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Abstract

The fragile X mental retardation gene, FMR1, contains a polymorphic CGG repeat in the 5’-
untranslated region of exon 1. Once unstable, this repeat is capable of expansion across
generations. Women who carry a premutation allele (55-199 repeats) are at risk of passing on a
full mutation allele (>200 repeats) to their offspring. A full mutation leads to the most common
form of inherited intellectual disability, fragile X syndrome (FXS). Mounting evidence suggests
that premutation carriers may be vulnerable to symptoms of anxiety and depression. The goal of
this study was to test the hypothesis that among women who carry a premutation, the stress of
raising a child with FXS would be moderated by genetic factors influencing endogenous cortisol
responses, which could in turn modulate anxiety and depression symptoms. To this end, we
genotyped single nucleotide polymorphisms (SNPs) at the corticotrophin releasing hormone
receptor 1 locus (CRHRI) in 460 women. Participants completed self-report questionnaires
assessing symptoms of depression [Centers for Epidemiological Studies Depression Scale
(CESD)], anxiety [State-Trait Anxiety Inventory (STAI) and Social Phobia and Anxiety Inventory
(SPAI], and mood [Positive and Negative Affect Schedule (PANAS)]. Results indicate a
statistically significant interaction between CRHR1 genotype and the status of raising a child with
FXS to predict social anxiety symptoms reported on the SPAI (rs7209436, = 0.0001). Our data
suggest that genetic variants in CRHR1 that associate with differential cortisol activation may also
modulate levels of anxiety related to the stress of raising a child with FXS among women who
carry an FMRI premutation.
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INTRODUCTION

The X-linked fragile X mental retardation gene (FMRZ) contains a highly polymorphic
CGG repeat in the 5”-untranslated region of exon 1. Most common alleles contain roughly
30 repeats and are stable from one generation to the next [Snow et al., 1993]. Alleles with
greater than 200 repeats, termed full mutations, are associated with hypermethylation and
transcriptional silencing of the gene [Sutcliffe et al., 1992]. The subsequent loss of the
protein product, FMRP, is responsible for the neurodevelopmental disorder, fragile X
syndrome (FXS) [Pieretti et al., 1991; Ashley et al., 1993]. FXS is the most common cause
of inherited intellectual disability and is associated with a range of cognitive and behavioral
deficits, including autism spectrum disorders (ASDs).

Alleles with repeats in the range of 55-199, termed premutation alleles, are associated with
a spectrum of phenotypes. First, roughly 30% of male carriers of premutation alleles develop
a late-onset neurodegenerative disorder, fragile X-associated tremor/ataxia syndrome
(FXTAS) [Hagerman et al., 2001; Jacquemont et al., 2004]. FXTAS among female carriers
is less frequent, about 10-16% [Coffey et al., 2008; Rodriguez-Revenga et al., 2009], most
likely due to the masking effect of the other X-chromosome allele. Second, female carriers
of premutation alleles are at risk of fragile-X primary ovarian insufficiency (FXPOI) [Allen
et al., 2007]. Lastly, premutation alleles are capable of expanding to a full mutation in the
next generation with maternal transmission [Snow et al., 1993; Nolin et al., 1996]. In other
words, females who carry a premutation allele are at risk of having a child with FXS.

The presence of additional neuropsychological and behavioral impairment among carriers of
premutation alleles is unclear (for a review, see Hunter et al., 2009). Several studies point to
a potential vulnerability among carriers of premutation alleles for increased symptoms of
depression and anxiety [Johnston et al., 2001; Bailey et al., 2008a; Roberts et al., 2009].
Concurrently, additional studies point to the significant impact that stress has on mothers of
children with FXS [Abbeduto et al., 2004; Lewis et al., 2006; Bailey et al., 2008b; Hartley et
al., 2011; Seltzer et al., 2011]. Bailey et al. [2008b] assessed 95 mothers of children with
FXS who also carried a premutation allele and reported that the severity of behavior
problems in the child significantly impacted not only maternal stress, but also depressive
symptoms, anxiety, anger, and quality of life. Most recently, Seltzer et al. [2011] analyzed
82 premutation women who had a child with FXS and found that the length of the
premutation allele interacted with the severity of life stress to predict the severity of
symptoms associated with depression and anxiety and daily cortisol levels. Specifically,
mothers with midrange premutation alleles with the highest number of life stressors had
higher levels of symptoms associated with depression and anxiety and blunted cortisol
compared to mothers with low- and high-range premutation alleles. However, this group of
mid-range premutation alleles, in the absence of stressors, had lower levels of depression
and anxiety and typical cortisol responses than other premutation carriers.

