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I. Abstract 
 

Allele instability in trinucleotides repeat disorders has been associated with many different 

physical and psychological conditions, including inherited forms of autism and 

neurodegenerative disorders. This form of instability is observed in Fragile X Syndrome, a 

trinucleotide disorder, in which a CGG repeat located in the 5’UTR of the fragile X messenger 

ribonucleoprotein 1 (FMR1) gene is greater than 200 CGG repeats. This leads to methylation of 

the gene, transcriptional silencing and consequent absence or reduction of the encoded protein, 

FMRP. In FMR1 premutation (PM) carriers, who have an allele containing between 55 – 200 

CGG repeat length, a CGG repeat expansion during transmission to the offspring, leads to 

Fragile X Syndrome. Although allele instability has been observed mainly in full mutation alleles 

(>200 CGG repeats), it has been observed throughout the CGG range, and leading to somatic 

mosaicism. 

 

However, it is unclear what molecular factors are associated with the risk of FMR1 CGG repeat 

expansion and if instability correlates with clinical conditions throughout the lifespan of 

individuals carrying an expanded allele. Furthermore, it is unknown if these factors confer 

difference in the degrees of risk based on the individual’s biological sex, or age, or if instability 

or changes may occur over time within individuals.  

 

In this study, we investigated 426 PM female and 454 PM male carriers. Within these two 

cohorts, we observed that CGG repeat size correlates with FMR1 mRNA levels, and with the 

number of AGG interruptions, confirming previous reports. Interestingly, a lower number of AGG 

interruptions and higher CGG repeat size increases the risk of expansion from mother to 

offspring during transmission, relevant to the new observation here reported. When studying 

CGG instability over time, we found that eight PM females (n=24) underwent allele expansion as 

they aged, with three individuals displaying an increase of three or greater repeats in CGG 

repeat number. Likewise, in the PM male group (n=50), 19 individuals showed an increased 

CGG repeat number over time, with two undergoing CGG allele size decrease. We also found 

that the expanded unmethylated regions, significantly correlated with CGG repeat size and AGG 

interruptions in both females and males.  

 

Thus, CGG repeat size and AGG interruptions are significantly correlated with somatic 

instability, regardless of gender, although differences in allele expansion patterns between PM 

males and females exist. Trans molecular factors such as DNA repair-associated genes are 

also capable of affecting risk of expansion. Indeed, our preliminary observations found a 

significant correlation between allele in two genes, MSH3 and FAN1, both of which play a role in 

DNA repair.  

 

These findings carry the implications that molecular measures could be used to determine 

individuals with higher likelihood of allele instability, which may influence the phenotypic 

expression. Overall, this study can help future diagnostics in determining which PM individuals, 

both males and females, are more likely to experience allele expansion and be at risk of 

developing Fragile X associated conditions.  
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II. Objective 
 

The objective of this research was to investigate and identify molecular factors that potentially 

contribute to FMR1 CGG repeat instability and somatic mosaicism (presence of more than one 

allele in an individual’s somatic cell population) in PM carriers. In this study I investigated allele 

instability in both PM males and females, and characterized the molecular measures at the 

FMR1 locus, including CGG repeats, AGG interruptions, methylation (methylation status and AR 

in females), FMR1 mRNA expression levels and a measure of allele instability. In addition, I 

investigated which genetic factors may affect allele expansion of individuals with differing 

degrees of instability and investigated how mosaic patterns changes over time in individuals 

displaying mosaicism.  

 

Ultimately, the goal would be to determine if PM instability contributes to the premutation related 

phenotypes observed in female and male FMR1 PM carriers.  

 

We accomplished these objectives through the following Specific Aims:  

 

1.) To characterize the instability profile and features of the FMR1 allele in both male and 

female premutation carriers 

2.) To investigate the degree of instability in PM carriers and correlate it to the CGG repeat 

length and to the presence of AGG interruptions.  

3.) To investigate how mosaicism patterns and degree of expansion derived from allelic 

instability differ between PM males and females. 

4.) To investigate the role of Activation Ratio (AR) in allele instability in PM females  

5.) To investigate the correlations between allele instability and trans molecular factors to 

determine if they constitute potential risk factors of PM allele instability. 

6.) To characterize the allele expansion profile in the same individual over a period of years 

to determine if and how mosaicism patterns may change over time. 
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III. Introduction 
 

Fragile X Syndrome and Associated Disorders 

Fragile X Syndrome (FXS) is the most common form of intellectual disabilities and the most 

common inherited cause of autism disorder. This condition is preceded by an expansion of a 

CGG trinucleotide repeats in the 5’ untranslated (UTR) region of the FMR1 (Fragile X 

messenger ribonucleoprotein 1) gene, which maps in the Xq27.3 region of the X chromosome 

[Zhou et al, 2016] (Figure 1). FXS is caused by an expansion of greater than 200 CGG repeats 

in the promoter region, causing the FMR1 gene to be epigenetically silenced [Hansen et al, 

1992]. The loss of function, in turn, leads to loss of FMRP (Fragile X messenger 

ribonucleoprotein), a protein involved in pathways important to neurological development [Bagni 

et al, 2012]. This loss of FMRP leads to developmental delays that can be observed in early 

childhood years [Bailey et al, 2001]. Even lowered amounts of FMRP in expanded unsilenced 

FMR1 can result in lowered IQ scores in these individuals [Roth et al, 2021].  

 

 
Figure 1:  FMR1 structure 

The region in which the FMR1 gene is located within the X chromosome is shown, along with the basic structure of 

the 5’ UTR region of FMR1. The length of the CGG repeats determine the categorization of the FMR1 allele, in which 

full mutation and premutation alleles lead to FXS and FMR1 associated disorders

Other disorders related to the FMR1 gene, so named FMR1 associated disorders or conditions, 

include FXPOI (Fragile X-associated primary ovarian insufficiency), a condition of lowered 

fertility in females, FXTAS (Fragile X-associated tremor/ataxia syndrome), and FXAND (Fragile 

X-associated neuropsychiatric disorders). The FXPOI prevalence is ~20% in female PM carriers 

[Allen et al, 2020] compared to ~1% in the general population; FXTAS is observed in about 40% 

in PM males [Jacquemont et al, 2004] and 6-15% in female carriers [Allen et al, 2020], and 

FXAND is present in ~50% of individuals with the PM allele [Hagerman et al, 2018].  

 

All these conditions result from the presence of a premutation allele (CGG repeats between 50-

200 repeats), when the FMR1 gene is not silenced and resulting in an increased expression of 

FMR1 mRNA and decreased FMRP expression due to a deficit in translation efficiency of the 

expanded CGG containing RNA. The characteristic features observed in FXTAS, including 

tremors and ataxia are likely due to FMR1 RNA “toxicity” from the mRNA overload present in 

PM carriers [Hagerman and Hagerman, 2015; Tassone et al, 2000].  
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FMR1 Alleles and gene expression  

According to the American Society of Medical Genetics, FMR1 can be categorized based on 

CGG repeat numbers as normal (<45 CGG repeats), grey zone/intermediate (45-54 CGG 

repeats, GZ), premutation (55-200 CGG repeats, PM), and full mutation (>200 CGG repeats, 

FM) [Maddalena et al, 2001]. Among these alleles, from a meta-analysis study, the frequency of 

the FM allele is around 1:6,000 in males and 1:8300 in females, and the prevalence of the PM 

allele is 1:730 in males and 1:164 in females [Hunter et al, 2014]. 

 

The FMR1 gene encodes for FMRP (Fragile X mental retardation protein), an RNA binding 

protein which plays a key role in cognitive development, learning and memory.  The CGG 

repeat length affects the expression and production of both FMR1 mRNA and FMRP, as 

illustrated in Figure 2.  

 
Figure 2: FMR1 gene expression depends on CGG repeat number 

This figure shows how the progression from transcription and translation differs based on the size of the FMR1 allele. 

Compared to the normal allele, the PM allele produces more mRNA but less FMRP.  FM alleles are methylated (red 

dots on the DNA), preventing the mRNA from being transcribed, which leads to no FMRP production and ultimately to 

FXS. 

 

In PM cases, FMR1 mRNA levels are elevated from two to tenfold compared to normal levels, 

and yet less FMRP is produced, possibly because expanded FMR1 mRNA may result in 

impaired translation, due to deficit in translation efficiency [Primerano et al, 2002]. PM allele also 

leads to clinical involvements, including FXPOI and FXTAS through mRNA overexpression and 

toxicity as stated before. This mechanism contrasts with the fully methylated FMR1 FM gene 

unable to produce mRNA and FMRP, which lack thereof, leads to FXS phenotype [Sutcliffe et 

al, 1992].  

