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Abstract

The Repeat Expansion Diseases (REDs) are human genetic disorders that arise from expansion of

a tandem repeat tract. The Fragile X-related disorders are members of this disease group in which

the repeat unit is CGG/CCG and is located in the 5′ untranslated region of the FMR1 gene.

Affected individuals often show mosaicism with respect to repeat number resulting from both

expansion and contraction of the repeat tract, however, the mechanism responsible for these

changes in repeat number are unknown. Work from a variety of model systems suggests that

Transcription Coupled Repair (TCR) may contribute to repeat instability in diseases resulting from

CAG/CTG-repeat expansion. To test whether TCR could contribute to repeat instability in the

Fragile X-related disorders, we tested the effect of mutations in Csb (Cockayne Syndrome group

B), a gene essential for TCR, in a knock-in mouse model of these disorders. We found that the loss

of CSB affects expansions in a gender and cell type-specific manner. Our data also show an

unanticipated gender difference in instability even in Csb+/+ animals that may have implications

for our understanding of the mechanism of repeat expansion in the FX mouse model and perhaps

for humans as well.
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Introduction

The Repeat Expansion Diseases (REDs) are a large group of inherited human disorders that

arise from expansion of a specific tandem repeat tract (see (Orr and Zoghbi, 2007; Usdin,

2008) for reviews). The Fragile X-related disorders, which include Fragile X syndrome

(FXS; MIM# 300624), Fragile X-associated tremor/ataxia syndrome (FXTAS; (MIM#
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300623)), and Fragile X-associated primary ovarian insufficiency (FXPOI), are members of

this group (see (Willemsen et al., 2011) for recent review). All three disorders are caused by

the inheritance of large numbers of CGG/CCG-repeats in the 5′ untranslated region of the X-

linked Fragile X mental retardation 1 gene (FMR1; MIM# 309550). Most normal alleles

have ~30 repeats (Strom et al., 2007). Such alleles are relatively stable. However, as the

repeat number increases, so the instability of this repeat tract increases as does the likelihood

that an individual will exhibit symptoms characteristic of one or more of the Fragile X-

related disorders.

FXTAS is an adult onset neurodegenerative condition whose symptoms include intention

tremor, cerebellar gait ataxia, parkinsonism, autonomic dysfunction, cognitive deficits and

ultimately dementia (Hagerman and Hagerman, 2004). FXPOI is an ovarian dysfunction

disorder involving infertility, irregular menses and an early menopause (Sherman, 2000).

These disorders are seen in carriers of FX premutation (PM) alleles, alleles that have 55–200

repeats. In both cases, pathology is thought to be related to some, as yet unknown,

deleterious consequence of expression of FMR1 mRNA with large numbers of CGG-

repeats, a problem that is exacerbated by the repeat mediated hyper-expression of the PM

allele (Tassone et al., 2000). FXTAS disease severity is correlated with the number of

repeats in the allele. Larger repeat numbers are also associated with higher risk of both

germ-line and somatic expansion (Fu et al., 1991). Germ-line expansion can generate Full

mutation (FM) alleles that have >200 repeats. Such alleles are associated with repeat-

mediated epigenetic silencing of the allele and this results in FXS, the most common

heritable cause of intellectual disability and the most common monogenic cause of autism

(Oberle et al., 1991; Pieretti et al., 1991; Verkerk et al., 1991).

In addition to expansions, the regression of PM alleles to normal alleles has also been

reported (Cabanes et al., 2004; Jin et al., 2010; Likhite et al., 2004). Furthermore, many PM

and FM carriers are mosaic, often showing a complex mixture of different PM and FM

alleles (Araneda et al., 2005; Berger et al., 2012; Dietrich et al., 2013; Murdoch and Van

Kirk, 1997; Newman et al., 2006; Taylor et al., 1999; Tome et al., 2013). This mosaicism is

thought to arise from a series of expansion and contraction events that occur during the

individual’s lifetime.

