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Abstract

Protein phosphatase 1 regulatory subunit 35 (PPP1R35) encodes a centrosomal protein required 

for recruiting microtubule-binding elongation machinery. Several proteins in this centriole 

biogenesis pathway correspond to established primary microcephaly (MCPH) genes, and 

multiple model organism studies hypothesize PPP1R35 as a candidate MCPH gene. Here, 

using exome sequencing (ES) and family-based rare variant analyses, we report a homozygous, 

frameshifting indel deleting the canonical stop codon in the last exon of PPP1R35 [Chr7: 

c.753_*3delGGAAGCGTAGACCinsCG (p.Trp251Cysfs*22)]; the variant allele maps in a 3.7 

Mb block of absence of heterozygosity (AOH) in a proband with severe MCPH (−4.3 SD at 

birth, −6.1 SD by 42 months), pachygyria, and global developmental delay from a consanguineous 

Turkish kindred. Droplet digital PCR (ddPCR) confirmed mutant mRNA expression in fibroblasts. 

In silico prediction of the translation of mutant PPP1R35 is expected to be elongated by 18 

amino acids before encountering a downstream stop codon. This complex indel allele is absent in 

public databases (ClinVar, gnomAD, ARIC, 1000 genomes) and our in-house database of 14,000+ 

exomes including 1,800+ Turkish exomes supporting predicted pathogenicity. Comprehensive 

literature searches for PPP1R35 variants yielded two probands affected with severe microcephaly 

(−15 SD and −12 SD) with the same homozygous indel from a single, consanguineous, Iranian 

family from a cohort of 404 predominantly Iranian families. The lack of heterozygous cases in 

two large cohorts representative of the genetic background of these two families decreased our 

suspicion of a founder allele and supports the contention of a recurrent mutation. We propose 

two potential secondary structure mutagenesis models for the origin of this variant allele mediated 

by hairpin formation between complementary CG rich segments flanking the stop codon via 

secondary structure mutagenesis.
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Introduction

Primary microcephaly (MCPH) is a rare, heterogeneous, neurogenetic disorder defined as 

an occipital frontal circumference (OFC) >2 standard deviations (SD) below the mean for 

age and sex (Alcantara & O’Driscoll, 2014; Ashwal et al., 2009; Jayaraman et al., 2018; 

Dawood et al. Page 2

Am J Med Genet A. Author manuscript; available in PMC 2024 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Krauss et al., 2003; Shaheen et al., 2019; Thornton & Woods, 2009; Woods et al., 2005). 

Over half of the known MCPH disease trait genes function in centrosome biogenesis (Figure 

1) (Jayaraman et al., 2018; H. E. Shamseldin et al., 2022). In fact, pathogenic variants 

in the highly-regulated centrosomal protein complexes involved in centriolar cartwheels, 

elongation, duplication, and the pericentriolar material can lead to MCPH, primordial 

dwarfism, Seckel syndrome, and ciliopathies (Barbelanne & Tsang, 2014; Conduit et al., 

2015; Mennella et al., 2014; Rauch et al., 2008; H. Shamseldin et al., 2015; Zheng et al., 

2016).

In somatic cells, centrosome duplication starts at the G1/S phase boundary with procentriole 

and cartwheel formation. The kinase PLK4 phosphorylates STIL to interact with SAS6 

(Figure 1). Together, SAS6, STIL, and CEP135 form the centrosomal cartwheel, a nine-fold 

symmetrical scaffold (Arquint & Nigg, 2016; Dzhindzhev et al., 2014; Guichard et al., 

2017; Lin et al., 2013; Vulprecht et al., 2012). After cartwheel formation, the protein 

complex of PPP1R35 and RTTN localizes above the cartwheel where elongation will occur 

following initial centriole formation. CPAP interacts with CEP120 and SPICE and has been 

shown to regulate centriole elongation (Comartin et al., 2013; Lin et al., 2013). In turn, 

CEP295 is recruited to the centriole and recruits POC1B and POC5 (Azimzadeh et al., 2009; 

Chang et al., 2016; H.-Y. Chen et al., 2017; Gudi et al., 2015). The genes encoding seven 

proteins in this pathway, SAS6 (OMIM: 616402), STIL (OMIM: 612703), PLK4 (OMIM: 

616171), CEP135 (OMIM: 614673), RTTN (OMIM: 614833), CPAP (OMIM: 608393 and 

OMIM:613676), CEP152 (OMIM: 613823 and OMIM: 614852) shown in Figure 1, have 

already been implicated in MCPH.

