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Abstract

The ClinGen PTEN Expert Panel was organized by the ClinGen Hereditary Cancer Clinical 

Domain Working Group to assemble clinicians, researchers, and molecular diagnosticians with 

PTEN expertise to develop specifications to the 2015 ACMG/AMP Sequence Variant 

Interpretation Guidelines for PTEN variant interpretation. We describe finalized PTEN-specific 

variant classification criteria and outcomes from pilot testing of 42 variants with benign/likely 
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benign (BEN/LBEN), pathogenic/likely pathogenic (PATH/LPATH), uncertain significance 

(VUS), and conflicting (CONF) ClinVar assertions. Utilizing these rules, classifications 

concordant with ClinVar assertions were achieved for 14/15 (93.3%) BEN/LBEN and 16/16 

(100%) PATH/LPATH ClinVar consensus variants for an overall concordance of 96.8% (30/31). 

The variant where agreement was not reached was a synonymous variant near a splice donor with 

non-canonical sequence for which in silico models cannot predict the native site. Applying these 

rules to six VUS and five CONF variants, adding shared internal laboratory data enabled one VUS 

to be classified as LBEN and two CONF variants to be as classified as PATH and LPATH. This 

study highlights the benefit of gene-specific criteria and the value of sharing internal laboratory 

data for variant interpretation. Our PTEN-specific criteria and expertly reviewed assertions should 

prove helpful for laboratories and others curating PTEN variants.
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Introduction

ClinVar is a publicly available resource of genetic variants and classifications submitted by 

clinical and research laboratories as well as gene or disease-specific expert groups (Landrum 

et al., 2016). To help users understand the level of evidence behind each assertion, ClinVar 

and the Clinical Genome Resource (ClinGen) developed a ranked review status system, with 

ClinGen-designated Expert Panels (EP) at a high level of review supporting the assertion of 

clinical significance (Rehm et al., 2015). For some genes or disorders an expert variant 

curation group already existed, but others, such as PTEN, were without such a resource. 

Germline pathogenic variants in PTEN (MIM# 601728) occur over an extremely 

heterogeneous clinical spectrum and may be present in individuals described clinically as 

having Cowden syndrome (CS), Bannayan-Riley-Ruvalcaba syndrome (BRRS), and other 

phenotypes such as macrocephaly and autism, collectively described as PTEN Hamartoma 

Tumor syndrome (PHTS) (J. Mester & Eng, 2013). The ClinGen PTEN EP was the first to 

form under the guidance of the ClinGen Hereditary Cancer Clinical Domain Working Group 

and was tasked with making PTEN-specific assessment and modifications where applicable 

to the 2015 American College of Medical Genetics and Genomics/Association for Molecular 

Pathology (ACMG/AMP) Variant Interpretation Guidelines (Richards et al., 2015). These 

guidelines have been adopted by ClinGen as a standardized framework for sequence variant 

interpretation; however, they were designed to be broadly applicable, making expert 

involvement necessary to define gene-specific guidance for application and level of strength 

for criteria within each evidence type. Here, we present the PTEN EP gene-specific variant 

curation guidelines along with the rationale and data supporting the specifications made for 

each criterion, as well as results from pilot testing the criteria on variants with benign/likely 

benign (BEN/LBEN), pathogenic/likely pathogenic (PATH/LPATH), uncertain significance 

(VUS), and conflicting (CONF) ClinVar assertions.
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Methods

The ClinGen PTEN Expert Panel (EP) includes individuals with PTEN-specific expertise in 

the areas of clinical research (JM, JN, KS, CE), patient care (JM, TP, KL, JN, KS, CE), basic 

science (RH, RK, HC, LZ, CE), and molecular diagnostics (JM, TP, RH, RK, KH, MH). EP 

members were drawn from international academic, clinical, and diagnostic laboratory 

settings and include a balance of geneticists, genetic counselors, research scientists, and 

variant curation experts. All EP members disclosed potential conflicts of interest as required 

by ClinGen.

The 2015 ACMG/AMP Variant Interpretation Guidelines (Richards et al., 2015) includes 

eight different evidence types: population data, computational/predictive data, functional 

data, segregation data, de novo data, allelic data, and “other”. Given the diverse backgrounds 

of EP members, work began by familiarizing the membership with the ACMG/AMP criteria 

as well as current knowledge related to PTEN within each evidence type. Workgroups were 

assembled to research and present information on each evidence type to the entire EP to 

ensure all members had the comprehensive background knowledge necessary for rule review 

and to make informed decisions regarding the utility and strength of individual criterion.

The EP decided to develop and test benign criteria on a set of PTEN variants defined as 

benign or likely benign (BEN/LBEN) per multiple ClinVar submitters and agreed upon by 

EP members, and then repeat the process for pathogenic criteria and a similar pathogenic/

likely pathogenic (PATH/LPATH) PTEN variant test set. The ClinGen Genomic Variant 

Working Group, which provided preliminary review and feedback on the criteria during the 

development phase, recommended a minimum 80% concordance with the consensus 

ClinVar classifications prior to rule acceptance. Finally, variants with classifications of 

uncertain significance (VUS) or with conflicting interpretations by multiple submitters 

(CONF) were curated by two independent biocurators to assess inter-curator concordance 

and process workflow. Variants are annotated using GenBank reference sequence 

NM_000314.4 and NC_000010.10 (GRCh37/hg19).

Results

PTEN-Specific Variant Curation Rules

The final PTEN EP specifications to the ACMG/AMP variant curation criteria were 

approved by the Sequence Variant Interpretation working group (SVI) and are summarized 

in Table 1. Five of the 28 original ACMG/AMP criteria were removed due to lack of 

relevance to PTEN or, as in the case of PP5/BP6, based on recommendation from the SVI 

(Biesecker & Harrison, 2018). Four of the remaining 23 criteria were left unchanged, and 

disease-specific modifications (DS) and/or modification to the criteria strength (SM) were 

made to the others. The EP made no modifications to the rules outlined by ACMG/AMP to 

combine criteria to arrive at a classification.

Evidence assessment and modification

A. Population Data (BA1, BS1, PM2, PS4)—PHTS is considered a rare disorder. A 

study within the Dutch population reported CS as occurring in approximately 1 in 250,000 
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individuals (Nelen et al., 1999); however, at the time CS was the only clinical diagnosis 

associated with PTEN, thus this study did not include individuals with other PHTS 

phenotypes and is likely an underestimate of true disease prevalence, which is to date 

unknown. PTEN pathogenic variants have been identified in 1% or fewer of unselected 

individuals with breast, thyroid, or endometrial cancers, and higher rates (up to 17% in one 

study) among patients with autism and macrocephaly (Butler et al., 2005; Nagy et al., 2011; 

Ring et al., 2016; Tung et al., 2016; Wong et al., 2016). To consider the maximum possible 

frequency of PHTS in the population, the group considered the population incidence and 

percent causation owed to PHTS for these four PHTS-component features (Supp. Table S1). 

The highest estimates of disease incidence and attribution to PHTS were used to calculate 

conservative estimates of allele frequency attributable to PHTS. PTEN is the only gene 

associated with PHTS, and while a few recurrent variants have been reported, pathogenic 

variants of diverse types (missense, truncating, splicing, large rearrangement) have been 

reported across the gene (J. Mester & Eng, 2013), making further adjustments for genetic 

heterogeneity unnecessary. Additionally no founder effect exists and de novo variants often 

occur (J. Mester & Eng, 2012).

Summing the estimates gave a total allele frequency of 0.000961 (0.0961%). Rounding up, 

the EP accepted an allele frequency ≥0.001 (≥0.1%) as the cutoff for application of BS1. 

Based on these data, the EP also felt comfortable lowering the allele frequency for BA1 set 

by ACMG/AMP from ≥0.05 (≥5%) to ≥0.01 (≥1%). These values are purposefully 

conservative to account for the unknown population prevalence of PHTS and penetrance of 

several component features, sub-clinical disease presentations, and unknown population 

prevalence and percent of disease attributable to PHTS for many other component 

phenotypes. Additionally, per the ExAC database the missense constraint (z=3.71) and 

probability of loss of function (LOF) intolerance (pLI=0.98) scores for PTEN suggest high 

constraint, making it unlikely that a pathogenic missense or LOF variant would rise to high 

allele frequency. The EP also adopted the recommendation by the SVI that the variant be 

present in at least 5 alleles with a minimum number of 2,000 alleles analyzed within the 

population of interest to minimize the risk of sequencing error or chance inclusion of an 

affected individual.

With respect to PM2 (variant is absent within population databases), the group initially 

tested their criteria with this rule as written, requiring that a variant be completely absent in 

order to apply this criterion. During the rule testing process, it was noted that several loss of 

function alleles were present at ultra-rare frequency (1/240,000+ alleles) in the gnomAD 

cohort (Lek et al., 2016), including PTEN c.50_51delAA, listed as pathogenic per multiple 

ClinVar submitters and selected for the PATH/LPATH test set. While LOF is an established 

disease mechanism for PHTS, and variants leading to LOF would be expected to be PATH/

LPATH, the ACMG/AMP guidelines require additional pieces of evidence in addition to 

PVS1 in order to achieve a PATH or LPATH classification. Although the gnomAD cohort 

excludes individuals with severe pediatric-onset disease (Lek et al., 2016), some of the 

cohorts, such as the Swedish Schizophrenia & Bipolar Studies cohort (dbGaP accession 

phs000473.vs.p2) contributing to the dataset include individuals as young as 18 years of age. 

Additionally, some individuals also came from The Cancer Genome Atlas cohort (http://

cancergenome.nih.gov/) and are positive for cancer phenotypes. Cumulative cancer risk in 
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PHTS is estimated to be less than 50% by age 40 (Bubien et al., 2013; Nieuwenhuis et al., 

2014), and the benign features associated with this condition are often under-recognized 

(Eng, 2003), making it possible that affected individuals could be included in a general 

population cohort. Thus the group chose to modify PM2 to permit use if present at <0.00001 

(0.001%) allele frequency in the gnomAD dataset or another large sequenced population, 

with allele frequency <0.00002 (0.002%) in an ancestry-specific subpopulation if multiple 

alleles are present.