Most models for repeat expansion and contraction are based on the fact that all the repeats

associated with the REDs form intrastrand structures like hairpins (reviewed in (Mirkin,

2006; Pearson et al., 2005)). These secondary structures are thought to form when the DNA

is unpaired, for example during replication, transcription or DNA repair that involves strand-

displacement synthesis or gap-repair. Studies in yeast and bacteria suggest that problems

with DNA replication, repair or recombination could all potentially result in expansion and

contractions (reviewed in (Mirkin, 2006; Pearson, et al., 2005)). However, the mechanism or

mechanisms responsible for instability in the Repeat Expansion Diseases remains unknown.

Data from Drosophila, mouse and human cells in tissue culture has led to the suggestion that

Transcription Coupled Repair (TCR), the nucleotide excision repair (NER) pathway that

operates in transcribed regions of the genome, is important for repeat instability in the case

of Repeat Expansion Disorders resulting from expansion of CAG/CTG repeats (Jung and
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Bonini, 2007; Kovtun et al., 2011; Lin et al., 2009; Lin and Wilson, 2007; Salinas-Rios et

al., 2011). A role for TCR in repeat expansion in the Fragile X-related disorders would be

consistent with the observation that FM alleles, the majority of which are transcriptionally

silent, are more stable than the smaller, transcriptionally active PM alleles from which they

are derived or those FM alleles that escape silencing (Wohrle et al., 1998; Wohrle et al.,

2001; Wohrle et al., 1996). We have previously generated an FX PM knock-in mouse

model, in which the normal CGG/CCG-repeat tract present in the WT mouse Fmr1 gene

was replaced with an expanded tract in the PM size range (Entezam et al., 2007; Entezam et

al., 2010; Entezam and Usdin, 2008; Entezam and Usdin, 2009; Lokanga et al., 2013a). To

better understand the relationship between TCR and repeat instability in the FX PM mouse,

we crossed these mice to mice with a null mutation in Csb (Cockayne Syndrome group B,

a.k.a. ERCC6 (MIM# 609413)). CSB is DNA-dependent ATPase that is essential for TCR

but whose mode of action is still unclear. Our data demonstrate that CSB does play a role in

repeat expansion but its effect varies with gender and cell type. We also demonstrate a

previously unappreciated gender difference in the intergenerational transmission of

expanded alleles that may have interesting ramifications for the expansion mechanisms and

risk assessment in humans.

Materials and Methods

Mice breeding and maintenance

The generation of the FX PM mice was described previously (Entezam, et al., 2007). Mice

were maintained in accordance with the guidelines of the NIDDK Animal Care and Use

Committee and with the Guide for the Care and Use of Laboratory Animals (NIH

publication no. 85-23, revised 1996). Four Csb+/+ and 5 Csb−/− breeding pairs were used to

generate a total of 132 Csb+/+ and 148 Csb−/− paternal transmissions. Older females were

replaced with younger ones when the litter frequency dropped. Five Csb+/+ and 5 Csb−/−

breeding pairs were used to generate a total of 123 Csb+/+ and 66 Csb−/− maternal

transmissions. To avoid the confounding effect of age on expansion, comparisons between

Csb+/+ and Csb−/− animals were carried out using a subset of Csb+/+ animals that had an age

distribution that was indistinguishable from that of Csb−/− parents.

Determination of genotype and repeat number

Genomic DNA from mouse tail was prepared using KAPA Mouse Genotyping Kits (KAPA

biosystems). Genomic DNA from other mouse tissue was prepared using Maxwell®16

Mouse Tail DNA Purification Kits (Promega). FX PM genotyping was carried out using the

mouse Repeat PCR assay as described previously (Lokanga, et al., 2013a). Csb genotyping

was carried out as described elsewhere (Berg et al., 2000). The determination of the repeat

number was done using a fluorescent polymerase chain reaction (PCR) assay with primers

whose binding sites were located immediately adjacent to the repeat tract and their 3′ ends

were unique to the PM allele (Lokanga, et al., 2013a). Thus only the PM allele is amplified.

