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Genomic diversity in functionally relevant
genes modifies neurodevelopmental
versus neoplastic risks in individuals with
germline PTEN variants

Check for updates

Adriel Y. Kim1,2 , Lamis Yehia 2 & Charis Eng 1,2,3,4,5,6

Individuals with germline PTEN variants (PHTS) have increased risks of the seemingly disparate
phenotypes of cancer and neurodevelopmental disorders (NDD), including autism spectrum disorder
(ASD). Etiology of the phenotypic variability remains elusive. Here, we hypothesized that decreased
genomic diversity, manifested by increased homozygosity, may be one etiology. Comprehensive
analyses of 376 PHTS patients of European ancestry revealed significant enrichment of homozygous
common variants in genes involved in inflammatory processes in the PHTS-NDD group and in genes
involved in differentiation and chromatin structure regulation in the PHTS-ASD group. Pathway
analysis revealed pathways germane toNDD/ASD, including neuroinflammation and synaptogenesis.
Collapsing analysis of the homozygous variants identified suggestive modifier NDD/ASD genes. In
contrast, we found enrichment of homozygous ultra-rare variants in genesmodulating cell death in the
PHTS-cancer group. Finally, homozygosity burden as a predictor of ASD versus cancer outcomes in
our validated prediction model for NDD/ASD performed favorably.

PTEN hamartoma tumor syndrome (PHTS) is a molecular diagnosis
encompassing all individuals who have pathogenic/likely pathogenic
germline PTEN variants, irrespective of phenotype1,2. PTEN, a phosphatase
and tensin homolog, is a tumor suppressor that has diverse functions,
including regulating cellular growth, proliferation, and apoptosis, as well as
DNA repair and maintenance of genomic stability2–6. It is, therefore, not
surprising that germlinePTEN alterations cangive rise to awide spectrumof
clinical features associated with overgrowth, most notably macrocephaly
and hamartomatous lesions involving various tissues, and higher lifetime
risks of developing breast, thyroid, and other cancers7–13. Intriguingly, up to
17% of individuals with autism spectrum disorder (ASD) with macro-
cephaly are found to carry germline PTEN variants, and recent case studies
suggest that up to 50% of children with PTEN variants are diagnosed with
ASD14–18.

PTEN is now considered one of the most common monogenic ASD-
predisposition genes19,20. Phenotypic trait variations, whether considered
polymorphic or disease-related, could fundamentally be the result of

individual genomic diversity, which often is measured as heterozygosity
reflecting the distinct combination of alleles carried in a given individual21.
Human genomic diversity has been investigated to demonstrate the
advantage of higher heterozygosity, hence, diversity, in fitness-related traits,
and more recently, in association with improved response to and survival
with immunotherapy in cancer patients22–24. Many studies have shown that
germline human leukocyte antigen (HLA) class I diversity serves as a strong
determinant of survival of cancer patients after receiving immune check-
point inhibitor treatment23–27. Although these studies focused on narrowly
defined regions of the genome, namely major histocompatibility complex
(MHC) class I, in cancer patients and their responses to treatment, this
highlights the intriguing hypothesis that differences in germline genomic
diversity may predispose to the development of a particular phenotype
amongst those with identical monogenic etiology and may serve as an
intrinsicmarker of diseaseorphenotypedevelopment at the individual level.

Little known until recently, PHTS manifests with a range of immune-
related phenotypes, including autoimmunity, lymphoproliferation, and
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immunodeficiency, adding to the continuously expanding complexity of
PTEN biology28–30. A recent study showed that PHTS individuals’ class II
HLA genotypes may modulate autoimmunity and immune dysregulation
by cross-talking with the gut microbiome31. However, what remains elusive
is whether the global genomic background, versus differences limited to the
HLA loci, could be associated with phenotypic differences in PHTS, parti-
cularly as related to disparate clinical phenotypes such as cancer and ASD.
Thus, we sought to analyze differences in germline genomic diversity as a
modifier of neurodevelopmental phenotypes, including ASD, versus non-
neurodevelopmental phenotypes, such as cancer, in individuals with PHTS.

Results
Research participants and study design
A total of 376 PHTS patients of European ancestry whose DNA passed
genotyping quality control were analyzed in this study. These patients were
parsed into two broad phenotypic groups in the first instance. PHTS-NDD,
from which PHTS-ASD was sub-grouped, and PHTS non-NDD, from
which PHTS-cancer and PHTS-other were sub-grouped (Fig. 1). In the
second instance, we considered patients in the PHTS-cancer and PHTS-
other groups collectively as PHTS non-NDD, as it cannot be ascertained
whether patients in the PHTS-other group will develop cancer over time
while we are confident that the patients in the PHTS-other group do not
have ASD, DD, or ID (Fig. 2a). Individuals in the PHTS-NDD group had a
younger age at consent (median [IQR], 8 [4–18] years old) compared to
PHTS-cancer (median [IQR], 50 [43–60] years old) and PHTS-other
(median [IQR], 34 [16–45] years old) (Table 1). Male sex was over-
represented in the PHTS-NDD group (69%), while the female sex was
overrepresented in the PHTS-cancer group (82%). Across all phenotype
groups, the three most frequently observed PTEN variant types are

missense, nonsense, and frameshift truncating variants. The majority of
germlinePTEN variantswere classified as pathogenic or likely pathogenic in
study participants across the phenotypic groups; the highest percent of
PTEN variants that were pathogenic/likely pathogenic is 92% in PHTS-
NDD, 75% in PHTS-cancer, and 87% in PHTS-other. The reduced
pathogenic/likely pathogenic PTEN variants in PHTS-cancer and PHTS-
other compared to PHTS-NDD is likely due to the presence of individuals
with PTEN variants located in the promoter region, and variants in reg-
ulatory elements, such as promoters, are more likely classified as variants of
uncertain significance (VUS) and are often context-specific32,33. While
variation has not been shown to be associated with high- and moderate-
penetrancedisease predisposition, commonvariants have beenshown to act
as modifiers. Thus, we examined genome-wide homozygosity enrichment
of common variants (MAF ≥ 0.01), rare variants (MAF < 0.01), and ultra-
rare variants (MAF < 0.0001).

