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Abstract

Approximately one third of children with autism spectrum disorder (ASD) reportedly lose skills
within the first three years, yet a causal mechanism remains elusive. Considering evidence of
strong genetic effects for ASD and findings that distinct phenotypes in ASD associate with
specific genetic events, we examined rates of parent-reported regression in the Simons Simplex
Collection with likely gene disrupting (LGD) mutations from five distinct classes: FMRP target
genes, genes encoding chromatin modifiers, genes expressed preferentially in embryos, genes
encoding postsynaptic density proteins, and essential genes. Children with ASD and mutations in
postsynaptic density genes were more likely to experience regression, while a trend suggested that
children with ASD and mutations in embryonic genes were /ess likely to have skill losses.

Keywords
autism; ASD; simplex; regression; genetics; mutation; exome

Corresponding authors: Robin P. Goin-Kochel, Ph.D., Autism Center, Texas Children's Hospital, 8080 N. Stadium Drive, Ste. 180,
Houston, TX 77054; kochel@bcm.edu, Telephone: 832-824-3390, Facsimile: 832-825-9065; Raphael Bernier, Ph.D., University of
Washington, Box 357920, CHDD BIdg. 314D, Seattle, WA 98195; rab2@uw.edu, Telephone: 206-685-7585, Facsimile:
206-598-7815.

Both authors contributed equally to this work.
Robin P. Goin-Kochel, Department of Pediatrics, Baylor College of Medicine; Autism Center, Texas Children's Hospital. Sandy Trinh,
Department of School Psychology, University of Washington. Shelley Barber, Department of School Psychology, University of
Washington. Raphael Bernier, Department of Psychiatry, University of Washington; Center on Human Development and Disability,
University of Washington.

Conflict of Interest: Robin P. Goin-Kochel declares that she has no conflict of interest. Sandy Trinh declares that she has no conflict of
interest. Shelley Barber declares that she has no conflict of interest. Raphael Bernier declares that he has no conflict of interest.

Compliance with Ethical Standards

Ethical approval: All procedures performed in studies involving human participants were in accordance with the ethical standards of
the institutional and/or national research committee and with the 1964 Helsinki declaration and its later amendments or comparable

ethical standards.

Informed consent: Informed consent was obtained from all individual participants included in the current study through their initial

participation in the Simons Simplex Collection.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Goin-Kochel et al.

Page 2

Developmental regression—the /oss of previously acquired skills—in children with autism
spectrum disorder (ASD) is reported by parents in approximately one third of affected
children (Baird et al., 2008; Goldberg et al., 2003; Luyster et al., 2005; Werner, Dawson,
Munson, & Osterling, 2005) at an average age of 21.4 months (Barger, Campbell, &
McDonough, 2013). Several studies indicate a poorer prognosis for those with a history of
regression (Giannotti et al., 2008; Matson, Wilkins, & Fodstad, 2010), with the bulk of this
literature focused on cognitive and adaptive-functioning outcomes (Bernabei, Cerquiglini,
Cortesi, & D’Ardia, 2007; Goin-Kochel, Esler, Kanne, & Hus, 2014; Lord, Shulman, &
DilLavore, 2004; Richler et al., 2006; Shumway et al., 2011). Although regression has been
reported as largely unique to ASD relative to other developmental disorders (Pickles et al.,
2009), the cause of skill loss in children with ASD is unknown. Many parents vehemently
believe that regression is triggered by vaccines (Goin-Kochel & Myers, 2005; Goin-Kochel,
Mire, & Dempsey, 2015; Offit, 2008), although numerous epidemiological studies do not
support this theory (e.g., DeStefano & Chen, 2001; Fombonne & Chakrabarti, 2001; Madsen
et al., 2002; Parker et al., 2004; Taylor, Swerdfeger, & Eslick, 2014). Other investigators
have examined risk factors for regression in ASD, demonstrating the regressive subtype to
be associated with a family history of autoimmune thyroid disease (Molloy et al., 2006),
abnormal brain enlargement among affected preschool-aged males (Nordahl et al., 2011),
and increased rates of seizures and family history of neuropsychiatric disorders (Zhang et
al., 2012), yet a clear biological mechanism or pathway remains elusive.