Studies in human cells and Drosophila fruit flies document the protein complex of PPP1R35 

(Protein phosphatase 1 regulatory subunit 35) and RTTN (Rotatin) is essential for centriole 

to centrosome conversion, formation of a fully elongated centriole, and a functioning 

centrosome but not necessary for early initial centriole assembly (Panda et al., 2020; Sydor 

et al., 2018). Loss of RTTN impairs recruitment of CEP295, POC1B, and POC5 and 

interdependency on CPAP and CEP135 (H.-Y. Chen et al., 2017) with consistent molecular 

phenotypes observed with PPP1R35 knock down emphasizing the functionally intertwined 

nature of RTTN and PPP1R35 (Sydor et al., 2018). In mice, Ppp1r35-null, Rttn-null, Sas4-

null, and Stil-null mouse embryos undergo developmental arrest, and embryonic lethality 

ensues at organogenesis onset with fragmented notochords and incomplete neural tube 

closure (note: Sas4 and Stil are upstream of Ppp1r35 and Rttn) (Archambault et al., 2020; 

Bazzi & Anderson, 2014; Faisst et al., 2002; Izraeli et al., 1999). Variants in RTTN have 

been implicated in microcephaly (OMIM# 610436) and further multiple studies suggest 

RTTN should be considered as a MCPH disease gene (Grandone et al., 2016; Kheradmand 

Kia et al., 2012; Shaheen et al., 2019; H. Shamseldin et al., 2015). Further, a human genetics 

study of 404 consanguineous predominantly Iranian families implicated PPP1R35 as a novel 

autosomal recessive, intellectual disability gene in two siblings from a single family (Hu et 

al., 2019). These two siblings also had primary microcephaly.

Phylogenetic analysis has shown PPP1R35 to be conserved in a wide range of species 

with the greatest similarity in the C-terminus containing a regulatory domain and greatest 

variability in the N-terminus (Panda et al., 2020; Sydor et al., 2018). Further, mutating the 
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predicted PP1-binding site or the conserved phosphoserines in the N-terminus of PPP1R35 

did not prevent targeting to the centriole nor the interaction of PPP1R35 and RTTN (Sydor 

et al., 2018).

Four, independent functional studies on PPP1R35, two in human cell lines, one in 

Drosophila, and one in mice have proposed PPP1R35 as a candidate disease gene for 

MCPH (Archambault et al., 2020; Fong et al., 2018; Panda et al., 2020; Sydor et al., 2018). 

Here, we supplement these functional studies with human genetics sequencing study further 

validating PPP1R35 as the causative MCPH disease gene in two unrelated families. Using 

exome sequencing and family-based rare variant analysis, we report the same biallelic, 

homozygous frameshift indel variant in PPP1R35 in three individuals affected with primary 

microcephaly, intellectual disability and developmental delay in a consanguineous Turkish 

family and a consanguineous Iranian family. Since the indel maps to the terminal exon of 

PPP1R35 and includes the canonical stop codon, transcription termination signal loss is 

predicted to result in an mRNA that escapes nonsense-mediated decay and non-stop decay 

resulting in an elongated, PPP1R35 protein with a potentially functionally compromised 

C-terminus.

Materials and Methods

Participants

With approval by the Institutional Review Board at the Baylor College of Medicine 

(Baylor-Hopkins Center for Mendelian Genomics Protocol H-29697), informed consent 

was obtained from Family 1, including broad consent for re-contacting, specimen studies, 

public database data sharing, publishing in a scientific journal, and publishing photographs. 

Informed consent and approvals for family 2 were obtained as detailed in Hu et. al. 2019.