Homozygosity of common variants in PHTS-NDD/ASD is enri-
ched in genomic regions crucial to human development
All patients were genotyped using the same SNP-array. The variants were
defined as all non-reference alleles detected in the study series and subjected
to homozygosity calculation. We first investigated genome-wide homo-
zygosity. We observed a non-significantly increased burden of genome-
wide homozygous variants in PHTS-NDD (one-way ANOVA p = 0.142)
especially when compared to PHTS-cancer (two-tailed t-test p = 0.053)
(Fig. 2b). The non-significantly increased homozygosity was consistent in
the subsequent analysis of common variants (MAF > 0.01) in PHTS-NDD
versus all other phenotype groups (Fig. 2c-d).

To infer the biological implications of the NDD-associated increased
homozygosity in common variants, we identified several groups of

Fig. 1 | Overview of study design and study par-
ticipants. Individuals of European ancestry with
PTEN hamartoma tumor syndrome (n = 376) were
genotyped and grouped according to the clinical
phenotypes of interest. The figure was created using
Microsoft PowerPoint.
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functionally relevant genes, including genes involved in cellular differ-
entiation, inflammatory processes, and chromatin structure regulation.
Additionally, two sets of previously curated genes known to be associated
with NDDwith low and high confidence were also used in the analysis and
are referred to as candidate NDD-associated and high confidence NDD-
associated genes, respectively34. Finally, genomic regions known to carry
pathogenic copy number variations (CNV) were also included in the
analysis35,36. The homozygosity of common variants within each of these
selected genomic regionswasmeasured per PHTS individual and compared
between the PHTS-NDD and PHTS non-NDD groups. Two different sta-
tistical approaches were applied to evaluate the burden of homozygosity.
First, the overall burden of homozygous common variants was assessed by
calculating the ratio of homozygous variants to the total number of geno-
typed loci in each individual. The results showed that the increased burden
of homozygous commonvariants inPHTS-NDDwas significantly enriched
with genes involved in inflammatory processes (adjusted two-tailed
unpaired t-test p = 0.040) and in PHTS-ASD, significantly enriched with
genes involved in differentiation, inflammatory processes, and chromatin
structure regulation (adjusted two-tailed unpaired t-test p = 0.040 for all
comparisons) as well as pathogenic CNV regions (adjusted two-tailed

Mann-Whitney test p = 0.045) (Fig. 3a, b). Next, the relatively high burden
of homozygous common variants from each gene set with PHTS-NDDand
PHTS-ASDwas tested by combining thePHTS-NDDandPHTSnon-NDD
datasets and establishing above-1SD as a criterion of having higher burden
of homozygous common variants. This approach was also applied to the
PHTS-ASD andPHTSnon-NDDdatasets.We observed a higher burden of
homozygous common variants associated with candidate NDD-associated
genes in PHTS-NDD (Fisher’s exact test p = 0.025) and associated with
high-confidence NDD-associated genes as well as pathogenic CNV regions
in PHTS-ASD (Fisher’s exact test p = 0.023 and p = 0.029, respectively)
(Fig. 3c-d). These findings were consistent with subset analyses of the
burden of homozygous common variants in PHTS-NDD and PHTS-ASD
only limited to individualswithpathogenic/likely pathogenicPTENvariants
(Supplementary Fig. 1).

For subsequent analyses, we focused on the NDD/ASD phenotype
versus the cancer phenotype. We thus excluded NDD/ASD patients with
cancer, designating this sub-group as PHTS-NDD-only (n = 103) and
PHTS-ASD-only (n = 54), and conducted the same analysis against PHTS-
cancer, a sub-groupof PHTSnon-NDD.The overall burdenof homozygous
common variantswas consistently enriched in the PHTS-NDD-onlywithin

Fig. 2 | Non-significant increase of genome-wide homozygosity in PHTS-NDD is
observed. aThe pie chart shows the relative distribution of PHTS patients across the
clinical phenotypes. b The homozygosity burden of genome-wide homozygous
variants, which include all detected alternate alleles, are non-significantly increased
in PHTS-NDD (one-way ANOVA p = 0.142), especially when compared to PHTS-
cancer (two-tailed t-test p = 0.053). c The increased homozygosity observed with
genome-wide all variants are consistently observed with the common variants
(MAF ≥ 0.01) in PHTS-NDD compared to PHTS-cancer (two-tailed Mann-

Whitney test p = 0.07) and PHTS-other (two-tailed t-test p = 0.5) as well as non-
NDD (two-tailed Mann-Whitney test p = 0.1), which combines PHTS-cancer and
PHTS-other patients. d The homozygosity burden with genome-wide rare variants
(MAF < 0.01) show no conspicuous differences between PHTS groups (PHTS-NDD
vs. PHTS-cancer, two-tailed Mann-Whitney test p = 0.8; PHTS-NDD vs. PHTS-
other, two-tailedMann-Whitney test p = 0.7; PHTS-NDDvs. PHTSnon-NDD, two-
tailed Mann-Whitney test p = 0.7). The figure was created using R Studio version
4.2.1. with ggplot2.
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genes involved in inflammatory processes (adjusted two-tailed unpaired
t-test p = 0.040), and in PHTS-ASD-only within genes involved in differ-
entiation, inflammatory processes, and chromatin structure regulation
(adjusted two-tailed unpaired t-test p = 0.040 for all comparisons) (Fig.
4a, b).While the association of relative burden analysis in PHTS-NDD-only
against PHTS-cancer was consistent with candidate NDD-associated genes
(Fisher’s exact test p = 0.029), the relative homozygous common variant
burden in PHTS-ASD-only against PHTS-cancerwas associated with genes
related to chromatin structure regulation and high-confidence NDD-
associated genes (Fisher’s exact test p = 0.038 and p = 0.018, respectively)
(Fig. 4c, d).