The reaction products were then run on a 3130XL Genetic Analyzer and analyzed using

GeneMapper® 4.0 (Life Technologies).
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Statistical Analysis

Statistical analysis was carried out using a web-based version of the GraphPad QuickCalcs

Software (http://www.graphpad.com/quickcalcs) and VassarStats (http://vassarstats.net).

Since evidence suggests that expansions and contractions occur via a different mechanism

(Entezam, et al., 2010; Entezam and Usdin, 2008; Entezam and Usdin, 2009; Lokanga et al.,

2014) they were considered separately. The expansion and contraction frequencies were

scored as the number of transmitted alleles that were larger or smaller than the parental

allele divided by the total number of alleles scored. The significance of differences in these

frequencies was assessed using Fisher’s exact test. The distribution of repeat length changes

was evaluated using both the Students t test and the Mann-Whitney test. Somatic instability

was assessed using DNA isolated from the organs of 6-month-old and 12-month-old

animals. The repeat profile was assessed using the same fluorescent PCR assay/GeneMapper

analysis referred to above. The SII was determined as previously described (Lee et al.,

2010).

Quantitation of mRNA

Mouse organs were homogenized using Precellys® lysing Kits (Bertin technologies). Total

RNA was isolated using Maxwell®16 LEV simply RNA purification Kits (Promega). The

RNA concentration and quality was determined using an Agilent Bioanalyzer. The RNA

was reverse transcribed using a SuperScript®VILO™ cDNA synthesis kit (Life

Technologies). Real time PCR was done in triplicate using TaqMan® Fast universal PCR

master mix and the appropriate Taqman probe-primer pairs (Life Technologies). The

Taqman probe primer pairs were as follows: Fmr1: Mm01339582_m1; Csb:

Mm01221908_m1; Msh2: Mm00500563_m1; Msh3: Mm00487756_m1; Atm:

Mm01177457_m1; Atr: Mm01223626_m1. Gapdh was used as endogenous control to

compare the expression level in the livers of different animals (Mouse GAPDH Endogenous

Control (VIC®/MGB Probe, primer limited); Applied Biosystems®). However, the

expression levels of Gapdh differed in various organs. Thus for comparison of mRNA

expression in different tissue equal amounts of RNA were used for each determination.

Normalization was carried out by comparing the Ct value for the mRNA in different organs

to the Ct value obtained from brain.

Results

To test the role of TCR in instability of FX PM alleles in our mouse model, we crossed FX

PM mice containing ~150 CGG repeats in the 5′-UTR of the Fmr1 gene with mice carrying

a Csb null mutation. Breeding pairs were set up in which one parent carried the FX PM

allele and both parents were either WT or nullizygous for Csb. The repeat size in the

offspring that inherited the PM allele was then determined as previously described

(Lokanga, et al., 2013a). These data were then used to calculate the number of offspring

inheriting alleles that were larger, smaller or the same size as the parental alleles. We also

determined the number of repeats added or lost from each allele and examined the effect of

Csb nullizygosity on somatic instability by comparing the repeat profiles seen in the organs

of Csb+/+ and Csb−/− mice carrying one copy of the PM allele.
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In the course of doing this work we found that the Csb+/+ males transmit larger alleles at a

frequency of close to 100%, irrespective of paternal age (Fig. 1 and 2A). Furthermore, the

size of each transmitted allele increases with paternal age (Fig. 2B). Thus alleles that have

expanded in the germ-line of young fathers likely undergo additional rounds of expansion in

the father’s germ-line that add ~5 repeats every 6 months. In contrast, the frequency of

maternal transmission of larger alleles, while initially high, declines with age (Fig. 1 and

3A). Since it is unlikely that there is female-specific selection against alleles that are only a

few repeats larger than the original allele, we attribute the declining frequency of larger

alleles in the offspring of older females to alleles that had expanded in younger mothers and

then subsequently contracted. Thus the category of alleles larger than the maternal allele

likely represents a mixture of alleles some of which have merely expanded and some that

have expanded and subsequently contracted. Similarly, the frequency of transmitted alleles

that are the same size as the maternal allele increases with age. By the same logic, some of

these alleles must reflect alleles that had initially expanded and then subsequently

contracted. To reflect this we have tried to avoid the use of the potentially misleading labels

“expansion” and “contraction” for transmitted alleles in favor of the terms “larger”,

“smaller” and the “same” as the parental allele where appropriate.