Next generation, massively parallel DNA sequencing

We performed research exome sequencing (rES) on both unaffected parents and the affected 

proband, and an unaffected brother followed by variant calling with xAtlas and family-based 

rare variant analysis per published methods (Farek et al., 2018; Gambin et al., 2017; Karaca 

et al., 2018; Mitani et al., 2021; Pehlivan et al., 2019).

Absence of Heterozygosity

The ratio of sequencing reads containing the variant of interest to total sequencing reads 

from unphased exome sequencing data was calculated using the in-house BafCalculator 

(https://github.com/BCM-Lupskilab/BafCalculator) (Gambin et al., 2017; Karaca et al., 

2018). This ratio also known as B-allele frequency was then used to identify absence of 

heterozygosity (AOH) which is used as a surrogate measure for runs of homozygosity 

(ROH) to describe genomic intervals that are identical-by-descent (IBD). The AOH, average 

recombination rate and control dataset for Family 1 was calculated as detailed in Mitani et 

al. 2021. For family 2, AOH and ROH metrics were obtained as described in Hu et. al 2019.
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Variant validation

HotStarTaq DNA polymerase (QIAGEN) was used to PCR amplify the target containing 

the frameshift variant according to the manufacturer’s protocol. Sanger dideoxy nucleotide 

sequencing was then performed for variant validation and segregation in accordance with 

Mendelian inheritance expectations via the BCM DNA Sequencing Core Facility. Droplet 

digital PCR (ddPCR), done per previously published protocols (Taylor et al., 2017), was 

used to examine gene expression in fibroblasts containing either a wild-type or mutant 

PPP1R35.

Results

Family 1

In northeastern Turkey, the affected male proband (BAB9269) was born to unaffected, first 

cousin parents (Figure 2A) at 38 weeks via caesarean section after a pregnancy complicated 

by prenatal intrauterine growth restriction with unknown predisposing factors. At birth, 

anthropometric measurements were weight 1.9 kg (−3.0 SD), length 48 cm (−0.9 SD), and 

head circumference 26 cm (−6.3 SD) (Table 1). By 12 months, he was only able to gain head 

control with support, had not spoken his first word, and was only able to eat pureed food. 

At his last clinical assessment at 41 months, his weight was 16.8 kg (0.6 SD), height 95 cm 

(−1.1 SD), and head circumference 40 cm (−6.9 SD) (Figure 2B). Brain MRI (Figure 2C-E) 

showed severe microcephaly, pachygyria with anterior to posterior gradient, a dysmorphic 

ventricular system, delayed myelination of the internal capsule, foreshortening of the 

corpus callosum, and cerebellar volume loss most prominent at the superior vermis. No 

epileptiform activity was observed on an EEG, and no epileptic seizures had been reported. 

Extensive genetic testing including array comparative genomic hybridization (aCGH) and 

chromosome karyotyping were unremarkable for a specific molecular or chromosomal 

etiological diagnosis.

On physical exam, severe microcephaly, and microcephaly-related facial dysmorphic 

features including a sloped forehead, large and constricted ears, a smooth long philtrum 

and retromicrognathia were appreciated (Figure 2B). He is able to track sounds and light 

and smile at his parents but unable to follow simple commands. He is still unable to speak 

in words but able to vocalize to alert for an immediate need. Self-mutilation behavior 

was observed consisting of constantly hitting himself in the head. Ophthalmic and hearing 

evaluations were unremarkable.

A homozygous, complex indel, frameshift deletion allele of 13 base pairs and insertion of 2 

base pairs in PPP1R35 [Chr7: g.7:100032980_100032992delGGTCTACGCTTCCinsCG 

(hg19); NM_145030.4; c.753_*3delinsCG; 

p.Trp251_Ala253delinsCysAlaLysAspProTrpArgAlaSerSerTyrPheCysValLysLeuPheValArg

IleLys] was identified in the affected proband with research exome sequencing and variant 

calling and found as part of a cohort analysis by Mitani et al., 2021. Orthogonal variant 

validation and segregation of this next generation sequencing finding with PCR 

amplification followed by Sanger dideoxy sequencing of the unaffected parents, two 

unaffected brothers, and affected proband confirmed the variant allele and Mendelian 
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expectations for segregation of the indel implicating the severe microcephaly as an 

autosomal recessive (AR) disease trait (Figure 2A). Furthermore, the complex indel mapped 

to a 3.7 Mb block of absence of heterozygosity (AOH) (Figure 2F), with 195.4 Mb of total 

AOH genome-wide from the unphased exome implicating IBD versus identity-by-state 

(IBS) for the observed homozygosity (Eldomery et al., 2017; Mitani et al., 2021; Saad et al., 

2021).

