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Abstract

Autism spectrum disorders (ASD) are a group of related neurodevelopmental diseases displaying
significant genetic and phenotypic heterogeneity’®. Despite recent progress in understanding ASD
genetics, the nature of phenotypic heterogeneity across probands remains unclear™ ©. Notably, likely
gene-disrupting (LGD) de novo mutations affecting the same gene often result in substantially different
ASD phenotypes. Nevertheless, we find that truncating mutations that affect the same exon frequently
lead to strikingly similar intellectual phenotypes in unrelated ASD probands. Analogous patterns are
observed for two independent proband cohorts and several other important ASD-associated phenotypes.
We find that exons biased towards prenatal and postnatal expression preferentially contribute to ASD
cases with lower and higher 1Q phenotypes, respectively. These results suggest that exons, rather than
genes, often represent a unit of effective phenotypic impact for truncating mutations in autism. The
observed phenotypic effects are likely mediated by nonsense-mediated decay (NMD) of splicing isoforms,
with autism phenotypes usually triggered by relatively mild (15-30%) decreases in overall gene dosage.
We find that each gene with recurrent ASD mutations can be described by a parameter, phenotype dosage
sensitivity (PDS), which characterizes the quantitative relationship between changes in a gene’s dosage
and changes in a given disease phenotype. We further demonstrate analogous relationships between LGD
mutations and changes in gene expression across human tissues. Therefore, similar phenotypic patterns
may be also observed in multiple other systems and genetic disorders.


https://doi.org/10.1101/270850
http://creativecommons.org/licenses/by-nc-nd/4.0/

35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82

bioRxiv preprint doi: https://doi.org/10.1101/270850; this version posted September 2, 2020. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available

under aCC-BY-NC-ND 4.0 International license.

Introduction

Recent advances in neuropsychiatric genetics’'° and, specifically, in the study of autism spectrum
disorders (ASD)''* have led to the identification of multiple genes and specific cellular processes that are
affected in these diseases' 11416 However, phenotypes usually associated with ASD vary considerably
across autism probands!*, and the nature of this phenotypic heterogeneity is not well understood™ .
Despite the complex genetic architecture of ASDY2?, a subset of cases from simplex families, i.e. families
with only a single affected child among siblings, are known to be strongly affected by de novo mutations
with severe deleterious effects'* 2> 24, Interestingly, despite having relatively simpler genetic architecture,
simplex autism cohorts often display as much phenotypic heterogeneity as more general ASD cohorts®>
27 This provides an opportunity for an in-depth exploration of the etiology of the autism phenotypic
heterogeneity, at least for these cohorts, using accumulated phenotypic and genetic data. In this study
we performed such an analysis, focusing on severely damaging, so-called likely gene-disrupting (LGD)
mutations, which include nonsense, splice site, and frameshift variants. We explored genetic and
phenotypic data collected in the Simons Simplex Collection (SSC)? and then validated our results using an
independent ASD cohort from the Simons Variation in Individuals Project (VIP)%.

In this paper we investigated the effects of LGD mutations on cognitive and other important ASD-
related phenotypes, including adaptive behavior, motor skills, communication, and coordination. These
analyses allowed us to understand how the exon-intron structure of human genes contributes to observed
phenotypic heterogeneity. We then explored the quantitative relationships between changes in gene
dosage induced by nonsense-mediated decay (NMD) and the phenotypic effects of LGD mutations. To
that end, we introduced a new genetic parameter quantifying how changes in a gene’s dosage affect
specific autism phenotypes. Finally, we described how simple linear models of gene dosage can explain a
substantial fraction of the phenotypic heterogeneity in the analyzed simplex ASD cohorts.

Results

We first considered the impact of de novo LGD mutations on several well-studied cognitive
phenotypes: full-scale (FSIQ), nonverbal (NVIQ), and verbal (VIQ) intelligence quotients’ * 16 these
scores are normalized by age and standardized across a broad range of phenotypes?®. We analyzed de
novo mutations and the corresponding phenotypes of ASD probands for more than 2,500 families from
SSC%. Notably, we found that the average IQ differences between probands with LGD mutations in the
same gene were only slightly smaller than the 1Q differences between all pairs of probands; the mean
pairwise 1Q difference for probands with mutations in the same gene was 25.7 NVIQ points, while the
mean difference for all pairs of probands was 29.4 NVIQ points (~12% difference, Mann-Whitney U one-
tail test P = 0.14; Supplementary Table 1).

