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The Fragile X-related disorders are X-linked disorders resulting from the inheritance of FMR1 alleles with >54
CGG/CCG repeats in their 5′ UTR. The repeats expand both somatically and on intergenerational transmission
and increased repeat numbers are associated with increased risk of disease and increased risk of further expan-
sion. The mechanism responsible for expansion is unknown. Here, we show in a knockin mouse model of these
disorders that somatic expansion is much less common in females than in males. We show that this is due in
large part to the fact that expansions occur only when the repeat is on the active X chromosome. However,
even when this is taken into account, expansions in females are still less common than expected. This additional
gender effect is not due to a protective effect of estrogen, a deleterious effect of testosterone or to differences in
the expression of the Fmr1 gene or a variety of X-linked and autosomal DNA repair genes. However, our data do
suggest that a higher level of expression of genes that protect against oxidative damage in females may contrib-
ute to their lower levels of expansion. Whatever the basis, our data suggest that the risk for somatic expansion
may be lower in women than it is in men. This could help explain the reduced penetrance of some aspects of dis-
ease pathology in women. The fact that expansion only occurs when the Fmr1 allele is on the active X chromo-
some has important implications for the mechanism of repeat expansion.

INTRODUCTION

The Fragile X-related disorders (FXDs) result from the inherit-
ance of FMR1 alleles that have a CGG/CCG-repeat tract in the
5′ UTR that has .54 repeats (reviewed in 1). This repeat tract
is expansion-prone with the risk of expansion increasing with in-
creasing repeat number. Disease pathology is related to repeat
number with premutation (PM) alleles, those alleles having 55–
200 repeats, being associated with an increased risk of a neurode-
generative condition, Fragile X-associated tremor and ataxia
syndrome (FXTAS; MIM #300623) (2). Women with the PM
are also at risk of a form of ovarian dysfunction known as Fragile
X-associated primary ovarian insufficiency (FXPOI) (3,4). In add-
ition, female PM carriers are at risk of transmitting much larger,

so-called full mutation (FM) alleles with .200 repeats, to their
children. FM alleles cause Fragile X syndrome (FXS; MIM
#300624), a moderate tosevere learningdisability (reviewed in1).

The FXDs belong to a larger group of human diseases known
as the repeat expansion diseases (5). These diseases, which
include progressive myoclonus epilepsy (EPM1; MIM
#254800), myotonic dystrophy type 1 (DM1; MIM #160900)
and 2 (DM2; MIM #602668), and Huntington disease (HD;
MIM #143100), involve a variety of different repeats that are
predominantly G+C-rich and have repeat units that range in
size from triplets to dodecamers. These repeats all share the
ability to form unusual intrastrand and interstrand structures of
one sort or another (6), but whether they share a common expan-
sion mechanism is still an open question.
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We have previously shown in a knockin mouse model of the
FX PM that expansion occurs both in the germ line and in
somatic cells and that some cell types are particularly expansion
prone including some that are post-mitotic like neurons and
oocytes (7). This would be consistent with the idea that replica-
tion is not absolutely required for expansion. We have also
demonstrated that oxidative damage increases expansion risk
(8) and that the mismatch repair protein MSH2 is absolutely
required for expansion in this mouse model (9). Furthermore,
we have identified a second genetic factor that contributes to
repeat instability, CSB, a protein essential for transcription
coupled repair (TCR). The loss of CSB reduces the intergenera-
tional transmission of expanded alleles in older female mice and
the extent of somatic expansion seen in some organs in males
(10). However, very little else is known about the genetic or en-
vironmental factors that affect expansion in the FX PM mice. In
this article, we show that somatic expansions are much more ex-
tensive in males than in females. We show that this is due in part
to the fact that expansions are only seen when the PM is on the
active X chromosome. However, our data also suggest that
there are additional factors that contribute to the increased risk
of expansion in males. Our results have implications for the
mechanism of repeat expansion. They also raise the possibility
that the lower risk of somatic expansion contributes to the
lower penetrance of FXTAS seen in women with the PM.