In previously published studies of women who carry a premutation allele, we detected
slightly elevated symptoms of depression and anxiety and an increased risk of meeting
diagnostic criteria for depressive [15% non-carriers (NC) vs. 25% premutation carriers] and
anxiety disorders (6.4% NC and 13% premutation carriers), though results did not reach
statistical significance [Hunter et al., 2008a, 2010]. However, together with independent
reports of elevated rates of depression and anxiety [Bailey et al., 2008a; Roberts et al.,
2009], these results suggested that although not all women who carry a premutation allele
are affected, perhaps a subgroup are more vulnerable to elevated symptoms of depression
and anxiety.

Am J Med Genet B Neuropsychiatr Genet. Author manuscript; available in PMC 2013 June 30.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Hunter et al.

Page 3

It is clear that depression and anxiety are complex disorders, with multiple genetic and
environmental factors influencing onset and severity. The hypothalamic-pituitary-adrenal
(HPA) axis is responsible for the endogenous stress response [Romeo and McEwen, 2006].
Abundant evidence suggests that the HPA axis plays important roles in modulating the
impact of stress or trauma on symptoms of depression and anxiety [Heim et al., 2008].
Recent studies suggest that genetic variation in the corticotrophin-releasing hormone type 1
receptor (CRHRI) gene, the product of which mediates regulation of expression and release
of adrenocorticotrophin (ACTH) from the anterior pituitary which in turn stimulates release
of cortisol from the adrenal cortex, can interact with environmental stress or trauma to
influence mood and anxiety-related outcomes [Bradley et al., 2008; Polanczyk et al., 2009;
Deyoung et al., 2011]. Bradley et al. [2008] and Polanczyk et al. [2009] were the first to
show that a haplotype formed from three single nucleotide polymorphisms (SNPs) of intron
1 of corticotrophin releasing hormone receptor 1 locus (CRHRI; rs7209436, rs110402, and
rs242924) significantly interacted with a history of childhood trauma to modify the risk for
adult depression: an increasing number of copies of the less common haplotype, TAT,
associated with less severe adult depressive symptoms in the individuals with histories of
childhood trauma. Those observations suggested that the TAT haplotype exerted a
protective effect in persons exposed to childhood trauma, a known risk factor for
development of depression.

Prior research indicates that raising children with FXS is a stressor that impacts mothers at
least as severely as raising children with other intellectual disabilities, such as Down
syndrome [Abbeduto et al., 2004; Lewis et al., 2006]. The goal of this study was to test the
hypothesis that variation at CRHRI associates differentially with severity of depression and
anxiety symptoms among women carrying premutation FMRZ alleles who have been
exposed to a defined chronic stress by virtue of having raised children with FXS, as
compared to women carrying the premutation who have not raised children with FXS. We
genotyped 460 women, including 169 women with a premutation who were mothers of a
child with FXS and 117 women with a premutation who did not have a child with FXS, at 5
CRHR1 SNPs to assess this hypothesis.

METHODS
Study Population

The participants were recruited as part of an ongoing study to investigate
neuropsychological phenotypes associated with FMR premutation alleles [Allen et al.,
2005; Hunter et al., 2008a,b]. Participants were identified from the general population
(primarily NC) as well as from families with a known history of FXS (both NC and
premutation carriers). Participants ranged in age from 18 to 50 years and spoke English as
their primary language. The study population included 460 women from 309 pedigrees (221
pedigrees with a single participant, 56 pedigrees with two related participants, 17 pedigrees
with 3 related participants, 5 pedigrees with 4 related participants, 6 pedigrees with 5 related
participants, 3 pedigrees with 6 related participants, and 1 pedigree with 8 related
participants). All participants were asked if they raised a child with FXS. The protocols and
consent forms for ascertainment were approved by the Institutional Review Board at Emory
University.