The deletion was not present in public databases (ClinVar, ARIC, ESP, 1000 Genomes, 

ExAC, gnomAD) nor our in-house database (14,000+ exomes including 1,800+ Turkish 

exomes). Further, no PPP1R35 matches were found through GeneMatcher (Sobreira et al., 

2015). However, in the private Human Genetics Mutation Database (Stenson et al., 2003), 

this same indel is recorded as deleterious resulting in a phenotype of intellectual disability. 

From HGMD, a comprehensive literature search for PPP1R35 yielded two female probands 

affected with severe microcephaly (−15 SD and −12 SD) with the exact same homozygous 

frameshift deletion of 13 bases and insertion of 2 bases in PPP1R35 [Chr7: 

g.7:100032980_100032992delGGTCTACGCTTCCinsCG (hg19); NM_145030.4; 

c.753_*3delinsCG;p.Trp251_Ala253delinsCysAlaLysAspProTrpArgAlaSerSerTyrPheCysV

alLysLeuPheValArgIleLys] confirmed by NGS sequencing and Sanger sequencing from a 

single, consanguineous, Iranian family in a cohort of 404 predominantly Iranian families 

sequenced by whole exome or whole genome sequencing (Figure 2H-I) ( Hu et al. 2019).

Family 2

Two affected female probands with primary microcephaly were born to unaffected, first 

cousin parents in northeastern Iran (Figure 2H). Due to home birth, documentation of 

anthropomorphic measurements at birth is absent. They gained head control at 12 months. 

Developmental milestones were marked by psychomotor delay including delayed head 

control at ages 9 (III:2) and 10 (III:3) months, sitting at 12 (III:2) and 13 (III:3) months, 

starting to walk at age 2.5 (III:2) and 3 (III:3) years, and starting to say single words by 

age 4 (both) (Figure 2H, Table 1). Both developed seizures in infancy which were controlled 

by antiepileptic medication. The family also reported a history of both demonstrating self-

mutilating behavior, aggressive behavior, and short temper attacks.

On physical exam, the sibling sisters both displayed severe microcephaly and facial 

dysmorphic features including a sloping forehead, large nose, maxillary hyperplasia, 

retrognathia, and misalignment of teeth (Figure 2I). Both were able to make eye contact 

and engage in social communication. They had a normal gait with no ataxia and slowed, 

slurred speech using less than 10 words at a time. Ophthalmic and hearing exams were 

unremarkable. Cognitive status evaluated in III:2 and III:3 using WAIS-IV showed IQs of 

45 and 46, respectively, in the range of moderate ID. At 25 and 20 years, their heights were 

139 cm (−3.7 SD; III:2) and 149 cm (−2.1 SD; III:3), respectively, and their OFCs were 

38 cm (–11 SD) and 41 cm (–10 SD). Parents reported that the sisters are unable to count, 

memorize family names, or take care of personal daily-living tasks. Further, the indel was 

located within a 16.9 Mb ROH block. Of particular note, in the original publication, the 

indel in PPP1R35 was implicated in AR intellectual disability and associated with primary 

microcephaly.
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Loss of the canonical stop codon in the last exon of PPP1R35 is predicted to extend the 

transcribed mRNA until encountering a stop codon in the 3’ UTR (Supplemental Figure 1C). 