 

This gene is expressed through many different mRNA isoforms (alternative splicing variants), 

and the expression level of each type of isoform varies based on CGG repeat number.  
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Indeed, the FMR1 gene, when being transcribed, undergoes alternative splicing, which alters its 

function in the cell. The splicing occurs mostly with inclusions/exclusions of Exons 12 and 14, 

and alternative splice acceptors in Exons 15 and 17 [Pretto et al, 2015]. The most abundant 

types of FMR1 isoforms in both normal and PM individuals are isoforms that were missing Exon 

12, and these isoforms are displayed evenly across different tissues of the same individual. Iso7 

and Iso17 are the most expressed isoforms in both groups, though the PM individuals 

expressed these at a higher level than their normal allele counterparts [Pretto et al, 2015].  

 

Furthermore, PM individuals display higher amounts of truncated isoforms as well, particularly 

isoform 10 and isoform 10b, which both lack the C-terminal site [Tseng et al, 2017]. The lack of 

a C-terminal site in both Iso10 and Iso10b implies that the PM versions of FMRP may be 

impaired in its ability to export the needed mRNA to its proper location. Furthermore, Iso10 and 

Iso10b retain Exon 15 in their sequence, but also contain a frameshift, resulting in the deletion 

of the RGG box, which in turn can affects the binding to MAP1B (microtubule-associated protein 

1B), a gene involved in nervous system development and adult brain physiology [Lu et al, 2004].  

 

The altered transcriptional signature observed in premutation, could play a role in the clinical 

features of FXS and Fragile X related conditions, such as behavioral problems, developmental 

abnormalities, and neurodegeneration.  

 

FMR1 Gene Structure 

The FMR1 gene consists of 38 kb of genomic DNA and 17 exons total [Eichler et al, 1993]. The 

origin of replication is located about 300-450 nucleotides upstream of the transcriptional 

initiation site. The CGG repeat is located within the 5’UTR of the gene, and the FMR1 promoter 

and the initiation site for RNA transcription are located immediately upstream of the CGG 

repeat. The promoter lacks a TATA box but has many binding motifs for AP2 and multiple SpI 

sites (transcription factor domains), in a region about 1kb upstream of the transcription initiation 

site. This gene also possesses distinct boundaries of methylated and unmethylated sites that 

are lost in FXS individuals, with heavily methylated FMR1 promoter region. [Naumann et al, 

2009] 

 

The CGG repeat element can be interspersed with AGG interruptions, which are interruption 

sequences located within the CGG repeats (Figure 3) and shown to contribute to allele stability 

of the FMR1 gene. They are often found in the 5’ region of the CGG repeat region and 

interspersed within the region. AGG interruptions at the 5’ end of this region tends to have a 

periodicity of around 9-11 repeats long [Zhao et al, 2016].  

 
Figure 3: AGG interruptions within the CGG repeat 

This image depicts AGG interruptions, emphasized in yellow, within the CGG repeat region located in the 5’ UTR of 

FMR1. The most common range of AGG interruptions in an individual range between 0 – 2 AGG interruptions in 

males and 0 – 3 in females depending on the length [Yrigollen et al, 2013]. 
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Nonetheless, by interrupting the CGG repeat, AGGs reduce the risk of CGG repeat expansion, 

a risk faced particularly during DNA replication due to the CGG repeat region experiencing 

strand slippage followed by repriming of the slipped region which leads to the incorporation of 

extra CGG repeats [Zhao et al, 2016]. The number of AGG interruptions also correlates with the 

CGG repeat length, though this effect is more noticeable when comparing CGG repeat number 

of individuals with no AGG and those with AGG interruptions, whereas the CGG difference 

between individuals with 1 vs 2 or more AGG repeats are more subtle [Yrigollen et al, 2011]. 

Alleles with larger numbers of CGG repeats tend to have fewer AGG interruptions overall [Zhao 

et al, 2016; Yrigollen et al, 2011].  

 

The continuous chain of CGG repeats in the FMR1 gene can form secondary structures such as 

tetraplexes and hairpins, and the transcribed RNA are also known to create hairpin structures, 

with AGG interruptions creating bulges and loops within the DNA [Yrigollen et al, 2011]. As 

CGG repeats are known to form hairpin structures and guanines in hairpin structures can be 

prone to oxidative damage, the resulting CGG hairpin structures could block DNA synthesis and 

cause replication fork stalling and collapse [Zhao et al, 2016]. Furthermore, the fragility of the 

single-stranded R-loops formed by the CGG repeats puts them at risk of damage, which can 

predispose the allele toward risk of triggering expansions and secondary structures, and thus 

increase risk of repeat instability. 

 

As CGG repeats are prone to expansion when passed from parent to child, particularly through 

maternal transmission, there is interest in whether the AGG interruptions serve as protection 

from expansion as the allele is inherited. Normal alleles most often possess 2 AGG interruptions 

(rarely more than 2, or 1 or none), whereas premutation alleles tend to possess 0-2 alleles with 

larger premutation alleles having less AGG interruption, but more often none. This observation 

can be explained by the loss of AGG interruptions, a relatively common event which involves a 

mechanism that leads to the loss of AGG in the 3’ end while keeping the over CGG repeat 

element [Eichler et al, 1995]. This potentially causes a premutation allele inherited from a parent 

to expand into a full mutation allele in the offspring [Yrigollen et al, 2012].  

 

Different cases investigated the CGG expansion mechanism. One study [Yrigollen et al, 2012] 

observed a correlation between the mother’s AGG profile and the presence of a FM expansion 

(>200 CGG repeats) in their offspring. The results indicated that the total CGG length highly 

correlated with intergenerational FM allele transmission, whereas high AGG interruptions 

correlated with fewer FM allele transmission from mother to offspring. Alleles with the longest 

uninterrupted CGG repeat region had the highest risk for repeat instability and alleles with long 

CGG repeats inherited from mothers with higher maternal age were at a higher risk of 

expansion [Yrigollen et al, 2014], suggesting that. both repeat length and maternal age affect 

intergenerational CGG repeat allele stability. 

 

Furthermore, locations of CGG expansion sites are often in the 3’ end of the CGG repeats, 

particularly with longer CGG repeats [Yrigollen et al, 2013], which would be expected as the 

loss of AGG interruptions mainly occurs in the 3’ end. Without an AGG buffer to lower 
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expansion risk, the allele undergoes a slow progression of transitioning from a several hundred 

repeats when transmitted from parent to child. Observations of this phenomenon can be seen in 

families with PM carriers and no histories of FXS [Yrigollen et al, 2013]. 

 

This inference of AGG interruptions as protective against expansion is supported by another 

observation which found that populations with high interspersed AGG interruptions’ number had 

lower estimated expansion rates than those with less interspersed AGG interruptions or less 

AGG interruptions, which supports the idea that the presence and the number of AGG 

interruptions affect risk of CGG allele expansion [Nolin et al, 2013]. Furthermore, the study 

found that AGG interruptions had a positive effect in the prevention of instability and changes in 

CGG repeat number, which reinforces the belief that loss of AGG interruptions, though a rare 

event, increases risk of FMR1 expansion in offspring, and possibly in somatic mutations as well.  

 

FMRP function 

As previously mentioned, the FMRP protein is known to play a key role in neurodevelopment. 

Structural features in FMRP contribute to its function in the cell. The full length FMRP, referred 

to as Iso1, contains two KH domains, an RGG box, and phosphorylation and methylation sites 

within Exon 15 [Pretto et al, 2015]. FMRP also contains a functional nuclear localization signal 

in the N-terminus and a nuclear export signal in the C-terminus [Kaytor et al, 2001], which aid in 

its function of RNA transport between nucleus and cytoplasm.  

 

Through studies involving these interactions, FXS symptoms have been concluded to be 

correlated with FMRP deficit. As the FMR1 gene is responsible for the production of FMRP, 

FMR1 methylation and expansion can both cause FMRP deficit, leading to Fragile X-associated 

conditions. Males have a more severe phenotype compared to their female counterparts 

because they only possess one X chromosome. On the other hand, females undergo X-

inactivation, a process in which one of the X-chromosomes is switched off, which can lead to a 

wide range of severity of FXS related conditions due to differences in AR depending on the 

individual [Rajaratnam et al, 2017]. This is speculated to lead to gender bias in overall FMR1 

expression and severity of symptoms. Thus, differences in gender lead to visible differences in 

phenotypic expression, as females tend to have a second chromosome carrying a normal allele 

that mitigates the negative effects of the mutated expanded one.  

 

As stated before, FMR1 alleles have a wide range of CGG repeat numbers, from less than 45 to 

over 200 repeats, and the number of repeats affects the levels of FMRP in an individual. PM 

alleles do not cause FXS, but still result in other FX related disorders, and these conditions can 

also be affected by gender bias. Because of the lower number of CGG repeats compared to FM 

alleles, PM alleles are mostly unmethylated and thus, still encoding for FMRP, though not to the 

extent of the wild type, leading to FMRP deficiency. FM alleles on the other hand are 

methylated, and the production of FMRP is prevented in the individual, leading to the FX-related 

phenotype. FMRP demonstrates RNA binding activity, and its N-terminal also binds poly(G). It 

can bind to many RNAs in the brain, including its own, suggesting that FMRP functions as a 

repressor of mRNA translation of protein in the brain [Kaytor et al, 2001]. This implication is 

further supported by a study which found that FMRP levels are related to the level of total 
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development, but not the rate of development over time [Nimchinsky et al, 2001], implying that 

FMRP is involved in some but not all mechanisms of brain development. 

