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Abstract 

Congenital hydrocephalus (CH), featuring markedly enlarged brain ventricles, is thought to arise 

from failed cerebrospinal fluid (CSF) homeostasis and is treated with lifelong surgical CSF 

shunting with substantial morbidity. CH pathogenesis is poorly understood. Exome sequencing 

of 125 CH trios and 52 additional probands identified three genes with significant burden of rare 

damaging de novo or transmitted mutations: TRIM71 (p = 2.15 x 10-7), SMARCC1 (p = 8.15 x 

10-10), and PTCH1 (p = 1.06 x 10-6). Additionally, two de novo duplications were identified at 

the SHH locus, encoding the PTCH1 ligand (p = 1.2 x 10-4). Together, these probands account 

for ~10% of studied cases. Strikingly, all four genes are required for neural tube development 

and regulate ventricular zone neural stem cell fate. These results implicate impaired neurogenesis 

and not active CSF accumulation in the pathogenesis of a subset of CH patients, with potential 

diagnostic, prognostic, and therapeutic ramifications. 
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Introduction 
 
Hydrocephalus has been defined as the active and progressive distension of the cerebral 
ventricular system that results from inadequate passage of cerebrospinal fluid (CSF) from its 
point of production within the cerebral ventricles to its point of absorption into the systemic 
circulation (Rekate, 2008). This mechanism is most clearly seen in secondary causes of 
hydrocephalus such as brain tumors, infection, or hemorrhage, in which intracranial pressure is 
often markedly elevated (Kahle et al., 2016). However, many cases of neonatal or infantile 
hydrocephalus occur without a known antecedent, and are therefore classified as primary 
(idiopathic) or congenital hydrocephalus (CH) (Tully and Dobyns, 2014). These congenital 
forms can occur in the absence of obstruction to CSF flow (communicating hydrocephalus), or 
with complete/partial intraventricular obstruction (non-communicating hydrocephalus), most 
often due to aqueductal stenosis. Occasional cases of communicating CH with normal or low 
intracranial pressure (Bret and Chazal, 1995; Tully and Dobyns, 2014) raise the question of 
whether the development of increased ventricular volume (i.e., ventriculomegaly) in CH is a 
primary active process or a secondary passive process.   
 
CH is a major cause of childhood morbidity and mortality, affecting 1 in 1,000 live births 
(Munch et al., 2012) and representing up to 3% of all pediatric hospital charges in the U.S. 
(Simon et al., 2008). Accordingly, CH is a major financial burden on health care systems 
worldwide (Boivin et al., 2015), and costs the U.S health care system alone greater than $2 
billion annually (Shannon et al., 2011; Simon et al., 2008). Over the last few decades, there has 
been little progress in the prevention or treatment of hydrocephalus. Current therapy consists of 
life-long, catheter-based CSF shunting and endoscopic third ventriculostomy with or without 
choroid plexus cauterization, invasive surgeries with high rates of failure and morbidity (Kahle et 
al., 2016). Our lack of understanding of the molecular pathogenesis of CH constitutes a 
fundamental barrier to developing improved approaches to diagnosis and treatment (McAllister 
et al., 2015). 
 
Despite several reports of multiplex pedigrees that feature hydrocephalus as the predominant 
phenotypic feature, few bona fide human CH-causing genes have been identified (Kousi and 
Katsanis, 2016). These include L1CAM mutation in X-linked hydrocephalus and aqueductal 
stenosis (OMIM#307000; (Rosenthal et al., 1992)), which constitutes up to 3% of CH, and rare 
recessive mutations in MPDZ (OMIM#603785; (Al-Dosari et al., 2012)), CCDC88C 
(OMIM#236600;  (Ekici et al., 2010)), EML1 and WDR81 (Shaheen et al., 2017). These genes 
appear to affect multiple cellular processes, including neural cell adhesion, planar cell polarity, 
and cellular vesicle transport, confounding efforts to formulate a uniform paradigm of CH 
pathophysiology (Kousi and Katsanis, 2016). Although more than 40% of all CH cases are 
predicted to have a genetic etiology (Zhang et al., 2006), mutations in currently identified genes 
account for <5% of primary CH cases (Adle-Biassette et al., 2013; Haverkamp et al., 1999).  
 
The sporadic nature of most CH cases, which present as a single affected subject in an otherwise 
unaffected family, has limited the utility of traditional genetic approaches to their investigation. 
This limitation has motivated whole-exome sequencing (WES) in large numbers of such 
subjects, searching for genes mutated in affected subjects more often than expected by chance. 
This has proven a powerful approach in the study of genetically heterogeneous 
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neurodevelopmental disorders (Deciphering Developmental Disorders Study, 2015, 2017), 
including brain malformations (Barak et al., 2011; Bilguvar et al., 2010; Mishra-Gorur et al., 
2014), epilepsy (Allen et al., 2013), intellectual disability (Gilissen et al., 2014), craniosynostosis 
(Timberlake et al., 2016; Timberlake et al., 2017), schizophrenia (Xu et al., 2011), autism 
(Awadalla et al., 2010; Iossifov et al., 2012; Krumm et al., 2015; Neale et al., 2012; O'Roak et 
al., 2011; O'Roak et al., 2012; Sanders et al., 2012), obsessive compulsive disorder (Cappi et al., 
2016; Cappi et al., 2017), attention-deficit/hyperactivity disorder (Satterstrom et al., 2018), and 
Tourette’s syndrome (Willsey et al., 2017). We hypothesized that the apparent sporadic 
occurrence of CH might in some cases reflect damaging de novo mutations and/or transmitted 
mutations with incomplete penetrance.  
 
Results  
 
Cohort characteristics and whole exome sequencing  
 
We recruited 177 probands with non-L1CAM-mutated primary CH in which hydrocephalus was 
the predominant phenotypic feature (see Methods). All probands had undergone surgery (shunt 
placement and/or endoscopic third ventriculostomy) for CSF diversion. The cohort included 125 
parent-offspring trios with a single affected offspring, 47 singleton cases, and 5 multiplex 
kindreds (see Methods; Supplementary Table 1). 88 probands had communicating 
hydrocephalus and 89 had aqueductal stenosis.  
 
DNA was isolated and WES was performed as described (Timberlake et al., 2016).  95.9% of 
targeted bases had 8 or more independent reads, and 92.7% had 15 or more (Supplementary 
Table 3). 1,789 control trios that comprised unaffected siblings from the Simons simplex autism 
cohort were sequenced on the same platform to a similar depth of coverage and were analyzed in 
parallel (Krumm et al., 2015). In both cohorts, variants were called using the Genome Analysis 
Toolkit (GATK) Haplotype Caller (McKenna et al., 2010; Van der Auwera et al., 2013) and 
allele frequencies were annotated in the Exome Aggregation Consortium (ExAC) and gnomAD 
databases ((Lek et al., 2016); see Methods). TrioDeNovo was used to identify de novo mutations 
(Dong et al., 2015) and MetaSVM was used to infer the impact of missense mutations (Dong et 
al., 2015). Direct Sanger sequencing of PCR amplicons containing the mutation verified 
mutations in genes of interest. 
 
We identified in 4 probands mutations in genes previously associated with isolated or syndromic 
inherited human CH, including one proband who was compound heterozygous for loss-of-
function mutations in MPDZ (Hydro182; (Al-Dosari et al., 2012)); two male probands with 
transmitted damaging missense mutations in the X-linked gene FLNA, known to cause the 
neuronal migration disorder, periventricular nodular heterotopia (Hydro131 and Hydro169; 
OMIM#300049; (Kamuro and Tenokuchi, 1993; Sheen et al., 2004)); and a single proband with 
a compound heterozygous mutation in the crumbs cell polarity complex CRB2 (Hydro122), 
known to cause a cilia-associated syndrome of cystic kidney disease and ventriculomegaly 
(OMIM# 219730; (Slavotinek et al., 2015)).   
 
Global analysis of burden of de novo mutation  
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We determined a de novo mutation rate of 1.4 × 10-8 per base pair, with 1.09 de novo coding 
region mutations per proband (Table 1). These results are consistent with both expectation and 
prior experimental results (Homsy et al., 2015; Timberlake et al., 2017; Ware et al., 2015). The 
burden of de novo mutations in the control cohort was similar (Supplementary Table 4).   
 
We compared the observed and expected number of de novo mutations in all genes and among 
genes in the top quartile of brain expression at embryonic (E) day 9.5 (see Methods). Protein-
altering de novo mutations were significantly enriched over expectation in the latter group, 
contributing to an estimated 8% of cases (Table 1). In contrast, controls showed no significant 
enrichment of de novo mutations in any gene class (Supplementary Table 4).  
 
We identified five genes with two or more protein-altering de novo mutations: TRIM71, 
SMARCC1, PTCH1, PLOD2, and SGSM3. The first three of these genes have a probability of 
loss-of-function intolerance (pLI) score > 0.99, while the latter two have pLIs of zero (Lek et al., 
2016). The probability of finding five genes with two or more protein-altering de novo mutations 
in a cohort of this size by chance alone is very low (p = 1.1 x 10-4). Four of these genes were in 
the upper quartile of expression in developing brain. The probability of 2 or more protein-
altering de novo mutations in 4 such genes in our cohort is very low (p = 1.1 x 10-4; 
Supplementary Table 6). 
 
Recurrent de novo and transmitted mutations in TRIM71 
 
LIN41/TRIM71, encoding lineage variant 41 (LIN41)/tripartite motif 71 (herein termed 
“TRIM71”) (Reinhart, 2000; Slack, 2000), harbored three novel de novo mutations, including the 
identical heterozygous de novo p.Arg608His mutation in two unrelated probands with severe, 
prenatally diagnosed, non-obstructive (i.e., communicating) hydrocephalus (Hydro101-1 and 
Hydro102-1) (Figure 1; Supplementary Table 7). During the course of this study, Hydro102-1 
became pregnant and transmitted the p.Arg608His mutation to her son, who was diagnosed with 
severe communicating hydrocephalus on prenatal ultrasound (Figure 1). A third de novo 
TRIM71 mutation (p.Arg796His) was identified in Hydro100-1, who had prenatally diagnosed 
communicating CH (Hydro100-1). All CH patients harboring TRIM71 mutations underwent 
surgical CSF shunting at birth. The probability of finding three or more protein-altering de novo 
mutations in TRIM71 by chance in a cohort of this size is 2.15 x 10-7, surpassing genome-wide 
significance (Table 2; (Ware et al., 2015)). TRIM71 not only has a pLI of 0.99, but is also 
exceptionally intolerant to missense variation (z score = 5.69) (Lek et al., 2016). Moreover, with 
105 protein-altering de novo missense mutations in our cohort, the probability of seeing any 
instances of the identical mutation at any position in the coding region by chance is very remote 
(p = 5.24 x 10-4). 
 
