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Context: GNAS is one of few genetic loci that undergo allelic-specific methylation resulting in the
parent-specific expression of at least four different transcripts. Due to monoallelic expression,
heterozygous GNAS mutations affecting either paternally or maternally derived transcripts cause
different forms of pseudohypoparathyroidism (PHP), including autosomal-dominant PHP type Ib
(AD-PHP1B) associated with loss of methylation (LOM) at exon A/B alone or sporadic PHP1B
(sporPHP1B) associated with broad GNAS methylation changes. Similar to effects other imprinted
genes have on early development, we recently observed severe intrauterine growth retardation in
newborns, later diagnosed with pseudopseudohypoparathyroidism (PPHP) because of paternal
GNAS loss-of-function mutations.

Objectives: This study aimed to determine whether GNAS methylation abnormalities affect intra-
uterine growth.

Patients and Methods: Birth parameters were collected of patients who later developed
sporPHP1B or AD-PHP1B, and of their healthy siblings. Comparisons were made to newborns
affected by PPHP or PHP1A.

Results: As newborns, AD-PHP1B patients were bigger than their healthy siblings and well above
the reference average; increased sizes were particularly evident if the mothers were unaffected
carriers of STX16 deletions. SporPHP1B newborns were slightly above average for weight and
length, but their overgrowth was less pronounced than that of AD-PHP1B newborns from unaf-
fected mothers.

Conclusion: LOM at GNAS exon A/B due to maternal STX16 deletions and the resulting biallelic A/B
expression are associated with enhanced fetal growth. These findings are distinctly different from
those of PPHP patients with paternal GNAS exons 2–13 mutations, whose birth parameters are
almost 4.5 z-scores below those of AD-PHP1B patients born to healthy mothers. (J Clin Endocrinol
Metab 100: E623–E631, 2015)

GNAS is a complex-imprinted locus on chromosome
20q13.3, which encodes several different tran-

scripts that are either maternally, paternally, and/or bial-

lelically expressed (for reviews see Refs. 1–5). Three pro-
tein-coding transcripts share GNAS exons 2 through 13
(E2–E13), but use alternative first exons and promoters,
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namely NESP, XL, and E1, that produce NESP55 (chro-
mogranin-like secretory protein), XL�s (extra large form
of Gs�), and Gs�, respectively (Figure 1). The GNAS clus-
ter furthermore gives rise to at least two additional tran-
scripts, namely the noncoding antisense (AS) transcript
derived from the alternative first exon located centromeric
of exon XL and the A/B transcript derived from the alter-
native first telomeric of exon XL. Exon A/B is spliced onto
GNAS exon E2, which comprises an initiator ATG, and
thus can give rise to an N-terminally truncated form of Gs�

(6). With the exception of exon E1, the promoters for all
alternative first GNAS exons are located within differen-
tially methylated regions (DMRs) and transcripts are de-
rived exclusively from the nonmethylated parental allele.
Exons XL, A/B, and AS are methylated on the maternal
allele and are thus transcribed only from the paternal al-
lele. Conversely, exon NESP is methylated on the paternal
allele and its transcript is therefore derived only from the
maternal GNAS allele. The exon E1 promoter, which
gives rise to the Gs� transcript is not methylated; accord-
ingly, Gs� expression is biallelic in most tissues. However,
it shows predominantly maternal expression in the renal
proximal tubules, whereas variable degrees of paternal
Gs� expression have been described in thyroid, pituitary,
brown fat, and gonads (5, 7–9). The mechanism(s)
through which paternal Gs� expression is silenced in a
tissue-specific and time-dependent manner is unknown,
but may require active transcription from the exon A/B
promoter, since loss of methylation (LOM) at the A/B
exon and consequently biallelic transcription from this
promoter occurs in different PHP1B variants (10, 11).

GNAS mutations are responsible for several phenotyp-
ically different, inherited disorders (4–5). Maternally in-
herited, loss-of-function mutations affecting those GNAS
exons that encode Gs� cause pseudohypoparathyroidism
(PHP) type Ia (PHP1A) (Online Mendelian Inheritance in
Man [OMIM] 103580), a disorder characterized by mul-
tiple hormonal resistance in combination with phenotypic
features of Albright’s Hereditary Osteodystrophy. Meth-

ylation abnormalities within the GNAS cluster on the ma-
ternal allele are responsible for another PHP variant,
namely PHP type Ib (PHP1B) (Online Mendelian Inheri-
tance in Man [OMIM] 603233). Patients affected by this
disorder show PTH-resistant hypocalcemia and hyper-
phosphatemia, just like patients affected by PHP1A, but
obvious Albright’s Hereditary Osteodystrophy features
are present in only few PHP1B cases (12–15).

