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Abstract: The phosphatidylinositol 3-kinase (PI3K)/mammalian target of rapamycin (mTOR) signaling
pathway has been implicated as a cancer target. Big pharma players and small companies have been
developing small molecule inhibitors of PI3K and/or mTOR since the 1990s. Although four inhibitors
have been approved, many open questions regarding tolerability, patient selection, sensitivity markers,
development of resistances, and toxicological challenges still need to be addressed. Besides clear
oncological indications, PI3K and mTOR inhibitors have been suggested for treating a plethora
of different diseases. In particular, genetically induced PI3K/mTOR pathway activation causes
rare disorders, known as overgrowth syndromes, like PTEN (phosphatase and tensin homolog)
hamartomas, tuberous sclerosis complex (TSC), phosphatidylinositol-4,5-bisphosphate 3-kinase
catalytic subunit alpha (PIK3CA)-related overgrowth spectrum (PROS), and activated PI3-Kinase
delta syndrome (PI3KCD, APDS). Some of those disorders likeTSC or hemimegalencephaly, which are
one of the PROS disorders, also belong to a group of diseases called mTORopathies. This group of
syndromes presents with additional neurological manifestations associated with epilepsy and other
neuropsychiatric symptoms induced by neuronal mTOR pathway hyperactivation. While PI3K and
mTOR inhibitors have been and still are intensively tested in oncology indications, their use
in genetically defined syndromes and mTORopathies appear to be promising avenues for a
pharmacological intervention.

Keywords: PI3K; mTOR inhibitor; cancer; overgrowth syndrome; mTORopathy; TSC; PROS; APDS;
PTEN hamartoma; brain penetration

1. Introduction

Hyperactivation of the phosphatidylinositol 3-kinase (PI3K)/mammalian target of rapamycin
(mTOR) signaling pathway has been observed in a high percentage of human cancers
inducing growth, survival, and proliferation [1]. PI3K is a lipid kinase that phosphorylates
phosphatidyl-inositol-bisphosphate (PIP2) into PIP3. Its function in health and diseases has been
the focus of research since the late 1980s [2,3]. PI3K/mTOR signaling components have been prime
targets for the development of anti-cancer agents in past years [4,5]. The main targets are the four
isoforms of Class I PI3K, PI3K α, β, γ, and δ, as well as the two mTOR complexes known as mTORC1
and mTORC2. Furthermore, inhibitors of downstream targets like protein kinase B (AKT/PKB) are in
clinical development for oncology indications. In 2014, the first inhibitor of PI3Kδ, idelalisib (Zydelig®,
Gilead Sciences, Foster City, CA, USA) was approved for the treatment of chronic lymphocytic leukemia
(CLL) followed by three novel drug approvals in 2017, 2018, and 2019. The development and use of
PI3K inhibitors in oncology has been reviewed extensively elsewhere [1,6–12].

Gain of function (GOF) mutations have been found in Class I PI3K and downstream enzymes
like AKT and mTOR. Loss of function (LOF) mutations were detected in PTEN and TSC. All of these
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mutations lead to an activation of PI3K/mTOR signaling (Figure 1) [1,13,14]. In the catalytic and
the regulatory subunits of PI3Kα, PI3Kβ, and PI3Kδ, various GOF mutations have been identified,
which lead to diverse human diseases including cancers [4,6,15].
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lifelong suppression of the pathway may diminish or prevent disease symptoms. Currently available 
therapies—if any—include the rapalogs rapamycin or everolimus, which are, although exquisitely 
selective, immune suppressive. Most of the catalytic PI3K and mTOR inhibitors that are used in the 
clinic are not optimized for treating indications that present with CNS symptoms since their 
pharmacokinetic (PK) properties prohibit brain penetration. 
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Figure 1. PI3K/mTOR signaling cascade. Arrows address downstream signaling, which leads to
inhibition or activation of pathway components resulting in growth, survival, and proliferation.
Pathway hyperactivation can be induced by mutations of different genes (marked with a red star)
leading to genetic overgrowth syndromes or mTORopathies.

In recent years, sequencing efforts have linked rare genetic disorders like Tuberous Sclerosis
Complex (TSC) to hyperactivated PI3K/mTOR signaling. Germline mutations or mosaic mutations of
different genes were found in tissue of versatile functions, e.g., in skin, kidney, or brain [15–17]. Mutated
proteins found in genetic disorders are depicted in Figure 1. The spectrum of genetic PI3K/mTOR
pathway associated disorders is broad. Table 1 lists the diseases induced by germline or mosaic
mutations of the genes shown in Figure 1 (https://ghr.nlm.nih.gov). Many indications are associated
with mostly benign tumors or present with overgrowth of organs and body parts including the central
nervous system (CNS) [14,18–20]. Onset is often observed in childhood and a lifelong suppression of the
pathway may diminish or prevent disease symptoms. Currently available therapies—if any—include
the rapalogs rapamycin or everolimus, which are, although exquisitely selective, immune suppressive.
Most of the catalytic PI3K and mTOR inhibitors that are used in the clinic are not optimized for treating
indications that present with CNS symptoms since their pharmacokinetic (PK) properties prohibit
brain penetration.

https://ghr.nlm.nih.gov
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Table 1. Gene mutations of the PI3K/mTOR signaling pathway and associated genetic syndromes.

Mutation Disease

PIK3CA
PROS: Megalencephaly-capillary malformation syndrome, CLOVES syndrome,
hemimegalencephaly, fobroadipose hyperplasia, congenital lipomatous
overgrowth, Klippel-Trenaunay syndrome

PIK3CD Activated phosphoinositide 3-kinase δ syndrome (APDS)

PIK3R1 APDS

PTEN PTEN hamartoma tumor syndrome: Bannayan-Riley-Ruvalcaba syndrome,
Cowden syndrome

mTOR Smith-Kingsmore syndrome, focal cortical dysplasia, hemimegalencephaly

AKT Proteus syndrome,
megalencephaly-polymicrogyria-polydactyly-hydrocephalus, megalencephaly

TSC1/2 Tuberous Sclerosis Complex, focal cortical dysplasia

AMPK Focal cortical malformation

DEPDC5 Familial focal epilepsy with variable foci, familial mesial temporal lobe epilepsy

CCND2 Megalencephaly-polymicrogyria-polydactyly-hydrocephalus

STRADα Polyhydramnios, megalencephaly, symptomatic epilepsy, Pretzel syndrome

LKB1 Peutz-Jeghers syndrome

2. Clinical Development of PI3K and mTOR Inhibitors in Oncology

2.1. Clinical Stage Compounds

Large pharma players and small biotech companies have invested in the development of
inhibitors of PI3K signaling to target cancers. PI3K and mTOR inhibitors as well as inhibitors
of AKT that are currently in clinical development are depicted in Figure 2 and are deposited in
https://www.guidetopharmacology.org/targets.jsp.Int. J. Mol. Sci. 2019, 20, x FOR PEER REVIEW 4 of 16 
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Figure 2. mTOR inhibitors, PI3K inhibitors, dual PI3K/mTOR inhibitors, and AKT inhibitors in clinical
development. Drugs are sorted by the stage of their clinical development (Phase I to market) as well
as by their mode of action inhibiting AKT, mTOR, PI3K, or PI3K and mTOR. Among PI3K targeting
agents, pan-PI3K inhibitors and isoform specific compounds are in clinical development.

