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Abstract
Assessment of the clinical impact of sequence variants in the FMRI gene

By Stephen Charles Collins

Fragile X syndrome, the most common inherited form of developmental delay, is
typically caused by trinucleotide repeat expansion in FMR1. However, little is known
about the clinical significance of sequence variants in FMRI. Only three pathogenic
sequence variants in FMR1 have previously been described: one missense mutation, one
splice site mutation, and one frameshift nonsense mutation. While these variants were
detected in patients with classic fragile X-like features, it is possible that other mutations
may result in a more subtle developmental phenotype. Therefore, to assess the clinical
impact of FMR1 sequence variants, we performed DNA sequencing on large populations
of patients with either a fragile X-like phenotype or general developmental delay.
Through the use of novel high-throughput technologies, namely array-based sequencing
and massively parallel sequencing, we were able to sequence FMRI in significantly more
patients than was previously feasible. Notably, we detected no pathogenic FMRI
sequence variants in 51 fragile X-like patients. However, in 963 patients with
developmental delay, we detected one missense variant and three promoter variants, all of
which show evidence of a possible functional effect. If a functional effect is verified,
these variants would represent the second FMR missense mutation and the first three
FMRI promoter mutations to cause developmental delay. These data suggest that
sequence variants in FMR I may indeed be a significant contributor to the heterogeneous

etiology of developmental delay.
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Chapter 1. Introduction

1.1 Intellectual Disability: Diagnosis, Prevalence, and Impact

Intellectual disability (ID) is the name currently preferred (Schalock et al. 2007)
for the condition classified as mental retardation in the Diagnostic and Statistical Manual
of Mental Disorders, fourth edition, text revision. DSM-IV-TR specifies that this
diagnosis is to be given to individuals with significantly reduced intellectual function, as
determined by an IQ less than 70, concomitant with impaired adaptive functioning in the
realms of communication, self-care, home living, and work, among others. Furthermore,
DSM-IV-TR stipulates that the onset of the reduced intellectual function must be before
age 18 for a diagnosis of intellectual disability, thus distinguishing ID from dementias
with an adult onset (American Psychiatric Association 2000).

Prevalence estimates of intellectual disability vary widely, from as low as 0.2% to
as high as 8.5% (Roeleveld et al. 1997). This variability results from differences and
difficulties in the diagnosis of ID (Leonard and Wen 2002). Like many disorders with a
clinical definition, rather than a biochemical or molecular one, ID has been diagnosed
differently at different points in time and continues to be diagnosed differently across
different societies (Durkin 2002). For example, in the United States, the IQ cutoff for ID
diagnosis was lowered over the span of 40 years from 84 (Heber 1961) to its current
cutoff of 70 (American Psychiatric Association 2000; Luckasson and Reeve 2001). Also,
because ID is inherently a disorder of functioning within a society, sociocultural

differences in language (Reschly and Jipson 1976) and behavior (Zigler 1987) can impact



diagnosis and prevalence rates. Considering these challenges to an accurate estimate of
population prevalence, the most informative measure of the frequency of ID, perhaps, is
one that is functionally derived. For this reason, the Centers for Disease Control and
Prevention recognize the prevalence of ID to be roughly 1%, based upon data from
special education programs in US public schools (Yeargin-Allsopp et al. 1992; Centers
for Disease Control and Prevention 1996).

The high frequency of intellectual disability and the lack of functional
independence inherent to the condition underlie its broad and costly impact. In fact, the
CDC estimates that the lifetime cost associated with ID for all patients born in a given
year is $51.2 billion. Approximately 80% of this is the indirect cost of productivity loss
due to impaired occupational functioning, while the remainder is the expense of direct
medical costs and support services (Centers for Disease Control and Prevention 2004).
The burden of ID is often most greatly borne by the family of the patient. In addition to
shouldering much of the financial cost, parents and caregivers of the intellectually
disabled have more subjective feelings of stress, fatigue, and social hindrance (Chou et al.
2008) and are more susceptible to depression (Olsson and Hwang 2001). Furthermore,
siblings of people with ID receive less time and attention from their parents and often

face social obstacles as a result of their affected sibling (Mulroy et al. 2008)

1.2 Etiologies of Intellectual Disability
Intellectual disability arises from a variety of causes, including congenital,
prenatal, perinatal, toxic, infectious, psychosocial, chromosomal, and hereditary factors

(Curry et al. 1997). The most common etiologies are chromosomal abnormalities, such as



aneuploidies and segmental aneusomies. Chief among these is trisomy 21, which causes
9.2% of all ID. Other noteworthy causes include the DiGeorge and Williams-Beuren
microdeletion syndromes, which represent 2.4% and 1.3% of ID, respectively (Rauch et
al. 2006). It is hypothesized that haploinsufficiency or genetic overdosage of a specific
gene or genes leads to the ID seen in many aneuploidies and segmental aneusomies
(Rachidi and Lopes 2008). However, while genomic critical regions have been defined in
Down, DiGeorge, and Williams-Beuren syndromes, no single genes have yet been
identified as the sole cause of ID in these chromosomal abnormalities (Rahmani et al.
1989; Ferrero et al. 2009; Meechan et al. 2009).

The second most frequent causes of intellectual disability are single gene
mutations (Rauch et al. 2006). In fact, over 100 genes have been associated with ID
(Basel-Vanagaite 2007; Gecz et al. 2009). Mutations in some of these genes lead to a
collection of recurrent, recognizable signs and symptoms which define a clinical
syndrome. The most common of these is fragile X syndrome, which is caused by
trinucleotide repeat expansion in the FMR1 gene (Verkerk et al. 1991). Other significant
monogenic ID syndromes include Smith-Lemli-Opitz syndrome, Rett syndrome, and
Coffin-Lowry syndrome, caused, respectively, by mutations in DHCR7, MECP2, and
RPS6KA3 (Hanauer and Young 2002; Porter 2008; Matijevic et al. 2009). More common
than syndromic ID, however, is nonsyndromic ID, in which there is no specific clinical
phenotype beyond the intellectual disability. While this nonsyndromic preponderance
may be an artifact of incomplete phenotyping and small sample sizes of discrete
disorders, the observed clinical homogeneity has made genetic linkage studies quite

challenging (Ropers 2008).



Although much progress has been made in elucidating the varied causes of ID,
50% to 80% of intellectual disability remains of unknown origin (Rauch et al. 2006). The
lack of a diagnosis can be quite troubling, particularly to the parents of someone affected
with ID. Feelings of guilt or culpability and a lack of acceptance of the condition’s
permanence and significance are commonly reported by the parents of children with
undiagnosed ID. Furthermore, parents of children without a diagnosis have no way to
determine recurrence risk for reproductive decision-making, have less access to support
groups, and have less guidance regarding management and/or treatment of their child
(Rosenthal et al. 2001). Compared to the parents of healthy children and parents of
children diagnosed with Down syndrome, parents of children with undiagnosed ID report
greater emotional strain and are more likely to wish their child had not been born and to
regret the difficulties the child brought to their lives (Lenhard et al. 2005). These effects
of having no diagnosis underscore the need for improved etiologic understanding and

diagnostic measures for intellectual disability.

1.3 Fragile X Syndrome

Fragile X syndrome (FXS) is the most common inherited form of intellectual
disability. Independent studies conducted at sites throughout Europe and India have
shown that 2-3% of all ID patients have FXS (Mila et al. 1997; Patsalis et al. 1999;
Hecimovic et al. 2002; Pandey et al. 2002; Major et al. 2003; Biancalana et al. 2004;
Rauch et al. 2006). Across the population, FXS affects 1 in 5161 males (Coffee et al.
2009) and, while measures are cruder, an estimated 1 in 8000 females (Crawford et al.

2001).



1.3.1 History of Fragile X Syndrome

In 1943, J. Purdon Martin and Julia Bell published their seminal report on a
family with eleven intellectually disabled males. While no females in the pedigree
demonstrated “imbecility” (the antiquated term for severe intellectual disability),
approximately 50% of the male offspring of unaffected females were affected (Figure
1.1A). Thus, the authors presented this pedigree as the first evidence of X-linked
intellectual disability. Two features of the pedigree that puzzled the authors, however,
were the lack of ID in the males of ancestral generations and the fact that two females
exhibited some measure of mental deficiency, as both of these phenomena conflict with
the hypothesis of recessive sex-linked Mendelian inheritance. With the exception of their
ID, the affected males did not share any gross impairments or common physical features
to distinguish their disorder from that of others affected with ID (Martin 1943).

H. A. Lubs encountered a family in 1969 that also demonstrated what appeared to
be an X-linked recessive intellectual disability. Subsequent karyotyping of the affected
males revealed a novel variant X chromosome with an unusual secondary constriction
near the end of the long arm of the chromosome (Figure 1.1B). This “marker X was
found in all four affected males and two unaffected females in the pedigree, leading the
author to conclude that the chromosomal abnormality associated with the recessive allele
that led to intellectual disability (Lubs 1969). Indeed, cytogenetic evaluation of affected
males from the family initially described by Martin and Bell revealed that they too

featured a “fragile X chromosome (Richards et al. 1981).
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Figure 1.1. History of Fragile X Syndrome.

A. The original pedigree by Martin and Bell of the first family described in the literature
with what we now know as fragile X syndrome. The transmission pattern is largely
consistent with X-linked recessive inheritance of the intellectual disability, with
approximately 50% of the unaffected females transmitting the ID to 50% of their male
offspring. (Reprinted with permission from Martin, J.P., Bell, J. 1943. A pedigree of

mental defect showing sex-linkage. J Neurol Psychiatry 6: 154-157.)

B. The original metaphase spread by Lubs demonstrating a secondary constriction on the
long arm of chromosome X in an intellectually disabled male. The appearance of this
constriction would later inspire the name of the disorder, fragile X syndrome. (Reprinted
with permission from Lubs, H.A. 1969. A marker X chromosome. Am J Hum Genet

21(3): 231-244. Copyright The American Society of Human Genetics 1969.)

C. Scanning electron microscopic image of a G banded fragile X chromosome. SEM was
used by Harrison and colleagues to determine the precise location of the fragile site to be
Xq27.3. (Reprinted with permission from Harrison, C.J., Jack, E.M., Allen, T.D., and

Harris, R. 1983. The fragile X: a scanning electron microscope study. J Med Genet 20(4):

280-285.)



To identify the cause of the “fragile X syndrome,” scientists turned their attention
to the fragile site, in the hopes that the involved gene would reside either at it or nearby.
Using scanning electron microscopy on G banded metaphase chromosomes (Figure
1.1C), Harrison and colleagues localized the fragile site to Xq27.3 (Harrison et al. 1983).
Molecular mapping of Xq27.3 revealed a CpG island methylated in affected males (Heitz
et al. 1991) and an unstable sequence (Yu et al. 1991) comprised of variable numbers of
CGG trinucleotide repeats. In situ hybridization studies showed that these CGG repeats
map precisely to the fragile site on chromosome X (Kremer et al. 1991). Finally, in 1991,
a gene containing both the methylated CpG island and CGG repeat tract was identified.
Designated FMRI (fragile X mental retardation-1), the gene was shown to be expressed
in the brain, consistent with a role in fragile X etiology (Verkerk et al. 1991). Further
supporting this role is the lack of FMR1 expression in fragile X patients (Pieretti et al.
1991), while the gene is expressed widely in healthy individuals (Hinds et al. 1993).

Despite the refined understanding of the genetic cause of fragile X syndrome, the
two puzzling observations about the original pedigree of Martin and Bell still remained to
be resolved. The first of these, the presence of impaired females, was found to be a
common phenomenon in fragile X families, with 30% of carrier females showing some
measure of intellectual disability. Thus, rather than a recessive disorder, fragile X is
considered to be an X-linked dominant disorder with reduced penetrance, likely due to
patterns of X inactivation (Sherman et al. 1985). The second puzzling feature of no
affected males in the Martin and Bell pedigree’s ancestral generations was also seen in
many other fragile X pedigrees. The perplexing inheritance pattern of increased risk of

fragile X in successive generations, despite the low reproductive fitness of affected



males, became known as the “Sherman paradox” (Sherman et al. 1985). The explanation
for this inheritance pattern, it would turn out, lay in the nature of the fragile X mutation.
It was noted that affected males inherited an expanded allele of FMRI as compared to
their mothers and maternal grandfathers, both of whom had the same size allele. The
carrier mothers and their normal transmitting fathers, when compared to normal
individuals, also had expanded alleles, termed premutations (Oberle et al. 1991). As was
surmised, the mutation and premutation expansions originated in the variable length CGG
trinucleotide repeat tract within FMR I, which ranges from a normal repeat count of 6-54
to a premutation repeat count of 55-200. The premutation allele can expand in oogenesis
to a full mutation allele, which has more than 200 CGG repeats and leads to
hypermethylation of the nearby CpG island, thereby explaining both the nature of the

typical fragile X mutation and the Sherman paradox (Fu et al. 1991).

1.3.2 Fragile X Syndrome Phenotype

Intellectual disability is the hallmark feature of fragile X syndrome. The level of
impairment ranges from mild to severe, with IQ scores of affected males typically
between 25 and 70. Arithmetic, spatial memory, abstract thought, and complex reasoning
are particular areas of weakness (Kemper et al. 1988), while verbal skills, including
vocabulary and reading, are less significantly impaired (Hagerman et al. 1985). This is
particularly true of receptive verbal skills, which are less impaired than expressive verbal
skills (Roberts et al. 2001). Additionally, fragile X males tend to perform better at fact
learning and school-related skills than at processing novel information (Kemper et al.

1988). Furthermore, longitudinal studies suggest that the IQ of affected males declines
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over time, beyond their initial levels of impairment. The pattern of this decline is not
consistent with a degenerative process, but rather a slowing of the intellectual growth of
the fragile X male when compared to his unaffected peers and relatives (Skinner et al.
2005; Hall et al. 2008).

There are three subtle physical findings which eluded Martin and Bell in their
1943 pedigree but are now known to be common in fragile X syndrome. The first of these
is the typical facial appearance of fragile X patients. Although not grossly dysmorphic,
certain common features are shared: a long, narrow face, prominent jaw, large forehead,
and large everted ears (Turner et al. 1980). A subset of these facial features can be seen in
over 90% of affected males, but less than half of affected females (Rousseau et al. 1994).
Among the specific features, large ears are the most closely associated with fragile X as
compared to other causes of intellectual disability (Guruju et al. 2009).

Macroorchidism, the second noteworthy physical feature, is present in nearly all
postpubertal fragile X males (Rousseau et al. 1994; Guruju et al. 2009). After multiple
families were described with both X-linked ID and macroorchidism (Turner et al. 1975;
Cantu et al. 1976; Ruvalcaba et al. 1977; Bowen et al. 1978), fragile X families were re-
evaluated for the presence of enlarged testes, and macroorchidism was indeed found to be
associated with fragile X syndrome (Turner et al. 1980). While a mouse model of fragile
X showed increased Sertoli cell proliferation to be the cause of murine macroorchidism
(Slegtenhorst-Eegdeman et al. 1998), no human studies have corroborated this finding;
thus, the cause of macroorchidism in fragile X remains unclear

A third class of physical features associated with fragile X is an assortment of

connective tissue abnormalities. Common findings include joints that are hyperextensible



11

and able to be voluntarily displaced, a high arched palate, pes planus, pectus excavatum,
and velvety skin, particularly on the dorsum of the hand (Hagerman et al. 1984; Opitz et
al. 1984). It is important to note, however, that joint hyperextensibility and soft skin are
the only two of these features to show significant association with fragile X when
compared to other causes of ID (Lachiewicz et al. 2000). When taken together, however,
these signs indicate an underlying connective tissue dysplasia in fragile X. In fact, the
previously mentioned fragile X facial dysmorphology, especially the large, everted ears,
and the common finding of macroorchidism have also been attributed to connective tissue
dysplasia, although this remains largely unsubstantiated

(Hagerman et al. 1984; Opitz et al. 1984).

Beyond the physical manifestations associated with fragile X syndrome, there are
several noteworthy behavioral abnormalities that are commonly found in affected males.
Hyperactivity and short attention span are two frequent findings (Guruju et al. 2009),
such that over 50% of school-aged boys with fragile X meet DSM-IV criteria for
attention-deficit/hyperactivity disorder (Sullivan et al. 2006). Additionally, autistic-like
behaviors, including social impairments and stereotyped behaviors, are noted in more
than 90% of males with fragile X (Hernandez et al. 2009). Common social impairments
include eye gaze avoidance, social anxiety, and shyness. Frequently-seen stereotyped
behaviors include perseveration of speech, hand-flapping, hand-biting and other self-
injurious behaviors, and tactile defensiveness (Bailey et al. 1998; Hernandez et al. 2009).
The presence of sufficient autistic-like behaviors leads to a dual diagnosis with autism in
25%-33% of fragile X males (Bailey et al. 1998; Rogers et al. 2001; Kaufmann et al.

2004; Hatton et al. 2006). While autism is commonly diagnosed among fragile X males,
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fragile X is also commonly diagnosed among autistic males. In fact, with 7-8%
prevalence of fragile X among autistic males, mutations in FMR/ are the most frequent
single-gene cause of autism (Muhle et al. 2004).

Several medical issues are also known to affect patients with fragile X syndrome.
As is true of the intellectually disabled in general, fragile X patients have a higher rate of
epilepsy than the general population. Affecting 22% of fragile X patients (Sabaratnam et
al. 2001), these seizures appear to be both generalized (Wisniewski et al. 1991) and focal,
and, while more commonly seen in childhood, can occur throughout adulthood in some
fragile X patients (Sabaratnam et al. 2001). Another medical issue impacting many
fragile X patients is recurrent otitis media. Over 60% of fragile X patients have more than
5 occurrences of otitis media during childhood. Many of these children are treated with
the surgical insertion of polyethylene tympanostomy tubes (Hagerman et al. 1987). Two
other medical issues that often affect fragile X patients are mitral valve prolapse and
aortic root dilatation. While the clinical impact of these cardiovascular findings is
unclear, they provide further evidence of connective tissue abnormalities in fragile X
syndrome (Loehr et al. 1986).

Compared to the well-defined clinical picture of the fragile X male, the fragile X
female often presents with a more subtle phenotype, thanks to the presence of a wild-type
FMR]1 allele. Unlike in males, where intellectual disability is the hallmark feature, only
50% of fragile X females have an IQ less than 70. Another 21% have borderline IQ
scores between 70 and 85 (de Vries et al. 1996). Even among fragile X females of normal
intellect, though, learning disabilities are often encountered, especially involving

mathematics and auditory linguistic processing (Wolff et al. 1988; Murphy and
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Mazzocco 2008). Like the cognitive profile, the facial features typically seen in fragile X
males are far more subtle in fragile X females, as are the autistic-like behaviors
(Rousseau et al. 1994; Hatton et al. 2006). The social impairments seen in males,
however, are not spared or dampened in females. In fact, the extreme shyness and social
anxiety that affect many females with fragile X are profound enough to merit a diagnosis

of avoidant personality disorder (Freund et al. 1993).

