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ARTICLE

Analysis of prevalence and degree of macrocephaly
in patients with germline PTEN mutations and of
brain weight in Pten knock-in murine model
Jessica L Mester1, Amanda K Tilot1,2, Lisa A Rybicki3,4, Thomas W Frazier II1,5 and Charis Eng*,1,2,4,6,7,8
PTEN Hamartoma Tumour Syndrome (PHTS) includes Cowden syndrome (CS), Bannayan-Riley-Ruvalcaba syndrome (BRRS),
and other conditions resulting from germline mutation of the PTEN tumour suppressor gene. Although macrocephaly,
presumably due to megencephaly, is found in both CS and BRRS, the prevalence and degree have not been formally assessed
in PHTS. We evaluated head size in a prospective nested series of 181 patients found to have pathogenic germline PTEN
mutations. Clinical data including occipital-frontal circumference (OFC) measurement were requested for all participants.
Macrocephaly was present in 94% of 161 evaluable PHTS individuals. In patients r18 years, mean OFC was +4.89 standard
deviations (SD) above the population mean with no difference between genders (P¼0.7). Among patients 418 years, average
OFC was 60.0 cm in females and 62.8 cm in males (Po0.0001). To systematically determine whether macrocephaly was due to
megencephaly, we examined PtenM3M4 missense mutant mice generated and maintained on mixed backgrounds. Mice were
killed at various ages, brains were dissected out and weighed. Average brain weight for PtenM3M4 homozygous mice (N¼15) was
1.02 g compared with 0.57 g for heterozygous mice (N¼29) and 0.49 g for wild-type littermates (N¼24) (Po0.0001).
Macrocephaly, secondary to megencephaly, is an important component of PHTS and more prevalent than previously appreciated.
Patients with PHTS have increased risks for breast and thyroid cancers, and early diagnosis is key to initiating timely screening
to reduce patient morbidity and mortality. Clinicians should consider germline PTEN testing at an early point in the diagnostic
work-up for patients with extreme macrocephaly.
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INTRODUCTION
PTEN Hamartoma Tumour Syndrome (PHTS) is a molecularlydefined umbrella term used to describe individuals with Cowden
Syndrome (CS, OMIM 158350), Bannayan-Riley-Ruvalcaba Syndrome
(BRRS, OMIM 153480), and other conditions with germline mutations of the PTEN tumour suppressor gene, localised to 10q23. CS
is an autosomal dominant disorder which is difficult to recognise and
is characterised by multiple hamartomas and an up to 50% lifetime
risk of female breast cancer and 10% risk of epithelial thyroid
cancer.1,2 It is assumed that individuals carrying broad clinical
diagnoses and germline PTEN mutations, that is, PHTS, carry similar
risks but this has not been formally assessed. The central nervous
system in PHTS is also affected, causing increased risks for LhermitteDuclos disease, developmental disabilities, and autism spectrum disorders.3,4 For purposes of initial gene discovery, strict phenotypic
criteria for ascertainment were developed, and if followed closely,
resulted in an 80% PTEN mutation frequency.5 Unfortunately, CS is
difficult to recognise and the complex criteria developed for the
gene discovery phase are challenging to use in a clinical setting. For
purposes of clinical care, therefore, operational diagnostic criteria for