LOM at the exon A/B DMR, which leads to biallelic
expression of the A/B transcript, thereby reducing Gs�

expression, is invariably observed in PHP1B patients (10,
11). In the proximal renal tubules, Gs� is expressed pre-
dominantly from the maternal allele. Consequently,
GNAS mutations affecting exons E1-E13 on this parental
allele lead in that tissue to a loss or a severe reduction in
maternal Gs� activity. The resulting PTH-resistance
would be sufficient to explain the reduction in urinary
phosphate excretion.Recent findings inmice lacking Gnas
exon 1 on the maternal allele have furthermore suggested
a mild reduction in 1�-hydroxylase mRNA (9) that would
help explain the reduction in 1,25(OH)2 vitamin D levels,
previously noted in PHP1A patients (16, 17). Similarly
reduced levels of this biologically active vitamin D metab-
olite could be encountered in PHP1B, thus leading to im-
paired intestinal calcium absorption and hypocalcemia.
Silencing of paternal Gs� expression may occur also, albeit
incompletely, in other tissues such as thyroid and pitu-
itary. A considerable number of PHP1B and PHP1A pa-
tients therefore display detectable abnormalities in other
endocrine systems (1–5).

PHP1B can follow an autosomal-dominant trait (AD-
PHP1B) or it occurs as a sporadic disease (sporPHP1B).
Most patients with AD-PHP1B exhibit maternally inher-
ited deletions comprising the gene encoding syntaxin-16
(STX16) or the GNAS exon NESP, which result in an
isolated LOM at the exon A/B DMR (11, 18–21). In con-
trast, deletions comprising GNAS exon NESP and/or an-
tisense exons 3 and 4 lead to AD-PHP1B through a loss of
all maternal methylation imprints (22, 23). Similarly
broad GNAS methylation changes are also observed in
most patients affected by sporPHP1B, who show LOM at
the DMRs for exons A/B, XL, and AS, and a gain of meth-
ylation (GOM) at the DMR of exon NESP, but no evi-
dence for paternal uniparental disomy involving the long
arm of chromosome 20 (patUPD20q) (24).

In mice, the paternally expressed XL�s and the mater-
nally expressed Gs� seem to act antagonistically, given
that both transcripts have opposite effects on body weight.
Indeed, loss-of-function of paternally expressed XL�s
gives rise to mice that are growth restricted, lean, and
hypermetabolic, whereas loss of the maternally expressed
Gs� (�E1m mice) gives rise to mice that present with

Figure 1. Scheme of GNAS locus. Diagram showing the GNAS locus
in the chromosomal region 20q13.3 on the paternal and maternal
allele. Methylated (silent) and unmethylated (active) exons and
promoters are indicated by * and by allele-specific arrows, respectively.
The unmethylated GNAS exon 1 promoter allows biallelic Gs�
expression in most tissues, but it is derived in some tissues
predominantly or exclusively from the maternal allele (indicated by
solid arrow); for example, in proximal renal tubules, thyroid, and
pituitary. STX16 shows biallelic expression.
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edema and no obesity at birth, but are postnatally obese
and hypometabolic (25–29). Taken together, these find-
ings suggest that several GNAS-derived transcripts can
affect intrauterine development.