 

FMRP is distributed mostly in the cytoplasm, where it associates with polyribosome transcribing 

proteins, targeting therefore mRNAs transcribed in ribosomes [Kaytor et al, 2001]. Studied 

cases of FXS due to point mutations showed that defective FMRP could not dimerize properly, 

and is unable to regulate mRNA, suggesting that FMRP binds a subset of mRNAs localized in 

the dendrite, and thus critical for proper synaptic function [Kaytor et al, 2001]. Specifically, 

dendrite spine density and development were shown to be correlated with FMR1 genotypes in 

one study with knock-out mice [Nimchinsky et al, 2001], as the spine length was increased in 

FMR1 knock-out mice compared to controls during their 1st week. Afterwards, dendrite spines 

were elevated selectively in second-order dendrites, which could be a possible trend that 

continued into adulthood and contributed to FXS related symptoms in adults. However, when 

observed in vitro studies, FMRP itself does not cause abnormal phenotype in dendrites, which 

makes it likely that it coordinates with other activities, most likely with synaptic activity 

[Nimchinsky et al, 2001]. Regardless, the lack of FMRP due to methylated FMR1 induce a 

similar effect as the point mutation version of FMR1, which leads to FXS. Indeed, abnormal 

spine morphology has also been documented in humans [Taylor et al, 1999; Irwin et al, 2000; 

Hinton et al, 1991]. 

 

Finally, FMRP expression can be present and be variable even in cases of FXS, which affects 

development function and growth in males. This is in part due to the fact that FMR1 FM alleles, 

in many cases, are not completely fully methylated, leading to mosaicism (for methylation or 

size) which degree associates with the severity of the clinical symptoms [Pretto et al. 2014 (2); 

Meng et al, 2021] 

 

CGG Repeat Instability 

The general definition of instability is the condition in which a gene does present with a 

spectrum of larger or smaller alleles than that tend to change in size. In the case of the FMR1 

gene, this is due to expansions and contractions that occur in the trinucleotide repeat region, 

which results in instability of repeat size [Zhao et al, 2019]. Because of the repetitive nature of 

the CGG trinucleotide repeat region, some unusual structures can be formed including stable 

hairpins, G-quadruplexes, Z-DNA, and persistent R-loops, which are RNA-DNA hybrids that 

form during transcription [Usdin et al, 2015]. The formation of these structures predisposes this 

area to DNA damage [Zhao et al, 2016]. To counter this damage, DNA mismatch repair (MMR) 

proteins are utilized, but these proteins can potentially increase the repeat number while 

repairing detected mismatches from the aforementioned damage [Zhao et al, 2016]. 

When the DNA is repaired, the CGG repeat is prone to strand slippage, which can result in extra 

repeats incorporated into the complementary strand. As a result, the DNA mismatch repair 

procedure affect FMR1 CGG instability, and expansions result from the errors generated while 

DNA damage repairing is attempted [Zhao et al, 2016]. Strand slippage is an event that can 

occur during both DNA repair and replication [Usdin et al, 2015], though in this case, this work 

will focus on the DNA repair aspect, as this mechanism more closely relates with somatic 

mosaicism, which will be elaborated later in this study. 
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In the process of DNA repair, MutSβ, a complex involved in DNA mismatch repair (MMR), 

generates both expansions and contractions of CGG repeats in a mouse model of the FX 

associated disorders, which makes it likely that a similar mechanism can cause expansions of 

CGG in humans. The complex is composed of proteins MSH2 and MSH3, which together are 

involved in MMR. It has been shown that MSH2 is essential to expansion in mouse models 

[Lokanga et al, 2014]. Because MutSβ is required in at least 98% of expansions known, SNP 

mutations in either component are linked to an increased risk of expansion, including the one 

observed in FX related conditions. [Zhao et al, 2016] Repeats also impede replication, which 

can be another issue when DNA is repaired [Zhou et al, 2016]. 

 

MutSα, another complex, is also involved in expansion and hypothesized to protect against 

large contractions, which is when repeats are decreased in a gene, and this can be observed 

when observed with an absence of MutSβ [Zhao et al, 2016]. However, it is not essential to 

expansion generation. On the other hand, Polβ, another DNA polymerase, is not involved in 

MMR but is involved in base excision repair (BER). BER is the major pathway to oxidative 

damage repair, a type of degradation that increases expansion risk. Its dysfunction is correlated 

with increased expansion risk, since BER is used to repair DNA oxidative damage [Zhao et al, 

2016]. This has been supported by an FX mouse model study focused on Polβ involvement in 

BER [Zhao et al, 2016]. 

 

Expansions and contractions are both involved with DNA repair of the trinucleotide repeat 

region, but expansion is much more common than contraction in the FMR1 gene [Zhao et al, 

2016]. Thus, repeat instability in this study mostly focuses on and refers to somatic allelic 

instability due to the CGG expansion, which is likely more relevant to increased risk of FX-

related disorders, as stated in previous sections. Expansion types fall into two categories: 

replication based, and recombination based; FX related disorders display characteristics of both 

and linked with CGG repeat length.  

 

Finally, an interesting feature about CGG instability is that the tissue source of the DNA sample 

affects the amount of observed instability, a phenomenon also noted in other expansion-based 

diseases, in which some cell types are more prone to expansion in the same gene than other 

types [Usdin et al, 2015]. As methylation is known to affect allele instability [Zhou et al, 2016], 

any difference between tissue methylation implies that there are potentially different 

mechanisms, tissue specific, that affect allele instability between different tissues of the same 

individual. This speculation is supported by observing samples from blood and samples from 

fibroblast cells, which showed a recognizable difference in methylation and instability. Blood 

tended to show more CGG instability than fibroblasts, implying that brain CGG instability cannot 

be determined for certainty by looking at other tissues. This variation of CGG instability 

observed within a tissue and within different tissues of any given individual leads to the 

phenomenon of intra-tissue and inter-tissue somatic mosaicism, respectively. 
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Mosaicism of the FMR1 gene 

Mosaicism refers to a population of cells in an individual which display more than one allele 

size. Mosaicism, in the case of FMR1, is caused by the CGG repeat instability, which leads to 

two types of mosaicism: somatic and inherited (also known as germline). Somatic mosaicism is 

when somatic cells display two or more genotypes in an individual due to expansion within the 

individual. It can be either intra-tissue and/or inter-tissue mosaicism. This contrasts with 

inherited mosaicism, or germline mosaicism, which is inherited from a parent during 

transmission in the next generation, and due either to gamete or or to parental mosaicism. 

[Freed et al, 2014] 

 

Of the two basic types, somatic and germline, this paper focuses on somatic mosaicism, which 

is more of interest in this study because this type of mosaicism is observed in somatic cells in 

tissues of FX PM carriers, including brain and blood [Lokanga et al, 2013; Hwang and Hayward 

et al, 2022]. The expression of somatic mosaicism is not inherited through the germline, as it 

occurs during development after the zygote is formed, thus is not present in the gametes that 

formed the zygote.  

 

Somatic mutations do not necessarily appear in a short amount of time, as it can be a gradual 

process. In the case of FMR1, somatic mosaicism occurs early on, during embryonic 

development [Helderman-van den Enden et al, 1999], during which large active alleles appear 

to be at a selective disadvantage, as they are correlated with cell death. Hypermethylation of 

FMR1 in FM individuals have been associated with somatic stability in FM CGG repeats [Wöhrle 

et al, 1993]. As a result, the methylated FM alleles are favored in the individual, though 

remaining active FM alleles can contribute to mosaicism in the individual.  

 

However, somatic mosaicism can be “inherited” by cells that carry the lineage of the original 

mutant mosaic cell, and this can, in turn, affect the phenotype of the individual [Freed et al, 

2014]. Mosaic variation occurring during development can result in diseases [Freed et al, 2014] 

in many different tissues. This phenomenon is also linked to many medical conditions, such as 

cancer, neurodegenerative disease, and neurodevelopmental disorders as in the case of FXS 

and associated disorders.  

 

Furthermore, the different degree of allelic instability displayed by different tissues, correspond 

to the various patterns of somatic mosaicism we observed in our study. It has been shown that 

somatic stability correlates with DNA methylation in fibroblasts but not in somatic cell hybrids 

[Freed et al, 2014]. Unmethylated alleles are also at greater risk for mitotic instability, which in 

turn affect mosaicism expression in different tissues [Pretto et al, 2014].  