Given that ASD has strong genetic underpinnings (Bailey et al., 1995; Beaudet, 2007;
Geschwind, 2011; Muhle et al., 2004; Ozonoff et al., 2011; Steffenburg et al., 1989;
Szatmari et al., 1998), recent efforts have focused on identifying genetic contributions to
regression in ASD. Molloy, Keddache, & Martin (2005) found evidence for linkage on 21q
and 7q in a sample of children with ASD and regression, although Parr and colleagues
(2006) found limited support for this association. Using data from full-biological siblings in
the Autism Genetic Resource Exchange (AGRE), Goin-Kochel, Abbacchi, Duku, and
Constantino (2010) used intraclass correlation coefficients (ICCs) to measure the degree to
which there was variation in regression status between versus within sibships. Among non-
twin siblings concordant for ASD, ICCs were small but significant for “social-engagment
loss” or “any loss.” Among monozygotic (MZ) and dizygotic (DZ) twins that included
concordant and discordant pairs, MZ-twin ICCs showed moderate correlations ranging
from .27 to .34, whereas those for DZ twins were negligible, suggesting familiality for
regression in ASD. However, researchers examining comparable data from the International
Molecular Genetic Study of Autism Consortium (IMGSAC) found that concordance for
regression was 18.9%, which was only modestly above the rate expected under
independence (13.5%), leading them to conclude that there was not enough evidence to
support familiality for regression aside from that already associated with ASD (Parr et al.,
2011).

Recent work suggests that the behavioral heterogeneity observed in ASD may be due to the
etiological heterogeneity, prompting a shift toward a genetics-first approach in
understanding ASD (Stessman et al., 2014; Spiro et al, 2012). Indeed, recent efforts indicate
distinct phenotypes within ASD are associated with specific genetic events. For example,
increased rates of gastrointestinal disturbances and macrocephaly are associated with
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mutations to CHDS& (Bernier et al., 2014), differences in white matter and macrocephaly are
linked with PTEN mutations (Frazier et al., 2014), and distinct facial features and feeding
disturbances are tied to DYRK1A mutations (Deriziotis et al., 2014). Further, gene
mutations falling within certain functional networks impact phenotypes, as well. For
example, disruptions to genes affecting chromatin remodeling are linked with head size,
with some mutations linked to microcephaly and others within the cluster linked to
macrocephaly (O’Roak et al., 2014). The mixed findings observed in the literature regarding
the genetic contributions to regression in ASD may similarly be confounded by the
etiological heterogeneity in studied samples such that distinct genetic events may contribute
differently to the presence or absence of regression in ASD.

In order to clarify and extend the current mixed findings in the literature regarding the
potential genetic contribution to regression in ASD, we capitalized on recently reported
genetic findings in a large cohort of children with ASD. The Simons Simplex Collection
(SSC) is a sample of 2800 rigorously characterized and carefully phenotyped families with
one child with ASD (Fischbach & Lord, 2010). The SSC has provided a valuable resource
for gene discovery (O’Roak et al., 2010, 2012, 2012; Sanders et al., 2011, 2012; lossifov et
al., 2014). Most recently, whole exome sequencing of the SSC revealed that de novo
mutations, including copy number variations, contribute to about 30% of all simplex cases of
ASD and up to 45% of all simplex female cases and that the identified likely gene disrupting
mutations primarily included chromatin modifiers, FMRP-associated genes, and
embryonically expressed genes. The purpose of the current study was to examine the
relationship between de novo genetic mutations and skill loss in ASD by comparing rates of
parent-reported regression in the SSC with likely gene disrupting (LGD) mutations from five
distinct classes identified by lossifov and colleagues (2014).

Participants were 2508 children (86% male; M[SD)] age = 8.9 years [3.6 years], range = 4
years to 17 years, 11 months; 78% White; 89% non-Hispanic) who had participated in the
Simons Simplex Collection (V= 2477; SSC; Fischbach & Lord, 2010) or had participated in
an ongoing study of individuals with ASD and likely gene disrupting mutations (V= 31) and
who had available genotype data. The SSC is a repository of clinical and genetic data from
families who have a single child diagnosed with ASD and no other first- through third-
degree relatives with ASD or suspected ASD (see Fischbach and Lord [2010] for
information about inclusion/exclusion criteria and recruitment tactics). All probands had
confirmed ASD based on clinical judgment and research-reliable administrations of both the
Autism Diagnostic Observation Schedule (ADOS; Lord, Rutter, DiLavore, & Risi; 1999)
and the Autism Diagnostic Interview—Revised (ADI-R; Rutter et al. 2003).

