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Jump from Pre-mutation
to Pathologic Expansion in C9orf72

Zhengrui Xi,1,9 Marka van Blitterswijk,2,9 Ming Zhang,1,9 Philip McGoldrick,1 Jesse R. McLean,1

Yana Yunusova,3,4 Erin Knock,1 Danielle Moreno,1 Christine Sato,1 Paul M. McKeever,1,5

Raphael Schneider,1,5 Julia Keith,3 Nicolae Petrescu,3,6 Paul Fraser,1 Maria Carmela Tartaglia,1,6

Matthew C. Baker,2 Neill R. Graff-Radford,7 Kevin B. Boylan,7 Dennis W. Dickson,2 Ian R. Mackenzie,8

Rosa Rademakers,2 Janice Robertson,1,5 Lorne Zinman,3,6,* and Ekaterina Rogaeva1,6,*

An expanded G4C2 repeat in C9orf72 represents the most common known genetic cause of amyotrophic lateral sclerosis (ALS) and fron-

totemporal lobar degeneration (FTLD). However, the lower limit for pathological expansions is unknown (the suggested cutoff is 30 re-

peats). It has been proposed that the expansion might have occurred only once in human history and subsequently spread throughout

the population. However, our present findings support a hypothesis of multiple origins for the expansion. We report a British-Canadian

family in whom a ~70-repeat allele from the father (unaffected by ALS or FTLD at age 89 years) expanded during parent-offspring trans-

mission and started the first generation affected by ALS (four children carry an ~1,750-repeat allele). Epigenetic and RNA-expression an-

alyses further discriminated the offspring’s large expansions (which were methylated and associated with reduced C9orf72 expression)

from the ~70-repeat allele (which was unmethylated and associated with upregulation of C9orf72). Moreover, RNA foci were only de-

tected in fibroblasts from offspring with large expansions, but not in the father, who has the ~70-repeat allele. All family members

with expansions were found to have an ancient known risk haplotype, although it was inherited on a unique 5-Mb genetic backbone.

We conclude that small expansions (e.g., 70 repeats) might be considered ‘‘pre-mutations’’ to reflect their propensity to expand in the

next generation. Follow-up studies might help explain the high frequency of ALS- or FTLD-affected individuals with an expansion but

without a familial history (e.g., 21% among Finnish ALS subjects).
It is now recognized that amyotrophic lateral sclerosis (ALS

[MIM: 612069]) and frontotemporal lobar degeneration

(FTLD [MIM: 600274]) have significant clinico-patholog-

ical overlap. ALS symptoms are caused by the degeneration

of motor neurons in the cerebral cortex, brainstem, and

spinal cord and lead to paralysis and death, most

commonly as a result of respiratory failure;1 FTLD symp-

toms are caused by the degeneration of the frontal and

temporal lobes of the cerebral cortex and lead to a behav-

ioral and/or language disorder.2 Several overlapping genes

have been associated with ALS and FTLD, providing strong

evidence of common pathological mechanisms.3 An

expanded G4C2 repeat in the non-coding region of

C9orf72 (MIM: 614260) represents the most common

known genetic cause of both ALS and FTLD in populations

of European ancestry.4,5 It has been detected in up to 29%

of FTLD and 50% of ALS subjects, as well as 88% of subjects

with both FTLD and ALS symptoms, including familial and

simplex individuals.4,6,7

The size of expansions is very variable, and whether

these alleles have the same pathological significance is un-

known. Even the lower limit for pathological expansions is

not yet established, and the majority of studies use the
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originally suggested cutoff of 30 repeats.4,5 Because most

of C9orf72 genotyping is done by repeat-primed PCR (rp-

PCR), the exact size of the expansion cannot be deter-

mined beyond a certain length (i.e., when it is larger

than 50–70 repeats). When measured by Southern blot,

the estimated size of large expansions can vary from

several hundred to thousands of repeats;8–10 however,

some individuals show relatively small expansions (30–

150 repeats).6,10,11 Whether these small expansions have

pathogenic significance needs to be studied carefully.

