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Summary

Prader-Willi syndrome arises as a consequence of absent paternal copies of maternally imprinted genes at 15q11-13.
Such gender-of-origin imprinted genes are expressed in the brain and also in mammalian placenta where paternally
expressed imprinted genes drive foetal nutritional demand. We hypothesise that the PWS phenotype is the result of
the genotype impacting two pathways: first, directly on brain development and secondly, on placental nutritional
pathways that results in its down-regulation and relative foetal starvation. The early PWS phenotype establishes the
basis for the later characteristic phenotype. Hyperphagia. and other phenotypic characteristics arise as a conse-
quence of impaired hypothalamic development. Hypothalamic feeding pathways become set in a state indicative of
starvation, with a high satiety threshold and a dysfunctional neurophysiological state due to incorrect representations
of reward needs, based on inputs that indicate a false requirement for food. Our hypotheses, if confirmed, would lead
to novel and effective interventions.
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Introduction

This Personal View has its origins in an earlier hypothe-
sis paper ‘The Paradox of Prader-Willi syndrome: a
genetic model of starvation”” in which we put forward
two hypotheses. The first highlighted what we saw as a
paradox: Prader-Willi syndrome (PWS), which was at
that time considered to be a syndrome of obesity, we
argued was in fact better conceptualised as a syndrome
with a phenotype consistent with a permanent state of
hunger, with the associated hormonal and behavioural
consequences. The second hypothesis proposed that the
core features of PWS are due to the absence of expres-
sion of a single gene. Both these views were contrary to
widely held views at that time. Since 1956 PWS had
been described as a syndrome of hypotonia, hypogonad-
ism, hyperphagia and obesity (H,0), and considered to
be a contiguous gene syndrome.

The aim of this paper is to explore these ideas further
in light of recent research, and to set out an overarching
testable theory of PWS. Our approach is primarily from
a clinical perspective, seeking to explore underlying
brain mechanisms that might explain the PWS pheno-
type and how such mechanisms might relate to the
PWS genotype. We propose that such clinically-orien-
tated conceptual models can challenge our current
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understanding, lay the foundation for new testable
hypotheses, give direction to new research, and provide
a framework for developing new interventions.

In the preparation of this paper we have relied on
regular systematic literature searches on PWS under-
taken by one of the authors (JW) on behalf of the Clini-
cal and Scientific Advisory Board of the International
PWS Organisation (IPWSO) (https://ipwso.org/infor
mation-for-medical-professionals/research-papers/),
recent published reviews on different aspects of the neu-
ropsychiatric and cognitive phenotype of PWS,> # and
on reviews and focussed searches for research relevant
to the hypotheses put forward. These have included
reviews on foetal nutrition, placental function,’ hypotha-
lamic function and development,® and predictive mod-
els of brain decision-making.”

Background

The concept of PWS as a syndrome of starvation, we
believe, is now widely accepted. We consider below how
this idea of starvation manifests in-utero, but it is clear
that children and adults with PWS have a persistent
desire to eat and are unable to maintain energy homeo-
stasis by limiting energy input closely in line with
energy expenditure. If a person with PWS has free
access to food, hyperphagia becomes apparent. The
degree of this varies between individuals but under
such circumstances people with PWS are unable to
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consistently regulate their food intake and are at risk for
severe obesity. In addition to the above observed behav-
iour, there is evidence at different levels for this state of
‘starvation’: first, informant reports using standardised
assessments, such as the Hyperphagia Questionnaire,®
record that, not only do people with PWS have hyper-
phagia, but they also have other behaviours associated
with hunger, such as food stealing, preoccupation with
food, and eating food normally considered inedible; sec-
ondly, at hormonal level, where, for example, blood lev-
els of the orexigenic hormone, ghrelin, have been
shown to be persistently high as would be expected
when hungry?; and thirdly, at the level of the pattern of
gene expression observed in hypothalamic tissue
obtained from people with PWS at post-mortem."®

With respect to the genetics of PWS, in humans it
has now been established that the maternally imprinted
gene(s), whose absence of expression results in the core
characteristics of PWS, lies in the vicinity of
SNORDI116, a gene cluster encoding small nucleolar
RNAs." These are considered to be orphan C/D box
snoRNAs since they do not target rRNAs or snRNAs.
SNORD116 is highly expressed in the brain, lacks any
significant complementarity with ribosomal RNA, and
changes the expression levels of multiple genes.”” The
proposition that there is a direct relationship between
absent expression of particular maternally imprinted
genes (e.g. Magel2, Necdin, IPW, SNORD116) and spe-
cific phenotypic characteristics remains the predomi-
nant model to date to explain the PWS phenotype.®"’3