 

Mosaicism in FMR1 Premutation Carriers 

Prior studies have mainly focused on mosaicism detected in FM individuals and compared 

mosaic individuals with non-mosaic individuals which have shown that FM mosaics had different 

amounts of FXS penetrance and resulting in a less severe phenotype, including higher adaptive 

skills development than the non-mosaic individuals [Zhao et al, 2016; Pretto et al. 2014]. This is 

likely due to the presence of unmethylated alleles, transcribed and thus translated, resulting in 
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the expression of variable amount of FMRP. Phenotypic differences were also observed in FM 

mosaic females compared to FM non-mosaic females, as demonstrated in a study which 

showed less severe phenotypes [Mailick et al, 2018]. Thus, a distinction is observable between 

mosaic and non-mosaic groups, though what causes these groups to differ in mosaicism, and 

ultimately in the clinical outcome, remains unclear. 

 

Somatic mosaicism in PM individuals, which is the focus of this work, is of particular interest 

because not all PM individuals display mosaicism, and we are the first to document and 

demonstrate this phenomenon. It is unclear what is the direct biological effect or role on the 

individuals’ phenotypes who possess it.  

 

There are observed gender differences in mosaicism of FMR1 instability, due to differing 

numbers of X chromosomes. When studying females, FMR1 PM instability is of interest 

because female cells carry two copies of the FMR1 gene, yet there are females who display 

variable amounts of expansion in their PM allele. A normal female displays two peaks, 

correspondent to the two FMR1 alleles, one for each X chromosome, in the PCR profile 

visualized by capillary electrophoresis (CE). Sometimes, females can display more than two 

peaks in their CE graph, which is attributed to allele instability. This instability is also what 

causes the shoulder effects, a distinct cluster of peaks often located to the right of the main PM 

allele peak. It has been observed in mice and humans that in the event of X-inactivation in PM 

females, repeat instability is confined to FMR1 alleles located on the active X-chromosome 

[Zhao et al, 2019]. Human females with a higher activation ratio (AR), and thus, with a higher 

percentage of normal allele on the active X-chromosomes, have been observed to less likely 

display mosaicism [Zhao et al, 2019].  

 

The number of CGG repeats also affect the type of conditions the PM female individual is likely 

to be affected from. For instance, individuals with FXTAS are more likely to be females at the 

higher end of PM CGG repeat range, and those with FXPOI are more likely to be in the middle 

CGG repeat range. Oddly, in a newer study, female who display PM/FM mosaicism overall have 

less symptoms than those with PM non-mosaic and PM only mosaic. In contrast, the PM-only 

mosaic individuals have more severe symptoms compared to the other two groups, which may 

imply that the PM/FM mosaicism is correlated with a symptom-protective effect, whereas the 

presence of only PM expansion has a negative effect on the health of female premutation 

carriers [Mailick et al, 2018]. 

  

On the other hand, males only possess a single FMR1 allele on their only X-chromosome and 

display a different type of mosaic pattern. Generally, one peak is usually observed in a PCR 

profile. However, in a mosaic male, two or more alleles would be observed. This mosaicism is 

caused by CGG repeat instability in the individual. The more common patter of allelic instability 

observed in PM males is represented by wide broad CE peaks, demonstrating the presence of a 

series of alleles, smaller and larger in size from the main one (Figure 4). To note, PM males do 

not possess FM alleles in their sperm, and do not transmit FM alleles to their offspring [Zhou et 

al, 2016]. 
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Figure 4: PM Male Expansion Pattern 

Example of a typical expansion pattern in PM males. Note the broadened alleles to the left and right of the main allele 

in the center of the alleles.  

 

Observation in a study on somatic mosaicism in PM female and male mice implies that X-

inactivation is a large component in the gender differences of FMR1 mosaicism. Females have 

twice the number of X chromosomes, in which one is randomly deactivated, mitigating its overall 

effect on females compared to males. This may be supported by the observation that expansion 

occurs more extensively in males than females despite similar expanded allele sizes, and that 

expansion is only observed thus far on the active X chromosome. Furthermore, somatic 

expansion in PM carriers appears to increase with age, particularly in females, has we reported 

in this study. 

 

Despite this, X-inactivation does not completely account for gender differences in somatic 

expansion since PM male mice had noticeably higher somatic instability (about 4.7 times more) 

than females in certain tissues than what would be the expected number (females having 50% 

the amount of somatic expansion compared to males). It has also been found that gender 

differences in somatic expression are not due to gender hormonal differences [Lokanga et al, 

2014]. When comparing mice that had reproductive organs removed to those without removed 

organs, there was no difference in the levels of expansion, though there was a visible sex 

related difference.  

 

Potential Role of DNA Repair Proteins in allelic instability 

Allelic variations of genes involved in DNA repair affect DNA repair pathways and are known to 

be involved with repeat expansion. Loss-of-function variant SNPs (single nucleotide variation) in 

DNA repair genes have been correlated in trinucleotide repeat-based disorders, including ataxia 

[Bettencourt, C. et al, 2016] and with the age at onset of Huntington’s Disease, a CAG 
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trinucleotide repeat disorder-based motor disorders, and of Myotonic Dystrophy 1, a CTG 

trinucleotide repeat disorder [Bettencourt, C. et al, 2016; Flower et al, 2019].  

 

Thus, it is not much of a stretch to hypothesize that a similar relationship between allelic 

variants in DNA repair gene and CGG expansion in the FMR1 gene may also exist. One such 

gene, MSH3, is known to modify expansion in HD and other trinucleotide repeat disorders 

[Moss et al, 2017]. Likewise, a similar FMR1 CGG expansion reduction effect was observed 

when MSH3 was lost in mutant male mice [Zhao et al, 2015], which could hint at a potential 

relationship between MSH3 and CGG expansion. It is also known that mutations in other MMR 

relevant SNP variants lead to decreased incidents of CGG expansion or to the lack of CGG 

expansion [Zhao et al, 2018; Hwang and Hayward et al, 2022], suggesting that they affect 

mosaicism and DNA repair in FMR1 CGG repeats. However, it is unclear whether this also 

correlates with somatic mosaicism specifically.  

 

We have stated earlier in this paper that the MutSB complex and the BER pathway are involved 

in CGG expansion. Thus, we hypothesize that SNPs within these genes would affect CGG 

expansion in FMR1 and contribute to PM mosaicism in an individual. Although there have been 

prior studies of some SNPs involved in DNA repair that were found to correlate with other 

expansion related disorders [Ciosi et al, 2019], the relationship of many of these SNPs with 

FMR1 CGG repeat expansion have not yet been investigated. As consequence, any specific 

SNPs and genes of interest which have been know investigation with CGG repeat size 

expansion as well.  

 

In this study, we investigate whether any such SNPs contribute to instability of the FMR1 repeat 

expansions in PM females, and if so, to what degree any significant SNPs contribute to CGG 

allele expansion. The findings and results are elaborated further in a later section of this study. 
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IV. Methods 
 

Molecular measures included in this study were CGG repeat number, AGG interruptions, 

methylation status, FMR1 mRNA expression levels, allelic instability, and genotyping. Molecular 

measures were obtained from DNA/RNA isolated from whole blood derived from PM 

participants, both males and females. 

 

Isolation of genomic DNA 

Blood samples were obtained from the UC Davis Medical Center, and most of the samples used 

in this study were derived from peripheral blood leukocytes. Standard protocol used for DNA 

extraction was modified from the standard DNA purification from whole blood DNA protocol from 

Qiagen, specifically the Gentra Puregene Blood Kit. 

 

9ml of RBC Lysis Solution was dispensed into a 15 ml centrifuge tube. 3 ml of whole blood was 

added into the tube and mixed by inverting 10 times. The tube was then incubated for 10 min at 

room temperature (15–25°C) and inverted at least once during the incubation. Afterwards, tube 

was vortexed and centrifuged for 10 min at 2000 x g (4000 rpm) to pellet the white blood cells 

and the resulting supernatant was discarded through pouring and pipetting, leaving a small 

amount of residual liquid and the white blood cell pellet. The tube was then vortexed vigorously 

to resuspend the pellet in the residual liquid to facilitate cell lysis and DNA extraction. 3 ml Cell 

Lysis Solution was added, and the mixture was pipetted up and down to lyse the cells, then 

vortexed vigorously for 10 s (seconds) before sitting at room temperature. After overnight 

incubation at room temperature, 15 μl of RNase A Solution was added, and the solution was 

mixed by inverting 25 times, then incubated for 30 min at 37°C and incubated for 3 min on ice to 

quickly cool the sample. 1 ml of Protein Precipitation Solution was added; the tube was vortexed 

vigorously for 20 s at high speed, then centrifuged for 10 min at 2000 x g (4000 rpm). 3 ml of 

Isopropanol was poured into a clean 15 ml tube and the supernatant from the previous step was 

added by pouring carefully into the 15 ml tube. The mixture was inverted gently 50 times until 

the DNA was visible as threads or a clump. The supernatant was discarded, and the tube 

drained by inverting on a clean piece of absorbent paper, taking care that the pellet remains in 

the tube. 3 ml of 70% Ethanol was added into the tube and the tube was inverted several times 

to wash the DNA pellet, and the tube was centrifuged 1 min at 2000 x g (4000 rpm). After 

centrifugation, the supernatant was discarded, and the pellet was air-dried for 5–10 min. 400ul 

DNA Hydration Solution was added and the solution was vortexed for 5 s at medium speed to 

mix. The tube was then incubated at room temperature overnight to dissolve the DNA. After the 

DNA was dissolved, the concentration of the DNA sample was measured using the Nanodrop or 

Qubit, and the DNA was stored at -20°C. 

