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Abstract

Mechanistic target of rapamycin (mTOR) is a highly conserved serine/threonine kinase that regulates key cel-

lular processes including cell growth, autophagy and metabolism. Hyperactivation of the mTOR pathway causes

a group of rare and ultrarare genetic diseases. mTOR pathway diseases have diverse clinical manifestations that are
managed by distinct medical disciplines but share a common underlying molecular basis. There is a now a deep
understanding of the molecular underpinning that regulates the mTOR pathway but effective treatments for most
mTOR pathway diseases are lacking. Translating scientific knowledge into clinical applications to benefit the unmet
clinical needs of patients is a major challenge common to many rare diseases. In this article we expound how mTOR
pathway diseases provide an opportunity to coordinate basic and translational disease research across the group,
together with industry, medical research foundations, charities and patient groups, by pooling expertise and driv-
ing progress to benefit patients. We outline the germline and somatic mutations in the mTOR pathway that cause
rare diseases and summarise the prevalence, genetic basis, clinical manifestations, pathophysiology and current
treatments for each disease in this group. We describe the challenges and opportunities for progress in elucidating
the underlying mechanisms, improving diagnosis and prognosis, as well as the development and approval of new
therapies for mTOR pathway diseases. We illustrate the crucial role of patient public involvement and engagement
in rare disease and mTOR pathway disease research. Finally, we explain how the mTOR Pathway Diseases node, part
of the Research Disease Research UK Platform, will address these challenges to improve the understanding, diagnosis
and treatment of mTOR pathway diseases.
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mTOR signalling as an exemplar of the challenges
and opportunities in rare disease research

Affecting fewer than 1 in 2000 individuals [1], rare dis-
eases are individually rare but collectively have a preva-
lence of 3.5-5.9% affecting 263-446 million people
globally and therefore, when considered in aggregate,
place a significant burden on effected individuals, fami-
lies, and healthcare systems [2]. Compared to common
diseases, the small patient populations in rare and ult-
rarare diseases have resulted in both historically mea-
gre public funding for research into the underlying
mechanisms and in ambivalence of industry towards
drug development and pursuing clinical trials; as a con-
sequence, only 5-15% of rare diseases have drug treat-
ments [3]. Although rare disease research has recently
gained momentum, there remain significant barriers to
overcoming the challenges. These barriers stem from the
small patient populations and often complex pathophysi-
ology of rare diseases, even after the causative variant is
identified. Even though patient numbers for individual
conditions are small, the impact on the lives of the peo-
ple with rare diseases and their support networks can be
enormous. 75% of rare diseases affect children and are
fatal before the age of 5 in 30% of children [4]. Progress in
basic and translational research leading to benefits in the
understanding, diagnosis and treatment of rare diseases
will therefore have a huge impact on these patients and
their communities.

The mechanistic target of rapamycin (mTOR) path-
way diseases (Table 1) is a group of rare early-onset,
hard-to-treat genetic diseases with symptoms ranging
from benign tumours in multiple organs to brain mal-
formations causing epilepsy, each of which is managed
in disconnected medical disciplines (Fig. 1). The mTOR
pathway has a multitude of direct and indirect associa-
tions with numerous diseases but we only include dis-
eases caused by mutations in core components of the
mTOR pathway (Fig. 2), regardless of the affected cell
types and organs or symptoms. mTOR pathway diseases
share a common underlying mechanism: hyperactivation
of mTOR complex 1 (mTORC1) activity (Fig. 2). Since
they share common molecular mechanisms and drug
targets, there is an opportunity to improve diagnosis and
outcomes for mTOR pathway diseases by connecting
disjointed populations, basic and translational research
resources with clinical, patient and industry stakeholders.
In this review, we describe mTOR pathway diseases as an
exemplar highlighting the challenges and opportunities

in rare and ultrarare disease research. We set out how
we are tackling these research challenges and exploit-
ing opportunities through the mTOR Pathway Diseases
node [5], part of the National Institute for Health and
Care Research (NIHR)/Medical Research Council (MRC)
Rare Disease Research UK (RDR UK) Platform [6]. Over
5 years, the mTOR Pathway diseases node aims to trans-
form the mechanistic understanding, diagnosis and treat-
ment of mTOR pathway diseases.