Per the ACMG/AMP criteria, PS4 may be applied in one of two ways: 1) significant case-

control data, or 2) counting multiple unrelated patients with the same phenotype. Not 

surprisingly given the rarity of PHTS, the PTEN EP could not identify an existing case-

control study for which application of PS4 in the first manner would be appropriate. Should 

such a study come to light, PS4 may be applied to a case-control study finding an odds ratio 

>2 with p<0.05 and 95% confidence interval with lower limit >1.5. The EP has adapted the 

second application for use of PS4, counting multiple unrelated probands, to incorporate 

phenotype specificity (PP4) as described in section F (Phenotype).

B. Computational and Predictive Data (BP1, BP3, BP4, BP7, PP2, PP3, PM1, 

PM4, PM5, PS1, PVS1)—As a gene with several pathogenic missense variants, BP1 

(missense variants in a gene for which primarily truncating variants cause disease) does not 

apply to PTEN. Likewise, PTEN does not contain a repetitive region without known 

function as would be used to apply the ACMG/AMP definition of BP3 (in-frame deletions/

insertions in a repetitive region without known function), leading the EP to remove that 

criterion as well. However, PTEN is a highly conserved protein, with numerous pathogenic 

missense variants causing disease (J. Mester & Eng, 2013) and as of March 2018, no 

missense variants classified as benign or likely benign by any ClinVar submitter. Thus the 

EP opted to maintain PP2 as written to be applied to PTEN. The EP also decided to adopt 

PM5 (novel missense change at an amino acid residue where a different missense change 

determined to be pathogenic has been seen before), adding that the missense variant in 

question need not be novel, but should contain a BLOSUM62 (Henikoff & Henikoff, 1992) 

value equal to or less than the known variant. The EP also decided that this rule may be 

applied when the known variant is likely pathogenic unless applying would lead to a higher 

(pathogenic) classification for the variant being assessed.

Again given the lack of BEN/LBEN PTEN missense variants, the EP was left without a set 

of established BEN/LBEN missense variants to be used to test the accuracy of in silico 

predictors to be used as evidence to apply BP4 or PP3 to PTEN missense variants. While 

investigating potential in silico tools, the EP also came to find that some algorithm 

predictions were highly sensitive to sequence alignment, further limiting confidence in these 

tools. Should the EP classify several missense variants as BEN/LBEN, another attempt will 

be made to validate in silico tools to apply PP3/BP4 for missense variants.

The EP did maintain PP3/BP4 use for intronic or synonymous variants which may impact 

splicing. HSF version 3.1 (http://www.umd.be/HSF3/index.html; (Desmet et al., 2009)), 

NNSplice 0.9 version (http://www.fruitfly.org/seq_tools/splice.html; (Reese, Eeckman, 

Kulp, & Haussler, 1997)), and MaxEntScan (http://genes.mit.edu/burgelab/maxent/
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Xmaxentscan_scoreseq_acc.html; (Yeo & Burge, 2004)) scores correlated well with 

published data, providing concordant predictions for 23/23 (100%) variants functionally 

proven to impact splicing and 8/11 (72.7%) with no splicing impact or that were putatively 

benign based on gnomAD population frequency data (Lek et al., 2016) (Supp. Table S2). At 

least two of these three predictors were capable of detecting the native splice sites for every 

splice donor/acceptor with the exception of the intron 1 splice donor, and the intron 6 splice 

acceptor could not be predicted by NNSplice and was weakly predicted by MaxEntScan. 

The PTEN intron 1 splice donor site has a non-canonical sequence (CCTgtatcc – single 

nucleotide code) that leaves existing in silico tools unable to predict its presence or 

interrogate the impact of potential splicing variants in this region. The intron 6 splice 

acceptor has nearby potential acceptor sites of comparable strength that may compete with 

the native site. Additionally, only one variant near the intron 1 splice acceptor, PTEN c.80–

3C>G, had undergone splicing analysis with no impact observed (Chen, Romigh, Sesock, & 

Eng, 2017), and in silico predictors were discordant, predicting a splicing impact. Therefore, 

the EP will not consider applying PP3/BP4 for variants which may impact the intron 1 splice 

donor or acceptor sites, and will approach variants around the intron 6 splice acceptor with 

caution.

The group agreed to adopt BP7 (synonymous variant for which splicing prediction 

algorithms predict no impact) as defined by ACMG/AMP, and extended this criteria to apply 

to intronic variants at or beyond the +7 or −21 positions. For intronic variants, it was further 

stipulated that the nucleotide position should not be conserved; conserved positions were 

defined as having a PhastCons score=1 or a PhyloP score >0.1 (Pollard, Hubisz, 

Rosenbloom, & Siepel, 2010; Siepel et al., 2005).

The EP also maintained PVS1 (null variant in a gene where LOF is a disease mechanism) as 

defined by ACMG/AMP, applying it to nonsense or frameshift variants predicted to cause 

nonsense-mediated decay (NMD), canonical splice site variants, and single or multi-exon 

deletions. Additionally, internal data from EP laboratory members as well as published 

literature report de novo variants in individuals with a strong PHTS-related phenotype as 3’ 

as c.1120_1121dupCC (p.D375fs) (Vanderver et al., 2014). Although this variant occurs 

within exon 9, PTEN’s final exon, and NMD is not predicted to occur, it is predicted to 

result in the disruption of the C-terminal domain which includes PEST motifs, residues that 

undergo phosphorylation, and a PDZ domain-binding motif (X. Wang & Jiang, 2008), 

leading the EP to set this position as the 3’ boundary for use of PVS1. For protein truncating 

variants causing disruption 3’ of c.1121 or protein extension, the group agreed to apply PM4 

(protein length changes) as currently defined. The group also agreed to apply this criterion to 

small in-frame deletions or duplications disrupting one of PTEN’s catalytic motifs, which 

include the WPD loop (residues 90–94), P-loop (also described as phosphatase core, 

residues 123–130), and the TI-loop (residues 166–168) (NP_ 000305.3) (Lee et al., 1999). 

These three regions also comprise the residues for which PM1 (mutational hot spot and/or 

critical and well-established functional domain) may be applied for missense variants.

The EP applied PS1 (same amino acid change as a previously established pathogenic 

variant) as currently defined by ACMG/AMP, and expanded it to include a different 

nucleotide substitution for an intronic splice site variant if the predicted impact is equal to or 
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greater than the known pathogenic variant per in silico splicing tools. A caveat that caution 

should be used when applying this criteria to exonic variants causing aberrant splicing was 

included.

C. Functional Data (BS3, PS3)—As part of its role as a tumor suppressor, PTEN 

functions as a phosphatase, catalyzing the conversion of phosphatidylinositol triphosphate 

(PI(3,4,5)P3) to PI(4,5)P2 and leading to inhibition of the AKT pathway. When this 

phosphatase activity is diminished, over-activation of AKT occurs, driving tumor 

development (Myers et al., 1998; Stambolic et al., 1998). Numerous PTEN missense 

variants have been identified which alter the structure of the active site pocket such that 

phosphatase activity is impacted, and several independent researchers have used this assay as 

a means of measuring PTEN dysfunction (Han et al., 2000; Mighell, Evans-Dutson, & 

O’Roak, 2018; Rodríguez-Escudero et al., 2011). The EP therefore felt PS3 (well-

established in vitro or in vivo functional studies supportive of a damaging effect) would be 

suitable for a missense variant found to cause over a 50% reduction in lipid phosphatase 

activity or any variant found to cause aberrant splicing on functional interrogation. 

Decreased PTEN or increased pAKT expression, although not as direct a measure as 

phosphatase activity, have been significantly associated with presence of pathogenic PTEN 

variation (Spinelli, Black, Berg, Eickholt, & Leslie, 2015; Tan et al., 2011). In addition to 

phosphatase activity, pathogenic PTEN variants have been found to disrupt protein cellular 

localization (Gil et al., 2015; He et al., 2012; Lobo et al., 2009) and lead to aberrant cellular 

phenotypes, including defective cell migration, proliferation, and invasion (Costa et al., 

2015; Malek et al., 2017). Knock-in and knock-out Pten mouse models have also been 

developed, with mice harboring pathogenic variants or haploinsufficient Pten demonstrating 

PHTS-related phenotypes and increased tumor burden (Di Cristofano, Pesce, Cordon-Cardo, 

& Pandolfi, 1998; J. L. Mester, Tilot, Rybicki, Frazier, & Eng, 2011; Tilot et al., 2014). The 

EP elected to apply a supporting level of evidence (PS3_supporting) for in vitro cellular 

assays not meeting PS3 and transgenic model organism studies.