We next asked whether probands with LGD mutations at similar locations within the same gene
resulted, on average, in more similar phenotypes (Supplementary Fig. 1). Indeed, 1Q differences between
probands with LGD mutations closer than 1000 base pairs apart were significantly smaller than the 1Q
differences between probands with more distant mutations; NVIQ average difference of 10.4 points for <
1000 bp, NVIQ average difference of 28.6 points for > 1000 bp (MWU one-tail test P = 0.005). However,
across the entire range of nucleotide distances between LGD mutations in the same genes, we did not
observe either a significant correlation or a monotonic relationship between IQ differences and mutation
proximity (NVIQ Spearman’s p = 0.1, P = 0.4; Mann-Kendall one-tail trend test P = 0.5).

To explain the observed patterns of phenotypic similarity, we next considered the exon-intron
structure of target genes. Specifically, we investigated phenotypes resulting from truncating mutations
affecting the same exon in unrelated ASD probands; in this analysis, we took into account LGD mutations
in the exon’s coding sequence as well as disruptions of the exon’s flanking canonical splice sites, since
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83 such splice site mutations should affect the same transcript isoforms (Supplementary Fig. 2). Interestingly,
84 the analysis of 16 unrelated ASD probands (8 pairs with LGD mutations in the same exons) showed that
85  they have strikingly more similar phenotypes (Fig. 1, red bars) compared to probands with LGD mutations
86  inthe same gene (Fig. 1, dark green bars); same exon FSIQ/NVIQ/VIQ average 1Q difference 8.9, 8.3, 17.3
87 points, same gene average difference 28.3, 25.7, 34.9 points (Mann-Whitney U one-tail test P = 0.003,
88  0.005,0.016). Because of well-known gender differences in autism susceptibility’*3%3!, we also compared
89 IQ differences between probands of the same gender harboring truncating mutations in the same exon
90 (Fig. 1, orange bars) to 1Q differences between probands of different genders; same gender
91 FSIQ/NVIQ/VIQ average difference 5.4, 7.2, 12.2; different gender average difference 14.7, 10, 25.7 (MWU
92 one-tail test P = 0.04, 0.29, 0.07). Thus, stratification by gender further decreases the phenotypic
93 differences between probands with LGD mutations in the same exon. Notably, the patterns of phenotypic
94 similarity between different probands only extended to mutations affecting the same exon. The average
95 IQ differences between probands with LGD mutations in neighboring exons were not significantly
96 different compared to mutations in non-neighboring exons (MWU one-tail test P = 0.6, 0.18, 0.8;
97 Supplementary Fig. 3). The observed effects were also specific to LGD mutations; probands with either
98 synonymous (P =0.93, 0.97, 0.95; Supplementary Fig. 4) or missense (P =0.8, 0.5, 0.8; Supplementary Fig.
99 5) mutations in the same exon were as phenotypically diverse as random pairs of ASD probands.
100

40 ,
=3 All proband pairs in SSC
E= Proband pairs with LGD mutations in the same gene
B Proband pairs with LGD mutations in the same exon
35 | =3 Same gender proband pairs with LGD mutations in same exon
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Average 1Q difference between probands

101 Full-scale 1Q Nonverbal 1Q Verbal 1Q

102 Figure 1: Average difference in IQs between SSC probands. From left to right, the sets of bars represent
103 differences between full-scale, nonverbal, verbal 1Qs. Within each bar set, from right to left, the bars
104 represent the average 1Q difference between pairs of probands in the entire SSC cohort (light green),
105 between probands with de novo LGD mutations in the same gene (dark green), between probands with
106 de novo LGD mutations in the same exon (red), and between probands of the same gender and with de
107 novo LGD mutations in the same exon (orange). Error bars represent the SEM.

108

109 We next explored the relationship between phenotypic similarity and the proximity of truncating
110 mutations in the corresponding protein sequences. This analysis revealed that probands with LGD
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111 mutations in the same exon often had similar IQs, despite being affected by truncating mutations
112 separated by scores to hundreds of amino acids in protein sequence (Fig. 2a; Supplementary Fig. 6).
113 Furthermore, we found probands with LGD mutations in the same exon to be more phenotypically similar
114 than probands with LGD mutations separated by comparable amino acid distances in the same protein
115 sequence but not necessarily in the same exon (NVIQ distance-matched permutation test P = 0.002;
116 Supplementary Fig. 7). We also investigated whether de novo mutations truncating a larger fraction of
117 protein sequences resulted, on average, in more severe intellectual phenotypes. Surprisingly, this analysis
118 showed no significant correlations between the fraction of truncated protein and the severity of
119  intellectual phenotypes (Fig. 2b); NVIQ Pearson’s R = 0.05 (P = 0.35; Supplementary Fig. 8). We also did
120 not find any significant biases in the distribution of truncating de novo mutations across protein sequences
121 compared with the distribution of synonymous de novo mutations (Kolmogorov-Smirnov two-tail test P =
122 0.9; Supplementary Fig. 9). It is possible that the lack of the correlation between phenotypic impact and
123  the fraction of truncated sequence is due to the averaging of various effects across different proteins.
124  Therefore, for genes with recurrent mutations, we used a paired test to investigate whether truncating a
125 larger fraction of the same protein sequence led to more severe phenotypes. This analysis also showed
126 no substantial phenotypic difference due to LGD mutations truncating different fractions of the same
127 protein (average NVIQ difference 0.24 points; Wilcoxon signed-ranked one-tail test P = 0.44). We also
128 investigated, using the Pfam database®, whether mutations that truncate the same protein domain lead
129  to more similar phenotypic differences. The results demonstrated that mutations in different exons, even
130 when truncating the same protein domain, resulted, on average, in phenotypes as different as due to LGD
131 mutations in the same protein (average NVIQ differences = 28.1; Supplementary Fig. 10).
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133
134 Figure 2: The relationship between the position of de novo LGD mutations in protein sequence and