mTOR signalling
mTOR is a large (289 kDa), highly conserved serine/thre-
onine protein kinase originally identified in the yeast S.
cerevisiae [7-10]. mTOR regulates critical cellular pro-
cesses such as cell growth, autophagy, lipid synthesis, glu-
cose metabolism, cytoskeletal dynamics and cell survival
(Fig. 2). Given its crucial cellular roles, it is not surpris-
ing that mTOR has also been associated with ageing and
human diseases including metabolic disorders, neurode-
generation and cancer [11, 12].

mTOR acts as the catalytic core of two protein com-
plexes: mTOR complex 1 (mMTORC1) and mTOR complex
2 (mTORC?2). While both complexes exist as homodi-
mers resembling hollow “lozenges”, they are structur-
ally and functionally distinct owing to their accessory
proteins [11, 13, 14]. In addition to mTOR, mTORC1
is composed of regulatory-associated protein of mam-
malian target of rapamycin (Raptor) and mammalian
lethal with SEC13 protein 8 (mLST8) (Fig. 2). Raptor is
a scaffold protein and the defining subunit of the com-
plex that senses stimuli, and recruits’ substrates, thereby
conferring substrate specificity, and directs subcellular
localisation of mTORCI1 [11, 15]. mLST8 stabilises the
interaction of mTOR and Raptor and, while it aids the
activity of the complex, it appears to be non-essential
as shown in mouse knockout models [16, 17]. Raptor
also interacts with an inhibitory subunit of the complex,
proline-rich Akt substrate of 40 kDa (PRAS40) (Fig. 2).
Upon phosphorylation of PRAS40 by AKT, the endog-
enous inhibitor dissociates from mTORC1 and allows
for substrate entry [18]. Similarly, DEP domain-contain-
ing mTOR-interacting protein (DEPTOR) is an endog-
enous inhibitor of the complex (Fig. 2) [19]. In addition,
the drug rapamycin binds to the 12-kDa FK506-binding
protein (FKBP12) and inhibits, albeit only partially [20],
the activity of mTORC1 through interaction with the
FKBP12-rapamycin binding (FRB) domain [13].



Mantoan Ritter et al. Orphanet Journal of Rare Diseases (2025) 20:256 Page 3 of 33
Table 1 mTOR pathway diseases

mTOR pathway Prevalence where Gene Germline vs. somatic  Main affected organs Current treatments
disease known mutations (approved and off-

label)

Activated PI3K delta
syndrome (APDS)/
Activated PI3K delta
syndrome like (APDS-
like)

Birt-Hogg-Dubé syn-
drome (BHD)

Focal Cortical Dysplasia
type IIA/B (FCD IIA/B)
(Epilepsy)
GATORopathies

Hemimegalencephaly/
megalencephaly

PIK3CD/PIK3R1/PTEN

Approx. 1/200,000 FLCN

AKT3, PIK3CA, RHEB,
MTOR, DEPDCS,
TSC1/2, NPRL2, NPRL3

DEPDC5, NPRL2, NPRL3

AKT3, PIK3CA, RHEB,
MTOR, DEPDCS,
TSC1/2, NPRL2, NPRL3

KPTN-related disorder

Lymphangioleiomy-
omatosis (LAM)

KPTN

Approx. 20/1,000,000 TSCI1,TSC2

Peutz-Jeghers Syn- STK11/LKB1

drome (PJS)

Approx. 1/25,000
and 1/300,000

PIK3CA-Related
Overgrowth Spectrum
(PROS)

Pretzel syndrome/
polyhydramnios, mega-
lencephaly and symp-
tomatic epilepsy
syndrome (PMSE)

Proteus Syndrome

PIK3CA

STRADA

Approx. 200 cases AKT1

worldwide

1/200,000-1/250,000
for Cowden syndrome

PTEN Hamartoma PTEN
Tumour Syndrome

(PHTS)

RHEB-associated
neurodevelopmental
disorder

RHEB

Smith-Kingsmore MTOR

Syndrome
TBC1D7-associated
neurodevelopmental
disorder

TBC1D7

Tuberous Sclerosis
Complex (TSC)