Consistent with these findings in genetically manipulated
mice, some patients with PHP1B due to patUPD20q are big-
geratbirthandsubsequentlyshowmacrosomia,macroceph-
aly, and tall stature (24); their overgrowth may be related to
biallelic expression of AS, XL�s, and A/B, or to the lack of
NESP55. The opposite, namely severe intrauterine growth
retardation (IUGR) was recently documented for patients
affected by pseudopseudohypoparathyroidism (PPHP) (or
progressive osseous heteroplasia [POH], a variant of PPHP),
particularly when this disorder is caused by loss-of-function
mutations involving the paternal GNAS exons E2–E13, ie,
those exons that are shared by Gs� and XL�s. In fact, lack of
the paternally derived XL�s seems to be the most plausible
causeofabnormalprenatalgrowth,giventhatPPHPpatients
with paternal mutations involving GNAS exon 1, which is
specific for Gs�, showed a milder degree of growth retarda-
tion (32). In addition, severe pre- and postnatal growth re-
tardation is also observed in patients with maternal unipa-
rental disomy of chromosome 20 (matUPD20), who are
predicted to have biallelic NESP55 expression, yet lack ex-
pressionofAS,XL,andA/B, andare likely to showincreased
Gs� levels (33,34).Currentlyavailabledata thus suggest that
normal intrauterine growth and/or placental development
requires a unique balance between different paternally and
maternally expressed GNAS transcripts. To explore the
mechanisms associated with intrauterine development fur-
ther,wehavenowstudied thebirthrecordsofa largenumber
of PHP1B patients presenting with different GNAS epimu-
tations. Particularly, AD-PHP1B patients showed a signifi-
cant overgrowth phenotype at birth, which was most pro-
nounced when the mutation was inherited from a healthy
carrier mother.

Patients and Methods

Investigated patients
For this retrospective study, we enrolled a total of 164 individ-

uals living in either Europe or North America (Table 1). Clinical,
laboratory, genetic, and/or epigenetic phenotypes were consistent
with PHP1B, PHP1A, or PPHP/POH, respectively; healthy siblings
of PHP1B patients had no obvious abnormality in the regulation of
mineral ion homeostasis and analysis of their genomic DNA
showed a normal GNAS methylation pattern. Most patients were
CaucasiansofWesternEuropeanorigin;4patientswereCaucasian-
Hispanic, 1 patient was Asian, 1 was Asian-Caucasian, and for 11
patients the racial background was unknown.

Birth parameters of new and previously investigated individ-
uals are provided (Total: 114 patients; 60 males, 54 females)
(Table 1 and Supplemental Table 1, A and B). Sixty-one AD-
PHP1B patients are carriers of the 3-kb or the 4.4-kb STX16 dele-
tion, which is associated with LOM restricted to GNAS exon A/B;
28 of these individuals are from North America and 33 are from
Europe. Twenty-five AD-PHP1B patients (16 males and 9 females)
were born to affected mothers (STX16 deletion on the maternal
allele), whereas 31 (13 males and 18 females) were born to mothers
whoarehealthycarriersof thegeneticdefect (STX16deletiononthe
paternal allele) and 5 (2 males and 3 females) were born to mothers
with an unknown status. Twenty-eight individuals were healthy
siblings of AD-PHP1B patients (15 males and 13 females) (Table 1
andSupplementalTable2);10hadamotheraffectedbyPHP1Bdue
to a maternally inherited STX16 deletion, whereas 18 had an un-
affected mother carrying a paternally inherited STX16 deletion.

Fifty-three sporPHP1B patients (8 from North America and
45 from Europe; 29 males and 24 females) showed LOM at
exons A/B, XL, and AS, and a gain of methylation at exon NESP.
Ten individuals were healthy siblings of sporPHP1B patients (3
males and 7 females) (Table 1 and Supplemental Table 2).

Twelve individuals (8 males, 4 females) affected by PHP1A
due to exon1/intron 1 mutations were born to mothers affected
by PPHP/POH; 4 of these patients were previously reported (32);
data for more recently investigated probands are provided (Table
1 and Supplemental Table 3). Data from 10 previously reported
PPHP/POH patients with exon1/intron 1 mutations (3 males, 7
females) or with mutations in GNAS exons E2–E13 were used
for comparison (Table 1 and Supplemental Table 4) (32).