While most compounds bind to the ATP-pocket of PI3K and/or mTOR, rapamycin and its analogs
are allosteric inhibitors of mTORC1 targeting protein-substrate phosphorylation (mainly S6K) via FK506
binding protein (FKBP) association [21]. Three allosteric inhibitors of mTORC1, the so called rapalogs
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sirolimus, everolimus, and temsirolimus, have been approved not only in oncology but also as immune
suppressants and for neurological disorders. Everolimus (Novartis, Basel, Switzerland), for example,
is on the market under three trade names: Afinitor® for the treatment of breast cancer, neuroendocrine
tumors, and renal cell cancer, Zortess® (USA)/Certican® (Europe) in combination with cyclosporin
to prevent rejection of organ transplants, and Votubia® for TSC-associated tumors and refractory
epilepsy. In addition, an everolimus-eluting stent has been approved for treating de novo coronary
artery lesions (Promus®, Boston Scientific, Marlborough, MA, USA). In contrast, the ATP-competitive
TOR kinase inhibitors (TORKi), which inhibit both mTOR complexes, mTORC1, and mTORC2, are in
earlier stages of clinical development (Figure 2). CC-223 (Celgene, Summit, NJ, USA), CC-115 (dual
DNA-PK/mTOR inhibitor, Celgene), vistusertib (Astra Zeneca, Cambridge, UK), and sapanisertib
(Takeda, Tokyo, Japan) are in Phase II in oncology indications (www.clinicaltrails.gov) [22–26].

PI3K inhibitors are sub-divided in inhibitors targeting one or two isoforms only and compounds
that are pan-PI3K inhibitors, which are potently binding to all PI3K isoforms. Inhibitors of PI3Kγ and δ

like duvelisib (Verastem, Needham, MA, USA) and idelalisib (Gilead, Foster City, CA, USA) are limited
to administration in patients with cancers of the immune system since these two PI3K isoforms are
expressed in immune cells only [27,28]. The development of dual PI3K/mTOR kinase inhibitors is still
in an earlier stage. Bimiralisib (Piqur, Basel, Switzerland), GDC0084 (Kazia, Barangaroo, Australia),
and LY3023414 (Ely Lilly, Indianapolis, IN, USA) are in Phase 2 clinical development in oncology single
agent and in combination (Figure 2). Dactolisib (BEZ235, RTB-101(ResTORbio, Boston, MA, USA)) has
been evaluated in oncology and is also undergoing clinical testing in respiratory illness [29,30].

A range of AKT inhibitors is in clinical development for various oncology indications. While most
compounds bind to the ATP site of AKT, ARQ-092 (ArQule, Burlington, MA, USA), MK-2206 (Merck
Co., Kenilworth, NJ, USA), and ipatasertib (Roche, Basel, Switzerland) are allosteric inhibitors of
AKT. ARQ-751 (ArQule) is in Phase I clinical development. ARQ-92, MK2206, ipatasertib as well as
capivasertib (Astra Zeneca), uprosertib (GSK, Brentford, UK), and triciribine (Prescient Therapeutics,
South Melbourne, Australia) have made it into Phase II trials in oncology indications (Figure 2).
ARQ-092 is tested in patients with PROS and Proteus Syndrome (NCT03094832).

Besides the compounds listed in Figure 2, efforts are ongoing to target other components
of the PI3K signaling cascade like S6 kinase (S6K), phosphatidylinositol-4-phosphate 3-kinase
C2 domain-containing alpha polypeptide (PIK3C2), and Unc-51-like autophagy activating kinase
(ULK) [31,32].

Most compounds are currently being evaluated in solid and hematological cancers. Some molecules
that cross the blood-brain barrier are being tested in cancers of the CNS like glioma, glioblastoma, or in
brain metastases [33–35].

2.2. Sensitivity Markers and Patient Selection

Even after years of PI3K inhibitor development, no clear sensitivity markers have been found
that would predict better responses in patients. Many screens of cancer cell lines were performed.
While some cell populations showed a higher degree of sensitivity for cell lines carrying PI3K mutations,
other populations did not indicate a clear correlation. Negative predictors have been identified on an
experimental level. Activation of the MAPK pathway via B-Raf proto-oncogene (BRAF) or RAS (RAS
GTPase) mutations are associated with resistance to PI3K inhibition. These mutations might be used as
negative predictors for drug efficacy [36–41]. However, exclusion of patients with tumors that carry
mutations predicting treatment resistance was never translated into clinical testing. Many clinical
trials have been performed with patients that were not carefully selected for a response. More recently,
pre-selection of particular patient groups has become mandatory. For example, LY3023414 is tested
in a Phase 2 study in children with solid tumors, non-Hodgkin’s lymphoma or histiocytic disorders
with TSC or PI3K/mTOR mutations and bimiralisib is under clinical investigation in head and neck
squamous cell carcinoma harboring a NOTCH1 loss of function mutation [42,43]. The recent approval
of alpelisib (Piqray®, Novartis, Basel, Switzerland) for treating hormone responsive breast cancer
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with GOF mutations in PIK3CA shows that patient selection for particular mutations, although not
perfect, may be beneficial. Patients without PI3K mutation had no benefit in progression-free survival
while patients with mutations clearly responded when treated with alpelisib in the Phase 3 SOLAR-1
trial [44].

2.3. Tolerability in the Oncology Setting

Systemic toxicity has been a major hurdle for the development of PI3K inhibitors, which becomes
even more prominent when discussing the treatment of non-oncology indications. To achieve sufficient
efficacy, about 90% of signaling inhibition in the tumor appears to be required. This is occasionally only
achievable at doses that are associated with adverse events [1]. This may, in part, be due to the fact that
GOF mutations in the PI3K/mTOR pathway do not appear to be strong drivers of cancer growth.