Although normal lipid phosphatase activity may suggest retained function, PTEN missense 

variants have been described which retain lipid phosphatase activity, but lead to dysfunction 

via loss of protein phosphatase activity, protein instability, abnormal cellular localization, or 

other mechanisms unrelated to lipid phosphatase activity (Davidson et al., 2010; Gil et al., 

2015; Yang et al., 2017). The EP would therefore consider applying BS3_supporting to 

variants with one functional study demonstrating results comparable to wild-type. BS3 

(well-established in vitro or in vivo functional studies show no damaging effect) may be 

applied at the strong evidence level for variants with both lipid phosphatase activity AND 

results from a second assay appropriate to the protein domain demonstrating no statistically 

significant difference from wild type. BS3 may also be applied for intronic or synonymous 

variants demonstrated to not cause a splicing impact via RNA, mini-gene, or other splicing 

assays. Phosphatase assays for which BS3/PS3 may be applied must include a catalytic dead 

control, such as p.C124S, and at least three biological replicates would be required to apply 

criteria to results of any of these or similar readouts of PTEN function (Costa et al., 2015; 

Malek et al., 2017).
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D. Segregation Data (BS4, PP1)—The EP adopted the approach being taken by other 

ClinGen EPs (Gelb et al., 2018; Kelly et al., 2018) and supported by the SVI and other work 

(Jarvik & Browning, 2016) that 3 or 4 meioses be required for application of PP1, with 

additional meioses meriting higher evidence levels (5 or 6 meioses for moderate, 7 or more 

meioses for strong) based on estimated LOD scores of 0.9, 1.5, and 2.1, respectively (Kelly 

et al., 2018). The EP further stipulated that cosegregation with disease must be observed 

across at least two families for application of the criteria at the strong evidence level, to 

avoid the possibility that a true undiscovered disease allele is present in linkage 

disequilibrium with the variant under interrogation.

The EP defined that BS4 can be used when a PHTS phenotype is present in several 

individuals from one side of a family, and the variant in question is found to be inherited 

from the opposite side. For application of BS4 at its pre-defined strong evidence level, the 

EP specified that such lack of segregation with disease must be seen in two or more families. 

A supporting level of evidence (BS4_supporting) may be used when one such family is 

identified.

E. De Novo Data (PM6, PS2)—The EP agreed to adopt the definitions of PM6 and PS2 

as defined by ACMG/AMP, and decided to follow the SVI-approved approach to apply 

higher levels of evidence with increasing numbers of de novo probands or to lower the 

evidence level when phenotypic specificity is lacking (https://www.clinicalgenome.org/site/

assets/files/8490/recommendation_ps2_and_pm6_acmgamp_critiera_version_1_0.pdf) 

(Table 1, Supp. Table S3). In accordance with ACMG/AMP guidance, family history must 

also be consistent with a de novo event, and the patient’s phenotype should be a match for 

PHTS, but they need not meet the strict criteria for PS4/PP4 outlined in the following 

section.

F. Phenotype (PS4/PP4)—Given the extreme population rarity of any one specific 

pathogenic PTEN variant, it is unlikely that a case-control study will find statistically 

significant results for a specific variant, leading the EP to adopt the second use of PS4 

(multiple unrelated individuals with the same phenotype). PHTS causes increased risk for a 

diverse combination of phenotypes, several of which are specific to this disorder and 

uncommon in the general population. Phenotype among affected individuals is also highly 

variable, even within the same family, and is also age- and gender-dependent (Lachlan, 

Lucassen, Bunyan, & Temple, 2007), necessitating a careful approach whereby PP4 

(phenotype specificity) is wrapped into the PS4 criteria. For adults, a scoring system called 

the Cleveland Clinic (CC) score predicts a priori PTEN mutation risk based on personal 

history, with findings highly specific to PHTS, such as Lhermitte-Duclos disease or 

hamartomatous polyps, given higher weight (Tan et al., 2011) (Supp. Table S4). The EP 

decided that either one adult with phenotypic features specific enough to result in a CC score 

≥30 (≥80% mutation risk), or two with score of 25–29 (62–80% mutation risk) would 

qualify for PS4_supporting. In other words, an adult with a CC score of 35 would merit 1 

phenotype specificity point; an adult with a CC score of 28 would merit 0.5 points.

For children, no similar tool existed, and the CC scoring tool could not be applied given the 

age-dependent penetrance of many PHTS phenotypes. Therefore, creation of a separate 
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scoring system for children was required. EP members from two U.S.-based testing 

laboratories and a clinician in the United Kingdom who used a national referral lab for 

testing contributed de-identified phenotype data from children who had undergone PTEN 

mutation analysis. Age- and gender-matched pediatric patients were selected with either 

positive (PATH) or negative (no variants identified) results. The EP phenotype workgroup 

drafted scores for findings observed in children with PHTS, assigning higher scores to 

features more specific to PHTS and lower ones to those observed more often in children 

referred for genetics evaluation and/or testing (Table 2). Using this scoring system, paired t-

test identified significantly higher scores for children with PATH variants compared to those 

with negative PTEN testing (4.45 vs. 2.95, p=0.009, Supp. Table S5). When a threshold of 5 

was applied, 100% specificity was achieved for both boys and girls, leading the EP to adopt 

this score as the cutoff for application of PS4_supporting (1 phenotype specificity point) for 

pediatric cases. Using a cutoff of 4, specificity dropped to 50% due to the high prevalence of 

autism/developmental delay (DD)/intellectual disability (ID) diagnoses across the cohort, 

but sensitivity increased to 80% (Supp. Table S6). Thus, similar to the approach accepted for 

adults, a score of 4 was accepted as appropriate for 0.5 phenotype specificity points, with the 

caveat that autism/DD/ID may not contribute to the score given the common nature of this 

phenotype for pediatric genetics referral (Woodward, Alves, & Butler, 1993).

Similar to de novo evidence, EP members chose to apply PS4_supporting at higher evidence 

levels when multiple probands meeting these phenotype criteria were identified. Given the 

strict criteria developed for applying phenotype specificity points, the duplicative approach 

to reach higher evidence levels for de novo criteria was employed, but with 16 or more 

specificity points required for a Very Strong evidence level to more closely match the 

exponential increase in odds for pathogenicity between the Strong and Very Strong evidence 

levels supported by the SVI (Tavtigian et al., 2018). Table 3 provides a summary of the 

phenotype specificity scores required for increased levels of evidence with examples for 

application. The EP also specified that this criterion not be applied when BS1 is met to avoid 

coincidental accumulation of proband specificity points for variants with high allele 

frequency.

G. Allelic Data (BS2, BP2, BP5)—Murine Pten homozygous knock-out or knock-in 

models demonstrate embryonic lethality (Di Cristofano et al., 1998; H. Wang et al., 2010). 

To date, we are not aware of a human individual with homozygosity or compound 

heterozygosity for pathogenic PTEN variants. Only one homozygous potentially 

hypomorphic missense variant, p.L182S, has been reported in siblings with a PHTS 

phenotype by exome analysis whose heterozygous parents were phenotypically normal 

(Schwerd et al., 2016). However, this variant has not been reported elsewhere. Individuals 

have been reported with one germline pathogenic PTEN variant and a somatic “second hit”, 

with affected tissues demonstrating overgrowth, vascular malformations, and lipomatosis 

reminiscent of Proteus syndrome (Caux et al., 2007). Together these data suggest that 

germline homozygosity or compound heterozygosity for pathogenic PTEN variants in 

humans may not be consistent with life, or would result in a severe PHTS phenotype. Thus 

the PTEN EP wished to apply BS2 (observed in a healthy adult individual) when a variant is 

present in the homozygous state in at least one individual whose homozygous status was 
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confirmed via parental testing or in two individuals without such confirmation, so long as 

the individual(s) are confirmed as healthy/unaffected persons or do not exhibit features that 

would be expected for PHTS. A supporting level of evidence may be used when at least two 

homozygous observations exist in the absence of clinical data, or the criteria for BS2 is met 

but BS1 (allele frequency greater than expected for disorder) has also been applied. The 

caveat regarding BS1 was added to ensure a variant could not reach benign status (BS1 + 

BS2) driven mainly by homozygous occurrences due to population frequency lower than the 

threshold set for application of BA1. BP2 may be applied when a variant is observed in trans 

with a known PTEN pathogenic variant, or observed in cis or with unknown phase with 

three or more different pathogenic PTEN variants.

The PTEN EP also agreed to adopt BP5 (variant found in a case with an alternate molecular 

cause for disease) for two or more co-occurrences with pathogenic variants in a different 

gene that fully explained the patient’s phenotype, but specific circumstances would need to 

be met in order for a case to be considered for inclusion. First, the variant in the other gene 

must be considered highly penetrant, with both the individual’s age and gender taken into 

consideration. Additionally, the patient’s personal and family history (including up to 2nd 

degree relatives) should not overlap with features seen in PHTS. As an example, an 

individual with a personal and family history of breast cancer who harbored a PTEN variant 

in addition to a pathogenic BRCA2 variant would not apply, because breast cancer is a 

known risk in PHTS and the PTEN variant might have contributed to this individual’s breast 

cancer risk. However, an individual with a personal and family history of ovarian and 

pancreatic cancer who was positive for a PTEN variant as well as a pathogenic BRCA2 

variant would be considered for BP5 application, as neither ovarian nor pancreatic cancer 

are associated with PHTS.

Rule Piloting

For the BEN/LBEN test set (Table 4), 12/15 (80%) variants achieved a BEN/LBEN 

classification based on initial data accumulated from literature review, population databases, 

and in silico models. The three variants initially classified as VUS included c.−1026C>A, c.

−1311T>C, and c.75G>A (p.L25=). Internal data from group members were used to identify 

cases with homozygous occurrences, segregation data, or co-occurrence data that might be 

applied. In the case of c.−1026C>A, both homozygous observations (BS2_P) as well as co-

occurrences with pathogenic variants in other genes explaining the patient’s phenotype 

(BP5) were identified, leading to a final LBEN classification. As of March 2018, PTEN c.