1.3.3 Diagnosing Fragile X Syndrome

The quest for a fragile X diagnosis is often a frustrating and slow-moving process.
Fragile X is unlike many other causes of intellectual disability in that there are no
obvious signs of disability at birth. Parents usually believe they have a healthy, “normal”
child; it is not until developmental milestones begin to be delayed around the twelfth
month of life that parents start to have concerns. These concerns are often met with a
“wait and see” response from the primary care provider to whom the parents first turn for
answers, resulting in delays to diagnosis and subsequent interventions. Further delaying
diagnosis is the fact that many of the physical features associated with fragile X are
subtle or completely missing in infants and young children. In all, it takes an average of
more than 18 months after parents first have concerns about their child for fragile X to be
correctly diagnosed (Bailey et al. 2003).

The diagnosis of fragile X syndrome begins with the clinical evaluation of the
patient for the signs and symptoms comprising the fragile X phenotype. Several
diagnostic checklists have been developed to assist clinicians as they attempt to identify

patients who likely have fragile X (Butler et al. 1991a; Butler et al. 1991b; Hagerman et
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al. 1991; Lachiewicz et al. 2000; Maes et al. 2000; Guruju et al. 2009). While each
different checklist, upon presentation, was intended to include only diagnostically
informative findings, subsequent studies have called the diagnostic value of many of the
checklist items into question. For instance, transverse palmar and plantar creases, while
sometimes seen in fragile X patients, have not consistently shown a specific association
with fragile X as compared to other causes of ID (Lachiewicz et al. 2000; Guruju et al.
2009). The most predictive fragile X features are macroorchidism, large ears,
hyperextensible joints, hyperactivity, poor eye contact, and a family history of intellectual
disability (Lachiewicz et al. 2000; Guruju et al. 2009). Despite such checklists for the
clinical prediction of which ID patients have fragile X, the diagnosis is ultimately made
at the molecular level, where a definitive answer can be found. As a result, diagnostic
checklists are not often used in practice; rather, the current standard of care dictates that
all patients who present with ID of unknown etiology should be tested for the typical
fragile X mutation (Garber et al. 2008).

According to the American College of Medical Genetics, over 99% of cases of
fragile X are caused by CGG repeat expansion mutations in FMRI and the resultant
hypermethylation of the FMRI promoter (Maddalena et al. 2001). As mentioned
previously, a full mutation has more than 200 CGG repeats. Thus, molecular evidence of
an FMR] allele with more than 200 CGG repeats establishes the fragile X syndrome
diagnosis. This molecular evidence is provided by two complementary laboratory tests,
PCR and Southern blotting. Using primers that flank the CGG repeat, PCR can generate
amplicons of different sizes, as determined by the length of the CGG repeat tract. The

sizes of the amplicons are determined with high resolution by gel electrophoresis.
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However, PCR amplification of CGG repeats is challenging and prone to failure,
particularly when the number of repeats approaches the premutation (55-200) or full
mutation (>200) range. Thus, for accurate assessment of premutations and full mutations,
Southern blotting is the preferred technique (Maddalena et al. 2001).

In Southern blotting, fragments of the patient’s genomic DNA produced by
digestion with various restriction enzymes are size-separated on an agarose gel. After
blotting the gel to transfer the DNA fragments to a membrane, labeled DNA probes are
hybridized to the DNA on the membrane to reveal the sizes of the DNA fragments, thus
providing a measure of the number of CGG repeats within FMRI. This approach can be
further enhanced with the use of a methylation-sensitive restriction enzyme, which will
not be able to digest methylated DNA, allowing a hypermethylated promoter to stand out.
Furthermore, because the inactive X chromosome in females is methylated, one can
determine which FMR1 allele is active and which is inactive; this inactivation pattern has
implications for the severity of the female fragile X phenotype (Maddalena et al. 2001).

Because the standard of care is to test every patient who presents with ID of
unknown etiology for the FMRI repeat expansion, 97 — 98% of tested patients receive a
negative test result (Rauch et al. 2006). This does not rule out the possibility that the
patient has a different type of mutation in FMRI. There are examples in the literature of
point mutations that change the coding sequence (De Boulle et al. 1993) and alter
splicing of FMR1 (Lugenbeel et al. 1995), as well as deletions within or entirely
encompassing FMR1 (Coffee et al. 2008). Although the ACMG considers these less
common mutations to represent fewer than 1% of the cases of fragile X (Maddalena et al.

2001), it is likely that this figure is an underestimate, resulting from incomplete
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investigation into their frequency and contribution to disease. While some gross deletions
may be made apparent in the process of testing for CGG repeat expansion, smaller
deletions that are not in the vicinity of the CGG repeat tract will only be detected by other
approaches, such as exon sequencing and sufficiently high resolution array comparative
genomic hybridization (aCGH). Gene sequencing is also essential for the detection of
point mutations and small indels in FMR 1. However, with no data to support the value of
such alternative methods, neither FMRI sequencing nor high resolution aCGH have
become standard diagnostic tools and are not widely available. Further investigation into
the frequency of point mutations and deletions in FMR1 and their association with

disease will be necessary to determine the clinical value of such approaches.

1.3.4 Managing Fragile X Syndrome

Despite increasing knowledge of the molecular underpinnings of fragile X,
current treatment of the disorder remains symptomatic. ADHD and ADHD-like
symptoms are typically well controlled by stimulants, including methylphenidate and
Adderall, and a2-agonists, such as clonidine (Hagerman et al. 1988; Berry-Kravis and
Potanos 2004). Selective serotonin reuptake inhibitors (SSRIs) are commonly used to
counter perseverative behaviors, compulsions, and social anxiety. Antipsychotics, such as
risperidone and aripiprazole, are well tolerated and can be useful for the reduction of
aggression, irritability, and other aberrant social behaviors. Fragile X patients with
seizures are treated with various anticonvulsants, including valproic acid, carbamazepine,

and gabapentin (Berry-Kravis and Potanos 2004).
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While current therapies are limited to the reduction of symptoms, several drugs
are under development for the treatment of the underlying defect in fragile X syndrome,
excessive mGIluRS signaling. FMRP, the protein encoded by FMRI, represses the
postsynaptic translation of mRNAs essential for the process known as mGIluR-LTD, or
long-term depression triggered by metabotropic glutamate receptors. In mGIluR-LTD, the
activation of mGluRS5 leads to increased protein translation in the synapse. An ensuing
cascade of events results in the internalization of AMPA and NMDA receptors and an
overall reduction in strength or elimination of the synaptic connection. In the functional
absence of FMRP, as is seen in fragile X syndrome, there is a lack of repression of the
mGluR5-dependent synaptic protein translation, leading to increased LTD, increased
synapse loss, and decreased intellectual function (Bear et al. 2004). Hypothesizing that
they could reduce this excessive LTD, positive modulators of AMPA-Rs and several
selective antagonists of mGluRS5 have entered clinical trials (Berry-Kravis et al. 2006;
Berry-Kravis et al. 2009; Hagerman et al. 2009). While preliminary results on the
ampakine CX516 did not reveal any significant cognitive or behavioral improvements
from this class of drug (Berry-Kravis et al. 2006), work in fragile X animal models has
shown strong benefits from mGIluRS blockade, giving much optimism for the success of
this novel therapeutic strategy (McBride et al. 2005; Yan et al. 2005; Tucker et al. 2006).

In addition to currently employed and investigational pharmacologic therapies,
fragile X syndrome is also managed through educational and behavioral interventions.
Individualized educational plans and speech therapy are useful methods to maximize the
learning opportunities and communication skills of the fragile X patient. Specific

behavioral interventions suggested to benefit affected individuals include those aimed at
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improving eye contact, reducing stress, and improving sleep patterns. Additionally,
interventions designed for autistic patients, such as social skills group therapy, may be
useful for fragile X patients with autistic features (Hagerman et al. 2009).

While management of fragile X syndrome begins with efforts to improve the
health and quality of life of the affected individual, the ramifications of a fragile X
diagnosis extend throughout the family. The parents of a fragile X patient should be
counseled on the risk of recurrence so they can make informed reproductive decisions
(Bailey et al. 2003). Other relatives, especially those exhibiting developmental delay or
social/behavioral disorders and those at risk of transmission of the mutation, should also
be encouraged to seek testing (McConkie-Rosell et al. 2007). Furthermore, it is known
that individuals who carry a premutation allele of FMRI are at increased risk for a
tremor/ataxia disorder known as FXTAS (Jacquemont et al. 2003). Females carrying the
premutation allele are also at increased risk for primary ovarian insufficiency (POI); 21%
experience menopause before age 40 (Sherman 2000). Through cascade testing and
genetic counseling, premutation carriers can be better prepared for these mid- to late-life

changes.

1.4 FMR1

FMRI is a 39 kb gene located at Xq27.3. The gene contains 17 exons, which are
all of average size (Figure 1.2A). While most of the introns are also of average size
(mean of 2.2 kb), the first intron is exceptionally large (9.9 kb), comprising a substantial
portion of the length of the gene. The 5’UTR of FMRI is also unusually long (264 bp, on

average) and contains the well-described (CGGQG), element, a trinucleotide repeat of
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Figure 1.2. Diagram of FMRI.

A. Diagram of FMRI. The horizontal axis is formed by intronic sequence, and the
numbered vertical spokes represent the 17 exons of FMRI. Coding exonic sequence is
shown in blue, while noncoding exonic sequence is shown in white. The black region
upstream of exon 1 is the minimal promoter of FMRI. As depicted, alternative splicing

can result in the omission of exons 12 and/or 14.

B. Diagram of the promoter and exon 1 of FMRI. There are three known transcription
start sites (I-IIT) in FMR1, all of which coincide with an Inr-like element. Transcription
factors that bind to the FMRI promoter include NRF-1, Sp1 (at the GC Boxes), AP-2,
CREB (at the E-box), and NRF-2. The long 5’UTR of FMR1 contains the well-described

CGG trinucleotide repeat tract.
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variable length (Eichler et al. 1993). Two paralogs of FMRI, known as FXRI and FXR2,
have been described (Siomi et al. 1995; Zhang et al. 1995), as have conserved orthologs
in species from vertebrates to Drosophila (Ashley et al. 1993b; Price et al. 1996; Wan et
al. 2000).

FMR1 expression begins early in development and continues throughout the
lifespan (Hinds et al. 1993). Through the use of multiple transcription start sites and
alternative splicing, several distinct mRNA transcripts are encoded by FMRI. The most
common of these is 4.4 kb in length and contains all 17 exons of the gene. The known
alternative spliceforms (Figure 1.2A) selectively include or omit exons 12 and 14 and
utilize one of three splice acceptor sites within exon 15 and one of two splice acceptor
sites within exon 17 (Ashley et al. 1993b; Eichler et al. 1993). All of the distinct FMR]
transcripts are broadly expressed in a variety of tissues (Verkerk et al. 1993), notably the

hippocampus, cerebellum, cerebral cortex, and testis (Devys et al. 1993; Hinds et al.

1993).

1.4.1 FMRI Promoter

Through the use of reporter constructs and comparative genomics, the minimal
promoter of FMRI (Figures 1.2B, 1.3) has been identified as the region extending from
approximately 400 bp to 200 bp upstream of the translation start site (Hwu et al. 1993;
Hergersberg et al. 1995; Kumari and Usdin 2001). Within this region, footprint analysis
of DNA extracted from peripheral tissues revealed four transcription factor binding sites
(Drouin et al. 1997; Schwemmle et al. 1997). The most upstream of these is a confirmed

a-PAL/NRF-1 binding site. Reporter constructs containing either a deletion or
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Figure 1.3. Conservation of the FMRI promoter.

The minimal promoter of FMRI extends from approximately 400 bp to 200 bp upstream
of the translation start site. It contains several functional elements that are conserved
through mammals; depicted here is the alignment of the promoter sequences from human
(Homo sapiens), chimpanzee (Pan troglodytes), dog (Canis familiaris), mouse (Mus
musculus), and rat (Rattus norvegicus). Highlighted boxes represent the transcription
factor binding sites for NRF-1, AP-2, and NRF-2; the two GC boxes, which bind Sp1 and
Sp3; and the E-box, which binds CREB in vivo. The conserved Inr-like and TATA-like

elements are underlined. The three transcription start sites are denoted with arrows.



24

methylation of this site exhibit reduced transcription, confirming its essential role in
FMRI transcriptional activation (Kumari and Usdin 2001). The interior two transcription
factor binding sites detected by footprinting are GC boxes, which have been shown to
bind the strong transcriptional activators Sp1 and Sp3 (Smith et al. 2004; Kumari et al.
2005). The most downstream transcription factor binding site detected by footprinting is
an E-box. While many transcription factors are capable of binding to the E-box consensus
sequence, studies of human lymphoblasts suggest that CREB is the transcription factor
that binds in vivo to the FMR1 E-box (Smith et al. 2006). Remaining unresolved are the
mechanisms of action for USF1, USF2, and Max, three other E-box-binding transcription
factors that have been shown to inhibit FMR/ transcription (Smith et al. 2004; Smith et
al. 2006). While USF1 and USF2 were shown to bind to the FMR1 E-box in vitro
(Kumari and Usdin 2001), in vivo assays have not been able to replicate this finding
(Smith et al. 2004). Therefore, it remains to be seen whether USF1, USF2, and Max bind
the FMRI E-box in some context-specific fashion or if they simply act via a different
binding site.

In addition to the four sites identified by footprint analysis, several putative
transcription factor binding sites have been identified by the presence of their consensus
sequences in the FMRI promoter. Among these are four potential AP-2 biding sites (Lim
et al. 2005). Initially, these sites were ignored, due to their reduced conservation and the
lack of an AP-2 footprint at any of the four sites in adult peripheral tissues. However,
chromatin-IP studies have revealed an interaction between AP-2a and the FMR1
promoter in HeLa cells. Additionally, decreased expression of Fmrl was noted in AP-2a

knockout mice. Interestingly, this phenomenon was dependent on the age of the mouse,
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as Fmrl levels were normal in adult conditional 4P-2a knockouts, suggesting that AP-2a
acts as a transcriptional activator of FMRI specifically during early development (Lim et
al. 2005). Another transcription factor binding site that was not revealed by DNA
footprinting was the conserved NRF-2 binding site. Located downstream of the typical
transcription start site of FMR 1, this binding site mediates the transactivating effect of
NRF-2 (Smith et al. 2006). Together, these data suggest that other unconfirmed putative
transcription factor binding sites in the MR promoter, such as Zeste (Drouin et al.
1997), may yet prove to be functional, possibly in a specific cell type or stage of
development.

FMR]1 transcription has been shown to begin at three discrete start sites (Figures
1.2B, 1.3). All three of these sites show substantial sequence similarity to the Initiator
(Inr) consensus sequence (Kumari and Usdin 2001; Beilina et al. 2004). Inr elements
direct RNAP II transcription initiation, either synergistically with a TATA box or in
promoters that lack a TATA box (Smale and Baltimore 1989). While there appears to be
no TATA box in FMRI, there is a TATA-like element located 26 bp upstream of start
site I, the typical transcription start site (Hwu et al. 1993). Studies of reporter constructs
containing deletions of the TATA-like element and the most downstream Inr element
suggest that they may not be essential for transcription (Kumari and Usdin 2001).
However, the 3-D structure of the FMR1 promoter must be maintained for proper
function (Kumari et al. 2005), so such deletion studies may not accurately reflect the in

vivo behavior of the FMRI promoter.

1.4.2 FMRI: CGG Repeat
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Located within the 5’UTR of FMRI (Figure 1.2B), the CGG repeat tract is an
unstable genomic region that is prone to meiotic and mitotic expansion and contraction
(Kremer et al. 1991). The likelihood of expansion is known to be influenced by three
factors. First, larger repeat tracts are more susceptible to these changes in size. Thus, it is
quite common for a female with a premutation allele of FMRI (i.e. with 55-200 CGG
repeats) to have a child with a full mutation allele (i.e. more than 200 CGG repeats), as
was noted in the “Sherman paradox” (Sherman et al. 1985; Fu et al. 1991). Furthermore,
expansion of premutations to full mutations only occurs via maternal transmission, as
spermatogenesis cannot maintain full length CGG repeat tracts (Malter et al. 1997).
Finally, a third factor that influences the propensity for expansion is the presence of
interspersed AGG repeats within the CGG repeat tract; interspersed AGG repeats confer
stability and reduce the likelihood of expansion (Kunst and Warren 1994; Eichler et al.
1996).

While it is known that CGG repeat expansion is most common in females who
have premutation-sized alleles with few interspersed AGGs, the exact mechanism of the
expansion has been difficult to assess. A mouse model containing a human FMR] repeat
tract with 98 CGG’s was established to study the molecular mechanisms of repeat
expansion. However, despite the large repeat tract that was introduced, only subtle
expansions occurred in the mouse, as compared to the large expansions which are often
seen in the human transmission of a full mutation by a premutation female (Bontekoe et
al. 2001). Subsequently, larger expansions were elicited by crossing premutation mice to
heterozygous ATR knockout mice which show impaired DNA repair at stalled replication

forks (Entezam and Usdin 2008). While this suggests that DNA repair pathways are
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responsible for CGG repeat expansion, this conclusion remains controversial. An
alternative hypothesis attributes CGG repeat expansion to slippage during lagging strand
synthesis. While also largely unsubstantiated, this hypothesis is supported by the similar
3’ orientation of repeat tract expansion in human FMR1 (Eichler et al. 1996) and in in
vitro models of CGG repeat instability (Hirst and White 1998).

Although the cause of repeat tract expansion has been elusive, its effects on gene
transcription have been well described. In fact, the size of the CGG repeat tract impacts
the transcription of FMRI in two important and opposite ways. In individuals with
intermediate-sized (i.e. 40-54 CGG repeats) or premutation alleles, the amount of FMR]
mRNA transcribed is directly proportional to the number of CGG repeats, such that
individuals with premutations have three- to five-times as much FMRI mRNA as people
with normal alleles (Kenneson et al. 2001; Loesch et al. 2007). This excess of FMRI
mRNA has been proposed to cause the premutation phenotypes of FXTAS and POI
(Tassone et al. 2000; Jin et al. 2003). Along with the increase in transcription, there is a
shift in the predominant transcription start site, from I to II and III, in individuals with
larger repeat tracts; both the mechanism and consequence of this shift is unclear (Beilina
et al. 2004). In contrast to the increase in transcription seen in premutations, full
mutations cause FMR]I to become transcriptionally silent. This silencing results from
methylation of CpGs in the FMR1 promoter (Sutcliffe et al. 1992; Chiurazzi et al. 1998)
and the concomitant deacetylation and altered methylation pattern of histone H3 (Coffee
et al. 1999; Coffee et al. 2002). Although the mechanism by which full mutation CGG
expansions lead to these epigenetic changes is unclear, the existence of rare individuals in

fragile X pedigrees who have full mutations without transcriptional silencing or a fragile
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X phenotype suggests that as-yet-undescribed trans effects are involved (Pietrobono et al.
2005).