135 probands’ 1Qs. (a) Amino acid distance between LGD mutations in protein sequence versus differences in
136 nonverbal IQ. Each point corresponds to a pair of probands with LGD mutations in the same gene. The x-
137 axis represents the amino acid distance between LGD mutations, and the y-axis represents the difference
138 between the corresponding probands’ nonverbal IQs (NVIQ). Red points represent pairs of probands with
139 LGD mutations in the same exon, and white points represent pairs of probands with mutation in the same
140 gene but different exons. (b) Relative fraction of protein sequence truncated by LGD mutations versus
141 probands’ NVIQs. Each point corresponds to a single individual affected by an LGD mutation. The x-axis


https://doi.org/10.1101/270850
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/270850; this version posted September 2, 2020. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available
under aCC-BY-NC-ND 4.0 International license.

142 represents the fraction of protein sequence (i.e. fraction from the first amino acid) truncated by the
143 mutation, and the y-axis represents the corresponding NVIQ. The red line represents a moving average of
144  the data, calculated on an interval of width 0.05.

145

146 The results presented above suggest that the occurrence of de novo LGD mutations in the same
147 exon, rather than simply the proximity of mutation sites in protein or nucleotide sequences, is primarily
148 responsible for similar phenotypic consequences in unrelated probands. To explain this observation, we
149 hypothesized that truncating mutations in the same exon usually affect, due to nonsense-mediated decay
150 (NMD)?, the expression of exactly the same sets of splicing isoforms. Therefore, such mutations should
151 lead to particularly similar phenotypes, both through similar decreases in overall gene dosage and similar
152 perturbations to the mRNA expression of affected transcriptional isoforms. To evaluate this mechanistic
153 model, we used data from the Genotype and Tissue Expression (GTEx) Consortium>*3°, which collected
154 exome sequencing and corresponding human tissue-specific gene expression data from hundreds of
155 individuals and across multiple tissues. Using ~4,400 LGD variants in coding regions and corresponding
156 RNA-seq data, we compared the expression changes resulting from LGD variants in the same and different
157 exons of the same gene (Fig. 3a,b). Specifically, for each truncating variant, we analyzed allele-specific
158 read counts®® and then used an empirical Bayes approach to infer the effects of NMD on gene expression
159 (see Methods). This analysis confirmed that the average gene dosage changes for individuals with LGD
160 variants in the same exon were ~7 times more similar compared to individuals with LGD variants in
161 different exons of the same gene (Fig 3a); 2.2% versus 17.3% average difference in the decrease of overall
162 gene dosage (Mann-Whitney U one-tail test P < 2x107%). Moreover, by analyzing GTEx data for each tissue
163 separately, we found that across tissues LGD variants in the same exons lead to drastically more similar
164  dosage changes of target genes (Fig. 3a).

165 Distinct splicing isoforms often have different functional properties®” 3. Consequently, LGD
166 variants may affect phenotypes not only through NMD-induced changes in overall gene dosage,
167 considered above, but also by altering the expression levels of different sets of splicing isoforms. To
168 specifically analyze changes in the relative expression of distinct gene isoforms, we next used GTEx
169  variants to quantify the effects of NMD on each isoform of a gene. To compare isoform-specific expression
170 changes in the same gene, we calculated an angular distance metric between vectors representing dosage
171 changes for each isoform (see Methods). This analysis demonstrated that changes in relative isoform
172 expression are also significantly (~5 fold) more similar for LGD variants in the same exon compared to
173  variants in different exons of the same gene (Fig. 3b); 0.1 versus 0.46 for the average angular distance
174 between isoform expression vectors (Mann-Whitney U one-tail test P < 2x107¢). These results were also
175 consistent across tissues (Fig. 3b). Overall, the analyses of GTEx data demonstrate that both overall
176 changes in gene dosage and changes in the relative expression levels of different isoforms are
177 substantially more similar for truncating mutations in same exons.