Loss of CSB does not affect instability in male carriers of PM alleles

There was no significant effect of Csb nullizygosity on the proportion of larger or smaller

alleles that were paternally transmitted (Fig. 2A). This was true whether fathers of all ages

were considered together or when they were stratified by age at breeding (2–6 months, 7–12

months and >12 months). The Csb genotype also did not affect the average number of

repeats added with each intergenerational transmission (Fig. 2B). The failure of the Csb

mutation to reduce the number of larger alleles or the size of these alleles indicates that CSB

is not required to generate intergenerational expansions in males.

Loss of CSB affects the intergenerational expansion profile in old but not young females

The progeny of young Csb+/+ and Csb−/− females (2–6 months of age) also showed no

significant difference in the frequency of transmission of alleles that were larger, smaller or

the same size as the maternal allele (Fig. 3A). However, in the progeny of Csb−/− mothers

that were 7–12 months old, there was a decline in the number of alleles that were larger or

the same size as the maternal allele that was associated with a significant increase in the

number of alleles that were smaller than the maternal allele (p=0.0084). There was also a

significant change in the distribution of the repeat number changes in the progeny of both 2–

6 month old and 7–12 month old mice (Fig. 3B; Mann-Whitney p= 0.04 for 2–6 month

animals and p=0.02 for animals 7–12 months of age).

Csb nullizygosity reduces the extent of somatic instability in male mice

In addition to intergenerational expansions, PM alleles also expand somatically in male mice

with organs like brain, liver and testes showing more expansion than organs such as kidney

and heart (Lokanga, et al., 2013a). We quantified the somatic expansion frequencies in 6 and

12 month old Csb+/+ and Csb−/− male mice using the somatic instability index (SII), a

combined measure of the frequency and size of repeat length changes (Lee, et al., 2010). No
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change in the organ-specificity of expansion was seen in Csb−/− animals (Fig. 4). However,

the average number of repeats present on the derivative alleles was smaller in Csb−/− mice

than in Csb+/+ mice (i.e., a lower SII, Fig. 4). At 6 months of age the SII differences were

only significant for liver. However, at 12 months of age the differences were also significant

for tail, kidney, testis and spleen. Thus despite the fact that the loss of CSB had no effect on

intergenerational transmissions in males of any age, there is a significant effect on the extent

of somatic instability in males that increases with age. The fact that an effect of a CSB

deficiency is seen in testis but not in the progeny of male mice may reflect events occurring

in somatic cells of the testis rather than the germ-line.

Reduced transcription of the Fmr1 gene in Csb−/− mice does not account for the reduced
extent of somatic expansion

Since CSB stimulates transcription (Selby and Sancar, 1997) and untranscribed FMR1

alleles are more stable than transcribed ones (Wohrle, et al., 1998; Wohrle, et al., 2001),

reduced levels of CSB protein could potentially lead indirectly to reduced levels of

instability. To evaluate this possibility we measured Fmr1 mRNA levels in FX PM mice

WT or nullizygous for Csb. In liver, the organ showing the greatest effect of the loss of CSB

on the extent of somatic expansion, the difference in the average levels of Fmr1 transcript

between PM mice WT and nullizygous for Csb was not significant (Fig. 5A). For reasons

that are not yet clear, WT Fmr1 transcript levels vary widely even in Csb+/+ mice (Brouwer

et al., 2008). The SII we measured here also shows significant variability between animals.