In addition to its effects on FMRI transcription, the CGG repeat tract also affects
the translation of FMRI. In reporter expression systems, FMRP levels (normalized to the
amount of transcript) increase as the repeat tract increases from 0 to 30 CGGs, and then
decrease as the repeat tract increases from 30 to 60 CGGs and throughout the premutation
range (Chen et al. 2003). In fact, for premutation carriers, FMRP levels are inversely
proportional to the number of CGG repeats (Kenneson et al. 2001). This appears to result
from impaired translation initiation of FMRI mRNA with premutation-sized CGG repeat
tracts (Primerano et al. 2002). The decreased FMRP levels in premutation carriers have
led to the as-yet-untested hypothesis that the increased transcription seen in premutations
is a biological attempt to balance the decreased translational efficiency. However, it is
important to note that this proposed balance mechanism is not sufficient to maintain
normal levels of FMRP (Kenneson et al. 2001). Thus, it is unlikely that attempts to
correct fragile X syndrome by reactivating the transcription of FMR1 will provide
adequate levels of FMRP for normal function.

While the CGG repeat tract is known to cause fragile X through expansion
mutation and subsequent transcriptional silencing, the instability of this region also
allows for repeat contraction, which results in intragenic FMR1 deletions (de Graaff et al.
1995). The deletion breakpoints often lie outside of the CGG repeat tract. In fact, fragile
X-like patients have been seen with deletions extending upstream that remove the
promoter (Meijer et al. 1994; Hirst et al. 1995) and deletions extending downstream that

remove exon 1 (Quan et al. 1995). The effect of such deletions is similar to that of CGG
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repeat expansion: a lack of FMRI transcription and FMRP translation. Often these
deletions are found in patients mosaic for the CGG repeat expansion (de Graaff et al.
1995), suggesting that a common mechanism of instability is indeed at work. Larger
deletions encompassing the majority (Hirst et al. 1995) or entirety (Gedeon et al. 1992) of
FMR1 have also been noted; however, these are not believed to typically result from the

instability of the CGG repeat in FMR1 (Coffee et al. 2008).

1.4.3 Conventional Mutations in FMR1

Shortly after the identification of FMRI as the gene located at the chromosome
Xq27.3 fragile site, a patient with a severe fragile X-like phenotype was identified with a
point mutation in the coding sequence of FMRI (De Boulle et al. 1993). This mutation,
commonly referred to as 304N for the missense change it introduces in FMRP, was a
monumental discovery for three important reasons. First, it confirmed FMRI as the cause
of fragile X syndrome. Although FMRI was at the right genomic location and is not
expressed in fragile X, one could not be certain that the lack of functional FMRP truly
caused the phenotype until the effects of a specific disruption of function were observed.
Second, the 1304N mutation became a valuable tool in the molecular and physiological
characterization of FMRP. As will be discussed in the following section, innumerable
studies would later compare FMRP with and without the 304N mutation in an attempt to
better understand the normal function of the protein. Third, the discovery of a
conventional point mutation in FMRI suggested that mutations other than CGG repeat

expansion could cause fragile X. While previous work had focused upon the cytogenetic
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fragile site and the novel trinucleotide repeat expansion mutation, a more thorough search
for FMRI mutations may be necessary in the clinical diagnosis of fragile X syndrome.

Soon after this initial discovery, two more patients were found to have intragenic
mutations in FMRI. One was a three year-old male presenting with developmental delay,
poor eye contact, hyperactivity, and facial features reminiscent of fragile X. Mutation
detection electrophoresis and subsequent DNA sequencing revealed a single nucleotide
deletion within exon 5, ¢.373delA, which results in a frameshift and premature
translational stop. This de novo mutation resulted in no detectable FMRP expression. The
other intragenic mutation discovered was a two basepair substitution in the splice
acceptor site at the boundary of intron 1 and exon 2. This change, c.[52-1G>T;52G>A],
results in the skipping of exon 2, causing a frameshift and premature translational stop
and the loss of FMRP expression. The mutations were inherited by the fragile X-like
proband from his mildly intellectually disabled mother, but no additional family members
were found to share these mutations (Lugenbeel et al. 1995).

Excited by this initial success, many groups sought to identify further intragenic
mutations in FMR] that cause a fragile X-like phenotype (Table 1.1). The group which
had identified the first missense mutation, 304N, sequenced the FMRI cDNA from a
patient presenting with a history of X-linked intellectual disability and a clinical picture
highly reminiscent of the I304N patient, but found no mutations in the coding sequence
(Reyniers et al. 1996). Another group examined five fragile X-like males by the same
method, but also found no FMRI mutations (Chiurazzi et al. 1994). With conventional
mutations in FMR] clearly not the only cause of a fragile X-like phenotype in patients

negative for repeat expansion, subsequent attempts to identify such mutations examined
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larger numbers of individuals. A mutational screening method popular in the mid- to late-
1990s was single-strand confirmation polymorphism analysis (SSCP). Although less
sensitive than sequencing, its cost-effectiveness and technical simplicity made SSCP a
screening method of choice (Dean 1995). Using this approach, two more groups
attempted to identify conventional MR mutations in fragile X-like patients (Wang et al.
1997; Castellvi-Bel et al. 1999). In their screening of a combined 58 fragile X-like
patients, only one possible causal mutation was unveiled, c.1637G>A (Wang et al. 1997).
This variant is at a highly conserved nucleotide in exon 15 of FMRI, and results in the
missense change R546H at a highly conserved residue in a known domain of FMRP, the
RGG box. However, distracted by what later was shown to be the erroneous finding
(Vincent and Gurling 1998) of a splice variant which would have introduced a premature
stop codon, the authors did not follow up on this coding variant; hence, its clinical and
functional significance cannot be determined.

Noting that two of the three confirmed conventional mutations found in FMRI in
fragile X-like patients resulted in a complete elimination of FMRP expression, some
groups hypothesized that more subtle changes to FMRP, such as would be encoded by
most point mutations, would result in more subtle phenotypes than fragile X. Thus,
groups began to use SSCP to screen for FMRI coding mutations in patients with autism
(Vincent et al. 1996; Shinahara et al. 2004) and non-syndromic intellectual disability
(Gronskov et al. 1998; Shinahara et al. 2004). While these studies did not reveal any
missense or nonsense changes in FMRI in these patient populations (Vincent et al. 1996;
Gronskov et al. 1998; Shinahara et al. 2004), one female with severe intellectual

disability and autistic features was found to be heterozygous for a synonymous variant in
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exon 9, c.879A>C. This variant alters the conserved splice donor site, resulting in the
inclusion of 47 bp of intron 9 in the mRNA transcript and the creation of a premature
stop codon (Shinahara et al. 2004). Unfortunately, the significance of this variant is
difficult to interpret for three reasons. First, while the presence of the aberrant mRNA
transcript was demonstrated in the patient’s peripheral blood cells, no assessment was
made of the patient’s FMRP levels. Ultimately, this is where a functional effect would
manifest. Second, the authors did not adequately demonstrate that this variant is only
found in affected individuals. No family studies were described, including the simple
assessment of if the variant is de novo or inherited, and only 50 controls were shown to
be negative for this variant. Third, the phenotype of females heterozygous for mutations
in FMRI can be highly variable, due to the presence of an intact FMR] allele and the
variability in X inactivation. However, it is uncommon for fragile X females to be as
severely affected as this patient, suggesting that other factors may be causing or
influencing the reported phenotype.

All of these attempts to identify causal mutations in the coding sequence of FMR]
were limited in several notable ways. First, the studies proved to be quite low-powered,
as among individuals lacking a CGG repeat expansion, conventional MR mutations are
apparently less frequent than 1/30 in the fragile X-like phenotype, 1/80 in autism, and
1/120 in general intellectual disability (for details, see Table 1.1). Second, the sensitivity
of the mutation detection technique SSCP is less than direct sequencing and likely
inadequate for this purpose (Dean 1995). Third, the inclusion of females in a screen for
conventional mutations in a gene on the X chromosome can make the interpretation of

findings more challenging, as it was for the c.8§79A>C variant (Shinahara et al. 2004). An
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improvement upon each of these shortcomings was made in a recent large-scale
resequencing of patients with demonstrated X-linked intellectual disability, or XLID
(Tarpey et al. 2009). In this study, the X chromosome exome of 208 males with XLID
was sequenced with conventional Sanger sequencing. Although the intention was to
identify novel genes involved in XLID, this study also interrogated known XLID genes
such as FMR1. However, in these 208 males, no missense or nonsense changes were
uncovered in FMR1 (Tarpey et al. 2009). Thus, in 70 males with a fragile X-like
phenotype, 396 males with general intellectual disability, 103 males with autism, and 14
females with either autism or intellectual disability, only 3 known and 2 putative causal
conventional mutations in FMR] have been identified (Table 1.2). Larger patient
populations will be vital for the accurate estimation of the disease burden of conventional

FMR [ mutations.

1.5 FMRP

FMRP, the gene product of FMRI, is predominantly a 632 amino acid, 71 kDa
protein, although several isoforms exist as a result of alternative splicing of FMR]
(Devys et al. 1993; Verheij et al. 1993; Sittler et al. 1996). Like the FMRI mRNA
transcript, FMRP is expressed broadly in various tissue types. Notable tissues expressing
FMRP include the testis and brain, particularly in neurons of the hippocampus,
cerebellum, and cortex. On the other hand, tissues of mesodermal origin, such as heart
and skeletal muscle, show little to no FMRP expression (Devys et al. 1993). Within cells,
FMRP is predominantly localized to the cytoplasm (Verheij et al. 1993); however, there

is in vitro evidence that isoforms translated from alternative spliceforms lacking exon 14
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are localized to the nucleus (Sittler et al. 1996). These two patterns of intracellular
localization likely derive from the functional nuclear localization signal (NLS) and
nuclear export signal (NES) of FMRP, two of the protein’s known domains (Eberhart et
al. 1996). Other known domains (Figure 1.4) include the N-terminal domain (NDF),
which is involved in protein-protein interactions (Adinolfi et al. 2003), two K homology
domains (KH1 and KH2), which mediate polyribosome interaction and RNA binding,
and the RGG box, another RNA-binding domain (Ashley et al. 1993a; Siomi et al. 1993).
Much of our understanding of the physiological role of FMRP has come from
situations in which it is absent: that is, through direct examination of fragile X patients
and studies of animal models. As discussed previously, the neurocognitive phenotype of
fragile X patients suggests that FMRP plays an important role in learning and memory.
Consistent with this, autopsy examination of the brains of several fragile X patients has
revealed an abundance of immature dendritic spines, which appear long, thin, and
tortuous (Rudelli et al. 1985; Hinton et al. 1991). This neuroanatomical phenotype had
previously been seen in other forms of intellectual disability, including Down syndrome,
and is believed to reflect impaired synaptic plasticity (Purpura 1974; Marin-Padilla
1976). Much like fragile X patients, the mouse model of fragile X exhibits dendritic spine
dysgenesis (Comery et al. 1997; Irwin et al. 2002). This mouse model, created by
homologous recombination-mediated knockout of murine Fmr/, recapitulates much of
the fragile X phenotype, including deficiencies in learning, macroorchidism, and
abnormal social behavior (Bakker CE et al. 1994; Slegtenhorst-Eegdeman et al. 1998;
Dobkin et al. 2000; Spencer et al. 2005). The similarity in both the neuronal morphology

and the cognitive and behavioral features between fragile X patients and the Fmrl/
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RGG
NDF NLS KH1 KH2 NES P Box

1 632

Figure 1.4. Diagram of FMRP.

The known domains of FMRP are identified. The N-terminal Domain of FMRP (NDF)
mediates homodimerization and other protein-protein interactions. The nuclear
localization signal (NLS) and nuclear export signal (NES) mediate the subcellular
trafficking of FMRP. The K homology domains (KH1 and KH2) mediate polyribosome
interaction and RNA binding. The RGG Box also mediates RNA binding. The primary

site of FMRP phosphorylation, serine 500, is denoted with P.
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knockout mouse suggest that this mouse model is a useful tool for the study of FMRP
function and the effects of its absence.

While the fragile X patient phenotype and the Fmr/ knockout mouse have
illuminated the general role of FMRP in normal synaptic functioning, biochemical studies
have been most effective at establishing the specific molecular mechanisms by which
FMRP acts. The first biochemical property of FMRP to be noted was its ability to bind
RNA (Ashley et al. 1993a; Siomi et al. 1993). Rather than serving as a general RNA
binding protein, FMRP binds specific mRNA ligands representing approximately 4% of
the brain mRNA (Ashley et al. 1993a). Structurally, the RNA species bound by FMRP
often feature stem-loop G-quartets. Such mRNA species bind to the RGG box of FMRP
in vitro (Darnell et al. 2001; Schaeffer et al. 2001). Several mRNA transcripts containing
G-quartets have been verified as in vivo targets of FMRP, including MAPIB, SEMA3F,
SAPAP3, SAPAP4 (Brown et al. 2001), PSD-95 (Todd et al. 2003; Zalfa et al. 2007),
APP (Westmark and Malter 2007), and FMR1 itself (Ashley et al. 1993a; Schaeffer et al.
2001). Another mRNA structural motif that is capable of binding to FMRP is the loop-
loop pseudoknot termed the “kissing complex”. While this motif is bound by the KH2
domain in vitro, this interaction has not been observed in vivo (Darnell et al. 2005). It has
thus been postulated that the “kissing complex” motif may actually represent the in vivo
interaction between two RNA molecules, such as an mRNA and a noncoding RNA
(Bassell and Warren 2008).

Another essential biochemical property of FMRP is its ability to bind to
ribosomes (Khandjian et al. 1996; Siomi et al. 1996; Tamanini et al. 1996). Although

capable of binding to monosomes and ribosomal subunits, FMRP preferentially binds to
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actively translating polyribosomes (Eberhart et al. 1996; Corbin et al. 1997). Studies of
the I304N missense mutation, which alters a conserved residue in the KH2 domain of
FMRP in a patient with a severe fragile X phenotype (De Boulle et al. 1993), have
implicated the KH domains in this interaction (Feng et al. 1997a). Through its association
with polyribosomes, FMRP regulates the translation of its bound mRNA ligands. /n vitro,
FMRP exclusively inhibits mRNA translation (Laggerbauer et al. 2001; Li et al. 2001).
However, the in vivo regulatory effects of FMRP are more complex. In fragile X patient
cells, where there is no FMRP expressed, some mRNA ligands have increased
polyribosome loading, likely due to decreased inhibition of translation, but the
association with polyribosomes is decreased for other ligands (Brown et al. 2001). Thus,
fragile X syndrome is best viewed as a state of translational dysregulation.

As mentioned previously, the phenotype of fragile X patients and the mouse
model suggest that the primary defect caused by the lack of FMRP is synaptic
dysfunction. Thus, it is not surprising that the key site of translational dysregulation in
fragile X is at the synapse. Several mRNA ligands of FMRP, including MAP1B and PSD-
95, have been shown to colocalize with FMRP in dendrites (Antar et al. 2005;
Muddashetty et al. 2007; Zalfa et al. 2007). Furthermore, excess translation of the FMRP
mRNA ligands MAPIB, a-CaMKII, and ARC has been demonstrated in
synaptoneurosomes from Fmrl knockout mice, a model system for fragile X synapses
(Zalfa et al. 2003). However, potentially more deleterious than the elevated basal protein
levels seen in fragile X synapses is the lack of regulation of mGluR-induced translation.
In the process of long-term depression triggered by metabotropic glutamate receptors

(mGIluR-LTD), group I mGluR activation results in increased dendritic protein synthesis,
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the internalization of AMPA receptors, and the weakening of synaptic connections.
FMRP normally regulates mGluR-LTD by inhibiting the dendritic protein synthesis, but
in fragile X, the process can continue in unabated fashion (Huber et al. 2002; Bear et al.
2004; Nakamoto et al. 2007). The consequent increase in LTD is believed to be
associated with the deficiencies in learning and abnormal dendritic spine morphology
seen in fragile X, as genetic and pharmacologic reductions in group I mGluR activity are
able to correct these features in the mouse model (Dolen et al. 2007; de Vrij et al. 2008).

One important detail of this “mGluR theory” of fragile X syndrome is how FMRP
normally responds to mGluR activation. It is known that the phosphorylation status of
FMRP affects its association with polyribosomes. When FMRP is phosphorylated at the
key residue serine-500, it associates with stalled polyribosomes; dephosphorylated
FMRP, on the other hand, associates with actively translating polyribosomes (Ceman et
al. 2003). In response to group I mGIluR activation, FMRP is rapidly dephosphorylated by
the phosphatase PP2A, enabling association with translating ribosomes and resulting in
the increased translation of FMRP ligands (Narayanan et al. 2007). However, several
minutes after group I mGluR activation, the mTOR signaling cascade is stimulated,
which culminates in the S6K 1-mediated phosphorylation of FMRP and subsequent
repression of translation (Narayanan et al. 2008). These two opposing responses are
believed to mediate the lack of mGIuR activation-induced translation and the general
increase in translation seen in fragile X synapses.

Another important detail of the “mGluR theory” of fragile X is which aberrantly
translated proteins are responsible for the altered LTD. One protein that has received

much recent attention is ARC. Encoded by a known FMRP mRNA ligand (Zalfa et al.
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2003), ARC is a cytoskeletal protein that mediates the endocytic internalization of
AMPA receptors (Chowdhury et al. 2006). In response to group I mGIluR activation,
ARC is translated in the synapse (Park et al. 2008; Waung et al. 2008). In the absence of
FMRP, however, this rapid induction of ARC is impaired (Park et al. 2008). Arc
knockout mice demonstrate reduced mGIluR-LTD (Park et al. 2008), and blockade of
ARC translation reduces the mGluR-mediated internalization of AMPA receptors
(Waung et al. 2008). These data suggest that ARC may play a central role in the aberrant
mGIuR-LTD seen in fragile X syndrome. Other proteins whose dysregulation may
contribute to altered mGluR-LTD include MAP1B, PSD-95, and APP, all of which have
also been shown to affect AMPA receptor internalization (Hsieh et al. 2006; Davidkova
and Carroll 2007; Xu et al. 2008).

Beyond its synaptic role as a regulator of local translation, FMRP also plays a role
in RNA trafficking. The first clue of this was the description of functional nuclear
localization and export signals in FMRP (Eberhart et al. 1996; Fridell et al. 1996; Sittler
et al. 1996; Bardoni et al. 1997). These signals appear to mediate nucleocytoplasmic
shuttling, as evinced by immunogold electron microscopy images of FMRP located
within nuclear pores (Feng et al. 1997b). Structural similarities between FMRP and the
RNA-binding protein hnRNP Al led to the hypothesis that FMRP, like hnRNP A1, enters
the nucleus to associate with RNA and other proteins and is exported to the cytoplasm as
a ribonucleoprotein (mRNP) particle (Eberhart et al. 1996). Indeed, recent studies have
shown that FMRP binds RNA in the nucleus, and the subsequent export of the FMRP-
mRNA complex is aided by the RNA export protein Tap/NXF1 (Kim et al. 2009). The

mRNP particles containing FMRP have been shown through co-immunoprecipitation to



42

include an assortment of RNA-binding proteins, such as FXR1, FXR2, nucleolin (Ceman
et al. 1999), YB1/p50 (Ceman et al. 2000), Pura, and mStaufen (Ohashi et al. 2002).
These mRNP particles have been shown to associate with microtubules as they are
trafficked to dendrites in a translationally repressed state (Wang et al. 2008a). Activation
of group I mGluRs stimulates the trafficking of the FMRP-containing mRNPs into
dendrites (Antar et al. 2004) in an FMRP-dependent manner (Dictenberg et al. 2008).
Thus, FMRP facilitates both the nuclear export and the intracellular trafficking of mRNA.