Regression was operationalized using data from the ADI-R (Rutter et al., 2003). For the
purposes of this study, we focused on the most salient losses that are likely the result or
hallmark of ASD so as to enhance the potential for detecting a genotype-phenotype
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relationship. In this vein, regression-case status was defined as both language loss (#11 = 1)
and social-skill loss (#25 > 0) at or before the age of 36 months, as our prior work showed
these to be the most common types of skill losses in the SSC (Goin-Kochel, Esler, Kanne, &
Hus, 2014). The reason for limiting the focus of regression to losses at/before 36 months is
because we cannot be assured that regressions occurring after age three are truly associated
with the child’s ASD. A small number of children with ASD reportedly experience skill loss
after age three—approximately 2—3% in the SSC—Dbut often these losses can be attributed
to some known problem/event (e.g., regression following head injury, encopresis following
bowel obstruction). Additionally, Goin-Kochel and colleagues (2014) observed that children
with ASD in the SSC who experienced regression had significantly lower cognitive-
functioning and adaptive-functioning scores than their counterparts without regression,
which further validates the need to examine potential underlying mechanisms of skill loss.

Procedures and Data Analysis

Results

Data for version 15 of the SSC were downloaded from the SFARI website and imported into
SAS® 9.3 for cleaning and merging files to create the final dataset. Descriptive statistics
were used to characterize the sample demographically, as well as to calculate the frequencies
of skill loss. LGD mutation data were extracted from published exome sequencing
experiments on 2508 individuals with ASD from the SSC collection (lossifov et al., 2014) or
who had participated in an ongoing study of individuals with ASD with LGD mutations
falling into one of six functional clusters. For our analysis, a dichotomous variable was used
to indicate the presence of any identified LGD mutation for each participant. lossifov and
colleagues (2014) further classified mutations into 6 functional clusters: FMRP target genes,
genes encoding chromatin modifiers, genes expressed preferentially in embryos, genes
encoding postsynaptic density (PSD) proteins, essential genes, and genes identified as
Mendelian disease genes. Because many genes fall into more than one category, a given
participant could have a mutation or mutations falling into multiple functional pathways;
however, for the current analysis, only individuals with LGD mutations falling into one
functional cluster were included for nonparametric analyses examining the relationship
between functional clusters and regression. This restricted the sample, but provided a cleaner
signal for genotype-phenotype comparisons.

Analysis first included nonparametric assessment of presence of LGD mutation and gender
on rate of regression. Subsequent nonparametric analysis examined the relationship between
LGD mutations within functional clusters on rate of regression across genders. Given the
restricted sample size, both genders were combined for functional mutation analyses. To
account for multiple comparisons within functional mutation clusters, a stricter p value of .
01 was utilized to establish statistical significance.

In the sample of 2508 children overall, 768 (31%) children reportedly had either language or
social loss and 295 (12%) children had a reported loss in both domains. A trend toward
overall decreased rates of regression in girls was observed (Xz(l) =3.6, p=.057, ® =.038),
with 8.7% of girls and 12.3% of boys having a language + social loss. Chi square (Xz(l) =
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3.3, p=.07) indicated no differences in regression rates between individuals with any type
of LGD mutation (V= 35 of 388 with regression) and those without (/= 260 of 2120
without regression; see descriptive information in Table 1). However, significantly higher
rates of regression (2-sided Fisher’s Exact p=.01, ® =.175, small effect size [Fisher’s
computed given sample size]) were observed in individuals with mutations to post-synaptic
density genes (V=4 of 11 with mutations to PSD genes) relative to children with mutations
to other genes (V= 27 of 342 with any LGD mutation). A trend (2-sided Fisher’s Exact p=.
09, @ =.101, small effect size [Fisher’s computed given sample size]) was observed toward
decreased rates of loss in individuals with mutations to genes expressed preferentially in
embryos (V=0 of 31 with mutations to embryonically expressed genes) compared to
children with mutations to other genes (V= 32 of 312 with any LGD mutation). Similarly, a
trend toward increased rates of loss (2-sided Fisher’s Exact p= .02, ® = .150, small effect
size [Fisher’s computed given sample size]) was observed in individuals with mutations to
essential genes (V= 4 of 14 with mutations to essential genes) relative to children with
mutations to other genes (V= 24 of 306 with any LGD mutation). As shown in Figure 1, no
children with LGD mutations to embryonic genes had a loss, while 36% of children with
post-synaptic density gene mutations experienced regression and 29% of children with LGD
mutations to essential genes experienced regression. Mutations to FMRP target genes and
genes encoding chromatin modifiers were not related to regression rates. Gene descriptions
for those who exhibited regression can be found in Appendix 1, while additional clinical
characteristics of those who exhibited regression can be found in Appendix 2.

