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Abstract

Variation in the FMR1 gene may affect aspects of cognition, such as executive function and
memory. Environmental factors, such as stress, may also negatively impact cognitive
functioning. Participants included 1053 mothers of children with and without developmental
disabilities. Participants completed self-report measures of executive function, memory, and
stress (i.e., life events, parenting status), and provided DNA to determine CGG repeat length
(ranging from 7 to 192 CGGs). Stress exposure significantly predicted greater self-reported
difficulties in executive function and the likelihood of memory problems. Cubic CGG effects
independently predicted executive function and memory difficulties, suggesting effects of both
genetic variation and environmental stress exposure on cognitive functioning.
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FMR1 CGG Repeats and Stress Influence Self-Reported Cognitive Functioning in Mothers
The fragile X mental retardation 1 (FMR1) gene plays a significant role in cognitive
development and functioning across the lifespan. A full mutation expansion of more than 200
cytosine-guanine-guanine (CGQ) trinucleotide repeats in the 5 untranslated region of the FMR1
MRNA causes the FMR1 promoter to be fully methylated, interferes with protein production, and
results in fragile X syndrome (FXS). FXS is the most common inherited, single gene cause of
intellectual disability (Nolin et al., 1996). Relatedly, a premutation (PM) expansion (between 55-
200 CGG repeats) of FMRL1 can cause a range of clinical and subclinical phenotypes, including
fragile X-associated primary ovarian insufficiency (FXPOI), fragile X-associated tremor/ataxia
syndrome (FXTAS), difficulties with executive function, and elevated rates of mood and anxiety
symptoms, and mothers with a PM can go on to have a child with FXS (Hagerman & Hagerman,
2021; Movaghar et al., 2019; Sullivan et al., 2005; Wheeler et al., 2017). Optimal functioning of
the FMR1 gene and expression of its protein product, FMRP, are essential for normal
neurodevelopment and synaptic function (Darnell et al., 2011). There is evidence to suggest
variability in cognitive functioning across the CGG range of FMR1 below the full mutation (e.g.,
6 to 200 repeats) (Hong et al., 2021; Klusek et al., 2018; Mailick et al., 2017), though most prior
work has focused on variation among PM carriers (Birch et al., 2016; Hippolyte et al., 2014;
Shelton, Cornish, & Fielding, 2017; Shelton et al., 2015; Shelton et al., 2016). Additionally,
cognitive functioning may be impacted by stress, such as experiencing stressful life events or
parenting a child with a developmental disability. The purpose of the present study is to further
investigate how quantitative variation in FMR1 CGG repeats and exposure to environmental
stressors (i.e., life events, parenting a child with a developmental disability) contribute to

cognitive functioning.
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FMR1-related Variability and Cognitive Functioning

Cognitive functioning encompasses a variety of domains that involve an individual’s
ability to learn and solve problems, as well as attend and respond to the environment (Harada et
al., 2013). Two cognitive domains, executive function and memory, entail higher-order mental
processes required for goal-directed behavior (e.g., planning, inhibition, performance
monitoring) and retrieval (Diamond, 2013). Much of the prior work on FMR1-related variability
and cognition has centered around individuals with CGG expansions (Grigsby et al., 2014;
Shelton et al., 2015; Shelton et al., 2016), with evidence suggesting that individuals with the
FMR1 PM may have difficulties with executive function (Brega et al., 2008; Cornish et al., 2011;
Grigshy et al., 2008; Kraan et al., 2014; Shelton et al., 2014) and memory (Grigsby et al., 2008;
Hippolyte et al., 2014; Moore et al., 2004; Shelton, Cornish, & Fielding, 2017). These difficulties
have been shown to be associated with FMR1 CGG repeat length, with both linear and
curvilinear effects noted (Klusek et al., 2020; Klusek et al., 2018). Importantly, however,
relationships between CGG repeat length and cognitive functioning have also been noted across
the CGG range below the full mutation (< 26 CGGs up to 200 repeats) (Hong et al., 2021;
Klusek et al., 2018; Mailick, Hong, Rathouz, et al., 2014), indicating that genetic factors
associated with cognition are not restricted to CGG expansions.

There remains some controversy regarding the extent to which variation in cognitive
functioning may be directly the result of the repeat expansions, or alternatively may be explained
by ascertainment bias, namely the inclusion in research of individuals with CGG expansions who
also have children or family members with FXS, or participants who have other FX-related
disorders, such as FXPOI or FXTAS (Gossett et al., 2016; Hunter et al., 2008; Wheeler et al.,

2014). To better tease apart these effects, one potentially fruitful approach is to examine the
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FMR1 CGG range (normal through PM expansions) in relationship to variation in executive
function and memory. Among the few studies to have done so, Hunter et al. (2008) examined
whether FMR1 CGG repeat length on the long allele predicted aspects of executive function and
memory. For women, greater CGG repeat length was predictive of higher levels of self-reported
inattention and impulsivity, as well as direct-assessment processing speed, but did not predict
other factors (e.g., memory, response fluency). Though these findings were interpreted as
marginal after correcting for multiple comparisons, this and several clinical reports (Debrey et
al., 2016; Hall et al., 2011; Hall et al., 2020) set the stage for continued exploration of variability
in cognitive functioning along the CGG repeat continuum.

Stress and Cognitive Functioning

Environmental sources of stress (e.g., life events, parenting a child with a disability) have
been associated with similar aberrations in executive function in diverse populations across the
lifespan regardless of genetic status (Diamond, 2013; Heyman & Hauser-Cram, 2015; Liston et
al., 2009; Lupien et al., 2009; Op den Kelder et al., 2017; Shields et al., 2017), and have been
found to be associated with cognitive dysfunction (including poorer episodic memory) (Song et
al., 2016). In a meta-analysis, Luhmann et al. (2012) found that life events, such as divorce or the
birth of a child, had negative effects on cognitive functioning.