RESULTS

Somatic expansion is less extensive in females than in males

We have previously shown that there is no gender difference in
the number of expanded alleles seen in the progeny of in FX PM
mice (11). However, somatic expansion in adult FX PM males is
always more extensive than it is in females (Fig. 1), although the
tissues that are at most risk for expansion remain the same. For
example, the most expansion-prone organs in both males and
females are the liver, brain and gonads, while expansions are
rarely seen in the heart. Despite the fact that expansion increases
with age in males (7,10), very little expansion is seen even in
females that are almost twice as old (24 versus 12 months) or
that have more than twice as many repeats (300 repeats versus
148 repeats; Fig. 1, right-hand panels). These differences can
be clearly seen when the GeneMapper traces from males and
females are superimposed as shown in Figure 2A. As can be
seen from the average somatic instability index (SII), a quantita-
tive measure of the extent of somatic instability (12), from eight
males and eight females, this gender difference ranges from
2-fold in tail DNA to �4.7-fold in the kidney and liver (Fig. 2B).

Expansion only occurs when the PM allele
is on the active X chromosome

Since the Fmr1 gene is on the X chromosome, it follows that in
females heterozygous for the PM, the PM allele will be on the in-
active X chromosome in �50% of cells. To ascertain whether
there are differences between the expansion profiles of the PM
on the active and inactive X chromosome, we examined the Gen-
eMapper profile generated by PCR of the repeat from female
DNAs that had either been mock digested or digested with

Sau96I, a methylation-sensitive restriction enzyme that has a
recognition site in the binding site for one of the PM-specific
primers used for the PCR. The GeneMapper profile in the
mock digested sample would be a composite of the repeats
present on both the active (unmethylated) and inactive (methy-
lated) X chromosomes, while the GeneMapper profile generated
after Sau96I digestion would reflect only the repeats present on
the inactive X chromosomes. As can be seen in the left-hand
panels of Figure 3, digestion with Sau96I abolishes all trace of
the PM allele in male mice, consistent with the fact that in
males no X inactivation and thus no methylation of the PM
allele occurs. In contrast, the PCR profile for all females tested
showed significant amounts of Sau96I-resistant DNA as would
be expected if the PM allele was sometimes located on the in-
active X chromosome. However, the GeneMapper profiles dif-
fered for the mock digested and Sau96I-digested material.
Specifically, while the mock digested sample contained PCR
products that were larger than the original allele and thus diag-
nostic of expansions, these products were missing from the
Sau96I-digested sample. Similar results were seen when a differ-
ent methylation-sensitive enzyme that has a recognition site that
overlaps one of the primers was used (EaeI, data not shown).
Thus, whatever somatic expansion occurs in the female PM
mouse occurs on the active X chromosome.

X inactivation does not account completely for the
difference in the extent of expansion

However, the greater than 2-fold differences in the SII cannot be
completely explained by this fact unless there was significant
skewing of X chromosome inactivation (XCI). Since amplifica-
tion of the repeat is very sensitive to repeat length and DNA con-
centration (Lokanga, Zhao and Usdin, unpublished observations),
we designed a different assay to monitor XCI that utilized the
cleavage site for the methylation-sensitive restriction enzyme
EaeI that is located in the neomycin marker in intron 1 that was
part of the construct used to generate the FX PM mouse line
(13). Details of this assay are described in Materials and
Methods section. Using this assay, we found no evidence of
skewing of XCI (data not shown). Rather, a range of XCIs were
obtained for individual animals that were consistent with the ob-
servation that at the time of X inactivation only a small number
of cells are present in the embryo (14) with the PM allele being
on the active X chromosome on average 50% of the time (data
not shown). If the SII was simply due to the proportion of cells
in which the PM allele was on the active X chromosome, the
extent of expansion in females would be on average �50% that
seen in males, whereas in some tissue the reduction in SII in
females was much lower than this. For example, the average SII
in male kidney was �4.7 times that in females. Furthermore,
there was no clear relationship between whether the PM allele
was on the active allele and the SII (Fig. 4). For example, one of
the mice with the lowest SII (1.3) and the mouse with the
highest SII (3.1) had very similar XCIs with the PM being on
the inactive X �50% of the time. The fact that expansion in
organs like kidney and liver is �4.7-fold more extensive in
males suggest that X inactivation does not fully account for the
gender difference in expansion in all tissue.
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Figure 1. Somatic instability is more extensive in male FX PM mice than in females. Comparison of the GeneMapper profiles for different organs of a 12-month-old
male mouse (A) with the profiles for different organs from an age-matched female with a similar repeat number (B), a 24-month-old female with a similar repeat
number (C) and a 26-month-old female with �300 repeats (D). The dotted gray line indicates the position of the original inherited allele. Either 500 ROXTM or
the 1200 LIZw molecular weight markers were used. The choice of marker did not affect the GeneMapper profile. Tail 1 refers to the tail DNA at weaning, while
tail 2 is the tail DNA sample taken at the time of euthanasia.