Approx. 1/6,000—- TSCI, TSC2

1/10,000

Germline

Germline

Somatic

Germline
Somatic

Germline

Predominately
somatic/some ger-
mline cases

Germline

Predominately
somatic/very rare
germline cases

Germline

Somatic

Germline

Germline

Germline

Germline

Germline, approx. 10%
mosaic

Leukocytes

Skin, lungs, kidneys

Brain

Brain
Brain

Brain

Lung

Gastrointestinal tract,
mucocutaneous
regions

Overgrowth of various
tissues

Brain

Multiple organs

Multiple organs

Brain

Brain

Brain, kidney, lung,
heart, eyes

mTOR inhibitors e.g.
sirolimus; PI3KS inhibi-
tors e.g. leniolisib

N/A

mTOR inhibitors e.g.
everolimus, sirolimus

Hemispherotomy/func-
tional hemispherotomy/
anatomical hemispher-

otomy

mTOR inhibitors e.g.
sirolimus

Surveillance, polypec-
tomy, mTOR inhibitors

mTOR inhibitors e.g.
sirolimus; PI3Ka inhibi-
tors e.g. alpelisib

AKT inhibitors e.g.
miransertib

mTOR inhibitors e.g.
everolimus, sirolimus

mTOR inhibitors e.g.
everolimus, sirolimus

For details see Sect.“Rare genetic diseases caused by germline mutations in mTOR pathway genes”

mTORC2 is defined by the presence of the scaffold
protein rapamycin-insensitive companion of mTOR
(Rictor) that directly interacts with mammalian stress-
activated protein kinase-interacting protein 1 (mSinl)
conferring substrate selectivity [21]. mSin1 bridges Ric-
tor with mLST8 and, unlike with mTORC1, mLST8 is
essential for the activity of mTORC2. This spatial con-
formation appears to prevent the binding of FKBP12,

resulting in the characteristic resistance of mTORC2
to acute rapamycin treatment [22]. In addition, Ric-
tor interacts with protein observed with Rictor-1 and
2 (Protor-1/2). Their biological role is largely elusive,
but evidence suggests that Protor-1 is important for
the phosphorylation of SGK1 (an mTORC2 substrate)
in the kidney [23, 24]. Finally, mTORC2 also interacts
with the endogenous inhibitor DEPTOR. The distinct
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__— Neurology/Genetics
FCDIIA/B

HME

ME

PMSE

PROS

Proteus syndrome

PHTS

Smith Kingsmore syndrome
TSC

Dermatology

BHD

PJS

Proteus syndrome
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Endocrinology
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Fig. 1 The different medical specialities that manage patients with mTOR pathway diseases. APDS: activated PI3K delta syndrome, BHD:
Birt-Hogg-Dubé, FCDIIA/B: focal cortical dysplasia type I1A/B, HME: hemimegalencephaly, LAM: lymphangioleiomyomatosis, ME: megalencephaly,
PMSE: polyhydramnios, megalencephaly and symptomatic epilepsy syndrome, PHTS: PTEN hamartoma tumour syndrome, PJS: Peutz-Jeghers
syndrome, PROS: PIK3CA-related overgrowth spectrum, TSC: tuberous sclerosis complex

composition of mMTORC1 and mTORC2 results in the
involvement and regulation of different cellular pro-
cesses, with mTORC2 mediating cell survival and
cytoskeletal dynamics in response to growth factors
[11, 12].

mTORCI1 is a crossroads for other cellular signalling
pathways. Activity of mTORCI is affected by information
on extra- and intracellular states including amino acids,
growth factors and ATP (Fig. 2) [11]. Many pathways for
sensing and interpretation of these cues ultimately con-
verge onto two distinct signalling axes represented by
the small G proteins ras homolog enriched in the brain
(RHEB) and the family of Rab GTPases, both of which are
activators of mTORC]1 (Fig. 2). Phosphoinositide 3-kinase
(PI3K) and PTEN (phosphatase and tensin homologue)
act downstream of receptor tyrosine kinases to regulate
mTORC1 via RHEB (Fig. 2). The master energy sens-
ing kinase AMPK negatively regulates mTORCI activ-
ity through phosphorylation of Raptor [25] (Fig. 2). The
LKB1-STRAD-MO25 complex acts directly upstream
of AMPK, regulating activity though the kinase activity
of LKB1 towards AMPK [26] (Fig. 2). Sensing the avail-
ability of growth factors and cellular energy results in the
inhibition of the tuberous sclerosis complex (TSC), made
up of TSC1 (hamartin), TSC2 (tuberin) and TBC1D7,
leading to activation of RHEB and mTORCI.