178 Truncating variants in highly expressed exons should lead, on average, to relatively larger NMD-
179 induced decreases in overall gene dosage. To confirm this hypothesis, we used RNA-seq data from GTEx.
180 Specifically, for each exon harboring a truncating variant, we calculated its expression level relative to the
181 expression values of the corresponding gene. We then explored the relationship between the relative
182 expression of exons with the observed NMD-induced decreases in gene expression. The analysis indeed
183 revealed a strong correlation between the relative expression levels of exons harboring LGD variants and
184 the corresponding changes in overall gene dosage (Fig. 3¢c; Pearson’s R = 0.69, P < 2x101%; Spearman’s p
185 =0.81, P < 2x10'%; see Methods). NMD-induced dosage changes may mediate the relationship between
186 the relative expression levels of target exons and the corresponding phenotypic effects of truncating
187 mutations. To investigate this relationship in detail, we used the BrainSpan dataset®*®, which contains
188 exon-specific expression from human brain tissues. The BrainSpan data allowed us to estimate expression
189 dosage changes resulting from LGD mutations in different exons of ASD-associated genes (see Methods).
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193 Figure 3: Gene expression changes across human tissues due to LGD variants in the same exon and in the
194 same gene but different exons. Expression changes (decreases) due to LGD variants were calculated based
195 on data from the Genotype and Tissue Expression (GTEx) Consortium?*, (a) Bars represent the average
196 difference across the GTEx cohort in overall gene expression changes induced by distinct LGD variants in
197  the same exon (red) and in the same gene but different exons (blue). Error bars represent the SEM. (b)
198 Bars represent the average difference across the GTEx cohort in isoform-specific expression changes
199  induced by distinct LGD variants in the same exon (red) and in the same gene but different exons (blue).
200 Differences in expression changes across transcriptional isoforms were quantified using the angular
201 distance metric between vectors representing isoform-specific expression changes (see Methods). Error
202 bars represent the SEM. (c) Relationship between the relative expression of exons containing LGD variants
203 and the corresponding NMD-induced decreases in overall gene expression. Each point corresponds to an
204 LGD variantin one of ten human tissues. The x-axis represents the relative expression of an exon harboring
205 an LGD variant in a tissue; the relative expression of an exon was calculated as the ratio between the exon
206 expression and total expression of the corresponding gene (see Methods). The y-axis represents the NMD-
207 induced decrease in overall gene expression (see Methods). Red line represents a moving average of the
208  data, calculated on an interval of width 0.1 (log-scaled).

209

210 Notably, it is likely that there is substantial variability across human genes in terms of the
211 sensitivity of intellectual and other ASD phenotypes to gene dosage. Therefore, to quantify the sensitivity
212 of 1Q to changes in the expression of specific genes, we considered a simple linear dosage model.
213 Specifically, we assumed for genes with recurrent truncating mutations in SSC that changes (decreases) in
214 probands’ 1Qs are linearly proportional to the predicted relative decrease in overall gene dosage due to
215 NMD. We further assumed that each human gene can be characterized by a parameter, which we call its
216 phenotypic dosage sensitivity (PDS), characterizing the linear relationship between changes in gene
217 dosage compared to wild type and the corresponding changes in a given human phenotype. Numerically,
218  we defined IQ-associated PDS to be equal to the average change in 1Q resulting from a 10% change in gene
219 dosage. We restricted this analysis to LGD mutations predicted to cause NMD-induced expression
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220 changes, i.e. we excluded mutations within 50 bp of the last exon junction complex®, and also assumed
221 the average neurotypical IQ (100) for wild type (intact) gene dosage. Using this linear model, for each gene
222 with recurrent truncating ASD mutations, we used predicted changes in gene dosage to estimate gene-
223 specific PDS parameters for intellectual phenotypes (Supplementary Fig. 11; see Methods). Notably, as
224  we expected, PDS values varied substantially across 24 considered human genes (CV = SD/Mean = 0.57,
225  for NVIQ).