Figure 2. Comparison of somatic instability and SII for male and female mice 12 months of age. (A) Overlay of representative GeneMapper profiles from the heart,
brain, liver and gonads of a 12-month-old male (gray) and female (black) mouse with �146 repeats. The dotted gray line and arrow head indicates the position of the
original inherited allele. (B) The SII in different organs of 12-month-old males (n ¼ 8) and females (n ¼ 8) with �145 repeats. Tail 1 refers to the tail DNA at weaning,
while tail 2 is the tail DNA sample taken at 12 months of age.
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Gender differences in transcription of the Fmr1 gene
do not account for differences in expansion

To assess whether gender differences in transcription of the Fmr1

gene could contribute to the gender difference in somatic expan-
sion, we compared the levels of Fmr1 mRNA in different
organs (Fig. 4B). For both males and females, the levels of tran-
scription were much higher in PM mice than in WT mice consist-
ent with the increase levels of transcription initiation seen in
human PM carriers (15). In males, the Fmr1 transcript levels
ranged from 3.6-fold higher in PM kidney to 11.5-fold higher in
the PM liver (Fig. 4C). In general, the difference in mRNA
levels between PM and WT mice was smaller in females than it
was in males. This likely reflects, at least in part, the fact that in
PM males the more transcriptionally active PM allele is expressed
in all their cells, while in females heterozygous for the PM, the
total level of Fmr1 transcript reflects contributions from both

the hyper-expressed PM allele and the WT allele that is expressed
at much lower levels. For this reason, when evaluating potential
gender differences in transcription neither the absolute levels of
transcript in the PM mice or the levels relative to WT can be dir-
ectly compared. Thus while the total amount of Fmr1 transcript in
males and females are comparable for organs like kidney and
liver, the level of transcript that can be attributed to the PM
allele in females must be higher, since the hyper-expressed PM
allele is only expressed in 50% of their cells as illustrated in
Figure 4D. Thus, if anything, females make more Fmr1 transcript
from the PM allele in those organs not less. Furthermore, the total
amount of transcript in the heart of females is approximately
six times higher than in males. Yet the levels of somatic expansion
in that tissue are not higher than they are in males. This is con-
sistent with our earlier observation that Fmr1 transcription in dif-
ferent organs of males does not account for organ-specific
differences in the propensity to undergo somatic expansion (10).

Figure 3. Relationship between expansion and presence of the PM on the active X chromosome. (A) Schematic showing the region of the FX PM mouse Fmr1 gene
amplified with FraxM4 and FraxM5, illustrating the principle behind using Sau96I-predigestion to examine expansion on the inactive X chromosome. FraxM4 and
FraxM5 amplify the PM allele but not the WT allele since the 3′ ends of each primer correspond to the bases added to the PM allele when the mouse line was first
generated. The sequence corresponding to the primer in the case of FraxM5 and the primer binding site for FraxM4 is shown. The position of a CpG residue that over-
laps with a Sau96I cleavage site in the FraxM5 sequence is indicated in the boxed region. Since Sau96I cleavage is blocked by overlapping methylation, the FraxM5
region will be cut by Sau96I only when the PM allele is on the active X chromosome. As a result when the DNA is digestedwith Sau96I prior to PCR, the FraxM5 primer
will only be able to amplify the PM on the inactive X chromosome. Note that a Sau96I cleavage site is also present in the region corresponding to the FraxM4 sequence.
However, this site does not overlap a CpG residue and thus is cleaved whether the allele is methylated or not but since the cleavage site leaves 18 bases adjacent to the
repeat for the primer to bind, this primer amplifies the repeat in Sau96I treated material whether the allele is methylated or not. Since males only possess an active X
chromosome, Sau96I digestion eliminates all traces of the PM allele. In females, only the PM allele on the inactive X chromosome remains to be amplified after di-
gestion by Sau96I. (B) GeneMapper profiles of two males and two females without (2) and with (+) pretreatment with Sau96I along with the 1200 LIZw molecular
weight markers. The dotted gray line and arrowhead indicates the position of the original inherited allele.
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Thus, while chromatin that is capable of being transcribed is
required, the absolute level of transcription does not determine
the extent of somatic expansion.