mTORCI activity is also influenced by the presence
of amino acids, independent of the TSC, though the

activity of the GATOR1 complex. GATORI1 is com-
posed of three proteins: DEPDC5, NPRL2 and NPRL3.
DEPDCS5 contains a RagA-binding domain that allows
it to perform its GTPase-activating protein (GAP)
activity on the small GTPase RagA, thereby inactivat-
ing it (Fig. 2) [27]. RagA is a binding partner of RAP-
TOR and, when activated, prevents translocation of
mTORCI to the lysosome where mTORCI1 can be acti-
vated by RHEB. In the presence of amino acids, RagA
inhibition by GATOR1 promotes mTORCI1 activity.
GATORL1 activity depends on three upstream regula-
tors: the methionine sensor SAMTOR, which binds
to and inhibits GATORI in the absence of methio-
nine, the GATOR2 complex and the KICSTOR com-
plex (Fig. 2). The GATOR2 complex, consisting of the
proteins WDR24, MIOS, WDR59, SEH1L and SEC13,
integrates information from the arginine sensor CAS-
TOR1 and leucine sensor Sestrinl/2 [28]. In the pres-
ence of arginine and leucine, CASTORI and Sestrin1/2
lose their ability to bind to and inhibit GATOR2, allow-
ing GATOR?2 to bind and inhibit GATORI1, ultimately
resulting in increased mTORC1 activity (Fig. 2) [29].
The KICSTOR complex, which comprises four proteins:
KPTN, ITFG2, KICS2 (previously C120RF66) and
SZT2, recruits GATOR1 to the lysosomal surface and
is necessary for GATOR1 interaction with its substrates
and thus acts as a negative regulator of mTORCI1 activ-
ity alongside GATOR1 (Fig. 2) [30]. mTORCI activity
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Fig. 2 The mTOR pathway with rare diseases (shown in red) caused by mutations in specific proteins. APDS: activated PI3K delta syndrome, BHD:
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complex

at the lysosome is also regulated by folliculin (FLCN)
which, through its GAP activity towards RagC/D,
recruits mMTORC]1 to the lysosomal surface (Fig. 2) [31].

mTORCI1 acts as a master regulator of cell growth,
proliferation and metabolism by controlling an array
of cellular processes. These include important path-
ways such as protein and lipid synthesis, glycolysis,
autophagy, mitochondrial biogenesis and maintenance
(Fig. 2) [32]. Representative examples of downstream
effectors of mMTORCI and their involvement in specific
cellular pathways are summarised in Table 2. mMTORC1
signalling has wide ranging roles at the tissue, organ
and system level including skeletal muscle and adipose
tissue, the adaptive immune response and nervous sys-
tem development [11, 33-37].