 

Measurements of DNA Concentration  

DNA concentrations of genomic DNA were determined by Nanodrop or Qubit. When using 

Nanodrop measurement (Thermofisher), the NanoDrop 2000 spectrophometer was used and 

the sample was analyzed with the NanoDrop 2000 software. The measurement was saved by 

selecting Add to report to save the data onto a workbook in the software.  
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2 µL of DNA hydration solution was then used as the blanking solution and placed onto the 

bottom pedestal of the spectrophometer. The blank was then wiped away and 1 µL of sample 

was added onto the pedestal and measured by clicking measure in the software. After each 

measurement, the sample was wiped with a dry wipe and the next sample was added and 

measured as before until all samples were measured. When following the Qubit protocol 

(Invitrogen), 2 assay tubes were prepared for DNA broad range standards, along with 1 assay 

tube per sample to be measured. The Qubit working solution was made by diluting the Qubit 

reagent in a ratio of 1:200 in Qubit buffer. 200 µL of working solution was prepared for each 

standard and sample. The assay tubes were then prepared so that 10 µL of the 2 Qubit 

standards were added into 190 µL of Qubit mix and 1 µL of sample was added into 199 µL of 

Qubit mix. Once all samples and standards were added into the assay tubes, the tubes were 

vortexed for 2-3 seconds and incubated for 2 minutes at room temperature. After incubation, the 

Qubit Fluorometer was calibrated with the 2 standards, and the sample tubes were added into 

the Qubit fluorometer to measure the concentration of each sample. 

 

After concentration measurement by NanoDrop or Qubit, the DNA stock samples were finally 

diluted with DNA hydration solution in 100 ng/µL aliquots based on calculations using the DNA 

stock measurements determined by the Nanodrop or the Qubit. 

 

CGG Allele Sizing by PCR Analysis 

FMR1 specific PCR was used to determine the number of CGG repeats within the FMR1 allele.  

 

PCR cycles protocol were as follows: 

1 hold (980C, 5 min), 25 cycles (970C for 35 seconds, 620C for 35 seconds, and 720C for 4 

minutes), and a second hold (720C for 10 minutes) and hold at 40C. The PCR tubes were taken 

out and labelled accordingly to the DNA samples to be used. Then, the reagents, which consist 

of GC buffer, FMR1 primer, Diluent, GC enzyme, and H2O, were all taken out of -20⁰C, apart 

from the GC enzyme to prevent enzyme degradation. The taken reagents were put on ice and 

taken to an isolated PCR room to create the MM (Master Mix). 

 

GC buffer, FMR1 primers, Diluent, GC enzyme, and H2O were added in a ratio of 

(11.45μL:0.5μL:1μL:0.05μL:1μL), respectively. The GC enzyme was taken out of -20⁰C only at 

time of use. All reagents except the GC enzyme were vortexed and spun prior to being added, 

and the enzyme was only spun briefly to prevent damage to the enzyme. The total amount of 

MM was calculated to ensure there was at least enough for one extra PCR sample after 

aliquoting the total DNA samples. 14μL of MM and 2μL of the appropriate DNA were aliquoted 

into each PCR tube.  

 

PCR tubes were vortexed and spun, then placed in the PCR machine. At the end of the PCR 

cycles, PCR products were removed from the PCR machine tray, and the samples were then 

stored at -20⁰C. 
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Capillary electrophoresis (CE) 

CE plates were prepared as follows: 

PCR mix, ROX ladder and formamide in a ratio of (2μL:11μL:2μL) were added into a mixture in 

a 96-well plate format. The ROX ladder and formamide were mixed in the PCR room to prevent 

contamination, and the mixture was aliquoted into CE plated wells. The wells were analyzed 

every 2 columns, with each column containing 8 wells, Also, the PCR products and 

ROX/formamides mixture were added according to a CE plate chart to prevent sample mix-ups 

after analysis. Extra formamide or nuclease-free H2O was added to fill in any empty wells. 

Once all samples were added, the plate was tightly sealed with adhesive aluminum and 

flattened to make sure no loose areas, in which the mixture could leak out, was present. Then 

the sealed plate was vortexed and spun briefly in a large centrifuge. The PCR plate was placed 

in the PCR machine and the CE prep protocol was activated. Once the PCR was done, the 

plate was stored on ice and raw data was generated using GeneMapper V4 software. The raw 

generated data was analyzed using Peak Scanner, a software that determines CGG peak size. 

ROX Ladder size standard (79, 90, 105, 131, 151, 182, 201, 254, 306, 337, 362, 425, 486, 509, 

560, 598, 674, 739, 799, 902, and 1007) and Asuragen FX Analysis Method was used to 

determine CGG repeat sizes. From generated CE plots, the tallest peaks were chosen from the 

sample and used to calculate the number of CGG repeats for each allele shown.  

Characterization of AGG Interruptions  

To determine the number of AGG repeats, a protocol similar to the CGG sizing protocol was 

used. In this case, however, a CGG primer was used alongside the other two CGG flanking 

FMR1 specific primers was used (tri-primer PCR), and the amount of diluent was halved to 

accommodate the new reagent, to create a mixture with the ratio (11.45uL GC buffer, 0.5uL 

FMR1 primer, 0.5uL Diluent, 0.5uL CGG Primer, 0.05uL GC Enzyme, 1uL H20), with a total of 

14 µL per reaction. 14μL of MM and 2μL of the appropriate DNA were aliquoted into each PCR 

tube. Specific details of this method are as described in [Yrigollen et al, 2012]. 

 

The PCR protocol was as follows:  

Initial hold of 95C, followed by two sets of 10 cycles (97C for 35 sec, 62C for 35 sec, and 68C 

for 4 minutes) and 20 cycles (97C for 35 sec, 62C for 35 sec, and 68C for 4 min + 20 s/cycle). 

After running PCR cycles, PCR products were removed from the PCR machine tray, and stored 

at -20⁰C. Raw data for PCR products were then generated using CE with GeneMapper V4 and 

analyzed with Peak Scanner. The number of AGG interruptions was determined by counting the 

number of depressions within the general pattern of the peak before the peak of the allele itself 

as shown in Figure 5. 
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Figure 5: CE Plots showing the presence of 2 visible AGG interruptions  

Example of CE plot displaying the number of depressions within the CGG peaks which correspond to the presence of 

the AGG interruption. In this case, the sample has 2 visible AGG interruptions (pointed by the arrows). 

 

HpaII Digestion  

gDNA was digested with HpaII restriction enzyme, which was used to determine which alleles 

were unmethylated, as HpaII is a methylation restriction enzyme that cut only unmethylated 

DNA sequence (5' C^CGG 3', 5' GGC^C 3', Biolabs). HpaII was added to 2 µL of 100ng/uL DNA 

aliquots prior to running PCR. PCR products were visualized through CE, showing which alleles 

of the CGG repeat expansions in the samples were methylated or not in the CE plots through 

comparison with the HpaII-undigested samples. Two case examples are showed in Figure 6, 

which demonstrate that the expanded unstable alleles are unmethylated, as they presence 

disappear when digested with HpaII.  
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Figure 6: HpaII Digestion and Unmethylated Regions 

The blue arrow points at an unmethylated control which is digested upon treatment with HpaII. Figures 6a and 6c 

depict two samples not treated with HpaII before PCR. Figures 6b and 6d are the same samples as 6a and 6c 

respectively, but after HpaII treatment prior to PCR. The control is digested along with the unmethylated alleles. 

 

Southern Blot Analysis 

Genomic DNA was isolated from peripheral blood leukocytes (3 to 5 ml of whole blood) using 

standard methods (Puregene Kit; Gentra Inc., Minneapolis, MN). For Southern blot analysis, 5 

to 10 g of isolated DNA was digested with EcoRI and NruI. Digested samples were separated 

on a 0.8% agarose/Tris acetate EDTA (TAE) gel, followed by partial depurination with HCl (0.4 

N) for 15 minutes and denaturation in NaOH (0.5 N) for 30 minutes. DNA was transferred in 10x 

standard saline citrate (SSC) to a charged nylon membrane (Roche Diagnostics, Basel, 

Switzerland) using a vacuum transfer apparatus (Vacuum Blotter 785; Bio-Rad, Hercules, CA). 