Several additional novel roles of FMRP have emerged over the past few years.
First among these was the description of FMRP’s interaction with the microRNA
pathway (Caudy et al. 2002; Ishizuka et al. 2002; Jin et al. 2004). Although evidence
suggests that miRNA may assist FMRP in the translational regulation of its specific
targets (Jin et al. 2004), more research is needed to describe the mechanism of their
interaction. A second novel role recently ascribed to FMRP is in axonal development.
FMRP has been detected in the growth cones of developing axons; colocalized with it are
the mRNA ligand MAPIB (Antar et al. 2006) and the miRNA-associated RISC (Hengst
et al. 2006). These findings correlate with recently noted defects in axonal arborization in
the F'mrl knockout mouse (Bureau et al. 2008), suggesting that FMRP plays an as-yet-
uncharacterized role in axonal development. Additionally, FMRP has a third novel role in
the modulation of neurotransmitter receptors other than AMPA receptors, namely GABA
and dopamine receptors. The delta subunit of the GABA, receptor is encoded by an
mRNA ligand of FMRP (Miyashiro et al. 2003) and exhibits reduced protein levels in
Fmrl knockout mouse brains (D'Hulst et al. 2006), suggesting that its translation is

regulated by FMRP. This results in abnormal GABAergic transmission in the Fmr/
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knockout mouse (Centonze et al. 2008). Thus, inhibitory neurotransmission may play an
understudied role in the fragile X phenotype. Dopaminergic neurotransmission is also
impaired in the fragile X mouse. By unknown mechanisms, the subcellular localization of
the kinase GRK2 is altered in the absence of FMRP. This seems to be the cause of D1
receptor hyperphosphorylation and the downstream effect of reduced surface expression
of AMPA receptors. The administration of D1 agonists to the FmrI knockout mice
reduced hyperactive behaviors, leading to the hypothesis that the behavioral features of

fragile X syndrome may result from aberrant dopamine signaling (Wang et al. 2008b).

1.6 ASFMR1

Several antisense transcripts that overlap FMR1 have recently been identified in
humans, non-human primates, and mice (Ladd et al. 2007; Khalil et al. 2008).
Collectively attributed to the novel gene ASFMR1 (Ladd et al. 2007; Gecz et al. 2009),
these polyadenylated transcripts are expressed from two different promoters (Figure 1.5).
The more 3’ ASFMR1 promoter is located in the vicinity of the FMRI promoter, while
the more 5’ ASFMR1 promoter is located within intron 2 of FMR1 (Ladd et al. 2007).
Although it is unclear if the transcripts derived from these two distant promoters,
separated by more than 10 kb of sequence, should truly be considered products of the
same gene (Khalil et al. 2008), they appear to share a similar expression pattern with high
levels of transcript in the brain and kidney and low levels in the heart and skeletal muscle
(Ladd et al. 2007). Also uncertain is whether the products of ASFMRI are solely
noncoding RNAs or whether a protein is translated from the transcripts. A putative open

reading frame has been identified in mRNA transcribed from the more 5’ promoter
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Figure 1.5. Diagram of the overlapping locus of ASFMR1 and FMRI.

The horizontal axes are formed by intronic sequence, and the numbered vertical spokes
represent exons. Coding exonic sequence is shown in blue, while noncoding exonic
sequence is shown in white. The black regions are the promoters of ASFMRI and FMRI.
The 5’ promoter of ASFMR1 is located within intron 2 of FMRI. Its transcription product
uses the same splice donor and acceptor sites as FMRI for the splicing out of intron 1.
The coding exonic sequence of this ASFMR] transcript overlaps with the 5’UTR of
FMRI, and thus includes the FMR1 CGG repeat. The more 3’ promoter of ASFMR1

overlaps with the FMR1 promoter; as depicted, it yields only noncoding RNA transcripts.
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(Figure 1.5). The resultant 100 amino acid protein contains a polyproline stretch, encoded
by the antisense CCG repeat, the size of which would be determined by the number of
CGG repeats in FMRI. This protein is highly conserved in mammals, with 79.8% identity
between human and mouse (Figure 1.6). The in vivo expression and possible functional
role of this protein have not yet been examined (Ladd et al. 2007).

Much of the excitement about the ASFMRI gene comes from the finding that
CGG repeat expansion impacts ASFMR transcription in a similar fashion to its effect on
FMRI transcription. Like FMR1, ASFMRI expression increases with increasing numbers
of CCG/CGG repeats. Repeat expansion also causes a shift to the more 5’ promoter in
both genes. In fact, the more 3’ promoter of ASFMR 1, located near the FMRI promoter,
is not used at all when associated with a premutation-sized repeat; rather, the more 5’
promoter, located within intron 2 of FMR1, acts alone with increased activity.
Furthermore, when CGG repeat expansion exceeds full mutation size, ASFMRI is
transcriptionally silent, similar to FMRI (Ladd et al. 2007). These findings of differential
expression have led to speculation that ASFMR1 may play a role in fragile X syndrome or
the fragile X premutation phenotype (Ladd et al. 2007; Gecz et al. 2009). Further studies
will be necessary to determine if ASFMRI is indeed involved in the etiology of these

disorders, and, if so, whether it is through an RNA- or protein-mediated mechanism.

1.7 Proposed Research
In 1991, mutations in the FMRI gene were identified to be the cause of fragile X
syndrome (Pieretti et al. 1991; Verkerk et al. 1991). The novel mutational mechanism of

trinucleotide repeat expansion was shown to be responsible for both the classic
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Comparison of the putative ASFMR1 ORF protein across mammalian species. The amino

acid sequences were aligned with Clustal. Asterisks denote identical amino acids. Colons

denote conservative substitutions. Periods denote similar amino acid residues. With the

exception of the variable length polyproline domain, the protein encoded by ASFMRI is

largely conserved across mammals, particularly in the N-terminal region.
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cytogenetic finding of a fragile site at chromosome Xq27.3 (Kremer et al. 1991) and the
transcriptional silencing (Sutcliffe et al. 1992) that commonly leads to loss of FMR1
function and fragile X syndrome. However, other types of mutations were also shown to
cause a fragile X-like phenotype, including large deletions encompassing the gene
(Gedeon et al. 1992) and conventional mutations changing the gene sequence.
Interestingly, in the eighteen years since the gene was discovered, only three
conventional mutations in FMR] have clearly been shown to cause fragile X: one
missense mutation (De Boulle et al. 1993), one frameshift/nonsense mutation, and one
splice junction mutation (Lugenbeel et al. 1995). Considering that a complete loss of
gene function is compatible with life, one would expect that most mutations in FMR]
would also be compatible with life. On the other hand, with only one missense change in
FMR1 known to be polymorphic in the population, one would not expect that such
changes in FMRI would simply be tolerated without phenotypic effect. Thus, we
hypothesize that conventional mutations in FMRI represent a heretofore understudied
cause of disease.

Several groups have attempted to identify conventional mutations in FMR/ in
various patient populations, including patients with a fragile X-like phenotype (Chiurazzi
et al. 1994; Reyniers et al. 1996; Wang et al. 1997; Gronskov et al. 1998; Castellvi-Bel et
al. 1999), patients with autism (Vincent et al. 1996; Shinahara et al. 2004), patients with
uncharacterized intellectual disability (Gronskov et al. 1998; Shinahara et al. 2004), and
patients with X-linked intellectual disability (Tarpey et al. 2009). These attempts,
however, were underpowered and generally used less sensitive techniques for mutation

detection (Table 1.1). Therefore, the goal of this dissertation is to use novel sequencing
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technologies on large samples of patients with either a fragile X-like phenotype or
uncharacterized developmental delay in order to more thoroughly assess the frequency of
conventional mutations in FMR].
Aim 1: To assess the frequency of pathogenic FMRI point mutations in fragile X-
like patients

Some clinical laboratories have begun to offer FMR1 sequencing as a second-line
diagnostic measure for patients presenting with developmental delay. Such clinical FMRI
sequencing is generally ordered for patients who “look like fragile X.” Our first aim was
to assess the yield of this diagnostic approach. Therefore, we used resequencing arrays to
sequence the promoter, exons, and splice junctions of FMRI in 51 unrelated fragile X-
like males.
Aim 2: To develop a pooled-template method for the high-throughput resequencing
of a candidate gene in a large patient population

The two greatest drawbacks with the previous attempts to identify conventional
FMRI mutations in various patient populations were the number of patients assessed and
the sensitivity of the detection techniques. With the advent of next-generation
sequencing, both of these deficiencies can be readily improved upon. While Sanger
sequencing costs approximately $0.50 per kilobase, Illumina Genome Analyzer (IGA)
sequencing costs a mere $0.002 per kilobase, making large-scale sequencing projects
more efficient and affordable (Shendure and Ji 2008). Because a single sequencing run
with IGA provides an estimated 64 Megabases of sequence data, one can use this
approach to obtain either great breadth or great depth of coverage. As our interest was to

sequence a single candidate gene, FMR1, we had little use for breadth of coverage.
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Rather, we sought to utilize the depth provided by this sequencing method to obtain
sequence data from pools of templates from several patients. Through the work described
herein, we have determined the utility and limitations of a pooled-template approach for
targeted next-generation sequencing.
Aim 3: To assess the frequency of pathogenic FMRI sequence variants in a
developmentally delayed clinical population

Although the current clinical application of FMRI sequencing is largely limited to
fragile X-like patients, it is unclear if point mutations in FMRI would manifest in this
phenotype. Thus, to investigate a less specific phenotype, we used a pooled-template
method to sequence FMRI in 963 developmentally delayed males who had been referred
to our clinical laboratory for fragile X testing. In the process, we were also able to create
a more complete catalogue of normal variants in FMR].
Aim 4: To determine the role of the ASFMRI-encoded protein in fragile X
syndrome

ASFMRI, an antisense gene overlapping the FMRI locus, has been proposed to
play a role in the etiology of fragile X syndrome, possibly due to the absence of the
ASFMR I-encoded protein. To determine if the ASFMRI1 protein is essential for normal
cognitive function, we looked for sequence variants in both developmentally delayed and
control males that would alter the function of the ASFMRI1 protein. This application of
the dataset generated in Aim 3 extended our findings to a second candidate gene for

intellectual disability.
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Chapter 2. Point mutations in FMRI are

not a major cause of fragile X syndrome

2.1 Introduction

Fragile X syndrome (FXS), an X-linked dominant disorder with reduced
penetrance, is the most frequent inherited form of intellectual disability. In 1991, the
common causal mutation in FXS was identified to be a large CGG trinucleotide
expansion in the 5’-untranslated region of the gene FMRI (Verkerk et al. 1991). Shortly
thereafter, several groups identified FMRI deletions in FXS patients, suggesting that
multiple mutational mechanisms could give rise to the disorder (Gedeon et al. 1992;
Wohrle et al. 1992; Tarleton et al. 1993). The subsequent identification of an FMR
missense mutation in a severely affected FXS patient validated the role of FMRI in FXS
and suggested that yet another class of FMR/ mutation may be a significant cause of
disease (De Boulle et al. 1993). However, while both trinucleotide repeat expansion
(Garber et al. 2008) and FMR1 deletions (Coffee et al. 2008) have proven to be common
causes of FXS, no additional missense mutations have been identified.

Several groups have previously attempted to identify additional MR missense
mutations in patients presenting with an FXS-like phenotype (Chiurazzi et al. 1994;
Reyniers et al. 1996; Wang et al. 1997; Gronskov et al. 1998; Castellvi-Bel et al. 1999).
However, as summarized in Table 2.1, these previous studies were not designed to

comprehensively evaluate the frequency of FMRI missense mutations in FXS, but rather
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Table 2.1. Previous screens for missense mutations in FMR1 in FXS-like patients

FMR1 Cove rage

Mutation Detection Method N

Reference

Complete coding sequence  c¢DNA sequencing 3 Chiurazzi et al 1994
Complete coding sequence  cDNA sequencing 1 Reyniers et al 1996
Exons 1-10, 15 SSCP 27 Wangetal 1997

Exons 2-17 SSCP 31 Castellvi-Bel et al 1999
Complete coding sequence  SSCP 6 Gronskov et al 1998
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served as mutational screens. Three of the studies surveyed fewer than ten FXS-like
patients (Chiurazzi et al. 1994; Reyniers et al. 1996; Gronskov et al. 1998), while the
other two studies used less proven detection methods to survey only a portion of the
FMRI coding sequence (Wang et al. 1997; Castellvi-Bel et al. 1999). Furthermore, FMR 1
sequencing is rarely performed in the clinical setting, so the lack of case reports detailing
individuals with coding changes in FMR] is rather uninformative regarding the frequency
of such mutations.

In this study, we used array-based resequencing to search for point mutations in
FMR]I in a population of 51 unrelated FXS-like males. Despite achieving a high level of
sequence coverage and accuracy, we did not identify any missense variants in FMR1, nor
did we identify any novel noncoding variants likely to have a functional effect. Our

method did, however, identify a pathogenic FMRI deletion in a patient with FXS.

2.2 Subjects and Methods

2.2.1 Subjects and Samples

In the clinical setting, FMR1 sequencing is most frequently pursued for patients
presenting with typical fragile X features but lacking FMRI repeat expansion. Therefore,
we chose to examine the frequency of FMR I mutations in this patient population. We
recruited 51 unrelated intellectually disabled males who exhibited at least two of the
FXS-like features listed in Table 2.2. Forty-seven of the patients were of European
descent and four were of African descent. A focused clinical history and either a blood or

saliva specimen were obtained from each patient. DNA was extracted from the obtained
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Table 2.2. Phenotypic characteristics of FXS-like patients

Characteristic Examples

FXS-like facial features Elongated face, everted ears, macrocephaly
Macroorchidism

Connective tissue abnormalities Hyperextensible finger joints, velvety skin,
orrecurrent ear infections

Shyness or poor eye contact
Attention deficit/ hyperactivity

Language delay

Repetitive behaviors Hand flapping, hand biting

Evidence of X-linked inheritance Similarly affected male sibling, affected
second-degree male relative through
maternal lineage

Patients enrolled as FXS-like exhibited at least two of these characteristics




specimens using standard methods. All patients and/or legal guardians gave informed
consent to participate in this study, which was approved by the Emory University

Institutional Review Board.

2.2.2 FMRI1 LR-PCR

Four long range PCR (LR-PCR) amplifications were designed to target FMR1
(Figure 2.1). The LR-PCR primer pairs were as follows: FMRIA-F: 5°-
CAGACTGCGCTACTTTGAACC-3’ and FMRIA-R: 5°-
CTACATACCAACAAACGCACTACTGCTACAT-3’; FMRIB-F: 5°-
AATTTCCAGTATACTTGTCTATTTTTCGAGATG-3’ and FMRIB-R: 5’-
TTTTGGGAGATAGCTACCTACAGGGTATCTGATT-3’; FMRIC-F: 5°-
GTTGAACATTAAATTGCAGTTCAGAATACATAG-3’ and FMRIC-R: 5’-
GAGACATATCCAATCCACTTGCCGTTATAGT-3’; FMRID-F: 5°-
AATAATCTGATACGTTTAAAAGGTTGCTATTGA-3’ and FMRID-R: 5°-
TTAATATGGTTTAGTGGCACCCTATGTAATAAA-3’. Each LR-PCR-A reaction
contained 50 ng of genomic DNA, 100 ng of each primer, 5 ul of dNTPs (Takara Bio
Inc., Otsu, Shiga, Japan), 12.5 pl of 2x GC Buffer II (Takara), and 0.5 pl of Ex Taq

(Takara), in a total of 25 pl. The following PCR conditions were used for LR-PCR-A:
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initialization at 95°C for 4 minutes; 37 cycles of denaturation at 95°C for 30 seconds and

annealing/elongation at 60°C for 4 minutes; and a final elongation step of 72°C for 9

minutes. Each LR-PCR-B, -C, and -D reaction contained 50 ng of genomic DNA, 100 ng

of each primer, 4 pl of ANTPs (Takara), 2.5 pl of Ex Taq Buffer (Takara), and 0.4 pl of

Ex Taq (Takara), in a total of 25 pl. The following PCR conditions were used for LR-
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Figure 2.1. Diagram of FMRI.

The horizontal axis is formed by intronic sequence, and the numbered vertical spokes
represent the 17 exons of FMRI. Coding exonic sequence is shown in blue, while
noncoding exonic sequence is shown in white. The black region upstream of exon 1 is the
minimal promoter of FMRI. The grey bars represent the four LR-PCR amplicons used
for sequencing. The green boxes represent the FMRI regions sequenced with the custom

resequencing array.
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PCR-B: initialization at 94°C for 4 minutes; 30 cycles of denaturation at 94°C for 20
seconds and annealing/elongation at 64°C for § minutes; and a final elongation step of
68°C for 13 minutes. The same conditions were used for LR-PCR-C, but 35 cycles of
denaturation and annealing/elongation were used instead of 30. The same conditions used
for LR-PCR-C were used for LR-PCR-D, but the annealing/elongation at 64°C was
continued for 9 minutes instead of 8 minutes. The expected sizes of the LR-PCR

amplicons were confirmed by gel electrophoresis.

2.2.3 Sequencing-by-hybridization

FMR1 sequencing was performed on Custom Resequencing Arrays (Affymetrix,
Santa Clara, CA), designed to provide coverage of all 17 FMRI exons and the FMR]
promoter, plus at least 200 bp of flanking intronic sequence (Figure 2.1). Patient sample
amplicons were processed for sequencing-by-hybridization according to the Affymetrix
CustomSeq Resequencing Array protocol, Version 2.1, with the following exceptions.
The four LR-PCR amplicons per patient were pooled in equimolar fashion to a total of 4
pg and digested with 0.2 units of DNase I (Promega, Madison, WI) at 37°C for 3
minutes, yielding digestion products between 100 — 600 bp. Labeling, hybridization, and

array processing were performed as per the protocol.

2.2.4 Variant Detection and Confirmation
Base-calling was performed with the ABACUS statistical method (Cutler et al.
2001) using the POPGEN genotyping software (Okou et al. 2007). Putative variants were

confirmed by traditional Sanger sequencing of fresh LR-PCR amplicons. Both POPGEN
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data and DNA chromatograms were inspected manually with the SeqScape software

(Applied Biosystems, Foster City, CA).

2.2.5 Western Blotting

Immunoblotting was performed using standard methods. Briefly, patient and
control lymphoblastoid cells were lysed with a standard Triton X-100-based lysis buffer.
The lysate protein concentrations were measured with the Bradford assay. Proteins were
denatured by heating at 95°C for 3 minutes and separated by polyacrylamide gel
electrophoresis and transferred to a nitrocellulose membrane. To assess protein loading
and transfer, the membrane was reversibly stained with Ponceau S. The membrane was
blocked for one hour in blocking buffer (10 g dry milk, 200 ul Tween-20, and 100 ml
PBS), probed with primary antibody (anti-FMRP 1a or anti-elF4e) overnight, and probed
for one hour with horseradish-peroxidase conjugated anti-mouse secondary antibodies.