−1311T>C was present in gnomAD at an allele frequency of 1.42% (23/1618) within East 

Asian populations. Despite the denominator being less than 2000, BA1 was applied with 

approval from the Genomic Variant Working Group given the allele frequency would remain 

>1% if 2000 alleles were present in the studied population (23/2000 = 1.15%) and 95% 

confidence interval of the proportion (0.9–2.1%). PTEN c.75G>A is near a predicted U12-

dependent splice donor for which in silico tools are not available. Although BP7 was applied 

based on the synonymous nature of this variant, no additional criteria apply at present, 

leaving this variant at VUS. Thus, the BEN/LBEN test set achieved a final concordance of 

93.3% (14/15) with consensus ClinVar classifications.
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Given that clinical laboratory data provided helpful evidence for the BEN/LBEN variants, 

these data were incorporated for the initial review of the pathogenic criteria tested on 16 

consensus ClinVar PATH/LPATH variants (Table 5). On initial review, 15/16 (93.8%) 

variants achieved a PATH/LPATH classification. PTEN c.50_51delAA was present in 

1/246,272 alleles in gnomAD, and the EP’s initial PM2 language permitted use only when a 

variant was completely absent in sequenced populations. Thus the EP modified PM2 as 

previously described, permitting use for this variant and other LOF variants present in 

gnomAD at ultra-rare allele frequency and leading to a final 100% (16/16) concordance with 

consensus ClinVar classifications for the PATH/LPATH test set. This process also 

highlighted the need for sharing internal laboratory data, as PTEN c.103A>G (p.M35V) 

would have been classified as VUS without PS2 applied due to a confirmed de novo 

occurrence.

The final set of variants curated for pilot purposes included five with conflicting 

interpretations in ClinVar (CONF) and six with assertions of uncertain significance (VUS) 

by multiple submitters, with curation performed by two independent biocurators (Table 6). 

Biocurators had complete concordance with respect to criteria and classification for five of 

the six VUS. For the five CONF variants, initial criteria applied by each biocurator differed 

slightly, but preliminary classifications did not differ by more than one “step” (VUS vs. 

LBEN, PATH vs. LPATH, etc.). Following brief discussion between biocurators and addition 

of internal laboratory data, complete agreement for criteria and preliminary classification 

was achieved for three of the five CONF variants, for a final inter-biocurator concordance of 

72.7% (8/11) for criteria and 81.8% (9/11) for classification within the VUS and CONF 

variant sets. Notably, shared internal laboratory data provided evidence leading to resolution 

of classification for two of the five CONF variants (1 PATH, 1 LPATH) and an LBEN 

classification for one of the six VUS.

Discussion

Moving forward, the PTEN EP plans to meet on a quarterly basis to conduct variant 

curation, and will publicly share classification assertions and supporting evidence in 

ClinVar. A minimum 75% group attendance, including at least one co-chair, will be required 

for quorum to be met. Variants with CONF or VUS assertions per multiple submitters have 

the greatest need for EP review and will thus be given top priority. The EP will also reserve a 

portion of each meeting for variants expected to be less-challenging, such as variants with 

PATH/LPATH or BEN/LBEN assertions, prioritizing those with no assertion criteria or with 

assertion by only a single submitter. Date of ClinVar submission will also be considered, 

with review priority also given to variants with earliest submission date.

Variants classified as being of uncertain significance or with conflicting assertions present 

several clinical challenges and may be distressing for providers and patients alike (Lumish et 

al., 2017). These challenges are compounded for highly-penetrant cancer susceptibility 

genes such as PTEN, where presence of a pathogenic variant may influence surgical-

decision making in addition to other medical management and recurrence risk counseling 

(Balmaña et al., 2016). The PTEN EP hopes that these gene-specific variant curation rules 
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and the assertions provided for variants reviewed by the EP will be helpful to clinicians, 

clinical laboratories, and others interpreting PTEN variants.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgements

The ClinGen Consortium is funded by the National Human Genome Research Institute of the National Institutes of 

Health through the following grants and contracts: U41HG006834 (Rehm), U41HG009649 (Bustamante/Plon), 

U01HG007436 (Bustamante/Plon), U01HG007437 (Berg), and U41HG009650 (Berg). The content is solely the 

responsibility of the authors and does not necessarily represent the official views of the National Institutes of 

Health. We would like to acknowledge ClinGen staff and leadership, in particular Steven Harrison, Heidi Rehm, 

Jonathan Berg, and Kristy Lee, for their support and critical feedback during the rule development process. C.E. is 

the Sondra J. and Stephen R. Hardis Endowed Chair of Cancer Genomic Medicine at the Cleveland Clinic and an 

ACS Clinical Research Professor. Conflict of Interest Disclosures: J.L.M. and K.S.H. are employees of GeneDx, 

Inc., a wholly-owned subsidiary of OPKO Health, Inc. T.P., R.K., and F.H. are full-time employees of Ambry 

Genetics, a wholly-owned subsidiary of Konica-Minolta. R.H. is a full time paid employee of Tempus Labs, a 

CLIA/CAP accredited clinical genetics testing laboratory that combines molecular data with phenotypic, 

therapeutic, and outcome data for deeper analysis using its software platform. J.N. receives research funding from 

Astra Zeneca for BRCA1/2-related research. K.S. is an employee of Counsyl, a molecular diagnostics laboratory. 

S.E.P. is a member of the scientific advisory panel of Baylor Genetics. M.H. is an employee of PerkinElmer 

Genomics, a wholly-owned subsidiary of PerkinElmer. C.E. has received grants from the NIH to study PTEN in 

neoplasia and autism, is an external strategic advisor to N-of-One, and is pro bono Chief Medical Officer of Family 

Care Path, Inc. and of Covariance/Plexseq Diagnostics.

Grant Sponsor: The ClinGen Consortium is funded by the National Human Genome Research Institute of the 

National Institutes of Health through the following grants and contracts: U41HG006834 (Rehm), U41HG009649 

(Bustamante/Plon), U01HG007436 (Bustamante/Plon), U01HG007437 (Berg), and U41HG009650 (Berg).

References

Balmaña J, Digiovanni L, Gaddam P, Walsh MF, Joseph V, Stadler ZK, … Domchek SM (2016). 

Conflicting Interpretation of Genetic Variants and Cancer Risk by Commercial Laboratories as 

Assessed by the Prospective Registry of Multiplex Testing. Journal of Clinical Oncology: Official 

Journal of the American Society of Clinical Oncology, 34(34), 4071–4078. 10.1200/JCO.

2016.68.4316 [PubMed: 27621404] 

Biesecker LG, & Harrison SM (2018). The ACMG/AMP reputable source criteria for the interpretation 

of sequence variants. Genetics in Medicine: Official Journal of the American College of Medical 

Genetics. 10.1038/gim.2018.42

Bubien V, Bonnet F, Brouste V, Hoppe S, Barouk-Simonet E, David A, … French Cowden Disease 

Network. (2013). High cumulative risks of cancer in patients with PTEN hamartoma tumour 

syndrome. Journal of Medical Genetics, 50(4), 255–263. 10.1136/jmedgenet-2012-101339 

[PubMed: 23335809] 

Butler MG, Dasouki MJ, Zhou X-P, Talebizadeh Z, Brown M, Takahashi TN, … Eng C (2005). Subset 

of individuals with autism spectrum disorders and extreme macrocephaly associated with germline 

PTEN tumour suppressor gene mutations. Journal of Medical Genetics, 42(4), 318–321. 10.1136/

jmg.2004.024646 [PubMed: 15805158] 

Caux F, Plauchu H, Chibon F, Faivre L, Fain O, Vabres P, … Longy M (2007). Segmental overgrowth, 

lipomatosis, arteriovenous malformation and epidermal nevus (SOLAMEN) syndrome is related to 

mosaic PTEN nullizygosity. European Journal of Human Genetics: EJHG, 15(7), 767–773. 10.1038/

sj.ejhg.5201823 [PubMed: 17392703] 

Chen HJ, Romigh T, Sesock K, & Eng C (2017). Characterization of cryptic splicing in germline 

PTEN intronic variants in Cowden syndrome. Human Mutation, 38(10), 1372–1377. 10.1002/humu.

23288 [PubMed: 28677221] 

Mester et al. Page 12

Hum Mutat. Author manuscript; available in PMC 2019 November 01.

A
u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t



Costa HA, Leitner MG, Sos ML, Mavrantoni A, Rychkova A, Johnson JR, … Bustamante CD (2015). 

Discovery and functional characterization of a neomorphic PTEN mutation. Proceedings of the 

National Academy of Sciences of the United States of America, 112(45), 13976–13981. 10.1073/

pnas.1422504112 [PubMed: 26504226] 

Davidson L, Maccario H, Perera NM, Yang X, Spinelli L, Tibarewal P, … Leslie NR (2010). 

Suppression of cellular proliferation and invasion by the concerted lipid and protein phosphatase 

activities of PTEN. Oncogene, 29(5), 687–697. 10.1038/onc.2009.384 [PubMed: 19915616] 

Desmet F-O, Hamroun D, Lalande M, Collod-Béroud G, Claustres M, & Béroud C (2009). Human 

Splicing Finder: an online bioinformatics tool to predict splicing signals. Nucleic Acids Research, 

37(9), e67 10.1093/nar/gkp215 [PubMed: 19339519] 

Di Cristofano A, Pesce B, Cordon-Cardo C, & Pandolfi PP (1998). Pten is essential for embryonic 

development and tumour suppression. Nature Genetics, 19(4), 348–355. 10.1038/1235 [PubMed: 

9697695] 

Eng C (2003). PTEN: one gene, many syndromes. Human Mutation, 22(3), 183–198. 10.1002/humu.

10257 [PubMed: 12938083] 

Gelb BD, Cavé H, Dillon MW, Gripp KW, Lee JA, Mason-Suares H, … Vincent LM (2018). 