Measurement of Depression and Anxiety Symptoms

Study participants completed a medical history questionnaire and a 4-hr neuropsychological
test battery that included measures of symptoms associated with depression and anxiety.
Tests were administered by a trained psychometrist blind to the subject’s FAMRI genotype as
well as family history of FXS.
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Center for Epidemiologic Studies Depression Scale (CES-D)—The Center for
Epidemiologic Studies Depression Scale (CES-D) is a 20-item self-report questionnaire that
measures the frequency of depression symptoms experienced in the past week [Radloff,
1977]. Scores range from 0 to 60, with higher scores indicative of higher levels of
depression symptomology. CES-D scores were missing for three participants.

The State-Trait Anxiety Inventory (STAI)—The severities of current anxiety (state
anxiety) and general anxiety susceptibility (trait anxiety) were measured with the State-Trait
Anxiety Inventory (STAI) [Spielberger, 1983]. The STAI is a 40-item self-report
questionnaire, with 20 items each for state and trait anxiety. Subscale scores ranged from 20
to 80, with higher scores indicative of higher levels of anxiety. The STAI was not included
in the initial test battery and was added later in the study. Thus state anxiety scores were
missing for 122 participants and trait anxiety scores were missing for 121 participants. It is
important to note that missing STAI scores were associated with repeat classes (see
Statistical Analysis Section below for repeat class definitions), where 46.4% of NC, 61.0%
of intermediate, 11.4% of low premutation, 7.1% of mid premutation, and 15.3% of high

premutation allele carriers were missing scores for STAI state anxiety ( Xﬁf»:4=111.18, P<
0.0001). Thus rates of missing STAI scores were lowest in the premutation groups. This is
due to the change in recruitment strategy of our study where recruitment from the general
population was highest at the beginning of the study before the STAI was introduced into
the test battery. Thus many NC from the general population recruited during this time are
missing these scores.

Social Phobia and Anxiety Inventory (SPAI)—Symptoms associated with social
phobia and agoraphobia were measured with the Social Phobia and Anxiety Inventory
(SPAI) which measures the severity of distress experienced in various social situations
[Turner et al., 1996]. The total social phobia score is based on 32 items and rates the
frequency of social phobia experienced in various social situations. The agoraphobia score is
based on 13 items and rates social distress due to panic and agoraphobia symptoms. The
difference score, calculated by subtracting the agoraphobia score from the social phobia
score, is indicative of “pure” social phobia symptoms without panic symptoms, and is the
social phobia score we use in this study. SPAI scores were missing for two participants.

The Positive and Negative Affect Schedule (PANAS)—Affective states were
measured with the 60-item Positive and Negative Affect Schedule (PANAS) [Watson and
Clark, 1994]. Positive affect and negative affect were measured by 10 items each to assess
the psychological well-being of the past year. Positive affect and negative affect scores
range from 10 to 50 with higher scores indicative increased pleasurable experience and
increased feelings for upset and unpleasant arousal, respectively. PANAS scores were
missing for one participant.

Molecular Analysis

All participants provided a biological sample for molecular analysis. DNA was extracted
using the Qiagen QiAmp DNA Blood Mini Kit.

FMR1 genotyping—FMR1 CGG repeat lengths were measured using a fluorescent-
sequencing method using an ABI Prism 377 DNA Sequencer or ABI 3100 Genetic Analyzer
[Meadows et al., 1996]. In the event only a single band was present upon genotyping, a
second PCR-based method that detects high repeat alleles was used [Brown et al., 1993]. For
participants who were heterozygous, the CGG repeat length from the larger repeat allele was
used in statistical analyses.
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CRHR1 genotyping and haplotype analysis—Bradley et al. [2008] analyzed gene x
environment interactions at 10 SNPs that span CRHRZ, with rs7209436, rs110402,
rs242924, rs242940, and rs173365 showing the strongest interaction. Therefore, these five
SNPs were chosen for analysis in the current study. All participants were genotyped using
TagMan allelic discrimination assays as described by Bradley et al. [2008] or the Sequenom
MassArray platform [Ehrich et al., 2005; Gabriel et al., 2009]. The SNPs did not deviate

from Hardy—Weinberg equilibrium (rs7209436: X§f=1=0-07, P=0.7877; rs110402:
ng,=l=0.93, P=0.3342; 15242924 Xﬁf-=1=0.68, P=0.4092; rs242940: ng=1=0'13, pP=
0.7157; rs173365: X;,.,=0.43, p=0.5121).