Given the location of the variant in the terminal exon, the mRNA is predicted to escape 

nonsense-mediated and non-stop decay and be translated into protein (Coban-Akdemir et 

al., 2018; Klauer & van Hoof, 2012; Lindeboom et al., 2016). Droplet digital PCR (ddPCR) 

showed comparable gene expression of the mutant and wild-type (WT) alleles in fibroblasts, 

confirming expression of the mutant PPP1R35 mRNA consistent with the hypothesized 

escape from nonsense-mediated mRNA decay (NMD) surveillance pathway (Figure 2G).

Given the mRNA transcript of the mutant PPP1R35 is predicted to be translated to protein, 

using BLAST, we predict the variant to alter the canonical 3 final amino acids (from WEA 

to CAK) and elongate the C-terminus by 18 amino acids (DPWRASSYFCVKLFVRIK) 

before encountering another stop codon. Further, we predicted the protein structure of 

both WT PPP1R35 and mutant PPP1R35 using RaptorX (Supplemental Figure 1A-B) 

(Källberg et al., 2012). The C-terminus of WT PPP1R35 is predicted to be an alpha helix 

(Supplemental Figure 1A). The mutant PPP1R35 alpha helix is extended by one spiral 

and then back ended by a disorganized chain of amino acids (Supplemental Figure 1B) 

implicating protein secondary structure changes. The PP1 domain of PPP1R35 has been 

shown to be nonessential to centriole targeting or the interaction of PPP1R35 with RTTN, 

and the C-terminus of PPP1R35 has the highest conservation and homology between species 

(Panda et al., 2020; Sydor et al., 2018). Often such C-terminal extensions result in an 

improperly folded protein or a functionally abnormal protein that is predicted to be degraded 

by the ubiquitin-proteasome system resulting in loss-of-function and disease (Bánfai et al., 

2017; Pang et al., 2002; Shibata et al., 2015). Conversely, if not degraded, the C-terminal 

elongation could result in intracellular mislocalization or another loss or gain-of-function 

(Abe et al., 2003; Eswarappa et al., 2014; Inoue et al., 2004, 2007; Saad et al., 2020). Thus, 

our study suggests a path for future work in the field to explore mechanisms gauging either 

loss or gain of function in PPP1R35 variants.

Discussion

We report two families, one from Turkey and the other from Iran, with three probands 

with the same homozygous frameshift indel in the last coding exon of PPP1R35. These 

variants likely occurred de novo in a distant clan member and were homozygosed by 

identity-by-descent in the families given consanguinity (Lupski, 2021; Lupski et al., 2011).

Indels less than fifty base pairs are the second most abundant type of variation in the human 

genome, but among the most difficult to properly call while analyzing next-generation 

sequencing reads and thus underappreciated as causes of Mendelian disease traits (J. Chen 

et al., 2019; Farek et al., 2018; Kloosterman et al., 2015; Montgomery et al., 2013). 

In fact, Atlas2 resolved this complex indel variant as two consecutive smaller indels 

(c.753_757del and c.760_859del) in concordance with our proposed model 1 (Supplemental 

Figure 1C), whereas xAtlas (Farek et al., 2018) called the variant as one large complex indel 

(c.753_*3delinsCG) in concordance with our proposed model 2 (Supplemental Figure 1C) 

and interpretation from the Sanger dideoxy sequencing (Figure 2A).
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Diversification of next-generation sequencing studies to include the Middle East, an area 

with admixed populations having an apparent elevated burden of recessive disease due to 

consanguinity, has allowed for more systematic prioritization of rare variants that contribute 

to disease traits (Scott et al., 2016). Moreover, it has enabled ES genomics to better detect 

multi-locus pathogenic variation (MPV) distributed in blocks of ROH/AOH (Mitani et al., 

2021; Pehlivan et al., 2019). The biallelic, homozygous indel described in this study was 

found in two separate, Middle Eastern, consanguineous families in ROH blocks for all 3 

affected individuals implying identity-by-descent in each family (Lupski, 2021; Lupski et 

al., 2011). The lack of heterozygous alleles of this indel in two large cohorts (1,800 Turkish 

exomes and 800+ predominantly Iranian exomes) representing the genetic background of 

these two families decreased our suspicion for a founder allele and led us to consider the 

possibility of a recurrent mutation as a Clan Genomics driver allele as we observed with 

Steel Syndrome [MIM: 615155] (Gonzaga-Jauregui et al., 2020). However, further variant 

studies of this gene to investigate haplotypes surrounding the PPP1R35 locus in multiple 

families will be required to explore if this apparent secondary structure mutagenesis derived 

allele occurs recurrently or is possibly a founder allele.