TRIM71 mRNA is the closest human homolog of C. elegans Lin-41, the evolutionarily conserved 
direct target of let-7 (lethal 7) microRNA (miRNA) in the heterochronic pathway regulating 
developmental transitions between stem cell proliferation and differentiation (Ecsedi and 
Grosshans, 2013). TRIM71, like Lin-41, mediates post-transcriptional silencing of mRNAs via 
direct interactions of its NHL domain with specific sequences in the 5’ or 3’ UTRs of target 
genes (Aeschimann et al.; Ecsedi and Grosshans, 2013; Slack and Ruvkun, 1998; Vella et al., 
2004), and also contains ubiquitin ligase activity conferred by its RING domain (Nguyen et al., 
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2017). The NHL domain in TRIM71 consists of 6 repeats, each 40-50 residues long, that jointly 
comprise a barrel-like six-bladed β-propeller (Loedige et al., 2015); the de novo p.Arg608His 
and p.Arg796His mutations are at homologous positions in different blades of the NHL domain. 
Arginines at these positions are completely conserved among orthologs from H. sapiens to C. 
elegans, and occur in a highly conserved RPQGV motif (Figure 1). The NHL domain and RNA 
binding motif of TRIM71 is the closest homolog of the NHL domain of D. melanogaster Brat 
(Loedige et al., 2013; Loedige et al., 2014), which has been co-crystalized bound to a target 
RNA (Loedige et al., 2015). In this structure, the amino groups of side chains of the mutated 
arginines form hydrogen bonds with either the phosphate backbone (p.Arg796) or a uracil base 
(p.Arg608) of target RNA (Figure 1; Supplementary Figures 4-7); these interactions are 
predicted to be altered by histidine substitution. While these mutations were predicted as 
tolerated by MetaSVM, they are predicted as damaging by 43 of 45 other predicting algorithms, 
including the very conservative MPC-D algorithm (see Methods; (Samocha et al., 2017)). The 
recurrence of the identical de novo mutation and the fact that the third de novo mutation is at a 
homologous position in a different blade of the NHL propeller domain strongly suggests that 
these mutations in TRIM71 are not simple loss-of-function (LOF) mutations. 
 
In situ hybridization in embryonic day 12.5 (E12.5) mouse brain (Figure 1; Supplementary 
Figure 8) revealed abundant Trim71 expression in the ciliated neuroepithelium and ventricular 
zone (Cuevas et al., 2015; Maller Schulman et al., 2008). Analogous to its heterochronic 
expression in C. elegans (Kanamoto, 2006; Slack, 2000), Trim71 expression significantly 
decreases during development (Figure 1) (Schulman et al., 2005; Yu et al., 2010), with gradual 
restriction of transcription to neural tissues and limb buds (Chen et al., 2012; Maller Schulman et 
al., 2008). Trim71 is highly expressed in neural progenitor cells of early mouse embryos (until 
E11.5) but declines secondary to increased expression of let-7 and mir-125 miRNAs as neural 
differentiation proceeds (Chen et al., 2012; Schulman et al., 2005). Global Trim71 deletion in 
mice results in early embryonic lethality, with severe exencephaly (failure of closure of the 
cephalic end of the neural tube) by E10 (Maller Schulman et al., 2008). Trim71 maintains the 
pluripotency of neural progenitor cells by regulating the balance between self-renewal and 
differentiation via the post-transcriptional silencing of its target mRNAs (Chang et al., 2012; 
Ecsedi and Grosshans, 2013; Mitschka et al., 2015; Worringer et al., 2014). The neural tube 
closure defect in Trim71 knockout mice results from decreased proliferation and precocious 
differentiation of neural progenitor cells (Chen et al., 2012). 
 
Multiple de novo and transmitted mutations in SMARCC1 
 
Two novel, damaging de novo mutations were identified in SMARCC1, encoding BAF155, a 
155-kD core subunit of the mammalian BRG1/BRM associated factor (BAF; S. cerevisiae 
SWI/SNF) chromatin remodeling complex (Wang et al., 1996). These mutations included a 
p.Lys891fs*4 mutation (in Hydro106-3) and a predicted damaging missense p.His526Pro 
mutation (in Hydro105-1) located in an entirely conserved position in the SWIRM domain, 
which mediates protein-protein interactions with other BAF complex subunits (Da et al., 2006) 
(Figure 2). p.His526Pro occurred in a proband with severe obstructive CH with aqueductal 
stenosis and no other affected family members. p.Lys891fs*4 was de novo in an unaffected 
father (Hydro106-3) of three children with severe, prenatally-diagnosed CH with aqueductal 
stenosis. Two of these offspring died in utero from severe obstructive hydrocephalus, while the 
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surviving third child inherited p.Lys891fs*4. In this cohort, the probability of seeing two 
damaging de novo mutations in SMARCC1 was 2.69 x 10-6 (Table 2).  
 
Three additional, previously unidentified, transmitted LOF mutations in SMARCC1 were found 
in three other CH probands presenting with severe obstructive CH with aqueductal stenosis. In 
each of these kindreds, the proband was the sole affected member with transmission of the 
mutation from an unaffected parent (Figure 1; Supplementary Table 8). The probability of two 
de novo damaging mutations and three rare transmitted LOFs occurring in SMARCC1 in this 
cohort was 8.15 x 10-10; this is a conservative estimate since SMARCC1 is highly intolerant to 
mutation (pLI of 1), with far fewer LOF mutations than expected (3 LOF SMARCC1 mutations 
among 60,706 unrelated individuals in the ExAC database, and 2 among 3,578 autism parental 
controls).  
 
In situ hybridization demonstrated that Smarcc1, like Trim71, is highly expressed in the ciliated 
neuroepithelium and ventricular zone, but significantly reduced in later development and in adult 
brain (Ho et al., 2009; Tuoc et al., 2013a; Yan et al., 2008) (Figure 2; Supplementary Figure 
8). Homozygous null mutation of Smarcc1 results in early embryonic lethality soon after 
decidualization due to defects in the inner cell mass (Kim et al., 2001). ~20% of heterozygous 
null mutants (Kim et al., 2001) and ~80% of mice homozygous for a missense allele 
(Baf155msp/msp) (Harmacek et al., 2014) develop exencephaly similar to that of Trim71 knockout 
mice (Harmacek et al., 2014; Narayanan et al., 2015; Nguyen et al., 2016). The exencephaly 
phenotype has been associated with inappropriate proliferation and increased apoptosis of 
neuroprogenitor cells in the neural tube (Harmacek et al., 2014; Kim et al., 2001). A conditional 
neuronal knockout of mouse Smarca4, encoding a binding partner of Smarcc1 in the BAF 
complex, causes severe hydrocephalus, aqueductal stenosis, and thinning of the cerebral cortex 
(Cao and Wu, 2015). Neural progenitor cell-specific BAF complexes that include SMARCC1 
regulate proliferation, differentiation, and survival of mouse neural progenitor cells via ATP-
dependent remodeling of chromatin and associated transcriptional regulation of genes critical for 
neurogenesis during telencephalon development (Narayanan et al., 2015). 
 
De novo and transmitted mutations in PTCH1 
 
Two previously unidentified de novo LOF mutations in CH probands were identified in PTCH1, 
encoding Patched-1 (PTCH1), the transmembrane receptor for Sonic Hedgehog (SHH) in 
primary cilia (Eggenschwiler and Anderson, 2007) (Figure 3). Heterozygous LOF mutations in 
PTCH1 have previously been implicated in Gorlin syndrome (OMIM#109400), featuring 
numerous basal cell carcinomas and frequent tumors of the mandible, along with variable 
expressivity of other skeletal and non-skeletal features (8681379). De novo mutations in CH 
patients included a start-loss mutation (p.Met152fs*1) and a splice donor site mutation 
(c.1503+3T>C) in unrelated probands presenting with severe CH and aqueductal stenosis 
(Figure 3; Supplementary Table 9). Both mutations were heterozygous and occurred in 
probands of uniplex CH kindreds. A transmitted frameshift mutation in PTCH1 (p.Leu664fs*12) 
was also found in two brothers with severe CH (Figure 3; Supplementary Table 9). This 
mutation was transmitted from a mother who did not have hydrocephalus but had been diagnosed 
with Gorlin syndrome on the basis of numerous basal cell carcinomas. The probability of seeing 
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at least two damaging de novo mutations by chance in a cohort of this size is 1.06 x 10-6, 
surpassing genome-wide significance (Table 2; (Ware et al., 2015)).  
 
Consistent with previous results (Eggenschwiler et al., 2001; Goodrich et al., 1996; Goodrich et 
al., 1997; Takahashi and Osumi, 2002), in situ hybridization showed high and specific 
expression of Ptch1 in hindbrain neuroepithelium (Figure 3; Supplementary Figure 8). Global 
knockout of Ptch1 in mouse results in lethality between E9.0 and E10.5, with exencephaly and 
neural tube overgrowth (Ellis et al., 2003; Goodrich et al., 1997; Milenkovic et al., 1999). A 
significant fraction of Ptch1+/− mice develop severe hydrocephalus in two different genetic 
backgrounds (Svärd et al., 2009; Wetmore et al., 2000), similar to the variable expressivity seen 
in one of the multiplex kindreds. Penetrance of hydrocephalus in these mice increases to 100% in 
conjunction with the homozygous quaking viable mutation (Ptch1+/−; qkv/v) (Gavino and 
Richard, 2011). Primary cilia in neuroepithelial cells sense gradients of SHH via PTCH1 and 
transduce these signals to regulate neural progenitor cell proliferation, differentiation, and fate 
specification in the developing and adult mouse CNS (Palma et al., 2005; Palma and Ruiz i 
Altaba, 2004). 
 