Table 1. Number and Sex of Investigated Individuals and Their Genetic and Epigenetic Findings

n STX16 Deletion LOM GOM Males Females

Total PHP1B patients 114 60 54

AD-PHP1B
Total 61 A/B no 31 30
Affected mother 25 A/B no 16 9
Carrier mother 31 no no 13 18
Maternal status unknown 5 ? no 2 3

Healthy siblings
Total 28 15 13
Affected mother 10 A/B no 6 4
Carrier Mother 18 no no 9 9

SporPHP1B 53 no AS, XL, A/B NESP 29 24
Healthy siblings 10 no no no 3 7

PHP1A (exon/intron 1 mutation) 12 no no no 8 4
PPHP (exon/intron 1 mutation) 10 no no no 3 7
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For each individual, written informed consent was obtained
from the patients and/or their parents for collection of clinical
and laboratory data, and for DNA collection to conduct molec-
ular studies. Outcome of pregnancy and biometric data at birth
were collected retrospectively using birth certificates, or records
from hospitals or primary care physicians. Preterm birth was
defined as delivery before 37 weeks of gestation and preterm
babies less than 36 weeks were excluded. Gestational age,
weight, length, and head circumference were compared with sex-
specific French reference charts, which allowed calculation of
z-scores by AUDIPOG, as described (32). Data are presented as
mean � SD.

Molecular studies
Genomic DNA was isolated from peripheral blood leukocytes

using standard methods. GNAS methylation studies were per-
formedbyqPCRassaysafterdigestionofgenomicDNAwithmeth-
ylation-sensitive and -insensitive restriction enzymes (35) and by
methylation-specific multiple ligation-dependent probe amplifica-
tion, as described (32). Biochemical and endocrine studies, as well
as DNA analyses were performed for parents to determine whether
mother or father are affected, and to confirm that AD-PHP1B pa-
tients had a maternally inherited STX16 deletion.

Statistical analysis
The d’Agostino and Pearson omnibus normality test was used

for determining whether birth parameters showed a normal dis-
tribution. Differences between groups were calculated using the
Mann-Whitney nonparametric U test. A two-tailed P � .01 was
considered statistically significant (*, P � .01; ** P � .001;
***, P � .0001).

Results

Individuals, who later developed PTH resistance
because of PHP1B, are bigger at birth

Patients affected by sporPHP1B or AD-PHP1B due to
a STX16 deletion had at birth significantly increased
weights, lengths, and head circumferences. These mea-
surements followed for each cohort a Gaussian distribu-
tion equivalent to that of the reference population with K2

values of 0.23 (P � .89) for weight, 0.54 (P � .76) for
length, and 0.07 (P � .97) for head circumference (Sup-
plemental Figure 1, A–C). When analyzed as a single com-
bined cohort, sporPHP1B and AD-PHP1B patients re-
vealed z-scores of �0.73 � 1.2 for weight (n � 114; P �

.0001), �0.92 � 1.3 for length (n � 74; P � .0001), and
�0.68 � 1.1 for head circumference (n � 40; P � .0004).

To determine whether PHP1B patients from North
America and Europe could be studied as a single group, we
next compared the birth parameters of both groups of
patients. There were no significant differences for weight
or head circumference; the average z-scores were �0.83 �

1.0 (n � 36) vs �0.68 � 1.2 (n � 78) for weight (P � .465),
and �1.00 � 1.4 (n � 6) vs �0.63 � 1.1 (n � 34) for head
circumference (P � .636). However, North American
PHP1B patients had in comparison with Europeans an
increased length at birth; the average z-scores were �1.56
� 1.4 (n � 25) vs �0.60 � 1.2 (n � 49) (P � .007)
(Supplemental Figure 2). No sex-dependent z-score dif-
ferences were observed. The average z-scores were �0.79
� 1.0 (60 males) vs �0.66 � 1.3 (54 females) for weight
(P � .43), and �1.14 � 1.2 (38 males) vs �0.69 � 1.4 (36
females) for length (P � .11), and �0.76 � 1.0 (25 males)
vs �0.56 � 1.3 (15 females) for head circumference (P �

.47) (Supplemental Figure 3, A–C).

Cohorts of AD-PHP1B and sporPHP1B patients
show indistinguishable birth parameters

We next wanted to determine whether LOM of GNAS
exon A/B alone (AD-PHP1B) or broad epigenetic GNAS
changes such as LOM of AS and XL�s, and GOM of
NESP55 (sporPHP1B) contribute to fetal growth and de-
velopment; both groups of PHP1B patients were therefore
studied separately. SporPHP1B patients tended to have
slightly lower birth weights and lengths than AD-PHP1B
patients, but the difference was not significant when com-
paring both cohorts (Figure 2, A–C).