A 1-kb DNA ladder (Invitrogen, Carlsbad, CA) was used as a size standard. The membranes 

were cross-linked (UV Cross linker; Fisher Scientific, Pittsburgh, PA) and were hybridized 

overnight at 42°C in roller bottles (Isotemp, Fisher Scientific) in Dig Easy Hybridization Buffer 

(Roche Diagnostics) with the FMR1 genomic probe StB12.3, labeled with Dig-11-dUTP by PCR 

(PCR Dig Synthesis Kit; Roche Diagnostics). After denaturation (boiling for 15 minutes), the 

probe was blocked with Cot1 DNA (Invitrogen) for 20 minutes at 65°C. Filters were washed 

twice for 5 minutes in 2 SSC/1% SDS and twice for 15 minutes in 1x SSC/0.1% SDS at 65°C. 

Filter blocking and FMR1 gene detection were performed using blocking solution and detection 

buffer according to the manufacture (Roche Diagnostics). Filters were exposed to X-ray film 

(Super RX; Fuji Medical X-Ray Film, Bedfordshire, UK) for 2 hours.  

 

Genomic DNA was also amplified by PCR with primers c and f32 using the osmolite betaine 

according to Saluto et al.30 PCR fragments were visualized on a 2% agarose gel, ethidium 

bromide stained. For a correct sizing, PCR products were separated on 6% denaturing 

polyacrylamide gels, followed by electroblot transfer (TE62; Amersham-Pharmacia Biotech, 

Pittsburgh, PA) to a nylon membrane (Roche Diagnostics) at 4 volts for 2 hours. Membranes 
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were then cross-linked (UV Cross linker; Fisher Scientific). Dig-labeled DNA molecular weight 

Marker V (Roche Diagnostics) and a known size marker were used as size standards. Filters 

were hybridized overnight at 42°C in roller bottles (Isotemp; Fisher Scientific) in Dig Easy 

Hybridization Buffer (Roche Diagnostics) with a Dig-end-labeled oligonucleotide probe 

[(CGG)10] and Dig-labeled pBR322 DNA. Filters were washed at room temperature, twice for 5 

minutes with 2x SSC/0.1% SDS (100 ml) and twice for 7 minutes in a larger volume (400 ml) 

with the same washing solution, followed by two washes of 25 minutes, each in 0.5x SSC/0.1 

SDS at 45°C. Detection of the FMR1 PCR products was performed according to the 

manufacturer (Roche Diagnostics). Filters were exposed to X-ray film (Super RX; Fuji Medical 

X-Ray Film) at room temperature for approximately 30 minutes. Analysis of the repeat number 

for both Southern blot and PCR used an Alpha Innotech FluorChem 8800 Image Detection 

System (Alpha Innotech, San Leandro, CA).  

 

SNP Genotyping 

For genotyping 2.4 µL of gDNA (50 µg/µL), the samples were aliquoted into 96-well plates or 

384-well plates and 2.6 µL of TaqMan reagent were added into each well. The plates were then 

sealed, vortexed, and spun. Plates were then placed into the StepOne System (Applied 

Biosystems) and analyzed using the StepOne program, through Advanced Setup, which was 

set up to detect the target SNPs. The TaqMan genotyping assay include a QSY quencher probe 

attached to 2 different signals, VIC, and FAM, which detect two allele types of the target gene 

within an individual. The signal was detected for each cycle as the product gets amplified.  

 

The generated raw data was saved and uploaded into the Genotyping qPCR program, in which 

the analyzed samples were placed into 3 different categories: homozygous for one allele, 

homozygous for the other allele, and heterozygous for both. The data was then sorted into a 

larger master table and compared with the data of known genotyped sample controls. 
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Supplementary Table 1: PM Females drawn over time (n=24) 

A total of 24 PM females were drawn for the study in the change in CGG repeats over time within individuals. Among 

these individuals, 8 individuals experienced an increase in repeats over time, and 16 did not, with an overall ratio of 

1:2 individuals who experience change in repeat size over time. Most of the changes in repeat size occurred in the 

unmethylated regions of the PM allele. 
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VI. Factors Associated with CGG Repeat Instability and Mosaicism in 

FMR1 Premutation Males 
 

Males with Fragile X syndrome are known to display various degrees of CGG instability leading 

to mosaicism, which can translate into clinical differences between individuals who display 

different levels of mosaicism [Helderman-van den Enden et al, 1999; Saldarriaga et al, 2021]. 

However, it is not clear if mosaicism also affects individuals with a premutation although a few 

cases have been reported in males [Saldarriaga et al, 2021]. Importantly, it is currently unknown 

which molecular factors could inform us if PM maybe at higher risk of allele instability and thus, 

expansion and mosaicism, which could ultimately affect the phenotypes observed in 

premutation carriers.  

 

As described in [Hwang and Hayward et al, 2022], peripheral blood leukocytes were collected 

from 454 male PM individuals, using similar criteria as in the female study, to determine which 

molecular factors are associated with the risk of somatic expansion. Molecular factors including 

CGG repeats, AGG interruptions, FMR1 mRNA, and age were included in this investigation. 

Furthermore, among the 454 males, a subset of 50 individuals were chosen based on the 

availability of multiple biological samples to look for any changes in CGG repeat size over time.  

 

Preliminary PCR data indicate that most PM males display a broader size range of CGG 

repeats as depicted in Figure 6. Interestingly, PM males do not display the shoulder pattern 

observed in PM females [Hwang and Hayward et al, 2022]. Those who do not display a mosaic 

pattern have a clear dominant peak (Figure 7a), but often little expansion (Figure 7b). Many 

often present with a broader range of CGG alleles, which indicate the presence of multiple 

alleles (Figure 7c) and in several cases, an extreme instability in the CGG allele pattern can be 

observed (Figure 7d). For example, an individual could express a very large range of CGG size 

repeats from 30 to 200 CGG repeats with no existing dominant peak size, as shown in Figure 

6d. This situation makes difficult to define the level of the degree of instability such that the male 

categorization of mosaicism is more qualitative than quantitative.  
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Figure 7: Observed patterns of PCR profiles in PM males 

Examples of different types of PCR profiles observed in PM males. Figure 7a displays an individual with a stable PM 

allele, and Figures 7b, 7c, and 7d show individuals with various degrees of increased levels of somatic expansion. 

Panel 7d depicts an individual with broad CGG expansion, in which no dominant peak is observable and thus the 

degree of instability for this individual is difficult to quantify based on CGG repeat size. 

 

Correlation between CGG repeats and AGG interruptions in PM Males 

CGG repeats and AGG interruptions were determined for 445 PM males as described in 

[Hwang and Hayward et al, 2022]. We observed a negative relationship between CGG repeat 

size and AGG interruptions (Figure 8). In our cohort, the overall CGG repeat size distribution 

resembles a binomial distribution with most individuals falling between 75 to 84 CGG repeats. 

As expected, increased CGG repeats was associated with fewer AGG interruptions.  
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Figure 8: AGG distribution as function of CGG repeat number in PM males (n=445) 

This chart depicts the distribution and percentage of CGG allele size in PM males sorted by CGG repeat range and 

number of AGG interruptions (n=445), with 0 AGG, 1 AGG, and 2 AGG separated into subgroups per each CGG size 

category. The percentages in the chart indicate the proportion of individuals possessing 0, 1, or 2 AGG interruptions 

in each size category.  

 

About 47% of the participants (n=212, total = 445) had no AGG interruptions, with the actual 

distribution of individuals without AGG interruptions skewed toward the larger CGG repeats. 

Unlike PM females, no PM male individuals in our cohort with >125 CGG repeats carried more 

than 1 AGG interruption. It is worth noting that most individuals with ≤64 CGG repeats had 2 

AGG interruptions, wand most individuals in this group did not display allele instability, and thus 

somatic mosaicism, which is consistent with the notion that AGG interruptions prevent CGG 

expansion intergenerationally [Yrigollen et al, 2014].  

 

Correlation between CGG repeats and FMR1 mRNA in PM males 

An initial subgroup of 428 PM males were selected based on existing CGG and FMR1 mRNA 

data. Three individuals were then removed due to broad expansion preventing categorization of 

CGG repeat size. Among the remaining 425 PM males, we observe increased levels of FMR1 

mRNA levels with increased CGG repeat size (Figure 9). These results support the observation 

of prior studies on the association between FMR1 mRNA levels and CGG repeats in PM 

carriers first reported in [Tassone et al, 2000]. This correlation is also seen in our PM female 

cohort [Hwang and Hayward et al, 2022].  
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Figure 9. FMR1 mRNA expression levels as function of CGG repeat size (n = 425) 

The scatter plot depicts the positive correlation between CGG repeat allele size and FMR1 mRNA expression levels. 