The remaining gender difference cannot be explained
by the presence of estrogen or testosterone

To test whether a protective effect of estrogen could contribute to
the gender difference in expansion, we ovariectomized 16-day-old
females and examined the extent of expansion in various organs of
those animals at 12 months of age. Nodifference was seen between
ovariectomized and non-ovariectomized mice in the extent of ex-
pansion (Fig. 5A). To test whether testosterone exacerbated expan-
sion, we examined the extent of expansion in castrated males. No
difference was seen between these males and uncastrated males in
the extent of expansion either (Fig. 5B). Thus, expression of arche-
typal male and female hormones does not explain the gender dif-
ference in the extent of expansion.

Gender differences in the expression of a number
of candidate DNA repair proteins also do not account
for the remaining gender differences

A number of genes involved in DNA repair are located on the X
chromosome. These genes, which include the Ubiquitin-activating
enzyme 1 (Ube1; Uba1; Smax), the Structural maintenance of
chromosomes protein 1A (Smc1a) and the alpha thalassemia/
mental retardation syndrome X-linked (Atrx) genes, are poten-
tially good candidates for the source of gender difference.
However, neither UBE1 nor SMC1a showed significant differ-
ences in protein expression in the livers of male and female
mice by western blotting (Fig. 6A). ATRX levels were below
the limit of detection in liver. However, we also found no
gender difference in the expression of this protein in the brain
(data not shown). We also tested the levels of proteins thought

Figure 4. SII, XCI ratios andFmr1 transcription. (A) TheGeneMapperprofiles, SII
and XCI for the brains of seven age-matched females with similar repeat sizes run
with either the 500 ROXTM or 1200 LIZw molecular weight markers. The XCI ratio
is shown as the fractionof the PMalleleonthe active X versus the fraction of thePM
on the inactive X. (B) Comparison of Fmr1 mRNA expression in various organs of
male and female mice withandwithout thePMallele. TheFmr1mRNAlevelswere
determined by quantitative real-time PCR and are expressed relative to GAPDH.
The standard deviation for each group is shown. (C) The Fmr1 mRNA levels in
PM mice relative to the levels of Fmr1 mRNA in WT mice. The Fmr1 levels in dif-
ferent organs of male and female mice were normalized to GAPDH and then
expressed as the ratio of the levels in PM to the levels in WT mice. (D) Illustration
of how the amount of mRNA produced from the PM allele was deduced in female
kidney by using the level ofmRNA seen in WT mice. The open circle represents the
WT allele and the grey circles the PM alleles.

Figure 5. Effect of removal of female and male gonads on the extent of somatic
expansion. The GeneMapper profiles for 12-month-old male and female mice
with repeat numbers of �145 who were either untreated or had their gonads
removed at 7 weeks of age. Samples were run with either a 500 ROXTM (unovar-
iectomized female) or 1200 LIZw molecular weight marker. The dotted gray line
and arrowhead indicate the position of the original inherited allele.
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to be important in the expansion process. Specifically, we have
previously shown that the mismatch repair protein MSH2 is es-
sential for expansion in the FX PM mouse and that the extent
of somatic expansion in different organs in males correlated
with the levels of the mismatch repair proteins MSH2 and its
binding partners MSH3 and MSH6 (9). While their roles in
CGG-repeat expansion have not been tested, the DNA glycosy-
lases OGG1 and NEIL1 have been implicated in expansion in
mouse models of a repeat expansion disease resulting from
CAG/CTG-repeat expansion (16,17). The levels of these pro-
teins were thus also tested. However, none of these proteins
showed any gender differences that could explain the difference
in expansion either (Fig. 6B).

Gender differences exist in the expression of genes involved
in the response to oxidative damage that may contribute to
the differences in expansion

We have previously shown that oxidative damage exacerbates
germline expansion in both males and females (8). Some
studies of gender differences in the extent of oxidative DNA
damage in C57BL/6 mice show more oxidative damage in
females (18), while others show more oxidative damage in
males (19). Furthermore, the PM allele itself has been reported
to be responsible for increased oxidative damage (20). It may