ClinGen’s RASopathy Expert Panel consensus methods for variant interpretation. Genetics in 

Medicine: Official Journal of the American College of Medical Genetics. 10.1038/gim.2018.3

Gil A, Rodríguez-Escudero I, Stumpf M, Molina M, Cid VJ, & Pulido R (2015). A functional 

dissection of PTEN N-terminus: implications in PTEN subcellular targeting and tumor suppressor 

activity. PloS One, 10(4), e0119287 10.1371/journal.pone.0119287 [PubMed: 25875300] 

Han SY, Kato H, Kato S, Suzuki T, Shibata H, Ishii S, … Ishioka C (2000). Functional evaluation of 

PTEN missense mutations using in vitro phosphoinositide phosphatase assay. Cancer Research, 

60(12), 3147–3151. [PubMed: 10866302] 

He X, Saji M, Radhakrishnan D, Romigh T, Ngeow J, Yu Q, … Eng C (2012). PTEN lipid phosphatase 

activity and proper subcellular localization are necessary and sufficient for down-regulating AKT 

phosphorylation in the nucleus in Cowden syndrome. The Journal of Clinical Endocrinology and 

Metabolism, 97(11), E2179–2187. 10.1210/jc.2012-1991 [PubMed: 22962422] 

Henikoff S, & Henikoff JG (1992). Amino acid substitution matrices from protein blocks. Proceedings 

of the National Academy of Sciences of the United States of America, 89(22), 10915–10919. 

[PubMed: 1438297] 

Jarvik GP, & Browning BL (2016). Consideration of Cosegregation in the Pathogenicity Classification 

of Genomic Variants. American Journal of Human Genetics, 98(6), 1077–1081. 10.1016/j.ajhg.

2016.04.003 [PubMed: 27236918] 

Kelly MA, Caleshu C, Morales A, Buchan J, Wolf Z, Harrison SM, … Funke B (2018). Adaptation 

and validation of the ACMG/AMP variant classification framework for MYH7-associated 

inherited cardiomyopathies: recommendations by ClinGen’s Inherited Cardiomyopathy Expert 

Panel. Genetics in Medicine: Official Journal of the American College of Medical Genetics. 

10.1038/gim.2017.218

Lachlan KL, Lucassen AM, Bunyan D, & Temple IK (2007). Cowden syndrome and Bannayan Riley 

Ruvalcaba syndrome represent one condition with variable expression and age-related penetrance: 

results of a clinical study of PTEN mutation carriers. Journal of Medical Genetics, 44(9), 579–585. 

10.1136/jmg.2007.049981 [PubMed: 17526800] 

Landrum MJ, Lee JM, Benson M, Brown G, Chao C, Chitipiralla S, … Maglott DR (2016). ClinVar: 

public archive of interpretations of clinically relevant variants. Nucleic Acids Research, 44(D1), 

D862–868. 10.1093/nar/gkv1222 [PubMed: 26582918] 

Lee JO, Yang H, Georgescu MM, Di Cristofano A, Maehama T, Shi Y, … Pavletich NP (1999). Crystal 

structure of the PTEN tumor suppressor: implications for its phosphoinositide phosphatase activity 

and membrane association. Cell, 99(3), 323–334. [PubMed: 10555148] 

Lek M, Karczewski KJ, Minikel EV, Samocha KE, Banks E, Fennell T, … Exome Aggregation 

Consortium. (2016). Analysis of protein-coding genetic variation in 60,706 humans. Nature, 

536(7616), 285–291. 10.1038/nature19057 [PubMed: 27535533] 

Lobo GP, Waite KA, Planchon SM, Romigh T, Nassif NT, & Eng C (2009). Germline and somatic 

cancer-associated mutations in the ATP-binding motifs of PTEN influence its subcellular 

Mester et al. Page 13

Hum Mutat. Author manuscript; available in PMC 2019 November 01.

A
u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t



localization and tumor suppressive function. Human Molecular Genetics, 18(15), 2851–2862. 

10.1093/hmg/ddp220 [PubMed: 19457929] 

Lumish HS, Steinfeld H, Koval C, Russo D, Levinson E, Wynn J, … Chung WK (2017). Impact of 

Panel Gene Testing for Hereditary Breast and Ovarian Cancer on Patients. Journal of Genetic 

Counseling, 26(5), 1116–1129. 10.1007/s10897-017-0090-y [PubMed: 28357778] 

Malek M, Kielkowska A, Chessa T, Anderson KE, Barneda D, Pir P, … Stephens LR (2017). PTEN 

Regulates PI(3,4)P2 Signaling Downstream of Class I PI3K. Molecular Cell, 68(3), 566–580.e10. 

10.1016/j.molcel.2017.09.024 [PubMed: 29056325] 

Mester J, & Eng C (2012). Estimate of de novo mutation frequency in probands with PTEN 

hamartoma tumor syndrome. Genetics in Medicine: Official Journal of the American College of 

Medical Genetics, 14(9), 819–822. 10.1038/gim.2012.51 [PubMed: 22595938] 

Mester J, & Eng C (2013). When overgrowth bumps into cancer: the PTEN-opathies. American 

Journal of Medical Genetics. Part C, Seminars in Medical Genetics, 163C(2), 114–121. 10.1002/

ajmg.c.31364

Mester JL, Tilot AK, Rybicki LA, Frazier TW, & Eng C (2011). Analysis of prevalence and degree of 

macrocephaly in patients with germline PTEN mutations and of brain weight in Pten knock-in 

murine model. European Journal of Human Genetics: EJHG, 19(7), 763–768. 10.1038/ejhg.

2011.20 [PubMed: 21343951] 

Mighell TL, Evans-Dutson S, & O’Roak BJ (2018). A Saturation Mutagenesis Approach to 

Understanding PTEN Lipid Phosphatase Activity and Genotype-Phenotype Relationships. 

American Journal of Human Genetics, 102(5), 943–955. 10.1016/j.ajhg.2018.03.018 [PubMed: 

29706350] 

Myers MP, Pass I, Batty IH, Van der Kaay J, Stolarov JP, Hemmings BA, … Tonks NK (1998). The 

lipid phosphatase activity of PTEN is critical for its tumor supressor function. Proceedings of the 

National Academy of Sciences of the United States of America, 95(23), 13513–13518. [PubMed: 

9811831] 

Nagy R, Ganapathi S, Comeras I, Peterson C, Orloff M, Porter K, … Kloos RT (2011). Frequency of 

germline PTEN mutations in differentiated thyroid cancer. Thyroid: Official Journal of the 

American Thyroid Association, 21(5), 505–510. 10.1089/thy.2010.0365 [PubMed: 21417916] 

Nelen MR, Kremer H, Konings IB, Schoute F, van Essen AJ, Koch R, … Padberg GW (1999). Novel 

PTEN mutations in patients with Cowden disease: absence of clear genotype-phenotype 

correlations. European Journal of Human Genetics: EJHG, 7(3), 267–273. 10.1038/sj.ejhg.

5200289 [PubMed: 10234502] 

Nieuwenhuis MH, Kets CM, Murphy-Ryan M, Yntema HG, Evans DG, Colas C, … Vasen HFA 

(2014). Cancer risk and genotype-phenotype correlations in PTEN hamartoma tumor syndrome. 

Familial Cancer, 13(1), 57–63. 10.1007/s10689-013-9674-3 [PubMed: 23934601] 

Pollard KS, Hubisz MJ, Rosenbloom KR, & Siepel A (2010). Detection of nonneutral substitution 

rates on mammalian phylogenies. Genome Research, 20(1), 110–121. 10.1101/gr.097857.109 

[PubMed: 19858363] 

Reese MG, Eeckman FH, Kulp D, & Haussler D (1997). Improved splice site detection in Genie. 

Journal of Computational Biology: A Journal of Computational Molecular Cell Biology, 4(3), 

311–323. 10.1089/cmb.1997.4.311 [PubMed: 9278062] 

Rehm HL, Berg JS, Brooks LD, Bustamante CD, Evans JP, Landrum MJ, … ClinGen. (2015). 

ClinGen--the Clinical Genome Resource. The New England Journal of Medicine, 372(23), 2235–

2242. 10.1056/NEJMsr1406261 [PubMed: 26014595] 

Richards S, Aziz N, Bale S, Bick D, Das S, Gastier-Foster J, … ACMG Laboratory Quality Assurance 

Committee. (2015). Standards and guidelines for the interpretation of sequence variants: a joint 

consensus recommendation of the American College of Medical Genetics and Genomics and the 

Association for Molecular Pathology. Genetics in Medicine: Official Journal of the American 

College of Medical Genetics, 17(5), 405–424. 10.1038/gim.2015.30 [PubMed: 25741868] 

Ring KL, Bruegl AS, Allen BA, Elkin EP, Singh N, Hartman A-R, … Broaddus RR (2016). Germline 

multi-gene hereditary cancer panel testing in an unselected endometrial cancer cohort. Modern 

Pathology: An Official Journal of the United States and Canadian Academy of Pathology, Inc, 

29(11), 1381–1389. 10.1038/modpathol.2016.135

Mester et al. Page 14

Hum Mutat. Author manuscript; available in PMC 2019 November 01.

A
u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t



Rodríguez-Escudero I, Oliver MD, Andrés-Pons A, Molina M, Cid VJ, & Pulido R (2011). A 

comprehensive functional analysis of PTEN mutations: implications in tumor- and autism-related 

syndromes. Human Molecular Genetics, 20(21), 4132–4142. 10.1093/hmg/ddr337 [PubMed: 

21828076] 

Schwerd T, Khaled AV, Schürmann M, Chen H, Händel N, Reis A, … Abou Jamra R (2016). A 

recessive form of extreme macrocephaly and mild intellectual disability complements the spectrum 

of PTEN hamartoma tumour syndrome. European Journal of Human Genetics: EJHG, 24(6), 889–

894. 10.1038/ejhg.2015.209 [PubMed: 26443266] 

Siepel A, Bejerano G, Pedersen JS, Hinrichs AS, Hou M, Rosenbloom K, … Haussler D (2005). 

Evolutionarily conserved elements in vertebrate, insect, worm, and yeast genomes. Genome 

Research, 15(8), 1034–1050. 10.1101/gr.3715005 [PubMed: 16024819] 

Spinelli L, Black FM, Berg JN, Eickholt BJ, & Leslie NR (2015). Functionally distinct groups of 

inherited PTEN mutations in autism and tumour syndromes. Journal of Medical Genetics, 52(2), 

128–134. 10.1136/jmedgenet-2014-102803 [PubMed: 25527629] 

Stambolic V, Suzuki A, de la Pompa JL, Brothers GM, Mirtsos C, Sasaki T, … Mak TW (1998). 