Parenting stress, or adverse psychological responses to parenting obligations (Deater-
Deckard, 1998), has been observed at increased rates in parents of children with disabilities due
to unique and chronic caregiving demands. Meta-analyses (Barroso et al., 2018; Hayes &
Watson, 2013) suggest that parents of children with developmental disabilities (DDs) experience
higher rates of parenting stress than parents of typically developing children. Parents of adult

children with DDs have been exposed to this unique stressor for many years (Seltzer et al.,
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2011), which has been reported to adversely affect parents’ cognition. For example, prior work
suggests that mothers of children with autism spectrum disorder (ASD), FXS, and other DDs are
more likely to report memory problems than mothers of typically developing individuals (Lovell
et al., 2014; Song et al., 2016). Importantly, most studies of parenting stress have not selected
participants based on genetics, nor included genetic information as part of their study procedures
(Barker et al., 2011; Cousino & Hazen, 2013; Fischer, 1990; Lovell et al., 2014). Nevertheless,
these findings suggest that objective measures of stress may be implicated in cognitive
functioning, including executive function and memory, among mothers of children with DDs,
independent of their genetic status.

In other research, environmental stressors have been found to interact with maternal
genetic factors when predicting cognitive functioning. For instance, Mailick et al. (2017) found
that parents of adult children with disabilities who had FMR1 CGG repeats either above or below
the population mean (i.e., 30 repeats + 2SDs on the target allele) reported greater difficulties with
daily cognitive functioning, and in particular memory and problem solving, within the past
month than parents who did not have adult children with disabilities. Prior work also suggests
that individuals at the lower end of the CGG distribution (i.e., the low zone; <26 CGGs on the
short allele) may also be susceptible to environmental effects on cognition. A recent study
evaluated gene by environment interactions among low zone and normal-range (26-40 CGGs,
homozygous alleles) mothers of children with and without disabilities (Mailick et al., 2020).
Significant gene by environment interactions indicated that low zone mothers who had children
with disabilities had greater limitations in executive function than low zone mothers whose
children did not have disabilities. In contrast, mothers with normal-range CGG repeats did not

differ in executive function based on stress exposure. The present study builds on this prior work
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by exploring both independent and synergistic effects of genetic and environmental influences on
cognition in a sample of mothers in the low through PM range of CGGs.

Past research has suggested that mothers may be more negatively affected by parenting
stress than fathers (Pelchat et al., 2007; Pelchat et al., 2003; Skreden et al., 2012). Therefore, the
present study focused on mothers and examined the effects of environmental stressors (i.e., life
events, parenting a child with a DD) on executive function and memory in mothers with low
zone through the PM range of CGGs. In addition to stress, it is possible that other factors may
contribute to variability in executive function and memory, namely age and education (Fjell et
al., 2017; Harada et al., 2013; Klusek et al., 2020; Taylor et al., 2018). These individual factors
were therefore incorporated into the study as covariates to account for sociodemographic features
that may influence variation in cognitive functioning. We hypothesized that environmental
stressors, as well as FMR1 CGG repeat number, would predict executive function and memory
difficulties, net of age and education.

We used three approaches to evaluate the nature of the association between CGG repeat
number, stress, and cognition. First, we evaluated linear effects of both stress and CGG repeat
length; if significant, such effects would suggest an additive, independent influence of CGG
repeat length on cognition above and beyond stress. Second, drawing from prior literature that
has examined CGG effects on cognition from low through expanded repeats (Klusek et al., 2020;
Klusek et al., 2018; Mailick et al., 2020; Mailick et al., 2017; Mailick, Hong, Rathouz, et al.,
2014), we assessed curvilinear CGG effects (i.e., quadratic and cubic effects), which would
suggest that individuals within a particular CGG range may be more susceptible to the effects of

stress on cognition. Our third approach was to examine interactions between stress and CGG



INFLUENCE OF STRESS AND FMR1 ON COGNITION IN MOTHERS 8

repeat length. Significant interaction effects would signify that stress either enhances or
diminishes effects of CGG repeat length.

Methods
Participants and Procedures

Recruitment and Sample Selection.

The sampling plan for this research was designed to include a sufficient number of
participants from the low end of the CGG repeat range through PM expansions to evaluate
genotype-phenotype associations. The number of CGG repeats in FMR1 in the human population
is not evenly distributed across the CGG range and is highly polymorphic (Eichler et al., 1995;
Fu etal., 1991). The peak value for CGG repeats is 30, with >90% of individuals having fewer
than 40 repeats and the lowest number of repeats ever reported being 6 (Brown et al., 1993; Chen
etal., 2003; Fu et al., 1991; Snow et al., 1993). In the current research, we investigate the
phenotypic associations of variation in CGG repeats by treating repeat number as a continuous
variable.