Rare genetic diseases caused by germline
mutations in mTOR pathway genes

Activated PI3Kdelta syndrome

Class I PI3Ks are important upstream effectors of mTOR
signalling. They are heterodimeric proteins consisting
of a catalytic and a regulatory subunit and are classified
according to similarities in structure and function [38,
39]. The regulatory subunit is important for recruitment
of the catalytic subunit to the plasma membrane, its pro-
tection from proteolytic degradation and restraint of
its enzymatic activity. In response to activation of vari-
ous cell surface receptors, class I PI3Ks act upon phos-
phatidylinositol-4,5-bisphosphate  [PI(4,5)P,], adding
another phosphate on the third position of the inositol
ring to generate phosphatidylinositol-3,4,5-trisphosphate
[P1(3,4,5)P5] [40]. PI(3,4,5)P; is a second messenger and
recruits AKT to the cell membrane where AKT can
become fully activated leading to phosphorylation of
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Table 2 Representative examples of downstream effectors of mMTORC1 and their involvement in specific cellular pathways
Downstream effector Cellular pathway Effect of mTORC1 References
activity on cellular
process
4E-BP1 (Eukaryotic translation initiation factor 4E-binding protein  Protein synthesis Activation [311-313]
1)
S6K1 (Ribosomal protein S6 kinase 1) Protein/lipid/nucleotide synthesis Activation [314,315]
MYC (Myelocytomatosis oncogene) Protein synthesis Activation [316]
SREBP (Sterol regulatory element-binding protein) (through Lipid synthesis Activation [317]
inhibition of Lipin-1)
PPARYy (Peroxisome proliferator-activated receptor gamma) Lipid synthesis Activation [318]
ATF4 (Activating transcription factor 4) Nucleotide synthesis Activation [319]
CAD (Carbamoyl-phosphate synthetase 2, aspartate transcarba- ~ Nucleotide synthesis Activation [271]
moylase, dihydroorotase)
HIFTa (Hypoxia inducible factor 1a) Glycolysis Activation [320]
PGC1a (PPARy coactivator 1a) Mitochondrial biogenesis and maintenance Activation [321,322]
ULK1 (Unc-51 Like Autophagy Activating Kinase 1) Autophagy Inhibition [323]
ATG13 (Autophagy Related 13) Autophagy Inhibition [324,325]
UVRAG (UV radiation resistance-associated gene protein) Autophagy Inhibition [326]
TFEB (Transcription Factor EB) Lysosome biogenesis Inhibition [327,328]
TFE3 (Transcription Factor E3) Lysosome biogenesis Inhibition [328]

For details see Sect.“mTOR signalling”

TSC2 and activation of mTORCI1 (Fig. 2). PI3Kdelta is a
catalytic class I PI3K subunit predominantly expressed by
leukocytes and encoded by PI3KCD [38, 40]. Variants in
both this catalytic as well as the p85alpha regulatory sub-
unit have been described to cause inborn errors of immu-
nity (reviewed in [40]). Biallelic loss-of-function variants
in PI3KCD [41-43] and PI3KRI (encoding p85alpha,
which led to severely reduced PI3Kdelta levels) [44]),
cause severe B cell lymphopenia and recurrent infec-
tions, reflecting the importance of PI3K signalling down-
stream of the B cell receptor. Interestingly, heterozygous
activating variants in PI3KCD, are also associated with
hypogammaglobulinemia and frequent airway infections
[45, 46]. Two groups independently described what is
now known as activated PI3Kdelta syndrome (APDS), an
inborn error of the immune system (IEI) characterised
by recurrent sinopulmonary infections, bronchiectasis,
lymphoproliferative disease, increased risk of lymphoma
and immune dysregulation [45, 46]. Heterozygous vari-
ants in PI3KR1 leading to exon skipping and PI3K hyper-
activation produce a very similar clinical phenotype
(APDS2) [47-49]. T cells from patients with APDS show
increased S6 phosphorylation and glucose uptake, key
targets of mTOR signalling [46]. The lymphoproliferation
in patients with APDS shows the best response to mTOR
inhibition by sirolimus [49].

An alternative to mTOR inhibition treatment for APDS
is leniolisib, a specific PI3Kdelta inhibitor repurposed
from oncology that is well tolerated and might target

the immune dysregulatory sequelae of APDS better than
sirolimus [50]. The immunological phenotype of APDS is
correctable by allogeneic haematopoietic stem cell trans-
plant (HSCT) and a recent large cohort study showed
overall survival rates of 86% with no difference between
APDS 1 and 2, donor type or conditioning intensity [51].

PTEN Hamartoma tumour syndrome and APDS-like
immunodeficiency

PTEN is a lipid phosphatase that antagonises PI3K activ-
ity by converting PI(3,4,5)P; and its degradation prod-
uct PI(3,4)P, to PI(4,5)P, and PI(4)P, respectively, in the
cell membrane and thus indirectly inhibiting mTORC1
pathway activity (Fig. 2) [52-55]. PTEN Hamartoma
Tumour Syndrome (PHTS) is an autosomal dominant
tumour predisposition syndrome resulting from whole
exonic deletions, truncating, splicing, missense or pro-
moter mutations with diverse functional effects on PTEN
including haploinsufficiency, lost or reduced phosphatase
activity, dominant-negative and aberrant function and/
or localisation [56—59]. 11-48% of PTEN mutations in
PHTS are de novo [60]. Genotype—phenotype correla-
tions are not robust enough to facilitate personalisa-
tion of prognostic or screening advice [61-63]. PHTS
incorporates historically described clinical syndromes
including Cowden syndrome, Bannayan-Riley-Ruvalcaba
syndrome, PTEN related Proteus syndrome and Pro-
teus like syndrome, with variable expression and age-
related penetrance [64—68]. The prevalence of Cowden
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syndrome has been estimated at 1 in 200,000-250,000
[69], but the prevalence of PHTS is unknown.