Figure 2. Birth parameters of patients with different forms of PHP1B. Comparison between patients with sporadic PHP1B (white circles) and
patients with AD-PHP1B (black circles) for weight (A), length (B), and head circumference (C) at birth. Data for each subject are expressed as z-
score. N, number of subjects per group. The horizontal and vertical bars for each group represent the mean � SD; statistically nonsignificant. No
significant difference in birth parameters between patients with sporadic or familial forms of PHP1B.
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AD-PHP1B patients born to healthy carriers of a
STX16 deletion show the most obvious increase in
intrauterine growth

To determine whether the carrier status of the mothers,
ie, STX16 deletions on the maternal or the paternal allele,
affects fetal growth and development, we collected the
birth parameters of AD-PHP1B patients and their healthy
siblings, who were born by either affected mothers or by

healthy carriers, ie, females with a
STX16 deletion on the maternal or
the paternal allele, respectively.

AD-PHP1B patients were signifi-
cantly heavier at birth when their
mothers were healthy carriers of a
STX16 deletion, as compared to
newborns with the same mutation
born to mothers who were them-
selves affected by AD-PHP1B, ie,
carried the STX16 deletion on their
maternal allele (z-scores, �1.44 �
1.0 vs �0.36 � 1.0; P � .0004) (Fig-
ure 3A). Birth lengths were, in
comparison with the reference pop-
ulation, significantly higher for all
AD-PHP1B patients, particularly if
the mothers were unaffected carriers
(Figure 3B). z-scores of healthy new-
borns when born to healthy carriers

(n � 18) or to affected mothers (n � 10) were not signif-
icantly different from the reference population (P � .077
and P � .202, respectively). However, healthy babies born
to affected mothers were slightly smaller than healthy ba-
bies born to unaffected carrier mothers (z-score, �0.50 �
1.1 vs �0.50 � 1.2; P � .044.). There was no difference
in the average length for healthy babies born to healthy or
affected mothers (z-score, �0.63 � 1.2 vs �0.96 � 2.0;

P � .088) and these data were not
significantly different from the gen-
eral population (P � .11 and P �

.287, respectively).
Patients with AD-PHP1B from

unaffected mothers showed a more
severe overgrowth phenotype at
birth than patients with sporPHP1B
(Figure 4, A and B), but no signifi-
cant difference was observed when
comparing head circumferences of
both PHP1B cohorts (data not
shown). Several of the investigated
AD-PHP1B patients were from the
same family, which could have con-
founded the birth parameters due to
the shared genetic background. Re-
analysis of data was therefore re-
stricted to birth parameters of the in-

dex cases in each of the different

AD-PHP1B kindreds; measurements

were compared with the sporPHP1B

patients (see Figure 2, A and B). For

Figure 3. Birth weight and length of AD-PHP1B patients and their healthy siblings. Comparison
of weight (A) and length (B) at birth of PHP1B patients, who were born to mothers carrying the
STX16 deletion on either their paternal (unaffected carriers, black circles) or maternal allele
(affected, white circles). Also shown are the birth parameter of healthy siblings born to
unaffected (black diamonds) or affected mothers (white diamonds). Data for each subject are
expressed as z-score. N, number of subjects per group. The horizontal and vertical bars for each
group represent the mean � SD. P values for comparison between groups and for comparison
with reference population are indicated.

Figure 4. Weight (A) and length (B) of patients affected by AD-PHP1B and sporadic PHP1B in
comparison with patients affected by PPHP/POH and PHP1A. Birth parameters of patients
affected by either PPHP/POH (white squares) or PHP1A (black squares); these individuals have
exon/intron 1 mutations on the paternal or the maternal GNAS allele, respectively; note that the
mothers of these PHP1A patients are affected by PPHP/POH and thus have no PTH resistance, or
the mutation of the newborn had occurred de novo on the maternal allele. AD-PHP1B patients
born to mothers, who are healthy carriers of a STX16 deletion (black circles) and sporadic PHP1B
patients (white circles). Data for each subject are expressed as z-score on the x-axis. P-values are
indicated for comparison to the reference population and for comparisons between different
groups. N, number of subjects per group. The horizontal and vertical bars for each group
represent the mean � SD; statistically significant differences were observed between PHP1A and
sporadic PHP1B, and between sporadic PHP1B and AD-PHP1B patients from nonaffected carrier
mothers.
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this subgroup of AD-PHP1B patients, the z-scores for

birth weight and length were �0.87 � 1.1 (n � 35) and

�1.12 � 1.3 (n � 22), respectively, which was indistin-

guishable from the entire AD-PHP1B cohort and remained

highly significant in comparison with the reference pop-

ulation (P � .0001 and P � .0006, respectively).