We therefore compared the levels of Fmr1 mRNA with the SII for each animal. Our data

demonstrate that while there was considerable overlap in the Fmr1 mRNA levels in Csb+/+

and Csb−/− animals, the SII of Csb−/− animals and Csb+/+ animals showed much less

overlap (Fig. 5B). Thus differences in transcription of Fmr1 do not account for differences

in the SII seen between Csb+/+ and Csb−/− animals.

No simple relationship exists between the levels of Csb transcript and the effect of loss of
CSB on somatic expansion in particular tissue

No antibodies known to reliably detect CSB in mouse tissue extracts are currently available.

We thus assessed the level of CSB expression in different organs by real-time PCR. The

levels of Csb mRNA in different tissue varied over a more than 10-fold range. However,

organs with very similar levels of Csb RNA had very different SIIs (Fig. 5C). Thus there

was no relationship between the level of Csb expression and the extent of somatic instability

in the tissues examined. Thus the effect of the loss of CSB is not related to the level of CSB

normally present in that organ. Rather it may reflect the levels of other proteins important

for the expansion process that are rate-limiting in some tissue but not others.

Loss of CSB does not affect the transcription of the genes known to be important for
repeat expansion or protecting the genome from repeat expansion

Since CSB can affect global transcription levels it may exert indirect effects on expansion

by affecting the levels of transcripts produced from genes involved in the expansion process

or in protecting the genome from these expansions. To date only 3 genes have been

definitively implicated in this process in the FX PM mouse model; Atm and Atr are known
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to be protective (Entezam and Usdin, 2008; Entezam and Usdin, 2009) while Msh2 is

required for expansion (Lokanga, et al., 2014). MSH2 also has a binding partner MSH3 that

has been shown to be involved in expansions in mouse models of other Repeat Expansion

Diseases (Foiry et al., 2006). We thus compared the levels of transcripts of these genes in

the livers of Csb+/+ and Csb−/− animals. No significant difference was seen in the expression

levels of any of these genes (Fig. 5D).

Discussion

In the course of this study we found that there were hitherto unappreciated gender and age

related differences in the transmission of repeat expansions in FX PM allele mice even in a

Csb+/+ background. Specifically, >90% of paternally transmitted alleles were larger than the

parental allele irrespective of the father’s age (Fig. 1 and 2). Furthermore, the number of

repeats in the transmitted allele continues to increase as the fathers increase in age with ~5

repeats being added every 6 months (Fig. 3). This suggests that in males PM alleles undergo

multiple rounds of expansion and that expansion continues apparently unabated in the

paternal germ-line throughout the father’s reproductive lifespan. This is quite different from

what is seen in females. In females 2–6 months old, the frequency with which alleles that are

larger than the maternal allele are transmitted also approaches 90%. Thus young males and

females have a similar ability to generate germ-line expansions. However, in females that

are 7–12 months old, the frequency with which larger alleles are transmitted drops by ~38%

to 65% (Fig. 1; p=0.003 (Fisher’s exact test)). This drop cannot be explained simply by a

reduced expansion frequency since otherwise the fraction of larger alleles would have

remained constant. The loss of these alleles suggests that the frequency of contractions

increases with age in females. Increased contractions during female germ-line transmission

have been reported for mouse models of CAG/CTG-Repeat Expansion Diseases but this

does not seem to follow a period of significant expansion as in the FX PM mouse (Kovtun et

al., 2000; Mangiarini et al., 1996; Wheeler et al., 1999). A number of DNA repair genes,

including those involved in DNA damage signaling, in mismatch repair and in the repair of

oxidative DNA damage, are regulated by estrogen (Araneda, et al., 2005; Berger, et al.,

2012; Cabanes, et al., 2004; Dietrich, et al., 2013; Jin, et al., 2010; Likhite, et al., 2004;

Medunjanin et al., 2010; Miyamoto et al., 2006; Murdoch and Van Kirk, 1997; Murdoch and

Van Kirk, 2001; Schultz-Norton et al., 2011). It may be that an age-related decline in

estrogen contributes to the drop in maternally transmitted expansions thus allowing the

contraction process to become more apparent. Whatever the basis of this gender difference,

it may have implications for risk assessment in humans.