Proteins were detected by chemiluminescence (ECL, GE Healthcare, Piscataway, NJ).

2.3 Results

2.3.1 Sequence Accuracy

Across the 51 FXS-like patients sequenced by array hybridization, 99.6% of bases
were called with high reliability, as determined by a quality score of 30 or greater. The
high level of sequence accuracy achieved is further demonstrated by the identification of
known polymorphisms. As seen in Table 2.3, we detected all seven SNPs catalogued in

dbSNP (build 130) for which the population frequency has been measured in HapMap



Table 2.3. Detection of known polymorphisms in FMR1 by array resequencing

SNP FXS-like patient frequency Weighted HapMap frequency p-value
rs25726 0.176 0.073 0.23
rs25731 0.078 0.062 1
rs25707 0.137 0.072 0.53
rs29281 0.039 0.007 0.50
rs25714 0.078 0.084 1
rs29285 0.039 0.007 0.50
rs25704 0.353 0.280 0.52

P-values reflect the result of Fisher's exact tests.
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samples. For the sake of comparison, we weighted the HapMap frequency data by the
racial distribution of our patient population. None of the SNPs were found to be at a
statistically different frequency in the FXS-like patients from in the HapMap controls,

thus suggesting that the FMR1 resequencing arrays reliably detect sequence variants.

2.3.2 Novel FMRI1 Sequence Variants

Notably, no novel variants were detected in the FMR1 coding sequence in the
population of 51 FXS-like males. However, two novel intronic variants, ¢.52-47A>G and
c.105-179G>T, were identified in FMRI (Table 2.4). As an assessment of possible
functional relevance, we examined the mammalian conservation of these nucleotide
positions and their genomic regions using phyloP and phastCons scores, respectively
(Siepel et al. 2005). Because both variants are located in poorly conserved genomic

regions (phastCons of 0.01), it is likely that they represent novel rare polymorphisms.

2.3.3 Array-based Deletion Detection

In addition to detecting point mutations, resequencing arrays allow the detection
of deletions. In one FXS-like patient, we identified a 355 bp deletion extending from 220
bp upstream of the CGG repeat through the second codon of the FMR! coding sequence.
After confirming this deletion with Sanger sequencing, we assessed its effects on FMRP
translation. As shown in Figure 2.2, immunoblot analysis of patient lymphoblastoid cell

line lysates revealed an absence of FMRP expression.

2.4 Discussion
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Table 2.4. Novel FMR1 sequence variants identified in FXS-like males

Location cDNAVariant PhastCons PhyloP Patient Frequency
Intron 1 c.52-47A>G 0.01 1.27 1/51

Intron 2 c.105-179G>T 0.01 1.06 1/51
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WT Fragile X Deletion

FMRP

elFAE

Figure 2.2. FMRP absent in patient harboring a 5’UTR deletion in FMRI.
Western blot of lymphoblastoid cell lysate from a healthy control, a fragile X patient, and
a patient harboring a novel deletion in the 5’UTR of FMRI. The protein elF4e was

assessed as a loading control.
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Through the use of resequencing arrays, we have sequenced the promoter, exons,
and splice junctions of FMRI in 51 unrelated patients with several classic features of
fragile X syndrome. We identified two novel intronic variants which likely have no
functional effect, but notably detected no missense or promoter mutations. As the largest
sequencing analysis of FXS-like patients performed to date, these data suggest that FMR1
sequence variants are not a common cause of the FXS phenotype.

At the present time, two missense changes in FMRI have been identified, the
polymorphic p.A145S (rs29281) and the p.1304N mutation previously detected in a
severely affected FXS-like patient (De Boulle et al. 1993). It would be surprising if these
are the only missense changes that occur in FMRI. In comparison, over 100 distinct point
mutations in the nearby gene MECP2 have been shown to cause Rett syndrome, despite
the fact that the gene is smaller and more recently identified than FMRI (Chahrour and
Zoghbi 2007). Furthermore, because a functional absence of the FMRI gene product is
compatible with life, albeit associated with the symptoms of FXS, we would hypothesize
that missense changes in FMRI, which in many cases would be less damaging than a
loss-of-function, would not lead to embryonic lethality.

If FMR I missense mutations are truly more frequent than the current data suggest,
it is likely that the phenotypic consequence of such mutations is distinct from FXS. One
possibility is that missense mutations lead to a more subtle developmental phenotype,
such as autism or nonspecific intellectual disability. While this possibility has fruitlessly
been investigated by several groups, the known etiological heterogeneity of these

phenotypes would require a much greater sample size than has been evaluated (Vincent et
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al. 1996; Gronskov et al. 1998; Shinahara et al. 2004). Another possibility is that an
FMR1 missense mutation would alter the function of only one domain of FMRP, thereby
causing a specific FXS-like symptom, such as connective tissue defects or attention-
deficit/ hyperactivity disorder, in the absence of an overall FXS-like phenotype. This
possibility has not, to our knowledge, been previously investigated.

Finally, the current study reiterates the known importance of FMRI deletions in
FXS. The deletion we identified extends from 220 bp upstream of the CGG repeat
through the second codon of the FMRI coding sequence, and results in the absence of
FMRP expression in patient tissues. While it’s exact breakpoints are unique, this deletion
belongs to a well-characterized class of deletions that result from the instability of the
CGG trinucleotide repeat (de Graaff et al. 1995; Coffee et al. 2008). This study is
consistent with the notion that FMRI deletions play a larger role in FXS than FMR1

missense changes.
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Chapter 3. Development of Pooled-
template Massively Parallel Sequencing
for the Identification of Novel Sequence

Variants in a Disease Gene

3.1 Introduction

Massively parallel sequencing (MPS) technologies vastly improve upon the cost-
effectiveness and throughput of traditional Sanger sequencing, enabling facile detection
of sequence variation at a scale that was previously impractical (Shendure and Ji 2008).
One of the many applications that have emerged for these new technologies is targeted
resequencing to detect novel mutations in particular genomic regions, such as a collection
of candidate genes (Dahl et al. 2007) or the entire exome (Ng et al. 2009). Due to the
Gigabase-scale capacity of MPS, targeting of a single candidate gene is generally
inefficient and thus is rarely performed. However, through the use of a pooled-template
design, a single gene can be sequenced in multiple individuals simultaneously to screen
for the presence of rare or novel sequence variants.

Although pooled-template MPS has previously been shown to provide adequate
sensitivity for rare variant detection (Ingman and Gyllensten 2009; Koboldt et al. 2009),

its usefulness and efficiency for novel variant detection have not been fully demonstrated.
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In the first presentation of this approach, Ingman and Gyllensten presumed that erroneous
base calls by MPS would be caused by PCR errors and thus would rarely recur at the
same nucleotide position in multiple sequence reads. Therefore, the authors proposed that
adequate depth of coverage for each pooled template would be sufficient to prevent false
positives (Ingman and Gyllensten 2009). However, it has become clear that each MPS
technology has systematic biases in sequencing which result in recurring errors (Dohm et
al. 2008; Harismendy et al. 2009). These recurring errors would likely create more false
positives in pooled-template MPS, where a low-frequency recurring error would
resemble a low-frequency sequence variant. For pooled-template MPS to be a practical,
efficient approach for novel variant detection, it is important to minimize the occurrence
of false positives and the resultant need for excess secondary confirmation.

In this study, we used pooled-template MPS to identify sequence variants in
FMRI, the gene implicated in fragile X syndrome, in a population of 963
developmentally delayed males. By determining the basal error rate of MPS on the
[llumina GA platform, we were able to develop a novel variant detection algorithm which
uses base-specific sequencing error rates to enhance the reliability of variant calls.
Through this approach, we demonstrate that pooled-template MPS provides an adequate

positive predictive value for efficient use in novel variant detection.

3.2 Material and Methods

3.2.1 Genomic DNA Samples
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We obtained deidentified aliquots of genomic DNA from the Emory Genetics
Laboratory, Department of Human Genetics, Emory University School of Medicine, for
every male under age 18 who tested negative for FXS from April 2002 to August 2007.
In total, 1392 aliquots were obtained. The genomic DNA samples had previously been
extracted from whole blood by standard, CLIA-certified methods. The patient’s race was
noted when available. For the 1392 samples obtained, racial identification was only
available for 370 (26.6%). Among these, 251 (67.8%) were Caucasian, 111 (30.0%) were
African-American, and 8 (2.2%) were Asian-American. For the subset of 963 patients
that were sequenced, racial identification was only available for 241 (25.0%). Among
these, 164 (68.1%) were Caucasian, 74 (30.7%) were African-American, and 3 (1.2%)
were Asian-American. The Emory University Institutional Review Board approved this

use of deidentified clinical samples.

3.2.2 LR-PCR Targeting of FMRI1

Four long range PCR (LR-PCR) amplifications were designed to target FMRI.
The LR-PCR primer pairs were as follows: FMRIA-F: 5’-
CAGACTGCGCTACTTTGAACC-3’ and FMRIA-R: 5°-
CTACATACCAACAAACGCACTACTGCTACAT-3’; FMRIB-F: 5°-
AATTTCCAGTATACTTGTCTATTTTTCGAGATG-3’ and FMRIB-R: 5°-
TTTTGGGAGATAGCTACCTACAGGGTATCTGATT-3’; FMRIC-F: 5°-
GTTGAACATTAAATTGCAGTTCAGAATACATAG-3’ and FMRIC-R: 5°-
GAGACATATCCAATCCACTTGCCGTTATAGT-3’; FMRID-F: 5°-

AATAATCTGATACGTTTAAAAGGTTGCTATTGA-3’ and FMRID-R: 5°-
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TTAATATGGTTTAGTGGCACCCTATGTAATAAA-3’. Each LR-PCR-A reaction
contained 50 ng of genomic DNA, 100 ng of each primer, 5 ul of dNTPs (Takara Bio
Inc., Otsu, Shiga, Japan), 12.5 pul of 2x GC Buffer II (Takara), and 0.5 pl of Ex Taq
(Takara), in a total of 25 pl. The following PCR conditions were used for LR-PCR-A:
initialization at 95°C for 4 minutes; 37 cycles of denaturation at 95°C for 30 seconds and
annealing/elongation at 60°C for 4 minutes; and a final elongation step of 72°C for 9
minutes. Each LR-PCR-B, -C, and -D reaction contained 50 ng of genomic DNA, 100 ng
of each primer, 4 pl of ANTPs (Takara), 2.5 pl of Ex Taq Buffer (Takara), and 0.4 pl of
Ex Taq (Takara), in a total of 25 pl. The following PCR conditions were used for LR-
PCR-B: initialization at 94°C for 4 minutes; 30 cycles of denaturation at 94°C for 20
seconds and annealing/elongation at 64°C for 8 minutes; and a final elongation step of
68°C for 13 minutes. The same conditions were used for LR-PCR-C, but 35 cycles of
denaturation and annealing/elongation were used instead of 30. The same conditions used
for LR-PCR-C were used for LR-PCR-D, but the annealing/elongation at 64°C was
continued for 9 minutes instead of 8 minutes. The expected sizes of the LR-PCR
amplicons were visually confirmed with gel electrophoresis on the E-Gel system
(Invitrogen, Carlsbad, CA). Failed LR-PCRs were repeated one time before the sample

was excluded from the study. After LR-PCR, 963 samples remained for sequencing.

3.2.3 LR-PCR Amplicon Pooling
The concentrations of LR-PCR amplicons were measured by fluorometric
quantification with PicoGreen dsDNA reagent (Molecular Probes, Eugene, OR).

Equimolar pools were created by first combining across 19 patients within a given LR-
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PCR (i.e. A, B, C, or D). The following amplicon amounts were used per patient: 33.4 ng
of LR-PCR-A; 145.8 ng of LR-PCR-B; 172.1 ng of LR-PCR-C; and 200 ng of LR-PCR-
D. Included in each LR-PCR-C pool were 172.1 ng of LR-PCR-C from a patient with a
known missense mutation in FMR1 (De Boulle et al. 1993). This positive control was
intended to serve as sentinel for singleton detection in each pool and as a direct measure
of the false negative rate of our approach. Each amplicon pool was purified to remove
excess primers with the PureLink PCR purification kit (Invitrogen, Carlsbad, CA).
Purified amplicon pools were quantified with the Nanodrop 1000 spectrophotometer
(Thermo Scientific, Wilmington, DE). For each set of 19 patients, purified amplicon

pools A, B, C, and D were combined in equimolar fashion to a total of 4 ng.

3.2.4 Target Library Construction

Amplicon pools were fragmented by sonication (Sonicator S-4000, Misonix,
Farmingdale, NY) with the following parameters: 8 pulses of 30 seconds each, with 2
minutes rest between pulses, at a power output of 20%. The fragmentation range, as
visualized by gel electrophoresis, was from 100 — 400 bp. End-repair, adaptor ligation,

and PCR amplification were performed as described previously (Okou et al. 2009).

3.2.5 Genome Analyzer Sequencing and Analysis

From each processed amplicon pool, a total of 6 pmol of the library were added to
one lane of the Genome Analyzer (GA) flowcell (Illumina, San Diego, CA). Single-end
sequencing for 26 cycles was performed on the GA using the Illumina protocols for

cluster generation and sequencing-by-synthesis. GA image analysis and base-calling were
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performed, respectively, with the Firecrest and Bustard software packages from the
Illumina GA Pipeline. Mapping was performed with the MAQ software package (Li et al.
2008), using the following mapping parameters: a maximum mismatch (-n) of 3, a
mutation rate (-m) of 0.01, and a maximum sum of mismatching base qualities (-¢) of
140. The short sequence reads were mapped to the FMR1 region of the human genome
reference (NT _011681.15, g.3435700 to g.3475545). The reference sequence was
modified at the following SNPs, where the minor allele is incorrectly included in the
reference sequence: rs1270092, rs1270091, rs4824232, rs4824233, rs5904650,
rs11342854, rs61419778, rs5904816, and rs68020458. The reference sequence was

further altered by masking repeat elements with RepeatMasker.

3.2.6 Variant Detection

Only base-calls with a GA quality score greater than 45, corresponding to an error
rate of 0.003%, were considered for variant detection. The frequency of each base was
calculated at each nucleotide position in the pileup of mapped short reads. To account for
context-specific errors in GA sequencing (Dohm et al. 2008; Harismendy et al. 2009), we
measured the error rate at each nucleotide position by performing a similar GA
sequencing run on a single male individual, in which every base position should have a
theoretical 100% “major allele frequency.” The measured “minor allele frequency” at
each nucleotide position was used as the base error rate for the pooled sequencing runs.
For each pool, the likelihood that the minor allele frequency at a given base position
differed significantly from the base error rate was determined by using a binomial

distribution model. The threshold for variant calling was empirically set at p <1 x 10™,
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3.2.7 Variant Confirmation

Standard Sanger sequencing was used to confirm all variant calls. Fresh LR-PCRs
were generated from each individual sample in a pool positive for a given putative
variant. The amplicons were purified and Sanger sequenced using primers targeted to
confirm the variant. Each chromatogram was visually inspected for the presence of the

putative variant.

3.3 Results

3.3.1 llumina GA Performance

In all, we sequenced 51 amplicon pools with the Illumina GA. The average depth
of coverage was 130.5 £ 51.1 (mean + 1 S.D.) per patient, across all bases sequenced. As
seen in Table 3.1, there is a large standard deviation for the depths of LR-PCR amplicon
A; this variation derives from several pools in which the depth for LR-PCR-A was
exceptionally great. Furthermore, there were significant differences in average depth
between the four LR-PCR amplicons (ANOVA: p = 3.6 x 10”). Despite these
differences, however, every amplicon provided a minimum average of 30-fold coverage
for each pooled individual. Such depth has proven adequate for diploid sequencing
(Bentley et al. 2008), and thus was inferred to be acceptable for our haploid X

chromosome sequencing in males.

3.3.2 GA Sequencing of FMRI in a Single Individual
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Table 3.1. Sequencing depth across pooled amplicons

LR-PCR Amplicon

Mean depth (£1S.D.) Mean depth per patient (+1S.D.)

A 3423 + 2407 171+127
B 2263 +922 113 +49
C 2273 + 863 114 +45
D

3000 £ 860 150 + 45
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In order to assess the base-by-base error rate of MPS for the FMRI gene, we
performed Illumina GA sequencing on LR-PCR amplicons derived from a single
individual. Each base was sequenced an average of 1367 times. The percentage of
incorrect sequence reads at each base position was subsequently used as the error rate for
that base. Although 95.2% of the bases sequenced had less than 0.5% incorrect reads,
1088 bases had between 0.5% and 1% incorrect reads, 104 bases had between 1% and

2% incorrect reads, and 62 bases had more than 2% incorrect reads, as seen in Figure 3.1.

3.3.3 Variant Detection

To assess the sensitivity of our method for pooled-template MPS, we included a
LR-PCR amplicon containing the rare mutation p.1304N in every pool. Because the
positive control amplicon was pooled in the same quantity and fashion as all of the
patient amplicons, the frequency of successful detection of p.I304N reflects the frequency
of successful detection of other singleton variants in a pool. At our detection threshold,
p.1304N was detected in 39/51 pools, giving a sensitivity of 76.5%.

Another important measure of the performance of pooled-template MPS is the
positive predictive value (PPV). PPV is defined as the number of true variants divided by
the total number of putative variants identified. However, many of the putative variants
identified by pooled-template MPS were recurring (i.e. called in multiple pools). Sanger
sequencing confirmation revealed that recurring variant calls were either confirmed in
every pool or determined to be a false positive in every pool. Therefore, to reduce the

influence of common variants and recurring errors, we defined a functional PPV, in
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Figure 3.1. Base-by-base error rate for pooled-template MPS.

The number of bases showing varying percentages of incorrect reads by Illumina GA
sequencing, as assessed from a single-sample sequencing experiment. The existence of
error-prone bases reinforces the notion of systematic sequencing errors in MPS and

underscores the importance of accounting for these errors when detecting novel variants.
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which the number of distinct true positives was divided by the number of distinct variant
calls. In our study population, this was determined to be 51.5%.

To assess the nature of the false positives identified by our sequencing approach,
we first segregated the uniquely-occurring false positives from the recurring errors. As
seen in Figure 3.2, there were slightly more recurring errors than uniquely-occurring false
positives. Because the single-individual sequencing run was intended to account for bases
with high error rates, we investigated whether any of the false positives occurred at noted
error-prone bases. Among unique false positives, 13.3% occurred at bases identified as
having a sequencing error rate greater than 1%, while 25.3% occurred at bases identified
as having a sequencing error rate greater than 0.5%. In contrast, 35.8% of recurring false
positives occurred at bases identified as having a sequencing error rate greater than 1%,
while 55.8% occurred at bases identified as having a sequencing error rate greater than

0.5%.