226 We used the aforementioned linear model to explore the relationship between the relative
227 expression values of exons (i.e. the ratio of exon expression to gene expression) harboring LGD mutations
228 and the corresponding decreases in probands’ intellectual phenotypes. To account for differences in
229 phenotypic sensitivity to dosage changes across genes, we normalized the observed changes in 1Q by the
230 estimated PDS values of affected genes. Normalized in this way, phenotypic effects represent changes in
231 phenotype relative to the predicted effects for 10% decreases in dosage of affected genes. This analysis
232 revealed that mutation-induced gene dosage changes are indeed strongly correlated with the normalized
233 phenotypic effects; NVIQ Pearson’s R = 0.63, permutation test P = 0.02 (Fig. 4a; Supplementary Fig. 12).
234 Very weak correlations were obtained for randomly permuted data, i.e. when truncating mutations were
235 randomly re-assigned to different exons in the same gene (average NVIQ Pearson’s R = 0.18; see
236 Methods). Since the heritability of intelligence is known to substantially increase with age*', we also
237 investigated how the results depend on the age of probands. When we restricted our analysis to the older
238 half of probands in SSC (i.e. older than the median age of 8.35 years), the strength of the correlations
239 between the predicted dosage changes and normalized phenotypic effects increased further; NVIQ
240 Pearson’s R =0.75, average permuted R = 0.2, permutation test P = 0.019 (Fig. 4b; Supplementary Fig. 13).
241 The strong correlations between target exon expression and intellectual ASD phenotypes suggest that,
242 when gene-specific PDS values are taken into account, a significant fraction (30%-45%) of the relative
243 phenotypic effects of de novo LGD mutations across genes can be explained by the resulting overall dosage
244  changes of target genes.

245 We next evaluated the ability of our linear dosage model, based on calculated PDS parameters,
246 to explain the effects of LGD mutations on non-normalized 1Qs. To that end, for each gene with multiple
247  truncating mutations in different probands, we used our linear regression model to perform leave-one-
248 out predictions for 1Q scores, i.e. we used PDS values calculated based on all but one probands with
249 mutations in the gene to estimate |Q values for the left out proband (Fig. 4c, inset; see Methods). Despite
250 the minimalism of our model and multiple simplifying assumptions, for LGD mutations that trigger NMD,
251 the model median inference error for NVIQ was 11.1 points (Fig. 4c; Supplementary Fig. 14), which is
252 significantly smaller than median NVIQ difference between probands with LGD mutations in the same
253  gene, 22.0 points (MWU one-tail test P = 0.014). The NVIQ inferences based on probands of the same
254 gender had significantly smaller errors compared to inferences based on probands of the opposite gender;
255 same gender NVIQ median error 9.1 points, different gender median error 19.9 points (MWU one-tail test
256 P =0.018). Similar to normalized phenotypic effects (Fig. 4a,b), the inference errors decreased for older
257 probands; for example, for probands older than 12 years, the median NVIQ inference error 7.6 points (Fig.
258  4c, Supplementary Fig. 14 and 15).

259
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Figure 4: Relationship between the relative expression of exons harboring LGD mutations and the
corresponding decrease in probands’ intellectual phenotypes. (a) Each point corresponds to a proband
with an LGD mutation in a gene; only genes with multiple LGD mutations in the SSC cohort were
considered. The x-axis represents the relative exon expression for exons harboring the LGD mutations.
The y-axis represents the normalized decrease in the affected proband’s NVIQ, i.e. the NVIQ decrease
divided by the NVIQ phenotypic dosage sensitivity (PDS) of that gene (see Methods). The regression line
across all points is shown in red; P-values were calculated based on randomly shuffled data (see Methods).
(b) Same as (a), but with the analysis restricted to the older half of SSC probands (i.e. older than the
median age 8.35 years). (c) Boxplots represent the distribution of errors in predicting the effects of LGD
mutations on NVIQ (see Methods); NVIQ prediction errors are shown for all probands (green), and for
probands older than 12 years (purple). For comparison, the average differences in NVIQ scores between
probands with LGD mutations in the same gene are also shown (blue). Only genes with multiple LGD
mutations in SSC were considered. The ends of each solid box represent the upper and lower quartiles;
the horizontal lines inside each box represent the medians; and the whiskers represent the 5" and 95
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275 percentiles. The inset panel illustrates the linear regression model used to perform leave-one-out
276 predictions of probands’ NVIQs. Round open points represent observed phenotypic scores for probands
277  with LGD mutations in the same gene, the grey square point represents the predicted phenotypic score,
278  and the red dotted line represents the prediction error.