Discussion

The current study aimed to clarify the discrepant findings in the literature regarding genetic
risk for loss in ASD by examining whether distinct genetic events contribute differently to
the presence or absence of regression. These findings highlight the potential contribution of
specific LGD mutations (e.g., post synaptic density proteins) to regression in ASD and
underscore the relevance of understanding genotypic variability to the regression phenotype.

Given the rarity of individual LGD mutations, the examination of de novo mutations falling
into distinct functional clusters increases power to detect relationships. However, even with
this approach, sample sizes remain small, limiting power. This is compounded by the
observation that the relationship between LGD mutations and regression is complex, given
some children have more than one LGD mutation and that some LGD mutations fall into
multiple functional pathways.

However, in children with ASD and with disruptions to genes involved in postsynaptic
density proteins, we observed significantly higher rates of regression. Proteins localized to
the postsynaptic density (PSD), a region of specialization of the postsynaptic neuron’s
cytoskeleton at the synaptic junction, play a role in the regulation of synaptic function in
human neocortex, as well as cell adhesion and signaling (Bayés et al., 2011). In the case of
regression, it is possible that foundational synaptic functions are established, allowing for
intact neural systems underlying social and behavioral functioning and the development of
early foundational skills. However, given the key role in activity dependent synaptic
plasticity of these proteins (Meyer et al., 2014), these foundational skills are then lost as
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necessary synaptic pruning and fine-tuning of these circuits fail. Relevantly, the structure
and composition of postsynaptic densities have been shown to vary with developmental
timing, with different proteins preferentially expressed during synaptic formation (e.g.,
SAPI102and NR2B) and synaptic remodeling and differentiation (e.g., PSD-95and NRZA,;
Swulius, Kubota, Forest, & Waxham, 2010). Disruptions in genes coding for PSD proteins
primarily involved later in developmental timing would disrupt synaptic remodeling and
differentiation (Elias et al., 2006) but would leave intact the process of synaptic formation.
This developmental timing-dependent involvement of PSD proteins may underlie the
behavioral regression seen following apparently typical development observed with some
PSD gene disruptions. Interestingly, in the absence of certain PSD proteins, expression of
functionally similar PSD proteins may increase as a compensatory mechanism (e.g.,
SAP102and PSD-95; Murata & Constantine-Paton, 2013).

In addition to loss-of-function effects, which reduce or abolish functional levels of coded
proteins at the post-synaptic density, gain-of-function effects may occur when PSD
mutations lead to the retention of misfolded protein products in the endoplasmic reticulum
(ER; Comoletti et al., 2004; Zhang et al., 2009). ER retention triggers the Unfolded Protein
Response (UPR), a stress-induced signaling cascade that enhances protein folding, increases
protein degradation, and decreases translation of the misfolded protein (Chakrabarti, Chen,
& Varner, 2011). Prolonged UPR may result in altered neuronal function and even cell death
(Matus, Glimcher, & Hetz, 2011). This secondary gain-of-function effect has been linked to
several ASD-associated PSD genes (e.g., Fujita et al., 2010; Falivelli et al., 2012) and could
also contribute to behavioral regression reported in individuals with ASD. Additionally, a
gain-of-function mutation causing misfolded NLGN3 cell-adhesion proteins produces
downstream upregulation of a long term potentiation inhibitor protein CREB-2, ultimately
disrupting synaptic remodeling and differentiation (Momoi, Fujita, Senoo & Momoi, 2010).
Anatomically, decreased pruning has been associated with increased head size (Courchesne
etal., 2011; Pierce & Eyler, 2011), and increased rates of regression have been associated
with increased head size (Nordahl et al., 2011), lending support for a complex relationship
between risk factors and ASD.