Statistical Analysis

CRHR haplotype analyses—The haplotype block consisting of three SNPs analyzed
here (rs7209436, rs110402, and rs242924) had previously been shown to significantly
interact with life stress to predict depression outcomes [Bradley et al., 2008; Polanczyk et
al., 2009; Deyoung et al., 2011]. Thus we estimated the haplotype frequencies of our study
population using PHASE 2.1 [Stephens et al., 2001; Stephens and Donnelly, 2003]. The
number of copies of the less common TAT genotype of this haplotype was determined. If
any participant was missing genotype data at any of the SNPs of the haplotype, their
haplotype data were also considered missing.

Linear modeling of depression and anxiety symptoms—~Prior to modeling, chi-
squared analyses were used to test for independence between CRHRI genotypes and having
a child with FXS as well as between CRHRI and FMR1 repeat groups to ensure a lack of
gene—environment and gene—gene correlations, respectively. In addition, all depression and
anxiety symptom scores were tested for normality and homoskedasticity and transformed if
necessary (CES, STAI, and PANAS negative affect scores were natural log-transformed;
SPAI agoraphobia score was square-root transformed; and PANAS positive affect and SPAI
social phobia scores required no transformation).

Each depression and anxiety score was assessed independently as a continuous outcome. We
used linear mixed-effects models to allow us to model correlated outcomes among
participants from the same pedigree due to shared environmental and genetic factors. The
main predictors were having a child with FXS (0 = participant did not have a child with
FXS; 1 = participant did have a child with FXS) and CRHR1 genotype (coded under an
additive model with the less common allele modeled as the “risk” allele). Models were also
adjusted for FMR1 repeat length group: NC (<40 repeats), intermediate allele carriers (IM;
40-60 repeats), low premutation allele carriers (low PM; 61-80 repeats), mid premutation
allele carriers (mid PM; 81-100 repeats), and high premutation allele carriers (high PM;
100-199 repeats). Cutoff points for repeat length groups have been recommended by the
American College of Medical Genetics [Sherman et al., 2005] and are based on the
probability of instability and risk of expansion to a full mutation. However, the repeat length
ranges have not been established for the risk of depression and anxiety outcomes or other
premutation-associated disorders. Thus we based our cutoff points on previously published
studies that showed a nonlinear effect of FMMR1 repeat length in the premutation range on
FXPOI [Sullivan et al., 2005; Allen et al., 2007] and to be consistent with previously
published studies [Hunter et al., 2008a,b]. Indicator variables were created for each repeat
group using the NC group as the reference to allow for a potential nonlinear association with
FMR1. Additional covariates included age at testing, self-reported race/ethnicity, level of
education, household income, method of ascertainment (general population vs. families with
FXS), and use of anxiety and/or depression medication at the time of testing.
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Two interaction terms were tested to detect potential significant interactions between
predictors. First, to address the main hypothesis that genotypes at the CRHRI gene moderate
the effect of a major life stressor (in this instance, raising a child with FXS), on anxiety and
depression symptoms, we tested the interaction between each CRHRI genotype and the
variable for having a child with FXS. Second, given a previously published study that
reported the moderation of FAMRI repeat length by life stress to predict cortisol levels and
anxiety and depression outcomes [Seltzer et al., 2011], we also tested for a potential
interaction between FMRI repeat length group and having a child with FXS.

Sensitivity analyses were performed to ensure the results above were robust to potential
confounding. First, given that NC and IM cannot expand to a full mutation in the next
generation, women in these FMR1 repeat length groups do not have a child with FXS (Table
I). Thus we ran a set of models that only included the three premutation allele groups, as
these groups included all the participants who had raised a child with FXS. These models
accounted for the potential of a reporting bias due to carrier status: that is, women without a
risk for having a child with FXS may report the severity of symptoms differently than those
with the premutation who also do not have a child with FXS. Second, to account for a
potential different distribution of CRHRI genotype alleles across racial groups, we fit
models using only participants who reported as being Caucasian. We attempted also to fit
separate models using self-reporting African-Americans, but, due to small sample size, such
models failed to converge and could not be run. Third, as repeat length group definitions are
somewhat arbitrary with respect to premutation-associated phenotypes (see above), we ran
models using repeat length as a continuous variable to determine whether the results were
robust to the coding strategy for FMR1 repeat length. And lastly, we ran models using only
the women who had at least one child irrespective of FXS status, to account for the stress
associated with raising a child in general, with or without special needs.