We suggest two potential origin models for the same recurrent variant in two different 

populations by a secondary structure mutagenesis mediated by hairpin formation between 

complementary CG rich segments flanking the stop codon (Supplemental Figure 1C) 

(Krawczak & Cooper, 1991). Model 1 requires two independent deletions. Model 2 requires 

a single deletion with a C to G point variant. A single strand nucleic acid derived hairpin 

loop with 10 unbonded bases, and closed by a GC base pair, are hypothesized to have a 

free energy of +6 kilocalories and could be a stable structure either forming during lagging 

strand DNA synthesis or serving as a site for a RNA-binding protein (Tinoco et al., 1973).

Typically, the NMD pathway degrades mRNA transcripts containing premature terminating 

codons (PTCs), and the Non-Stop mRNA Decay (NSD) pathway degrades mRNA 

transcripts missing a termination codon. However, since the complex indel found in 

PPP1R35 is found past the last exon junction complex (EJC) in the last exon of PPP1R35, it 

is predicted to escape the surveillance of the NMD pathway. Further, because the transcribed 

mRNA is predicted to encode a stop codon after elongating an extra 18 amino acids, the 

mRNA will also escape the surveillance of the NSD pathway. Presence of the mutant mRNA 

in fibroblasts by ddPCR (Figure 2G) confirmed our prediction that the complex indel is 

escaping mRNA surveillance (Supplemental Figure 1C).

Conclusion

We describe a homozygous complex indel frameshifting variant in PPP1R35 
(g.7:100032980_100032992delGGTCTACGCTTCCinsCG (hg19); NM_145030.4; 

c.753_*3delinsCG; 

p.Trp251_Ala253delinsCysAlaLysAspProTrpArgAlaSerSerTyrPheCysValLysLeuPheValArg

IleLys), in two, independent, Greater Middle Eastern families with three probands with 

MCPH. Calculation of ES AOH genomic intervals facilitated biological understanding, 

variant interpretation, and implication of a specific etiological molecular diagnosis. This 

report provides further supportive evidence that the transcribed mutant mRNA is expressed 
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and escapes NMD and NSD resulting in a mutant PPP1R35 protein with an elongated C-

terminus. We hypothesize that this variant of PPP1R35 could perturb essential centriole 

elongation processes precipitating the observed clinical phenotype of primary microcephaly.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Perturbations in the Centriole Biogenesis Pathway are Known to Cause Primary 
Microcephaly. Adapted from (Sydor et al., 2018)
(A) Depiction of structural components of centriole in relation to PPP1R35. (B) Pathway 

utilized by centrosomal proteins functioning in centriole biogenesis. Proteins in green 

have been implicated in a known Mendelian disease (per OMIM) with a phenotype 

of microcephaly. Arrows indicate the progressive steps of centriole elongation. PLK4 

phosphorylates STIL to interact with SAS6 and with CEP135 forms the centrosomal 

cartwheel. Following initial centriole formation, PPP1R35 and RTTN localize to the 

cartwheel where elongation will occur, and CPAP interacts with CEP120 and SPICE to 

regulate centriole elongation. CEP295 is recruited to the centriole and recruits POC1B and 

POC5 with subsequent addition of CEP152.
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Figure 2. Pedigrees, genotyping, and phenotyping of BAB9269, M8600491 III:2, and M8600491 
III:3 for candidate disease gene PPP1R35.
(A) Pedigree of Turkish family with PPP1R35 genotype indicated, proband identified 

by black arrow, and affected individuals shaded black. Sanger sequencing confirms 

autosomal recessive Mendelian segregation of the complex indel PPP1R35 [Chr7: 

c.753_*3delGGAAGCGTAGACCinsCG (p.Trp251Cysfs*22)]. (B) Microcephaly of 

proband BAB9269 shown at 1 week, 5 months, and 3 years and 5 months after birth. 