Participants included 1053 women with CGG repeats ranging from 7 to 192. The
majority of these participants were drawn from the Marshfield Clinic Personalized Medicine
Research Project (PMRP) (McCarty et al., 2005), a 20,000-person population-based biobank.
Individuals had enrolled in this biobank in the early 2000s and provided written informed
consent to allow researchers access to their DNA and electronic health records, and to be
contacted for additional data collection. Per IRB, research results were not returned to
participants, nor were the results entered into their medical record or provided to health care
personnel. Over half of the PMRP members were female (n = 11,556) and DNA was available

for 99.7% of them.
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For a previous investigation (Maenner et al., 2013), the DNA samples of all PMRP
members were screened for FMR1 CGG repeats. This screening made it possible to recruit
participants across the CGG repeat range, with adequate numbers of individuals at the lower and
higher ends of the range. We invited all those who had at least one allele in the low zone (defined
here as below 26 CGG repeats; Mailick et al., 2020; Weghofer et al., 2012) (Mailick et al., 2020;
Weghofer et al., 2012)to participate. Additionally, based on a power analysis, a random sample
of females with normal-range CGGs (homozygous alleles, 26-40 repeats) was selected for
inclusion in the present research. Thus, by design, the recruited sample included all females in
the population biobank who had expanded or low numbers of CGGs on either allele, and a
random sample of females in the normal range. The response rate of the recruited females from
the full PMRP sample was 77.7%.

From this pool, we restricted participants in the current study to mothers of biological or
adopted children because of our interest in how stress affects parents, and further to mothers who
either had a child diagnosed with a DD or whose children did not have disabilities (n = 912).
Their FMR1 CGGs ranged from 7 — 192 repeats. Only a small number (n = 34) had CGG repeats
in the PM range (55-192 CGG repeats), one of whom had PM/full mutation mosaicism.

To enrich the range of FMR1 CGG repeats, the current sample was augmented by the
inclusion of clinically-ascertained mothers of children diagnosed with FXS (n = 140).
Participants from clinically-ascertained samples were recruited from fragile X clinics, via local
media, newsletters, brochures, and disability registries (Mailick, Hong, Greenberg, et al., 2014;
Mailick et al., 2018). The range of CGG repeats for these mothers was 67-186, and 17 of these
mothers had PM/full mutation mosaicism. Thus, the range of CGG repeats among all 1053

mothers in the present study was 7 to 192. The inclusion of both population-based and clinically-
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ascertained participants is consistent with prior work that has evaluated the influence of the
FMR1 CGG repeat range on health-related variables by combining samples from diverse sources
or different studies (Albizua et al., 2017; Allen et al., 2020; Allen et al., 2004; Sullivan et al.,
2005).

The data from the majority of participants in the present study (69.9% of the present
sample, n = 736) have never been published before, namely measures of executive function and
memory drawn from participants in the Marshfield Personalized Medicine Research Project.
Other investigations from our group have focused on clinically-ascertained PM carriers, many of
whom are included in the present study (Klusek et al., 2020; Mailick et al., 2018; Mailick et al.,
2020). However, the goal of the present study — to evaluate the impact on cognition of stress
exposure and CGG repeats (measured continuously from 7 to 192 repeats) — did not overlap with
our prior research.

The Institutional Review Boards at the University of Wisconsin-Madison and Marshfield
Clinic approved all procedures and all participants signed informed consents.

Measures

Participants completed a questionnaire that provided information on whether they had a
child with a DD, as well as all other non-genetic measures for the current study.

Stress.

Life Events. Participants reported life events (positive and negative) that they personally
experienced during the past year (adapted from Abidin’s Parenting Stress Index; Abidin, 2012)
(Abidin, 2012). Participants selected events from a list of 22 items, such as divorce, going into

debt, and the birth of a child. Higher scores indicate a greater number of personal life events.
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Parenting Status. Participants reported whether their child had a DD (0 = no, 1= yes).
Children in the present study averaged 28 years of age, and thus when we refer to children we
are indicating that they are the mothers’ sons and daughters, not indicating a particular stage of
life. Children were considered to have a DD based on the Diagnostic and Statistical Manual — 5™
edition, including FXS, attention deficit hyperactivity disorder, learning disabilities (e.g.,
dyslexia), autism spectrum disorder, Down syndrome, cerebral palsy, and intellectual disability
(American Psychiatric Association, 2013). See Table 1 for further details.

[INSERT TABLE 1 HERE]

Cognitive Functioning.

Executive Function. Participants completed the Behavior Rating Inventory of Executive
Function-Adult Version (BRIEF-A) (Roth et al., 2005; Roth et al., 2013), a well-validated self-
report measure of executive function in daily life for adults. The BRIEF-A consists of 75-items
that yields an overall raw score of executive function (Global Executive Composite; GEC), made
up of two indices: Behavior Regulation Index (BRI) and Metacognitive Index (Ml). Participants
indicated the extent to which they experienced problems across nine domains: Inhibit, Shift,
Emotional Control, Self-Monitor, Initiate, Working Memory, Plan/Organize, Task Monitor, and
Organization of Materials, which together comprise the GEC. Each item was rated from 1
(never) to 3 (often). Raw scores for each domain were converted into t-scores, with higher scores
suggestive of greater executive difficulties in daily life. T-scores that exceeded 65 on any domain
indicated clinically-significant executive dysfunction in that area. The present study used the
GEC t-score as the indicator of self-reported executive function.

The BRIEF-A was previously standardized on a representative population sample of

1136 adults with Cronbach a coefficients ranging from .93-.96 and test-retest reliability ranging
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from .93-.94 across domains, with utility demonstrated in both clinical and non-clinical samples
(Christ et al., 2010; Rabin et al., 2006; Roth et al., 2005; Roth et al., 2013). The BRIEF-A has
been shown to correlate significantly with direct-assessment measures of executive function
(e.g., go/no go and trail making tests) in healthy adults (Erkkila et al., 2018) and in individuals
with disorders associated with executive dysfunction (Grane et al., 2014; Rouel et al., 2016;
Solsnes et al., 2014), indicating that the BRIEF-A is an ecologically valid measure of executive
function.