For example, we reported a Parkinson-disease-affected

individual who carries 39 repeats that do not segregate

with disease.6

The suggested C9orf72-related disease mechanisms are

complex. One possibility is loss of function through hap-

loinsufficiency, supported by the fact that individuals

with expansions show ~50% fewer C9orf72 transcripts,4,5

possibly as a result of epigenetic alterations. Indeed, we pre-

viously demonstrated that DNA hypermethylation of a

CpG island adjacent to the 50 end of the G4C2 repeat is

expansion specific.12,13 Moreover, a higher degree of

methylation was associated with familial ALS and shorter

disease duration.12 Given that hypermethylation was only
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Figure 1. Pedigree of Family PED25
Individual ID and C9orf72 genotype are shown
beneath the corresponding diamond. Arabic
numbers indicate the repeat number, and
‘‘exp’’ represents the expansion allele. The
age at time of examination is shown in the
upper right corner. The age of death is
indicated by a prefix of ‘‘d.’’ The age of onset
is indicated for individuals with disease
above the ID number. For protecting confiden-
tiality, the gender of family members is
masked. The results of methylation analyses
for the 50 CpG island and for (G4C2)n methyl-
ation are shown beneath the C9orf72
genotype. ‘‘Yes’’ represents the presence of
methylation, and ‘‘no’’ represents the absence
of methylation.
detected in a portion of individuals with expansions (36%

in ALS), we recently tested whether the G4C2 expansion it-

self could be the mainmethylation site. Using a qualitative

assay, we demonstrated that the G4C2 expansion is gener-

ally methylated in 100% of unrelated individuals with

alleles of >90 repeats, whereas the small or intermediate

alleles (2–90 repeats) are completely unmethylated.14

The search for the origin of the C9orf72 repeat expansion

identified an ~200-kb risk haplotype (known as the

‘‘Finnish’’ risk haplotype) in all individuals with expan-

sions.15–19 It led to the common founder hypothesis pro-

posing that the expansion occurred as a single event and

subsequently spread throughout the population.18,20 In

contrast, a multiple-origins hypothesis suggests that the

risk haplotype formed a permissive allele associated with

repeat instability and predisposed the G4C2 repeat to

expand to a pathogenic allele on multiple occasions in hu-

man history.20,21 However, only a limited number of

C9orf72 studies have used Southern blotting—in which a

wild-type allele (2–30 repeats) gives a single band and large

expansions appear as a smear—to size the expansion. So-

matic instability can lead to very different repeat sizes

within and among tissues of the same individual.9 This

was recently confirmed in a report of an ALS subject with

~3,000 repeats in CNS tissues but only ~90 repeats in

blood.21 Of note, this individual had the same risk haplo-

type as other subjects with C9orf72 repeat expansions, sup-

porting the permissive nature of an ~90-repeat allele to

expand.

Observations of somatic instability of the G4C2 repeat are

in favor of multiple origins of expansions, but direct evi-

dence of this hypothesis could come from the investigation

of unaffected parents of subjects withC9orf72 repeat expan-

sionsandaffectedbyALSorFTLD. In thecurrentgenetic and

epigenetic study, we present a unique family in whom the

repeat stretches from small to large expansionswhen passed

to the offspring (the first generation affected by ALS).
The Am
In accordance with the ethical review board, informed

consent was obtained from all study participants. PED25

is a Canadian family of British origin (Figure 2). The par-

ents, 9685 (II-1) and 9686 (II-2), had five children, two of

whom, 9548 (III-2) and 8665 (III-5), were diagnosed with

ALS at Sunnybrook Health Sciences Centre according to

the revised El Escorial Criteria.1 Both parents (90 and 89

years old) are alive and, according to neurological assess-

ments, do not show symptoms of ALS or FTLD. The

detailed clinical findings can be found in the Supplemental

Data (‘‘Clinical Descriptions’’).

Samples of blood DNA were collected from seven family

members in two generations (Figure 1). The C9orf72 G4C2

repeat was genotyped by a two-step strategy as described

previously6 with minor modifications. In the first step, un-

diluted PCR products were resolved on a 3100 DNA

analyzer (amplicon-length analysis). In the second step,

rp-PCR was used for determining the presence of large ex-

pansions.4,5

The rp-PCR revealed repeat expansions in five family

members, including the unaffected 89-year-old father

(9686 [II-2]) and his four children, two of whom are

affected by ALS (Figures 1 and 2). Notably, the amplicon-

length analysis revealed that the father has a small expan-

sion of ~70 repeats, whereas his children have larger ex-

pansions beyond a detectable range (Figure 2). Issues of pa-

ternity were excluded by genotyping for eight randomly

selected autosomal short tandem repeat (STR) markers

(D2S2166, D5S406, D7S493, D10S1651, D11S908,

D15S978, D18S452, and D21S266; data not shown).