To assess the contribution of TCR to CGG/CCG-repeat instability, we have compared the

frequency and extent of germ-line and somatic instability of the FX PM allele in Csb+/+ and

Csb−/− mice. We have shown that loss of CSB had no significant effect on either the

frequency of paternal germ-line transmission of any of the allele size classes irrespective of

age (Fig. 1 and 2A) or on the magnitude of any of the repeat length changes (Fig. 2B). The

failure to reduce either the incidence or size of larger alleles in fathers suggests that CSB is

not acting to promote expansions in these animals in the same way that proteins like MSH2

do (Lokanga, et al., 2014). The loss of CSB also had no significant effect on the generation

of larger or smaller alleles by younger mothers (Fig. 3A). However, it did lead to a
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significant increase in number of alleles smaller than the parental allele in the offspring of

older mothers (Fig. 3A). Furthermore, loss of CSB significantly shifted the distribution of

repeat length changes that were seen both for young and old mothers towards smaller alleles

(Fig. 3B). Thus loss of CSB affected the mutation spectrum in both young and old females.

This is unlikely to be due to a non-specific effect on cell viability or apoptosis since CSB

loss does not affect the fertility or body weight of females (van der Horst et al., 1997). There

is also no difference between the frequency with which the PM allele is transmitted in

Csb+/+ animals and Csb−/− animals (data not shown) suggesting that there is no specific

deleterious effect of the Csb mutation on the transmission/viability of cells with the PM

allele. In any event, the difference between large and small alleles is relatively small and

thus there is unlikely to be selection against these marginally larger alleles.

The fact that loss of CSB affects maternally but not paternally transmitted germ-line

expansions would suggest either that a different mechanism is responsible for these

expansions in males and females or that the role of CSB in expansions only becomes

apparent when a factor normally required for expansion becomes rate limiting and this factor

becomes rate-limiting in the female, but not male, germ-line. It is also possible that CSB is

involved in protecting the genome against repeat contractions, an effect that may only

become apparent when the expansion frequency drops as it does in older females.

The differential effect of loss of CSB in some organs may suggest that different expansion

mechanisms operate in different tissues as was proposed to explain the fact that in a mouse

model of SCA1, a CAG/CTG-repeat expansion disease, a mutation in Xpa, a protein

involved in both TCR and GG-NER, reduced expansions in brain but did not affect

expansions in liver (Hubert et al., 2011). It is also feasible, as with intergenerational

instability, that the lower efficacy of the expansion pathway in some cells may allow the

effect of the loss of CSB on the generation of contractions to be apparent or that CSB is

required for expansion in some tissues because of a drop in the levels of a protein that is

normally rate-limiting for expansion. However, even in organs like liver where large effects

of the loss of CSB are seen (Fig. 4), there is no increase in the proportion of alleles that are

smaller than the original inherited allele. Thus the effect of the loss of CSB in somatic

tissue, and perhaps by extension in female germ-line as well, is more likely to be due to its

effect on expansions rather than contractions.

How CSB mediates this effect is unclear. In principle, since CSB significantly affects the

transcription of many genes (Newman, et al., 2006), the loss of CSB could affect the

expression of genes that are directly involved in expansion. While such a role cannot be

definitively ruled out until all the players in the expansion process have been identified, we

have shown that the loss of CSB does not affect the transcription of Fmr1 itself (Fig. 5A and

B) or any of those genes currently known to be involved in either expansion or protecting

the genome against expansion in the FX PM mouse model (Fig. 5D). Furthermore, it has

been shown that in human cells no genes in the candidate expansion pathways including

MMR, TCR or BER, are significantly upregulated or downregulated by CSB (Newman, et

al., 2006).
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A simple model that explains both the pattern of female germ-line transmission and that of

male somatic expansion is that loss of CSB affects expansion directly but it’s effect is only

apparent in cells in which one of the factors normally involved in expansion has become

rate-limiting. What factor CSB could substitute for in the expansion process is not clear.