Negative regulation of PKB/Akt-dependent cell survival by the tumor suppressor PTEN. Cell, 

95(1), 29–39. [PubMed: 9778245] 

Tan M-H, Mester J, Peterson C, Yang Y, Chen J-L, Rybicki LA, … Eng C (2011). A clinical scoring 

system for selection of patients for PTEN mutation testing is proposed on the basis of a 

prospective study of 3042 probands. American Journal of Human Genetics, 88(1), 42–56. 10.1016/

j.ajhg.2010.11.013 [PubMed: 21194675] 

Tavtigian SV, Greenblatt MS, Harrison SM, Nussbaum RL, Prabhu SA, Boucher KM, & Biesecker LG 

(2018). Modeling the ACMG/AMP variant classification guidelines as a Bayesian classification 

framework. Genetics in Medicine: Official Journal of the American College of Medical Genetics. 

10.1038/gim.2017.210

Tilot AK, Gaugler MK, Yu Q, Romigh T, Yu W, Miller RH, … Eng C (2014). Germline disruption of 

Pten localization causes enhanced sex-dependent social motivation and increased glial production. 

Human Molecular Genetics, 23(12), 3212–3227. 10.1093/hmg/ddu031 [PubMed: 24470394] 

Tung N, Lin NU, Kidd J, Allen BA, Singh N, Wenstrup RJ, … Garber JE (2016). Frequency of 

Germline Mutations in 25 Cancer Susceptibility Genes in a Sequential Series of Patients With 

Breast Cancer. Journal of Clinical Oncology: Official Journal of the American Society of Clinical 

Oncology, 34(13), 1460–1468. 10.1200/JCO.2015.65.0747 [PubMed: 26976419] 

Vanderver A, Tonduti D, Kahn I, Schmidt J, Medne L, Vento J, … van der Knaap MS (2014). 

Characteristic brain magnetic resonance imaging pattern in patients with macrocephaly and PTEN 

mutations. American Journal of Medical Genetics. Part A, 164A(3), 627–633. 10.1002/ajmg.a.

36309 [PubMed: 24375884] 

Wang H, Karikomi M, Naidu S, Rajmohan R, Caserta E, Chen H-Z, … Leone G (2010). Allele-

specific tumor spectrum in pten knockin mice. Proceedings of the National Academy of Sciences 

of the United States of America, 107(11), 5142–5147. 10.1073/pnas.0912524107 [PubMed: 

20194734] 

Wang X, & Jiang X (2008). PTEN: a default gate-keeping tumor suppressor with a versatile tail. Cell 

Research, 18(8), 807–816. 10.1038/cr.2008.83 [PubMed: 18626510] 

Wong ESY, Shekar S, Met-Domestici M, Chan C, Sze M, Yap YS, … Lee ASG (2016). Inherited 

breast cancer predisposition in Asians: multigene panel testing outcomes from Singapore. NPJ 

Genomic Medicine, 1, 15003 10.1038/npjgenmed.2015.3 [PubMed: 29263802] 

Woodward A, Alves S, & Butler MG (1993). Genetic conditions among patients receiving genetic 

services in middle Tennessee. Southern Medical Journal, 86(1), 42–45. [PubMed: 8420015] 

Yang J-M, Schiapparelli P, Nguyen H-N, Igarashi A, Zhang Q, Abbadi S, … Iijima M (2017). 

Characterization of PTEN mutations in brain cancer reveals that pten mono-ubiquitination 

promotes protein stability and nuclear localization. Oncogene, 36(26), 3673–3685. 10.1038/onc.

2016.493 [PubMed: 28263967] 

Yeo G, & Burge CB (2004). Maximum entropy modeling of short sequence motifs with applications to 

RNA splicing signals. Journal of Computational Biology: A Journal of Computational Molecular 

Cell Biology, 11(2–3), 377–394. 10.1089/1066527041410418 [PubMed: 15285897] 

Mester et al. Page 15

Hum Mutat. Author manuscript; available in PMC 2019 November 01.

A
u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t



A
u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u

s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t

Mester et al. Page 16

T
a
b

le
 1

:

S
u
m

m
ar

y
 o

f 
G

en
e-

S
p
ec

if
ic

 C
ri

te
ri

a 
fo

r 
P

T
E

N
 V

ar
ia

n
t 

C
la

ss
if

ic
at

io
n

P
a
th

o
g
en

ic
 C

ri
te

ri
a

E
v
id

en
ce

L
ev

el
R

u
le

 C
o
d

e
S

p
ec

if
ic

a
ti

o
n

T
y
p

e†

R
u

le
 D

es
cr

ip
ti

o
n

V
er

y
S

tr
o
n
g

P
V

S
1

D
S

N
u
ll

 v
ar

ia
n
t 

(n
o
n
se

n
se

, 
fr

am
es

h
if

t,
 c

an
o
n
ic

al
 ±

 1
 o

r 
2
 s

p
li

ce
 s

it
es

, 
in

it
ia

ti
o
n
 c

o
d
o
n
, 
si

n
g
le

 o
r 

m
u
lt

i-
ex

o
n
 d

el
et

io
n
) 

p
re

d
ic

te
d
 t

o
 r

es
u
lt

 i
n
 n

o
n
se

n
se

-
m

ed
ia

te
d
 d

ec
ay

 o
r 

ca
u
si

n
g
 t

ru
n
ca

ti
o
n
/f

ra
m

es
h
if

t 
at

 o
r 

5
’ 

to
 c

.1
1
2
1
 (

N
M

_
0
0

0
3
1
4
.4

).

P
S

2
_
V

S
/P

M
6
_
V

S
S

M
T

w
o
 p

ro
v
en

 O
R

 f
o
u
r 

as
su

m
ed

 O
R

 o
n
e 

p
ro

v
en

 +
 t

w
o
 a

ss
u
m

ed
 d

e 
n
o
v
o

 o
b
se

rv
at

io
n
s.

P
S

4
_
V

S
S

M
P

ro
b
an

d
 s

p
ec

if
ic

it
y
 s

co
re

 ≥
1
6
 (

se
e 

te
x
t)

.

S
tr

o
n
g

P
S

1
D

S
S

am
e 

am
in

o
 a

ci
d
 c

h
an

g
e 

as
 a

 p
re

v
io

u
sl

y
 e

st
ab

li
sh

ed
 p

at
h
o
g
en

ic
 v

ar
ia

n
t 

re
g
ar

d
le

ss
 o

f 
n
u
cl

eo
ti

d
e 

ch
an

g
e 

O
R

 d
if

fe
re

n
t 

v
ar

ia
n
t 

at
 s

am
e 

n
u
cl

eo
ti

d
e 

p
o
si

ti
o
n
 a

s 
a 

p
at

h
o
g
en

ic
 s

p
li

ci
n
g
 v

ar
ia

n
t,

 w
h
er

e 
in

 s
il

ic
o
 m

o
d
el

s 
p
re

d
ic

t 
im

p
ac

t 
eq

u
al

 t
o
 o

r 
g
re

at
er

 t
h
an

 t
h
e 

k
n
o
w

n
 p

at
h
o
g
en

ic
 v

ar
ia

n
t.

P
S

2
N

o
 c

h
an

g
e

D
e 

n
o
v
o
 (

b
o
th

 m
at

er
n
it

y
 a

n
d
 p

at
er

n
it

y
 c

o
n
fi

rm
ed

) 
in

 a
 p

at
ie

n
t 

w
it

h
 t

h
e 

d
is

ea
se

 a
n
d
 n

o
 f

am
il

y
 h

is
to

ry
.

P
S

3
D

S
W

el
l-

es
ta

b
li

sh
ed

 i
n
 v

it
ro

 o
r 

in
 v

iv
o

 f
u
n
ct

io
n
al

 s
tu

d
ie

s 
su

p
p
o
rt

iv
e 

o
f 

a 
d
am

ag
in

g
 e

ff
ec

t 
o
n
 t

h
e 

g
en

e 
o
r 

g
en

e 
p
ro

d
u
ct

. 
D

ef
in

ed
 t

o
 i

n
cl

u
d
e 

st
u
d
ie

s 
sh

o
w

in
g
 p

h
o
sp

h
at

as
e 

ac
ti

v
it

y
 <

5
0
%

 o
f 

w
il

d
-t

y
p
e 

o
r 

R
N

A
, 
m

in
i-

g
en

e,
 o

r 
o
th

er
 a

ss
ay

 s
h
o
w

in
g
 i

m
p
ac

t 
o
n
 s

p
li

ci
n
g
.

P
S

4
D

S
U

se
 1

: 
T

h
e 

p
re

v
al

en
ce

 o
f 

th
e 

v
ar

ia
n
t 

in
 a

ff
ec

te
d
 i

n
d
iv

id
u
al

s 
is

 s
ig

n
if

ic
an

tl
y
 i

n
cr

ea
se

d
 c

o
m

p
ar

ed
 w

it
h
 t

h
e 

p
re

v
al

en
ce

 i
n
 c

o
n
tr

o
ls

.
U

se
 2

: 
P

ro
b
an

d
 s

p
ec

if
ic

it
y
 s

co
re

 o
f 

4
-1

5
.5

 (
se

e 
te

x
t)

.

P
M

6
_
S

S
M

T
w

o
 p

ro
b
an

d
s 

w
it

h
 p

re
su

m
ed

 d
e 

n
o
v
o

 o
cc

u
rr

en
ce

 (
m

at
er

n
it

y
/p

at
er

n
it

y
 n

o
t 

co
n
fi

rm
ed

).