Sanger sequencing of other ALS- and FTLD-associated

genes (SOD1, FUS, and GRN) in the ALS-affected proband

(9548 [III-2]) was performed as reported previously22 and

did not reveal additional pathogenic mutations. So far,

no clinical sign of ALS or dementia was found for two

of four children with a large expansion: 9698 (III-4; age

65 years) and 9707 (III-1; age 51 years). This is most likely
erican Journal of Human Genetics 96, 962–970, June 4, 2015 963



Figure 2. Results of C9orf72 Genotyping
PCR products of amplicon-length analysis
and rp-PCR were separated on an
ABI3100 DNA Analyzer and visualized by
GeneScan software. Although five family
members were identified to have expan-
sions in the rp-PCR, only individual 9686
had a small expansion of ~70 repeats.
due to the high clinical heterogeneity, including a variable

age of onset, in C9orf72-related diseases. For instance, we

previously reported a pair of monozygotic twins who

both have large expansions and have been discordant for

ALS for at least 6 years.23 However, the penetrance of the

pathological expansion in C9orf72 reaches ~100% by age

80 years.15,24

To estimate the size of the G4C2 repeat, we conducted

Southern blotting as previously described.9 In brief, a total

of 7–10 mg of DNA was digested with XbaI (Promega) and

electrophoresed on 0.8% agarose gel. Subsequently, DNA

was transferred to a positively charged nylon membrane

(Roche), cross-linked, and then hybridized with a digoxige-

nin (DIG)-labeled probe. Expansions were visualized with

anti-DIG antibody (Roche) and CDP-star substrate (Roche)

on X-ray film. DNA sufficient for Southern blotting of six

PED25 family members (not 8665) was obtained. For one

deceased family member (9548), DNA was also obtained

from multiple autopsy tissues (cerebellar vermis, orbito-

frontal cortex, primarymotor cortex, superior temporal gy-

rus, hippocampus, and medulla dissected from the fresh

right hemisphere, as well as the spinal cord, heart, kidney,

liver, and skin). In addition, Southern blotting was done

for fibroblasts derived from skin biopsy of three family

members with large expansions (9698, 9707, and 9548).

The fibroblasts were generated from 3-mmdermal explants

and cultured in 6-well plates pre-coated with 0.1% gelatin.

Cells weremaintained in DMEMwith high glucose (11995,

Invitrogen), supplemented with 20% (v/v) fetal bovine

serum (GIBCO), 100 U/ml penicillin, and 100 mg/ml strep-

tomycin (GIBCO). Cells were thenmaintained at 37�C and

5% CO2 in a humidified incubator.

Southern blot analysis of blood DNA confirmed the

substantial difference in expansion size between the two

generations. The father showed two distinct bands corre-

sponding to a wild-type allele (two repeats) and a small
964 The American Journal of Human Genetics 96, 962–970, June 4, 2015
expansion (~70 repeats). In contrast,

four of his children demonstrated a

large smear similar in length, and

the most abundant expansion sizes

were ~650 and ~1,750 repeats

(Figure 3). Large expansions were

also revealed in all investigated au-

topsy tissues of ALS-affected individ-

ual 9548, in whom repeat numbers

over 3,500 were detected in CNS tis-

sues; in contrast, the cerebellum

showed smaller expansions (~1,750
repeats; Figure 4), a general phenomenon observed in sub-

jects with C9orf72 repeat expansions.9 Fibroblasts showed

a relatively small expansion as a well-defined band (~750

repeats; Figure 4). In the liver, we observed an expansion

band corresponding to ~3,000 repeats; in other non-CNS

tissues, we detected a higher level of somatic instability

(not shown) comparable to that seen in blood (Figure 4).

To study the epigenetic profile of C9orf72 in family

PED25, we used an aliquot from the sameDNA preparation

as for Southern blot. In addition to generating fibroblasts

from 9698, 9707, and 9548, we generated fibroblasts for

two more family members (9697 and 9686) and two unre-

lated healthy control individuals.