279

280 Given that relative exon usage varies across neural developmen , we investigated the
281 relationship between developmental expression profiles of exons and ASD phenotypes. To that end, we
282 sorted exons from genes harboring LGD mutations into four groups (quartiles) based on their
283 developmental expression bias, which was calculated as the fold-change between prenatal and postnatal
284 exon expression levels (Fig. 5a). We then analyzed the enrichment of LGD mutations in each exon group
285 (see Methods). Compared to exons with no substantial developmental bias, we found significant
286 enrichment of LGD mutations not only in exons with a strong prenatal bias (binomial one-tail test P =
287  8x10° Relative Rate = 1.33), but also in exons with postnatal biases (P = 0.018, RR = 1.31) (Fig. 5b). To
288 understand the origin of the observed exon biases, we stratified probands into lower (< 70) and higher 1Q
289 (> 70) cohorts (Fig. 5c). Interestingly, while LGD mutations associated with lower 1Qs were strongly
290 enriched only in prenatally biased exons (binomial one-tail test P = 6x10%, RR = 1.62), mutations
291 associated with higher 1Qs were exclusively enriched in postnatally biased exons (P = 0.05, RR = 1.27).
292  These results demonstrate that mutations in exons with biases towards prenatal and postnatal expression
293 preferentially contribute to ASD cases with lower and higher 1Q phenotypes, respectively. We note that
294 the observed exon developmental biases for LGD mutations are not simply driven by biases at the gene
295 level, as mutations associated with both higher and lower 1Q phenotypes showed enrichment exclusively
296 towards genes with prenatally biased expression (Supplementary Fig. 16).
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299 Figure 5: Relationship between the developmental expression of exons and intellectual ASD phenotypes.
300 (a) Exon developmental expression profiles for genes with de novo LGD mutations in SSC. Exons from all
301 genes harboring LGD mutations were sorted into four groups (“strong prenatal bias”, “prenatal bias”, “no
302 bias”, and “postnatal bias”) based on their overall developmental expression bias; the developmental bias
303  wascalculated as the log, fold change between the average prenatal and postnatal exon expression levels.
304 Lines represent the average expression profiles for exons in each group, and the x-axis represents 12
305 periods of human brain development, based on data from the Allen Institute’s BrainSpan atlas *. The
306 vertical dotted line delineates prenatal and postnatal developmental periods. Error bars represent the
307 SEM. (b,c) Enrichment of LGD mutations across the four exon groups with different developmental biases.
308  The y-axes represent the enrichment (relative rate) of mutations in each exon group; the enrichment was

309 calculated by randomizing LGD mutations across exons proportionally to the exons’ coding sequence
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310 lengths (see Methods). Error bars represent the SEM. (b) The overall enrichment of LGD mutations across
311 the four exon groups of exons with different developmental expression biases. (c) The enrichment of LGD
312 mutations across the four exon groups calculated separately for ASD probands with higher (>70, red) and
313  lower (<70, blue) nonverbal 1Qs.

314

315 Although we primarily analyzed the impact of autism mutations on intellectual phenotypes,
316 similar dosage and isoform expression changes of affected genes may also lead to analogous results for
317 other quantitative ASD phenotypes®” %, Indeed, for LGD mutations predicted to lead to NMD, we
318 observed similar patterns for several other key autism phenotypes. Specifically, SSC probands with
319  truncating mutations in the same exon exhibited more similar adaptive behavior abilities compared to
320 probands with mutations in the same gene (Fig. 6a, left set of bars, Supplementary Fig. 17); Vineland
321 Adaptive Behavior Scales (VABS)* composite standard score difference of 4.7 versus 12.1 points (Mann-
322 Whitney U one-tail test P = 0.017). In contrast, VABS differences between probands with truncating
323 mutations in the same gene were not significantly different than for randomly paired probands (Fig. 6a,
324 Supplementary Fig. 17); 12.1 versus 13.7 points (MWU one-tail test P = 0.23). Furthermore, probands with
325  truncating mutations in the same exon also displayed more similar fine motor skills; in the Purdue
326 Pegboard Test, 1.2 versus 3.0 for the average difference in normalized tasks completed with both hands
327 (MWU one-tail test P = 0.02; Supplementary Fig. 18; see Methods). Coordination scores in the Social
328 Responsiveness Scale questionnaire were also more similar in probands with LGD mutations in the same
329 exon compared to probands with mutations in the same gene; 0.6 versus 1.1 for the average difference
330  in normalized response (MWU one-tail test P = 0.05; Supplementary Fig. 19).

