizophrenia families showing anticipation, was exam-
ined under the same experimental conditions as were
used for the (CTG)1o oligonucleotide. Scoring of South-
ern blot hybridization, asymmetrical PCR, and RED au-
toradiograms was independently performed by two in-
vestigators who were blind to affected status of tested
individuals.

Statistical Analysis
Means of ligation-product size for affected and unaf-

fected groups were assessed by the t-test. The Wilcoxon
rank-sum test was used to compare parental and pro-
band generation ligation-product size; a Kruskal-Wallis
test also was employed as a X2 approximation.

Results

Southern Blot Hybridization-Based Screening
Southern blot hybridization-based screening showed

no evidence for large (CAG),/(CTG), and (CCG),/
(CGG)n expansions. In the case of the (CAG),/(CTG),
hybridization, 10-25 DNA fragments were revealed on
the autoradiogram. In most cases these hybridization
bands were monomorphic in the affected and unaffected
individuals of all families. The highest degree of DNA-
fragment-length variation was detected for the fre-
quently cutting enzymes, such as MspI and BstNI. None
of these polymorphisms correlated with affected status.
Possibly the variation of the bands was due to the pres-
ence of a polymorphic restriction site in the trinucleotide
repeat-flanking region, because, in comparison with
other DNA hybridization bands, there was no difference
in the hybridization signal intensity. Such difference in
hybridization signal intensities was clearly detected in
the analysis of myotonic dystrophy DNA (fig. 1).

In the case of (CCG)n/(CGG)n blot hybridization, the
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Figure 1 Southern blot analysis of eastern Canadian schizophre-
nia family members, using a (CTG)J(CAG)" repeat probe. DNA sam-

ples from family members were digested with BstNI, electrophoresed
on a 1.0% agarose gel, and blotted onto nylon membranes. Hybridiza-
tion with the PCR-generated t-repeat probe revealed the presence of
(CTG),J(CAG),,-containing bands but no evidence for large (CTG)J
(CAG)" trinucleotide expansions in the affected individuals. The 2.2-
kb expansion in the myotonic dystrophy DNA (lane DM) was used
as a positive control and produced the strong hybridization signal at

the level of 2.3 kb. Sizes (in kb) are indicated in the left-hand margin
(X/HindIII). The family-member diagnoses have been altered in order
to preserve confidentiality of the study.

number of bands also varied for different restriction
enzymes. The autoradiograms of MspI blots revealed
10-15 hybridization signals with three to five polymor-
phic bands. As in the case of the (CAG)n/(CTG)n hybrid-
ization, all these polymorphic bands exhibited similar
intensity, and therefore they were unlikely to be caused
by a larger or smaller number of (CCG)n/(CGG)n repeats
within the MspI restriction fragment. In the case of
BstNI digestion, three very intensive hybridization sig-
nals plus a large number of weak ones were detected. It
is likely that the number of (CCG)n/(CGG)n loci is higher
in comparison with that of (CAG)n/(CTG)n loci but that
the (CCG)n/(CGG)n regions, or tracts, are shorter than
(CAG)n/(CTG)n ones in the human genome and that
therefore the majority of them do not provide a strong
separate band of hybridization. The absence of multiple

long tracts of the (CCG)"/(CGG)" repeats makes it easier
to detect a new expansion of this type. In summary,
none of the five enzymes testing for (CCG)"/(CGG)" un-
stable sites detected any evidence of a large expansion.

Asymmetrical PCR-Based Screening
In order to verify the Southern blot-hybridization re-

sults, the asymmetrical PCR for the same sample of 81
individuals was performed with a (CAG)7 primer. A
myotonic dystrophy DNA sample containing a 1.0-kb
(CTG)n expansion was used as a positive control. No
difference in the PCR-product hybridization pattern was
detected for affected and unaffected individuals.

In contrast to the case for (CAG)"/(CTG)" expansions,
asymmetrical PCR could not be applied for detection of
(CCG)J/(CGG)" repeats (Petronis et al. 1996). Because
of imperfect (CCG)7 oligonucleotide dimerization in the
presence of dCTP and dGTP, the oligonucleotide exten-
sion dominates over the asymmetrical synthesis from the
expanded trinucleotide region. This is valid for all
"xyy - or "xyx"-type trinucleotides, whereas the combi-
nation of "xyz" is free from the self-annealing process
during extension.

RED-Based Screening
In the RED technique with the (CTG)1o oligonucleo-

tide, the majority of individuals tested (n = 40) showed
a ligation product of 4 X (CTG)10; 5 x (CTG)1O was
identified in one individual, 6 x (CTG)1o was detected
in four, 7 x (CTG)1o in three, 8 x (CTG)1o in one, and
11 X (CTG)1o in one. Two positive controls with large
(CAG)n/(CTG)n repeats at the myotonic dystrophy locus
produced ladders of ligated (CTG)1o products. An illus-
trative autoradiograph for (CAG)n/(CTG)n trinucleo-
tide-repeat analysis by RED in the eastern Canadian
schizophrenia families is provided in figure 2.