The methylation level of the CpG island 50 to the G4C2

repeat was estimated via direct bisulfite sequencing as

described previously.12 In brief, each DNA sample was

sequenced after bisulfite conversion, after which all unme-

thylated C nucleotides were converted to T nucleotides,

and methylated C remain unchanged. A total of 26 CpG

sites were studied at the CpG island 50 to the G4C2 repeat

and were classified as either unmethylated (T peak) or

methylated (T-C double peaks). None of the family mem-

bers demonstrated increased DNA methylation at the

CpG island 50 to the repeat in blood (Figure 1).

Methylation of the G4C2 repeat itself was studied with

our recently reported qualitative (G4C2)n-methylation

assay.14 In brief, each sample was amplified by rp-PCR

with primers specific to methylated or unmethylated

DNA after bisulfite conversion. The primers were labeled

by FAM for amplification of methylated DNA (blue chan-

nel) and HEX for amplification of unmethylated DNA

(green channel). Data were visualized by Genotyper Soft-

ware (version 3.6, Applied Biosystems). If the G4C2 repeat

was methylated in all DNA copies, only the blue channel

was expected to have products, whereas if the G4C2 repeat

was unmethylated in all DNA copies, only the green



Figure 3. Southern Blot Results fromMembers of Family PED25
Southern blot analysis using bloodDNA confirmed the presence of
a small expansion in 9686 (highlighted by the red star), the pres-
ence of large expansions in 9698, 9707, and 9548, and the absence
of an expansion in 9685 and 9697. The molecular-weight marker
is shown on the left side of the Southern blot. ‘‘POS CON’’ and
‘‘NEG CON’’ refer to positive and negative control individuals,
respectively.

Figure 4. Southern Blot Results from Autopsy Tissues of Individ-
ual 9548
Southern blot analysis using genomic DNA extracted from au-
topsy tissues confirmed the presence of large expansions in CNS
and non-CNS tissues from individual 9548.
channel was expected to have products. If the G4C2 repeat

was methylated in some DNA copies, both channels would

have products. We used a yes/no test to evaluate the

methylation of ~30 repeats at the 50 end of the expansion

(this test was sensitive enough to detect methylation in a

mixture of DNA standards containing only 5% highly

methylated DNA).14

The (G4C2)n-methylation assay demonstrated that all

four children with large expansions had CpG methylation

of the G4C2 repeat itself (Figures 1 and 5). The autopsy tis-

sues of 9548 were also shown to have methylation of the

expanded G4C2 repeat (Figure S1). In contrast, (G4C2)n
methylation was not detected in the blood DNA of the

two family members without an expansion (9685 and

9697) or of the father (9686), who has the ~70-repeat allele

(Figure 5). Fibroblasts generated from the skin of the father

did not show (G4C2)n methylation either (Figure S2). Sur-

prisingly, fibroblasts from all three family members with

large expansions (9698, 9707, and 9548) also did not

have (G4C2)n methylation (Figure S2). Importantly, for

the deceased individual (9548), we obtained enough skin

DNA, which clearly demonstrated (G4C2)n methylation

(Figure S1B). Our results suggest that C9orf72-related phe-

notypes in fibroblast-based functional studies should be

interpreted with caution because the epigenetic profile

has been reset in such cell lines.

For assessing C9orf72 expression, total RNAwas extracted

from blood with the RNeasyMini Kit (QIAGEN) and reverse

transcribed to cDNAwith oligo dT primers and the Affinity-

Script Multiple Temperature cDNA Synthesis Kit (Agilent
The Am
Technologies). RNA integrity was checked on an Agilent

2100 Bioanalyzer, and only samples with an RNA integrity

number > 7 were used. Real-time PCR was performed on

an ABI Prism 7500 System (Life Technologies). We used

inventoried TaqMan expression assays for C9orf72

(Hs00376619_m1) and five housekeeping genes including

HPRT1 (MIM: 308000; Hs99999909_m1), UBC (MIM:

191340; Hs00824723_m1), B2M (MIM: 109700;

Hs99999907_m1), GAPDH (MIM: 138400; Hs00266705_g1)

and TBP (MIM: 600075; Hs00427620_m1) (Applied Bio-

systems). Samples were run in triplicate. All tested house-

keeping genes were evaluated for expression stability via

the geNorm algorithm incorporated in the software

qbaseþ (Biogazelle),25 which determined HPRT1, UBC,

and B2M to be the suitable reference genes for the blood

samples andGAPDH andUBC to be suitable reference genes

for the fibroblasts samples. Relative quantification was

calculated with the ddCt method after normalization to

the corresponding reference genes.