CS have been developed which include macrocephaly as a major
feature;6 macrocephaly has also long been recognised as a hallmark
characteristic of BRRS.7,8 However, the true prevalence of macrocephaly is uncertain. A population-based study in Amsterdam including a review of the literature at that time cited a weighted prevalence of
21%,2 whereas two other retrospective studies from tertiary referral
centers found macrocephaly in 100% of patients studied.9,10
In addition to PHTS, macrocephaly is a component of many
other genetic syndromes, a few of which have had occipital-frontal
circumference (OFC) norms ascertained and published. However, the
systematic ascertainment and characterisation of head circumference
has not been performed in CS or BRRS nor in the molecularly defined
PHTS. Furthermore, while it is presumed that the aetiology of the
macrocephaly is megencephaly from single case-report imaging,11 we
do not know if this is the case. Therefore, we sought to systematically
measure and characterise the OFC from our adult and paediatric
research participants found to have germline pathogenic PTEN
mutations. In addition, we weighed the brains of a mouse model
with mono-allelic and biallelic knock-in Pten mutations in order to
ascertain whether the macrocephaly actually reflects megencephaly.
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MATERIALS AND METHODS
From October 15, 2005 to May 27, 2010, 2827 eligible patients were enrolled
into Cleveland Clinic IRB# 8458 (as approved by the Cleveland Clinic Human
Subjects’ Protection Committee) if they minimally met the following: ‘relaxed’
criteria for the diagnosis of CS (presence of two major/pathognomonic, one
major/pathognomonic + two minor, or three minor characteristics of Cowden
syndrome per the International Cowden Consortium diagnostic criteria6);
presence of macrocephaly and developmental disability/autism; presence of
penile freckling; or presence of a known germline PTEN alteration. Clinical data
including OFC measurement were requested for all participants. OFC was
measured by either the referring provider or a physician member of the
patient’s healthcare team.
Mutation analysis for all subjects included promoter sequencing and
mutation scanning by denaturing gel gradient electrophoresis (DGGE) or
LightScanner; variants detected by DGGE or LightScanner were confirmed
with single exon Sanger sequencing as per routine of the Eng lab. Samples from
patients meeting ICC criteria, those with macrocephaly and developmental
disability/autism, and those with a personal/family history of a known large
PTEN rearrangement also underwent multiplex ligation probe assay (MLPA);
identified rearrangements were confirmed with quantitative PCR.
Macrocephaly was defined as greater than or equal to 2 standard deviations
(SD) above the mean. SD data for patients were calculated using norms derived
from the Nellhaus charts for males and females12 due to their common use in
clinical genetics and paediatrics. Pearson’s correlation was used to assess the
strength and direction of linear association between height and OFC. The
association between OFC and height was assessed with a linear regression
model. Differences between groups were analysed by unpaired t-test.
PtenM3M4 missense mutant mice were generated in our lab and maintained on
mixed 129/CD-1, 129/AJ/C57BL/6J, or 129/CD-1/C57BL/6J backgrounds
for these studies (Eng et al, unpublished). Mice were killed at various ages;
brains were dissected out and weighed before further processing (n¼68).
All protocols involving mice were approved by the Institutional Animal Care
and Use Committee at the Cleveland Clinic. ANOVA was used to compare brain
weight across genotypes, and mixed-effects regression models were computed
using brain weight as the dependent variable. Genotype, sex, age, and background
were independent variables. Models were estimated using SPSS Version 18.

RESULTS
In our series of 2827 research participants, 181 were found to have
pathogenic germline PTEN mutations. To be rigorous, participants
with variants of unknown significance and promoter variants that
were not functionally validated were not used for this study. Of the
161 individuals with germline pathogenic mutations with OFC
information reported, 152 (94.4%) were macrocephalic as defined
by an OFC measurement Z2 SD over the mean (Table 1). There were
no significant differences in age or gender between the patients with
known and unknown OFC data.
Of our 86 adults with germline PTEN mutations and OFC measurements, OFC for adult females averaged 60.0 cm (SD 2.47 cm, 95% CI
59.3–60.6) and for males averaged 62.8 cm (SD 2.23 cm, 95% CI
62.0–63.6) (Po0.0001). There was a significant correlation between
OFC and height in adult men (r¼0.563, P¼0.004) and to a lesser
extent, adult women (r¼0.346, P¼0.021) (Figures 1a and b).
Of the 47 research participants aged 18 years and younger with
germline PTEN mutations and OFC measurements, OFC averaged
+4.89 SD (SD 1.76; 95% CI 4.4–5.4) above the mean, with no
difference between genders (P¼0.7). Of the 15 females, none were
within +2 SD of the mean, whereas 8 (53%) had OFC beyond +5 SD
above the mean (Figure 2a). Of the 32 males, 2 (6%) were within +2
SD of the mean, whereas 13 (40%) had OFC above +5 SD (Figure 2b).
We also observed a significant difference in mean OFC by SD values
over population norms between paediatric and adult females
(P¼0.0047), but the difference between paediatric and adult males
was not significant (P¼0.36).
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Table 1 OFC status by gender and age
Females