The spectrum of adverse events for rapalogs, TORKi, and PI3K inhibitors varies and the
development of many compounds has been stopped due to unacceptable side effects. All approved
molecules have warnings on their label regarding immune suppression including risk of infections or
pneumonitis. Dose-limiting toxicity derived by immune-suppressive action is particularly prominent
for rapalogs. Pneumonitis, stomatitis, and infections are commonly observed [45–47]. Rapalogs have
numerous effects on components of the immune system, as reviewed extensively elsewhere [1,48–50].
In addition, PI3K inhibitors induce hyperglycemia (particularly when inhibiting the PI3K alpha
isoform), rash, and fatigue. Among adverse events reported for buparlisib (BKM120, Novartis,
Basel, Switzerland), a brain penetrant pan-PI3K inhibitor, was a high rate of depression [51–53].
Since buparlisib appears to have an off-target liability with respect to inhibition of microtubule
polymerization, the depression might be related to its disruption of tubulin polymerization in the CNS
rather than to on-target activity on PI3K [54]. There is only limited data available for clinical testing of
TORKi. AZD2014 and CC-223 showed reduced immune suppression compared to rapalogs and were
relatively well tolerated in first oncology trials [23,55].

Most clinical trials with PI3K/mTOR pathway inhibitors have employed daily dosing regimens.
In many patients, dose reduction or treatment interruption was necessary. Scheduling schemes provide
an option to reduce toxicity. In animal models, intermittent dosing led to similar or even increased
efficacy accompanied by a higher level of tumor cells entering apoptosis as observed for copanlisib,
AZD8835, and the TORKi AZD2014 [56–58]. Intermittent dosing schedules are also evaluated in
the clinic, e.g., for copanlisib, bimiralisib, and serabelisib, with the goal to increase target inhibition
while decreasing systemic toxicity. Combination of PI3K or mTOR inhibitors with chemotherapy or
other targeted agents can be particularly challenging since combination partners often induce similar
adverse events.

The therapeutic window for genetic disorders induced by mutations of the PI3K signaling pathway
like TSC or PROS might be larger. In this case, it is not clear to what extent the pathway needs to be
shut down to reach efficacy, but potentially bringing PI3K signaling back to normal may be sufficient.
On the other hand, dose scheduling has not been evaluated in these disorders and it is possible that
continuous pathway inhibition is the best way forward.

3. Clinical Development of PI3K and mTOR Inhibitors in Non-Oncological Indications

The development of PI3K and mTOR inhibitors has concentrated on oncology indications, but some
promising efforts have been taken to further broaden the scope of those molecules to benign overgrowth.

Historically, a broad range of conditions characterized by benign overgrowth of the whole body
or body parts were named overgrowth syndromes. Overgrowth can often be observed in the fetus and
patients affected have an increased risk for developing cancer. Genetic overgrowth syndromes are
a subgroup that is caused by germline or somatic mutations of the PI3K/mTOR signaling pathway
(Figure 1). In patients affected, generalized or segmental overgrowth can be observed sometimes.
This is accompanied by visceromegaly, macrocephaly, or neurological symptoms like autism and
learning deficits [17]. There is some overlap between overgrowth syndromes and mTORopathies.
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mTORopathies are genetic disorders, which are induced by neuronal mutations in the mTOR signaling
cascade that lead to hyperactivation of the pathway. They are characterized by treatment resistant
epilepsy and other neurological alterations. Conditions like TSC can present with overgrowth as well
as CNS manifestations.

3.1. PTENopathies or PTEN Hamartoma Tumor Syndrome

The Phosphatase and Tensin Homolog PTEN is a tumor suppressor and negative regulator
of PI3K function catalyzing the reverse reaction, the dephosphorylation of PIP3 to PIP2. PTEN
loss-of-function mutations are prominent PI3K signaling activators in many tumors [59–61] (Figure 1).
In 1997, Liaw et al. described germline mutations of PTEN in families with Cowden Disease
and Lhermitte-Duclos disease [62]. Today, Cowden Syndrome (CS), Lhermitee-Duclos disease, and
Bannayan-Riley-Ruvalcaba-Syndrom (BRRS) belong to the so-called PTENopathies or PTEN hamartoma
tumor syndromes, which are a spectrum of diseases induced by PTEN loss-of-function mutations.

While patients with CS develop multiple benign or malignant hamartomas in different organs
like thyroid gland, breast, endometrium, and skin and often have a macrocephalus, patients with
BRRS mostly suffer from macrocephalus accompanied by hemangiomas, lipomas, a delay of motoric
development, and mental retardation [17,63]. There is no therapy for PTENopathies at the moment.
Patients undergo constant cancer screening and surgery to remove painful or malignant lesions.
Sirolimus has been tested in patients with Cowden Syndrome (NCT00971789). Everolimus and
two PI3K inhibitors, dactolisib and BGT226, are under investigation in patients with CS or PTEN
hamartoma (NCT02991807, NCT00620594, NCT00600275). Some benefit has been reported for sirolimus
treatment. Since patient cohorts are small, sufficient clinical data is missing to evaluate the success of
the approach [64,65].

3.2. PI3K Related Overgrowth Syndrome (PROS)

PI3K related Overgrowth Syndrome (PROS) comprises several pathological conditions,
which present with segmental overgrowth. The same hotspot mutations found in cancers are
also present in PROS, mostly in the mosaic state: H1047R in the kinase domain as well as E542K and
E545K in the helical domain of the enzyme. In some cases, mutations of AKT1 as well as PTEN have
been described, and more mutational data is being collected using improved sequencing technology
and availability. Despite the high sensitivity of next-generation-sequencing approaches, low a mutant
allele level/degree of mosaicism (sometimes <1%) is still hard or impossible to be detected in patients’
blood. Therefore, overgrown tissue needs to be used for sequencing [17,66–68].

The following segmental overgrowth syndromes are grouped under the term PROS: congenital
lipomatous overgrowth with vascular, epidermal, and skeletal anomalies (CLOVES), megalencephaly
capillary malformation (MCAP), Klippel-Trenaunay syndrome, fibroadipose hyperplasia, Proteus
Syndrome, hypoinsulinaemic hypoglycaemia with hemihypertrophy, and other extremely rare
disorders [17]. PROS are associated with an increased risk of Wilms tumors, but the prevalence
seems low and has not been accurately assessed [69].

Clinically, the spectrum of the disorders correlates with the mutation and the degree of mosaicism.
The severity is highly variable and ranges from localized overgrowth of a digit to life-threatening
overgrowth affecting vessels or critical organs. Manifestation starts at birth and a range of tissues
can be affected including vasculature, lipid tissue, bone, brain, peripheral nerves, liver, and cardiac
muscle [19,70].