be that either inherent gender differences in the relative expres-
sion of different oxidative damage response proteins or gender
differences in the effects of the PM on these genes could
account for the gender difference in the extent of somatic expan-
sion. We therefore determined the levels of expression of 84 dif-
ferent genes known to be important in the response to oxidative
damage in the liver of male and female PM mice. Of these 84
genes, 29 (34.5%) showed a .1.5-fold difference between
genders (P , 0.05) and 14 (16.6%) a .2-fold change (P ,
0.05). Table 1 lists the genes with the most significant gender dif-
ferences in expression in the liver of PM animals. Glutathione
S-transferase Pi 1 (Gstp1) expression was 5.3-fold higher in
males than in females (P ¼ 0.000546) consistent with previous
reports (21). Conversely, Flavin containing monooxygenase 2
(Fmo2) mRNA levels were �11 times higher in females than
in males [again consistent with previous reports (21)].
NAD(P)H dehydrogenase, Quinone 1 (Nqo1) mRNA levels
were also elevated in females consistent with previous reports
(22). However, while expression of Superoxide dismutase 1
(Sod1) and glutathione peroxidase 1 (Gpx1) is lower in female
WT C57BL/6 mice than in males (18), expression of both
genes is significantly higher in female C57BL/6 mice carrying
the PM than in males with the PM. This may reflect a specific re-
sponse of female mice to the presence of the PM. While tran-
script levels do not always reflect the protein level and/or
activity, evidence suggests that many genes involved in the
response to oxidative stress are regulated at the level of

Figure 6. Western blots showing the levels of various DNA repair proteins in
male and female FX PM mice. Protein isolated from the livers of 12-month-old
male and female FX PM mice was subjected to electrophoresis, transferred to
membrane and challenged with antibodies to the indicated proteins as described
in Materials and Methods. (A) Levels of X-linked DNA repair genes. (B) Levels
of DNA repair genes implicated in the repeat expansion diseases.

Table 1. Gene expression differences in the liver between male and female PM
mice

Gene Fold changea P-value

Gstp1 5.33 0.0005
Nox4 4.64 0.0012
Aox1 2.35 0.0001
Sod1 21.51 0.0021
Slc38a1 21.53 0.0420
Ctsb 21.53 0.0154
Xpa 21.53 0.0058
Ercc2 21.56 0.0031
Hmox1 21.62 0.0150
Cygb 21.70 0.0059
Noxo1 21.71 0.0484
Vim 21.76 0.0097
Ccs 21.83 0.0000
Gpx3 21.83 0.0022
Cyba 21.86 0.0211
Sod3 21.89 0.0038
Ncf2 21.98 0.0171
Noxa1 21.98 0.0263
Ngb 22.12 0.0299
Ptgs1 22.24 0.0041
Fancc 22.36 0.0004
Ucp2 22.38 0.0021
Gpx6 22.46 0.0314
Gpx7 22.51 0.0193
Ncf1 22.54 0.0238
Nqo1 22.59 0.0477
Nos2 22.86 0.0457
Ccl5 22.87 0.0060
Fmo2 211.36 0.0028

aA positive value indicates a higher transcript level in males relative to females
and a negative value a higher level of transcript in females.

4990 Human Molecular Genetics, 2014, Vol. 23, No. 18



transcription (23,24). While some of the genes whose expression
is upregulated in PM females can be induced by oxidative stress
and thus may reflect exposure to oxidative damage, many other
genes that are also upregulated by oxidative stress are not ele-
vated. Furthermore, the expression of many of the genes
expressed more highly in females are upregulated in males in re-
sponse to caloric restriction (25), a treatment believed to reduce
oxidative stress (reviewed in 26). These data lend support to the
idea that the elevated levels of many of these genes in female PM
mice may represent a higher basal level of protection against oxi-
dative damage.

DISCUSSION

We show here that while the same organs are prone to somatic
expansion in male and female FX PM mice, females show
much less expansion in those organs than males of the same
age and with the same repeat number (compare panels A and B
in Fig. 1). While expansions continue to increase with age
even females that are twice as old do not show the same extent
of expansion as younger males (Fig. 1 A and C). Furthermore,
while the extent of somatic expansion is dependent on repeat
number, even females with much larger repeat numbers show
very little expansion (Fig. 1D).

This gender difference is quite different from the gender
effects reported in a mouse model for HD, a CAG/CTG-repeat
expansion disease. Specifically, in that mouse model, no signifi-
cant effect of gender is seen in the extent of somatic expansion in
adult HD mice, although male embryos show more expansions
than female embryos from the same father (17).

We have shown that a significant fraction of the gender differ-
ence in the FX PM model can be attributed to the fact that the
Fmr1 gene is located on the X chromosome; in female, FX PM
mice somatic expansion occurs exclusively on PM alleles that
are on the active X chromosome (Fig. 3), and presumably an
open chromatin configuration and/or transcriptional activity of
the gene is required for expansion. This is consistent with the ob-
servation that the repeat is stable in human carriers of methylated
FM alleles (27). Since both X chromosomes are active in
oocytes, this may explain why the frequency of germ-line expan-
sions on maternal transmission of PM alleles is comparable to
those seen on paternal transmission.