Microcephaly-related dysmorphic features including a sloped forehead, large and constricted 

ears, a smooth long philtrum, and micrognathia can be appreciated. (C) Mid-sagittal 

T2 sequence showing extremely small head size consistent with primary microcephaly, 

foreshortening and thinning of corpus callosum (red arrow) and mild to moderate cerebellar 

volume loss that is most prominent at the superior vermis. (D) Axial T2 sequence showing 

increased extra-axial CSF spaces, pachygyria with anterior posterior gradient (top green 

arrow points to left frontal lobe at the anterior aspect, and bottom green arrow points to 
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left parietal lobe at the posterior aspect of the gradient), dysmorphic ventricular system 

and abnormal delayed myelination of the internal capsule. (E) Coronal T2 sequence 

showing generous extra-axial CSF spaces, pachygyria, lack of myelination for age cerebellar 

volume loss. Red arrow shows prominence of left cerebellar folia. (F) Plot of ratio of 

reads containing variants versus chromosome 7 genomic coordinates for BAB9269 with 

absence of heterozygosity (AOH) shaded in grey overlaps 3.7 Mb. Location of PPP1R35 
variant contained within AOH region is displayed by the red horizontal bar. (G) Droplet 

digital PCR showed comparable gene expression of the mutant and wild-type alleles in 

fibroblasts of family members confirming expression of the mutant mRNA. (H) Pedigree 

of Iranian family with PPP1R35 genotype indicated, affected individuals shaded black. 

Sanger sequencing confirms autosomal recessive Mendelian segregation of the complex 

indel PPP1R35 [Chr7: c.753_*3delGGAAGCGTAGACCinsCG (p.Trp251Cysfs*22)]. (I) 
Microcephaly-related dysmorphic features including sloping forehead, large nose, maxillary 

hyperplasia, and misalignment of teeth can be appreciated.
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Table 1:

Summary of Neurological and Radiological Features of Individuals with Biallelic PPP1R35 Variant

Basic clinical info Individuals Indi.III-4 (Fam. 1) Indi.-III-2 (Fam. 2) Indi.-III-3(Fam. 2)

Ethnicity Turkish Persian Persian

Gestation Term NA NA

OFC-birth/cm (z-score) 26 (−6.3) NA NA

Height-birth/cm(z-score) 48 (−0.9) NA NA

Age at last examination 3yrs, 5mo 25yrs 20yrs

OFC/cm (z-score) 40 (−6.9) 38 (−15) 41 (−12)

Height/cm(z-score) 95 (−1.1) 139 (−3.7) 149 (−2.1)

Dysmorphic features severe microcephalic 
appearance, sloping forehead, 
relatively large ears, constricted 
ear helices, smooth philtrum, 
micrognathia

severe microcephalic 
appearance, large nose, 
micrognathia, maxillary 
hyperplasia misalignment 
of teeth

severe microcephalic 
appearance, large nose, 
micrognathia, maxillary 
hyperplasia misalignment 
of teeth

 Neurological 

Tone normal normal normal

Reflexes normal normal normal

Spasticity no no no

Ophthalmology normal normal normal

Auditory normal normal normal

 Psychomotor Motor Skills delayed delayed delayed

Language no speech slurred speech less than 10 
word

slurred speech less than 
10 word

Other features self-mutilation, aggression, 
hitting his head constantly

self-mutilation, 
aggression, short temper

self-mutilation, 
aggression, short temper

Seizures; Onset/Type no infancy/tonic-clonic infancy/tonic-clonic

 Tests EEG normal NA NA

Brain MRI Microcephaly, pachygyria 
with antero-posterior gradient, 
cerebellar volume loss, 
foreshortening and thinning of 
corpus callosum, delayed white 
matter myelinization

NA NA

Abbreviations: EEG, electroencephalogram; Fam., Family; indi., individual; mo, months; MRI, magnetic resonance imaging; NA, not available; 
NR, not reported; OFC, occipital frontal circumference; yrs, years
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