Since its participation is not absolutely required, the process itself is presumably not TCR.

CSB is known to be recruited to sites of oxidative damage independently of other TCR

proteins (Menoni et al., 2012) and has a number of interacting partners that are involved in

base excision repair (BER) of oxidative DNA damage (reviewed in (Aamann et al., 2013)).

This is of interest since we have previously shown that oxidative damage increases the

expansion frequency in the PM mouse (Entezam, et al., 2010). Amongst its interactions with

BER proteins, CSB stimulates the incision and AP lyase activity of Neil1, a DNA

glycosylase involved in BER (Muftuoglu et al., 2009). Neil1 has been shown to be a

modifier of expansions in a mouse model of HD (Mollersen et al., 2012). CSB may

contribute to expansion by facilitating the activity of enzymes like Neil1 when other factors

fail to do so.

Comparison of our data with data from models of other Repeat Expansion Diseases is

complicated by the fact that conflicting results for these models have been reported. A

mutation in the Drosophila homolog of Rad2/XPG, which is involved in both TCR and

global genomic-NER (GG-NER), decreased both maternally and paternally transmitted

germ-line expansions but had no effect on contractions in a fly model of a CAG/CTG-repeat

expansion (Jung and Bonini, 2007). In contrast, siRNA knockdown of Csb in a cell-based

model system for CAG/CTG repeat instability resulted in fewer contractions (Lin and

Wilson, 2007). A small study in a mouse model of a CAG/CTG-repeat expansion disease

showed that loss of CSB led to an increase in germ-line expansions and had no effect on

somatic instability (Kovtun, Johnson, and McMurray, 2011). However, since this study was

too small to produce statistically significant results, the role of CSB in CAG/CTG-repeat

instability in mice still needs to be clarified. In any event, it is unclear whether CAG/CTG-

repeats and CGG/CCG-repeats share the same mechanisms of instability and thus whether

the effect of CSB in CAG/CTG models is relevant for our understanding of what is

happening in the FX-related disorders is also unclear.

Targeting of the factors that promote expansion has been suggested as a therapeutic

approach for the Repeat Expansion Disorders (Dragileva et al., 2009; Halabi et al., 2012;

Mooney et al., 2001; Schultz-Norton, et al., 2011). Our data suggests that CSB could be

added to the list of potential targets, at least for CGG/CCG-repeat expansion disorders.
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Fig. 1. Intergenerational instability of the FX PM allele in WT males and females
The frequency of the transmission of alleles that are larger, smaller or the same size as the

parental allele were determined in the offspring of male and female PM mice that were 2–6

months old, 7–12 months old and 13–22 months old. There was no significant difference in

the mean parental age in each age class by the Student t-test. No significant difference was

seen in frequency of any allele class on paternally transmitted alleles by the Mann-Whitney

U test. In females, there was a significant decline in the number of larger alleles that were

transmitted with age (Mann-Whitney test: p=0.003 and p=0.0026). However, the number of

offspring of mothers in 13–22 month category was very small (8 animals) and although the

difference between these mice and the progeny of younger mothers was significant as

indicated by the asterisks, our level of confidence in a sample size this small is low.
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Fig. 2. Intergenerational instability of the FX PM allele in Csb+/+ and Csb−/− male mice
A) The frequency of transmission of alleles that are larger, smaller or the same size as the

parental allele in fathers of different ages. There was no significant difference in the mean

paternal age in each age class for Csb+/+ and Csb−/− animals by the Student t-test. No

significant differences were seen in the number of larger or smaller alleles or the number of

alleles that were the same size as the paternal allele using the Mann-Whitney test of