To account for the testing of multiple correlated SNPs [due to linkage disequilibrium (LD)]
across multiple correlated phenotypes, we adjusted our significance level using the
Cheverud-Nyholt approach [Cheverud, 2001; Nyholt, 2004]. Applying this method, we
identified 5.6 effectively independent trait outcomes and 2.4 effectively independent SNPs.
These analyses were conducted using a reduced set of independent (unrelated) subjects from
our sample to ensure that the correlation among outcomes and SNPs was not due to
relatedness. The product of these numbers was then used as the denominator in a Bonferroni
correction, yielding a significance threshold of 0.0037.

In a follow-up analysis, we analyzed the potential clinical relevance of significant outcomes
from the analyses above using threshold values that indicate the probable presence of a
clinical disorder (e.g., an SPAI difference score of 80 or higher is indicative of probable
social phobia) [Turner et al., 1996]. Logistic regression models were run using the
dichotomous outcome for the presence/absence of a clinical disorder and adjusted for all
covariates as the models above. We report odds ratios (ORs) and 95% confidence intervals
(Cls). These models included a random effect to account for correlation among individuals
from the same pedigree.

All models were run using PROC MIXED and PROC GENMOD in SAS version 9.2.

Neurobehavioral data and FMR1 and CRHRI genotyping data from 460 women were
included in these analyses. Demographic data stratified by FMR1 repeat group are shown in
Table I. Groups differed in mean age (P < 0.0001), self-reported race (P < 0.0001),

Am J Med Genet B Neuropsychiatr Genet. Author manuscript; available in PMC 2013 June 30.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Hunter et al.

Page 7

household income (£ =0.0213), ascertainment (P < 0.0001), the use of anxiety or depression
medication at the time of testing (= 0.0036), and having a child with FXS (P < 0.0001).

Before testing our primary hypothesis, we verified that there was no gametic disequilibrium
between repeat length at FAR1 and genotypes at CRHR1 by confirming that CRHR1
genotype frequencies were independent of having a child with FXS (Table I1), as well as
independent of FMRI repeat group status (rs7209436: P = 0.33; rs110402: P=0.50;
rs242924: P = 0.55; rs242940: P=0.60; rs173365: P=0.70; TAT: P=0.44).

Initial analyses focused on linear models with only the main effect variables for CRHR1
SNP genotype and raising a child with FXS and also included FMR1 repeat group indicator
variables and all covariates, such age and race, but no interaction terms. Overall, neither of
the main effects, CRHRI genotype or raising a child with FXS, were a significant predictor
of any outcome measure.

We then tested our primary hypothesis that polymorphisms of CRHRI interact with raising a
child with FXS to impact depression and anxiety symptoms. These models included all main
effect variables for CRHR1 SNP genotype and having a child with FXS as well as FMR1
repeat group indicator variables and all covariates. These models also included two
interaction terms: CRHR1 x -having a child with FXS and FMR1 x having a child with
FXS. Interactions between FMR1 repeat groups and having a child with FXS were not
significant for any model (data not shown), thus these terms were removed from the final
models.

A significant interaction between having a child with FXS and CRHRI genotype was
detected for the SPAI social phobia scores for most SNPs (rs7209436, = 0.0001; rs110402,
P=0.0129; rs242924, P=0.0138; and rs242940, P =0.0237) as well as the TAT haplotype
(P=0.0004; Table II). However, after adjustment for multiple testing, only rs7209436 and
the TAT haplotype significantly moderated the effect of having a child with FXS on the
SPAI social phobia scores (Table 111). Among individuals who had a child with FXS, the
less common T allele of rs7409436 associated in an allele- and dose-dependent manner with
higher mean SPAI social phobia scores while among individuals who did not have a child
with FXS, increasing copies of the T allele of rs7209436 were associated with increasingly
lower mean SPAI social phobia scores (Fig. 1). In analyses of the three-SNP haplotype,
similar patterns were noted: among participants who had a child with FXS, increasing
numbers of copies of the TAT haplotype were associated with increasing SPAI social phobia
scores (Fig. 1).