Clinical manifestations of PHTS include mucocuta-
neous, vascular, and lipomatous lesions. Malignant and
benign tumours are reported including breast, thyroid,
endometrium, kidney, gastrointestinal polyposis and
Lhermitte-Duclos dysplastic gangliocytoma of the cer-
ebellum (Fig. 3) [70, 71]. Macrocephaly (over 2 standard
deviations (SD) above the mean) is an almost universal
feature of PHTS, averaging around+5 SD in childhood.
The paediatric phenotype includes congenital macro-
cephaly (>2 SD) with or without developmental delay or
intellectual disability, autism spectrum disorder (ASD),
lipomas, a broad spectrum of benign polyps (gangli-
oneuromas, inflammatory polyps), as well as polyps with
malignant potential (serrated, adenomas and juvenile
type hamartomas) [72, 73]. Vascular anomalies occur in
approximately 50% of PHTS patients and are associated
with significant morbidity and mortality [74].

Small cohort studies and case studies have recently
suggested that PHTS patients can manifest an APDS-
like condition (APDS-L) and can present with recurrent
respiratory tract infections, hypogammaglobulinaemia,
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lymphopenia, lymphoproliferation changes in B and T
cell subsets and auto-immune diseases [75-78].

Clinical trials using mTORC1 inhibitors (sirolimus
and everolimus) are reported to be tolerated and have
some efficacy in treating cutaneous and gastrointestinal
features and improving cerebellar function, as well as in
treatment of vascular anomalies [79-81]. Improvement
in some measures, but not reaching primary endpoint
was demonstrated in a 6-month phase II, randomized,
double-blinded, placebo-controlled trial of treatment
with everolimus for neurocognitive symptoms [79]. In
a case study, two breast cancer patients with germline
PTEN mutations showed a dramatic response to mono-
therapy with the AKT inhibitor capivasertib [82]. Inhi-
bition of mTORC1 may also represent an avenue for
chemoprevention in PHTS — a mouse model has shown
rapamycin to delay tumour development [83].

Peutz-Jeghers syndrome

Peutz-Jeghers syndrome (PJS) is an autosomal domi-
nant cancer syndrome with an estimated prevalence of
between 1/25,000 and 1/300,000 [84]. PJS is caused by
germline pathogenic variants in the tumour suppressor

Fig. 3 PHTS clinical manifestations. A Oral mucosal features. Gingival papillomatosis and neuromas may encroach on the dentition and cause
difficulty with dental hygiene. B Papillomatosis of the tongue. C Plantar and palmar keratoses. Some are hyperkeratotic and may resembile viral
verrucous lesions. D Axial T2 MRl image showing abnormal tissue in the left cerebellar hemisphere with the characteristic tigroid appearance
and apparently preserved cerebellar folia of Lhermitte-Duclos Disease. E Segmental overgrowth of left thigh. This presented in adolescence,
with no evidence of the lesion in early childhood. F, G MRl images demonstrating vascular malformation with fast and slow flow elements
infiltrating muscle and fat
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gene STK11/LKB1, with subsequent somatic inactivation
of the wild-type allele then resulting in loss-of-function
of the kinase activity of LKB1 [85-89]. LKB1 is a mas-
ter kinase that activates multiple kinases of the AMPK
subfamily [90], some of which regulate the mTORC1
pathway through phosphorylation of TSC2 and Raptor
(Fig. 2), with mTORCI1 dysregulation likely to be involved
in hamartoma and cancer development [91, 92].