Pathway enrichment analysis of genes with qualifying homo-
zygous variants reveals biological pathways and functions ger-
mane to neurodevelopmental phenotypes
The homozygous common variants from the gene sets and genes within
pathogenic CNV regions that were significant for enrichment in PHTS-
NDD and PHTS-ASD were filtered by primary criteria and subjected to
downstream pathway enrichment analysis (Fig. 5a). Collectively, the results
revealed several biological pathways pertinent to NDD and ASD neuro-
biology. In particular, neuroinflammation, axonal guidance, and synapto-
genesis signaling were the commonly enriched pathways for PHTS-NDD
and PHTS-ASD (Fig. 5b, c). Additional molecular neurobiological path-
ways, such as GABA receptor signaling, neurovascular coupling, and neu-
ropathic pain signaling, were detected from within the high confidence
NDD-associated genes for PHTS-ASD (Fig. 5c). The annotated functions
from the enriched pathways implicate tissue and system development
processes, including cellular, embryonic, reproductive, and nervous system,

and immune related functions, such as inflammatory response and immune
cell trafficking. Moreover, the noted diseases from the enriched pathways
were particularly implicated in neurological diseases and developmental
disorders (Fig. 5c).

Homozygosity of ultra-rare variants in PHTS-cancer is enriched
in genes modulating cellular death
In the homozygous variants analysis of functionally relevant genes in
relation to the NDDphenotype, we observed a nonsignificant increase
in the burden of homozygous rare variants in chromatin structure
regulating genes in the cancer group (Supplementary Fig. 2). This
finding led us to speculate whether the burden of rare variants in
terms of homozygosity might be different in the PHTS-cancer group
and prompted us to further investigate rare variants in the biological
context relating to cancer etiology. We identified several groups of
functionally relevant genes that play a role in the cell cycle, cell death,
DNA damage, oncogenesis, and tumor suppression. The homo-
zygosity of common and rare variants within each of these gene
groups were measured and compared across cancer, NDD, and other
(representing non-malignant and non-neurodevelopmental) groups.
The comparative analysis of both common and rare variants showed
no statistically significant differences across the PHTS groups but
suggested an increase in homozygous rare variants in the cancer
group (Supplementary Fig. 3). We then subsetted out the ultra-rare
variants with MAF < 0.0001 from the rare variants and performed the
burden testing for further comparison. We found significant
enrichment of homozygous ultra-rare variants in genes modulating
cell death in the cancer group (Fig. 6a). The homozygous ultra-rare
variants found in the cancer group were filtered to extract the ones
located in exons and introns with splicing implication and subjected
to pathway enrichment analysis. The results revealed biological
pathways known to be involved in tumorigenesis, such as the intrinsic
pathway for apoptosis, CLEAR signaling, and the p53-regulated
metabolic pathway (Fig. 6b).

Collapsing analysis of qualifying homozygous variants suggests
candidate NDD and ASDmodifier genes in PHTS
By applying more stringent secondary filtering criteria for the homozygous
variants detected in our research participants, we then sought to infer can-
didate modifier genes for the NDD and ASD phenotypes in PHTS (Fig. 5a).
The non-weighted burden approach of collapsing homozygous variants
analysis was used to identify genes carrying the qualifying homozygous
variants in PHTS-NDD and PHTS-ASD compared with PHTS non-NDD
(Fig. 5d and Supplemental Fig. 4). The analysis resulted in 12 suggestive
candidate NDD modifier genes and 11 suggestive candidate ASD modifier
genes, many of which were implicated in the pathway enrichment analysis
(above). Among the suggestive candidate NDD modifier genes, GABRA4
(OR = 2.07, unadjusted p = 0.029), OPRM1 (OR=infinite, unadjusted
p = 0.030), LRP8 (OR = 0.47, unadjusted p = 0.031), LAMA5 (OR= 9.08,
unadjusted p = 0.034), and TLR3 (OR= 0.28, unadjusted p = 0.042), are
particularly implicated in pathways pertinent to neuropathology, such as
neuroinflammation, CREB signaling, synaptogenesis, and myelination
(Table 2). TBTBD13, LRP8 and TLR3 were negatively associated with the
NDDphenotype. Similarly, several suggestive candidateASDmodifier genes,
including LRP8 (OR = 0.25, unadjusted p = 0.015), CX3CR1 (OR= 4.21,
unadjusted p = 0.016), BST1 (OR = infinite, unadjusted p = 0.032), and
OPRM1 (OR = infinite, unadjusted p = 0.032) are implicated in neuro-
pathology, including inflammation, synaptogenesis, and CREB signaling in
neurons (Table 3). Notably, 3 out of the 11 ASD genes are listed as SFARI
(Simons FoundationAutismResearch Initiative) geneswith respective scores
of 2, indicating a strong association with ASD. Additionally, another 4 out of
the 11ASDmodifier genes arenot reported SFARI genes but have at least one
gene from the same gene familywith SFARI scores ranging from1 to 3 (score
of 1 being high confidence, 2 being strong evidence, and 3 being suggestive
evidence).