Sensitivity analyses were performed to ensure that the results for the significant interactions
between having a child with FXS and CRHRI genotypes were robust. One set of models
analyzed participants from the three premutation groups only, since the possibility of having
a child with FXS is limited to these groups. A second set of models analyzed only Caucasian
participants, in the event that CRHR1 genotype frequencies differed across races and could
confound results. None of the results of the follow-up models changed the conclusions
above (data not shown). Modeling the data using repeat length as a continuous variable
yielded similar results as the models using repeat length group: raising a child with FXS
significantly interacted with the genotypes at rs7209436 and the TAT haplotype to predict
SPAI social phobia scores (P< 0.0001 and 2= 0.0003, respectively). Lastly, analyses
among only those women who were mothers yielded similar results, where having a child
with FXS significantly interacted with rs7209436 and the TAT haplotype to predict SPAI
social phobia scores across all repeat classes (2= 0.0014 and 0.0039, respectively) and
among premutation carriers only (P=0.0017 and £=0.0017, respectively). In all of the
follow-up models, having a child with FXS did not significantly interact with any other SNP
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genotype to predict other outcome scores (e.g., depression or anxiety, data not shown) and
did not interact with FMR1 genotype to predict any outcome (data not shown).

The results of models presented above indicate that having a child with FXS moderates the
impact of CRHR1 SNP genotypes on the severity of symptoms associated with social
phobia, as measured by the SPAI social phobia score. However, it is not clear whether this
moderation impacts the presence or absence of a clinical diagnosis of social phobia. In order
to determine the potential clinical relevance of these findings, we created a new variable that
coded for the presence or absence of probable social phobia, indicated by an SPAI social
phobia score of 80 or greater [Turner et al., 1996], and performed logistic regression
analyses including the interaction term between CRHR1 SNP genotype and having a child
with FXS. A significant interaction between having a child with FXS and CRHR1 genotype
was detected for all SNPs (rs7209436, A= 0.0002; rs110402, A= 0.0390; rs242924, P=
0.0238; and rs242940, P=0.0382; rs173365, A= 0.0052) as well as the TAT genotype (P=
0.0016; Table 1V). However, after adjustment for multiple testing, only rs7209436 and the
TAT genotype significantly moderated the effect of having a child with FXS to predict the
presence or absence of probable social phobia (Table 1V).

DISCUSSION

It is clear that depression and anxiety are complex disorders, with multiple genetic and
environmental factors influencing onset and severity. The HPA axis is responsible for the
endogenous stress response [Romeo and McEwen, 2006]. Abundant evidence suggests that
the HPA axis plays important roles in modulating the impact of stress or trauma on
depressive and anxiety symptoms [Heim et al., 2008]. Recent studies suggest that genetic
variation in the CRHRI gene, the product of which mediates regulation of expression and
release of ACTH from the anterior pituitary which in turn stimulates release of cortisol from
the adrenal cortex, can interact with environmental stress or trauma to influence mood- and
anxiety-related outcomes [Bradley et al., 2008; Polanczyk et al., 2009; Deyoung et al.,
2011]. Bradley et al. [2008] and Polanczyk et al. [2009] were the first to show that a
haplotype formed from three SNPs of intron 1 of CRHRI (rs7209436, rs110402, and
rs242924) significantly interacted with a history of childhood trauma to modify the risk for
adult depression: an increasing number of copies of the less common haplotype, TAT,
associated with less severe adult depressive symptoms in the individuals with histories of
childhood trauma. Those observations suggested that the TAT haplotype exerted a
protective effect in persons exposed to childhood trauma, a known risk factor for
development of depression.

Our results indicate that genetic variance within CRHRI moderates the stress of raising a
child with FXS to impact the severity of symptoms associated with social phobia among
women who carry an FMRI1 premutation allele. We tested the hypothesis that
polymorphisms of the CRHRI gene, which associate with differences in HPA axis function,
would interact with having a child with FXS, a surrogate for emotional stress/trauma, to
predict the severity of symptoms associated with anxiety and depression. This hypothesis
was based on prior research that indicated that genetic variation within CRHR1 can interact
with environmental stress or trauma to influence mood- and anxiety-related outcomes
[Bradley et al., 2008; Polanczyk et al., 2009; Deyoung et al., 2011].

The observed interaction was detected at a single SNP within intron 1 of CRHR1
(rs7209436) as well as at a haplotype of three SNPs spanning intron 1 (rs7209436,
rs110402, and rs242924). Specifically, among women who had a child with FXS, the less
common T allele at rs7209436 and the three-SNP TAT haplotype were associated in a dose-
dependent manner with increasing social phobia symptom scores from the STALI. In contrast,
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among women who did not have a child with FXS, increasing copies of the T allele at
rs7209436 and increasing copies of the TAT haplotype were associated with decreasing
social phobia symptom scores. The results suggest that in the presence of a chronic life
stressor, in this case having a child with FXS, the T allele of rs7209436 and the TAT
haplotype are risk alleles for symptoms of social phobia in women who carry FMR1
premutations.