No apparent differences were observed when compar-
ing the birth parameters of sporPHP1B patients (n � 53)
to those of their healthy siblings (n � 10) (Supplemental
Figure 4, A and B).

Weight and length of newborns affected by either
PPHP/POH or PHP1A with exon/intron 1 mutations
in comparison with PHP1B patients

We next compared the birth parameters of PHP1A and
PPHP/POH patients with GNAS mutations on the mater-
nal or paternal allele, respectively, involving only exon/
intron 1, ie, mutations that affect only Gs� function; some
of these data were previously reported (Supplemental Ta-
bles 3 and 4). To allow appropriate comparisons between
PPHP/POH and PHP1A patients, we included in the latter
group only patients born to mothers without hormonal
resistance, ie, PHP1A patients, who had either de novo
mutations on the maternal allele or were born to mothers
affected by PPHP/POH. There were no significant differ-

ences when comparing both groups (P � .021 for weight
and P � .028 for length). However, in comparison with
the reference population, z-scores for weight and length
were �1.92 � 1.2 (n � 10; P � .0005) and �2.20 � 0.8
(n � 9; P � .0001), respectively, for PPHP/POH patients,
and �0.68 � 1.1 (n � 12; P � .045) and �1.20 � 1.2 (n �
11; P � .009), respectively, for PHP1A patients (Figure 4,
A and B).

Discussion

We have recently shown that patients with loss-of-func-
tion mutation in GNAS on the paternal allele have birth
weights and lengths that are more than two SDs below the
50th percentile, when analyzing this cohort as a whole
(z-score for weight, �2.69 � 0.24) (32). Importantly, pa-
ternal mutations involving GNAS exons E2–E13, ie, those
exons that are shared between Gs� and XL�s, resulted in
the most severe growth retardation (z-score for weight:
�3.01 � 0.27), raising the possibility that XL�s has a
particularly important role in normal fetal development
(Figure 5).

In the present study, we have now shown that patients
with epimutations at the GNAS locus, which reduce Gs�

expression from the maternal allele, display enhanced fetal
growth resulting on average in signif-
icantly higher weights and increased
lengths at birth. These changes were
observed in patients who later devel-
oped AD-PHP1B and, to a lesser ex-
tent, in patients later affected by
sporPHP1B. The overgrowth pheno-
typewas indistinguishablyobservedin
both sexes and it occurred equally in
PHP1B patients from North America
and Europe, thus allowing compari-
sons between relatively large cohorts
of these rare diseases.

Our findings were particularly
striking when comparing AD-PHP1B
patients born to healthy carrier moth-
ers to those of PPHP/POH patients
with GNAS mutations in exons E2–
E13 (32), because these two groups re-
vealed differences in birth weights of
almost 4.5 z-scores.

The health status of the mother,
ie, normal regulation of mineral ion
homeostasis (mother with STX16
deletion on the paternal allele), or
hormonal resistance (mother with

Figure 5. Schematic presentation of parent-specific expression of Gs�, A/B, and XL�s and the
effect on growth in healthy controls, and in patients with PPHP caused by mutations in GNAS
exons E2–E13, PHP1A, sporPHP1B due to epigenetic changes without a defined genetic
mutation, or PHP1B due to a maternal STX16 deletion; note that only patients of mothers with
normal mineral ion homeostasis are depicted. Blue � or �, paternal expression; orange �,
maternal expression; nl, normal; solid blue cross, inactivating mutations in paternal GNAS exons
E2–E13; solid red cross, inactivating mutations in GNAS exons 1–13; stippled red cross, lack of
maternal Gs� expression due to LOM at GNAS exon A/B; arrows depict decreased or increased
intrauterine growth.
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STX16 deletion on the maternal allele) seemed to contrib-
ute not only to intrauterine growth of AD-PHP1B pa-
tients, but also of their healthy siblings. This implies that
growth is attenuated not only for AD-PHP1B fetuses, but
also for healthy offspring, of mothers affected by AD-
PHP1B. Whether this negative effect is related to inade-
quate medical treatment and thus persistent maternal ab-
normalities in the PTH-dependent regulation of mineral
ion homeostasis, or to abnormalities in other Gs�-depen-
dent systems of the mother and/or the placenta, remains to
be determined.