PWS as a disorder of brain development

In PWS, unlike many other genetically-determined neu-
rodevelopmental syndromes, primary abnormalities of
organ systems other than the brain are uncommon.
Where they occur, it is as a consequence of downstream
effects, for example, hypotonia leading to an increased
risk of scoliosis, and growth hormone deficiency result-
ing in the physical phenotype.'* Early developmental
delay and impairments in cognitive and intellectual abil-
ities, communication, social cognition, and in general
functioning indicate delayed and atypical brain develop-
ment. In addition, hyperphagia, relative sex and growth
hormone deficiencies of hypothalamic origin, and other
phenotypic characteristics indicate wide-ranging hypo-
thalamic dysfunction. Structural and functional neu-
roimaging has demonstrated a combination of
subcortical and higher order brain structures being
affected. These include those involved in processing
reward, motivation, affect and higher order cognitive
functions, with both anatomical and functional inves-
tigations indicating abnormalities. It appears likely
that in PWS there is aberrant activity across distrib-
uted neural networks of which those involved in the
control of eating behaviour have been the most
extensively investigated.”

The questions are therefore: What are the main driv-
ers of atypical brain development in PWS? Is it solely a
direct consequence of the absence of expression of
maternally imprinted gene(s) located at 15q11-13? Alter-
natively, given that gender-of-origin imprinted genes
may influence foetal nutrition (see below), is atypical
brain development wholly or partly a result of impaired
nutritional transport to the foetus occurring at a critical
time during mid to late gestation when the brain is rap-
idly growing and functional brain networks are differen-
tially vulnerable to nutritional deficiencies?® Whilst
there will be other influences on brain development in
people with PWS, such as the differences between the
size of paternal deletions and the genetic differences
between mUPD and deletions, we put forward the
hypothesis that the above pathways are the primary driv-
ers behind the phenotypic characteristic of PWS, and
that these are shared across genotypes.

In addition to the above, given the fact that those
with PWS due to the presence of a chromosome 15
mUPD have a much higher risk for psychotic illness
compared to those individuals with a chromosome 15
paternal deletion,’® the risk for psychosis cannot be
directly related to the core shared PWS genotype.
Instead it must be what is unique about the genetics of
mUPD that is critical: excess expression of genes of the
opposite imprint located on chromosome 15 (Ube3a,
ATP10). A two-hit model has been proposed,’® with the
common PWS genotype predisposing to an increased
risk for affective instability and affective disorder, and
the additional effects arising with the presence of a
mUPD resulting in the second hit. These two ‘hits’” in
combination result in the high risk of what is an atypical
affective psychotic illness.”

These three different causal pathways are illustrated
in Figure 1, and the two pathways that we hypothesise
give rise to the common PWS phenotypes are described
in more detail below.

Hypothesis 1: atypical brain development in PWS is a
consequence of the direct effects of the PWS genotype and
indirect effects due to down-regulation of placental nutri-
tional pathways.

Brain development is known to be a sequential pro-
cess, which is tightly genetically regulated in humans’
and SnoRNAs are expressed in the developing brain
with distinct patterns of expression of circular and lin-
ear forms.”® Given the absence of expression of the
SnoRNA, SNORD116, and also the impact of this on the
expression of other genes, it seems highly likely that
this is one of the primary drivers for the atypical brain
development seen in PWS, particularly in the cortex
and sub-cortical structures. However, what has to be
explained is the impact on hypothalamic development
and functioning, which is so central to our understand-
ing of much of the PWS phenotype. With specific
regard to the hyperphagia, it has been argued, although
not proven, that this arises as a consequence of the
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Figure 1. The shaded area in the middle and the right of the figure illustrates the clinical manifestations of the proposed aetiological
pathways that result in the early and then the later PWS phenotype. The pathway at the top of the figure is specific to those with the
mUPD or imprinting centre defect form of PWS and, we hypothesis, this results in the increased risk of psychotic illness with age in
this population. The next pathway down illustrates the direct effect of the absence of maternally imprinted gene expression on
brain development and specifically the cortex and subcortical structures. The pathway at the bottom of the figure illustrates the
hypothesised indirect effect of the PWS genotype, primarily on hypothalamic development, because the absence of SNORD116

results in the down regulation of placental nutritional pathways.