Bradley et al. [2008] had previously reported an interaction between CRHR1
polymorphisms and a history of childhood trauma to impact significantly adult depression.
In contrast to the results of this study, they detected an apparent “protective” effect of the
rs7209436 T allele and of the TAT haplotype. Further, DeYoung et al. [2011] also reported
a significant interaction between CRHRI polymorphisms and childhood maltreatment to
predict childhood neuroticism. The TAT haplotype showed different patterns of interaction
depending on the severity and type of maltreatment, where increasing copies of the TAT
haplotype were associated with higher levels of neuroticism among maltreated children who
had experienced 1 or 2 types of maltreatment and lower levels in those who had experienced
3 or 4 types. In addition, increasing copies of the TAT haplotype were associated with
higher levels of neuroticism in those who had experienced physical abuse and lower levels
in those who had experienced sexual abuse. This “flip-flop” association with apparent
“reversal” of the risk allele could indicate a complex relationship between life stressors and
neurobehavioral outcomes that depends on the developmental timing of the stressor
(childhood vs. adulthood), how recently the stressor occurred (past vs. current), the
chronicity of the stressor (e.g., raising a disabled child is a chronic source of current stress
[Abbeduto et al., 2004; Lewis et al., 2006]), and the types and severity of the stressor
experienced. Alternatively, this “flip-flop” association could be a statistical phenomenon
common among association studies that arises due to population variation in interlocus
interaction [Lin et al., 2007].

Interestingly, though we were able to show that women who carry a premutation and have a
child with FXS are at risk for clinical social phobia (as indicated by STAI scores), and that
CRHRI modifies that risk, we did not detect a direct association between the FMR1
premutation allele and any neurobehavioral outcome. Published studies investigating
neurobehavioral outcomes among FMR1 premutation carriers have produced mixed results
[Hunter et al., 2009]. Several studies have not detected an increased neurobehavioral
pathology associated with the premutation [Reiss et al., 1993; Sobesky et al., 1994; Riddle et
al., 1998; Kogan et al., 2008], while others have reported increased incidences of depression
[Johnston et al., 2001; Bailey et al., 2008a; Roberts et al., 2009] and anxiety [Hessl et al.,
2005; Bailey et al., 2008a; Bourgeois et al., 2011]. Some studies have controlled for the
potential stress of having a child with FXS by either comparing these mothers to other
mothers of children with intellectual and developmental disabilities (IDD) or comparing
them to premutation carriers who do not have children with FXS [Franke et al., 1998;
Rodriguez-Revenga et al., 2008]. Franke et al. [1998] reported an increased incidence of
anxiety, specifically social phobia, among premutation carriers who were mothers of
children with FXS as compared to their siblings who also carried a premutation but did not
have a child with FXS as well as to mothers of children with autism. In addition,
premutation mothers had an increased incidence of major depressive episodes compared to
their premutation siblings. More recently, Rodriguez-Revenga et al. [2008] reported that
mothers with a premutation who have a child with FXS and mothers of children with non-
FXS IDD did not differ on any measure of neurobehavior, while both groups differed from
the control group (i.e., those without IDD) for several factors, including depression. While
Roberts et al. [2009] reported that increasing behavioral problems among children with FXS
predicted anxiety disorders among premutation carrier mothers. Altogether, these studies
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indicate that neurobehavioral phenotypes detected among premutation carriers could, at least
in part, be due to the stress of raising a child with FXS.