Currently, there is no approved targeted therapy for PROS. Patients undergo surgical debulking
and blocking of overgrowth vessels [19]. A limited number of clinical reports has shown proof of
concept for inhibitors of the PI3K/mTOR pathway. For example, single case studies of the use of
rapamycin or AKT inhibitors in proteus syndrome are available [65,71]. PI3K inhibitors can potentially
be used as single agent at a low dose. Alpelisib (BYL719, Piqray®) was tested in 19 patients with
PROS at low doses and improved disease symptoms including vascular tumors, hemihypertrophy,
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and scoliosis [72]. The AKT inhibitor ARQ-092 led to the remission of a cancer in a patient with Proteus
Syndrome carrying an AKT1 mutation, and is currently undergoing clinical evaluation in PROS [73].

3.3. APDS: Activated Phosphoinositide 3-Kinase δ Syndrome

APDS, which is also known as PASLI disease (p110 δ-activating mutation causing senescent T
cells, lymphadenopathy, and immunodeficiency), are combined immunodeficiencies resulting from
GOF mutations in the genes PIK3CD and PIK3R1 encoding the subunits of phosphoinositide 3-kinase δ

(PI3Kδ) and p85α, the regulatory subunit of PI3K [74,75]. Depending on which subunit is mutated,
PIK3CD or PIK3R1, there are two types of APDS termed APDS1 and APDS2, respectively. Both
result in hyperactivation of the PI3K/AKT/mTOR/S6K signaling pathway. Patients with APDS may
develop immunodeficient and immunodysregulatory features including recurrent respiratory tract
infections, bronchiectasis, herpesvirus infections, autoimmunity, non-neoplastic lymphoproliferation,
and lymphoma, as well as neurodevelopmental delay and growth retardation [4,5]. In vitro and in vivo
effects of inhibiting PI3Kδ by APDS with leniolisib (CDZ173), which is a selective PI3Kδ inhibitor,
caused dose-dependent suppression of PI3Kδ pathway hyperactivation [76]. A clinical trial with oral
leniolisib in patients with APDS as well as with Sjoberg diseases led to improve immune regulation
and to a dose-dependent reduction in PI3K/AKT pathway activity [77].

3.4. mTORopathies

Besides its role in metabolism and survival, mTOR has critical functions in brain-specific
mechanisms such as synaptic plasticity, learning, and cortical development. The role of mTORC1
in neurosciences and growth has been described well while the role of mTORC2 is still subject to
discussion [78].

mTORopathies are rare genetic disorders that are induced by neuronal mutations in the
mTOR signaling cascade that lead to hyperactivation of the pathway. They present with mostly
treatment-resistant epileptic seizures. Targeted therapies with catalytic mTOR inhibitors may inhibit
seizures, and positively influence the progression of the disease (epileptogenesis) as well as other
symptoms like behavioral changes, and learning deficits. Among mTORopathies are diseases
that also have a broad spectrum of manifestations including overgrowth of the brain, such as in
hemimegalencephaly or benign tumors, as observed in Tuberous Sclerosis Complex (TSC). It is
unknown how activated neuronal mTOR signaling induces epileptic seizures on a cellular or molecular
level [79–81].

3.4.1. TSC

Tuberous Sclerosis Complex (TSC) comprises a spectrum of diseases ranging from tumor growth in
the brain and in other vital organs (Table 2) to epileptic seizures, behavioral changes, autism, and other
TSC-associated neuropsychiatric disorders (TAND). One in 6000 newborns is affected. mTOR signaling
is upregulated via germline or mosaic mutation of the TSC1 or TSC2 gene (Figure 1). One third of TSC
cases are autosomal dominant inherited while the other two-thirds of cases occur spontaneously.

At present, there is a high medical need since therapy options are sparse. While inhibition of mTOR
signaling by rapalogs has positive effects on behavior, reduces tumor formation, and suppresses seizures
in animal models [82,83], their chronic use is hampered by their immunosuppressive nature. Everolimus,
which originally has been used as an immune suppressant for organ transplants (Certican®/Zortress®,
Novartis, Basel, Switzerland), has been approved for TSC oncology manifestations like renal
angiomyolipoma and subependymal giant cell astrocytoma (SEGA) as Afinitor®. For treating
angiofibroma, the disfiguring skin manifestation of TSC, topical rapamycin is under clinical evaluation
and has been approved in Japan only as Rapalimus gel® (Nobelpharma, Tokyo, Japan) [84,85].

In addition, 90% of TSC patients develop epilepsy, which mostly starts under the age of three.
For TSC epilepsy, standard anti-seizure drugs (ASD) like levetiracetam or vigabatrin are often ineffective
and only treat the disease symptomatically at best [78,86]. Everolimus (as Votubia®) has recently
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also been approved for ASD-refractory partial-onset seizures in TSC patients [46,87,88]. Systemic
exposure of rapalogs are, however, known to lead to immune suppression requiring dose reduction in
the clinic [46,89]. TORKi may overcome these issues and have shown preclinical proof of concept [90].
Current clinical stage compounds lack sufficient penetration over the blood-brain barrier and, therefore,
are not under development for TSC epilepsy, but preclinical candidates with an improved PK profile
may be able to fill this gap [90,91]. TORKi clinical development in the oncology field implies a better
safety profile compared to rapalogs and, therefore, catalytic mTOR kinase inhibitors may be suitable
for TSC oncology indications.

Table 2. Manifestations of TSC. TSC is a spectrum disorder that presents with various symptoms in
each single patient [92,93]. The table lists the incidence of each manifestation.

Organ Manifestation Incidence in TSC Patients

Brain

Epilepsy 90%
SEGA 10–15%

Autism 40%
TAND 90%

Heart Cardiac rhabdomyoma 90% in infants
20% in adults

Eyes Retinal hamartoma 50%

Kidney
Angiomyolipoma 70%

Cysts 35%
Renal cell carcinoma 2–3%

Lung Lymphangioleiomyomatosis (LAM) 30–40% of women

Skin

Angiofibroma 75%
Ungual fibroma 80%

Fibrous cephalic plaques 25%
Shagreen patches 50%

3.4.2. Focal Cortical Malformations (FCMs)

Focal cortical malformations (FCMs) are localized structural defects in the CNS associated with
severe epilepsies, which mostly occur in infancy or childhood. Besides seizures, patients suffer from
impaired cognition and behavior at different degrees [18]. Recent sequencing efforts in the epilepsy field
have linked FCMs to genes regulating the mTOR pathway and, consequently, to local hyperactivation
of PI3K/mTOR signaling in the brain. Therefore, mTOR inhibitors have emerged as a treatment option
for affected patients [16]. Additionally, focal cortical dysplasia (FCD), hemimegalencephaly, Pretzel
syndrome, megalencephaly capillary malformation syndrome, familial focal epilepsy with variable
foci, and megalencephaly-polymicrogyria-polydactyly-hydrocephalus syndrome are linked to the
mTOR pathway via mosaic mutations of various genes including hamartin/tuberin, mTOR, PTEN,
CCND2, DEPDC5, STRADα, AMPK, NPRL3, P85β, or PI3K (Figure 1) and, thus, fall into the category
of mTORopathies [18,79,94–99]. On the other hand, many of the FCMs come with hyperproliferation
of the brain and, therefore, hemimegalencephaly can be listed as an overgrowth syndrome, too.