P
P

1
_
S

S
M

C
o
-s

eg
re

g
at

io
n
 w

it
h
 d

is
ea

se
 i

n
 m

u
lt

ip
le

 a
ff

ec
te

d
 f

am
il

y
 m

em
b
er

s,
 w

it
h
 ≥

7
 m

ei
o
se

s 
o
b
se

rv
ed

 a
cr

o
ss

 a
t 

le
as

t 
tw

o
 f

am
il

ie
s.

M
o
d
er

at
e

P
M

1
D

S
L

o
ca

te
d
 i

n
 a

 m
u
ta

ti
o
n
al

 h
o
t 

sp
o
t 

an
d
/o

r 
cr

it
ic

al
 a

n
d
 w

el
l-

es
ta

b
li

sh
ed

 f
u
n
ct

io
n
al

 d
o
m

ai
n
. 
D

ef
in

ed
 t

o
 i

n
cl

u
d
e 

re
si

d
u
es

 i
n
 c

at
al

y
ti

c 
m

o
ti

fs
: 

9
0
-9

4
, 

1
2
3
-1

3
0
, 
1
6
6
-1

6
8
 (

N
P

_
0
0
0
3
0
5
.3

).

P
M

2
D

S
P

re
se

n
t 

at
 <

0
.0

0
0
0
1
 (

0
.0

0
1
%

) 
al

le
le

 f
re

q
u
en

cy
 i

n
 g

n
o
m

A
D

 o
r 

an
o
th

er
 l

ar
g
e 

se
q
u
en

ce
d
 p

o
p
u
la

ti
o
n
. 
If

 m
u
lt

ip
le

 a
ll

el
es

 a
re

 p
re

se
n
t 

w
it

h
in

 a
n
y
 

su
b
p
o
p
u
la

ti
o
n
, 
al

le
le

 f
re

q
u
en

cy
 i

n
 t

h
at

 s
u
b
p
o
p
u
la

ti
o
n
 m

u
st

 b
e 

<
0
.0

0
0
0
2
 (

0
.0

0
2
%

).

P
M

3
R

em
o
v
ed

F
o
r 

re
ce

ss
iv

e 
d
is

o
rd

er
s,

 d
et

ec
te

d
 i

n
 t

ra
n
s 

w
it

h
 a

 p
at

h
o
g
en

ic
 v

ar
ia

n
t.

P
M

4
D

S
P

ro
te

in
 l

en
g
th

 c
h
an

g
es

 d
u
e 

to
 i

n
-f

ra
m

e 
d
el

et
io

n
s/

in
se

rt
io

n
s 

in
 a

 n
o
n
-r

ep
ea

t 
re

g
io

n
 o

r 
st

o
p
-l

o
ss

 v
ar

ia
n
ts

. 
A

p
p
li

es
 t

o
 i

n
-f

ra
m

e 
in

se
rt

io
n
s 

o
r 

d
el

et
io

n
s 

im
p
ac

ti
n
g
 a

t 
le

as
t 

o
n
e 

re
si

d
u
e 

in
 a

 c
at

al
y
ti

c 
m

o
ti

f 
(s

ee
 P

M
1
),

 p
ro

te
in

 t
ru

n
ca

ti
o
n
 w

it
h
 d

is
ru

p
ti

o
n
 s

ta
rt

in
g
 3

’ 
o
f 

c.
1
1
2
1
 (

N
M

_
0
0
0
3
1
4
.4

),
 a

n
d
 v

ar
ia

n
ts

 
ca

u
si

n
g
 p

ro
te

in
 e

x
te

n
si

o
n
.

P
M

5
D

S
M

is
se

n
se

 c
h
an

g
e 

at
 a

n
 a

m
in

o
 a

ci
d
 r

es
id

u
e 

w
h
er

e 
a 

d
if

fe
re

n
t 

m
is

se
n
se

 c
h
an

g
e 

d
et

er
m

in
ed

 t
o
 b

e 
p
at

h
o
g
en

ic
 o

r 
li

k
el

y
 p

at
h
o
g
en

ic
 h

as
 b

ee
n
 s

ee
n
 

b
ef

o
re

. 
In

 a
d
d
it

io
n
, 
v
ar

ia
n
t 

b
ei

n
g
 i

n
te

rr
o
g
at

ed
 m

u
st

 h
av

e 
a 

B
L

O
S

U
M

6
2
 s

co
re

 e
q
u
al

 t
o
 o

r 
le

ss
 t

h
an

 t
h
e 

k
n
o
w

n
 v

ar
ia

n
t.

P
M

6
N

o
 c

h
an

g
e

A
ss

u
m

ed
 d

e 
n
o
v
o
, 
b
u
t 

w
it

h
o
u
t 

co
n
fi

rm
at

io
n
 o

f 
p
at

er
n
it

y
 a

n
d
 m

at
er

n
it

y.

P
S

4
_
M

S
M

P
ro

b
an

d
 s

p
ec

if
ic

it
y
 s

co
re

 o
f 

2
-3

.5
 (

se
e 

te
x
t)

.

P
P

1
_
M

S
M

C
o
-s

eg
re

g
at

io
n
 w

it
h
 d

is
ea

se
 i

n
 m

u
lt

ip
le

 a
ff

ec
te

d
 f

am
il

y
 m

em
b
er

s,
 w

it
h
 5

 o
r 

6
 m

ei
o
se

s 
o
b
se

rv
ed

.

S
u
p

p
o
rt

in
g

P
P

1
D

S
C

o
-s

eg
re

g
at

io
n
 w

it
h
 d

is
ea

se
 i

n
 m

u
lt

ip
le

 a
ff

ec
te

d
 f

am
il

y
 m

em
b
er

s,
 w

it
h
 3

 o
r 

4
 m

ei
o
se

s 
o
b
se

rv
ed

.

P
P

2
N

o
 c

h
an

g
e

M
is

se
n
se

 v
ar

ia
n
t 

in
 a

 g
en

e 
th

at
 h

as
 a

 l
o
w

 r
at

e 
o
f 

b
en

ig
n
 m

is
se

n
se

 v
ar

ia
ti

o
n
 a

n
d
 i

n
 w

h
ic

h
 m

is
se

n
se

 v
ar

ia
n
ts

 a
re

 a
 c

o
m

m
o
n
 m

ec
h
an

is
m

 o
f 

d
is

ea
se

.

Hum Mutat. Author manuscript; available in PMC 2019 November 01.



A
u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u

s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t

Mester et al. Page 17

P
a
th

o
g
en

ic
 C

ri
te

ri
a

E
v
id

en
ce

L
ev

el
R

u
le

 C
o
d

e
S

p
ec

if
ic

a
ti

o
n

T
y
p

e†

R
u

le
 D

es
cr

ip
ti

o
n

P
P

3
D

S
M

u
lt

ip
le

 l
in

es
 o

f 
co

m
p
u
ta

ti
o
n
al

 e
v
id

en
ce

 s
u
p
p
o
rt

 a
 d

el
et

er
io

u
s 

ef
fe

ct
 o

n
 t

h
e 

g
en

e 
o
r 

g
en

e 
p
ro

d
u
ct

. 
T

o
 b

e 
ap

p
li

ed
 o

n
ly

 t
o
 s

y
n
o
n
y
m

o
u
s 

o
r 

in
tr

o
n
ic

 
v
ar

ia
n
ts

 w
h
er

e 
at

 l
ea

st
 2

 o
u
t 

o
f 

3
 i

n
 s

il
ic

o
 m

o
d
el

s 
p
re

d
ic

t 
a 

sp
li

ci
n
g
 i

m
p
ac

t.

P
P

5
R

em
o
v
ed

R
ep

u
ta

b
le

 s
o
u
rc

e 
re

ce
n
tl

y
 r

ep
o
rt

s 
v
ar

ia
n
t 

as
 p

at
h
o
g
en

ic
, 
b
u
t 

th
e 

ev
id

en
ce

 i
s 

n
o
t 

av
ai

la
b
le

 t
o
 p

er
fo

rm
 a

n
 i

n
d
ep

en
d
en

t 
ev

al
u
at

io
n
.

P
S

3
_
P

D
S

; 
S

M
A

b
n
o
rm

al
 i

n
 v

it
ro

 c
el

lu
la

r 
as

sa
y
 o

r 
tr

an
sg

en
ic

 m
o
d
el

 w
it

h
 p

h
en

o
ty

p
e 

d
if

fe
re

n
t 

fr
o
m

 w
il

d
 t

y
p
e 

th
at

 d
o
es

 n
o
t 

m
ee

t 
P

S
3
.

P
S

4
_
P

D
S

P
h
en

o
ty

p
e 

sp
ec

if
ic

 f
o
r 

d
is

ea
se

 w
it

h
 s

in
g
le

 g
en

et
ic

 e
ti

o
lo

g
y.

 P
ro

b
an

d
 s

p
ec

if
ic

it
y
 s

co
re

 o
f 

1
-1

.5
 (

se
e 

te
x
t)

.

B
en

ig
n

 C
ri

te
ri

a

E
v
id

en
ce

L
ev

el
R

u
le

 C
o
d

e
S

p
ec

if
ic

a
ti

o
n

T
y
p

e†
R

u
le

 D
es

cr
ip

ti
o
n

S
ta

n
d
-A

lo
n
e

B
A

1
D

S
A

ll
el

e 
fr

eq
u
en

cy
 ≥

0
.0

1
 (

1
%

) 
in

 a
 s

tu
d
ie

d
 p

o
p
u
la

ti
o
n
 w

it
h
 ≥

2
,0

0
0
 a

ll
el

es
 t

es
te

d
 a

n
d
 v

ar
ia

n
t 

p
re

se
n
t 

in
 ≥

5
 a

ll
el

es
.