Fifty-one individuals who also were tested with
(CTG)17 oligonucleotide demonstrated a pattern of liga-
tion products very similar to that seen with (CTG)1o. In
the majority of cases the number of ligated oligonucleo-
tides was half that for (CTG)10; that is, 4 x (CTG)1O
corresponded to 2 x (CTG)17.
The distribution of (CTG)1o RED ligation products

was similar for affected and unaffected family members.
The mean size of the ligation product was 4.64 (SD
= 0.93) in 14 affected individuals and 4.53 (SD = 1.50)
in 36 unaffected individuals (t = -0.27; P = .79). There
were no significant differences, in ligation-product size,
between 19 parental generation and 30 proband-genera-
tion subjects (z = -.64; P = .52; X2 approximation
= 0.43; df = 1; P = .51). Similar results were found for
(CTG)17 ligation products. Confirming the data of our
other methods, no evidence for (CAG)n/(CTG)n repeat
expansion in schizophrenia was detected by RED.
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Figure 2 RED in eastern Canadian schizophrenia families. A
(CTG)10 oligonucleotide was used to search for DNA expansion in 17
affected and unaffected members of a schizophrenia multiplex family.
Myotonic dystrophy DNA was used as a positive control (lane DM).
The number of ligated oligonucleotides is provided on the left-hand
side. As in figure 1, the diagnoses have been altered.

Discussion

A large-scale search for unstable-DNA loci was per-
formed in the eastern Canadian schizophrenia multiplex
families. All of these families have demonstrated strong
evidence for anticipation, suggesting that unstable tri-
nucleotide repeats might be the cause or one of the pre-

disposing factors in the etiology of schizophrenia. Three
independent laboratory approaches (Southern blot hy-
bridization, asymmetrical PCR, and RED) were applied,
and no evidence for (CAG)J/(CTG)"-repeat expansions
was detected. For (CCG)"/(CGG)n repeats, Southern blot
hybridization was applied, and, again, no trinucleotide-
repeat expansion was identified. These results suggest
that large (CAG)J/(CTG)" expansions with very high
probability-and (CCG),/(CGG), with lower probabil-
ity-can be excluded as the major cause of schizophre-
nia in our sample. Our results are consistent with other
studies searching for unstable DNA in familial schizo-

phrenia (Sirugo et al. 1994, 1995). Although several
individuals affected with major psychosis in these kin-
dreds demonstrated the presence of relatively large
(CTG)n ligation products, the overwhelming majority of
affected individuals showed no difference in comparison
with unaffected family members.
The presence of shorter (30-130 trinucleotides) can-

not yet be excluded as an etiologic factor. There are no
clear clinical criteria to differentiate between an unsta-
ble-DNA disease with a small expansion versus one with
a large expansion. All the techniques applied in the cur-
rent study detected background trinucleotide signal in
both affected and unaffected individuals. For example,
the RED approach showed that the majority of ligation
patterns fall within the limits of -30-100 trinucleo-
tides. If the size of the ligation products can be extrapo-
lated directly to the size of trinucleotide tracts in the
genome, background trinucleotide tracts could not be
distinguished from pathogenic expansions and therefore
could mask them. For the complete exclusion of the
etiologic role of (CAG),/(CTG)n or (CCG)n/(CGG)n,
testing of individual genes that contain trinucleotide re-
peats is indicated.

In schizophrenia association studies using unrelated
subjects, several independent groups have demonstrated
evidence for the presence of longer (CAG)"/(CTG), re-
peat tracts in DNA of affected individuals in comparison
with unaffected controls (Morris et al. 1995; O'Dono-
van et al. 1995; Vincent et al. 1996). Such a consistent
shift found in three different samples argues strongly for
the presence of some functionally important triplet
tracts that are longer in schizophrenia patients in com-
parison with unaffected controls, although the differ-
ence is not specific. It is important to note that these
findings do not provide any evidence for either DNA
expansion per se or other intergenerational trinucleo-
tide-repeat instability. The origin of such a shift may
result from prevalence of genetically stable alleles with
a larger number of repeats in the schizophrenia group.
The analysis of dynamics of short trinucleotide repeats
across generations in schizophrenia families is indicated,
in order to address this issue.
Another explanation for the negative results in our

multiplex families is that the evidence for anticipation
in schizophrenia is actually a statistical artifact. Despite
replicated evidence for anticipation in schizophrenia,
there is no unanimous opinion regarding the validity
of this phenomenon (reviewed in Petronis et al. 1995).
Numerous ascertainment biases may simulate genetic
anticipation, and it is rather difficult to perform an epi-
demiological study that would be free of ascertainment
biases.
An alternative interpretation-absence of trinucleo-

tide-repeat expansion does not imply absence of genuine
anticipation-should also be considered. Anticipation
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in schizophrenia may result from other, nontrinucleotide
repeat-based mechanisms. A number of diseases-such
as Parkinson disease (Payami et al. 1995), hypertrophic
cardiomyopathy (Gregor and Cerny 1992), olivopon-
tocerebellar atrophy (Dai 1991), paraganglioma (van
der Mey et al. 1989), cutaneous malignant melanoma
(Goldstein et al. 1994), rheumatoid arthritis (Deighton
et al. 1994), Blau syndrome (Raphael et al. 1993), colon
and breast cancer, Alzheimer disease, and diabetes melli-
tus (Paterson et al. 1996)-have shown evidence of ge-
netic anticipation. Can genetic anticipation in these dis-
eases be rejected on the basis of either phenomenological
dissimilarities with currently known unstable-DNA dis-
eases or absence of trinucleotide-repeat expansion in the
diseases' genes? Other genetic factors related to the dis-
ease gene may control the timing of the pathogenic pro-
cess. Even in unstable-DNA diseases, the causal relation-
ship between DNA expansion and AAO remains to be
proved. Experimental data show that the degree of
expansion correlates inversely with AAO, but there is
no evidence that larger expansions directly cause earlier
AAO. New mechanisms of genetic anticipation may be
beyond our imagination now, as was the existence of
unstable DNA several years ago.
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