The BRIEF-A was standardized on participants ages 18-90. Since there were six
participants in the present sample who were over the age of 90, we checked all findings
excluding these participants, which did not change results. Therefore, the findings reported
below include all participants.

Self-reported Memory Problems. Participants answered the question: Do you have
problems with memory? Participants responded as 0 (no problems with memory), 1 (problems
with memory, but not diagnosed by a health professional), or 2 (diagnosed memory problems).

FMR1-related Variation.

DNA samples were obtained from cheek swabs and blood samples from all participants,
and were analyzed for CGG repeats in FMR1. Assays were completed at the Wisconsin State
Laboratory of Hygiene under the supervision of Mei Wang Baker, MD and the Rush University
Medical Center Molecular Diagnostics Laboratory under the supervision of Elizabeth Berry-
Kravis, MD, PhD, using procedures described previously (Klusek et al., 2020; Maenner et al.,
2013; Mailick et al., 2018; Seltzer et al., 2012).

Target Allele Selection. For all participants, the assays yielded CGG repeat data on the

FMR1 gene on both X chromosomes. Because we did not have activation ratio data, one X
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chromosome was selected for analysis in the present study as follows. We followed the approach
of Hunter et al. (2012), which was also taken in our prior work (Hong et al., 2021; Mailick et al.,
2017). We selected the longer allele in women who had one expanded (i.e., > 40 CGGs) and one
normal allele (i.e., between 26 and 40 CGG repeats; n = 397) and in the five cases who had two
expanded alleles. We selected the shorter allele in women who had one low allele (i.e., < 26
CGGs) and one normal allele (n = 191) and in women who had two low alleles (n = 79). We
randomly selected one allele for analysis in the present study in women who had two normal
alleles (n = 260), and also for those with one low allele and one expanded allele (n = 121). As
noted previously, prior preliminary work suggests possible effects of low zone alleles (Hong et
al., 2021; Mailick et al., 2020) and PM alleles (Klusek et al., 2020) on cognition with the
measures used here. As we did not have activation ratio data to determine which allele was
active, random allele selection for these individuals was implemented to reduce bias. A
description of allelic distributions is presented in Table 2. We refer to the selected allele as the
‘target’ allele.
[INSERT TABLE 2 HERE]

Statistical Analyses

Statistical analyses were performed using IBM SPSS Statistics, version 27 (IBM Corp.,
2019). Descriptive statistics and Pearson correlations among all study variables are presented in
Table 3. Maternal age and education were controlled in all subsequent analyses. Education was
ordinally coded on the following scale: 1 (less than high school), 2 (high school degree), 3
(college degree or equivalent), 4 (master’s degree or above).

As noted previously, we evaluated stress and CGG effects in three ways based on prior

research that reported mixed results regarding the form of the associations between these
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variables and cognition — linear effects of stress and CGGs, curvilinear (quadratic and cubic)
effects of CGGs, and interactions between stress and CGG terms (Cornish et al., 2011; Hong et
al., 2021; Hunter et al., 2008; Klusek et al., 2020; Klusek et al., 2018; Mailick et al., 2020;
Mailick et al., 2017; Mailick, Hong, Rathouz, et al., 2014). For executive function and memory
problems, the primary analyses involved two hierarchical regressions (one for each type of
stressor) that assessed the prediction that stress and FMR1 CGG repeat length would each
contribute to self-reported executive function difficulties or memory problems.

For both executive function and memory problem models, maternal age, education, and
each stress measure (i.e., life events, parenting a child with a DD) were entered into the first
block. To evaluate the linear effect of CGG repeats, the number of CGGs on the target allele was
entered into the second block. To evaluate curvilinear effects, in the third block of each
regression analysis, a quadratic term (CGG squared) was included; a fourth block included a
cubic CGG term. To evaluate interaction effects, in the final block of each regression analysis, an
interaction term between each measure of stress and CGG repeat length (linear, quadratic, and
cubic) was included. Tables including the interaction effects appear in Supplementary Materials,
as none of the interaction effects were significant. Effect sizes (f2) for the multiple regression
analyses are interpreted as small (.02), medium (.15), and large (.39) (Cohen, 1988). Regression
diagnostics were completed using Cook’s D based on the criteria D>4=(1-k-n) and no outliers
were observed.

Results
Descriptive Findings

Participants’ ages ranged from 28-96 years (M = 57.03, SD = 15.20). Almost all mothers
self-identified as White (99.0%). The majority of the mothers (63%) had graduated from college.

Their children ranged in age from <1 year to 71 years (M = 28.44, SD = 16.53). The number of
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children in each family ranged from 1 to 8 (M = 1.02, SD = 1.22). Of the mothers included in this
study, 31.1% had a child with a DD. Most participants (62.1%) had experienced at least one life
event in the past year (M = 1.23, SD = 1.41, Range = 0 - 9). GEC t-scores on the BRIEF-A
ranged from 35 to 93 (M = 50.01, SD = 10.48), similar to the normative population (Roth et al.,
2005; Roth et al., 2013). Only 9.6% of participants exceeded clinical cutoff on the GEC (i.e., t-
score > 65). Approximately 25% of participants (n=266) self-reported a memory problem (see
Table 3).

Correlations among study variables are depicted in Table 3. Notably, the objective
stressors were significantly inter-correlated (r =.170, p <.001). A follow-up t-test revealed that
mothers of children with a DD had experienced significantly more life events (M = 1.59, Range
= 0-8) from the past year than mothers of children who did not have a DD (M = 1.07, Range = O-
9; 1(532.94) =-5.09, p <.001, d =.35). Both executive function difficulty and memory problems
were significantly associated with each stressor and CGG repeat length (p-values < .001).
Executive function difficulty and memory problems were significantly correlated with each
other, with moderate effects (r = .359; p < .001).