De novo mutations in PLOD2 
 
Two heterozygous de novo missense mutations were identified in the highly brain expressed 
(HBE) gene PLOD2, which has never before been implicated in human hydrocephalus 
(Supplementary Tables 10 and 11). PLOD2 did not surpass thresholds for genome-wide 
significance, and mutations in PLOD2 were predicted to be damaging by MetaSVM.  PLOD2 
encodes a lysyl hydroxylase previously implicated in autosomal recessive Bruck syndrome type 
2 (OMIM#609220), a variant of osteogenesis imperfecta (McPherson and Clemens, 1997). 
Further work will be required to assess the significance of these mutations in CH.  
 
De novo mutations in neural tube closure and formation 
 
GO pathway analysis of our significant gene set identified them to be highly enriched for “neural 
tube closure and formation” (Supplementary Table 12). We consequently searched for 
additional de novo mutations in CH genes in this pathway (Supplementary Table 13). We 
found a single de novo missense mutation in CELSR2 (p.R2812W), encoding Cadherin EGF 
LAG Seven-Pass G-Type Receptor 2, and a single de novo missense mutation in LRP6 
(p.V1415F), encoding a co-receptor with frizzled proteins in the WNT signaling pathway. 
Knockout of each of these genes in mice results in progressive and lethal hydrocephalus (Allache 
et al., 2014; Cuevas et al., 2015; Gavino and Richard, 2011; Harmacek et al., 2014; Maller 
Schulman et al., 2008; Tissir et al., 2010). Both CELSR2 and LRP6 are highly expressed in the 
neuroepithelium and ependyma, and regulate neurogenesis. These observations suggest that the 
identified mutations in CELSR2 and LRP6 contribute to human CH pathogenesis.  
 
De novo duplications at the SHH locus  
 
Using the XHMM algorithm (Fromer and Purcell, 2001), we identified seven putative de novo 
copy number variants (CNVs) see Methods). Six of these, including five duplications and one 
deletion, were validated by independent tests (distortion of allelic ratios of heterozygous SNPs in 
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implicated intervals or qPCR; (Supplementary Table 14). Two of these were duplications at the 
SHH locus, encoding Sonic Hedgehog (SHH), the canonical ligand for PTCH1 that regulates 
neurogenesis by conferring positional information to ventral neural progenitors in the developing 
neural tube (see Jessell, 2000; Lupo et al., 2006). The probability of finding two duplications at 
the same locus among 5 duplication events with these gene compositions is very low (p = 1.22 x 
10-4) (see Methods).  
 
Discussion  
 
Using exome sequencing, we implicate four new genes in the molecular pathogenesis of human 
CH: TRIM71, SMARCC1, PTCH1, and SHH. High enrichment of mutations in these genes 
among our CH cohort suggests their large effects on phenotypic risk. The genes showing 
heterozygous protein-altering de novo mutations are all highly intolerant to mutation (pLI > .99), 
and murine knockouts of each gene produce severe defects in neural tube development, including 
exencephaly (Feng et al., 2013; Gavino and Richard, 2011; Goodrich et al., 1997; Hahn et al., 
1996; Harmacek et al., 2014; Maller Schulman et al., 2008). Two of these genes encode proteins 
that are binding partners: SHH is the canonical ligand for PTCH1. A subset of mice deficient in 
ptch1 develops fatal hydrocephalus (Celen et al., 2017; Gavino and Richard, 2011). All four 
genes are highly expressed in the developing ciliated neuroepithelium, and regulate neural stem 
cell fate. Together, mutations in these four new genes collectively account for 8.5% of cases 
studied, with another 2.3% of cases explained by previously identified genes.  
 
From the inferred contribution of de novo point mutations to 8% of CH probands in our cohort, 
and the number of genes with more than one de novo mutation, we estimate that a small number 
of additional genes contribute to CH by de novo point mutation (maximum likelihood estimate 
~8 genes, with wide confidence interval) (Supplementary Figures 13 and 14). This estimate is 
substantially smaller than found for other diseases such as autism and congenital heart disease 
(Homsy et al., 2015; Iossifov et al., 2014; Sanders et al., 2012; Zaidi et al., 2013; De Rubeis et 
al., 2014), and is consistent with the identification of multiple disease-causing genes from 
analysis of this relatively small cohort. Variants in non-coding elements of these genes might add 
to their contribution to CH. Sequencing of additional trios and isolated probands has high 
potential to detect additional rare mutations with large effect on disease risk.  
 
Interestingly, all four cases of CH with TRIM71 mutation had communicating hydrocephalus, 
whereas aqueductal stenosis characterized all five cases with SMARCC1 mutation and all three 
cases with PTCH1 mutation. From the prevalence of these two sub-phenotypes in our cohort 
(50.2% communicating vs. 49.8% aqueductal, respectively) we calculate that this correlation was 
highly unlikely to occur by chance (P = 0.002), supporting the pathogenicity of the observed 
mutations. These observations provide evidence that phenotypic subsets of CH may be strongly 
influenced by genetic determinants.  
 
Nonetheless, our results also provide evidence of incomplete penetrance and variable 
expressivity of mutations in two of these genes. Indeed, there were four first-degree relatives of 
probands with the same mutation found in the proband in SMARCC1 and one relative with 
PTCH1 mutation who had no history or evidence of hydrocephalus, demonstrating incomplete 
penetrance for these mutations. Moreover, heterozygous LOF mutations in PTCH1 are a well-
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described cause of Gorlin syndrome (Gorlin, 2004; Gorlin  and Goltz 1960); Gorlin syndrome 
patients typically only develop hydrocephalus with development of obstruction to CSF flow due 
to medulloblastoma (Amlashi et al., 2003). In contrast, our patients had no obstruction and did 
not have medulloblastoma; murine hydrocephalus with PTCH1 mutation similarly occurs 
without medulloblastoma (Wang et al., 2010a; Wetmore et al., 2015). Moreover, a mutation-
bearing parent of one of our probands had typical Gorlin syndrome diagnosed owing to 
numerous basal cell carcinomas, but did not have hydrocephalus. This provides strong support 
that the LOF mutations in our probands are functionally equivalent to those causing Gorlin 
syndrome and implies that these probands are at high risk to develop basal cell carcinomas later 
in life. The determinants of incomplete penetrance and variable expressivity remain obscure, but 
may be explained by common genetic (Timberlake et al., 2016) or environmental modifiers 
(Stuart et al., 2015), or by stochastic elements. 
 
Similar to other Mendelian forms of CH (e.g., L1CAM) (Rosenthal et al., 1992), several CH 
patients harboring TRIM71 and SMARCC1 mutations exhibited other neurological and brain 
radiographic features in addition to the predominant phenotype of hydrocephalus. For example, 
all patients with TRIM71 mutations, and 3 of 5 patients with SMARCC1 mutations, exhibited 
mild to severe global neurodevelopmental delay and epilepsy. A mother and son with mutant 
TRIM71 and ventriculomegaly had similar open schizencephalic clefts (Figure 1). In addition, 
the mother had polydactyly and her son had bilateral radial aplasia. Two patients with SMARCC1 
mutations also appeared to have other structural brain abnormalities that included open 
schizencephalic clefts (Figure 2). These findings are consistent with known roles of TRIM71 
and SMARCC1 in regulating key aspects of early brain development (Cuevas et al., 2015; 
Harmacek et al., 2014; Kim et al., 2001; Maller Schulman et al., 2008; Narayanan et al., 2015; 
Nguyen et al., 2016).  
 
While mutations in SMARCC1 and PTCH1 in CH are LOF mutations, this is not likely the case 
for TRIM71, which contains three de novo mutations, all of which involve either of two 
homologous arginines in the NHL domain that directly bind to target mRNAs (Chang et al., 
2012; Loedige et al., 2013; Loedige et al., 2015; Loedige et al., 2014). This highly specific 
mutation spectrum strongly suggests that these are not simple LOF mutations. While these 
mutations likely impair binding to normal target mRNAs, there may be other gene functions that 
are preserved; for example, the putative ubiquitin ligase activity of TRIM71 might serve an 
independent function that is preserved. Alternatively, the mutations could have neomorphic 
effects, for example by binding to mRNAs that are not normally targeted. These issues will be 
interesting topics for future investigation. Similarly, the observed duplications of SHH suggest 
that these mutations are gain of function. Dosage loss of PTCH1, which inhibits downstream 
signaling in the pathway via effect on the SMO receptor, and dosage gain of SHH, are both 
expected to increase downstream signaling in the hedgehog pathway (Briscoe and Therond, 
2013).   
 
Ciliated neuroepithelial stem cells (i.e., neural progenitor cells, or neural stem cells) in the 
ventricular zone of the neural tube undergo proliferation accompanied by minimal differentiation 
during early embryogenesis. These cells subsequently become differentiated neurons (Ever and 
Gaiano, 2005; Merkle et al., 2004) in mice between E8-14 (Chen et al., 2006; Noctor et al., 
2004), a transformation driven by significant alterations in the expression of critical 
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developmental genes (Yao et al., 2016). TRIM71, SMARCC1, and PTCH1 are all highly 
expressed in the developing neuroepithelium (Cuevas et al., 2015; Gavino and Richard, 2011; 
Tuoc et al., 2013b). The secreted factor SHH engages its receptor PTCH1 on neuroepithelial 
cilia. All 5 genes have been shown to regulate the proliferation, fate specification, and 
differentiation of neural progenitor cells, and accordingly, the development of the neural tube 
(Kim et al., 2001; Nguyen et al., 2017; Shikata et al., 2011).  
 
Although CH research has historically focused on disordered CSF homeostasis (Oreskovic and 
Klarica, 2011; Sato et al., 1994), the CH gene mutations reported here suggest the importance of 
de novo or transmitted mutations that alter the balance between neural progenitor cell 
proliferation and neural differentiation. In support of this human genetic data, Dusp16 deficiency 
in mice causes brain overgrowth and associated obstructive hydrocephalus due to 
hyperproliferation and expansion of ventricular zone neural progenitor cells at the level of the 
aqueduct (Zega et al., 2017). In contrast, the communicating hydrocephalus phenotype in a 
mouse model of the human ciliopathy Bardet-Biedl Syndrome results from decreased 
proliferation and survival of ventricular zone neural progenitor cells (Carter et al., 2012). 
Interestingly, intraventricular hemorrhage in neonates, the most common cause of secondary 
hydrocephalus in children (Mazzola et al., 2014; Robinson, 2012), also results from neuronal 
deficiency due to ependymal denudation, decreased neural progenitor cell viability, and 
associated cortical thinning (McAllister et al., 2017; Yung et al., 2011). Therefore, a “neural 
stem cell” paradigm of hydrocephalus may provide a unifying mechanism to explain multiple 
forms of neonatal hydrocephalus. 
 