Table 1 | Basic demographic and PTEN genotype data of 376
study participants

NDDa

(n = 117)
ASDb

(n = 57)
CANCER
(n = 175)

OTHER
(n = 84)

Age at consent, years

Median 8 7 50 34

Range 1–58 2–49 3–85 3-72

Sex, No. (%)

Male 81 (69%) 42 (74%) 32 (18%) 45 (54%)

Female 36 (31%) 15 (26%) 143 (82%) 39 (46%)

PTEN variant types (%)

Promoter 0 (0%) 0 (0%) 20 (11%) 5 (6%)

Missense 53 (45%) 33 (58%) 51 (30%) 28 (33%)

Nonsense 27 (23%) 10 (17.5%) 42 (24%) 18 (21%)

Alternative
splicing

10 (8.5%) 4 (7%) 16 (9%) 8 (9.5%)

Frameshift
truncating

20 (17%) 8 (14%) 32 (18%) 16 (19%)

In-frame
insertion/deletion

2 (2%) 0 (0%) 2 (1%) 0 (0%)

Exon deletion/
duplication

3 (2.5%) 2 (3.5%) 11 (6.5%) 8 (9.5%)

Whole gene
deletion

2 (2%) 0 (0%) 1 (0.5%) 1 (2%)

PTEN variant classification (%)

Pathogenic/
likely pathogenic

108 (92%) 51 (89%) 131 (75%) 73 (87%)

Benign/likely
benign

0 (0%) 0 (0%) 11 (6%) 1 (1%)

Unknown
significance

9 (8%) 6 (11%) 33 (19%) 10 (12%)

aNDD has 14 patients comorbid with cancer, three of whom are with ASD; bASD is a subset of the
NDD group.
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Internally validatedpredictionmodelsdemonstrate the feasibility
of employing homozygosity burdens as predictors of NDD and
ASD phenotypes in PHTS
Being able to predictwhether a certain individual patientwill developNDD/
ASDor cancer is a crucial goal to achievemore precise clinicalmanagement
of apersonwithPHTSat the individual level andat the earliest ages forASD.
Hence, homozygosity burden measured in the gene sets and regions from
the previous targeted analyses were used as predictors in the building of
prediction models for NDD and ASD phenotypes in PHTS. The optimal
predictors were selected by the backward stepwise selection procedure with
initial models saturated with and regressed on homozygosity burdens cal-
culated in each gene set and the regions from the targeted analyses and used
in building the final models. Four final models were built to evaluate pre-
dictability of NDD and ASD phenotypes versus non-NDD after adjusting
for sex of the study participants, andNDDwithout cancer andASDwithout
cancer (PHTS-NDD-only andPHTS-ASD-only, respectively) versus cancer
phenotype in PHTSwithout adjusting for sex (SupplementaryTable 1). The
models of PHTS-NDD-only/ASD-only versus cancer were not adjusted for
sex considering the male predominance in PHTS-NDD/ASD and the
femalepredominance inPHTS-cancerdue to thehighprevalence ofpatients
with breast cancer in PHTS13. The resulting performance of NDD vs. non-
NDD model presented with 72% accuracy and 72% area under the curve
(AUC), while the PHTS-NDD-only vs. cancer model presented with 65%

accuracy and67%AUC(Fig. 7a). Likewise, the classificationperformance of
the ASD vs. non-NDDmodel presented with 89% accuracy and 80%AUC,
while the PHTS-ASD-only vs. cancer model presented with 76% accuracy
and 55% AUC (Fig. 7b).

Discussion
In this study, we observed that an increased genome-wide burden of
homozygous variants in PHTS patients with neurodevelopmental pheno-
types compared to those with non-neurodevelopmental phenotypes, spe-
cifically cancer. This increased burden of homozygous variants in NDD is
found to be comprised of common variants (MAF ≥ 0.01). In contrast, the
increased burden of homozygous ultra-rare variants (MAF < 0.0001) was
found in PHTS-cancer compared to PHTS-NDD. Importantly, the NDD
(includingASD)-associated commonvariantswere significantly enriched in
several groups of functionally related and relevant genes belonging to
biological processes known to be important in neurodevelopment, and
previously validated genes and genomic regions curated for neurodeve-
lopmental disorders, including ASD. The study suggests reduced genomic
diversity, thus increased homozygosity, in PHTS patients with neurodeve-
lopmental phenotypes.

Our observations suggest that PHTS patients with PHTS-NDD carry
cumulatively increased homozygous variants in inflammatory genes. Indi-
viduals with PHTS-ASD, a more specific neurodevelopmental phenotype,

Fig. 3 | Homozygous common variants in PHTS-NDD and PHTS-ASD are sig-
nificantly enriched in gene groups germane to NDD/ASD pathobiology. a The
overall increased burden of homozygous common variants in PHTS-NDD was
significantly enriched within genes involved in inflammatory processes (adjusted
two-tailed unpaired t-test p = 0.040). bThe overall increased burden of homozygous
common variants in PHTS-ASD were significantly enriched within genes involved
in differentiation, inflammatory processes, and chromatin structure regulation and
pathogenic CNV regions (adjusted two-tailed unpaired t-test p = 0.040, p = 0.040,