A role for transcription/open chromatin in the CTG/
CAG-repeat expansion diseases has been previously suggested
from work using various bacterial/yeast/tissue culture/fly
models (reviewed in 28). Recently, the effect of unidirectional
and bidirectional transcription was examined in a human fibro-
blast model system using an integrated construct expressing
800 repeats under the control of CMV and ROSA26 promoters
situated on either side of the repeat (29). In this assay system con-
structs in which the repeat was transcribed showed higher
numbers of both expansions and contractions than cell lines in
which the repeat was not transcribed and this effect was magni-
fied when transcription of the repeat occurred bidirectionally. In
transgenic mouse models of DM1 and HD, a role for transcrip-
tion/open chromatin was inferred from the fact that in various
mouse lines more extensive somatic instability in a particular
tissue was generally correlated with higher levels of transcrip-
tion of the transgene (30,31). However, in both the fibroblast

system and these mouse lines, the chromosomal context of the
constructs used was different in each case. Since chromosomal
context can affect expansion in a variety of ways, it is difficult
to definitively attribute the differences observed solely to the
transcriptional activity of the locus particularly since there is
not always a good correlation between transcription rates in spe-
cific tissue and the propensity to expand in that tissue (29–31).
Since in the FX PM mouse, we are able to compare the expansion
of the identical PM allele in the same chromosome context on
active and inactive versions of the X chromosome in the same
animal, our data firmly establish a role for transcription/open
chromatin in expansion.

The molecular basis for this dependence on transcription/open
chromatin is not yet clear. Since heterochromatin is less vulner-
able to certain forms of DNA damage and also less accessible to
some repair enzymes (32), it may be that heterochromatin forma-
tion itself accounts for the stability of the repeat on the inactive
X. Alternatively, it may be transcription that triggers expansion.
It has been suggested from work in models of the CAG/
CTG-repeat expansion diseases (33–38) that expansion pro-
ceeds via TCR, a form of DNA repair that occurs only on the tem-
plate strand of actively transcribed genes (39). However, we
have previously have shown that CSB, a protein essential for
TCR, plays no role in expansion in male or young female FX
PM mice (10).

There are a number of other transcription-dependent pro-
cesses that have the potential to generate expansions (reviewed
in 28,40). For example, co-transcriptionally formed R-loops
that form in G-rich regions have the potential to generate DNA
strand breaks by causing replication fork stalling that could ul-
timately lead to expansion (41,42). However, since expansion
occurs in oocytes and neurons (7,9), cells that are not replicating,
it suggests that replication fork stalling is not required for expan-
sion. The single-stranded region generated on the non-template
strand during transcription may also be vulnerable to strand
breaks and other forms of DNA damage. Transcription through
this region may also favor expansion since it would increase the
levels of H3K36me3, a histone modification that recruits MSH2-
containing DNA repair complexes (43) that we have shown to be
essential for expansion (9). However, the simplest model that
would account for the role of transcription in repeat expansion is
that transcription creates an opportunity for the non-template
strand of the repeat to form the hairpins that are thought to be the
substrate for expansion. Once formed, the hairpins would then be
recognized by the MSH2-dependent process that generates expan-
sions (9). The recent demonstration that the related repeats (CAG)n
and (CTG)n can trigger the activation of the MutLa endonucle-
ase to generate an incision suggests one way that the MMR
machinery could process the hairpins on templates outside of
DNA replication (44).

However, while transcription/open chromatin is required for
expansion, it is not sufficient; expansion is not seen in all
tissue and there is not a simple relationship between Fmr1 tran-
scription and extent of expansion in these tissues. Furthermore,
there are no significant gender differences in the transcription
of the Fmr1 gene that could account for the gender difference
in somatic expansions that we observed (Fig. 4). We have also
previously shown that there is not a straightforward relationship
between the amount of transcription of the Fmr1 gene in males
and the extent of expansion in different organs either (7,9,10).
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Thus it may be that some other factor in the expansion process is
rate-limiting and that these factors may show gender differences.