The prevalence of these rare diseases is often unknown, since no sequencing effort has been
previously undertaken to identify related mutations (https://ghr.nlm.nih.gov). Numbers of patients
appear far bigger than originally predicted considering that 5% to 25% of focal epilepsies, which is
a group of epilepsies that sums up to around 60% of all seizure types, belong to the group of FCD,
and at least 30% of those cases show mutations in the mTOR pathway (www.epilepsy.com) [79,100,101].
Sequencing initiatives are ongoing and will further enlighten the role of the mTOR pathway in FCMs.

So far, treatment is limited to conventional, often ineffective anti-seizure medication, corticosteroids
and risky epilepsy surgery, leaving a high percentage of patients with untreatable disease progression.
Animal models that represent focal and genetic background of the diseases are slowly developing and

https://ghr.nlm.nih.gov
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could help show proof of concept for novel drugs [95,102]. Everolimus is currently undergoing clinical
trials in FCD (NCT03198949 and NCT02451696) facing the same drawbacks described for TSC. No
further clinical trials in FCMs have been listed for TORKi or for other pathway inhibitors.

3.5. Advanced Therapies for Genetic Overgrowth Syndromes and mTORopathies

Although still in an experimental phase, first attempts have been made to test advanced therapies
like targeting microRNAs (miRNA) or viral gene therapy to alter PI3K/mTOR signaling. For example,
inhibition of miRNA-21-5p induced inhibition of PI3K signaling and a decrease in tumor cell growth in
animal models [103]. Virus-mediated hamartin gene therapy led to an improved phenotype in TSC
mice [104], and mTOR has been targeted by siRNA nasally to influence aspergillosis in a mouse model.
mTOR antisense oligonucleotides were shown to decrease polycystic kidney disease in mice [105,106].
Delivery of RNA or viral drugs to the brain via intrathecal injection is clinically feasible for genetic
disorders, as shown for an antisense oligonucleotide tested in patients with spinal muscular atrophy,
and also novel delivery systems like nanoparticles will help to target the CNS [107]. More attempts
towards gene silencing or gene editing can be expected in the area of mTORopathies [108].

4. Conclusions

Thirty years after the discovery of PI3K, the first PI3K inhibitors are on the market for oncology
indications. Rapalogs are approved for indications not only in the oncology space but also as immune
suppressants as well as for use in rare genetic tumors and epilepsy associated with TSC. While genetic
disorders comprising overgrowth and neurological symptoms give a clear rationale for the application
of PI3K/mTOR inhibitors in oncology, the prediction of sensitivity or resistance is still subject to
discussion and evaluation. Many compounds have failed during development due to unacceptable
toxicity. Altered treatment schemes like dose scheduling as well as novel compounds that display
enhanced isoform selectivity may increase the therapeutic window in tumor patients.

Clinical data indicating the efficacy of PI3K or mTOR inhibitors in rare genetic disorders associated
with constitutive PI3K pathway activation is sparse but promising. For the development of compounds
in disorders like PROS and FCD, additional hurdles concerning acceptable tolerability for the use in
children and for a lifelong therapy option along with penetration over the blood-brain-barrier need to
be taken. For PROS, PTEN hamartoma, and mTORopathies, it can be anticipated that efficacious doses
may be lower than in cancer therapy. Bringing the pathway “back to normal” instead of completely
shutting it down may be sufficient, as exemplified by the use of alpelisib in PROS. Following this
assumption, a higher degree of tolerability and a larger therapeutic window can be expected for the
use of kinase inhibitors in this context. Further evaluation of this hypothesis is needed in additional
genetic disorders preclinically and in the clinical setting. The use of rapalogs in TSC and overgrowth
syndromes is limited by its immune suppressive adverse events. First clinical data from TORKi
give hope that this type of compounds can overcome the drawbacks of rapalogs including immune
suppression and feedback activation. Compounds with improved brain penetration are needed for the
use in mTORopathies and formulation efforts that use nanoparticles or simple prodrug strategies may
help address CNS manifestations.
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Abbreviations

ASD Anti-seizure drug
AKT Protein kinase B (PKB)
APDS Activated phosphoinositide 3-kinase δ syndrome
BRRS Bannayan-Riley-Ruvalcaba-Syndrom
CLL Chronic lymphatic leukemia
CLOVES congenital lipomatous overgrowth with vascular, epidermal, and skeletal anomalies
CNS Central nervous system
CS Cowden Syndrome
FCD Focal Cortical Dysplasia
FCM Focal cortical malformation
GOF Gain of Function
GPCR G protein-coupled receptor
LOF Loss of Function
MCAP megalencephaly capillary malformation
mTOR Mammalian target of rapamycin
PI3K Phosphatidyl inositol-3-kinase
PIP2 Phosphatidylinositolbisphosphate
PK Pharmacokinetic
PROS PIK3CA-related overgrowth spectrum
PTEN Phosphatase And Tensin Homolog
RTK Receptor tyrosine kinase
SEGA Subependymal giant cell astrocytoma
TAND TSC-associated neuropsychiatric disorders
TORKi mTOR kinase inhibitor
TSC Tuberous Sclerosis Complex

References

1. Fruman, D.A.; Chiu, H.; Hopkins, B.D.; Bagrodia, S.; Cantley, L.C.; Abraham, R.T. The PI3K Pathway in
Human Disease. Cell 2017, 170, 605–635. [CrossRef] [PubMed]

2. Whitman, M.; Downes, C.P.; Keeler, M.; Keller, T.; Cantley, L. Type I phosphatidylinositol kinase makes
a novel inositol phospholipid, phosphatidylinositol-3-phosphate. Nature 1988, 332, 644–646. [CrossRef]
[PubMed]

3. De Santis, M.C.; Gulluni, F.; Campa, C.C.; Martini, M.; Hirsch, E. Targeting PI3K signaling in cancer:
Challenges and advances. Biochim. Biophys. Acta. Rev. Cancer 2019, 1871, 361–366. [CrossRef] [PubMed]