331 Finally, we sought to validate the observed phenotypic patterns using an independent cohort of
332 ASD probands. To that end, we analyzed an independently collected dataset from the ongoing Simons
333  Variation in Individuals Project (VIP)?°. The analyzed VIP dataset contained genetic information and VABS
334 phenotypic scores for 41 individuals with de novo LGD mutations in 12 genes. Reassuringly, and consistent
335  with our findings in SSC, probands from the VIP cohort with truncating de novo mutations in the same
336 exon also exhibited strikingly more similar VABS phenotypic scores compared to probands with mutations
337 in the same gene (Fig. 6a, right set of bars, Supplementary Fig. 20); VABS composite standard score
338  difference 6.0 versus 12.4 (Mann-Whitney U one-tail test P = 0.014). Similar to the SSC cohort, LGD
339 mutations in neighboring exons did not result in more similar behavior phenotypes; VABS composite
340 standard score average difference 13.6 points (MWU one-tail test P = 0.6). The fraction of truncated
341 proteins also did not show significant correlation with the VABS scores of affected probands (Pearson’s R
342 =-0.08, P = 0.7). Using VABS scores from both SSC and VIP, we next investigated whether, analogous to
343  the 1Q phenotypes (Fig. 3a), the similarity of VABS scores is primarily due to the presence of mutations in
344 the same exon, rather than proximity of truncating mutations within the corresponding protein sequence.
345 Indeed, LGD mutations in the same exon often resulted in similar adaptive behavior abilities even when
346 the corresponding mutations were separated by hundreds of amino acids (Fig. 6b, red points,
347 Supplementary Fig. 21). By comparing mutations in the same exon to mutations separated by similar
348 amino acid distances in the same protein but not necessarily the same exon, we confirmed that probands
349  with mutations in the same exon were significantly more phenotypically similar (permutation test P =
350 3x10™% Supplementary Fig. 22; see Methods). When we applied the linear dosage model while accounting
351 for the VABS sensitivity to changes in the dosage of different genes (i.e. gene-specific PDS values), we
352 found substantial correlations between the relative expression of exons harboring LGD mutations and the
353 normalized VABS phenotypes of the affected probands (Pearson R = 0.75, permutation test P = 0.003; Fig.
354 6c; Supplementary Fig. 23). Overall, these results confirm the generality of the phenotypic patterns
355  observed in the SSC cohort.

356
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358 Figure 6: Validation of the observed IQ patterns using Vineland Adaptive Behavior Scales (VABS) scores.
359  (a) Average VABS score differences between probands using data from SSC (left set of bars) and VIP (right
360 set of bars). Each bar shows the average difference in VABS scores between pairs of probands in different
361 groups. In the SSC and VIP bar sets, from right to left, bars represent differences between all pairs of
362 probands in each cohort (light green), between probands with LGD mutations in the same gene (dark
363  green), between probands with LGD mutations in the same exon (red), and between probands of the
364 same gender with LGD mutations in the same exon (orange). Error bars represent the SEM. (b) Amino acid
365 distance between LGD mutations in the same protein versus differences in VABS score. Each point
366 corresponds to a pair of probands, with individual from either SSC or VIP, with LGD mutations in the same
367  gene. The x-axis represents the amino acid distance between LGD mutations, and the y-axis represents
368  the difference between the affected probands’ VABS scores. Red points represent proband pairs with LGD
369 mutations in the same exon, and white points represent proband pairs with LGD mutations in different
370 exons of the same gene. (c) Relationship between the relative expression of exons harboring LGD
371 mutations and the corresponding decrease in probands’ normalized VABS scores. Each point corresponds
372 to a proband with an LGD mutation in a gene; only genes with multiple LGD mutations were considered.
373  The x-axis represents the relative expression (exon expression divided by total gene expression) of exons
374 harboring LGD mutations. The y-axis represents the affected probands’ normalized decrease in VABS
375 scores, i.e. the VABS decrease divided by the VABS phenotypic dosage sensitivity (PDS) of that gene. The
376 regression line across all points is shown in red; P-values were calculated based on randomly shuffled data
377 (see Methods). The analysis was restricted to de novo LGD mutations predicted to trigger NMD, i.e. more
378  than 50 bp upstream from the last exon junction.

379

380

381 Discussion

382

383 Previous studies explored phenotypic similarity in syndromic forms of ASD due to mutations in

384 specific genes®*°. Nevertheless, across a large collection of contributing genes, the nature of the

385 substantial phenotypic heterogeneity in ASD is not well understood. Interestingly, the diversity of
386 intellectual and other important ASD phenotypes resulting from de novo LGD mutations in the same genes
387 is usually only slightly (~10%) smaller than the phenotypic diversity across the entire ASD cohort (Fig. 1,
388 Fig. 6a). The presented results suggest that truncating mutations usually result in a range of relatively mild
389 NMD-induced gene dosage changes, on average decreasing gene expression by ~15-30% (Supplementary
390 Fig. 24; see Methods). Our study further suggests a hierarchy of biological mechanisms contributing to
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391 phenotypic heterogeneity in simplex ASD cases triggered by LGD mutations in different genes and within
392  the same gene.