The other factors contributing to the gender difference in the
risk of expansion remain to be ascertained. It does not seem to
be related to levels of either estrogen or testosterone or to be
related to the expression of any of the known DNA repair
genes on the X chromosome or DNA repair genes on autosomes
that have been implicated in expansions. Given our demonstra-
tion that oxidative stress can increase expansion risk, the
gender differences in the expression of a number of other
genes involved in the response to oxidative damage in FX PM
mice may be relevant. Females showed significantly higher
levels of expression of a number of genes able to remove poten-
tially damaging reactive oxygen species (ROS) (Table 1). Of the
29 genes that showed a .1.5-fold difference in expression
between males and females, 26 are more highly expressed in
females and most of these are involved with protection from oxi-
dative stress rather than the generation of ROS. The list of genes
that are more highly expressed in FX PM females includes genes
belonging to the Sod and Gpx families that are among the most
important genes involved in protection against oxidative
damage. The higher level of expression of enzymes like this
that reduce ROS levels may result in less oxidative damage to
DNA, which in turn results in fewer expansion events in
females. A number of genes involved in DNA damage repair
are also more highly expressed in female PM mice, including
Fancc, Ercc2 and Xpa. Thus it could also be that the elevated
level of expression of these genes also allows the error-free
repair of any DNA damage that may otherwise give rise to expan-
sions. Given that oxidative stress is elevated in human PM car-
riers (20), it may be that the elevated level of expression of
genes that protect against this stress may contribute to the
lower penetrance of FXTAS in human female PM carriers.

Whatever the basis of the gender difference in the extent of
somatic expansion may be, the fact that somatic expansions
occur less frequently in female PM mice may be relevant clinic-
ally for women carrying a PM allele. A lower frequency of
somatic expansions would mean that there would be greater con-
cordance between repeat numbers measured in blood and repeat
numbers in the brain. This would mean that FXTAS risk assess-
ment may be simpler for females than for males, at least for those
with high repeat numbers who would otherwise be at risk of
somatic expansion.

MATERIALS AND METHODS

Mouse maintenance and surgery

The generation of the FX PM mice was described previously
(13). 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 publi-
cation no. 85-23, revised 1996). Ovariectomy was performed via
a dorsal midline incision. Briefly, 16-day-old females were
anesthetized by intra-peritoneal injection of 0.5 ml of Avertin.
After the onset of anesthesia, the animals were placed under in-
frared lamp to prevent heat loss, and then the fur was shaved bi-
laterally over the lumbar spine to expose the skin. After
swabbing the shaved skin with 70% (v/v) ethanol followed by
sterile PBS, a 5–8 mm incision was made in the midline of the

lower back, in the subcutaneous tissue and peritoneum.
Ovaries were removed by gently severing the oviduct, using
sterile, small scissors. The uterus and the remaining part of the
oviduct are replaced back into the abdominal cavity and the
muscle layer sutured using 5-0 vicryl absorbable suture. The
testes of 5–7-week-old male mice were removed via a ventral
midline incision. Briefly, the mice were anesthetized by IP
Avertin injection, the ventral surface area shaved and cleaned
with Betadine surgical scrub followed by a 70% alcohol wipe,
to remove loose hair. A 5–8 mm incision was made in the
ventral midline at the point level with the top of legs, followed
by a 5–8 mm incision in the subcutaneous tissue and periton-
eum. The vas deferens and testis were exposed, the vas deferens
cauterized and the testes excised. The fat pads were pushed back
into the cavity and the muscular layer closed with 5-0 vicryl ab-
sorbable suture. The skin incision was closed with sterile wound
clips, which are removed after 7–10 days.

Genotyping and analysis of repeat number

Genomic DNA was extracted using a Maxwellw16 Mouse tail
DNA purification kit (Promega, Madison, WI, USA) according
to the manufacturer’s instructions. The presence of the PM
allele and its repeat number was determined using a fluorescent
PCR assay and FraxM4 and FraxM5 primer pair as described pre-
viously (7). The SII was calculated from the GeneMapper profiles
of DNA from different organs as previously described and used to
evaluate the extent of somatic expansion in adult mice.

A modification of the fluorescent PCR assay used to determine
the repeat number was used to examine the relationship between
expansion and the location of the PM allele on the active or in-
active X chromosome. The FraxM5 primer binding site has a rec-
ognition site for the methylation-sensitive enzyme Sau96I that
contains a CpG residue. Digestion with Sau96I thus prevents
PCR amplification of the PM when it is on the active X chromo-
some. Briefly, 1 mg of genomic DNA was digested in New
England Biolabs buffer 4 (New England BioLabs, Ipswich,
MA, USA) with 10U of Sau96I in a total volume of 50 ml. For
each sample, a mock digested control was prepared the same
way except for the omission of enzyme. The extent of digestion
was monitored by the addition of pUC19, a plasmid that has six
Sau96I restriction sites. The digests were then monitored by
agarose gel electrophoresis to ensure that the pUC19 digestion
was complete.