[INSERT TABLE 3 HERE]
Multiple Regressions

Executive Function.

As shown in Table 4 total number of life events significantly predicted higher executive
function problems (b = 1.560, p < .001) with small effects (f 2=.07), with additional significant
cubic CGG effects (b = -.0002, p =.004, f2=.010). No significant effects were observed in the
interaction models (bs < -.003, p-values >.134). (See Supplementary Materials for tables

including interaction effects.)
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Greater executive function difficulties were also significantly predicted by parenting a
child with a DD (b = 3.435, p < .001) with small effects (f> = .048), with additional significant
cubic CGG effects (b = -.00002, p =.036, f2=.066). No significant interaction effects were found
(bs < .003, p-values >.062).

[INSERT TABLE 4 HERE]

For descriptive purposes, Figure 1 illustrates the cubic association of CGG repeats and
executive function. Mothers with CGG repeats at the low end of the CGG distribution (7-25
CGGs) and those in the mid-range (~80-110 CGGs) had higher levels of executive function
limitations. Conversely, mothers with the highest CGGs (>110) had lower levels of executive
function limitations.

[INSERT FIGURE 1 HERE]
Figure 1. Cubic association between CGG repeat length and executive function difficulty.

Memory Problems. As shown in Table 5, total number of life events significantly
predicted self-reported memory problems (b = .036, p = .001, f 2=.037), with significant cubic
CGG effects (b = - .0000009, p < .001, f 2= .025). Self-reported memory problems were also
predicted by parenting status (b = .175, p <.001, 2= .055), with significant cubic CGG effects (b
=-.0000007, p =.003, f2=.065). No significant findings were observed in the interaction
models for life events or parenting status (bs < .0002, p-values > .052).

[INSERT TABLE 5 HERE]

For descriptive purposes, Figure 2 illustrates the cubic association of CGG repeat length
and memory problems. Mothers with CGG repeats at the low end of the CGG distribution (7-25
CGGs) and mothers with CGG repeats between 100 and 130 had a greater likelihood of memory

problems than mothers with CGGs in the normative range and those with CGGs >130.
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[INSERT FIGURE 2 HERE]

Figure 2. Cubic association between CGG repeat length and self-reported memory problems.
Self-reported memory problems reflect the following scale: 0 (ho memory problems), 1
(problems with memory, but not diagnosed by a health professional), 2 (diagnosis of memory
problems).

Covariates. Both age and education were significant predictors of executive function
difficulty and self-reported memory problems across all models that included CGG repeat length
(p-values < .040).

Discussion

The present study evaluated the influence of FMR1 CGG repeat length (between 7-192
CGGs) and environmental stressors on self-reported cognitive functioning (i.e., executive
function and memory) in mothers. Importantly, CGG repeat length and environmental stressors
(life events, parenting a child with a DD) independently predicted variability in cognition across
all models after age and level of education were controlled. To date, this study represents the
largest sample in which the association between cognitive functioning, stress, and FMR1 CGG
repeat length has been studied. By taking a continuous approach to evaluating FMR1-related
effects on cognitive functioning, and by assessing mothers of non-disabled children as well as
children with a diverse range of DDs, this study advances understanding of how both
environmental and genetic factors influence self-reported cognitive functioning at the population
level.

The FMRL1 gene plays an essential role in brain development and functioning across the
lifespan (Allen et al., 2005; Cornish et al., 2008; Darnell et al., 2011; Hocking et al., 2019; Huber
et al., 2002; Shelton, Cornish, Clough, et al., 2017). Historically, examination of behavioral
phenotypes associated with FMR1-related variability (e.g., CGG repeat length) have largely

focused on individuals with FXS, the gray zone, or the PM, with some exceptions (Hunter et al.,
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2008; Kim et al., 2019; Klusek et al., 2018; Mailick et al., 2017). Many prior assessments of
cognition associated with CGG expansions in the FMR1 gene involved group comparisons,
typically between PM carriers and individuals with the normal range of CGGs (i.e., less than 41
repeats) (Hippolyte et al., 2014; Hunter et al., 2008; Shelton, Cornish, & Fielding, 2017; Shelton
et al., 2016). With a continuous analysis of CGG repeats across a wider range, as in the present
study, the interpretation of the relationship between FMR1-related variation and phenotypic
expression can be advanced. Our findings revealed cubic effects of CGG repeats on executive
function and self-reported memory problems, but not interactions with stress across all models.

Though prior work has noted that mothers of children with FXS, who are themselves
carriers of the FMR1 PM, may exhibit differences in some aspects of cognitive functioning
(Shelton, Cornish, & Fielding, 2017; Shelton et al., 2014; Shelton et al., 2016), our findings
indicate cognitive heterogeneity within this group. Specifically, cubic CGG effects were
observed in predicting executive function and self-reported memory problems, whereby mothers
with CGGs in the PM mid-range (~80-110 CGGs) had more difficulties with executive function
and memory problems, but those at the higher end of the range (>110 repeats) had fewer
difficulties.

The CGG effects on executive function are somewhat similar to those observed in past
research within the PM range. Klusek et al. (2020) found quadratic CGG effects on BRIEF-A
Inhibit subscale scores among PM carriers (who overlap in part with this study sample) such that
females with > 110 repeats evidenced fewer difficulties with executive function compared to
those with mid-range CGG repeats (~80-110). Moreover, prior work has shown divergent
patterns of performance on items from the BRIEF-A among PM carriers who have PM/full

mutation mosaicism (who overlap with this study sample; Mailick et al., 2018) (Mailick et al.,
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2018). That is, PM carriers who had full mutation mosaicism had fewer problems with executive
function than PM carriers without full mutation mosaicism (Mailick et al., 2018). Thus, perhaps
in part due to PM/full mutation mosaicism, individuals at the higher range of the CGG
distribution may be somewhat protected against difficulties in cognitive functioning. The CGG
effects observed in the present study reflect small, but significant associations with cognition,
and although these patterns do not indicate clinically meaningful differences, they instead
provide insight into how CGG repeat length may influence cognition incrementally in the
general population, consistent with recent work (Hong et al., 2021).