393 Across LGD mutations, there is a significant but small correlation between a target gene’s brain
394 expression level and the resulting intellectual phenotype (R?=0.02, P = 0.03). This correlation is small, at
395 least in part, due to the significant variability of expression levels across different exons in a gene. Indeed,
396 intellectual phenotypes correlate significantly better with the relative expression level of exons harboring
397 LGD mutations (R>= 0.10, P = 0.011). In addition to effects associated with different expression levels of
398 exons, there is also substantial variability in the sensitivity of each specific phenotype to dosage changes
399 of different genes. When we account for varying dosage sensitivities using gene-specific PDS values, the
400 correlation between predicted dosage changes and normalized phenotypic effects becomes substantial
401 (R?=0.4, P = 0.02, Fig. 4a; Fig. 6¢). As the heritability of 1Q phenotypes usually increases with age, we
402 observe even stronger dosage-phenotype correlations for older probands (R? = 0.56, P = 0.019, Fig. 4b).
403 Furthermore, even perturbations leading to similar dosage changes in the same gene may result in diverse
404 phenotypes in cases where different, functionally distinct splicing isoforms are truncated. However, when
405 exactly the same sets of isoforms are perturbed, as for LGD mutations in the same exon, the resulting
406 phenotypes, even in unrelated ASD probands, become especially similar (Fig. 1, Fig. 6a). For LGD mutations
407 affecting intellectual phenotypes, we found that same exon membership accounts for a larger fraction of
408 phenotypic variance than multiple other genomic features, including expression, evolutionary
409 conservation, pathway membership, and domain truncation (see Methods). There are likely deviations
410 from the aforementioned patterns for specific genes and specific truncating mutations. For example,
411 truncated proteins that escape NMD may lead to partial buffering, due to remaining activity, or to further
412 damaging effects, due to dominant negative interactions. Nevertheless, our results demonstrate that for
413 de novo LGD mutations in ASD, exons, rather than genes, usually represent a unit of effective phenotypic
414  impact.

415 Our results also suggest that changes in ASD phenotypes induced by LGD mutations may be
416 characterized by a simple linear model quantifying the sensitivity of a phenotype to changes in gene
417 dosage. We observe that PDS values for the same phenotype vary substantially across genes
418 (Supplementary Fig. 11), and that PDS differences are a major source of phenotypic variability. Moreover,
419 PDS values for the same gene vary across phenotypes (for example, correlation between PDS values for
420 IQ and VABS across 24 genes, R?= 0.37, P-values=0.001), which suggests that PDS values are specific to
421 phenotype-gene pairs. Although we evaluated PDS parameters using predicted NMD-induced dosage
422 changes, it may be possible to infer these parameters using other mechanisms of dosage change, such as
423 regulatory mutations. As genetic and phenotypic data accumulate, it will be interesting to estimate gene-
424 specific PDS values for multiple phenotypes and for a substantial number of ASD risk genes. Furthermore,
425 due to consistent patterns of gene expression changes across tissues (Fig. 3), it may be possible to
426 estimate PDS parameters for other genetic disorders and phenotypes. We note in this respect that
427 guantitative gene-dosage relationships have been recently characterized for yeast fitness values in
428  different environmental conditions®.

429 In the present study, we focused specifically on simplex cases of ASD, in which de novo LGD
430 mutations are highly penetrant and where the contribution of genetic background is minimized. It is likely
431 that differences in genetic background and environment represent other important sources of phenotypic
432 variability??>°%>2, Therefore, in more diverse cohorts, individuals with LGD mutations in the same exon will
433 likely display greater phenotypic heterogeneity. For example, the Simons Variation in Individuals Project
434 identified broad spectra of phenotypes associated with specific variants in the general population? 33,
435  We also observed significantly larger phenotypic variability for probands from sequenced family trios, i.e.
436 families without unaffected siblings (Supplementary Fig. 25). For these probands, the enrichment of de
437  novo LGD mutations is substantially lower and the contribution from genetic background is likely to be
438 larger®, resulting in more pronounced phenotypic variability.

12


https://doi.org/10.1101/270850
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/270850; this version posted September 2, 2020. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available
under aCC-BY-NC-ND 4.0 International license.

439 Our study may have important implications for precision medicine®" > %8, The presented results
440 indicate that relatively mild decreases in affected gene dosage may account for a substantial fraction of
441 adverse phenotypic consequences. Thus, from a therapeutic perspective, compensatory expression of
442 intact alleles, as was recently demonstrated in mouse models of ASD>%! and other diseases®?, may
443 provide an approach for alleviating phenotypic effects for at least a fraction of ASD cases. From a
444 prognostic perspective, our results suggest that by sequencing and phenotyping sufficiently large patient
445 cohorts with truncating mutations in different exons, it may be possible to understand likely phenotypic
446 consequences originating from LGD mutations in specific exons. Furthermore, because we observe
447 consistent patterns of expression changes across multiple human tissues, similar analyses may be also
448 extended to other disorders affected by highly penetrant truncating mutations.
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