4. Hillmann, P.; Schmitz, D.; Mestan, J.; D’Alonzo, S.; Fabbro, D. Cancer Biology and the Principles of Targeted
Cancer Drug Discovery. In Comprehensive Medicinal Chemistry III; Elsevier Ltd.: Amsterdam, The Netherlands,
2016; pp. 1–38. [CrossRef]

5. Engelman, J.A. Targeting PI3K signalling in cancer: Opportunities, challenges and limitations. Nat. Rev. Cancer
2009, 9, 550–562. [CrossRef]

6. Fruman, D.A.; Rommel, C. PI3K and cancer: Lessons, challenges and opportunities. Nat. Rev. Drug. Discov.
2014, 13, 140–156. [CrossRef]

7. Vanhaesebroeck, B.; Vogt, P.K.; Rommel, C. PI3K: From the bench to the clinic and back. Curr. Top. Microbiol.
Immunol. 2010, 347, 1–19. [CrossRef]

8. Vogt, P.K.; Hart, J.R.; Gymnopoulos, M.; Jiang, H.; Kang, S.; Bader, A.G.; Zhao, L.; Denley, A.
Phosphatidylinositol 3-kinase: The oncoprotein. Curr. Top. Microbiol. Immunol. 2010, 347, 79–104.
[CrossRef]

9. Laplante, M.; Sabatini, D.M. mTOR signaling in growth control and disease. Cell 2012, 149, 274–293.
[CrossRef]

10. Okkenhaug, K.; Graupera, M.; Vanhaesebroeck, B. Targeting PI3K in Cancer: Impact on Tumor Cells,
Their Protective Stroma, Angiogenesis, and Immunotherapy. Cancer Discov. 2016, 6, 1090–1105. [CrossRef]

http://dx.doi.org/10.1016/j.cell.2017.07.029
http://www.ncbi.nlm.nih.gov/pubmed/28802037
http://dx.doi.org/10.1038/332644a0
http://www.ncbi.nlm.nih.gov/pubmed/2833705
http://dx.doi.org/10.1016/j.bbcan.2019.03.003
http://www.ncbi.nlm.nih.gov/pubmed/30946868
http://dx.doi.org/10.1016/B978-0-12-409547-2.12390-X
http://dx.doi.org/10.1038/nrc2664
http://dx.doi.org/10.1038/nrd4204
http://dx.doi.org/10.1007/82_2010_65
http://dx.doi.org/10.1007/82_2010_80
http://dx.doi.org/10.1016/j.cell.2012.03.017
http://dx.doi.org/10.1158/2159-8290.CD-16-0716


Int. J. Mol. Sci. 2019, 20, 5792 11 of 16

11. Yuan, T.L.; Cantley, L.C. PI3K pathway alterations in cancer: Variations on a theme. Oncogene 2008, 27,
5497–5510. [CrossRef]

12. Papa, A.; Pandolfi, P.P. The PTEN–PI3K Axis in Cancer. Biomolecules 2019, 9, 153. [CrossRef] [PubMed]
13. Mirzaa, G.M.; Campbell, C.D.; Solovieff, N.; Goold, C.; Jansen, L.A.; Menon, S.; Timms, A.E.; Conti, V.;

Biag, J.D.; Adams, C.; et al. Association of MTOR Mutations with Developmental Brain Disorders, Including
Megalencephaly, Focal Cortical Dysplasia, and Pigmentary Mosaicism. JAMA Neurol. 2016, 73, 836–845.
[CrossRef] [PubMed]

14. Nathan, N.; Keppler-Noreuil, K.M.; Biesecker, L.G.; Moss, J.; Darling, T.N. Mosaic Disorders of the
PI3K/PTEN/AKT/TSC/mTORC1 Signaling Pathway. Derm. Clin. 2017, 35, 51–60. [CrossRef] [PubMed]

15. De Santis, M.C.; Sala, V.; Martini, M.; Ferrero, G.B.; Hirsch, E. PI3K Signaling in Tissue Hyper-Proliferation:
From Overgrowth Syndromes to Kidney Cysts. Cancers 2017, 9, 30. [CrossRef] [PubMed]

16. Becker, A.J.; Beck, H. New developments in understanding focal cortical malformations. Curr. Opin. Neurol.
2018, 31, 151–155. [CrossRef] [PubMed]

17. Brioude, F.; Toutain, A.; Giabicani, E.; Cottereau, E.; Cormier-Daire, V.; Netchine, I. Overgrowth
syndromes—Clinical and molecular aspects and tumour risk. Nat. Rev. Endocrinol. 2019, 15, 299–311.
[CrossRef] [PubMed]

18. Marsan, E.; Baulac, S. Review: Mechanistic target of rapamycin (mTOR) pathway, focal cortical dysplasia
and epilepsy. Neuropathol. Appl. Neurobiol. 2018, 44, 6–17. [CrossRef]

19. Madsen, R.R.; Vanhaesebroeck, B.; Semple, R.K. Cancer-Associated PIK3CA Mutations in Overgrowth
Disorders. Trends Mol. Med. 2018, 24, 856–870. [CrossRef] [PubMed]

20. Keppler-Noreuil, K.M.; Parker, V.E.R.; Darling, T.N.; Martinez-Agosto, J.A. Somatic overgrowth disorders of
the PI3K/AKT/mTOR pathway & therapeutic strategies. Am. J. Med. Genetics. Part C Semin. Med. Genet.
2016, 172, 402–421. [CrossRef]

21. Loewith, R.; Jacinto, E.; Wullschleger, S.; Lorberg, A.; Crespo, J.L.; Bonenfant, D.; Oppliger, W.; Jenoe, P.;
Hall, M.N. Two TOR Complexes, Only One of which Is Rapamycin Sensitive, Have Distinct Roles in Cell
Growth Control. Mol. Cell 2002, 10, 457–468. [CrossRef]

22. Tsuji, T.; Sapinoso, L.M.; Tran, T.; Gaffney, B.; Wong, L.; Sankar, S.; Raymon, H.K.; Mortensen, D.S.; Xu, S.
CC-115, a dual inhibitor of mTOR kinase and DNA-PK, blocks DNA damage repair pathways and selectively
inhibits ATM-deficient cell growth in vitro. Oncotarget 2017, 8, 74688–74702. [CrossRef] [PubMed]

23. Bendell, J.C.; Kelley, R.K.; Shih, K.C.; Grabowsky, J.A.; Bergsland, E.; Jones, S.; Martin, T.; Infante, J.R.;
Mischel, P.S.; Matsutani, T.; et al. A phase I dose-escalation study to assess safety, tolerability,
pharmacokinetics, and preliminary efficacy of the dual mTORC1/mTORC2 kinase inhibitor CC-223 in
patients with advanced solid tumors or multiple myeloma. Cancer 2015, 121, 3481–3490. [CrossRef]
[PubMed]