Greater the number of CGG repeats, higher is the expression level of FMR1 mRNA (line: y = 0.0265x + 0.4747).  

 

Male PM Instability Correlation with Molecular Factors 

Measures of FMR1 locus molecular factors were compared to allele instability to see if any were 

significantly association. Although not all PM male samples have been fully analyzed and sorted 

into mosaicism categories yet, we were able to garner some information involving correlation of 

mosaicism with molecular factors from the current available data. 

 

Individuals chosen for this study were sorted based on presence or absence of mosaicism in 

their PM allele, thus, based on whether the individual displayed the presence of allele expansion 

on the CE plot. Out of 454 PM male individuals, a total of 381 individuals were selected based 

on data about mosaicism, CGG repeat, AGG interruptions, FMR1 mRNA levels, and age, was 

available at the time of analysis. Thus, the final number of individuals in each molecular 

measure subgroup is different from the original number of individuals depending on the data 

available. 
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Table 1. Molecular measures and age in the PM male cohort 

The total individuals in each molecular measurement group were divided into mosaic (M) and non-mosaic (NM) 

subgroups. CGG mean and CGG standard deviation (Std. Dev.) of the mosaic group were calculated using 378 

individuals (*), as three individuals had broad CGG expansion size and had to be excluded from analysis. 

 

Each molecular measurement groups were divided into mosaic and non-mosaic groups for this 

study (Table 1). On average, participants in the mosaic group were older, had a higher CGG 

repeat number, higher FMR1 mRNA levels, and had lower number of AGG interruptions than 

the non-mosaic group. The p-values were calculated using a two-tailed Unequal variance test 

which shows that the mosaic and non-mosaic groups significantly differ from each other and 

thus mosaic and non-mosaic individuals could be distinguished from each other based on these 

molecular measures.  

 

When investigating the potential correlation between CGG repeats and mosaicism, three 

individuals were removed from analysis due to broad CGG repeat size expansion preventing 

identification of a distinct PM allele peak size. For the 378 individuals included in this analysis, 

we find a positive correlation between CGG repeat category and presence of mosaicism (Figure 

10). The proportion of individuals with mosaicism dramatically increases once the FMR1 allele is 

greater than >75 CGG repeats. Almost all individuals with an allele ≥115 CGG repeats present 

with allele instability and mosaicism (97.96%), whereas most individuals with an allele <75 CGG 

repeats had no mosaicism (74.1071%), indicating that CGG repeat correlates with mosaicism 

status mostly because the presence of 1 or 2 AGG interruptions. 

 

A much larger percentage of individuals with ≤64 CGG repeats do not display mosaicism; in 

contrast, almost all individuals with ≥115 repeats displayed mosaicism, with only one exception. 

This agrees with the positive association of CGG repeats with instability also found in the PM 

female group [Hwang and Hayward et al., 2022]. 
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Figure 10: Percentage of mosaicism as function of the CGG repeat number (n = 378) 

The chart depicts presence of mosaicism based on CGG repeat size. The percentage of mosaic and non-mosaic 

individuals are based on CGG repeat size range. The percentages in the parentheses indicate the proportion of 

mosaic (grey) or non-mosaic (blue) individuals calculated in each CGG size range category. 

 

The negative association between presence of mosaicism and AGG is very clear when 

visualized as shown in (Figure 11). As the number of AGG interruptions increase, the overall 

percentage of individuals with mosaicism decrease. Conversely, the lack of AGG interruptions 

correlate with a higher percentage of individuals presenting with mosaicism. This negative 

correlation between AGG and instability was also observed in PM females and was also 

previously reported [Hwang and Hayward et al, 2022, Yrigollen et al, 2012].   
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Figure 11: Percentage of mosaicism as function of the AGG interruptions (n=380) 

The chart depicts the proportion of mosaic individuals based on the number of AGG interruptions. Numbers in 

parentheses indicate percentage of individuals with (grey) or without (blue) mosaicism for 0, 1, or 2 AGG 

interruptions. Likelihood of mosaicism decreases the more AGG interruptions an individual carries (y = -0.1795x + 

0.9854) along with the increase of allele stability (y = 0.1847x + 0.0112).  

 

Furthermore, through the two-tail unequal variance test, we observed a significant difference 

between the CGG size in the mosaic vs non-mosaic group (p = 2.432e-32), which is in line with 

the skewed percentage distribution of mosaicism based on CGG repeat size. This is also the 

case when testing for significant difference in number of AGG interruptions between the two 

groups (p=1.874e-7). Thus, individuals with mosaicism can be relatively distinguished from 

those without. 

 

For FMR1 mRNA correlation with allele instability in PM males, we find that increased FMR1 

mRNA expression levels strongly follows the presence of mosaicism (Figure 12). Among all 

samples, most individuals overall had between 2 – 3 folds higher FMR1 mRNA expression 

levels than controls. Most individuals with ≤2fold mRNA levels were non-mosaic, despite the 

lower number of non-mosaic individuals overall. Conversely, the percentage of individuals 

without mosaicism drops to 0% when the FMR1 mRNA levels are approximately ≥6 fold. The 

two-tail test also shows that the difference between the mosaic and non-mosaic groups is 

significant as well (p= 3.83e-15).  
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Figure 12. Percentage of mosaicism as function of FMR1 mRNA (n = 357) 

This chart shows the percentage of mosaic individuals based on the levels of FMR1 mRNA. Numbers in parentheses 

show percent of individuals with (in grey) or without mosaicism (in blue) for each mRNA level category.  

 

Expansion and Methylation Patterns in PM Males 

As males possess only one X-chromosome, the single FMR1 PM allele they possess tends to 

display a wider range of expansion. Unlike PM females, many PM males do not have a clear 

dominant peak (Figure 13), so for this male study, the presence of mosaicism was determined 

qualitatively (presence or absence of multiple expanded peaks) as opposed to quantitatively 

(comparing measurement of stable peak area to unstable peak area).  
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Figure 13: PCR profiles comparison between PM Female and PM Males 

PCR profile of a PM female (left) and of PM male (right) displaying bot mosaicism. On an average the PM female 

displays two peaks representing each FMR1 allele on the X-chromosome, and the instability is clearly rendered as a 

shoulder smear pattern on the right side (circled) of the PM allele. In contrast, the PM male case displayed on the 

right panel shows two major broad peaks (circled) connected and do not display the shoulder smear pattern. 

 

Allele instability over time in PM males 

A total of 50 PM males were selected based on availability of multiple blood draw samples over 

the course of time with a minimum year gap, between first and last draw, of 4 years (Table 2). 

Molecular measures such as AGG interruptions, and age at time of first and last blood draw 

were also gathered for this analysis.  
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Table 2: Change in allele size overtime in PM males (n=50)  

50 individuals were chosen based on the availability of multiple draws over time. Most of the changes in repeat size 

resulted in broadened expansion of the PM allele, and individuals with 2 distinct allele peaks tended to experience 

greater expansion in the larger allele peak. 2 participants showed a decrease in allele size of 4 and 5 CGG repeats 

respectively. Two participants showed a broad CGG repeat allele size range that prevented a conclusive analysis. 
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gDNA isolated from multiple blood draws were analyzed with FMR1 specific primers- their PCR 

profiles were compared to determine the presence of potential expansions or contractions 

among the different FMR1 alleles. Two individuals had unclear results in CGG size 

measurement as they showed a broad range of repeats (one such individual had a range of 30-

200 CGG repeat size) and were thus excluded from the final analysis (Figure 14). Over half of 

the individuals examined had no change in CGG repeats over time (56.25%, n = 27). Out of the 

individuals who experienced a decrease in repeat size (n = 2) or an increase of greater than 2 

CGG repeats (n = 5), none had 2 AGG interruptions. 

 

 
Figure 14: Change in CGG repeat number based on the number of AGG interruptions  

This bar chart represents the distribution of individuals (n=48) based on the degree of change in CGG repeat size 

over time. Individuals were sorted based on the change in CGG repeats between first and last sample draw and were 

further categorized into subgroups based on number of AGG interruptions. 

 

Fewer PM males observed in this study had a clearly distinct PM allele, and thus change in 

CGG size was measured using the tallest peak in the CE plot. If an individual had two distinct 

peaks, both peaks were considered and measured for change in CGG repeat size. Over half 

(56.25%, n = 27) of the 50 individuals experienced no change in CGG size, consistent with what 

we observed in the PM females [Hwang and Hayward et al, 2022]. Within individuals with 

distinct double peaks, the larger CGG repeat size change occurred on the largest premutation 

allele (Figure 15), consistent with the notion that they tend to be more unstable. 
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Figure 15: Change in CGG repeats over time in three PM males 

These six images depict the three different types of CGG repeat change over time observed in PM males. Figures 

15a and 15b show the PCR profiles of an individual who displays 2 main alleles which increased in size over time (4 

and 8 CGG repeats over 4 years). Panel 15c and 15d show an increase in size of 9 CGG repeats over the course of 

8 years. Figures 15e and 15f show the PCR profiles form an individual who experienced a contraction of five CGG 

repeats after 8 years.  