Males

75

77

6
13

3
7

Macrocephalic
Exact OFC and date measured confirmed

17
15

36
30

Normocephalic
Exact OFC and date measured confirmed

0
—

2
2

0
+5.04

0
+4.83

1.70
0.44

1.82
0.31

58
50

41
30

40

23

6
5

1
1

4
13

1
7

Mean OFC (cm)
SD

60
2.47

62.8
2.23

SEM
Mean SD of OFC

0.33
+3.54

0.40
+5.24

1.77
0.24

1.72
0.31

All patients
Macrocephalic
Normocephalic
OFC status unknown
Patients p18 years

OFC status unknown
Mean SD of OFC
SD
SEM
Patients 418 years
Macrocephalic
Exact OFC known
Exact OFC and height known
Normocephalic
Exact OFC known
Exact OFC and height known
OFC status unknown

SD
SEM

We then examined whether macrocephaly was associated with any
particular PTEN genotype. Among the 86 adults with OFC data
known, 36 (42%) had missense mutations. Adults with missense
mutations had an average OFC of +3.7 SD compared to adults with
truncating or whole gene deletion mutations (average OFC +4.5 SD,
P¼0.07). Among the nine patients with normal OFC (Table 2),
missense mutations seemed slightly overrepresented compared with
truncating mutations; however, this association was not significant
(P¼0.28). Five of these adult patients had missense mutations in
exon 9 (Table 3).
Mice that are homozygous or heterozygous for missense Pten
mutation have obvious macrocephaly by inspection (Figure 3a). To
directly determine whether their macrocephaly is secondary to
megencephaly, we measured brain weight for 44 mice, which were
either homozygous (N¼15) or heterozygous (N¼29) for germline
missense mutation in Pten under the endogenous promoter, along
with 24 wild-type littermates. Average brain weight for PtenM3M4
mutant mice was 1.02 g (SD 0.19g, 95% CI 0.9–1.1), compared with
0.57g (SD 0.06 g, 95% CI 0.55–0.60) for heterozygous mice and 0.49 g
(SD 0.04 g, 95% CI 0.47–0.51) for wild-type mice (F2, 65¼139.96
(Po0.0001), Figures 3a and b). Older age and male sex also independently predicted brain weight (F1, 52¼5.34, P¼0.025; F1, 52¼4.99,
P¼0.030). A trend toward an interaction between sex and genotype
(F2, 52¼2.73, P¼0.075) (Figures 3b and c) was also observed; male
PtenM3M4 mutant and heterozygous mice trended toward even larger
brain weights relative to female mice. Importantly, the genetic background of the mice did not predict brain weight (F3, 52¼0.386,
P¼0.76).
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Figure 2 Measured OFC in PTEN mutation-positive patients aged 18 and
under plotted on the Nellhaus curves for (a) females and (b) males. Solid
line¼50th centile; dashed line¼+/ 2 SD; dotted line¼+5 SD; x¼individual
patient measures.

Figure 1 Adult PHTS patients’ OFCs plotted against height for (a) female
and (b) male patients, with trendline demonstrating positive correlation
between OFC and height. Diamonds represent individual patient measures.