Lastly, these findings have implications for our understanding of CH treatment. Multiple non-
neural mechanisms have been proposed to account for idiopathic communicating hydrocephalus, 
including elevated venous pressure, arachnoid granulation immaturity, excessive skull growth, 
and lymphatic dysplasia (Govaert et al., 1991). However, given the new genetic data presented 
herein, it seems that a primary driver of some communicating forms of CH, especially in those 
associated with other structural brain abnormalities, may not be attributable to active CSF 
accumulation and associated ventricular distension, but rather impaired neurogenesis.  In 
neonatal CH cases with normal or low intracranial pressure (Tully et al., 2016), it is unclear if 
surgical CSF shunting addresses a pathologic feature of CH or, rather, only exposes CH patients 
to the morbidity of surgery and life-long shunt complications without significantly improving 
neurodevelopmental outcomes. The direct and obvious implications for families with CH 
children and their neurosurgeons will stimulate discussion and catalyze further investigation into 
CH pathogenesis and treatment. 
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STAR Methods 
 
Contact for Reagent and Resource Sharing 
 
Further information and requests for resources and reagents should be directed to and will be 
fulfilled by the Lead Contact, Dr. Kristopher T. Kahle (kristopher.kahle@yale.edu). 
 
Experimental Model and Subject Details 
 
Subjects and samples 
 
All study procedures and protocols comply with Yale University’s Human Investigation 
Committee and Human Research Protection Program. Written informed consent for genetic 
studies was obtained from all participants. Inclusion criteria included patients with primary 
congenital hydrocephalus without known genetic causes such as L1CAM or any other large 
chromosomal deletions or rearrangements. Hydrocephalus cases with secondarily acquired 
etiologies such as intraventricular hemorrhage (IVH), meningitis, obstruction due to tumors or 
cysts, and stroke were excluded. Children with hydranencephaly, large cysts and cephaloceles, 
posterior fossa crowding, myelomeningocele (Chiari II syndrome), or benign extra-axial CSF 
accumulation (i.e. benign external hydrocephalus) were also excluded. Sequenced trios were 
composed of two unaffected parents and one affected child with primary congenital 
hydrocephalus. All probands had undergone surgery for therapeutic CSF diversion (shunt 
placement and/or endoscopic third ventriculostomy). Patients and participating family members 
provided buccal swab samples (Isohelix SK-2S DNA buccal swab kits), medical records, 
radiological imaging studies, operative reports, and congenital hydrocephalus phenotype data.  
 
The control cohort was composed of 1,789 previously whole-exome sequenced and analyzed 
families from the Simons Foundation Autism Research Initiative Simplex Collection (Fischbach 
and Lord, 2010; Iossifov et al., 2014; Krumm et al., 2015; O'Roak et al., 2011; Sanders et al., 
2012). Sequenced families were comprised of two unaffected parents, one affected child with 
autism, and one unaffected sibling. Only the unaffected sibling and parents, as designated by the 
Simons Simplex Collection, were analyzed and served as controls for this study (Krumm et al., 
2015).  
 
Whole-exome sequencing and variant calling  
 
DNA was isolated from buccal swab samples in accordance with manufacturer protocol. Whole-
exome sequencing was performed using the IDT xGen capture reagent followed by 99 base 
paired-end sequencing on the Illumina HiSeq 2000 instrument at the Yale Center for Genome 
Analysis as previously described (Timberlake et al., 2016). Exome sequencing quality metrics 
are shown in Supplementary Table 3.  
 
Sequence reads were mapped and aligned to the GRCh37/hg19 human reference genome using 
Burrows-Wheeler Aligner-MEM (Li and Durbin, 2009).  In accordance with GATK Best 
Practices recommendations, the data were further processed using Genome Analysis Toolkit 
(GATK) base quality score recalibration (McKenna et al., 2010), indel realignment, duplication 
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marking and removal, and base quality score recalibration (DePristo et al., 2011; Van der 
Auwera et al., 2013).  Single nucleotide variants and small insertions and deletion were called 
using GATK Haplotype Caller and annotated using ANNOVAR (Wang et al., 2010b), NHLBI 
exome variant server (Fu et al., 2013), 1000 Genomes (The Genomes Project, 2015), DbSNP 
(Sherry et al., 2001), and gnomAD and ExAC databases (Lek et al., 2016).  
 
The average depth of coverage of the whole-exome sequencing data was 54.3x, with greater than 
8x coverage in 95.9% of the target region for exome capture (Supplementary Table 3).   
 
The sporadic or autosomal recessive mode of inheritance exhibited in our cohort pedigrees led us 
to prioritize de novo, compound heterozygous, and homozygous variants. Variants were filtered 
for predicted deleteriousness and conservation using a series of in silico prediction algorithms, 
including Meta-analytic support vector machine (MetaSVM) and Meta-analytic logistic 
regression (MetaLR) (Dong et al., 2015), Polymorphism Phenotyping (PolyPhen) (Adzhubei et 
al., 2010), Combined Annotation-Dependent Depletion (CADD) (Kircher et al., 2014), Sorting 
Intolerant From Tolerant (SIFT) (Kumar et al., 2009; Ng and Henikoff, 2001, 2002, 2003, 2006), 
conservation across 46 orthologs (cons46diff) (Cromer et al., 2012; Stuart et al., 2015), 
Likelihood Ratio Test (LRT) (Chun and Fay, 2009), MutationTaster (Schwarz et al., 2010), 
Mutation Assessor (Reva et al., 2011), Functional Analysis Through Hidden Markov Models 
(FATHMM) (Shihab et al., 2013), FATHMM–Multiple Kernel Learning (FATHMM-MKL) 
(Shihab et al., 2015), FATHMM-Coding (Shihab et al., 2014), Protein Variant Effect Analyzer 
(PROVEAN) (Choi et al., 2012), Variant Effect Scoring Tool (VEST3) (Carter et al., 2013), 
Mendelian Clinically Applicable Pathogenicity (M-CAP) (Jagadeesh et al., 2016), deleterious 
annotation of genetic variants using neural networks (DANN) (Quang et al., 2015), Eigen-PC 
(Ionita-Laza et al., 2016), Genomic Evolutionary Rate Profiling (GERP++ and GERPP++ GT2) 
(Davydov et al., 2010), phylogenetic P-values (phyloP100way and phyloP20way) (Pollard et al., 
2010), phastCons100way and phastCons20way (Siepel et al., 2005), Site-specific Phylogenetic 
analysis (SiPhy) (Garber et al., 2009; Lindblad-Toh et al., 2011), REVEL (Ioannidis et al., 2016), 
and MPC (Samocha et al., 2017).  
 
Method Details 
 
Kinship analysis 
 
Pedigree information and participant relationships were confirmed utilizing pairwise PLINK 
identity-by-descent (IBD) calculation (Purcell et al., 2007). The IBD sharing between the 
probands and parents in all trios is between 45% and 55%. Pairwise individual relatedness was 
corroborated using KING (Manichaikul et al., 2010). 
 
Haplotype phasing and analysis of inbreeding 
 
Haplotype phasing, inbreeding coefficient, and the longest homozygosity-by-descent (HBD) 
fragment were estimated using Beagle v3.3.2 (Browning and Browning, 2007) as described 
previously (Jin et al., 2017). The criteria of consanguinity are defined as runs of homozygosity in 
segments of 2cM or greater length that collectively comprise at least 0.35% of the genome. 
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Principal component analysis 
 
In order to determine the ethnicity of each participant, we utilized the EIGENSTRAT software 
(Price et al., 2006) to analyze SNPs in cases, controls, and HapMap subjects as previously 
described (Jin et al., 2017; Timberlake et al., 2016). 
  
De novo and inherited (dominant/recessive) variant analysis and filtering 
 
De novo mutations were called in parent-offspring trios, each consisting of an affected child with 
primary congenital hydrocephalus and his or her unaffected biological parents, using the 
Bayesian framework TrioDeNovo  (Dong et al., 2015).  Candidate de novo variants were filtered 
based on the following criteria: (1) minor allele frequency (MAF) d 5 x 10-3 in ExAC, 1000 
Genomes, and EVS, (2) GATK variant quality score recalibration (VQSR) of ‘pass’, (3) 
minimum sequencing depth of 8 reads in the proband and each parent, (4) genotype quality (GQ) 
score t 20 and alternate allele ratio t 40%, (5) TrioDeNovo data quality (DQ) score t 7, and (6) 
exonic or splice-site variant.   
 
Transmitted dominant variants were filtered by similar criteria of rareness and quality: (1) MAF 
d 2 x 10-5 in ExAC, (2) GQ t 20 and alternate allele ratio t 40%, (3) GATK VQSR of ‘pass’, 
and (4) minimum sequencing depth of 8 reads in each participant.  Recessive variants were also 
filtered for rare (MAF d 10-3 in ExAC) bi-allelic events (homozygous and compound 
heterozygous mutations) that met read quality criteria as above (GQ t 20, alternate allele ratio t 
40%, ‘pass’ GATK VQSR, and minimum sequencing depth t 8).  Hemizygous recessive variants 
were filtered for rare events (MAF d 2 x 10-5) using the same quality criteria described above.  
 
The impact of nonsynonymous single nucleotide variants on protein function was predicted using 
the MetaSVM algorithm (Dong et al., 2015), identifying mutations with rank scores greater than 
0.83357 as deleterious (‘D-mis’). D-Mis and loss-of function mutations (nonsense, frameshift 
insertions and deletions, and splice-site) were considered potentially damaging to protein 
function.  
 
All de novo and transmitted calls were verified by in silico visualization of aligned reads using 
the BLAT search (Kent, 2002) and Integrative Genomics Viewer (IGV) (Robinson et al., 2011). 
Salient de novo and compound heterozygous calls were then verified in all participants that 
provided DNA by direct Sanger sequencing of PCR amplicons containing the mutation.  
 