The inventoried TaqMan gene-expression assay de-

tected all three known C9orf72 transcripts in blood

from five family members, four of whom (in addition

to two normal control individuals) also had fibroblasts

available to be tested (Figure 6). Expression of C9orf72

was correlated with the status of (G4C2)n methylation.

Blood RNA from family members with methylated large

G4C2-repeat expansions (n ¼ 3) showed less gene
erican Journal of Human Genetics 96, 962–970, June 4, 2015 965



Figure 5. Chromatograms of the
(G4C2)n-Methylation Assay in Blood Sam-
ples from Family PED25
Methylated and unmethylated G4C2-
repeat alleles were detected by a methyl-
ation channel and a non-methylation
channel, respectively. Detectable repeat
size was marked along with the corre-
sponding peak.
expression than did blood RNA from family members

with normal alleles (n ¼ 2). In contrast, fibroblast DNA

from the same three individuals with large expansions

was not methylated at the G4C2 repeat and expressed

C9orf72 at a level similar to that in fibroblast DNA from

individuals with normal alleles (Figure 6). Surprisingly,

C9orf72 mRNA levels were higher in the blood and fibro-

blasts of the father (who has the unmethylated 70-repeat

allele) than in those of the control individuals (Figure 6).

A follow-up test confirmed that his C9orf72 expression in

blood cells was higher than that in three additional unre-

lated normal control individuals (9446, 9593, and 9600;

Figure S4).

To assess RNA foci in individuals with wild-type alleles

and G4C2 expansions, we carried out RNA fluorescence

in situ hybridization on fibroblasts by using a locked nu-

cleic acid probe recognizing the sense strand of the repeat

expansion in C9orf72 according to previously published

protocols26,27 (Figure S5). Fibroblasts from an unrelated

healthy control individual were examined alongside those

of the PED25 family members, including 9697 (with

normal alleles), 9686 (with the 70-repeat allele), and

9698, 9707, and 9548 (with large expansions). RNA foci

were detected in the fibroblasts from all three individuals

with large expansions: 9698 (26.0% of cells, n ¼ 3 experi-

ments), 9707 (20.4% of cells, n ¼ 3 experiments), and

9548 (27.5% of cells, n ¼ 3 experiments) (Figure S5). These

values are comparable to those in a published report,

which found that 15%–45% of fibroblasts from subjects

with expansions were positive for sense-strand RNA

foci.26 In contrast, no or negligible levels of RNA-foci-pos-

itive cells were detected in fibroblasts from 9686, who has
966 The American Journal of Human Genetics 96, 962–970, June 4, 2015
the 70-repeat allele (0.006% of cells,

n ¼ 2 experiments); similar results

were observed for the control individ-

ual (0% of cells, n ¼ 3 experiments)

and 9697 (0% of cells, n ¼ 3 experi-

ments) (Figure S5). These results

further support that the 70-repeat

allele is not likely to be pathogenic.

To examine whether PED25 mem-

bers share a haplotype, we studied

six STR markers (D9S171, D9S1679,

D9S259, D9S2154, D9S161, and

D9S319) spanning a 5-Mb region

flanking C9orf72. STR markers were

amplified by PCR with one FAM-
labeled primer, diluted, and analyzed on an ABI 3730

DNA Analyzer (Applied Biosystems). Alleles were scored

with GeneMapper Software version 5 (Applied Biosystems)

and normalized to CEPH standard genotypes. STR geno-

types were obtained for six members of family PED25

and two expansion-affected individuals from the pub-

lished family VSM-20.4 In addition, we genotyped three

unrelated persons with small expansions in C9orf72

and 11 subjects with repeats in the long wild-type range

(21–30 repeats). The details of all STR assays are available

upon request. TaqMan SNP-genotyping assays were per-

formed for rs4879515 (C_31009935_20) and rs3849942

(C_27515934_20; Thermo Fisher Scientific) on a 7900HT

Fast Real-Time PCR System; genotype calls were made

with SDS 2.4 software (Applied Biosystems).