*affective instability and the risk of non-psychotic affective disorder common to all PWS genotypes.

HPA: Hypothalamic Pituitary Axis.

absence of expression of two maternally imprinted
genes located at 15qr1-13. First, the lack of expression of
Magel2 leads to dysregulation of the leptin receptor,
and therefore leptin cannot induce a fasting response.
Secondly, the lack of expression of SNORD116 may
result in impaired neuronal development and an imbal-
ance of the hypothalamic feeding mechanisms."
Others have proposed that the PWS genotype results in
a diminished production of hypothalamic effector pepti-
des that moderate energy balance and satiety.® Such
genetic models, however, fail to explain why there is evi-
dence of widespread hypothalamic dysfunction in PWS.

What is particular to PWS is that the gene(s), whose
absence of expression results in PWS, are only
expressed when inherited from the paternal line. Kin-
ship Theory>® proposes that such imprinted genes have
arisen through evolution as a result of differential selec-
tion pressures. Imprinted genes in the foetus expressed
only from the paternal line (patrigenes) drive the
demand for maternal resources ensuring maximum
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nutrition for the foetus, at a cost to the mother both in-
utero and in the infant prior to weaning. Over this
period it is in the father’s interest, in terms of success-
fully passing on his genes, to ensure that maternal
resources are devoted to the growth and survival of the
foetus and infant, albeit at some cost to the mother.
After weaning, it is in the mother’s interest that her off-
spring has a strong drive to seek out food, thereby
reducing demand on her time and enabling her to dis-
tribute her resources across all of her offspring. This
ensures survival of the maximum number of offspring
and it is the optimum strategy for the ensuring the pass-
ing on of the genes of maternal origin. The reduction in
foetal demand for maternal resources in-utero, the
impaired suckling behaviour of infants with PWS, and
the subsequent development of hyperphagia in early
childhood observed in PWS could therefore be a direct
consequence of the absence of paternally derived
genetic influences. The consequences of the absence of
an appropriate balance between the expression of
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imprinted paternally and maternally derived genes is
extreme, as is illustrated by PWS, and places the sur-
vival of the infant at considerable risk.

One potential counter against this theory is that the
switch to hyperphagia should be around the time of
weaning. The median age when hyperphagia is reported
to first develop, according to the stages set out by Miller
et al.,”" is 54 months. This is later than weaning gener-
ally occurs. However, the above figure for the develop-
ment of hyperphagia may be artificially high as a
consequence of early diagnosis and the now careful
management of the feeding of an infant with PWS,
which might mask the onset of hyperphagia. Some sup-
port for an earlier age of onset of hyperphagia comes
from a cross-sectional study of 42 children with PWS
between the ages of seven months and five years. It was
found that BMI was stable between 15 and 30 months,
but by 30 months it had started to increase, as did the
mothers’ ratings of their children’s eating behaviour,
suggesting that hyperphagia develops at this younger
age.””

Regardless of the exact timing of this switch from
hypophagia to hyperphagia, the questions that must be
answered are: How is it that the absence of expression
of a maternal imprinted gene results in both of the
above states at different times in development? How to
explain the other aspects of the PWS, such as relative
sex and growth hormone deficiencies, and the neuro-
psychiatric phenotype?

The early PWS phenotype includes: reduced foetal
movements as a consequence of hypotonia, low weight
for gestational age, increased head to abdominal cir-
cumference, neonatal hypotonia and failure to thrive.*?
With respect to the severe hypotonia and failure to
thrive characteristic of the early PWS phenotype, the
PWS genotype may specifically give rise to impaired
development of the motor cortex and basal ganglia in
the brain. This would result in the absence of centrally
driven motor tone and would explain the hypotonia and
also the inability to suckle normally after birth. Given
advances in neonatal brain imaging,** this could be
readily investigated by comparing structure and func-
tion in different areas of the brain in neonates with
PWS compared to other populations.