24. Zheng, B.; Mao, J.H.; Qian, L.; Zhu, H.; Gu, D.H.; Pan, X.D.; Yi, F.; Ji, D.M. Pre-clinical evaluation of AZD-2014,
a novel mTORC1/2 dual inhibitor, against renal cell carcinoma. Cancer Lett. 2015, 357, 468–475. [CrossRef]
[PubMed]

25. Basu, B.; Dean, E.; Puglisi, M.; Greystoke, A.; Ong, M.; Burke, W.; Cavallin, M.; Bigley, G.; Womack, C.;
Harrington, E.A.; et al. First-in-Human Pharmacokinetic and Pharmacodynamic Study of the Dual m-TORC
1/2 Inhibitor AZD2014. Clin. Cancer Res. 2015, 21, 3412–3419. [CrossRef] [PubMed]

26. Ghobrial, I.M.; Siegel, D.S.; Vij, R.; Berdeja, J.G.; Richardson, P.G.; Neuwirth, R.; Patel, C.G.; Zohren, F.;
Wolf, J.L. TAK-228 (formerly MLN0128), an investigational oral dual TORC1/2 inhibitor: A phase I dose
escalation study in patients with relapsed or refractory multiple myeloma, non-Hodgkin lymphoma,
or Waldenstrom’s macroglobulinemia. Am. J. Hematol. 2016, 91, 400–405. [CrossRef]

27. Gopal, A.; Kahl, B.S.; de Vos, S.; Wagner-Johnston, N.D.; Schuster, S.J.; Jurczak, W.J.; Flinn, I.W.; Flowers, C.R.;
Martin, P.; Viardot, A.; et al. PI3Kδ Inhibition by Idelalisib in Patients with Relapsed Indolent Lymphoma.
New Engl. J. Med. 2014, 370, 1008–1018. [CrossRef]

28. Frustaci, A.M.; Tedeschi, A.; Deodato, M.; Zamprogna, G.; Cairoli, R.; Montillo, M. Duvelisib: A new
phosphoinositide-3-kinase inhibitor in chronic lymphocytic leukemia. Future Oncol. 2019, 15, 2227–2239.
[CrossRef]

29. Massard, C.; Chi, K.N.; Castellano, D.; de Bono, J.; Gravis, G.; Dirix, L.; Machiels, J.-P.; Mita, A.; Mellado, B.;
Turri, S.; et al. Phase Ib dose-finding study of abiraterone acetate plus buparlisib (BKM120) or dactolisib
(BEZ235) in patients with castration-resistant prostate cancer. Eur. J. Cancer 2017, 76, 36–44. [CrossRef]

http://dx.doi.org/10.1038/onc.2008.245
http://dx.doi.org/10.3390/biom9040153
http://www.ncbi.nlm.nih.gov/pubmed/30999672
http://dx.doi.org/10.1001/jamaneurol.2016.0363
http://www.ncbi.nlm.nih.gov/pubmed/27159400
http://dx.doi.org/10.1016/j.det.2016.07.001
http://www.ncbi.nlm.nih.gov/pubmed/27890237
http://dx.doi.org/10.3390/cancers9040030
http://www.ncbi.nlm.nih.gov/pubmed/28353628
http://dx.doi.org/10.1097/WCO.0000000000000531
http://www.ncbi.nlm.nih.gov/pubmed/29278549
http://dx.doi.org/10.1038/s41574-019-0180-z
http://www.ncbi.nlm.nih.gov/pubmed/30842651
http://dx.doi.org/10.1111/nan.12463
http://dx.doi.org/10.1016/j.molmed.2018.08.003
http://www.ncbi.nlm.nih.gov/pubmed/30197175
http://dx.doi.org/10.1002/ajmg.c.31531
http://dx.doi.org/10.1016/S1097-2765(02)00636-6
http://dx.doi.org/10.18632/oncotarget.20342
http://www.ncbi.nlm.nih.gov/pubmed/29088817
http://dx.doi.org/10.1002/cncr.29422
http://www.ncbi.nlm.nih.gov/pubmed/26177599
http://dx.doi.org/10.1016/j.canlet.2014.11.012
http://www.ncbi.nlm.nih.gov/pubmed/25444920
http://dx.doi.org/10.1158/1078-0432.CCR-14-2422
http://www.ncbi.nlm.nih.gov/pubmed/25805799
http://dx.doi.org/10.1002/ajh.24300
http://dx.doi.org/10.1056/NEJMoa1314583
http://dx.doi.org/10.2217/fon-2018-0881
http://dx.doi.org/10.1016/j.ejca.2017.01.024


Int. J. Mol. Sci. 2019, 20, 5792 12 of 16

30. Netland, I.A.; Førde, H.E.; Sleire, L.; Leiss, L.; Rahman, M.A.; Skeie, B.S.; Gjerde, C.H.; Enger, P.Ø.; Goplen, D.
Dactolisib (NVP-BEZ235) toxicity in murine brain tumour models. BMC Cancer 2016, 16, 657. [CrossRef]

31. Pearce, L.R.; Alton, G.R.; Richter, D.T.; Kath, J.C.; Lingardo, L.; Chapman, J.; Hwang, C.; Alessi, D.R.
Characterization of PF-4708671, a novel and highly specific inhibitor of p70 ribosomal S6 kinase (S6K1).
Biochem. J. 2010, 431, 245–255. [CrossRef]

32. Martin, K.R.; Celano, S.L.; Solitro, A.R.; Gunaydin, H.; Scott, M.; O’Hagan, R.C.; Shumway, S.D.; Fuller, P.;
MacKeigan, J.P. A Potent and Selective ULK1 Inhibitor Suppresses Autophagy and Sensitizes Cancer Cells to
Nutrient Stress. Iscience 2018, 8, 74–84. [CrossRef] [PubMed]

33. Yu, P.; Laird, A.D.; Du, X.; Wu, J.; Won, K.-A.; Yamaguchi, K.; Hsu, P.P.; Qian, F.; Jaeger, C.T.; Zhang, W.;
et al. Characterization of the Activity of the PI3K/mTOR Inhibitor XL765 (SAR245409) in Tumor Models with
Diverse Genetic Alterations Affecting the PI3K Pathway. Mol. Cancer Ther. 2014, 13, 1078–1091. [CrossRef]
[PubMed]