Haplotype analysis showed that the father (9686, who

has the small expansion) and his children with large ex-

pansions (9548, 9707, and 9698), but not family members

without expansions (9685 and 9697), share a 5-Mb haplo-

type flanking C9orf72 (Table 1). Interestingly, STR alleles in

PED25 family members with expansions were different

from those observed in family VSM-204 (Table 1) or in

any of the investigated subjects with small expansions or

with repeats in the long wild-type range (Table S1 and

Figure S3). Assessment of SNPs mapping within 100 kb of

the expansion and tagging the reported ‘‘Finnish’’

C9orf72 risk haplotype4 revealed that the father and his

children with large expansions do share a much smaller

haplotype with family VSM-20. We also detected the

same risk haplotype in subjects with small expansions

and subjects with repeats in the long wild-type range,

including control individuals (Table S1).



Figure 6. Relative Quantification of
C9orf72 mRNA in Blood and Fibroblast
Samples from Family PED25
Both blood and fibroblasts of individuals
with expansions (9548, 9698, and 9707)
were tested. We also tested blood of indi-
viduals with normal alleles (9685 and
9697), as well as fibroblasts of 9697 and
two normal control individuals. The rela-
tive quantity of each sample was scaled
to that of individual 9676. Error bars repre-
sent the SE of the triplicate reactions.
In summary, we report a British-Canadian family in

whom a paternal ~70-repeat allele in C9orf72 expanded

considerably in the next generation and passed large

G4C2 expansions (~1,750 repeats) on to four children.

Notably, it is possible that an individual can carry a small

expansion in blood but a large expansion in the CNS.9

Because the father is alive, we can only study DNA from

his blood and fibroblasts; however, it is unlikely that a large

expansion would occur in his CNS tissues, given that he re-

mains unaffected by ALS or FTLD even at 89 years of age

and that penetrance of pathological G4C2 expansions

was found to be almost 100% by 80 years of age.15,24

Thus, the possibility that he will develop ALS or FTLD

in the coming years is low. In contrast, two of his

children with large expansions developed ALS in their

50s. Importantly, one of them (the deceased individual)
Table 1. STR Markers and SNPs for Members of Family PED25

Marker Mb

Family PED25

9685 9686 9548 9707 9698 969

a1 a2 a1 a2 a1 a2 a1 a2 a1 a2 a1

D9S171 24.53 167 185 167 167 167 185 167 167 167 185 167

D9S1679 24.78 135 135 131 137 131 135 131 135 131 135 137

D9S259 26.02 288 292 288 280 288 292 288 288 288 292 280

D9S2154 26.17 138 150 142 148 142 150 142 138 142 150 146

rs4879515* 27.48 C C T C T C T C T C C

rs3849942* 27.54 G G A G A G A G A G G

C9orf72* 27.57 2 2 EXP 2 EXP 2 EXP 2 EXP 2 2

D9S161 27.63 119 127 119 127 119 119 119 127 119 119 127

D9S319 29.56 159 159 163 171 163 159 163 159 163 159 171

Segregation of the repeat expansion in C9orf72 and genetic markers flanking the area of the repeat expansion
displays the number of repeats on allele 1 (a1) and allele 2 (a2). Repeat expansions are indicated with ‘‘EXP.’’

The American Journal of Huma
showed large expansions in all stud-

ied CNS and non-CNS tissues. Our

observation that ALS segregates with

large but not small expansions de-

mands a better-defined cutoff for

pathogenic repeat number. Small ex-

pansions could be considered pre-

mutations because of their potential
instability, which could lead to larger expansions in the

next generation.

Although we do not have access to a sperm sample from

the elderly father, the expansion event most likely

happened in his germ cells rather than occurring four

times separately in each child and reaching a similar size

(Figure 3). Notably, many diseases caused by repeat expan-

sions are predominantly inherited through paternal trans-

missions, most likely as a result of germ-cell-specific muta-

tions.28 Our study is in favor of the multiple-origins

hypothesis of C9orf72 expansions.21 Indeed, it does not

seem plausible that the expansion occurred just once in

human history, given that such events are still ongoing

(i.e., in family PED25).