significance. The number above each bar corresponds to the number of animals observed in

that category. B) Distribution of repeat length changes on paternal transmission in Csb+/+

and Csb−/− mice. There was no significant difference in the mean paternal age in each age

class for Csb+/+ and Csb−/− animals by the Student t-test. The total number of alleles in each

size class was plotted. Both Csb+/+ and Csb−/− males showed an age-related increase in the

average number of repeats added with each transmission. However, no significant difference

between Csb+/+ and Csb−/− animals was seen in the number of repeats added at any age.
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Fig. 3. Intergenerational instability of the FX PM allele in Csb+/+ and Csb−/− mothers
A) The frequency of transmission of alleles that were larger, smaller or the same size as the

maternal allele in the offspring of female PM mice WT or nullizygous for Csb. There was no

significant difference in the mean maternal age in each age class for Csb+/+ and Csb−/−

animals by the Student t-test. The number above each bar corresponds to the number of

animals observed in that category. B) Distribution of repeat length changes on maternal

transmission in Csb+/+ and Csb−/− mice. The total number of alleles in each size class was

plotted as a function of the change in repeat number from the maternal allele. The

distribution of allele sizes was displaced towards smaller alleles in Csb−/− animals. The

difference in the distribution of allele sizes for Csb+/+ and Csb−/− animals was significant for
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both young (2–6 months old) and old (7–12 months old) animals (Mann-Whitney: p=0.04

and p=0.02 respectively).
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Fig. 4. Somatic expansion of the FX PM allele in male Csb+/+ and Csb−/− mice
The average SII of different organs of Csb+/+ and Csb−/− mice with 145–160 repeats. The

data represents the average of the individual SIIs from 6 Csb+/+ and 9 Csb−/− mice for the 6

month old mice and 6 Csb+/+ and 7 Csb−/− mice for the 12 months old animals. The asterisks

indicate the organs in which the differences in SII for young and old animals were

statistically significant (p<0.05).
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Fig. 5. The effect of CSB on the expression of genes potentially relevant for repeat expansion
A) The Fmr1 mRNA levels in the livers of 12 month old Csb+/+ and Csb−/− male mice was

determined by quantitative real time PCR as described in the Materials and Methods. The

Fmr1 mRNA levels are expressed relative to the levels of a house keeping gene, Gapdh. The

mRNA levels are an average of the levels from 6 Csb+/+ mice and 7 Csb−/− mice. The error

bars indicate the standard deviations. The difference in Fmr1 mRNA expression between

Csb+/+ and Csb−/− animals was not significant while the difference in SII was (p=0.331 and

p=0.011 respectively). B) Comparison of Fmr1 mRNA levels and the SII of individual

Csb+/+ and Csb−/− animals. The SII of each Csb+/+ and Csb−/− animal was plotted as a

function of the Fmr1 mRNA level as described in the Materials and Methods. C) Csb

expression in different mouse organs. Csb mRNA levels in different organs were determined

as described in the Materials and Methods. The data shown represents the average of the

Csb mRNA levels in 3 different animals. Since no housekeeping gene whose transcript

levels are consistent in all tissue has been identified, we used the same amount of mRNA for

all tissue and then normalized the Csb transcript levels in heart, liver, kidney, testis, spleen

and lung to the levels seen in brain. The number above each bar represents the SII of that

organ at 12 months of age. D) The effect of Csb on the expression of genes known to be

involved in repeat expansion in the FX PM mouse. Transcript levels are expressed relative

to the levels of a house keeping gene, Gapdh, multiplied by 10,000. The mRNA levels are

an average of the levels from the livers 6 Csb+/+ and 7 Csb−/− mice all 12 months of age.

The white bars indicate the mRNA levels in the Csb+/+ mice, the black bars the Csb−/− mice.
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The error bars indicate the standard deviations. No significant differences between the

mRNA levels in Csb+/+ and Csb−/− mice were seen using the Student t test.
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