DISCUSSION
By clinical anecdote, macrocephaly is an accepted component of CS
and BRRS. In the only population-based clinical epidemiologic study
of CS in the Amsterdam area in the 1980’s, the prevalence of
macrocephaly was estimated at 25%.2 This epidemiologic study was
undertaken before PTEN was identified as the CS predisposition gene.
Taken together with review studies, prevalence estimates for macrocephaly in CS range from 25 to 38%.1,13,14 However, a systematic
prospective study of OFC in a series of individuals carrying germline PTEN mutations has never been undertaken. We found that
94% of our prospective series of individuals with PHTS have OFC
+2.0 to +6.9 SD (mean +3.5 SD) over population norms. In the
paediatric PHTS patients, average OFC was almost +5 SD over
population norms. In our prospective series of 3042 probands accrued
with classic CS or Cowden-like features, macrocephaly was identified
in only 33% of PTEN mutation-negative research participants (compared with 83% in mutation-positive individuals; Po0.0001). We
concluded that macrocephaly was a necessary, but not sufficient,
criterion for PTEN mutation testing in the paediatric population
and carried significant weight towards recommending testing in the
adult population.15
OFC is a straightforward measurement that can be easily performed
by any health caregiver. However, our understanding of its relationship
to height in the adult population and ethnic background remains
rudimentary. Studies of paediatric populations in different countries

find differences in OFC norms that one would think would continue
into adulthood. Interestingly, the data from our murine model show
little variation in brain weight despite different genetic backgrounds
for each Pten genotype. Therefore, data from a large study of adult
human head circumference and correlation with height and ethnicity
would be helpful to have for more accurate comparative purposes
and to better understand whether differences in ethnic background
contributes to significant differences in OFC measurement in an adult
population.
In the patient presenting to genetics clinic with macrocephaly as a
chief complaint, the clinician’s syndromic differential diagnosis is
extensive. An OMIM search for syndromes with ‘macrocephaly’
within the clinical synopsis reveals 103 syndromes for which clinical
testing is available or a diagnosis could be made based on clinical and
laboratory assessment. Head circumference has been systematically
assessed in patients with Fragile X,16 Nevoid Basal Cell Carcinoma
(NBCCS),17 Neurofibromatosis 1,18 and Sotos19,20 syndromes. In
Fragile X syndrome, OFC for most patients falls into the normal
range, with the 5th, 50th, and 95th centiles for the patient population
being consistently just slightly above the respective normal centiles.
A small series of patients with NBCCS found only probands to be
macrocephalic, with many family members having an OFC that fell
within the normal range, leading the authors to conclude that NBCCS
is more consistent with a generalised overgrowth disorder than a true
macrocephaly syndrome. A study of 436 patients from the National
NF Foundation Database found macrocephaly in 24%, with the
remainder falling into the normal range.
OFC parameters in patients with Sotos syndrome revealed the
greatest similarity to our patients with PHTS. An early paper found
macrocephaly in all 33 patients with a clinical diagnosis studied, with
European Journal of Human Genetics
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Table 2 Clinical features and PTEN genotype for patients with normal OFC
ID

M/F

Age

OFC (cm)

SD

Mutation

0780
2610

M
M

3
15

53
57

+1.85
+1.38

c.44ins16
c.586insT

5153
0004

M
F

41
26

57
?

+0.77
?