Determination of the X inactivation ratio

Genomic DNA was mock digested or digested with the
methylation-sensitive enzyme EaeI (New England Biolabs)
prior to real-time qPCR. A methylation-sensitive amplicon
was amplified with primers XCI-TF (5′-TGGACGAAGA
GCATCAGGGG-3′) and XCI-TR (5′-GCGATACCGTAAA
GCACGAG-3′). This amplicon corresponds to a region of the
neomycin resistance marker from the targeting vector used to
generate the mouse line. It contains two EaeI sites with CpG resi-
dues that will be digested only if the template is on the active X
chromosome. A PCR control for EaeI digestion was included.
This PCR reaction was carried out using primers XCI-CF
(5′-CGGTTCTTTTTGTCAAGACCGA-3′) and XCI-CR
(5′-CAGGAGCAAGGTGAGATGACA-3′) that amplifies a
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198 bp region just upstream of the first amplicon. This region
that contains an EaeI site that contains no CpG and is thus
digested whether the region is methylated/on the inactive X or
not. The ratio of the yield of the EaeI digested methylation-
sensitive amplicon to the yield of the same amount of mock
digested material was used to determine the X inactivation ratio.

Evaluation of potential gender differences in protein
expression by western blotting

Protein extracts were prepared from flash frozen tissues of
12-month-old females (four) and males (four) that had �140
repeats. Tissues were homogenized using a tissue homogenizer
(Precellysw 24,Bertin Technologies) with T-PER protein extrac-
tion reagent (Pierce Biotechnology, Inc, Rockford, IL, USA) sup-
plemented with complete, Mini, EDTA-free protease inhibitor
cocktail (Roche Applied Science, Indianapolis, IN, USA) and
phosphatase inhibitor cocktail-3 (Sigma-Aldrich) according to
the supplier’s instructions. The protein concentration was deter-
mined using a Bio-Rad protein assay kit (Bio-Rad, Hercules,
CA, USA). Proteins were heated for 10 min at 708C in
LDS-Sample Buffer (Life Technologies) supplemented with
50 mM DTT, resolved by electrophoresis on a 3–8% NuPAGE
Novex Tris-Acetate gels (Life Technologies) and electro-blotted
onto nitrocellulose membranes using NuPAGE Transfer Buffer
(Life Technologies) supplemented with 10% methanol. Transfer
was carried out at 100 V at room temperature for 1 h. Membranes
were blocked for 1 h at room temperature in 5% ECL Prime block-
ing agent (GE Healthcare Bio-Sciences, Pittsburgh, PA, USA) in
TBST pH 7.5 (10 mM Tris–HCl, 0.15 mM NaCl and 0.01%
Tween 20), and then incubated overnight at 48C with antibodies
to the following proteins ATRX (Ab97508), MSH2 (ab70270)
and MSH3 (ab74607), NEIL1 (ab21337) and SMC1 (Ab52324)
from Abcam (Cambridge, MA, USA), MSH6 (3995S) and
Ube1a/b (#4891) from Cell Signaling (Boston, MA, USA) and
OGG1 (15125-1-AP) from Proteintech Group (Chicago, IL,
USA). After addition of the ECL Prime detection reagent
(GE Healthcare Bio-Sciences), the blot was imaged using a
FluorchemTM M imaging system (Proteinsimple, Santa Clara,
CA, USA). The protein levels were then normalized to the levels
of b-actin (ab8227; Abcam).

Evaluation of gender differences in the expression of genes
involved in the response to oxidative stress

The livers of 12-month-old males (four) and females (four) with
PM alleles that had�145 repeats were homogenized using a Pre-
cellysw lysing kit (Bertin Technologies) according to the man-
ufacturer’s instructions. Total RNA was isolated from the
homogenate using Maxwellw16 LEV simply RNA purification
Kits (Promega). The RNA concentration and quality was deter-
mined using an Agilent Bioanalyzer (Agilent, Santa Clara, CA,
USA). The RNA was converted into cDNA using the RT2 first
strand kit (Qiagen, Valencia, CA, USA) and analyzed using
the Mouse Oxidative Stress RT2 ProfilerTM PCR array
(PAMM-065ZE-4, Qiagen) according to the manufacturer’s
instructions. The real-time PCR array data were analyzed
using a web-base version of RT2 profiler PCR array data analysis
version 3.5 (http://pcrdataanalysis.sabiosciences.com/pcr/arra
yanalysis.php).
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