Burden of de novo mutations 
 
The burden of de novo mutations in congenital hydrocephalus cases and unaffected autism 
controls was determined using the denovolyzeR package (Ware et al., 2015) as previously 
described  The probability of observing a de novo mutation in each gene was calculated as 
illustrated previously (Jin et al., 2017), with the exception that the coverage adjustment factor 
was based on the full set of 125 case trios (or 126 case trios in the SMARCC1 analysis given the 
inclusion of a de novo in parent Hydro106-3) and 1,789 control trios (separate probability tables 
for each set).  The expected number of de novo mutations across variant classes in case and 
control cohorts was calculated and compared to the observed number of de novo mutations in 
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each cohort using the Poisson test (Samocha et al., 2014). Gene-set enrichment analyses and 
statistical tests considered only mutations observed or expected in genes within the specified set 
(i.e. high brain-expressed, aqueductal stenosis).  
 
Contribution of de novo mutation to congenital hydrocephalus 
 
The number of de novo mutations in risk genes that contribute to congenital hydrocephalus was 
calculated based on the observed count of protein-altering de novo mutations compared to 
expectation (=Nx((M1-M2)/M1), where N is the total number of trios and M1 and M2 are the 
observed and expected count of protein-altering de novo mutations per trio, respectively) 
 
Enrichment analysis for the dominant and recessive variants 
 
To quantify the enrichment of LoF heterozygous variants, we calculated the expectation for a 
gene using the following formula: 
 

Expected LoF𝑗 = 𝐿 ×
mutability𝑗

∑ mutability𝑗𝐺𝑒𝑛𝑒𝑠
 

 
where ‘j’ denotes the ‘jth’ gene and ‘L’ denotes the total number of LoF heterozygous mutations. 
A one-tailed binomial test was conducted to compare the observed number of heterozygous 
variants to expectation. 
 
For damaging recessive genotypes (RGs) in a specific gene in cases, we conducted a one-tailed 
binomial test to evaluate enrichment as described previously (Jin et al., 2017). RG can also be 
modeled separately as compound heterozygotes or homozygotes. The expected number of 
compound heterozygotes for each gene is derived from distributing the observed number of RGs, 
N, across all genes according to the ratio of the squared de novo probabilities: 
 

Expected Compound RG𝑖 = 𝑁 ×  
𝑝𝑟𝑜𝑏𝑎𝑏𝑖𝑙𝑖𝑡𝑦𝑑𝑒 𝑛𝑜𝑣𝑜

2

∑ (𝑝𝑟𝑜𝑏𝑎𝑏𝑖𝑙𝑖𝑡𝑦𝑑𝑒 𝑛𝑜𝑣𝑜
2 )𝐺𝑒𝑛𝑒𝑠

  

 
 
The expected number of homozygotes is derived similarly, but using the linear ratio of de novo 
probabilities: 

Expected Homozygous RG𝑖 = 𝑁 ×  
𝑝𝑟𝑜𝑏𝑎𝑏𝑖𝑙𝑖𝑡𝑦𝑑𝑒 𝑛𝑜𝑣𝑜

∑ (𝑝𝑟𝑜𝑏𝑎𝑏𝑖𝑙𝑖𝑡𝑦𝑑𝑒 𝑛𝑜𝑣𝑜)𝐺𝑒𝑛𝑒𝑠
 

 
The total number of expected RG for each gene is the sum of the derived expected compound 
heterozygous and homozygous values. 
 
Gene ontology enrichment analysis.  
 
Three genome-wide significant genes PTCH1, SMARCC1, and PTCH1 were input into GOrilla 
(Eden et al., 2009) to identify enriched GO terms compared to the background set of genes 
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(M=18,715).  For gene-set enrichment analyses, each statistical test considered observed or 
expected mutations in genes within the specified gene set.  
 
In Silico Splice-Site Prediction 
 
In order to assess the impact of a missense mutation at the splice donor site of intron 10 of 
PTCH1 that changed the donor site sequenced from GTA to GTC, we utilized Human Splicing 
Finder (Desmet et al., 2009) and MaxEntScan (Yeo and Burge, 2004). Both programs predicted 
that this mutation is likely to affect splicing. MaxEntScan assigned a MaxEnt score of 7.64 to the 
wild-type canonical splice donor site; however, after mutation of the wild-type sequence to GTC, 
the alternate splice donor bases upstream was assigned a score of -0.18. The difference in 
MaxEnt scores between the mutant and the reference sequence is -7.82, which provides strong 
support for this mutation being a potential 5’ donor splice site. 
 
Copy Number Variation (CNV) analysis 
 
XHMM was run to call CNVs from WES as previously described (Ruderfer et al., 2016). GATK 
DepthOfCoverage was used to calculate mean read depth per targets from the alignment files. 
The data was normalized by removing the highest variance principal components (variance > 
70%) and z scores were calculated from the mean read depths. CNVs were called using the 
Viterbi Hidden Markov model (HMM) and the quality scores were calculated using the forward-
backward HMM. After filtering out common CNVs present at allele frequencies greater than 
0.1% in 1000 Genomes (Sudmant et al., 2015) and 10% in the cohort, high quality CNVs 
(SQ>60 where SQ indicates the phred-scaled quality score for the presence of a CNV event 
within the interval) were subjected to visual inspection. De novo CNVs were assessed using 
PLINK/Seq command-line tools (Fromer et al., 2012). 
 
Quantification and Statistical Analyses 
 
De novo CNV Permutation Test 
 
The probability of finding one exon covered by multiple de novo CNVs was calculated by 
comparing the observed distribution to an empirical distribution derived from 1 million 
permutations. For each permutation, five de novo duplications were randomly distributed across 
the genome; each duplication contained the same number of exons as predicted from XHMM 
with adjustment if the CNV is partially validated by experiment. In each permutation, the 
experiment was considered a success if at least one locus contained exactly one exon covered by 
multiple duplications. The number of successes was tallied and the p-value was obtained by 
dividing the number of successes by the number of iterations.  
 
Estimating the number of risk genes 
 
A maximum likelihood approach was used to estimate the number of genes contributing to 
congenital hydrocephalus via de novo events as described previously (Jin et al., 2017). We 
defined K to be the number of observed protein-altering de novo mutations in high brain-
expressed (HBE) genes among cases. R1 indicates the number of HBE genes mutated exactly 
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twice in cases and R2 indicates the number of high HBE mutated three times or more. We set the 
proportion (E) of protein-altering mutations in risk genes based on point estimate of enrichment 
in cases compared to expectation (E = (M1-M2)/M1, where M1 and M2 are the observed and 
expected count of protein-altering de novo mutations per trio, respectively). We then simulated 
the likelihood function as follows: First, we randomly selected G risk genes from the HBE gene 
set. Next, we simulated the number of contributing protein-altering mutations in risk genes, i.e. 
C, by sampling once from Binomial(K,E) distribution. Then, we simulated C contributing 
protein-altering mutations in G risk genes and K-C non-contributing protein-altering mutations 
in the complete HBE gene set, using each gene’s protein-altering mutability score as probability 
weights. We performed 20,000 simulations for G from 2 to 100, and calculated the likelihood 
function L(G) as the proportion of simulations in which the number of genes with two protein-
altering de novo mutations equals to R1 and the number of genes with three or more protein-
altering de novo mutations equals to R2. We then estimated the number of risk genes using the 
maximum likelihood estimate (MLE). Based on the likelihood function, we calculated the Fisher 
information and constructed the confidence interval based on the MLE and estimated Fisher 
information using the following equation 
 

MLE ± 1.96 × (
1

√Fisher Information
) 

 
In situ hybridization 
 
Mouse brains and embryos were fixed in 4% paraformaldehyde by overnight immersion and 
sectioned (10-15 µm, cryostat sections for digoxigenin [DIG] probes). Antisense RNA probes 
corresponding to murine Ptch1, Smarcc1 and Trim71 (approx. 200bp for DIG-labeled probes 
respectively) were synthesized to detect Ptch1, Smarcc1 and Trim71 transcripts in murine tissue, 
using methods previously described (Duncan et al., 1994; Petersen et al., 2002; Schaeren-
Wiemers and Gerfin-Moser, 1993).  
 
Data and Software Availability 
 
The sequencing data for congenital hydrocephalus case-parent trios reported in this manuscript 
have been deposited in the NCBI database of Genotypes and Phenotypes (dbGaP) (accession 
no. phs000744). 
 
  

http://www.ncbi.nlm.nih.gov/projects/gap/cgi-bin/study.cgi?study_id=phs000744
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KEY RESOURCES TABLE 

REAGENT or RESOURCE SOURCE IDENTIFIER 
Deposited Data 
Whole exome sequencing data from CH trios (n = 125) This paper Accession 

no. phs000744 
(http://www.ncbi.nlm.
nih.gov/projects/gap/
cgi-
bin/study.cgi?study_i
d=phs000744) 

Whole exome sequencing data from SSC control trios Iossifov et al., 2014 NDAR: 
DOI:10.15154/11496
97 
(https://ndar.nih.gov/
study.html?id=352) 

Software and Algorithms 
Genome Analysis Tool Kit (GATK) DePristo et al., 2011; 

McKenna et al., 2010; 
Van der Auwera et al., 
2013 

https://software.broa
dinstitute.org/gatk/be
st-practices/ 
 

BWA-mem Li and Durbin, 2009 http://bio-
bwa.sourceforge.net/ 
 

Annovar Wang et al., 2010 http://annovar.openb
ioinformatics.org/en/l
atest/ 

 
PLINK/SEQ Fromer et al., 2014 https://atgu.mgh.har

vard.edu/plinkseq/ 
 

Other 
1000 Genomes GRCh37 h19 genome build 1000 Genomes 

Project 
 

http://ftp.1000genom
es.ebi.ac.uk/vol1/ftp/
technical/reference/h
uman_g1k_v37.fasta
.gz 
 

RefSeq hg19 gene annotation UCSC Genome 
Browser 

http://genome.ucsc.e
du/cgi-
bin/hgTables?comm
and=start 
 

Intervals file for IDT xGen v1.0 Integrated DNA 
Technologies 

https://www.idtdna.c
om/pages/products/n
ext-generation-
sequencing/hybridiz
ation-
capture/lockdown-
panels/xgen-exome-
research-panel 
 