In contrast to the above patterns, we observed a trend suggesting that children with
mutations to embryonically expressed genes may have a lower rate of regression. This hints
at the possibility that disruption to functioning of these genes results in faulty neural
architecture at early stages, thereby disrupting underlying social and behavioral functioning
at the outset of development. As such, the neural systems are unable to function even at
foundational levels such that early social communicative skills are never able to develop and,
subsequently, regression never occurs. We also observed a trend suggesting that children
with disruptive mutations to essential genes may have a higher rate of regression. This
finding of a trend toward increased regression is observed in published reports of genetics-
first studies of ASD. For example, Bernier et al. (2014) reported on 15 children with CHD8
loss of function mutations, a gene falling into the essential gene cluster, for which 47% had
regression. The rate for this particular gene exceeds our observed rate of 29%, which spans
multiple genes. Essential genes are characterized by an enrichment of functional categories
related to gene expression, cell growth, cell death, and cell proliferation (Georgi, Voight, &
Bucan, 2013). Similar to PSD genes, essential genes have been found to be differentially
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expressed throughout various stages of development. For example, some essential genes
involved in transcriptional regulation are preferentially expressed in early prenatal
development (e.g., HDACI; Li et al., 2015) while others play an important role during
postnatal development (e.g., FOXPI; Bacon et al., 2015). As with PSD genes, this
differential expression among essential genes may explain the variability in observed
behavioral regression seen in individuals with essential gene mutations.

In order to increase the likelihood of identifying key relationships between genetic risk
factors and a regression phenotype, we focused on a strict definition of regression,
operationalized as having both language and social-skill loss as retrospectively reported by
parents. As expected, while overall rates of regression in our sample are similar to previous
findings, our restricted definition decreased the number of identified individuals. This limits
the generalizability of our results but starts to illuminate a relationship between disruptions
in functional pathways and significant regression. It is possible that by focusing on specific
components of loss (e.g., focusing on only loss of language), additional or different patterns
may emerge. Prospective study of regression has revealed very subtle and gradual declines in
social skills among a much larger proportion of children with ASD than has typically been
reported by parents (Ozonoff et al., 2010). While this may also be an important type of loss
to examine, our initial goal was to focus on clear, comprehensive losses in the functional
areas most notably affected by ASD (i.e., social-communication skills). Further work
examining distinct aspects of skill loss is warranted.

We also focused only on de novo LGD mutations in an effort to elucidate mechanisms in
regression. These functional disruptions tend to lead to phenotypes characterized by more
severe intellectual, social, and behavioral impairments and, as such, may not represent the
full genetic contribution to regression across ASD. Additionally, we employed an existing
genetic-classification system (i.e., lossifov et al., 2014), and it is important to note that not
all disrupting variants cause a disorder/condition. Some of the identified mutations may have
little to no bearing on skill loss or ASD (e.g., OR4C11, MUC5B), and genes that
conclusively explain regression in ASD were not identified. Although some chromatin
regulators (e.g., MeCP2) have been found to be relevant to developmental regression in the
literature (e.g., Lyst & Bird, 2015), no association was observed between regression and
mutations in genes encoding chromatin modifiers in this study, likely due to heterogeneity in
the role of chromatin modifiers in developmental processes.

In sum, these preliminary findings indicating trends for further workup with larger samples
have important etiological and clinical implications. By clarifying key phenotypic outcomes
for distinct genetic events in ASD, molecular pathways of ASD can be illuminated, offering
insight into mechanisms and treatment. Further, if genetic mechanisms are associated with
regression, then it may be possible to link specific types of mutations with functional
outcomes. This has the potential to improve clinical care by providing predictive power for
clinicians and families and enabling truly personalized health intervention.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Percentage of regression rates within gene mutation clusters. **=Significantly greater rate of
regression (p = .01), *greater rate of regression (trend, p=.09); = lower rate of regression
(trend, p=.02). Loss percentages are listed in each functional cluster.
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