4340
1509

F
F

47
48

53
56

2094
2438

F
F

48
49

0622

F

52

Exon

Protein

PHTS Features

Meets ICC criteria

1
6

FS
FS

GM, HH, L, DD
DD, L, OMP, PF, TN

No: PLS
No: BRRS

c.441insAdelGG
c.655C4T

5
7

FS
p.G219X

L, F, Ham, OMP, PF, TN
AK, GT, F, L, ThyCA

Yes
Yes

1.43
+0.71

c.235G4A
c.1066A4G

4
9

p.A79T
p.N356D

FBD, BrCA, L, OMP, TN, UF
FBD, TN, ThyCA

Yes
No

53.3
57

1.21
+1.43

c.1061C4A
c.1033C4G

9
9

p.P354Q
p.L345V

BrCA, FBD, UF
FBD, BrCA, TN, UtCA, UF

No
Yes

57.2

+1.57

c.406T4C

5

p.C136R

TN, FBD, BrCA, L, ThyCA, UtCA

Yes

Age, age at measurement of OFC; ?, unknown.
Abbreviations: AK, Acral keratoses; BrCA, Breast cancer; BRRS, Bannayan-Riley-Ruvalcaba syndrome; DD, Developmental delay; FCBD, Fibrocystic breast disease, F, Fibroma; FS, frameshifting
mutation; GM, Genitourinary malformation; GT, Genitourinary tumour; Ham, Hamartomatous GI polyp; HH, Hemihyperplasia; L, lipoma; OMP, oral mucosal papillomatosis; PF, penile freckling;
PLS, Proteus-like phenotype; ThyCA, epithelial thyroid carcinoma; TN, Thyroid nodules or goiter; Trich, Trichilemmomas; UF, uterine fibroids; UtCA, Uterine carcinoma.

Table 3 Clinical features and PTEN genotype for patients with exon 9 missense mutations
ID

Age

M/F

Mutation

Protein

2438

57

1509
2094/1

49
49

2094/2
294

56
43

Macrocephaly

Other CS features

Meets ICC Criteria

F

c.1033C4G

p.L345V

F
F

c.1066A4G
c.1061C4A

p.N356D
p.P354Q

No

BrCA, UtCA, FCBD, TN, UF

Yes

No
No

ThyCA, FCBD, TN
BrCA, FCBD, UF

No
No

F
F

c.1061C4A
c.1027-2A4C

p.P354Q
Splice

Unknown
Yes

FCBD, GT
OMP, Trich, FCBD, TN, L

No
Yes

Age, age at measurement of OFC.
Abbreviations: AK, Acral keratoses; BrCA, Breast cancer; FCBD, Fibrocystic breast disease, GT, Genitourinary tumour; L, lipoma; OMP, oral mucosal papillomatosis; ThyCA, epithelial thyroid
carcinoma; TN, Thyroid nodules or goiter; Trich, Trichilemmomas; UF, uterine fibroids; UtCA, Uterine carcinoma.

OFC ranging from +2.0 to +6.9 SD with a mean of +3.5 SD.19 A larger
analysis of patients with NSD1 mutations found macrocephaly in 146/
192 (76%) of patients.20 The characteristic facial appearance of
patients with Sotos syndrome was observed in 99% of mutationpositive patients; to date, similar studies have not been carried out to
determine whether a particular facies exists in PHTS patients. Other
common findings in Sotos syndrome include advanced bone age
(76%), neonatal problems (70%), seizures (25%), and cardiac anomalies (21%); these are all findings not known to be associated with
PHTS, but their precise frequencies have not been investigated in a
large patient series.
Missense germline mutations in PTEN have, to date, been far less
prevalent than truncating mutations; thus, it is notable that there is a
trend demonstrating less dramatic macrocephaly in adults with
missense mutations compared with those with other mutation
types. Interestingly, a subset of these missense mutations affect one
of the two ATP-binding motifs of PTEN, which results in inability of
PTEN to bind ATP and inability to exit the nucleus.21–23 These types
of mutants result in relative instability of PTEN, increased doublestrand DNA breaks and increased reactive oxygen species.23 Our
Pten constitutional knock-in mouse was created to model defective
nuclear–cytoplasmic localisation, and one of its phenotypes is megencephaly. The life span for the homozygous mutant mice averages 8
weeks or less, with very few of these mice surviving past this point.
Among the advantages of our model compared with tissue-specific or
heterozygous models of Pten loss24,25 is the fact that this is a germline
mutation expressed under the endogenous promoter, leading to a
functional disruption also observed in a subset of PHTS patients. This
advantage allows exploration of the impacts of a missense mutation
expressed from the earliest embryonic time points through adulthood,
European Journal of Human Genetics