CRHR1 encodes a receptor that plays a central role in the regulation of HPA axis function in
the endogenous stress response. Recent studies have reported altered diurnal cortisol
rhythms among parents of children with special needs [Seltzer et al., 2009] and ASDs
[Seltzer et al., 2010], supporting the conclusion that raising a child with special needs alters
HPA axis function. We did not detect a significant interaction between raising a child with
FXS and FMRI repeat status to predict anxiety or depression outcomes, either modeling
FMR1 repeat length as a group variable or as a continuous variable. These results indicate
that the moderation of the impact of raising a child with FXS on neurobehavioral outcomes
did not depend on CGG repeat size and appears to be limited to the influence of CRHR1 and
perhaps other genes. This is in contrast to a recent study by Seltzer et al. [2011], where the
severity of life stress among mothers of children with FXS was moderated by the
premutation size to predict anxiety and depression levels and diurnal cortisol levels.
However, the two studies differed in the measurement of the stressor (having a child with
FXS vs. negative life events in the previous year) and the modeling of HPA axis function
(genotypes for CRHR1 vs. diurnal cortisol levels). Further, the current study tested the
interaction between CRHR1 genotypes and stress to predict anxiety and depression self-
report scores, while Seltzer et al. [2011] tested the interaction between repeat length and
negative life events to predict cortisol levels and depression and anxiety as the outcomes.
These differing methodological approaches could explain the differing conclusions.

A limitation of this study is that these results are based self-reported measures and the
interpreted diagnostic categories are based on the terms provided by the instrument. In other
words, the study participants were not administered a structured diagnostic evaluation that
would be necessary to determine formal psychiatric diagnoses. Thus, it would be
inappropriate to attempt to relate the gene x environment associations observed in this study
to specific psychiatric diagnoses. Rather, we suspect that we are observing an interaction
between genotypes at CRHR1 and the challenges inherent in raising a child with FXS, and a
latent stress-related phenotype, that was most efficiently captured by the “social phobia”
responses of the SPAI in this particular study. We did not observe similar interactions
impacting “depression” and “anxiety” as defined by the self-report measures we used.
Future studies with in-depth formal psychiatric assessments should be performed to
determine what psychiatric diagnostic domains, if any, are associated with the interactions
detected here.

An additional limitation to the analyses presented in this study is that we assessed only
whether or not a woman was a mother of a child with FXS, a clearly simplified
representation of maternal stress levels given the wide variation in behavior problems
among children with FXS, particularly between those with and without an additional
diagnosis of autism [Smith et al., 2012]. Future studies should capture the severity of stress
related to raising a child with FXS including traits, such as the severity of behavior problems
of their child(ren), the number of children with FXS in the family, the age of the child(ren)
at the time of testing, or the gender of their child(ren). The severity of stress, rather than
simply the presence or absence of this particular stressor, would likely be a better predictor
of neurobehavioral outcomes and should be analyzed more closely in future studies.

Overall, the results of this study are intriguing. We have provided a potential predictor of
resilience and vulnerability for increasing symptoms of social phobia in mothers of children
with FXS. Why the gene x environment interaction detected in this study is specific to social
phobia scores, and not to scores for depression or general anxiety, is unclear and warrants
further investigation. However, there is little information on gene x environment interactions
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for social phobia symptoms, so the results of this study can potentially provide
understanding on the etiology of social phobia outside the context of the FMR1 premutation
[Gregory et al., 2008]. In addition, these results provide evidence for a vulnerability to
neurobehavioral disorders not directly associated with the FMR1 premutation.
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TABLE Il
Independence of CRHRI Genotype Frequencies and Having a Child With FXS

Genotype frequencies
CRHR1SNPs  Genotypes No FXSchild (N=291) FXSchild (N=169) Chi-square test, P-value
rs7209436 CcC 110 (38.2%) 66 (39.3%) 0.11,0.95
cT 141 (49.0%) 82 (48.8%)
TT 37 (12.9%) 30 (11.9%)
rs110402 GG 97 (33.6%) 59 (35.1%) 0.27,0.87
AG 150 (51.9%) 83 (49.4%)
AA 42 (14.5%) 26 (15.5%)
1s242924 GG 101 (35.1%) 61 (36.5%) 0.15,0.93
GT 145 (50.4%) 81 (48.5%)
TT 42 (14.6%) 25 (15.0%)
1s242940 AA 96 (33.6%) 58 (34.7%) 0.32,0.85
AG 136 (47.6%) 81 (48.5%)
GG 54 (18.9%) 28 (16.8%)
rs173365 AA 81 (28.0%) 37 (22.2%) 1.96, 0.38
AG 135 (46.7%) 86 (51.5%)
GG 73 (25.3%) 44 (26.4%)
TAT genotype 0 Copies 110 (38.6%) 68 (41.2%) 0.30, 0.86
1 Copy 141 (48.5%) 78 (47.3%)
2 Copies 34 (11.9%) 19 (11.5%)

FXS, fragile X syndrome.
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