With respect to the development of the hypothala-
mus and its networks we hypothesise that the impact of
the PWS genotype may be indirect. Central to this
hypothesis is the relevance of the placenta-foetal axis in
the control of nutrient transfer to the foetus, including
essential fatty acids, amino acids and vitamins,>>5>°
and the role of genes in which one or other allele is
imprinted depending on the gender of parent of origin.
As described earlier this class of genes have evolved to
regulate maternal/foetal resource allocation, with pater-
nally expressed genes favouring greater resource alloca-
tion to the foetus at a cost to the mother, and genes of
the opposite imprint, having the opposite effect and

limiting foetal growth. The placenta responds to differ-
ent genetically-determined signals from the foetus and
moderates the level of nutrition accordingly.?”** Placen-
tation and imprinted genes are believed to have evolved
together, and of the 92 parent-of-origin specific
imprinted genes known in the human genome, 75 are
expressed in the placenta, 27 of which are imprinted
solely in placental tissue. The most studied of these
have been those associated with the maternal-foetal rela-
tionship in foetal nutrition and growth and, in humans,
cases of pre-eclampsia or [UGR.*9 '

In utero and early in life this ‘foetal starvation’ due to
down regulation of the placental foetal pathways partic-
ularly impacts hypothalamic development, the later
stages of which are normally triggered in mice by the
leptin surge post-natally, depending on nutritional sta-
tus,’* and in humans prenatally. One possibility is that
resistance to the leptin surge, consequent upon already
existing delayed hypothalamic development, would fur-
ther impact on the development of the arcuate and other
nuclei of the hypothalamus?® accounting for other hypo-
thalamic related aspects of the PWS phenotype. The
prediction that ensues from this hypothesis is that foetal
‘starvation’ impedes hypothalamic development and in
PWS, as opposed to other genetic obesity syndromes,
there will be small and poorly developed hypothalamic
nuclei and aberrant connectivity to cortical areas that
regulate feelings of fullness and satiety. Support for this
comes from post-mortem observations.**

Although there are some phenotypic differences
between the main genetic types of PWS that are appar-
ent later in life they are similar in terms of the early
characteristics. This indicates that any effects of the
PWS genotypes on foetal nutrition were similar and
determined by the shared core genotype. For example,
in one study of 105 infants with deletion and 62 with
mUPD, the two groups were similar in terms of foetal
characteristics, the only difference observed was that
there was a higher percentage who had had late deliver-
ies in the mUPD group compared to those with a dele-
tion,* although mean gestational ages were similar in
the two groups. In addition, given the higher rates of
atypical births, which have been observed in several
studies, it is possible that this factor might also contrib-
ute to impaired brain development, but in itself it would
not explain the PWS-specific brain related impairments.

Importantly, this foetal starvation hypothesis could
be tested in PWS mouse models and, if the data sup-
ports the hypothesis, high-dose nutritional supplements
could be given to the pregnant mice to determine
whether the early phenotype of the genetically modified
pups could be ameliorated. In humans, levels of key
nutrients could be measured in cord blood taken at birth
in any hypotonic baby and levels determined in those
subsequently shown to have PWS. One potentially
counter-intuitive strategy could be to give additional lep-
tin immediately after birth to the infant with PWS to
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determine whether further hypothalamic development
might result. Below we consider how a combination of
these direct and indirect effects of the genotype on early
development could result in the later PWS phenotype.

Hypothesis 2: PWS can best be conceptualised as a disor-
der of homeostasis consequent upon impaired cerebral repre-
sentations of internal and external environments.

Feelings, such as hunger and fullness, are a con-
scious manifestation of the homeostatic processes that
have evolved to keep body weight within an optimal
range to maintain reproductive fitness.>® As described
above, we propose that hyperphagia and other pheno-
typic characteristics of hypothalamic origin in PWS are
a result of impaired development of the foetal hypothal-
amus due to relative starvation in-utero. Hyperphagia
subsequently becomes apparent in early childhood
because of dysfunctional hypothalamic circuits®” as a
result of impaired hypothalamic development and the
presence of an excessively high threshold for the point
at which conscious experiences shift from ‘hunger’ to
‘fullness’ and a sense of satiation is reached. The hypo-
thalamus is resistant in its response to interoceptive
messages and, as a result, changes in cortical activation
patterns indicating ‘fullness’ do not occur and eating
continues. Our original starvation hypothesis can be
extended to account for the behavioural manifestations
of PWS. These arise as a consequence of the regulatory
systems of the brain being ‘locked’ in this state of
‘starvation’, although the need for food and the physical
lack of nutrition are not the problem. People with PWS
are physiologically and psychologically in what might
be called ‘hunting mode’ as a consequence of the
impaired hypothalamic development, which also results
in relative growth and sex hormone deficiencies of hypo-
thalamic origin, impaired temperature regulation, high
pain threshold, dysautonomia, and an inability to effec-
tively regulate mood and behaviour such that mood
instability and emotional outbursts are common. Whilst
the above phenomena relate primarily to the hypothala-
mus and its projections, atypical brain development
also involves the cortex and sub-cortical structures
resulting in specific impairments of social and general
cognition and a reduced ability to interpret communica-
tion and environmental cues, such as facial expressions.
These impairments contribute to what are likely to be
sub-optimal inputs from the external environment.