S
tr

o
n
g

B
S

1
D

S
A

ll
el

e 
fr

eq
u
en

cy
 f

ro
m

 0
.0

0
1
 (

0
.1

%
) 

u
p
 t

o
 0

.0
1
 (

1
%

) 
in

 a
 s

tu
d
ie

d
 p

o
p
u
la

ti
o
n
 w

it
h
 ≥

2
,0

0
0
 a

ll
el

es
 t

es
te

d
 a

n
d
 v

ar
ia

n
t 

p
re

se
n
t 

in
 ≥

5
 a

ll
el

es
.

B
S

2
D

S
O

b
se

rv
ed

 i
n
 t

h
e 

h
o
m

o
zy

g
o
u
s 

st
at

e 
in

 a
 h

ea
lt

h
y
 o

r 
P

H
T

S
-u

n
af

fe
ct

ed
 i

n
d
iv

id
u
al

. 
O

n
e 

o
b
se

rv
at

io
n
 i

f 
h
o
m

o
zy

g
o
u
s 

st
at

u
s 

co
n
fi

rm
ed

, 
tw

o
 i

f 
n
o
t 

co
n
fi

rm
ed

. 
T

o
 b

e 
ap

p
li

ed
 a

t 
su

p
p
o
rt

in
g
 e

v
id

en
ce

 l
ev

el
 i

f 
B

S
1
 i

s 
al

so
 a

p
p
li

ed
.

B
S

3
D

S
W

el
l-

es
ta

b
li

sh
ed

 i
n
 v

it
ro

 o
r 

in
 v

iv
o

 f
u
n
ct

io
n
al

 s
tu

d
ie

s 
sh

o
w

 n
o
 d

am
ag

in
g
 e

ff
ec

t 
o
n
 p

ro
te

in
 f

u
n
ct

io
n
 o

r 
sp

li
ci

n
g
. 
T

o
 b

e 
ap

p
li

ed
 f

o
r 

m
is

se
n
se

 v
ar

ia
n
ts

 
w

it
h
 b

o
th

 l
ip

id
 p

h
o
sp

h
at

as
e 

ac
ti

v
it

y
 A

N
D

 r
es

u
lt

s 
fr

o
m

 a
 s

ec
o
n
d
 a

ss
ay

 a
p
p
ro

p
ri

at
e 

to
 t

h
e 

p
ro

te
in

 d
o
m

ai
n
 d

em
o
n
st

ra
ti

n
g
 n

o
 s

ta
ti

st
ic

al
ly

 s
ig

n
if

ic
an

t 
d
if

fe
re

n
ce

 f
ro

m
 w

il
d
 t

y
p
e.

 F
o
r 

in
tr

o
n
ic

 o
r 

sy
n
o
n
y
m

o
u
s 

v
ar

ia
n
ts

, 
R

N
A

, 
m

in
i-

g
en

e,
 o

r 
o
th

er
 s

p
li

ci
n
g
 a

ss
ay

 d
em

o
n
st

ra
te

s 
n
o
 s

p
li

ci
n
g
 i

m
p
ac

t.

B
S

4
D

S
L

ac
k
 o

f 
se

g
re

g
at

io
n
 i

n
 a

ff
ec

te
d
 m

em
b
er

s 
o
f 

tw
o
 o

r 
m

o
re

 f
am

il
ie

s.

S
u
p

p
o
rt

in
g

B
P

1
R

em
o
v
ed

M
is

se
n
se

 v
ar

ia
n
t 

in
 a

 g
en

e 
fo

r 
w

h
ic

h
 p

ri
m

ar
il

y
 t

ru
n
ca

ti
n
g
 v

ar
ia

n
ts

 a
re

 k
n
o
w

n
 t

o
 c

au
se

 d
is

ea
se

.

B
P

2
D

S
O

b
se

rv
ed

 i
n
 t

ra
n
s 

w
it

h
 a

 p
at

h
o
g
en

ic
 o

r 
li

k
el

y
 p

at
h
o
g
en

ic
 P

T
E

N
 v

ar
ia

n
t 

O
R

 a
t 

le
as

t 
th

re
e 

o
b
se

rv
at

io
n
s 

in
 c

is
 a

n
d
/o

r 
p
h
as

e 
u
n
k
n
o
w

n
 w

it
h
 d

if
fe

re
n
t 

p
at

h
o
g
en

ic
/l

ik
el

y
 p

at
h
o
g
en

ic
 P

T
E

N
 v

ar
ia

n
ts

.

B
P

3
R

em
o
v
ed

In
-f

ra
m

e 
d
el

et
io

n
s/

in
se

rt
io

n
s 

in
 a

 r
ep

et
it

iv
e 

re
g
io

n
 w

it
h
o
u
t 

a 
k
n
o
w

n
 f

u
n
ct

io
n
.

B
P

4
D

S
M

u
lt

ip
le

 l
in

es
 o

f 
co

m
p
u
ta

ti
o
n
al

 e
v
id

en
ce

 s
u
g
g
es

t 
n
o
 i

m
p
ac

t 
o
n
 g

en
e 

o
r 

g
en

e 
p
ro

d
u
ct

 (
co

n
se

rv
at

io
n
, 
ev

o
lu

ti
o
n
ar

y,
 s

p
li

ci
n
g
 i

m
p
ac

t,
 e

tc
.)

. 
T

o
 b

e 
ap

p
li

ed
 o

n
ly

 t
o
 s

y
n
o
n
y
m

o
u
s 

o
r 

in
tr

o
n
ic

 v
ar

ia
n
ts

 w
h
er

e 
at

 l
ea

st
 2

 o
u
t 

o
f 

3
 i

n
 s

il
ic

o
 m

o
d
el

s 
p
re

d
ic

t 
n
o
 s

p
li

ci
n
g
 i

m
p
ac

t.

B
P

5
D

S
V

ar
ia

n
t 

fo
u
n
d
 i

n
 a

t 
le

as
t 

tw
o
 c

as
es

 w
it

h
 a

n
 a

lt
er

n
at

e 
m

o
le

cu
la

r 
b
as

is
 f

o
r 

d
is

ea
se

. 
O

th
er

 g
en

e/
d
is

o
rd

er
 m

u
st

 b
e 

co
n
si

d
er

ed
 h

ig
h
ly

 p
en

et
ra

n
t 

A
N

D
 

p
at

ie
n
t’

s 
p
er

so
n
al

/f
am

il
y
 h

is
to

ry
 s

h
o
u
ld

 n
o
t 

o
v
er

la
p
 w

it
h
 P

H
T

S
.

B
P

6
R

em
o
v
ed

R
ep

u
ta

b
le

 s
o
u
rc

e 
re

ce
n
tl

y
 r

ep
o
rt

s 
v
ar

ia
n
t 

as
 b

en
ig

n
, 
b
u
t 

th
e 

ev
id

en
ce

 i
s 

n
o
t 

av
ai

la
b
le

 t
o
 p

er
fo

rm
 a

n
 i

n
d
ep

en
d
en

t 
ev

al
u
at

io
n
.

B
P

7
D

S
A

 s
y
n
o
n
y
m

o
u
s 

(s
il

en
t)

 o
r 

in
tr

o
n
ic

 v
ar

ia
n
t 

at
 o

r 
b
ey

o
n
d
 +

7
/−

2
1
 (

5
’/

3
’ 

ex
o
n
ic

) 
fo

r 
w

h
ic

h
 s

p
li

ci
n
g
 p

re
d
ic

ti
o
n
 a

lg
o
ri

th
m

s 
p
re

d
ic

t 
n
o
 i

m
p
ac

t 
to

 t
h
e 

sp
li

ce
 c

o
n
se

n
su

s 
se

q
u
en

ce
 n

o
r 

th
e 

cr
ea

ti
o
n
 o

f 
a 

n
ew

 s
p
li

ce
 s

it
e 

A
N

D
 t

h
e 

n
u
cl

eo
ti

d
e 

is
 n

o
t 

co
n
se

rv
ed

.

B
S

2
_
P

D
S

; 
S

M
T

w
o
 h

o
m

o
zy

g
o
u
s 

o
b
se

rv
at

io
n
s 

w
it

h
 n

o
 c

li
n
ic

al
 d

at
a 

p
ro

v
id

ed
, 
o
r 

m
ee

ts
 c

ri
te

ri
a 

fo
r 

B
S

2
 b

u
t 

B
S

1
 i

s 
al

so
 a

p
p
li

ed
.

B
S

3
_
P

D
S

; 
S

M
In

 v
it

ro
 o

r 
in

 v
iv

o
 f

u
n
ct

io
n
al

 s
tu

d
y
 o

r 
st

u
d
ie

s 
sh

o
w

 n
o
 d

am
ag

in
g
 e

ff
ec

t 
o
n
 p

ro
te

in
 f

u
n
ct

io
n
 b

u
t 

B
S

3
 n

o
t 

m
et

.

B
S

4
_
P

D
S

; 
S

M
L

ac
k
 o

f 
se

g
re

g
at

io
n
 i

n
 a

ff
ec

te
d
 m

em
b
er

s 
o
f 

o
n
e 

fa
m

il
y.

†
D

S
 =

 D
is

ea
se

-S
p
ec

if
ic

; 
S

M
 =

 S
tr

en
g
th

 M
o
d
if

ie
d

Hum Mutat. Author manuscript; available in PMC 2019 November 01.



A
u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u

s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t

Mester et al. Page 18

Table 2:

PTEN Phenotype Scoring for Pediatric Patients

Feature Score (points)

Macrocephaly of >2 SD to <4 SD 2

Extreme macrocephaly (≥4 SD) 3

PTEN-specific MRI characteristics (dilated Virchow-Robin, prominent perivascular spaces) 2

Autism/developmental delay (DD)/intellectual disability (ID) 2

Penile freckling 3

Lipoma 1

Oral papilloma 3

Hamartomatous polyp(s) 3

Arteriovenous malformation/hemangioma 2

Thyroid cancer 3

Thyroid nodule/Hashimoto’s thyroiditis 2
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