and p = 0.040, and adjusted two-tailed Mann-Whitney test p = 0.045, respectively).
cThe relative burden of homozygous common variants in PHTS-NDD compared to
PHTS-cancer was associated with candidate NDD-associated genes (Fisher’s exact
test p = 0.025). d The relative burden of homozygous common variants PHTS-ASD
compared to PHTS-cancer was associated with high-confidence NDD-associated
genes and pathogenic CNV regions (Fisher’s exact test p = 0.023 and p = 0.029,
respectively). Figure was created using R Studio version 4.2.1. with ggplot2.
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carry homozygous variants in additional gene groups, including those
associated with differentiation and chromatin structure regulation. Con-
sistent evidence supports the linkage between inflammation and increased
risk of developing neurodevelopmental disorders. Ptenmouse models have
shown that Pten loss-of-function increases the susceptibility to immune
dysregulation and abnormal activation of immune mediators, including
microglia, and induces the neuroinflammation pathway37. Additionally,
prenatal exposure tomaternal immune activation affects brain connectivity
and other processes of fetal brain development, making the fetus vulnerable
to developing neurodevelopmental phenotypes38–40. Considering that the
active development of the human brain is a process that starts from the
embryonic phase and continues throughout childhood, abnormal and/or
chronic exposure to inflammation prenatally and postnatally could pose an
increased risk of neurodevelopmental disorders. Thus, one could postulate
that the germline variant affecting a gene, PTEN, that plays a proven role in
neuroinflammation, and the reduced diversity in inflammation pathway
cross talk to lower the neuroinflammation threshold of disease, here
NDD/ASD.

The additional (beyond inflammation-related) gene groups enriched
with homozygous variants in PHTS-ASD imply that the inflammatory
process is a shared etiology between non-ASDNDD andASD and suggests
that more refined neurodevelopmental phenotypes like ASD are possibly
driven by additional biological processes, such as differentiation and

chromatin structure regulation in PHTS. Indeed, cellular differentiation is a
key biological process during embryonic and postnatal development, and
neuronal differentiation and function, in particular, have been repeatedly
reported as convergent biological processes in several neurodevelopmental
disorders, including ASD41–45. During differentiation, constant turning on
and off of gene expression requires efficientmodification ofDNA. Indeed, it
is well established that differentiation and chromatin structure regulation
are tightly coordinated and crucial during human development46–49.

Genome-wide association studies (GWAS) represent a popular
approach to identify genomic association driven by common variants with
common diseases and to determine the biological cause of heritable
phenotypes50,51. However, the identified disease-associated variants explain
only a small portion of affected cases52,53. Rare variant burden analysis has
also been employed to fill the gap of themissing heritability dilemma posed
by GWAS, but similarly explains a smaller portion of affected cases54,55.
Another pitfall is that both GWAS and rare variant burden analysis
approaches require thousands of samples to achieve statistical power. This
makes it very challenging to apply these standard approaches to rare genetic
disorders, including PHTS, for which the sample size is often limited. Our
genome-wide scale analysis of homozygous variants used in this study has
not been a common approach to investigate germline variants especially in
association with complex diseases, such as cancer or neurodevelopmental
disorders. Such a repurposed approach is not only innovative but also

Fig. 4 | The gene groups enriched by the homozygous common variants are
consistent in PHTS-NDD and PHTS-ASD without cancer when compared to
PHTS-cancer. a The overall burden of homozygous common variants in PHTS-
NDD-only, denoting NDD without cancer, was consistently enriched within genes
involved in inflammatory processes (adjusted two-tailed unpaired t-test p = 0.040).
b The overall burden of homozygous common variants in PHTS-ASD-only,
denoting ASD without cancer, was consistently enriched within genes involved in
differentiation, inflammatory processes, and chromatin structure regulation

(adjusted two-tailed unpaired t-test p = 0.040, p = 0.040, and p = 0.040, respectively).
c The relative burden of homozygous common variants in PHTS-NDD-only
compared to PHTS-cancer was associated with candidate NDD-associated genes
(Fisher’s exact test p = 0.029). d The relative burden of homozygous common var-
iants in PHTS-ASD-only compared to PHTS-cancerwas associatedwith the genes of
chromatin structure regulation and high-confidence NDD-associated genes (Fish-
er’s exact test p = 0.038 and p = 0.018, respectively). The figure was created using R
Studio version 4.2.1. with ggplot2.
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Fig. 5 | Stringent variant filtration identifies genes leading to enriched biological
pathways and suggestivemodifier genes for PHTS-NDD and PHTS-ASD. aTwo-
step variant filtration was performed to conduct consecutive analyses of the genes
carrying the homozygous common variants that met the filtration criteria. Primary
filtration was applied to identify the genes for subsequent pathway analysis and
followed by more stringent secondary filtration to identify the genes for collapsing
analysis to infer modifier NDD/ASD genes. b Among the enriched pathways of the
genes carrying primarily filtered variants PHTS-NDD were the biological pathways

pertinent to neurobiology of NDD. c The enriched pathways of the genes carrying
primarily filtered variants from PHTS-ASD also showed the biological pathways
very pertinent to neurobiology of NDD, including ASD. Moreover, the annotated
diseases and functions of the pathways implicate neurobiological and developmental
processes and diseases/disorders. d Collapsing analysis of the filtered homozygous
common variants from PHTS-ASD identifies nine positively and two negatively
ASD-associated genes with suggestive significance. The figure was created using R
Studio version 4.2.1. with ggplot2.

Fig. 6 | Homozygosity of ultra-rare variants in
PHTS-cancer is enriched in cell death genes. aThe
burden of homozygous rare variants in PHTS-
cancer was found to be significantly enriched with
genes involved in cell death processes (unadjusted
one-way ANOVA p = 0.044; Cancer vs. NDD,
unadjusted two-tailed unpaired t-test p = 0.021;
Cancer vs. Other, unadjusted two-tailed unpaired
t-test p = 0.026). b Analysis of enriched pathways of
the genes identified to carry the filtered homozygous
ultra-rare variants in PHTS-cancer reveals the top
five canonical pathways of unadjusted p-value above
0.05. Figure was created using R Studio version 4.2.1.
with ggplot2.
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necessary, especially to tackle the underlying genomic differences that act as
phenotype modifier among PHTS patients, who manifest with a wide
spectrum of clinical features and develop two very disparate phenotypes,
such as cancer and NDD/ASD.