In contrast with these findings in AD-PHP1B, new-
borns affected by PHP1A did not seem to be influenced by
the status of the mother, because the latter babies dis-
played birth parameters that were slightly below average,
irrespective whether they were born to mothers affected by
PPHP or PHP1A [Figure 4 and Richard et al (32)]. This
makes it plausible that a factor(s) other than fetal or ma-
ternal Gs� expression is an important contributor to in-
trauterine growth.

Newborns, who later developed AD-PHP1B due to a
STX16 deletion inherited from a healthy carrier mother,
showed the most obvious overgrowth. These mutations
cause a loss of GNAS exon A/B methylation on the ma-
ternal allele leading to biallelic expression of A/B tran-
scripts and little or no Gs� protein in those tissues in which
paternal Gs� expression is silenced. However, newborns
affected by PHP1A, ie, carriers of inactivating mutations
involving the maternal GNAS exons E1–E13, showed no
overgrowth. This raises the possibility that biallelic A/B
expression, as observed in AD-PHP1B patients with
STX16 deletions, contributes importantly to enhanced in-
trauterine growth through as-of-yet unknown regulatory
functions.

Our cases with sporPHP1B, ie, patients with biallelic
expression of A/B as well as XL�s, and AS, yet no expres-
sion of NESP55, showed birth parameters that were only
slightly above the mean of the reference population. Al-
though weight and length were available only for a small
number of healthy siblings, their measurements were in-
distinguishable from those of sporPHP1B patients. Al-
though it will be important to obtain additional data, it
seems unlikely that the birth parameters of unaffected sib-
lings of sporPHP1B patients is influenced by their healthy
mothers.

With the exception of patUPD20q, little is known
about molecular causes of the different epigenetic changes
at the GNAS locus. The differences in birth parameters
observed between newborns, who later developed AD-
PHP1B or sporPHP1B suggests a complex interplay be-
tween the different GNAS-derived transcripts. In fact, the
paternal XL�s and A/B transcripts seem to enhance

growth, whereas others such maternal NESP55 (or per-
haps paternal AS and ALEX) may restrain growth, as sug-
gested by findings in mice with a maternal truncating mu-
tation in exon 1A (�E1A-Tm) that seems to impair Nesp55
expression leading to a small overgrowth phenotype; note
that murine exon 1A is equivalent to human exon A/B (30,
31).

Imprinted genes, such as GNAS, account for only 0.1–
0.5% of the genome but they have a disproportionately
important influence on early mammalian development
(36–38). Their dysregulated expression has been impli-
cated in several diseases, including sporadic, inherited,
and environmentally induced growth disorders, such as
Beckwith-Wiedeman and Angelman syndrome (39–41).
Conflict between maternal and paternal genomes in allo-
cating maternal resources to the developing embryo is be-
lieved to provide one of several possible explanations for
the emergence of imprinting mechanisms during evolu-
tion. According to this hypothesis, genes expressed from
the paternal allele tend to stimulate intrauterine growth
while genes expressed from the maternal allele have the
opposite effect. Consistent with this parental conflict the-
ory, PPHP/POH patients, particularly individuals with pa-
ternal GNAS mutations involving exons E2-E13, show
severe IUGR, whereas patients with AD-PHP1B due to
maternal STX16 deletions and the associated LOM at
GNAS exon A/B alone show enhanced fetal growth.

In conclusion, newborns who later developed AD-
PHP1B due to STX16 deletions inherited from a healthy
carrier mother displayed a significant increase in intra-
uterine growth, which is vastly different from the IUGR
observed in newborns who later developed PPHP/POH
due to paternal mutations affecting GNAS exons E2-E13.
It is conceivable that LOM at GNAS exon A/B and the
resulting biallelic expression of A/B transcripts contrib-
utes to enhanced intrauterine growth, but it remains to be
determined whether this overgrowth phenotype persists
postnatally.
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