3.4 Discussion

In the current study, we have demonstrated that pooled-template MPS is an
appropriate method for the detection of novel variants. Similar to previous publications
(Ingman and Gyllensten 2009; Koboldt et al. 2009), we have demonstrated that rare
variants can be detected by MPS as singletons in a pool. Extending these previous
studies, we have shown that the PPV obtained from pooled-template MPS is adequately
high for its use as a screening method. Essential to its usefulness is the fact that over 50%
of called variants are true sequence changes, thereby reducing the number of

confirmatory studies performed on false positive putative variants.
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Figure 3.2. Error-prone bases are common sites of false positives.

The number of unique and recurring false positives detected in FMRI across 51 pools.
Shown in dark green are the false positives occurring at bases with an error rate less than
0.5%. Shown in intermediate green are the false positives occurring at bases with an error
rate between 0.5% and 1%. Shown in light green are the false positives occurring at bases

with an error rate greater than 1%.
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One important aspect of our method that improves the PPV of pooled-template
MPS is the initial assessment of the base-by-base error rate. Because of the systematic
biases in the [llumina GA sequencing technology (Dohm et al. 2008; Harismendy et al.
2009) and recurring errors in the mapping of short sequence reads (Li et al. 2008),
assuming a constant error rate for all bases is inappropriate. We found that nearly 5% of
the bases sequenced had an error rate of 0.5% or greater, and over 150 bases had error
rates above 1%. By identifying putative variants as those base positions where the minor
allele frequency in a pool is significantly different than this more refined estimate of
erroneous reads, we likely reduced the number of false positives substantially.

Despite our adjustment for base-by-base error rate, a large proportion of the false
positives that we detected still occurred at error-prone bases. This suggests that
improvements can be made to our analysis approach. One possible improvement would
be to perform multiple single-individual sequencing runs and average the error-rate
across experiments. This would undoubtedly create a more accurate estimate of the base-
by-base error rate. Another possibility would be to discard known error-prone bases from
subsequent confirmatory analyses. This, however, may result in the omission of valuable
data or necessitate the use of a secondary method to obtain the missing sequence
information, thereby reducing the usefulness of the pooled-template MPS approach.

Although we achieved an acceptable sensitivity of 76.5%, our data suggest that
accurate equimolar pooling is essential for the performance of pooled-template MPS.
While some applications of this method may be more tolerant of false negatives, missed
variants would be highly concerning in studies of rare variants or in clinical applications.

More accurate concentration measurements and the avoidance of small-volume pipetting
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would likely improve the sensitivity of pooled-template MPS. Moreover, it is possible
that improvements to the PPV could also reduce the number of false negatives by
allowing a lower threshold to be set for variant detection.

One technological development in MPS that emerged while we were performing
the current study was sample indexing (Craig et al. 2008). In this process, sequencing
libraries are created with unique adapter sequences. Several libraries are then pooled
together for a given sequence run. The unique adapters allow the source library to be
identified for each sequence read, thus enabling ready identification of the individuals
within a pool. Therefore, sample indexing eliminates inaccurate pooling as a source of
false negatives, as a sample that is underrepresented in a pool will be noted in the
sequence output and can be addressed appropriately.

While sample indexing is undoubtedly an important development for MPS, our
method of pooled-template MPS offers two distinct advantages over indexed MPS, as
currently available. First, the pool size of indexed MPS is limited by the number of
unique adapter sequences, which currently is twelve. On the other hand, the pool size of
pooled-template MPS is only limited by the constraints of sequence depth and sequencing
error rate. In the current study, we pooled 19 patient samples and one control sample, and
achieved a two-fold greater depth than necessary. Second, the creation of individual
sequencing libraries for each sample carries a substantial burden of time and expense. For
smaller projects, this may not be an issue. However, in the current study, our method
reduced the number of sequencing libraries by twenty-fold, making it much less costly to

sequence nearly a thousand samples by MPS.
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Finally, while this manuscript was in preparation, Out and colleagues published a
manuscript detailing a similar approach to pooled-template MPS (Out et al. 2009).
Notably, they used the SHORE software (Ossowski et al. 2008) instead of MAQ for
sequence alignment and used a Poisson-distribution model rather than a binomial-
distribution model for identifying variants. Additionally, they chose to use a constant
error rate across all bases instead of using a base-by-base assessment of sequencing error.
Despite this difference, Out and colleagues achieved a higher PPV than we achieved in
the current study (88.2% vs. 51.5%). However, Out and colleagues also demonstrated a
lower sensitivity for singleton detection (60.0% vs. 76.5%). This suggests that the higher
PPV achieved by Out and colleagues came at the cost of singleton sensitivity. The lower
sensitivity in the Out et al paper may result from the larger pool size they employed (88
vs. 20) to interrogate a smaller genomic region (5.7 kb vs. 25.9 kb). Thus, it remains to be
seen what pool size is optimal for reliable singleton detection with an acceptably high
PPV by pooled-template MPS.

In summary, we have developed a pooled-template MPS method for novel rare
variant detection in a candidate disease gene. While contingent upon accurate equimolar
pooling, our method achieves a relatively high sensitivity and an acceptably high PPV. It
is likely that continued increases in the sequencing capacity of MPS will make this

approach even more valuable in the future for the efficient use of MPS technology.
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Chapter 4. Novel missense and promoter
variants in FMRI are associated with

developmental delay

4.1 Introduction

Fragile X syndrome (FXS) is the most common inherited cause of intellectual
disability. In addition to a variable degree of intellectual impairment, FXS patients often
exhibit autism-like behaviors, such as gaze avoidance, hand-flapping, and tactile
defensiveness. Other classic features of FXS include macroorcchidism and an elongated
face with large everted ears. However, due to the subtlety and reduced penetrance of the
more distinguishing characteristics, the identification of a causal mutation is necessary
for the diagnosis of FXS (Garber et al. 2008).

FXS is most frequently caused by the expansion of the CGG trinucleotide repeat
located within the 5’-untranslated region of the FMR1 gene (Verkerk et al. 1991; Ashley
et al. 1993b). Repeat expansion leads to hypermethylation of the FMRI promoter,
thereby preventing expression of FMRI and its gene product, FMRP (Sutcliffe et al.
1992; Chiurazzi et al. 1998). FMR1 deletions have also been shown to be a common
cause of FXS (Coffee et al. 2008). While it seems plausible that sequence variants
affecting the expression or function of FMRP could represent a third important cause of

FXS, only three such mutations have been reported in the literature (De Boulle et al.
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1993; Lugenbeel et al. 1995). Therefore, FMR1 sequencing is rarely performed in the
clinical setting, due to the expectation of a low diagnostic yield. However,
methodological constraints have previously prevented a thorough assessment of FMR/
sequence variation in a large number of patients, leaving the true frequency of pathogenic
sequence variants in FMRI unknown (Chiurazzi et al. 1994; Reyniers et al. 1996;
Vincent et al. 1996; Wang et al. 1997; Gronskov et al. 1998; Castellvi-Bel et al. 1999;
Shinahara et al. 2004).

Massively-parallel sequencing (MPS) vastly improves upon the cost-effectiveness
and throughput of traditional Sanger sequencing, enabling facile detection of sequence
variation at a scale that was previously impractical (Shendure and Ji 2008). One of the
many applications that have emerged for MPS is targeted resequencing to detect novel
mutations in particular genomic regions, such as a collection of candidate genes (Dahl et
al. 2007) or the entire exome (Ng et al. 2009). Due to the Gigabase-scale capacity of
MPS, targeting of a single candidate gene in a single patient is generally inefficient.
However, through the use of a pooled-template design, a single gene can be sequenced in
multiple individuals simultaneously to screen for the presence of rare or novel sequence
variants, thus allowing for efficient, cost-effective large-scale targeted resequencing
(Druley et al. 2009; Ingman and Gyllensten 2009; Koboldt et al. 2009; Out et al. 2009).

To determine if FMRI sequence variants are a significant cause of morbidity, we
employed pooled-template MPS to sequence the promoter, all 17 exons, and a substantial
portion of the intronic sequence of FMRI in 963 developmentally delayed males. We
identified one patient with the novel missense change p.R138Q, which alters a conserved

residue within the nuclear localization signal of FMRP. Furthermore, we report three
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novel promoter variants, all of which reduce the expression of FMR1. Together, these
four novel variants suggest that there is significant clinical utility in diagnostic FMR

sequencing for developmentally delayed males.

4.2 Material and Methods

4.2.1 Clinical Population

While novel loss of function mutations in FMRI may cause a phenotype
resembling FXS, we would anticipate that mutations that simply reduce FMRP function
or expression would result in a more subtle phenotype. Therefore, we decided to
sequence FMRI in all patients who had tested negative for FMRI repeat expansion at the
Emory Genetics Laboratory over a five year span. Because the current standard of care is
for all children presenting with developmental delay to be tested for FMRI repeat
expansion, patients in this clinical population do not necessarily exhibit the classic FXS
phenotype, but rather represent the more general diagnosis of developmental delay. For
ease of interpretation, we elected to only sequence males, in which a variant would be
hemizygous and more likely to be penetrant. Patients older than age 18 at the time of
testing were excluded, as the clinical indication for their FMRI repeat test was more
likely to relate to transmission risk or a premutation-like tremor/ataxia phenotype than
developmental delay. For the 963 patients sequenced, racial identification was only
available for 241 (25.0%). Among these, 164 (68.1%) were Caucasian, 74 (30.7%) were

African-American, and 3 (1.2%) were Asian-American.
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4.2.2 Genomic DNA Samples

We obtained deidentified aliquots of genomic DNA from the Emory Genetics
Laboratory, Department of Human Genetics, Emory University School of Medicine, for
every male under age 18 who tested negative for FXS from April 2002 to August 2007.
In total, 1392 aliquots were obtained. The patient’s race was noted when available. The
genomic DNA samples had previously been extracted from whole blood by standard,
CLIA-certified methods. The Emory University Institutional Review Board approved this

use of deidentified clinical samples.

4.2.3 Massively-Parallel Sequencing

Pooled-template MPS was performed as previously described in Chapter 3.2.

4.2.4 Control Genotyping

The control samples used for the genotyping of novel variants were obtained from
the NIMH Human Genetics Initiative. All controls were Caucasian adult males who had
been screened to rule out psychiatric disorders. Genotyping was performed by the iPlex
Gold method (Sequenom, San Diego, CA) as per the manufacturer’s instructions, using
primers (Table 4.1) designed with the Sequenom Assay Design 3.1 software. The single-
base primer extension method failed for three variants, ¢.-332G>C, c.-254A>G, and c.-
67G>C. These three variants obliterate restriction sites for Sacll, EcoNI, and BseY1,
respectively. Thus, restriction digestion was used to genotype for these three variants. For
both iPlex and restriction digestion genotyping, a positive control was included in every

plate to confirm the sensitivity of the assay. After genotyping, a fresh PCR was produced
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for all control samples in which a minor allele was detected, and traditional Sanger

sequencing was used to confirm the presence of the minor allele.

4.2.5 In Silico Analysis

Assessments of the cross-species conservation of the FMRP amino acid sequence
and the FMR 1 promoter sequence were performed with the ClustalW2 sequence
alignment program. Predictions of the effects of amino acid substitution were performed
with the programs PMut (Ferrer-Costa et al. 2005), PANTHER PSEC (Thomas and
Kejariwal 2004), SIFT (Ng and Henikoff 2003), and PolyPhen (Ramensky et al. 2002).
For each variant position, the regional conservation across placental mammals was
assessed by phastCons and the basewise conservation across placental mammals was
assessed by phyloP; these values were obtained from the UCSC Genome Browser (Siepel
et al. 2005; Rhead et al. 2009). The program NNSplice was used to predict splice sites
that may be created or obliterated by novel sequence variants (Reese et al. 1997).
Variants predicted to alter miRNA binding to the FMRI 3’UTR were determined with the

program miRanda (John et al. 2004; Betel et al. 2008).

4.2.6 Clinical Assessment

The patient in whom the novel missense variant p.R138Q was detected was
contacted for clinical, genetic, and functional evaluations. All clinical assessments were
carried out by a board-certified developmental pediatrician (J. Visootsak) and a clinical
geneticist/dysmorphologist (M. P. Adam). Genotyping of family members was performed

with targeted Sanger sequencing. All genotyped family members gave informed consent
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to participate in this study. All aspects of the patient recontact and evaluation were

approved by the Emory University Institutional Review Board.

4.2.7 Luciferase Assays

4.2.7.1 Plasmid Construction

The pFMR1-luc plasmid was a kind gift from Dr. Daniel Reines (Smith et al.
2004). A multistep process was used to introduce the novel promoter variants into
pFMR1-luc. First, the LR-PCR-A amplicon from each of the patients identified with
novel promoter variants was cloned using the TOPO TA Cloning kit (Invitrogen,
Carlsbad, CA). The TA clones were cut with Narl and Nrul and ligated into pBluescript,
and then cut with Kpnl and HindIII and ligated into the pFMR1-luc plasmid. Sanger
sequencing was used to confirm that the three variant plasmids contained the novel
promoter variants and that all four plasmids contained an equivalent number of CGG
repeats, which was determined to be 8. The pGL3-Basic and pRL-TK plasmids were

purchased from Promega (Madison, WI).

4.2.7.2 Cell Culture and Transfections
HeLa cells were cultured at 37°C with 5% CO, in DMEM with 10% fetal bovine
serum. Twenty-four hours before transfection, 1x10° cells were plated in 2 ml of media in
each well of 6-well cell culture dishes. Transfections were carried out in Opti-MEM
(Invitrogen, Carlsbad, CA), using 10 ul of Lipofectamine 2000 (Invitrogen, Carlsbad,

CA) and 1 pg of total plasmid in a 10:1 ratio (firefly plasmid: control Renilla plasmid).
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Each plasmid was transfected into six separate wells. Four hours after transfection, the
media containing the transfection reagent and plasmids was replaced with DMEM with
10% fetal bovine serum. Forty-eight hours after transfection, cells were harvested with
500 pl 1x Passive Lysis Buffer (Promega, Madison, WI) by rocking at room temperature
for 15 minutes. Lysates were cleared of cell debris by centrifugation at 14000 rpm for 5

minutes at 4°C.

4.2.7.3 Luciferase Assays

Protein concentrations of the lysates were measured by the Bradford assay. The
Dual-Luciferase Reporter Assay System (Promega, Madison, WI) was used to measure
luciferase activity. From each lysate, 5 pug of protein was added in 20 pl total volume to a
luminometer tube. To each luminometer tube, 100 pl of LAR II was added. A manual-
load luminometer was used to measure the luminescence over a 10 second period,
following a 2 second premeasurement delay. The luminometer measurement was
repeated after the addition of 100 ul of Stop & Glo reagent. For each lysate, the firefly
luciferase values were divided by the Renilla luciferase values. The results of six
independent transfections were averaged and the standard deviation was calculated for

each plasmid.

4.3 Results

4.3.1 Sequence Variants in FMR]
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Through the use of pooled-template MPS, we sequenced FMRI in 963
developmentally delayed males, each to an average sequence depth of 130-fold coverage.
As shown in Table 4.2, we identified 59 known polymorphisms in FMRI in this
population. Among these were two variants, c.-418 -417insGGC and c.18G>T, which
had previously been identified in intellectually disabled patients with normal FMRP
expression (Gronskov et al. 1998; Mila et al. 2000). The other 57 known variants are
included in dbSNP (build 130). Providing evidence of the sensitivity of pooled-template
MPS, the only FMR1 SNPs catalogued in dbSNP that we did not detect were those with
low or unknown population frequencies, which were likely not present in our patient
population.

Additionally, we detected 130 variants in FMRI which, to our knowledge, have
not previously been reported. None are catalogued in dbSNP, nor were they detected in
the first nine publicly available personal genomes (Levy et al. 2007; Bentley et al. 2008;
Siva 2008; Wang et al. 2008c; Wheeler et al. 2008; Ahn et al. 2009). Among these
variants, 63.1% were only detected in one individual, while 36.9% were detected in
multiple individuals. The majority of the novel variants were found in the introns of
FMRI. However, novel sequence variants were detected in all regions of the gene. A full
summary of the sequence variants detected is shown in Table 4.3.

Although pooled-template MPS is a highly sensitive method (Druley et al. 2009;
Ingman and Gyllensten 2009; Out et al. 2009), subtle imbalances in pool construction can
result in the underrepresentation of a given template in the sequence output, which leads
to false negatives. To assess our false negative rate, we included a LR-PCR amplicon

containing the rare mutation p.I304N in every pool. Because the positive control
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Table 4.2. FMR1 sequence variants detected in 963 developmentally delayed males

Novel variants Known polymorphisms
5'US 7 1
Promoter 3 0
5'UTR 1 0
Exon: Nonsynonymous 1 1
Exon: Synonymous 2 3
Intron 103 51
3'UTR 12 3
3'DS 1 0
Total 130 59

US = upstream sequence; UTR = untranslated region; DS = downstream sequence
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amplicon was pooled in the same quantity and fashion as all of the patient amplicons, the
frequency of successful detection of p.I304N reflects the frequency of successful
detection of other singleton variants in a pool. At our detection threshold, p.I304N was
not detected in 12/51 pools. Based upon this false negative rate of 23.5%, it is possible
that we missed up to 40 true variants in the population of 963 developmentally delayed
males. However, it would be expected that we missed no more than one true promoter
variant and no more than one true missense variant, thus suggesting that we detected the

majority of FMR1 variants that are likely to have a functional effect in this population.

4.3.2 Characterization of the Novel Missense Variant p.R138Q

4.3.2.1 Identification and Preliminary Functional Evaluation

In the 963 developmentally delayed males sequenced, we detected only one novel
missense variant in FMR]. This variant, ¢.413G>C (Figure 4.1A), was not detected in
1385 control Caucasian males. The ¢.413G>C variant encodes an arginine-to-glutamine
substitution at codon 138. Arginine-138 has been identified as a key basic residue in the
nuclear localization signal (NLS) of FMRP (Eberhart et al. 1996; Bardoni et al. 1997) and
is conserved through Drosophila (Figure 4.1B). The R-to-Q missense substitution is
predicted to be pathological by PMut (NN output: 0.84) (Ferrer-Costa et al. 2005) and
functional by PANTHER PSEC (subPSEC: -4.3) (Thomas and Kejariwal 2004), but
tolerated by SIFT (score: 0.22) (Ng and Henikoff 2003) and benign by PolyPhen (PSIC

Score A: 0.11) (Ramensky et al. 2002).
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Figure 4.1. Functional implications of the p.R138Q missense change.

A. DNA chromatograms comparing the wild-type and c.413G>A variant alleles.

B. Diagram of FMRP, depicting the functional domains (NLS = nuclear localization
signal; KH = K homology domain; NES = nuclear export signal) and R138Q missense
substitution. The amino acid sequence alignment corresponds to the NLS. Functional
basic residues are shown in red. Asterisks denote identical residues, colons denote

conserved substitutions, and periods denote semi-conserved substitutions.
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4.3.2.2 Clinical Evaluation

The patient in whom the p.R138Q variant was detected is an 8 year old Caucasian
male with a history of developmental delay. He was born full-term with a birth weight of
8 pounds 12 ounces. He was delivered by spontaneous vaginal delivery and stayed in the
hospital for 5 days due to feeding and respiratory problems.