Our data here posit an intriguing idea that the reduced genomic
diversity collectively found within the groups of functionally relevant genes
crucial for human neurodevelopment could function as a genomicmodifier
for the development of neurodevelopmental phenotypes in those with
germline PTEN variants/PHTS. Accordingly, we found that increased
accumulation of homozygous common variants, considered to have small
effects, in the genes converging on biological processes important to neu-
rodevelopmental processes is associated with the risk of developing NDD/
ASD phenotype. Pathway enrichment analysis of the homozygous variants
corroborates our observation (of reduced genomic diversity in NDD/ASD
phenotype) by revealing several pathways, including synaptogenesis and
axonal guidance signaling, which have been repeatedly reported through
other studies to be associated with neurodevelopmental phenotypes41–44,56.
To take this argument further, the modifier genes suggested through our
collapsing analysis, especially for ASD, identified several specific genes that
are either themselves SFARI genes with strong evidence of association with
ASD or have other genes of the same gene family reported in SFARI with
strong evidence. We postulate that these overlapping findings in our PHTS
patients suggest that the reduced genomic diversity in the set of specific
biological processes could crosstalk with altered PTEN pathway(s) to
modify the risk of developing neurodevelopmental phenotypes in PHTS.

In contrast,weobservedan increasedburdenofhomozygousultra-rare
variants in genes modulating cell death in the PHTS-cancer group. As the
implications of commonand rare variants in the contribution to phenotypic
traits differ, our finding leads us to speculate that rare variants with larger
effect size are associated with cancer development by converging on genes
involved in cell survival-relatedbiological processes, especially in the context
of heritable dysfunction involving a well-known apoptosis gene/
pathway, PTEN.

Finally, our study not only suggests a novel concept of differential
genomic diversity as a modifier of neurodevelopmental and malignant
phenotypes in those with germline PTEN variants but also proposes
potential clinical utility, especially for neurodevelopmental pheno-
types, for better PHTS patient management in the future. Additionally,
clinical phenotypes (NDD versus cancer) are often discordant among
familymembers carrying the same PTEN variant, suggesting that inter-
individual differences exist despite a high degree of similarity in genetic
background. Therefore, family studies may be informative in the
future, especially with the accrual of larger families and/or the devel-
opment of tools that enable the evaluation of homozygosity burden at
the individual level. The earlier we can predict those who will develop
NDD/ASD and begin neurobehavioral therapy, the better the clinical
outcome. As such, we have taken our results of quantified homo-
zygosity into building and validating prediction models toward NDD/
ASD phenotypes in PHTS. Such a phenotype prediction validation in
PHTS demonstrates a positive outlook for the translatability of these
findings, as we strive to build more comprehensive omics data for our
PHTS patients. Using quantified homozygosity is only a first step in our
model-building. Including other modifiers such as CNV and mito-
chondrial DNA load and variation36,57 may prove synergistically utile.

Methods
Research participants
Research participants were recruited under the Cleveland Clinic institu-
tional reviewboard (IRB) protocols 8458 and 15-174. Principles followedby
our IRB are aligned with the Declaration of Helsinki, the Belmont Report
and the Common Rule, and informed consents from participants or legal
guardians for participants under the age of 18 were obtained. Peripheral
bloodwas collected andused to extractDNAfor genotyping andconfirming
the presence of germline PTEN variants (PHTSmolecular diagnosis). All of
our research participants were seen at the PTENmultidisciplinary Clinic atT
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the Cleveland Clinic, and accordingly, all phenotypes have been medically
documented. Patients were divided into four groups according to their
clinical phenotypes: neurodevelopmental disorders (NDD), autism spec-
trum disorder (ASD), cancer, and other (operationally defined as having
neither cancer nor NDD/ASD). Patients having ASD, developmental delay
(DD), and/or intellectual disability (ID) with or without cancer are
encompassed within the PHTS-NDD grouping. A subset of patients in the
PHTS-NDD group, formally diagnosed with ASD (according to the Diag-
nostic and Statistical Manual of Mental Disorders guideline IV) with or
without DD/ID and/or cancer, are considered as PHTS-ASD. Research
participants were last followed up to December 31, 202,2 to account for any
new cancer diagnoses since the time of study consent. Patients with a pre-
vious or current diagnosis of one or more cancers are considered as PHTS-
cancer for the purposes of this study8. Patients who have stage 0 breast
cancer, such as ductal carcinoma in situ (DCIS), are also considered a part of
thePHTS-cancer group.As a result,while somepatients in thePHTS-NDD/
ASD group had cancer, none of the patients in the PHTS-cancer group had
neurodevelopmental disorder features, such as ASD, DD, and/or ID.
Patients without ASD, DD, ID, and cancer but with other neurological (eg,
macrocephaly) and/or non-malignant (eg, lipoma, tissue overgrowth) fea-
tures are assigned as PHTS-other. As it is impossible to ascertain whether
patients in the PHTS-other group will develop cancer or not prospectively,

but known to be without NDD/ASD, DD, and/or ID, patients from the
PHTS-cancer and PHTS-other groups are collectively considered as PHTS
non-NDD.