 
   

http://www.ncbi.nlm.nih.gov/projects/gap/cgi-bin/study.cgi?study_id=phs000744
http://www.ncbi.nlm.nih.gov/projects/gap/cgi-bin/study.cgi?study_id=phs000744
http://www.ncbi.nlm.nih.gov/projects/gap/cgi-bin/study.cgi?study_id=phs000744
http://www.ncbi.nlm.nih.gov/projects/gap/cgi-bin/study.cgi?study_id=phs000744
http://www.ncbi.nlm.nih.gov/projects/gap/cgi-bin/study.cgi?study_id=phs000744
http://www.ncbi.nlm.nih.gov/projects/gap/cgi-bin/study.cgi?study_id=phs000744
https://ndar.nih.gov/study.html?id=352
https://ndar.nih.gov/study.html?id=352
https://software.broadinstitute.org/gatk/best-practices/
https://software.broadinstitute.org/gatk/best-practices/
https://software.broadinstitute.org/gatk/best-practices/
http://bio-bwa.sourceforge.net/
http://bio-bwa.sourceforge.net/
http://annovar.openbioinformatics.org/en/latest/
http://annovar.openbioinformatics.org/en/latest/
http://annovar.openbioinformatics.org/en/latest/
https://atgu.mgh.harvard.edu/plinkseq/
https://atgu.mgh.harvard.edu/plinkseq/
http://ftp.1000genomes.ebi.ac.uk/vol1/ftp/technical/reference/human_g1k_v37.fasta.gz
http://ftp.1000genomes.ebi.ac.uk/vol1/ftp/technical/reference/human_g1k_v37.fasta.gz
http://ftp.1000genomes.ebi.ac.uk/vol1/ftp/technical/reference/human_g1k_v37.fasta.gz
http://ftp.1000genomes.ebi.ac.uk/vol1/ftp/technical/reference/human_g1k_v37.fasta.gz
http://ftp.1000genomes.ebi.ac.uk/vol1/ftp/technical/reference/human_g1k_v37.fasta.gz
http://genome.ucsc.edu/cgi-bin/hgTables?command=start
http://genome.ucsc.edu/cgi-bin/hgTables?command=start
http://genome.ucsc.edu/cgi-bin/hgTables?command=start
http://genome.ucsc.edu/cgi-bin/hgTables?command=start
https://www.idtdna.com/pages/products/next-generation-sequencing/hybridization-capture/lockdown-panels/xgen-exome-research-panel
https://www.idtdna.com/pages/products/next-generation-sequencing/hybridization-capture/lockdown-panels/xgen-exome-research-panel
https://www.idtdna.com/pages/products/next-generation-sequencing/hybridization-capture/lockdown-panels/xgen-exome-research-panel
https://www.idtdna.com/pages/products/next-generation-sequencing/hybridization-capture/lockdown-panels/xgen-exome-research-panel
https://www.idtdna.com/pages/products/next-generation-sequencing/hybridization-capture/lockdown-panels/xgen-exome-research-panel
https://www.idtdna.com/pages/products/next-generation-sequencing/hybridization-capture/lockdown-panels/xgen-exome-research-panel
https://www.idtdna.com/pages/products/next-generation-sequencing/hybridization-capture/lockdown-panels/xgen-exome-research-panel
https://www.idtdna.com/pages/products/next-generation-sequencing/hybridization-capture/lockdown-panels/xgen-exome-research-panel
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Main Figures  
 
Figure 1. Recurrent, identical de novo mutations in LIN41TRIM71, encoding the let-7 
miRNA target TRIM71. 
 
a. Representative sagittal (left) and axial (right) T2-weighted brain magnetic resonance images of 
CH probands Hydro100-1 and Hydro102-5 showing severe communicating hydrocephalus. 
Hydro100-1 and Hydro102-5 were both treated with surgical CSF shunting. 
b. Pedigree structures with Sanger-verified mutated bases (red) and the corresponding wild-type 
bases marked on the chromatograms. 
c. Structural modeling of TRIM71 mutation impact on surface electrostatic charge patterns in the 
protein. Normally, the positively charged guanidinium side chain of p.Arg796 interacts with the 
negatively charged sugar-phosphate backbone of target RNAs to aid in maintaining the spatial 
position of the nucleic acid. Mutation of this p.Arg796 residue to the imidazole ring of histidine 
(ΔΔG = 2.0 Kcal/mol) is predicted to disrupt this these interactions (right). The side chain of 
p.Arg608 makes hydrogen bonds with uracil in target RNAs. The p.Arg608His mutation (ΔΔG = 
1.6 Kcal/mol) is predicted to result in the loss of these hydrogen bonds (left).  
d. Locations of identified TRIM71 mutations in relation to critical functional domains. 
p.Arg608His and p.Arg796His both affect conserved residues in the 16th position of the 
respective 1st and 5th blades of TRIM71’s NHL domain, which mediates the binding of target 
RNA.  
e. In situ hybridization of wild-type E12.5 and adult mouse brains for Trim71 showing signals in 
the ciliated neuroepithelium lining the developing neural tube and ventricular zone (V, ventricle; 
arrow, neuroepithelium at E12.5 and ependymal layer in adulthood; 2.5x and 10x magnification). 
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Figure 1. Recurrent, identical de novo mutations in LIN41/TRIM71, encoding the let-7 
miRNA target TRIM71. 
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Figure 2. Multiple de novo and transmitted mutations in SMARCC1, encoding the 
SWI/SNF chromatin modifier, SMARCC1 (BAF155). 
 
a. Representative sagittal (left) and coronal (right) T2-weighted brain magnetic resonance images 
of CH probands Hydro106-1 and Hydro108-1 demonstrate severe obstructive hydrocephalus. All 
three probands required surgical CSF diversion. 
b. Pedigree structures with Sanger-verified mutated bases and the corresponding normal alleles 
marked on the chromatograms.  
c. In situ hybridization of wild-type E12.5 and adult mouse brains for Smarcc1 showing signals 
in the ciliated neuroepithelium lining the neural tube and ventricular zone (V, ventricle; arrow, 
neuroepithelium at E12.5 (2.5x) and ependymal layer in adulthood; (10x magnification). 
 



 

 40 

Figure 3. Multiple de novo and transmitted mutations in PTCH1, encoding the Sonic 
Hedgehog receptor Patched-1. 
 
a. Representative sagittal (left) and axial (right) T2-weighted brain magnetic resonance images of 
CH probands Hydro103-1 and Hydro104-1 with obstructive hydrocephalus, both treated with 
surgical shunting. 
b. Pedigree structures with Sanger-verified mutated bases and the corresponding normal alleles 
marked on the chromatograms.  
c. In situ hybridization staining of wild-type E12.5 and adult mouse brains for Ptch1 
demonstrates specific expression in the hindbrain ciliated neuroepithelium (V, ventricle; arrow, 
neuroepithelium at E12.5 (2.5x) and ependymal layer in adulthood (10x magnification). 
 



   
 

Figure 4. Meta-analysis of rare de novo and transmitted mutations in mutation-intolerant 
genes.  Quantile-Quantile plot of observed versus expected p-values from meta-analysis of 
protein-altering de novo and loss-of-function transmitted heterozygous variants, comparing the 
burden of rare variants in genes intolerant to mutation (pLI > 0.9, MAF < 2 x 10-5) 
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Main Tables 
 
Table 1. Observed and expected de novo mutation rates in 125 probands with congenital 
hydrocephalus (CH) and CH cases with aqueductal stenosis (AS) for variant classes by 
phenotype and high brain expression.  
 

 
 

n: the number of de novo mutations; Rate: the number of de novo mutations per individual; Enrichment: 
ratio of observed to expected number of mutations; High Brain Expression: top quartile of expression; 
Missense: tolerated missense mutations as predicted by MetaSVM; D-Mis: damaging missense mutations 
as predicted by MetaSVM; LOF: loss-of-function denotes premature termination, frameshift, or splice site 
mutations; Damaging: D-miss and LOF mutations 
  

n Rate n Rate
Hydro (125) 

All 137 1.10 139.7 1.12 0.98 0.60
Synonymous 32 0.26 39.7 0.32 0.81 0.91
Missense 89 0.71 87.8 0.70 1.01 0.46
D-Mis 16 0.13 16.5 0.13 0.97 0.58
LOF 16 0.13 12.3 0.10 1.30 0.18
Protein-Altering 105 0.84 100.0 0.80 1.05 0.32
Damaging 32 0.26 28.7 0.23 1.11 0.30

Hydro (125) - High Brain Expressed
All 48 0.38 36.9 0.30 1.30  0.04*
Synonymous 12 0.10 10.3 0.08 1.16 0.34
Missense 30 0.24 23.2 0.19 1.29 0.10
D-Mis 5 0.04 4.4 0.04 1.14 0.45
LOF 6 0.05 3.4 0.03 1.78 0.13
Protein-Altering 36 0.29 26.5 0.21 1.36   0.04*
Damaging 11 0.09 7.8 0.06 1.42 0.16

Hydro + AS (66) 
All 78 1.18 73.8 1.12 1.06 0.33
Synonymous 22 0.33 20.9 0.32 1.05 0.44
Missense 47 0.71 46.3 0.70 1.01 0.48
D-Mis 12 0.18 8.7 0.13 1.38 0.17
LOF 9 0.14 6.5 0.10 1.39 0.21
Protein-Altering 56 0.85 52.8 0.80 1.06 0.35
Damaging 21 0.32 15.2 0.23 1.38 0.09

Hydro + AS (66)  - High Brain Expressed
All 30 0.45 19.5 0.30 1.54  0.01*
Synonymous 9 0.14 5.5 0.08 1.65 0.10
Missense 17 0.26 12.2 0.19 1.39 0.11
D-Mis 4 0.06 2.3 0.04 1.72 0.21
LOF 4 0.06 1.8 0.03 2.25 0.11
Protein-Altering 21 0.32 14.0 0.21 1.50  0.04*
Damaging 8 0.12 4.1 0.06 1.95  0.05*

Table 1. Observed and expected de novo  mutation rates in 125 probands with congenital hydrocephalus (CH) and CH cases 
with aqueductal stenosis (AS) for variant classes by phenotype and high brain expression.

n: the number of de novo mutations; Rate: the number of de novo mutations per individual; Enrichment: ratio of observed to expencted numbers of 
mutations; High Brain Expression: Top quartile of expression; Missense: Tolerated missense mutations as predicted by MetaSVM; D-Mis: 
Damaging missense mutations as predicted by MetaSVM; LOF: Loss of function denotes premature termination, frameshift, or splice site 
mutations; Damaging: D-Mis and loss of function mutations.         