At 1 month of age, the patient had a non-accidental trauma due to shaking and
developed seizures after the event. He was subsequently diagnosed with shaken baby
syndrome. He began to experience seizures associated with fever at approximately 18
months of age. This consisted of a period of blank staring, falling, and moving his arms.
The second seizure, unassociated with fever, occurred at 24 months of age. He continues
to have complex partial seizures every 3 — 4 months with approximately 12 seizures per
day every 2 — 3 days. In addition to these seizures, the patient also had a history of
frequent ear infections that required placement of tympanostomy tubes at 9 months of
age.

In terms of the patient's developmental milestones, he rolled over at 6 months, sat
independently at 8 months, and walked alone at 1'% years. He began to say his first word
at 12 months of age. He began to combine words at 3 years and spoke in complete
sentences at 7 years. His speech is intelligible to strangers. He has poor handwriting, and
is unable to write his name. He is able to use utensils to feed himself.

Behaviorally, the patient is very social and outgoing. He is not shy or timid in
new situations, nor does he have any difficulties with changes or transitions. He does not

have stereotypic behaviors, such as chewing on his nails, scratching his body, hand
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flapping, or hand biting. He is not hyperactive or impulsive nor does he have temper
tantrums or physical aggressiveness.

Assessments of cognitive function and adaptive behaviors were performed using
the Kaufman Brief Intelligence Test, Second Edition, and the Vineland Adaptive
Behavior Scales, Second Edition (VABS). At the age of 8 years and 2 months, the
patient’s verbal 1Q is 72 (90% CI = 66-83), non-verbal IQ is 77 (90% CI = 68-89), and
IQ composite is 71 (90% CI = 65-79). Results from the VABS revealed scores of 70 for
communication, 76 for daily living skills, 104 for socialization, 78 for motor skills,
yielding an adaptive behavior composite of 81.

Physical examination reveals a nondysmorphic male (Figure 4.2A) with several
noteworthy features. His head circumference is 54 cm, the 95t percentile for his age. His
ears appear normal in size, location, and morphology. He exhibits no cardiac murmurs,
rubs, or gallops. There is no evidence of macroorchidism. The patient’s hands and feet
show normal flexion creases. The patient has partial 2/3 toe syndactyly and striking

hirsutism of the forearms bilaterally.

4.3.2.3 Patient Pedigree
The proband inherited the p.R138Q variant from his mother, who is heterozygous
for the variant allele (Figure 4.2B). The proband’s mother does not display overt
intellectual disability and successfully graduated from high school, but stated that she
struggled academically and is currently unemployed. Furthermore, the proband’s mother
exhibits a high level of social anxiety, a common phenotypic finding in females

heterozygous for an FMR] repeat expansion (Freund et al. 1993). The proband’s father,
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Figure 4.2. Clinical implications and inheritance of the p.R138Q missense change.

A. Photographs of the patient in whom the p.R138Q missense variant was detected.

B. Pedigree of the family in which the p.R138Q missense variant was detected. Black
shading denotes intellectual disability, grey shading denotes learning difficulties, and
blue shading denotes social anxiety. Genotype data is in reference to the p.R138Q

variant. Also noted is the number of CGG repeats in FMR 1, where available.
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with whom the proband is no longer in contact, is stated to have had learning difficulties
and failed to graduate high school. The proband’s maternal grandmother is not stated to
exhibit difficulties with learning or socialization, and was found to be negative for the
p-R138Q variant. The proband’s maternal grandfather, who is deceased, is stated to have
been unable to read or write. We performed FMRI repeat testing on the proband, the
proband’s mother, and the proband’s maternal grandmother and determined that the
p-R138Q variant allele is, in this family, associated with a repeat tract 42 CGGs in length.
Because the proband’s maternal grandmother lacks an FMRI allele with 42 CGG repeats,
this allele was inherited by the proband’s mother from the proband’s maternal
grandfather. Thus, the p.R138Q variant may have been inherited from the proband’s
cognitively impaired maternal grandfather or it may have arisen de novo in the proband’s

mother.

4.3.3 Novel Variants in the FMRI Promoter

4.3.3.1 Identification and Preliminary Functional Evaluation
We detected three novel sequence variants in the minimal promoter of FMR1
(Figure 4.3), each occurring in only one of the 963 sequenced developmentally delayed
males. The c.-332G>C variant is located within overlapping binding sites for the Sp1 and
AP-2a transcription factors (Smith et al. 2004; Lim et al. 2005). The c.-293T>C variant is
located near transcription start site II, within both an Initiator-like (Inr-like) and a TATA-
like sequence (Hwu et al. 1993; Beilina et al. 2004). The third variant, c¢.-254A>G, is

located within an Inr-like sequence near the primary transcription start site (Kumari and
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Figure 4.3. Novel variants in the FMRI promoter.

A. Diagram of the minimal promoter and 5’UTR of FMRI. Roman numerals [-III
represent the three transcription start sites of FMRI. The GC boxes bind the transcription

factor Spl.

B. DNA chromatograms of the three novel promoter variants, c.-332G>C, ¢.-293T>C,

and c.-254A>G.

C. Mammalian conservation of the overlapping AP-2 binding site and GC box, the
overlapping Inr-like and TATA-like sequences at transcription start site II, and the Inr-

like sequence at transcription start site 1.
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Usdin 2001; Beilina et al. 2004). All three of these variant bases are conserved in
mammals (Figure 4.3C).

The ¢.-332G>C, ¢.-293T>C, and c.-254A>G variants were not detected in 1308,
1266, and 1304 Caucasian male controls, respectively. However, the race of the patients
in whom these variants were detected is unknown. Thus, it remains possible that these

promoter variants are highly rare in Caucasians but polymorphic in other populations.

4.3.3.2 Effects on Promoter Activity

To assess the functional significance of the three promoter variants, we introduced
each variant individually into the previously described pFMR1-luc plasmid, which uses
the human FMR1 promoter to drive expression of firefly luciferase (Smith et al. 2004).
Each resulting plasmid was co-transfected with the control plasmid pRL-TK into HeLa
cells. Firefly luciferase activity, measured 48 hours post-transfection, was normalized to
Renilla luciferase activity and expressed relative to the wild-type FMRI promoter
activity. As seen in Figure 4.4, the c.-332G>C variant reduced FMR I promoter activity to
5.9% of wild-type levels, the c¢.-293T>C variant reduced FMRI promoter activity to
29.2% of wild-type levels, and the c.-254A>G variant reduced FMRI promoter activity to
36.2% of wild-type levels. All of these reductions from wild-type promoter activity were

statistically significant (p < 1x107).

4.3.4 Noncoding Variants in FMR1
To determine if any of the 127 novel noncoding variants in FMR1 are associated

with developmental delay, we genotyped large numbers of Caucasian male controls for
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Figure 4.4.Luciferase assays of the variant FMRI promoters.

Functional effects of the novel promoter variants ¢.-332G>C, ¢.-293T>C, and c.-
254A>G. Luciferase activity is depicted as the ratio of firefly luciferase to Renilla
luciferase and normalized to the activity of the wild-type FMR1 promoter. The results

shown represent six independent transfections. Data are represented as mean = 1 S.D.
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all variants occurring at highly conserved bases. We assessed the sequence conservation
of the genomic region and nucleotide position for each variant by phastCons and phyloP
scores, respectively (Siepel et al. 2005). Variant positions with a phastCons score > 0.8
and phyloP score > 1.5 were defined to be highly conserved. Similarly, we genotyped
control Caucasian males for variants predicted to alter splicing or miRNA binding. The
splice prediction program NNSplice (Reese et al. 1997) was used to identify any variants
that obliterate known splice sites or introduce novel splice sites. Two variants,
c.880+885A>G and c¢.1472-521C>G, were predicted to introduce novel splice donor sites
with high likelihood (> 0.85). The miRNA target prediction software miRanda (John et
al. 2004; Betel et al. 2008) suggested that the novel variant ¢.*746T>C may reduce the
binding of miR-548p, miR-891a, and miR-454 to the 3’UTR of FMRI. As seen in Table
4.4, six novel intronic variants and four novel 3’UTR variants of possible functional
impact were not identified in a large sample of control Caucasian males. However,
because the race of most of the patients in whom these variants were detected is
unknown, it is possible that these variants are very rare in Caucasians but polymorphic in

other populations.

4.4 Discussion

Through the use of pooled-template MPS, we have identified 130 novel sequence
variants in FMRI in a population of 963 developmentally delayed males. These findings
have important implications for the diagnosis of developmental delay, the structure and
function of FMRI and FMRP, and the utility of pooled-template MPS for novel variant

detection in a disease gene.
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Table 4.4. Novel FMR1 variants only found in developmentally delayed males

Variant Location

PhastCons PhyloP Patient frequency Control frequency

Missense variant

€.413G>C (p.R138Q) Exon5 0.99 2.94  1/963(0.1%) 0/1385 (0%)
Promoter variants

€.-332G>C GC Box/AP-2 0.72 0.65 1/963 (0.1%) 0/1308 (0%)
€.-293T>C Inr-like/Tx. Start II/TATA-like 0.94 1.95  1/963(0.1%) 0/1266 (0%)
c.-254A>G Inr-like/Tx. Start | 1 2.10  1/963(0.1%) 0/1304 (0%)
Other noncoding variants

¢.105-8A>C Intron 2 1 2.48  6/963(0.6%) 0/1262 (0%)
€.630+438A>C Intron 7 1 2.55 1/963 (0.1%) 0/1263 (0%)
€.631-840G>A Intron 7 1 1.76  1/963(0.1%) 0/1239 (0%)
€.880+885A>G Intron 9 0 -0.73  1/963 (0.1%) 0/1084 (0%)
€.990+4T>C Intron 10 1 2.46  1/963(0.1%) 0/1248 (0%)
€.1472-521C>G Intron 14 0 0.40  1/963(0.1%) 0/1254 (0%)
c.*23T>C 3'UTR 0.99 240  1/963(0.1%) 0/900 (0%)
C.*746T>C 3'UTR 1 2.22  6/963(0.6%) 0/1260 (0%)
C.*1867G>A 3'UTR 1 1.54  12/963 (1.2%) 0/951 (0%)
€.*2035C>T 3'UTR 1 2.47  3/963(0.3%) 0/1270 (0%)

The variants ¢.880+885A>G and c.1472-521C>G are predicted to introduce a splice donor site;

c.*746T>C is predicted to reduce miRNA binding
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We identified four FMR1 sequence variants that show evidence of association
with developmental delay. Among these are the third missense variant and the first three
promoter variants to be detected in FMR . If these novel variants are all verified to be
pathogenic, the frequency of FMRI sequence variants causing developmental delay in
our study population would be between 0.4 — 0.5%, when accounting for our false
negative rate. In comparison, the frequency of FMRI repeat expansions, the most
common inherited cause of developmental delay, is 2 — 3% in the same population
(Patsalis et al. 1999; Hecimovic et al. 2002; Pandey et al. 2002; Major et al. 2003;
Biancalana et al. 2004; Rauch et al. 2006). Therefore, FMR1 sequence variants should be
viewed as a significant contributor to the heterogeneous diagnosis of developmental
delay.

It remains unclear in which patients pathogenic FMRI sequence variants are most
likely to be found. Currently, FMRI sequencing is most often ordered for patients who
present with a phenotype strongly resembling classical FXS. However, this may not be
the phenotypic expression of many FMRI sequence variants. For instance, the patient
harboring the p.R138Q variant did not exhibit macroorchidism, autism-like behaviors, or
the facial features commonly seen in FXS. Furthermore, the study presented in Chapter 2
and several previous studies of FXS-like patients have failed to find pathogenic sequence
variants in FMRI (Chiurazzi et al. 1994; Wang et al. 1997; Castellvi-Bel et al. 1999),
suggesting that the phenotype caused by such variants may be more subtle or distinct
from classical FXS. As more patients are identified with pathogenic FMRI sequence
variants, careful phenotyping will be necessary to more accurately define the typical

clinical presentation.
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While diagnostic FMRI sequencing may be relatively low-yield, positive findings
would empower developmentally delayed patients and their parents in several important
ways. It is likely that therapies used to manage FXS, including several targeted
pharmaceuticals currently in development (Chang et al. 2008; Hagerman et al. 2009),
would also be beneficial for developmentally delayed patients with pathogenic FMR]
sequence variants. Furthermore, the identification of an underlying cause for
developmental delay has been shown to benefit the patient’s parents by assuaging
feelings of guilt and regret (Lenhard et al. 2005), guiding family planning decisions, and
calming anxieties about their child’s prognosis (Rosenthal et al. 2001).

In addition to the clinical benefit of identifying patients with pathogenic FMRI
sequence variants, our data provide several avenues for molecular inquiries into the
structure and function of FMRP. The first missense mutation identified in FMRI,
p.1304N (De Boulle et al. 1993), has guided many of the studies of FMRP functions,
including ribosomal interaction (Feng et al. 1997a), RNA binding (Darnell et al. 2005),
and intracellular transport (Schrier et al. 2004). Two of the less well-studied properties of
FMRP, its nuclear localization signal (NLS) and protein-protein interactions, may be
disrupted by the novel p.R138Q substitution. Arginine-138 is one of the basic residues
proposed to be essential for the function of FMRP’s nonclassical NLS (Eberhart et al.
1996; Bardoni et al. 1997). If p.R138Q disrupts NLS function, it will allow a direct
assessment of the functional importance of nucleocytoplasmic shuttling by FMRP (Feng
et al. 1997b). Furthermore, the N-terminal domain of FMRP mediates the protein-protein

interactions of FMRP with FXR1, FXR2, and NUFIP (Bardoni et al. 1999; Adinolfi et al.
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2003). It is possible that p.R138Q could disrupt these interactions, allowing an
assessment of their heretofore uncharacterized functional role.

The novel noncoding variants identified in MR will also be functionally
informative. Previous studies of the FMR1 promoter have largely relied on deletion
constructs and in vitro assays for the characterization of various promoter elements
(Kumari and Usdin 2001; Kumari et al. 2005). The three functional variants we identified
in the FMR I promoter will provide a more accurate way to assess the in vivo function of
the promoter elements that they disrupt. Additionally, the 3°UTR of FMRI shows a high
level of sequence conservation, suggesting that it plays an important functional role. The
characterization of this function will be aided by the identification of variants associated
with developmental delay, as well as by the identification of novel variants found to be
polymorphic in the population.

To our knowledge, this study represents the first application of pooled-template

MPS for the identification of novel sequence variants in a clinical population. While
several proof-of-principle papers had suggested that this approach was adequately
sensitive and unbiased for the detection of rare novel variants (Druley et al. 2009; Ingman
and Gyllensten 2009; Out et al. 2009), the current study truly validates pooled-template
MPS as a useful application of next-generation sequencing technologies for targeted
studies of a single gene. With the continual market-driven increase in MPS capacity,
pooled-template approaches will become even more important for the efficient use of
MPS on single genes and other small genomic regions.

In summary, we have identified 130 novel sequence variants in FMR/ in a

population of 963 developmentally delayed males. Among these variants are the novel
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missense change p.R138Q, which alters a conserved residue in the FMRP NLS, and the
first three sequence variants to be identified in the FMR1 promoter, all of which reduce
transcriptional activity. Taken together, these results suggest that pathogenic sequence

variants in FMRI represent a significant cause of developmental delay.



116

Chapter S. Polymorphic missense and
frameshift variants in the putative

ASFMRI-encoded protein refute its

proposed role in fragile X syndrome

5.1 Introduction

Fragile X syndrome (FXS) is the most common inherited form of intellectual
disability. As the first described trinucleotide repeat disorder, FXS is typically caused by
an expansion of the CGG repeat tract in the 5’UTR of FMR 1, which results in the gene’s
transcriptional silencing (Garber et al. 2008). The identification of patients who harbor
deletions (Coffee et al. 2008) and missense mutations (De Boulle et al. 1993) in FMR1
has verified the gene’s vital role in the etiology of FXS. However, many FXS-like
patients have been described who have no detectable FMR 1 mutations (Castellvi-Bel et
al. 1999) or change in FMRI expression (Chiurazzi et al. 1994; Reyniers et al. 1996),
suggesting that other genes may also be involved in the development of FXS.

Recently, Ladd and colleagues identified a novel gene overlapping the FMR]
locus in the antisense direction (Ladd et al. 2007). Dubbed ASFMR1, this gene produces
multiple polyadenylated transcripts that are exported from the nucleus into the cytoplasm.

The expression pattern of ASFMRI mirrors that of FMR1, with high expression in the
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brain and minimal expression in skeletal muscle and heart. Intriguingly, ASFMRI1 is
affected by the shared trinucleotide repeat in the same fashion as FMR I, with increasing
gene expression over the premutation size range (55-200 repeats) and a lack of
expression in the context of a full mutation (more than 200 repeats). Thus, FMRI is not
the only gene whose expression is directly inhibited by trinucleotide repeat expansion in
FXS. This finding led the authors to hypothesize that ASFMRI may play a role in the
pathogenesis of FXS, either through a noncoding RNA mechanism or through the
involvement of a 100 amino acid protein putatively encoded by ASFMR1 (Ladd et al.
2007). In the current study, we investigate the proposed role of the ASFMR1 protein in

FXS.

5.2 Methods and Results

We first examined the domain structure and conservation of the ASFMR1 protein
to determine if it is likely to play an essential functional role. The ASFMRI transcript
containing the identified open reading frame (ORF) overlaps with exons 1 and 2 of FMR1
and includes the trinucleotide repeat tract (Figure 5.1). Putatively encoded by this
transcript is a 100 amino acid protein containing a polyproline domain, which derives
from translation across the antisense CCG repeat. Polyproline domains are a common
motif in transcription factors (Gerber et al. 1994), suggesting a possible role for the
ASFMRUI protein in transcriptional activation. The length of the polyproline domain, and
thus of the protein itself, is determined by the size of the CCG repeat tract. No other
known domains have been described in the ASFMRI1 protein. Alignment of the amino

acid sequences of the ASFMRI1 protein from six species reveals that the protein is largely
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- ASFMRI1

FMR1

Figure 5.1. Diagram of ASFMRI and FMRI.
The overlapping ASFMR1 and FMR1 genes. Exons are depicted as black (coding) and
white (noncoding) numbered boxes. The CGG/CCG trinucleotide repeat shared by

ASFMRI and FMR] is highlighted with a grey box.
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conserved in mammals, with the exception of the size of the polyproline domain (Figure
5.2).