PTENmutation analysis and selection criteria
Patients accrued for this study have germline PTEN variants with
pathogenicity classifications ranging from variants of unknown sig-
nificance (VUS), likely benign, benign, and likely pathogenic to
pathogenic. Patients with benign, likely benign, and VUS PTEN var-
iants were included in the study because they display various clinical
presentations of PHTS, including thyroid nodules, macrocephaly,
gastrointestinal polyps, skin tags, lipomas, Hashimoto’s disease, and
others, with or without NDD features and/or cancer, including DCIS.
For all analyses conducted, sub-analyses of patients with pathogenic
and likely pathogenic PTEN variants were also performed separately.
To be conservative, PTEN promoter variants were included in the
study only if the variants had been previously either reported in
association with PHTS or known to affect PTEN function8,58–60.
Pathogenicity of PTEN variants was determined based on orthogonal
reports from CLIA (Clinical Laboratory Improvement Amendments)
certified laboratories, ClinVar database classifications, and/or the
ClinGen gene-specific criteria for PTEN variant curation61.

Fig. 7 | Internally validated prediction models demonstrate the feasibility of
employing homozygosity burdens as predictors for NDD and ASD phenotypes
in PHTS. a Receiver operating characteristic curves illustrate the performance of
predicting PHTS-NDD vs. PHTS non-NDD and PHTS-NDD-only vs. PHTS-
cancer. Note that PHTS-NDD-only vs. PHTS-cancer model is without adjusting for
sex. Themodel for PHTS-NDD vs. PHTS non-NDD (w/o adj sex) is also included to
demonstrate the model performance of PHTS-NDD vs. PHTS non-NDD when
homozygosity burdens as predictors are only used without adjusting for sex.

b Receiver operating characteristic curves illustrate the performance of predicting
PHTS-ASD vs. PHTS non-NDD and PHTS-ASD-only vs. PHTS-cancer. Note again
that PHTS-ASD-only vs. PHTS-cancer model is without adjusting for sex. The
model for PHTS-ASD vs. PHTS non-NDD (w/o adj sex) is also included to
demonstrate the model performance of PHTS-ASD vs. PHTS non-NDD when
homozygosity burdens as predictors are only used without adjust for sex. Figure was
created using R Studio version 4.2.1. with pROC package.
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Genotyping data and quality control
DNA samples from study patients were evaluated to ensure quality using
spectrophotometry (NanoDrop 1000; Thermo Fisher Scientific, Wal-
tham, MA, USA) and a double-stranded DNA high-sensitivity assay kit
(Qubit; Thermo Fisher Scientific)36. All patients were genotyped using
the Infinium Global Screening Array-24, version 1.0 (Illumina) at the
Broad Institute Genomic Services (Cambridge, MA, USA). The array
assay has a total of 642,824 variant markers covering autosomes, sex
chromosomes, and mitochondrial DNA. Principal component analysis
(PCA) was performed to stratify the population structure of the study
cohort. Autosomal SNPs with genotyping rate <98% and deviation from
Hardy-Weinberg equilibrium (P ≤ 0.001) before pruning for linkage
disequilibrium were filtered in PLINK version 1.927 using default
parameters36. Population stratification showed that most of our patients
are of European ancestry, and only the patients identified as such by PCA
were subjected to further quality control steps and analysis. For indivi-
dual sample-level quality control, sex chromosomemarkers were used to
remove patient samples with sex discordance. Only the autosomal
markers were subjected to further individual sample and SNP marker
quality control. Individual samples with a heterozygosity rate ≥3 stan-
dard deviations and with a missing genotype rate >3% (hence, sample
genotyping success rate <97%) were excluded from the study. For SNP
marker level quality control, any autosomal marker with genotype
missingness >5% (hence, SNP genotyping success rate <95%) was
excluded from the downstream analysis62.

Curation of gene sets for context-specific analysis
Gene sets for biological processes relevant to PHTS phenotypes were
curated using the Gene Ontology database (GO; http://geneontology.org/).
The GO database has more than 3,800 carefully defined phrases called GO
terms that describe the molecular actions of gene products and their bio-
logical processes and cellular locations63. The search terms, such as “dif-
ferentiation,” “inflammatory,” “chromatin structure,” “cell cycle,” “cell
death”, and “DNA damage” were used in this study to retrieve the lists of
protein-producing genes involved in cellular differentiation, inflammatory
processes, chromatin structure regulation, cell cycle, and cellular death and
DNAdamage processes, respectively. The results associated with the search
terms were further filtered for the genes that are for Homo sapiens and are
protein-coding, as non-coding genes often serve regulatory functions, and
direct implications of homozygous variants harbored in the regulatory non-
coding genes are complex to infer. We used “neuronal differentiation” and
“neuronal inflammatory” as GO search terms for genes involved in neu-
ronal differentiation and inflammatory processes in neurons, respectively,
whichwere identified as subsets of cellular differentiation and inflammatory
processes. For oncogenes and tumor suppressor genes, we used an open-
source databases, oncogene database and TSGenes 2.0, which provide
comprehensively curated human oncogenes64 and tumor suppressor genes
(https://bioinfo.uth.edu/TSGene/). From the curated list, similar to the GO
analysis, only the protein-coding oncogenes and tumor suppressor genes
were used for analysis. Genomic regions associated with NDD phenotype
and pathogenic CNVs were curated using DECIPHER (Database of
Chromosomal Imbalance and Phenotype Using Ensembl Resources) and
the UK Biobank, which were cumulatively considered as pathogenic CNVs
in our analysis35,36. A comprehensive list of genes associated with ASD and
NDD phenotypes was prioritized and categorized into two groups, high-
confidence and low-confidence candidate genes, byLeblond et al., and genes
were retrieved from the database developed by the same group (https://
genetrek.pasteur.fr/)34.