PJS causes characteristic mucocutaneous pigmenta-
tion and intestinal (predominantly small bowel) hamar-
tomatous polyps (Fig. 4) and disease pathophysiology is
not fully established [93]. Dysplasia in polyps is rarely
observed, and it is likely that PJS polyps are not pre-
malignant [94]. Small bowel polyps causing intussus-
ception is the greatest risk in childhood. The cumulative
intussusception risk is estimated at 50—-68% during child-
hood and up to 30% of patients require surgery before
age 10 [95, 96]. In adulthood, in addition to polyp-related
complications, PJS confers an increased risk of cancer.
The data are subject to significant selection bias, but the
overall lifetime risk has been reported to be 55-85% [97—
103], with the most commonly seen malignancies being
breast and pancreatic cancer [94].

Current treatments for PJS include pan-enteric sur-
veillance and polypectomy starting at 8 years of age,
with a view to preventing polyp-related complica-
tions. Elective polypectomy via device-assisted ent-
eroscopy or intraoperative enteroscopy should then
be performed for small-bowel polyps if they are
either >15-20 mm in size, or are symptomatic [104].
Breast surveillance is recommended, but the role of
surveillance for pancreatic and gynaecological cancers
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is not clear [104]. Inhibition of mMTORC1 may represent
an avenue for chemoprevention in PJS—a mouse model
showed rapamycin treatment was sufficient to reduce
polyp burden [105], and a single human report has
demonstrated partial remission in advanced pancreatic
cancer [106].

Polyhydramnios, megalencephaly, and symptomatic
epilepsy syndrome
Polyhydramnios, megalencephaly, and symptomatic epi-
lepsy syndrome (PMSE or Pretzel syndrome) is an ultra-
rare neurodevelopmental disorder caused by variants in
the LYK5/STRADA gene. STE20-related kinase adaptor
a (STRADA) is a pseudokinase that forms a heterotrim-
eric complex with LKB1 and the scaffold protein calcium
binding protein 39 (CAB39, also known as MO25) [107].
STRADA activates LKB1 through an allosteric mecha-
nism leading to phosphorylation of LKB1 (Fig. 2) [26].
PMSE is characterized by severe, infantile-onset
intractable epilepsy, developmental delay, macroceph-
aly, craniofacial dysmorphism and premature mortal-
ity [108]. Homozygous single nucleotide variants and
larger deletions including exons 9-13 in the LYKS5/
STRADA gene are associated with the STRADA phe-
notype. Pre-clinical models are available [109, 110] and
a human cortical organoid model suggested that mega-
lencephaly arises from expansion of neural stem cells in
early corticogenesis and potentially also from increased
outer radial glia at later stages [111]. In a small clinical
study sirolimus treatment reduced seizure frequency in
PMSE patients [109].

Fig. 4 Peutz-Jeghers syndrome polyps. A 42-year-old female PJS patient being treated with ischaemic polypectomy
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Tuberous sclerosis complex

Tuberous Sclerosis Complex (TSC) has an estimated inci-
dence of between around 1 in 6000 and 1 in 13,000 live
births worldwide and across all ethnic groups [112-115].
Inherited in an autosomal dominant manner, approxi-
mately 70% of affected individuals have no family his-
tory of the condition and harbour a de novo pathogenic
variant [116]. TSC is caused by loss-of-function variants
in either of two genes, TSCI or TSC2 [117, 118]. TSC1
and TSC2 form a complex, together with TBC1D7, that
inhibits mMTORCI1 activity through the GAP activity of
TSC2 towards RHEB (Fig. 2) [119]. The mutational spec-
trum in TSC is broad and includes deletions, nonsense
and missense variants. Patients with causative variants
in TSC2 usually present with a more severe phenotype
than those with TSCI variants, characterized by a higher
number of tubers, earlier age at seizure onset and higher
prevalence of intellectual disability [120]. Otherwise, the
clinical phenotypes are highly variable and there is little
genotype/phenotype correlation [121, 122]; the excep-
tion to this being a contiguous deletion on chromosome
16 that encompasses both PKDI and TSC2 resulting in
a compound phenotype of polycystic kidney disease
together with TSC [123]. TSC demonstrates extreme
inter- and intrafamilial variability [122].

TSC is characterised by the development of benign
hamartomas affecting different organs at different stages
of life and including the brain, heart, kidneys, skin and
lungs [116, 124, 125]. The most comprehensive under-
standing of the clinical presentation was obtained from
international patient registry data; and informs best prac-
tice for clinical surveillance and treatment of the complex
co-morbidities of TSC [126].

Antenatally, cardiac rhabdomyomas may be identi-
fied