The lack of interaction effects indicates that in the present analysis, stress did not have an
enhancing or mitigating effect when evaluated across the wide range of the CGG distribution.
Rather, stress and CGGs appear to have independent influences on cognition. One reason why
the present results may diverge from past research on PM expansions is that only 13.4% of the
sample members had CGG repeats in the PM range, and thus the incremental, additive effects of
CGG repeats across a much wider range (7-192 repeats) became evident. The use of a continuous
measure of CGG repeats from the low through PM range was a fundamental aspect of the present
research design, and is an approach that has been recently used to evaluate genotype-phenotype
associations in the general population (Hong et al., 2021). We pursued a continuous (Vs.
categorical) approach because comparisons between specific categories of the CGG distribution
might have obscured the quantitative association of CGGs and outcomes, especially as not all
categories have universally recognized cut-off points (e.g., gray zone, low zone). It is also
possible that our allele selection method, particularly for those with both low and expanded

alleles, may have influenced results. However, we did not have activation ratio data that would
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indicate which allele was active. Thus, randomly selecting one allele was an attempt to reduce
bias and support our goal of examining CGG effects across the low through expanded range.

Limitations in executive function and memory problems represent distinct aspects of
cognition. Higher scores on the BRIEF-A reflect difficulty sitting still and waiting, the
propensity to make untactful remarks, and the tendency to complete tasks in a hurried manner. In
contrast, the endorsement of memory problems reflects the self-perception that one has
difficulties with everyday memory, and not necessarily a clinical diagnosis of memory problems.
Importantly, the present results suggest that CGG repeat number from low through the PM range
is predictive of cognitive variation above and beyond both demographic factors (age and
education) and environmental stressors. Replication of the current findings is necessary, and
research examining the basic biological functions of the FMR1 CGG repeat is needed to fully
understand these effects.

The results confirm past findings that environmental stressors affect cognitive
functioning (Diamond, 2013; Heyman & Hauser-Cram, 2015; Song et al., 2016). First, life
events were related to cognitive functioning limitations. The life events endorsed by participants
encompassed a wide range, such as the birth of a child, increased income, and moving to a new
home. A prior meta-analysis of the relationship between life events and subjective well-being
(including cognitive well-being) found that cognitive well-being varied in response to the
presence of life events, both positive and negative, which may simply be an indication that life
change is stressful and can affect cognition (Luhmann et al., 2012). Second, parenting a child
with a DD was adversely associated with both executive function and memory problems. Our
findings also revealed that mothers of children with DDs experienced more life events during the

past year than mothers of typically developing children, indicating more environmental stressors
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for these individuals. These findings are likely not attributable to parenting a child with FXS
specifically, as the majority of mothers of children with DDs reported other diagnoses (e.g.,
autism, ADHD, etc.). Nevertheless, it is possible that child behaviors, rather than the child’s
condition itself, may have influenced stress in different ways among the mothers included here.
Given the range of diagnoses within the children with DDs, there may have been varying levels
of problem behaviors. Unfortunately, measures of child behavior problems were not available for
the population-based sample in the present research, so this possibility could not be tested here.

In addition to stress and CGG repeat effects, age and education each significantly
contributed to variance in cognitive functioning, consistent with prior research (Fjell et al., 2017;
Harada et al., 2013; Klusek et al., 2020). Prior work shows that age-related cognitive problems
are most pronounced for individuals with lower levels of education (Taylor et al., 2018). The
present research suggests that studies of the relationships between variation in the FMR1 CGG
repeat number and behavioral phenotypes should consider additional individual and
environmental factors to accurately evaluate the magnitude of FMR1-related influences.
Study Strengths, Limitations, and Future Directions

This study had several notable strengths. First, the availability of DNA and FMR1 CGG
repeat assays across the range of CGG repeats (up to 192) enabled robust examination of the
effects of FMRL1 repeat-related variability on self-reported cognitive functioning. Second, we had
a large sample size, which drew primarily from a population-based biobank. Third, this study
was strengthened by consideration of objective, environmental stressors including life events and
parenting a child with a DD, providing a thorough test of the research aims evaluated here.
Finally, the DD diagnoses in these children were diverse, further contributing to the

generalizability of study findings.
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This study also had some limitations. Although the sample was diverse with regards to
age and the range of FMR1 repeat-related variation, the participants in the sample were racially
and ethnically homogenous. Additionally, many prior reports of associations between cognitive
functioning and FMR1 CGG expansions have included direct-assessment measures, whereas the
present study relied on self-report. The study’s large sample size precluded direct testing of
>1000 individuals. Although PM carriers constituted only a small portion of the present sample,
it has been suggested that such individuals may over-report symptoms not evidenced on
neurological exam (Birch et al., 2016; Hall et al., 2016). However, there is also extant literature
confirming significant associations between cognitive functioning and CGG repeat length using
both direct-assessment and self-report measures across the CGG range (Hunter et al., 2008;
Kraan et al., 2014), suggesting the validity of self-reported results. Indeed, we observed
heterogeneity of cognitive functioning within the PM sample showing that individuals at the
higher end of the CGG distribution (who also had PM/full mutation mosaicism) performed
similarly to, and in some cases better than, individuals below the PM range of the CGG
distribution. Interestingly, Hunter et al. (2008) discussed the possibility that individuals who
participate in research may be less likely to have cognitive difficulties.