It was shown that wild-type C9orf72 alleles (<20 repeats)

are stable between generations.6 In contrast, intermediate
VSM-20 (a) VSM-20 (b)7

a2 a1 a2 a1 a2

185 185 183 185 185

135 135 135 135 131

292 288 280 288 288

150 146 150 146 134

C T T T C

G A A A G

2 EXP 2 EXP 5

119 117 117 117 129

159 167 167 167 163

was observed in family PED25. The ‘‘C9orf72’’ row
Asterisks denote the shared C9orf72 risk haplotype.

n Genetics 96, 962–970, June 4, 2015 967



alleles (20–30 repeats) and small expansions (30–150

repeats) were reported to be susceptible to unfaithful in-

heritance8,10 or somatic instability.9,29,30 This might sug-

gest a mechanism for the enlargement of repeat number,

implying that the critical repeat length makes it difficult

for the DNA machinery to maintain the precise number

of repeats. Another mechanism could involve the

C9orf72 risk haplotype as a prerequisite for the repeat

expansion to occur. Both mechanisms support the multi-

ple-origins hypothesis of C9orf72 expansions. In family

PED25, we observed an ancient C9orf72 risk haplotype in-

herited on a unique genetic backbone. The father and

offspring with expansions each carry a distinct 5-Mb

haplotype that is not observed in family VSM-20 or other

investigated subjects, but a smaller, ~100-kb region that

is part of a known risk haplotype was present in family

PED25 and in VSM-20 family members with large expan-

sions or alleles with 21–30 repeats. Notably, SNPs tagging

the risk haplotype are common in white individuals; for

instance, rs3849942, a surrogate marker for the repeat

expansion, has a minor allele frequency of 23% in control

individuals.4 Sequencing of the entire risk haplotype in

subjects with C9orf72 repeat expansions and normal con-

trol individuals with the minor rs3849942 allele might

reveal the variant(s) that predispose individuals to G4C2-

repeat instability.

Results of the epigenetic, expression, and RNA-foci

analyses further discriminate large expansions from the

70-repeat allele, arguing against its pathogenic nature.

In contrast to the large expansions in the offspring, the

70-repeat allele is not methylated (Figure 5). Intriguingly,

detecting methylation in CNS tissues required more than

twice the amount of input DNA than in non-CNS tissues,

which might indicate a lower level of methylation in the

CNS. Therefore, it is tempting to speculate that methyl-

ation of the repeat expansion is a protective mechanism

to minimize the production of toxic RNA and dipeptides,

which lead to collateral damage (haploinsufficiency).

Indeed, we demonstrated that the presence of (G4C2)n
methylation is linked to decreased expression of

C9orf72. In blood, methylation of large G4C2 expansions

was associated with reduced C9orf72 mRNA levels,

whereas in fibroblasts derived from the same subjects,

(G4C2)n methylation was not detected, and C9orf72 was

expressed at normal levels (Figure 6). Remarkably,

C9orf72 mRNA levels were increased in both blood and

fibroblasts from the PED25 father (who has the unme-

thylated 70-repeat allele), reminiscent of what was seen

for FMR1 (MIM: 309550), a gene in which mutations

cause fragile X mental retardation syndrome (MIM:

300624) as a result of a CGG-repeat expansion. Methyl-

ation of a fully expanded pathogenic FMR1 allele

(>200 CGG repeats) led to transcriptional silencing

of FMR1,31 whereas the level of FMR1 mRNA was

elevated by 2- to 5-fold in unaffected individuals with

pre-mutations (55–200 CGG repeats).32 For C9orf72, the

70-repeat allele might also be considered a ‘‘pre-muta-
968 The American Journal of Human Genetics 96, 962–970, June 4, 2
tion’’ to reflect its propensity for substantial expansion

in the next generation.

In conclusion, our data suggest that the repeat expan-

sion in C9orf72 might have occurred on multiple occa-

sions in human history and encourage the investigation

of families similar to PED25. Specifically, it would be

important to investigate the unaffected parents of indi-

viduals with disease to establish a better cutoff for path-

ological repeat number, which is critical in the clinical

utility of genetic screening, as well as for functional

studies of C9orf72. Such investigations might help

explain the high frequency of simplex cases of C9orf72

repeat expansions, each of which could be the first gen-

eration of a familial form of ALS and/or FTLD. Indeed,

the incidence of C9orf72 repeat expansions in subjects

without a family history of ALS or FTLD is unusually

high for a monogenic disorder (e.g., 21% among Finnish

individuals with ALS).5

Supplemental Data

Supplemental Data include clinical descriptions, five figures, and

one table and can be found with this article online at http://dx.

doi.org/10.1016/j.ajhg.2015.04.016.
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