One way of conceptualising what is described above
is through the framework of computational Bayesian
models of brain function, decision-making and associ-
ated actions. These are seen as inferential processes in
which prior beliefs are established based on previous
internal and external sensory inputs.” These processes,
combined with a generative predictive model, seek to
interpret the present sensory inputs and ultimately
instigate appropriate behaviours. The application of this
complex and challenging model to PWS is clearly specu-
lative, but two of us as clinicians (AH and KM) consider
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that, in the case of PWS, this way of conceptualising the
issues, based on the above theory, makes sense clinically
and, as described below, helps to re-orientate our think-
ing therapeutically. People with PWS could be consid-
ered as having aberrant prior beliefs, which are a poor
fit for the real internal and external worlds, which then
result in deficits in understanding and in action (behav-
iour). Thus, inferences and actions may be conceptual-
ised as ‘optimal’ but only on the basis of sub-optimal a
priori beliefs. Essentially, the brain has a false represen-
tation of reward needs, which is largely based on an
input that indicates a false need to obtain food and
incomplete representations of the external social world.
The responses are consistent with these incomplete and
false inputs, both from the body and from the senses,
but are sub-optimal when it comes to maintaining
fitness.

How might such a speculative model help therapeu-
tically? First, this way of conceptualising neural func-
tion and decision-making in people with PWS, if
correct, re-orientates thinking towards correcting inputs
rather than seeking to modify outputs (behaviours). It
also provides potential insights into the experiences of
people with PWS, suggesting that they may have to live
their daily lives with a high degree of uncertainty, given
that their perception of the world and their needs and
the responses that follow may be based on false prem-
ises. This might help explain what informants often
describe in people with PWS as episodes of anxiety.
These are common and tend to be situational, such as
at moments of change, and may in turn trigger emo-
tional outbursts. These could be conceptualised as
responses to a perceived threat for which thresholds
may be lower or attentional and interpretational bias
and flexibility altered given they are within this hypoth-
esised ‘hunting mode’. The implication of this is that
the model of care for people with PWS should aim to
compensate for such uncertainty by limiting demand,
increasing predictability in the environment, and opti-
mising understanding. Examples include: the use of
visual support to improve understanding of what will be
happening and when; access to early intervention to
help people with PWS develop a better understanding
of the social world and to acquire more effective coping
strategies; and a consistent approach to food security,
both in terms of access to food to prevent obesity, and
also to provide ‘emotional food security’ — the under-
standing that the appropriate amounts of food will
always be available at the designated time and place.
Secondly, such a model can be tested using neuroimag-
ing and electrophysiological techniques. Examples
include the use of the ACT-R general framework,’®
which seeks to specify how the brain is organised. Such
a framework can be used to interrogate neuroimaging
data to make specific behavioural predictions. Alterna-
tively, methodologies using EEG event-related poten-
tials, such as the auditory Mismatched Negativity or
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P300,% could be modified to determine similarities and
differences in response to novel and familiar stimuli in
people with PWS compared to others with typical or
atypical patterns of development. As the sophistication
of neuroimaging and analytical techniques continue to
develop, it will be increasingly possible to investigate
differences in both inputs and outputs as well as differ-
ences in activation patterns in the networks used under
specific conditions, controlling the inputs and observing
the outputs. Early examples of using neuroimaging to
determine the neural correlates of decision-making by
people with PWS have reported atypical patterns of cor-
tical activation and deactivation when asked to switch
attention*® and similarly when making choices about
food before and after a calorie load.*

Conclusions

In Figure 1 we illustrate the genotype to phenotype path-
ways set out in this paper. The hypotheses are testable
using PWS mouse models and in humans. The implica-
tions, if they are proven to be correct, are significant and
open the door to new therapies. PWS differs from other
causes of intrauterine growth retardation given the com-
plete absence of expression in the foetus of nutrition
promoting gene(s) and the potential additional direct
effects of the absence of expression of such genes on
subsequent intrauterine and early post-natal brain
development. However, PWS may also provide a lens
through which to explore the impact of impairment in
foetal nutrition on intrauterine growth, development and
later cognitive function and behaviours. We seek com-
ment from those experts in the fields of placental func-
tion, foetal development, and in the neurosciences and
encourage the testing of the hypotheses put forward.
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