Another limitation of the present study is that the only FMR1-related biomarker available
for the study participants was CGG repeat number. Inclusion of FMRL1 activation ratio, mRNA,
and FMRP levels would greatly enhance understanding of the processes investigated here, such
as the influence of PM/full mutation mosaicism on cognitive functioning. Additionally,
interpretation of these findings can only be extrapolated to mothers. Studies of males and/or
fathers, or women who do not have children, across the CGG range would clarify

generalizability of these findings. Finally, the participants in the present study were recruited
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using multiple methods, including drawing from a 20,000-person population-based biobank and
via a national sample of PM carriers who were identified clinically after a child was diagnosed
with FXS. Some prior research similarly used cohorts recruited via multiple sources (Albizua et
al., 2017; Allen et al., 2020; Allen et al., 2004; Sullivan et al., 2005). Although this approach
made it possible to include participants with repeats ranging from 7 to 192 CGGs, in future
research, it would be advantageous to use a single method of recruitment across diverse samples,
but that would require access to much larger population biobanks.
Conclusions

Findings from the present study highlight the importance of separately considering the
role of stress and FMR1-related variability in studies of cognitive functioning. Both stress and
CGG repeat length independently predicted variation in self-reported executive function and the
likelihood of memory problems. Mothers of children with a range of DDs, as well as mothers
experiencing other sources of stress, face challenges with cognitive functioning. It is critical that
clinicians who work with families of individuals with DDs consider these factors, particularly as
they relate to the demands placed on mothers to support their child. Future work should
incorporate multiple dimensions of FMR1-related biomarkers and objective cognitive testing to

advance understanding of genotype-phenotype associations at the population level.
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Figure 1. Cubic association between CGG repeat length and executive function difficulty.
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Figure 2. Cubic association between CGG repeat length and self-reported memory problems.
Self-reported memory problems reflect the followmg scale: 0 (no memory problems), 1
(problems with memory. not diagnosed by a health professional), 2 (diagnosis of memory
problems).
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Table 1. Conditions of children of participating mothers

Condition Frequency  Percentage (%)
None 721 68.5%
Fragile X Syndrome! 141 13.4%
ADHD 116 11.0%
Learning disabilities 28 2.7%
Other DDs? 25 2.3%
Autism spectrum disorders 22 2.1%
Total 1053 100.0%

1140/141 cases of FXS were derived from the clinically-ascertained sample.

Zincluding cerebral palsy, Down syndrome, intellectual disabilities.
Note: Some mothers in the present study had more than one child with a DD (developmental disability). The

conditions of the children within each family were independently reviewed by three experienced raters (authors
LSD, MM, and JH) and the condition determined to be most severe was reported above in Table 1.
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Table 2. Target allele selection method and CGG repeat lengths across the CGG allele types.

CGG Allele Types

(Long Allele-Short Allele)

Target Allele
Selection Method

Target

(Selected) Allele
M(SD), Range

Non-Target

(Non-Selected) Allele

M(SD), Range

Low-Low
(n=79)
Normal-Low
(n=191)
Normal-Normal
(n = 260)
Gray-Low
(n=75)
Gray-Normal

(n = 276)
Premutation-Low
(n = 46)
Premutation-Normal
(n=121)
Premutation-Gray
(n=5)

CGG Shorter
Allele

CGG Shorter
Allele

Randomly Selected

Randomly Selected

CGG Longer
Allele

Randomly Selected

CGG Longer
Allele
CGG Longer
Allele

19.56 (2.52)
7-24
20.92 (2.52)
10-25
30.85 (2.69)
26-40
33.33 (11.75)
20-52
44.97 (3.36)
41-54
46.56 (32.63)
16-115
90.24 (22.34)
55-192
89.40 (22.55)
56-115

21.29 (1.46)
18-25

31.27 (3.13)
26-40
30.52 (2.28)
26-40
33.47 (12.69)
9-53
31.30 (2.37)
26-40
61.47 (34.65)
17-123
30.26 (1.59)
27-40
44.40 (3.44)
41-50

Note: Alleles are characterized based on the following CGG repeat ranges: Low (<26), Normal (26-40), Gray

(41-54), Premutation (55-200).



Table 3. Correlations between cognitive functioning, age, education, stress, and CGG repeat length

Self-Reported

. . Parenting | . CGG Target BRIEF-A
Variable Age  Education Status Life Events Allele Memory GEC
Problems

Age --

Education -.282%** --

Parenting Status -120%**  166*** --

Life Events -.164** -.020 A70%** --

CGG Target Allele 011 142%**  AQ6*** <.001 --

Self-Reported Memory Problems  .107***  -093**  156*** 131x** 119*** -

BRIEF-A GEC A13%** - 122%**  119*** .199*** .066*** .359%** --
(1) 3.0%

57.01 (2) 34.0% ot 1.23 40.20 .25 49.99

M (SD) (15.17) 53; 47205 31:5% (1.41) (23.40) (.43) (10.48)

4) 15.7%

Note: Education was coded as 1 (less than high school), 2 (high school degree), 3 (college degree or equivalent), 4 (master’s degree or above). Parenting
status is dichotomized (0 = no child with a DD, 1 = child with a DD). Participant Ns ranged from 983 to 1053. GEC: Global executive composite.

*xxp < 001; **p < .010

“Represents percentage of mothers of a child with a DD



Table 4. Results of Ordinary Least Square (OLS) Regression Models: Stress and CGG Repeat Length Predict Global Executive
Function.