Observed Expected Enrichment p
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Table 2. Meta-analysis of protein-altering de novo mutations (DNMs) and loss-of-function 
(LOF) heterozygous mutations in probands for genes with multiple DNMs. 
 

 
 

Meta-analysis performed by combining the p-values from protein-altering de novo mutations and loss-of-
function (LOF) heterozygous mutations using the Fisher’s method with 4 degrees of freedom.  Bolded p-
values surpass the Bonferroni multiple testing correction (2.6 x 10-6, 0.05/18,989) for p-values tabulated 
by either de novo, heterozygous or meta-analysis. Of note, the denovolyzeR p-value of damaging 
SMARCC1 mutations was calculated using 126 case-parent trios given the sporadic de novo mutation 
occurs in the proband’s father (Hydro106-3).   

# observed # expected enrichment p-value # observed # expected enrichment binomial p-value

SMARCC1 2 2.3 x 10-3 861.7 2.7 x 10-6 3 4.3 x 10-2 70.5 1.2 x 10-5 8.2 x 10-10 1.0 97.4
PTCH1 2 1.5 x 10-3 1374.3 1.1 x 10-6 1 3.8 x 10-2 26.1 3.8 x 10-2 7.2 x 10-7 1.0 93.2
TRIM71 3 1.1 x 10-2 274.8 2.2 x 10-7 0 2.5 x 10-2 0 1 3.5 x 10-6 1.0 74.6
PLOD2 2 3.5 x 10-3 580.2 5.9 x 10-6 0 7.8 x 10-2 0 1 7.7 x 10-5 0 82.8
SGSM3 2 8.6 x 10-3 232.2 3.7 x 10-5 0 6.9 x 10-2 0 1 4.1 x 10-4 0 67.4

Gene De Novo Mutations Transmitted Loss-of-Function (LOF) Meta P-value pLI
High Brain 

Expression Rank
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Supplementary Figures  
 
Supplementary figure 1. De novo mutation rates closely approximate a Poisson distribution 
in cases and controls.  
Observed number of de novo mutations per case-parent trio (bars) compared to expected (line) 
from the Poisson distribution in CH case (red) and healthy autism sibling control (blue) cohorts; 
‘p’ denotes the chi-squared p-value.  
 
 

 
 
 
 
 
 
 
 
 
 
 

 
Supplemental Figure 2. Principal-component analysis of our hydrocephalus cohort of 440 
individuals (+) clustered along with HapMap subjects (o).  
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Supplemental Figure 3.  Principal-component analysis of 177 probands with congenital 
hydrocephalus clustered along with HapMap subjects. Results identify 162 probands (+) that 
cluster with HapMap Non-Finnish, European subjects (o).  
 

 
 
Supplementary Figure 4. (A) Homology model of TRIM71 (residues 577-868) based on the 
crystal structure of the Brat-NHL domain. TRIM71 belongs to the NHL superfamily exhibiting 
structural conservation of the hexa-NHL repeat. R608 and R796 are shown as cyan sticks. (B) 
Surface representation of TRIM71 (white surface with R608 and R796 in blue) with bound 14-
nucleotide RNA (orange backbone with nucleotides as green sticks).  
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Supplementary Figure 5. (A) The positively charged TRIM71 guanidinium side chain of 
p.Arg796 interacts with the sugar-phosphate backbone of its target RNA, possibly stabilizing the 
spatial orientation of the nucleic acid. The imidazole ring of the missense mutant histidine (ΔΔG 
= 2.0 Kcal/mol) is unable to retain these interactions. (B) The R608 guanidinium side chain 
makes hydrogen bonds with a uracil base of its target RNA. The p.Arg608His mutation (ΔΔG = 
1.6 Kcal/mol) results in the loss of these hydrogen bonds. (C) TRIM71 (cyan surface) and 
TRIM71 residues (yellow surface) within 5Å of bound RNA (cpk sticks) with spatial positions of 
p.Arg608 and p.Arg796 labeled. 
 

 
 
Supplementary Figure 6. (A) Lateral and (B) Superior view of RNA (green) interacting with 
TRIM71. The surface of TRIM71 is colored based on an electrostatic surface representation. The 
part of the RNA interacting interface is positively charged (blue). (C) Eight nucleotides that 
interact with TRIM71 have been illustrated by surface representation and the color highlights the 
surface charge pattern. It is worth noting the complementary electrostatic charge pattern at the 
interface of RNA (red) and TRIM71 (blue). 
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Supplementary Figure 7. (A) Sequence alignment of TRIM71 NHL domain (Uniprot ID 
Q2Q1W2 residues 577-868) with the sequences from the NHL domain of Brat, which were used 
as templates for homology modelling (PDB id 1Q7F, 5EX7 and 4ZLR). (B) Overall model 
quality as determined by Protein structure analysis (PROSA) webserver (Sippl, 1993; 
Wiederstein and Sippl, 2007). The Z-score is -6.07. The z-score indicates overall model quality 
and measures the deviation of the total energy of the structure with respect to an energy 
distribution derived from random conformations. Z-scores outside a range characteristic for 
native proteins indicate erroneous structures. The black dot represents the final chosen model. 
(C) Conserved domain architecture of human TRIM71 as predicted by blastp suite at the NCBI 
server (Altschul et al., 1990; Altschul et al., 1997; Boratyn et al., 2012; Camacho et al., 2009; 
Madden et al., 1996; Morgulis et al., 2008; States and Gish, 1994; Zhang and Madden, 1997; 
Zhang et al., 2000). Residues 577-868 in query sequence (Uniprot Id Q2Q1W2) were predicted 
to be RING-HC_TRIM71_C-VII and NHL_TRIM71_like domain-containing protein (domain 
architecture ID 11614574) belonging to the NHL superfamily. 
 

 
 
 
 

 
  

A B

C

https://urldefense.proofpoint.com/v2/url?u=https-3A__www.ncbi.nlm.nih.gov_Structure_sparcle_archview.html-3Farchid-3D11614574&d=DwMGaQ&c=cjytLXgP8ixuoHflwc-poQ&r=J4DsYxI4PKvV--inrcjqBU6vIgDtMYFqsExz5xfwCtA&m=1sde_LfISG7Cf2wQZEOnVfWtRv4r8pzSngLuXiJRKCQ&s=CTdH6Iqp1czt3lw9dOe4c5-3T2xuyZApZWdL5Lo2kPY&e=
https://urldefense.proofpoint.com/v2/url?u=https-3A__www.ncbi.nlm.nih.gov_Structure_sparcle_archview.html-3Farchid-3D11614574&d=DwMGaQ&c=cjytLXgP8ixuoHflwc-poQ&r=J4DsYxI4PKvV--inrcjqBU6vIgDtMYFqsExz5xfwCtA&m=1sde_LfISG7Cf2wQZEOnVfWtRv4r8pzSngLuXiJRKCQ&s=CTdH6Iqp1czt3lw9dOe4c5-3T2xuyZApZWdL5Lo2kPY&e=
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Supplementary Figure 8. In situ hybridization staining of wild-type mouse embryos for Trim71, 
Smarcc1, and Ptch1 in the embryonic day 12.5 (E12.5, 2.5x) and adult mouse brain (10x 
magnification) demonstrates specific expression in the ciliated neuroepithelium lining the neural 
tube and ventricular zone in the developing brain. 
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Supplementary Figure 9. Pedigrees and Sanger sequence chromatograms for three families 
carrying de novo mutations in LIN41/TRIM71.  
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Supplementary Figure 10. Pedigrees and Sanger sequence chromatograms for three 
families carrying loss-of-function mutations in PTCH1.  
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Supplementary Figure 11. Pedigrees and Sanger sequence chromatograms for three 
families carrying damaging mutations in SMARCC1.  
 

 
 
  

�
a. Hydro105: SMARCC1 c.1577A>C: p.His526Pro 

b. Hydro106: SMARCC1 c.2672delA: p.Lys891fs*4 

d. Hydro107: SMARCC1 c.1602_1603insAGTGGGGACTC: p.Leu534fs*28

e. Hydro108: SMARCC1 c.535A>T : p.Lys179* 

c. Hydro109: SMARCC1 c.1243_1244insAA: p.T415fs*29 
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Supplementary Figure 13.  Estimation of the number of genes contributing to congenital 
hydrocephalus via de novo mutations. Monte Carlo simulation was performed based on 
observed protein-altering de novo mutations in genes highly expressed in the developing mouse 
brain using 20,000 iterations.  This likelihood-based approach assumes identical penetrance of all 
protein-altering de novo mutations in all risk genes (for details, see Methods). We estimate that 
the number of risk genes via de novo events is ~8 (95% confidence interval: [2.52, 13.48]). 
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Supplementary Figure 14. Saturation analysis for detecting risk genes with more than one 
protein-altering de novo mutation. The number of trios (x-axis) and the number of risk genes 
with more than one protein-altering de novo mutation (y-axis) are specified. The expected 
number of risk genes was determined by the maximum likelihood approach to be 8. In each 
iteration of the simulation, the total number of protein-altering mutations in risk genes was 
determined based on the point estimate of enrichment in cases compared to expectation (= 
N×[(M1-M2)/M1], where N is the number of trios and M1 and M2 are the observed and expected 
count of protein-altering de novo mutations per trio, respectively). We then randomly distributed 
this amount across eight randomly-selected risk genes and calculated how many of these eight 
genes have > 1 protein-altering de novo events. 10,000 iterations were performed to estimate the 
number of risk genes with more than 1 protein-altering de novo mutation, taking into account the 
protein-altering de novo mutation probability. Whole exome sequencing of 500 and 1,000 trios 
will yield 6.4 and 7.6 risk genes, reaching respective saturations for all risk genes of 80% and 
95%.   
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Supplementary Tables 
 
Supplementary Table 1. Number of studied congenital hydrocephalus cases and controls 
 

 
N: Number of case-parent trios, singleton cases, and familial forms (defined as greater than one patient in 
nuclear family affected by congenital, primary hydrocephalus) 
 
 
 
Supplementary Table 2. Demographic characteristics of congenital hydrocephalus (CH) 
cases and controls 
 

 
The number of samples is shown in each category with the corresponding percentage in parenthesis. 
Ethnicity is determined by principal component analysis compared to HapMap samples using 
EIGENSTRAT (see Methods).  
  