If the loss of ASFMRI1 protein expression is truly an additional cause of FXS,
one would expect that intragenic mutations in the ASFMRI coding sequence could cause
FXS independently of FMR1 involvement. To assess this possibility, we sequenced the
ASFMRI ORF in 963 males referred to our clinical laboratory for fragile X testing who
demonstrated no evidence of trinucleotide repeat expansion or hypermethylation of the
FMR1 promoter. Deidentified aliquots of genomic DNA were obtained from every male
patient who tested negative for fragile X in our laboratory from February 2003 through
August 2007. Because the standard of care in the United States is for clinicians to order
fragile X testing for every child presenting with developmental delay, the patient
population assessed represents a broader phenotypic spectrum than classic FXS,
enhancing the likelihood that causal mutations with less specific effects would be
detected. ASFMR was targeted with two long PCR amplifications of patient genomic
DNA. Pools of long PCR products from 19 patients and one control sample were
sequenced with the Genome Analyzer (Illumina, San Diego, California, USA). The
single-end 26-bp sequence reads were aligned to the FMRI region of the human genome
reference (NT _011681.15, g.3435700 to g.3475545) with the assembly software MAQ
(L1 et al. 2008). On average, 130-fold sequence coverage was obtained for each patient;
however, no sequence data was derived for the antisense CCG repeat tract, due to the
inability of short sequence reads covering stretches of microsatellites to map uniquely to
a genomic position. Variant bases were detected using an in-house algorithm, and these

putative sequence variants were confirmed with Sanger sequencing.
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Figure 5.2. Mammalian conservation of the putative ASFMR1 ORF protein.
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terminal region.
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We identified and confirmed two sequence variants in the ASFMRI ORF in our
developmentally delayed patient population, both of which encode a nonsynonymous
change in the ASFMRI1 protein. Neither variant appears in dbSNP (build 130) or in any
of the first nine publicly available personal genomes. The novel variant c.139C>G
encodes the conservative missense change p.Q47E at the amino acid residue immediately
preceding the ASFMRI1 polyproline domain. Detected in 0.4% of the sequenced patients
(Table 5.1), this variant has not, to our knowledge, been previously reported. Another
variant, ¢.55C>A, encodes the conservative missense change p.HI9N at a residue
conserved in mammals. We detected ¢.55C>A in 1.4% of the developmentally delayed
males sequenced (Table 5.1). The same variant, which manifests as a synonymous variant
in codon 6 of FMRI, had previously been identified by Gronskov and colleagues in 1.7%
of intellectually disabled males. Despite the fact that the authors did not detect the variant
in 83 genotyped controls, they dismissed it as a potential cause of intellectual disability
when the associated FMRI mRNA splicing and FMRP levels were shown to be
unaffected by this sequence change (Gronskov et al. 1998). However, since the effects of
the variant could be mediated through the p.H19N change in the ASFMRI1 protein rather
than through FMR1, the association between c.55C>A and intellectual disability should
be more thoroughly evaluated.

Although both p.H19N and p.Q47E are conservative amino acid changes that may
not be expected to disrupt the function of the ASFMR1 protein, the fact that they have
only been seen in developmentally delayed males necessitates further investigation of a
possible pathogenic role. To determine whether these two variants associate with

developmental delay, we genotyped a large number of healthy adult Caucasian males
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Table 5.1. ASFMR1 sequence variants detected in developmentally delayed males

Variant Missense Change Patient Frequency Control Frequency

¢.55C>A p.H19N 13/963 (1.4%) 19/1401 (1.4%)
¢.139C>G p.Q47E 4/963 (0.4%) 1/1197 (0.1%)
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from the NIMH Human Genetics Initiative for both ¢.55C>A and ¢.139C>G. Although
our developmentally delayed patient population was racially heterogeneous, both variants
were detected in Caucasians, making this an appropriate control population. The
¢.139C>G substitution obliterates a Bse Y1 recognition site, so restriction digestion was
used to screen for this variant in controls. A single-base primer extension assay on the
iPlex Gold platform (Sequenom, San Diego, California, USA) was used to genotype for
c.55C>A. Positive controls were genotyped to validate the assays, and all detected minor
alleles were confirmed with Sanger sequencing. As seen in Table 5.1, both ¢.55C>A and
¢.139C>G were detected in healthy controls, refuting a causal role of these ASFMR1
missense changes in FXS.

While the sequencing and genotyping data together suggest that intragenic
mutations in the ASFMRI ORF do not play a significant role in developmental delay, we
still sought to determine if the lack of ASFMRI1 protein caused by trinucleotide repeat
expansion plays any role in the FXS pathogenesis. Although no polymorphisms within
the ASFMR1 OREF are included in dbSNP, this genomic region is routinely interrogated in
the course of clinical fragile X testing. Thus, we performed a detailed literature search for
ASFMRI sequence variants, focusing especially on reports of aberrant fragile X test
findings associated with normal levels of FMRP. This literature search revealed six
previously reported variants in the ASFMRI ORF, three of which encode missense
substitutions and three of which encode truncations of the protein (Figure 5.3). The
variants encoding missense changes were identified as “pseudodeletions” in the course of
fragile X testing by Southern blot. All three are within the trinucleotide repeat tract, and

therefore encode substitutions within the polyproline domain of the ASFMRI1 protein.
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Figure 5.3. Missense and truncating variants found in the ASFMRI protein.

The missense and truncating variants in grey have only been detected in developmentally
delayed males. The underlined missense and truncating variants have been detected in
healthy controls. While this depiction features a polyproline stretch 20 amino acids in
length, based on the reference human genome (hgl18), the length of this domain is

dependent on the number of trinucleotide repeats in ASFMRI.
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While p.P52R was detected in a developmentally delayed male with reduced FMRP
expression (Tarleton et al. 2002), p.P60R and p.P60Q were detected in unaffected
individuals (Cecconi et al. 2008). The first reported truncating variant, detected via direct
sequencing, changes the splice donor site of exon 1, resulting in a premature stop codon.
However, this variant also changes the splice acceptor site of exon 2 in FMRI and results
in a lack of FMRP expression (Lugenbeel et al. 1995). The other two truncating variants
in ASFMR 1 were detected via aberrant fragile X test results by PCR. In one case, testing
of a developmentally delayed male with normal FMRP expression revealed a 5 bp
deletion (Hegde et al. 2001) which encodes the p.L26QfsX4 frameshift. In a second
report, however, a 49 bp duplication, initially detected in multiple patients referred to rule
out FXS, was shown to be polymorphic in the Finnish population with a minor allele
frequency of 0.2% (Mononen et al. 2007). This polymorphic duplication encodes the
frameshift mutation p.R84AfsX40, which would be predicted to severely alter the
structure and function of the ASFMRI protein. The detection of a frameshift-inducing
duplication in healthy controls suggests that the ASFMRI1 protein is not essential for

normal cognitive development.

5.3 Discussion

In summary, we sequenced 963 developmentally delayed males for intragenic
mutations in the ASFMRI ORF, which is predicted to encode a 100 amino acid protein
containing a polyproline domain. We identified two missense variants, p.HI9N and
p.Q47E, which had not previously been reported in healthy controls. Despite the high

level of amino acid sequence conservation in the ASFMRI1 protein among mammals,



126

control genotyping studies demonstrated that these variants do not associate with
developmental delay. The absence of any causal ASFMRI mutations in such a large
clinical sample discounts the gene as a significant single-locus cause of developmental
delay.

Our subsequent search of the literature for rare variants in the ASFMRI ORF
revealed three missense variants and three truncating variants whose effects on ASFMR 1
had not been previously characterized. One particular variant, which causes a frameshift
in ASFMR 1, has been shown to be polymorphic in a Finnish population (Mononen et al.
2007). The compatibility of a frameshift mutation with normal cognitive development
suggests that the ASFMR1 protein does not play a role in the etiology of FXS.

Although these data show that the loss of ASFMR1 protein expression in FXS
does not contribute to developmental delay, it remains possible that increased ASFMR1
expression from fragile X premutation alleles may be involved in the premutation
phenotypes FXTAS and primary ovarian insufficiency (Hagerman and Hagerman 2004).
Furthermore, while our data refute the proposed role of the ASFMRI1 protein in FXS,
they do not rule out the possibility of the ASFMRI transcript contributing to FXS
pathogenesis. Thus, further investigations into the role of ASFMRI in the etiology of FXS

should focus upon a possible RNA-mediated mechanism.
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Chapter 6. Concluding Remarks

6.1 Summary

Intellectual disability (ID) is a highly heterogeneous disorder, but the underlying
cause is unknown in the majority of cases (Rauch et al. 2006). The most common
inherited cause of ID is fragile X syndrome, a disorder resulting from mutations in the
FMRI gene (Garber et al. 2008). Although several types of FMRI mutations have been
identified, the standard of care is to test only for the most common of these, the
expansion of a CGG trinucleotide repeat in the 5’UTR of the gene. Testing for repeat
expansion can also, as a side benefit, reveal FMR1 deletions that encompass the promoter
and exon 1. Rarely assessed, however, is the possibility of sequence variants in FMR].

In truth, there is no direct evidence to suggest that FMR1 sequence variants are a
significant cause of disease. However, previous attempts to detect point mutations in
FMRI have been limited in size, scope, and sensitivity (see Table 1.1 for details).
Furthermore, the prevailing school of thought has been self-fulfilling in the realm of
clinical diagnostics, where the lack of known FMRI point mutations begets infrequent
FMRI sequencing, which begets a lack of known FMRI point mutations. The possible
clinical implications of this unanswered question, combined with the opportunity for
increased functional understanding of FMR1, necessitated a more thorough assessment of
the frequency of pathogenic sequence variants in FMR].

Our initial hypothesis was that point mutations in FMRI would result in a fragile

X-like phenotype. This hypothesis echoes the clinical use of diagnostic FMR1
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sequencing, where patients who “look like fragile X are the most likely to be tested for
pathogenic FMRI sequence variants. To test this hypothesis, we collected DNA from 51
unrelated males who exhibit several fragile X-like features. We used resequencing arrays
to sequence the promoter, coding sequence, and splice sites of FMR] in these patients,
but found no functional point mutations. The lack of pathogenic sequence variants in this
patient cohort suggests that FMRI point mutations are not a common cause of fragile X.
Thus, the current clinical practice of pursuing FMR1 sequencing in patients with a strong
fragile X-like phenotype should be reevaluated. While this study does not rule out the
possibility of FMRI point mutations causing a fragile X-like phenotype, it suggests that
such sequencing is likely to be low in yield.

In light of our finding that FMRI point mutations are not a common cause of
fragile X, we speculated that sequence variants may instead cause a more subtle,
nonspecific phenotype. After all, missense changes are typically less damaging than a
complete loss of gene expression, as occurs in the context of trinucleotide repeat
expansion. Therefore, we collected aliquots of DNA from 963 males who tested negative
for fragile X by repeat expansion testing at our affiliated clinical laboratory. Because
every patient who presents with developmental delay is tested for the FMRI repeat
expansion, this population has a less specific phenotype than fragile X.

With nearly a thousand samples to sequence, we decided to first develop a new
method for efficient high-throughput sequencing. At that point in time, massively-parallel
sequencing (MPS) platforms were entering the market. We designed a pooled-template
method to allow the Gigabase-scale sequencing capacity of MPS to be efficiently used on

a kilobase-scale genomic region, the FMRI gene. Through our design, we were able to
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sequence 19 individuals at a time, vastly reducing the time and reagent cost of such a
large sequencing project. Our method achieved the relatively high sensitivity of 76.5%
and an acceptably high positive predictive value of 51.5%. Although other groups were
concurrently developing similar methods (Druley et al. 2009; Ingman and Gyllensten
2009; Koboldt et al. 2009; Out et al. 2009), and ultimately published their techniques
before we did, the performance metrics we achieved surpass those of many other groups.

By applying our pooled-template MPS method to the developmentally delayed
male patient samples, we detected 130 novel sequence variants in FMR]. This catalogue
of variants nearly doubles the number of known sequence variants in FMRI. While most
of these are likely novel polymorphisms, several variants stood out for their functional
implications. The solitary missense change we detected, p.R138Q), alters a conserved
amino acid residue within the nuclear localization signal of FMRP. Three novel variants
in the minimal FMR I promoter reduce the transcription of FMRI, as shown through
luciferase assays. Also identified were several noncoding sequence variants of possible
functional relevance, as determined by their sequence conservation, effects on splicing,
and impact on miRNA binding.

Finally, in the course of sequencing FMR! in developmentally delayed patients,
we were able to also examine the overlapping gene ASFMR] for variants in its coding
sequence. Because ASFMR] is transcriptionally silent in the context of trinucleotide
repeat expansion, much like FMRI, several groups have hypothesized that it may play a
role in the etiology of fragile X (Ladd et al. 2007; Gecz et al. 2009). One mechanism by
which it may act is through a putatively encoded 100 amino acid protein (Ladd et al.

2007). To investigate whether the functional absence of this protein plays a role in fragile
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X, we looked for sequence variants in the ASFMR1 open reading frame that would likely
ablate the function of the ASFMRI1 protein. While we identified no likely pathogenic
missense changes in ASFMR1 in developmentally delayed males, we did identify a
polymorphism in the literature (Mononen et al. 2007) which causes a frameshift in
ASFMR]1. This frameshift would be expected to severely alter the ASFMR1 protein.
Because this variant has been seen in several healthy controls (Mononen et al. 2007), we
conclude that the ASFMRI protein is not necessary for normal cognition and well-being,

and therefore does not play a role in the etiology of fragile X.

6.2 Future Directions

In our work and in the work of others (Druley et al. 2009; Ingman and Gyllensten
2009; Koboldt et al. 2009; Out et al. 2009), the pooled-template MPS method has shown
much promise as an effective strategy for novel and/or rare variant detection in a small
genomic region across a large population. Several improvements would enhance its value
for future use. First, the technical aspects of equimolar pooling should be improved.
While the singleton sensitivity we achieved was higher than what others achieved (Out et
al. 2009), our sensitivity would be unacceptably low for some applications, such as
studies of the frequency of rare variants or the clinical detection of mutations. This, we
believe, largely derives from inaccuracies in the creation of equimolar pools. An
increased understanding of, and improved method of accounting for, the systematic
biases in different MPS platforms would be another valuable development for pooled-
template MPS. To our knowledge, we took greater steps than any other group to account

for the systematic errors seen in MPS. Despite this, more than half of the false positives
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detected by our method were seen recurrently across pools, and nearly half of our false
positives occurred at known error-prone bases. By eliminating predictable false positives,
pooled-template MPS would become a more specific test.

The findings of the pooled-template MPS of FMRI in developmentally delayed
males also create many avenues for future study. First among these is the missense
variant p.R138Q. Because this variant alters a residue believed to be functionally
important in the nuclear localization signal of FMRP (Eberhart et al. 1996), a colleague
(S. M. Bray) performed a preliminary assessment of the intracellular localization of
FMRP in patient lymphoblasts. Surprisingly, no striking changes were noted in the
nuclear and cytoplasmic proportions of FMRP. Furthermore, another colleague (M.
Nakamoto) used a viral vector to transfect primary mouse hippocampal neurons in culture
with FMR] containing the p.R138Q variant. The resulting dendritic AMPA receptor
internalization was indistinguishable from neurons transfected with wild-type FMRI,
indicating that the p.R138Q variant does not alter the synaptic function of FMRP.

Although it is possible that the p.R138Q variant is simply not functional, several
experiments should be considered before ruling out a functional effect. In addition to its
proposed role in the nuclear localization signal of FMRP, arginine-138 is also located at
the edge of the N-terminal domain of FMRP (Figure 1.4), which is known to mediate
many of the protein-protein interactions of FMRP (Adinolfi et al. 2003). Thus, a
relatively simple first experiment would be to assess the protein-protein interactions of
the variant FMRP by immunoprecipitation. A similar approach could also be employed to
assess the mRNA transcripts bound by the variant FMRP. Because FMRP is proposed to

enter the nucleus to bind RNA (Feng et al. 1997b; Kim et al. 2009), it is possible that a
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subtle alteration to the nuclear localization signal would result in an expanded, reduced,
or simply different subset of RNA species bound. The most informative evidence of
functionality, however, may come from an animal model, in which a more complete
range of functional and phenotypic assessments can be made.

While the p.R138Q variant is lacking functional evidence of a pathogenic role, the
three promoter variants are currently lacking a clinical correlate for their observed
reduction of FMR] transcription. We hypothesize that the reduced, but not ablated,
promoter activity likely causes a mild intellectual disability or a mild fragile X-like
phenotype, similar to what has been seen in patients with reduced FMR1 expression due
to mosaic deletions (Han et al. 2006; Coffee et al. 2008). It will be important to
characterize the patients’ phenotypes to test this hypothesis and to guide the future
clinical use of FMRI promoter sequencing. Furthermore, patient re-contact may create
the opportunity for family studies, which could support or refute an etiologic role for the
variants.

The promoter variants also create the opportunity for functional assessment of the
FMRI promoter. Previous studies of the FMRI promoter have largely relied on deletion
constructs to determine the functional roles of various promoter elements (Kumari and
Usdin 2001). However, deletions can disrupt the three-dimensional structure of the
promoter, thus creating an artificial context that may not accurately represent the in vivo
function (Kumari et al. 2005). The novel variants we identified will allow functional
studies to be carried out in a more representative context. For instance, footprinting
studies may reveal that a lack of Sp1 binding to the variant-containing GC box explains

the associated reduction in transcriptional activity. Additionally, with promoter variants
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identified in two of the three Initiator-like elements, functional studies of these changes
may illuminate the relative importance of the three described transcriptional start sites in
FMRI.

The novel noncoding variants identified in developmentally delayed males are a
third class of variant worthy of functional investigation. While their possible functional
roles are not as obvious as changes to the coding sequence or promoter, several variants
were noted to alter conserved bases, suggesting that they may have a functional impact.
Several of these variants were not identified in a large population of Caucasian controls.
However, some of the variants were originally identified in patients of unknown ancestry
or in African-American patients, making our control population less informative. For
these variants, control genotyping should be pursued in African-Americans or in the
Human Genome Diversity Panel to determine if they simply represent polymorphisms
that, while rare in Caucasians, are at an appreciable minor allele frequency in a certain
race. Following this analysis, any variants showing evidence of association with
developmental delay should then be assessed for a functional role in splicing or

transcriptional regulation.

6.3 A final word

Ultimately, the greatest impact of the research presented in this dissertation will
hopefully be upon the families affected by intellectual disability of currently unknown
origin. Although all families affected by intellectual disability face struggles, stresses,
and financial burdens (Olsson and Hwang 2001; Centers for Disease Control and

Prevention 2004; Chou et al. 2008; Mulroy et al. 2008), the strains are even greater when
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families have no diagnosis, prognosis, or treatment options for their child (Rosenthal et
al. 2001; Lenhard et al. 2005). By identifying four FMRI sequence variants that show
evidence of association with developmental delay, we have demonstrated the value of
FMR1 sequencing as a diagnostic test for intellectually disabled patients. If clinically
implemented, diagnostic FMRI sequencing would offer answers, and hope, to some
number of families affected by ID. Fragile X support groups and novel, targeted
therapeutics currently in development may be as helpful for this group of patients as for
those with classic fragile X. There certainly will be challenges in the broad clinical
implementation of FMRI sequencing, such as the difficulty of interpreting the
functionality of novel variants, even those in the coding sequence. Additionally, the low
frequency of functional FMR] variants in our undifferentiated population of
developmentally delayed males suggests that a more specific phenotype may need to be
described for such testing to have a high yield. However, with the increasing capacity and
decreasing cost of next-generation sequencing, one can imagine a not-so-distant future
where a collection of known ID genes are sequenced simultaneously for the efficient and
thorough detection of causal mutations, thereby decreasing the burden of intellectual

disability of unknown origin.
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