A. Life Events Model 1 Model 2 Model 3
(n=945) b S.E. p b S.E. p b S.E. p
(Constant) 46.648 2.180 <.001 45940 2.191 <001 50.299 2951 <.001
Age 083 .023 <.001 079 .023 .001 .080 .023 .001
Maternal Ed. -1.176 464 011 -1.378 469 .003 -1559 472 .001
Life Events (Self) 1560 .239 <.001 1563 .238 <.001 1542 .237 <.001
CGG (Linear) -- - - 036 .014 011 -213 107 .047
CGG (Quadratic) -- - - -- -- - .004 .002 .007
CGG (Cubic) -- -- -- -- -- - -0002 .000 .004
R? 063 .069 .078

B. Parenting Model 1 Model 2 Model 3
Status b S.E. p b S.E. p b S.E. p
(n=979)
(Constant) 49.627 2.083 <.001 49.412 2097 <001 51.965 2.902 <.001
Age 069  .023 .003 067 .023 .004 066 .023 .004
Maternal Ed. -1.699 463 <.001 -1.752 467 <001 -1.867 .469 <.001
Parenting Status 3435 712 <001 3.159 774 <001 2904 .799 <.001
CGG (Linear) -- -- - 014 016 .364 -139 .109 .203
CGG (Quadratic) -- -- -- -- -- -- .003 .002 .075

, -- -- - - - -- - .000 .036
CGG (Cubic) 00002

R? 045 049 .051

Note: Significant effects of key predictors noted in bold.



Table 5. Results of Ordinary Least Square (OLS) Regression Models: Stress and CGG Repeat Length Predict Memory Problems.

A. Life Events Model 1 Model 2 Model 3
(n=993) b SE. p b S.E. p b S.E. p
(Constant) 065 .094 492 013 .094 .889 295 125 .889
Age .004 .001 <.001 .004 .001 <.001 .004 .001 <.001
Maternal Ed. -028 .020 162 -.042 .020 .039 -.053 .020 .040
Life Events (Self) 036 .010 .001 .036 .010 .001 .034 .010 .001
CGG (Linear) - - -- .003 .001 <.001 -.012 .004 190
CGG (Quadratic) -- -- -- -- -- -- .0002 .00006  .978
CGG (Cubic) -- -- -- -- -- -- -.0000009 .0000002 <.001
R? .029 .046 .060
B. Parenting Status Model 1 Model 2 Model 3
(n=1034) b S.E. p b S.E. p b S.E. p
(Constant) 126 .087 150 .099 .088 .257 304 120 011
Age .004 .001 <001 .003 .001 .001 .003 .001 .001
Maternal Ed. -050 .019 011 -054 .020 .005 -.062 .020 .002
Parenting Status 175 030 <001 .145 .033 <.001 123 .034 <.001
CGG (Linear) -- -- -- .002 .001 .019 -.009 .004 .029
CGG (Quadratic) -- -- -- -- -- -- .0002 .00006  .005
CGG (Cubic) -- -- -- -- -- -- -.0000007 .0000002 .003
R? .049 .054 .062

Note: Significant effects of key predictors noted in bold.
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Supplementary Materials

Table S1. Results of Ordinary Least Square (OLS) Regression Models: Stress and CGG Repeat Length
Do Not Predict Global Executive Function.

A. Life Events Model 1
(n=945) b S.E. p
(Constant) 51.184 3411 <.001
Age .080 .023 .001
Maternal Ed. -1.610 471 .001
Life Events (Self) 2.522 1.604  .116
CGG Linear -.238 138 .086
CGG Quadratic .004 .002 .033
CGG Cubic -.00002 .000008 .025
CGG x LE (Linear) -.090 .092 329
CGG x LE (Quadratic)  .002 .001 145
CGG x LE (Cubic) -.00001 .000007 .063
R? .086

B. Parenting Status Model 1
(n=979) b S.E. p
(Constant) 51.015 3.308 <.001
Age .065 .023 .005
Maternal Ed. -1.870 469 <001
Parenting Status 5.172 3.957 192
CGG Linear -.086 150 566
CGG Quadratic .002 .002 .268
CGG Cubic -.00004 .000009 .051
CGG x LE (Linear) -.120 194 536
CGG x LE (Quadratic)  .001 .002 536
CGG x LE (Cubic) .00002 .00003 .600

R? 051
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Table S2. Results of Ordinary Least Square (OLS) Regression Models: Stress and CGG Repeat
Length Do Not Predict Self-Reported Memory Problems

A. Life Events Model 1

(n=993) b S.E. p
(Constant) .283 147 .054
Age .003 .001 .001
Maternal Ed. -.053 .020 .009
Life Events (Self) .052 .066 439
CGG Linear -.009 .006 117
CGG Quadratic .0002 .00009 .526
CGG Cubic -.0000007 .0000003 .055
CGG x LE (Linear) -.002 .004 .053
CGG x LE (Quadratic)  .00005 .00006 .364
CGG x LE (Cubic) -.0000003 .0000003 .359
R? .065

B. Parenting Status Model 1
(n=1034) b S.E. p
(Constant) .187 139 77
Age .003 .001 .001
Maternal Ed. -.062 .020 .001
Parenting Status 311 .165 .059
CGG Linear -.002 .006 782
CGG Quadratic .00008 .00009 .378
CGG Cubic -.0000009 .0000003 .005
CGG x PS (Linear) -.011 .008 158
CGG x PS (Quadratic) .0001 .00009 .106
CGG x PS (Cubic) .000002  .000002 .455

R? .070