a situation where protein function is reduced but absolute levels are
not as low as in murine models of heterozygous or tissue-specific
deletion.
We also found it notable that 5 of our 181 mutation-positive
patients have missense mutations in exon 9, an exon that is rarely
affected by mutations.5,26,27 As the final exon in PTEN, missense
mutations in this region would be predicted to only cause a slight
alteration in protein structure and function. All three patients with
exon 9 missense mutations and normal OFC had an invasive cancer
that led their clinicians to consider a diagnosis of PHTS, but none had
a family history that would have caused increased suspicion for PHTS
before their cancers were diagnosed. It is plausible that exon 9
missense mutations may result in an attenuated PHTS phenotype.
Finding macrocephaly in 94% of our PHTS series confirms that this
feature should be considered a major component phenotype in this
population. It is possible that selection bias could lead to the
identification of an abundance of PHTS patients with extreme
macrocephaly, particularly as a presenting feature within the paediatric
or young adult population who have not yet developed the full
phenotypic features of PHTS. This was supported among the females
in this study, where OFC SD values were significantly greater for
patients r18 years (P¼0.0047). However, a similar pattern was not
identified in males (P¼0.36).
Identifying nine patients with PHTS and normal head circumference should remind clinicians not to exclude this diagnosis in a patient
with normal OFC. Among our seven normocephalic adult patients, all
but two adult females would meet clinical diagnostic criteria for
Cowden syndrome based on their other features. One of the two
male children would be diagnosed with BRRS based on the finding of
tan macules on the glans penis; the other would likely be considered
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1.5

1

Brain Weight (g)

Brain Weight (g)

1.2

0.5

0.9

0.6

0.3

0

0.0
M3M4/M3M4

WT/M3M4

WT/WT

0

2

4

6
8 10
Age (months)

12

14

Figure 3 Brain weight from mice with wild-type Pten, or homozygous and heterozygous missense mutations in Pten. (a) Wild-type (left), heterozygote (center), and homozygous mutant (right) littermate female mice at 5 weeks of age, demonstrating obvious macrocephaly in the homozygote.
(b) A representative image of wild-type (left), heterozygous (center), and homozygous mutant (right) brains from littermate mice at 2 months of age. (c) Brain
weight increases with dose of mutant Pten, potentially interacting with sex (males – grey, females – white). (d) Brain weight with age in PtenM3M4/M3M4
(circles), PtenWT/M3M4 (diamonds), and PtenWT/WT mice (stars). Note that brain weights of heterozygotes begin to differ from wild-type mice only by 3 months
of age.

Proteus-like because of the findings of hemihyperplasia and lipomas,
leading their clinicians to consider PTEN molecular analysis despite
the absence of macrocephaly. Notably all nine normocephalic patients
were probands, implying that selecting patients for analysis based on
macrocephaly did not confound these findings.
In any hereditary syndrome, early diagnosis is critical to provide
optimal screening and medical recommendations. In particular,
recognising extreme macrocephaly as a hallmark feature of PHTS
should encourage clinicians to consider germline PTEN testing at an
early point in the diagnostic work-up for patients with this characteristic, and should prompt them to investigate for other features of
PHTS within the personal and family histories. Evaluation by both a
geneticist and dermatologist is ideal to fully investigate patients for
subtle syndromic manifestations and to rule out other syndromes
associated with macrocephaly. Current recommendations by the
National Comprehensive Cancer Network (http://www.nccn.org)
advocate for increased surveillance for breast and thyroid cancers in
patients with CS. Appropriately, these same recommendations are
made for any patient with a known PTEN mutation regardless of
whether they meet CS diagnostic criteria. Early diagnosis of PHTS can
lead to the patient and their family members gaining the ability to take
advantage of this high-risk screening, thereby reducing potential
morbidity and mortality of this difficult-to-recognise syndrome.
Because the clinical manifestation of PHTS is protean and broad,
finding straightforward ‘most frequent’ phenotypes associated with

PTEN germline mutations is helpful. In this study, we provide
evidence that macrocephaly, likely secondary to megencephaly, is an
important component of PHTS and is more prevalent than previously
appreciated, with extreme macrocephaly being a defining phenotype
caused by germline PTEN mutations.
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