N: Number of case-parent trios, singleton cases, and familial forms (defined as greater than one 
patient in nuclear family affected by congenital, primary hydrocephalus)

# of unrelated congenital hydrocephalus probands 177

Supplementary Table 1. Number of studied congenital hydrocephalus cases and controls
NCategory

# of case-parent trios
# of singleton cases
# of familial forms

125
47
5

# of control case-parent trios 1,789

Sample Size
Gender

Male
Female

Ethnicity
European
Mexican
African American
East Asian
South Asian
Other

The number of samples is shown in each category with the corresponding percentage in parentheses.  Ethnicity is 
determined by principal component analysis compared to HapMap samples using EIGENSTRAT (see Methods).

125 (7.0%)
49 (2.7%)

162 (91.5%)
11 (6.2%)
1 (0.56%)
1 (0.56%)
2 (1.0%)
0 (0.0%)

87 (4.9%)

87 (49.2%)

177

1,408 (78.7%)
79 (4.4%)
41 (2.3%)

949 (53.0%)

Supplementary Table 2. Demographic characteristics of congenital hydrocephalus (CH) cases and controls
CH Cases Autism Cohort Sibling Controls

1,789

840 (47.0%)90 (50.8%)
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Supplementary Table 3. Summary sequencing statistics for the congenital hydrocephalus 
(CH) and control cohorts 
 

 
All hydrocephalus cohort samples were sequenced using the xGen IDT capture reagent.  8X, 10X and 
15X target base coverage was comparable across platforms. 
 
 
 
 
Supplementary Table 4. Observed and expected de novo mutation rates in 1,789 healthy 
autism controls for variant classes 
 

 
n: the number of de novo mutations; Rate: the number of de novo mutations per individual; Enrichment: 
ratio of observed to expected numbers of mutations; Missense: tolerated missense mutations as predicted 
by MetaSVM; D-Mis: damaging missense mutations as predicted by MetaSVM; LOF: loss-of-function 
denotes premature termination, frameshift or splice site mutation; Damaging: D-Mis and loss-of-function 
mutations

Supplementary Table 3. Summary sequencing statistics for the congenital hydrocephalus (CH) and control cohorts

94.6%
93.4%
89.9%
0.4%

95.90%
95.28%
92.70%
0.29%

50-94
99.7
67

79.1
57.6%
49.0%

% Mean error rate

CH Cohort
(xGen IDT; N = 440)

Control Cohort
(Roche V2; N = 5,367)

All hydrocephalus cohort samples were sequenced using the xGen IDT capture reagent.  8X, 10X and 15X target base coverage 
was comparable across platforms. 

99
50.99
49.91
54.33

57.64%
43.81%

Mean coverage at each targeted base (X)
% of all reads that map to target
% of all bases that map to target
% of targeted bases read at least 8x
% of targeted bases read at least 10x
% of targeted bases reads at least 15x

Category

Read length (bp)
# of reads per sample (M)
Median coverage at each targeted base (X)

n Rate n Rate
Control, Healthy Autism Sibling Cohort 

All 1830 1.02 1949.9 1.09 0.94 1.00
Synonymous 484 0.27 549.6 0.31 0.88 1.00
Missense 974 0.54 993.3 0.56 0.98 0.81
D-Mis 222 0.12 232.8 0.13 0.95 0.77
LOF 150 0.08 174.3 0.10 0.86 0.97
Protein-Altering 1346 0.75 1400.3 0.78 0.96 0.93
Damaging 372 0.21 407.1 0.23 0.91 0.96

Observed Expected Enrichment p
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Supplementary Table 5. Genes with multiple de novo mutations in 125 congenital 
hydrocephalus case-parent trios (observed vs. expected).  Observed and expected numbers of 
genes with greater than 1 de novo mutation in each variant category using a Monte Carlo 
simulation 
 

 
N: Number of case-parent trios, singleton cases, and familial forms (defined as greater than one 
patient in a nuclear family affected by congenital, primary hydrocephalus)  
 
 
 
 
Supplementary Table 6. High brain expressed genes (Top Quartile) with multiple de novo 
mutations in 125 congenital hydrocephalus case-parent trios (observed vs. expected).  
Observed and expected numbers of high brain expressed genes (top 25% in the developing 
mouse brain) with greater than 1 de novo mutation in each variant category 
 

 
N: Number of case-parent trios, singleton cases, and familial forms (defined as greater than one 
patient in a nuclear family affected by congenital, primary hydrocephalus)  
 
  

Observed Expected Enrichment P-value
5 0.948 5.27 2.4 x 10-3

0 0.053 0 1
3 0.407 7.37 7.4 x 10-3

3 0.074 40.81 5.5 x 10-5

1 0.028 35.46 0.028
1 0.013 76.37 0.013

Supplementary Table 5.  Genes with multiple de novo mutations in 125 congenital hydrocephalus 
case-parent trios (observed vs. expected). Observed and expected numbers of genes with greater than 1 
de novo mutation in each variant category using a Monte Carlo simulation. 

N: Number of case-parent trios, singleton cases, and familial forms (defined as greater than one patient in 
nuclear family affected by congenital, primary hydrocephalus)

Loss of Function (LOF)

Total
Synonymous
Missense
Damaging (LOF + D-Mis)
D-Missense

Observed Expected Enrichment P-value
4 0.26 15.5 1.1 x 10-4

0 0.01 0 1
2 0.11 18.4 5.4 x 10-3

3 0.02 151.7 1.0 x 10-6

1 0.008 132.6 7.5 x 10-3

1 0.004 279.5 3.6 x 10-3
D-Missense
Loss of Function (LOF)
N: Number of case-parent trios, singleton cases, and familial forms (defined as greater than one patient in 
nuclear family affected by congenital, primary hydrocephalus)

Supplementary Table 6.  High brain expressed genes (Top Quartile) with multiple de novo 
mutations in 125 congenital hydrocephalus case-parent trios (observed vs. expected). Observed and 
expected numbers of high brain expressed genes (top 25% in the developing mouse brain) with greater 
than 1 de novo mutation in each variant category.  

Total
Synonymous
Missense
Damaging (LOF + D-Mis)
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Supplementary Table 7. De novo mutations in TRIM71/LIN-41 
 

 
 
Supplementary Table 8. De novo and damaging transmitted mutations in 
SMARCC1/BAF155 

 
 
Supplementary Table 9. De novo and damaging transmitted mutations in PTCH1 

 
 
Supplementary Table 10.  De novo mutations and transmitted mutations in PLOD2 
 

 
  

Patient ID Gene Mutation AA Change Chr Pos Ref Alt gnomAD ExAC pLI Polyphen SIFT MetaSVM CADD MPC 
(deleterious if >2)

Substitutions 
among 46 

species

Hydro100-1
TRIM71 
/ LIN41

De Novo 
Missense 

p.Arg796His 3 32933083 G A novel novel 0.99 D D T 26.3 2.3 0

Hydro101-1
TRIM71 
/ LIN41

De Novo 
Missense 

p.Arg608His 3 32932519 G A novel novel 0.99 D D T 32 2.3 0

Hydro102-1
TRIM71 
/ LIN41

De Novo 
Missense 

p.Arg608His 3 32932519 G A novel novel 0.99 D D T 32 2.3 0

Hydro102-5
TRIM71 
/ LIN41

Transmitted 
Missense 

p.Arg608His 3 32932519 G A novel novel 0.99 D D T 32 2.3 0

Patient ID Gene Mutation Inheritance AA Change Chr Pos Ref Alt gnomAD ExAC pLI Polyphen SIFT MetaSVM CADD MPC
(deleterious if >2)

Substitutions 
among 46 

species

Hydro105-1
SMARCC1 
/ BAF155

D-Mis 
Mutation

De Novo p.His526Pro 3 47718267 T G novel novel 1.00 D D D 28.9 2.6 0

Hydro106-3
SMARCC1 
/ BAF155

Frameshift 
Deletion De Novo 1 p.Lys891fs*4 3 47663806 T - novel novel 1.00 . . . . . 0

Hydro107-1
SMARCC1 
/ BAF155

Frameshift 
Insertion

Transmitted p.Leu534fs*28 3 47718254 - GAGTCCCCACT novel novel 1.00 . . . . . 3

Hydro108-1
SMARCC1 
/ BAF155

Stop Gain
Mutation Transmitted p.Lys179* 3 47777565 T A novel novel 1.00 . . . 37 . 0

Hydro109-1
SMARCC1 
/ BAF155

Frameshift 
Insertion Unknown2 p.Thr415fs*29 3 47730896 - TT novel novel 1.00 . . . . . 0

1 This de novo  mutation was transmitted from an unaffected father (Hydro106-3) to an affected proband (Hydro106-1). 
2 This proband's biological father is deceased and biological mother is estranged. 

Patient ID Gene Mutation Inheritance AA Change Chr Pos Ref Alt gnomAD ExAC pLI Polyphen SIFT MetaSVM CADD MPC
(deleterious if >2)

Substitutions 
among 46 

species

Hydro103-1 PTCH1
Frameshift 

Deletion
De Novo p.Met152fs*1 9 98248093 AAC A novel novel 1.00 . . . . . .

Hydro104-1 PTCH1
Splice 
Donor

De Novo c.1503+3T>C 9 98239826 A G novel novel 1.00 . . . . . 0

HydroFam100-1 PTCH1
Frameshift 

Deletion
Autosomal 
Dominant

p.Leu664fs*12 9 98231286 GTGCGGA - novel novel 1.00 . . . . . .

Patient ID Gene Mutation AA Change Chr Pos Ref Alt gnomAD ExAC Missense 
Z-score Polyphen SIFT MetaSVM CADD MPC

(deleterious if >2)

Substitutions 
among 46 

species

Hydro229-1 PLOD2 D-Mis p.Arg473Gln 3 145796985 C T 3.26E-05 3.78E-05 -1.00 D T D 25 0.20 1

Hydro245-1 PLOD2 D-Mis p.Thr643Met 3 145789068 G A 2.85E-05 2.84E-05 -1.00 D D D 28 0.42 1
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Supplementary Table 12. Top GO Terms from GO ontology enrichment analysis for 
PTCH1, TRIM71, SMARCC1 

 
 
Supplementary Table 13. De novo enrichment analysis for neural tube defect genes in cases 
and controls 

 
 
Supplementary Table 14. De novo copy number variants in 125 case-parent trios with 
congenital hydrocephalus (CH) 
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