 

 

SNP correlation with allele instability in PM males 

In my recent study [Hwang and Hayward et al, 2022], we observed that trans molecular factors 

potentially contribute to allele instability in FMR1 PM female carriers. Specifically, genes 

involved in DNA repair contribute to instability as it has been observed in other trinucleotide-

repeat disorders including Huntington’s and Myotonic Dystrophy 1 [Ciosi et al, 2019; Kim et al, 

2020; Cumming et al, 2018; Flower et al, 2016; Bettencourt et al, 2016; Morales et al, 2020, 

Genetic Modifiers of Huntington’s Disease Consortium, 2019; Morales et al, 2016; Tomé et al, 

2013].  

 

In my recent study on PM females [Hwang and Hayward et al, 2022], we observed that out of 10 

investigated genes involved in DNA repair and known to contribute to other trinucleotide repeat 

disorders, MSH3 and FAN1 were significantly correlated with PM allele instability. MSH3 is a 

DNA mismatch repair related gene which is associated with somatic instability levels in CTG 

repeat expansion in Myotonic Dystrophy 1, albeit with a sex-dependent effect [Morales et al, 

2016], and FAN1 is a repair nuclease known to protect against FMR1 somatic expansions as 

seen in a Fragile X mouse model [Zhao et al, 2018].  

 

The SNPs investigated which significantly correlated with allele instability were rs150393409 

(FAN1) and rs701383 (MSH3). rs150393409codes for a missense mutation in the endonuclease 

involved with FAN1 [Kim et al, 2020], and rs701383 is a candidate SNP potentially involved as a 

CAG somatic expansion modifier in Huntington’s Disease (HD) [Genetic Modifiers of 
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Huntington’s Disease Consortium, 2019]. Their potential correlation with the instability observed 

in PM males is currently under investigation. 

 

Out of 454 PM males, we currently have SNP data on a total of 446 individuals, as 8 individuals 

did not have available DNA samples for analysis. Among these individuals, 380 individuals 

showed allelic instability and thus, mosaicism. 

 

So far, I found that within rs701383,19 individuals have the AA genotype, 167 have the AG 

genotype, and 258 have the GG genotype, with a total of 444 individuals analyzed. For 

rs150393409, we find that 6 have the AG genotype and 439 have the GG genotype. Among 

those with known mosaicism status, we find that for rs701383, 11 out of 16 AA individuals are 

mosaic, 99 out of 143 AG individuals are mosaic, and 146 out of 220 GG individuals are mosaic. 

Whereas with rs150393409, 4 out of 5 AG individuals are mosaic and 252 out of 374 GG 

individuals are mosaic. However, these statistics and results will be subject to change as I 

continue to collect and categorize more individuals by mosaicism status as this study continues. 

Analysis of the role of these genes in FMR1 allele instability is also in progress. 
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VII. Discussion 

In this study, a total of 426 and 454 specimens derived respectively from male and female 

premutation carriers, were investigated to determine which molecular factors were significantly 

associated with FMR1 allelic instability, a new phenomenon that has not been previously 

reported – this study is the first to demonstrate the presence of somatic instability in female 

[Hwang and Hayward et al, 2022] and in male PM carriers (manuscript in preparation).  

 

Like previous reports which focused on the effects of CGG repeats and AGG interruptions on 

expansion during intergenerational transmission of the FMR1 allele e [Yrigollen et al 2014, 

Yrigollen et al 2012, Yrigollen et al 2011], we found that CGG repeat allele size and AGG 

interruptions are also significantly correlated with FMR1 somatic instability. This implies that 

molecular factors at the FMR1 locus can be used to predict whether an individual is more likely 

to undergo CGG allele expansion. CGG size repeats may change and increase in both human 

blood samples and in multiple premutation mouse tissues, and our preliminary data suggest that 

age should also be considered as potential risk factor for FMR1 PM allele expansion regardless 

of gender. 

 

The allele instability seen as a “shoulder effect” has been observed only in female PM carriers 

and not in PM males, maybe influenced by AR. This bimodal PM allele profile has been 

observed in both mice and humans [Zhao et al, 2019]. Upon being treated with HpaII, the 

shoulder effect pattern disappears, implying that these unstable alleles are unmethylated. It is 

yet unknown what type of clinical effect this phenomenon has on individuals who possess it, 

though it can be speculated that this pattern could contribute to more severe phenotypes in 

mosaic individuals who display this pattern than those who do not, due to increased toxicity of 

the PM allele as they are unmethylated and therefore, active.  

 

Although not all tested SNPs in this study correlated with PM allele instability, SNP variants 

within two DNA repair-related genes, MSH3 and FAN1, significant correlated with FMR1 allele 

instability. SNP variants associated with MSH3 and FAN1 genes were inversely correlated with 

allele instability in female premutation carriers and could be considered protective against allele 

expansion within FMR1 gene. This falls in line with what has been known previously about 

these two genes – FAN1 is a DNA repair gene that is known to act as a modifier for CAG 

repeats in HD [Kim et al, 2020; Goold et al, 2019], and MSH3 is another DNA repair gene 

associated with CTG expansion in myotonic dystrophy and HD [Morales et al, 2016, Tomé et al, 

2013]. Thus, inverse correlation between MSH3 and FAN1 with FMR1 PM expansion implies 

that external genetic factors can influence allele instability, in a few trinucleotide repeats. 

 

It is interesting to note that a significantly larger number of PM carriers, both males and females 

are mosaics, which implies that mosaicism tends to be the norm rather than the exception 

among PM individuals. Quite remarkably, a greater proportion of individuals with lower CGG 

repeat sizes tend to be non-mosaics despite the lower number of non-mosaic individuals overall 

and thus more likely to possess more stable alleles, most likely due to presence of 1 or 2 AGG 

interruptions which stabilize expansion. CGG repeat size in PM individuals prevent allele 

expansion in these individuals. 
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VIII. Conclusion 

In summary, the purpose of this study was to look at stability of the FMR1 CGG repeat in male 

and female premutation carriers, also overtime and, to identify molecular factors that potentially 

contribute to FMR1 CGG repeat instability and somatic mosaicism. Through this investigation, 

we demonstrated that both cis and trans molecular factors play a role in FMR1 allele instability. 

 

Through analysis of 426 females and 454 males, observed associations between different 

molecular factors at the FMR1 locus, including CGG repeat number and AGG interruptions with 

allele instability and to investigate which factors are best correlated with individuals at a higher 

risk of expansion, which can potentially lead to worse phenotypic outcomes. We found that 

CGG repeats and AGG interruptions are associated with repeat size and allele instability in both 

males and females. CGG and AGG interruptions, as well as CGG and FMR1 mRNA, were also 

correlated with one another regardless of gender status.  

 

Although the risk factors that involve expansion is alike in males and females, the frequency of 

the expansion and the pattern profiles observed in each gender are different. Females with 

mosaicism tend to display, mainly, 1 PM allele being clearly distinguished as the original CGG 

repeat size plus a serial of additional peaks, indicating the presence of unstable premutation 

allele of different sizes (shoulder effect); interestingly these unstable alleles are always 

unmethylated. On the contrary, males with mosaicism more often display a broader expansion 

profile characterized by several peaks with the original CGG size alleles being, in many cases, 

difficult to discern, compared to females and unmethylated and therefore active. Thus, a 

distinction of PM allele instability profile based on gender exists, though how this may translate 

to the observed phenotypes in this category of individuals is unknown and although was not 

included in this study, it is currently investigated.  

 

The investigation of change in CGG size over time shows that about half of individuals, 

regardless of gender, show changes in CGG repeat size. Indeed, ~40% of females and ~44% of 

males displayed change in repeat size over time. This implies that there may other factors 

involved in the instability process, including aging that may increase the risk of somatic 

expansion in an individual. 

 

Allelic variants in genes involved in DNA repair, such as MSH3, and FAN1 correlate with allele 

instability in the FMR1 gene. Variants in the MSH3 have been previously found to have a higher 

affinity with instability in other trinucleotide expansion disorders than the ones used in this study. 

Nonetheless, the two of the ten investigated DNA repair gene variants were significantly 

correlated with somatic instability alludes to possibly investigating other DNA repair gene related 

SNPs which may contribute to allele instability. 

 

Altogether, these findings could be useful to identify which individuals are at greater risk of 

somatic expansion and potential worsening the FX-related phenotypes. As some individuals 

also experienced a greater degree of expansion while aging whereas others did not, future 

studies can focus on differences in molecular and other environmental factors between 

individuals that displayed size repeat changes, compared to those who had not, to determine 
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which factors can predict higher risk of expansion through aging and thus, a more severe 

phenotype. 
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