Genome-wide and context-specific analysis of homozygosity
We measured individual genome-wide homozygosity for variants as
the number of all homozygous non-reference alleles divided by the
total number of genomic loci genotyped. Similarly, individual genome-
wide homozygosity of common variants was measured as the number
of homozygous single-nucleotide variants with minor allele frequency

(MAF) ≥ 0.01 divided by the total number of genomic loci genotyped.
For context-specific analysis, individual homozygosity rate was mea-
sured as the number of homozygous single-nucleotide variants with
MAF ≥ 0.01 divided by the total number of genomic loci genotyped
within the defined genomic regions, per implicated gene groups or
CNV regions. Relatedly, individual genome-wide homozygosity of rare
and ultra-rare variants was measured as the number of homozygous
single-nucleotide variants with MAF < 0.01 and MAF < 0.0001,
respectively, divided by the total number of genomic loci genotyped
within the defined genomic regions, per implicated gene groups.

Variant annotation and filtering
To annotate variants with allele frequencies fromTheGenomeAggregation
Database (gnomAD), we used filtered-based annotation (-buildver hg19
-protocol gnomad211_exome, gnomad211_genome) via the command-
line tool ANNOVAR65. The variants were first annotated with the v2.1.1
data set genome sequences, and any variants missing allele frequency
information were then annotated with the v2.1.1 exome sequences data set.
The variants that still lacked allele frequency information after annotating
subsequently with genome and exome sequences were considered non-
reported variants and annotated as 0 allele frequency. Variants with minor
allele frequency (MAF) ≥0.01 were considered as common variants while
those with MAF < 0.01 as rare variants. To annotate variants with variant
consequences, transcript type, and variant location (exon vs. intron), we
used the web interface Ensembl Variant Effect Predictor Assembly
GRCh37.p13 (https://useast.ensembl.org/Tools/VEP/).

Pathway enrichment analysis
For each gene set with significantly increased homozygosity, the variants
only located within exons, and introns with implication in splicing were
retained to be conservative in identifying the most likely genes affected by
the homozygous common variants. Genes harboring at least one homo-
zygous common variant passing filtering criteria were subjected to pathway
analysis. We used Qiagen Ingenuity Pathway Analysis (IPA) to infer the
canonical pathways likely to be impacted by the homozygous variants in the
identified genes. Benjamini-Hochberg correction was applied to reduce the
false discovery rate (FDR).

Collapsing analysis of homozygous variants
A collapsing analysis of homozygous variants was performed to identify
candidate modifier genes in our PHTS dataset. This analysis method was
adapted from non-weighted rare-variant collapsing analysis to reflect genes
harboring thequalifyinghomozygous variants in associationwith theNDD/
ASD phenotype, hence, the modifier genes66. For this analysis, secondary
stringent variant filtration was conducted in addition to the primary fil-
tration of variants for pathway analysis to extract the homozygous common
variants predicted to be deleterious and/or damaging with high-confidence
by SIFTandPolyPhenwith thresholds of <0.05and>0.9, respectively. These
qualifying variants (QV) were then collapsed per gene-level with score 0
indicating absence of QV and score 1 reflecting at least one QV found in a
gene in an individual. Fisher’s exact test was used to test for association of
NDD/ASD against the non-NDD group, and considered the genes with
unadjusted p value < 0.05 as suggestive modifier genes.

Statistical analysis
Statistical significance of the difference in homozygosity between the
PHTS phenotype groups was determined by two-tailed unpaired Stu-
dent’s t-test for normally distributed data and by two-tailed unpaired
Mann-Whitney test for data with non-normal distribution using
GraphPad Prism version 9.1.1. Distribution normality was determined
byD’Agostino&Pearson test, also using GraphPad Prism. The p values
were adjusted using the Benjamini-Hochberg correction method to
control for false discovery rates in the homozygosity analysis of
context-specific gene sets. To determine the relatively high burdens of
homozygous common variants in the gene sets analyzed with the
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NDD/ASD phenotype, the NDD/ASD and the non-NDD dataset were
combined, from which the mean and standard deviation were calcu-
lated. Using above-one standard deviation (1 SD) as the threshold, a
contingency table was created, and Fisher’s exact test was performed to
calculate odds ratios and corresponding p values using R Studio version
4.2.1. As a proof of principle, logistic regression analysis was performed
to demonstrate the feasibility of using homozygosity burdens as pre-
dictor variables to make models for NDD and ASD phenotypes in
PHTS. First, the backward stepwise regression method was used to
select the predictor variables that produce the optimal model using
stepAIC function from MASS package in R. This method starts with a
saturated model and removes a predictor in each iteration based on the
Akaike information criterion (AIC). Then the AIC is compared across
all steps, and the final model with the lowest AIC is selected. Upon
optimal model selection, the sex of study participants was added to
make the final predictive models. Subsequently, 80% and 20% of the
data was split for training and testing, respectively, for internal vali-
dation of the predictive logistic regression models via 10-fold cross
validation using Caret package in R. Then the receiver operating
characteristic curve (ROC) analysis was performed using pROC
package in R. For all analyses, p values < 0.05 were considered as sta-
tistically significant.

Code avalability
All software and tools used in the study are publicly available and referenced
accordingly. The custom scripts related to this study are available from the
corresponding author upon reasonable request.

Data availability
Analyzed genomicdata related to this study are available and included in the
figures, table, and Supplementary Data 1-4. The Cleveland Clinic Founda-
tion institutional IRB and Legal Department do not permit clinical infor-
mation or original genomics data reposited in a publicly accessible database
at this time (by policy). Requests for such data relevant to this paper should
be made to the corresponding author A.K. (ayk31@case.edu). Thereafter,
the Legal Department will ask for material transfer and data sharing
agreements to be executed.
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