34. Zhao, H.-F.; Wang, J.; Shao, W.; Wu, C.-P.; Chen, Z.-P.; To, S.-S.T.; Li, W.-P. Recent advances in the use of PI3K
inhibitors for glioblastoma multiforme: Current preclinical and clinical development. Mol. Cancer 2017,
16, 100. [CrossRef] [PubMed]

35. Ippen, F.M.; Grosch, J.K.; Subramanian, M.; Kuter, B.M.; Liederer, B.M.; Plise, E.G.; Mora, J.L.; Nayyar, N.;
Schmidt, S.P.; Giobbie-Hurder, A.; et al. Targeting the PI3K/Akt/mTOR pathway with the pan-Akt inhibitor
GDC-0068 in PIK3CA-mutant breast cancer brain metastases. Neuro Oncol. 2019, 21, 1401–1411. [CrossRef]

36. Grabiner, B.C.; Nardi, V.; Birsoy, K.; Possemato, R.; Shen, K.; Sinha, S.; Jordan, A.; Beck, A.H.; Sabatini, D.M.
A diverse array of cancer-associated MTOR mutations are hyperactivating and can predict rapamycin
sensitivity. Cancer Discov. 2014, 4, 554–563. [CrossRef]

37. Hou, G.; Zhao, Q.; Zhang, M.; Fan, T.; Liu, M.; Shi, X.; Ren, Y.; Wang, Y.; Zhou, J.; Lu, Z. Down-regulation of
Rictor enhances cell sensitivity to PI3K inhibitor LY294002 by blocking mTORC2-medicated phosphorylation
of Akt/PRAS40 in esophageal squamous cell carcinoma. Biomed. Pharmacother. 2018, 106, 1348–1356.
[CrossRef]

38. Kwei, K.A.; Baker, J.B.; Pelham, R.J. Modulators of sensitivity and resistance to inhibition of PI3K identified
in a pharmacogenomic screen of the NCI-60 human tumor cell line collection. PLoS ONE 2012, 7, e46518.
[CrossRef]

39. O’Brien, C.; Wallin, J.J.; Sampath, D.; GuhaThakurta, D.; Savage, H.; Punnoose, E.A.; Guan, J.; Berry, L.;
Prior, W.W.; Amler, L.C.; et al. Predictive biomarkers of sensitivity to the phosphatidylinositol 3’ kinase
inhibitor GDC-0941 in breast cancer preclinical models. Clin. Cancer Res. 2010, 16, 3670–3683. [CrossRef]

40. Spoerke, J.M.; O’Brien, C.; Huw, L.; Koeppen, H.; Fridlyand, J.; Brachmann, R.K.; Haverty, P.M.; Pandita, A.;
Mohan, S.; Sampath, D.; et al. Phosphoinositide 3-kinase (PI3K) pathway alterations are associated with
histologic subtypes and are predictive of sensitivity to PI3K inhibitors in lung cancer preclinical models.
Clin. Cancer Res. 2012, 18, 6771–6783. [CrossRef]

41. Torbett, N.E.; Luna-moran, A.; Knight, Z.A.; Houk, A.; Moasser, M.; Weiss, W.; Shokat, K.M.; Stokoe, D.
A chemical screen in diverse breast cancer cell lines reveals genetic enhancers and suppressors of sensitivity
to PI3K isoform-selective inhibition. Biochem. J. 2008, 415, 97–110. [CrossRef]

42. Sambandam, V.; Frederick, M.J.; Shen, L.; Tong, P.; Rao, X.; Peng, S.; Singh, R.; Mazumdar, T.; Huang, C.; Li, Q.;
et al. PDK1 mediates NOTCH1-mutated head and neck squamous carcinoma vulnerability to therapeutic
PI3K/mTOR inhibition. Clin. Cancer Res. 2019, 25, 3329–3340. [CrossRef] [PubMed]

43. Beaufils, F.; Cmiljanovic, N.; Cmiljanovic, V.; Bohnacker, T.; Melone, A.; Marone, R.; Jackson, E.; Zhang, X.;
Sele, A.; Borsari, C.; et al. 5-(4,6-Dimorpholino-1,3,5-triazin-2-yl)-4-(trifluoromethyl)pyridin-2-amine
(PQR309), a Potent, Brain-Penetrant, Orally Bioavailable, Pan-Class I PI3K/mTOR Inhibitor as Clinical
Candidate in Oncology. J. Med. Chem. 2017, 60, 7524–7538. [CrossRef] [PubMed]

44. Andre, F.; Ciruelos, E.; Rubovszky, G.; Campone, M.; Loibl, S.; Rugo, H.S.; Iwata, H.; Conte, P.; Mayer, I.A.;
Kaufman, B.; et al. Alpelisib for PIK3CA-Mutated, Hormone Receptor-Positive Advanced Breast Cancer.
N. Engl. J. Med. 2019, 380, 1929–1940. [CrossRef] [PubMed]

45. Schneider, T.C.; de Wit, D.; Links, T.P.; van Erp, N.P.; van der Hoeven, J.J.M.; Gelderblom, H.; Roozen, I.C.F.M.;
Bos, M.; Corver, W.E.; van Wezel, T.; et al. Everolimus in Patients With Advanced Follicular-Derived Thyroid
Cancer: Results of a Phase II Clinical Trial. J. Clin. Endocrinol. Metab. 2017, 102, 698–707. [CrossRef]
[PubMed]

http://dx.doi.org/10.1186/s12885-016-2712-4
http://dx.doi.org/10.1042/BJ20101024
http://dx.doi.org/10.1016/j.isci.2018.09.012
http://www.ncbi.nlm.nih.gov/pubmed/30292171
http://dx.doi.org/10.1158/1535-7163.MCT-13-0709
http://www.ncbi.nlm.nih.gov/pubmed/24634413
http://dx.doi.org/10.1186/s12943-017-0670-3
http://www.ncbi.nlm.nih.gov/pubmed/28592260
http://dx.doi.org/10.1093/neuonc/noz105
http://dx.doi.org/10.1158/2159-8290.CD-13-0929
http://dx.doi.org/10.1016/j.biopha.2018.07.075
http://dx.doi.org/10.1371/journal.pone.0046518
http://dx.doi.org/10.1158/1078-0432.CCR-09-2828
http://dx.doi.org/10.1158/1078-0432.CCR-12-2347
http://dx.doi.org/10.1042/BJ20080639
http://dx.doi.org/10.1158/1078-0432.CCR-18-3276
http://www.ncbi.nlm.nih.gov/pubmed/30770351
http://dx.doi.org/10.1021/acs.jmedchem.7b00930
http://www.ncbi.nlm.nih.gov/pubmed/28829592
http://dx.doi.org/10.1056/NEJMoa1813904
http://www.ncbi.nlm.nih.gov/pubmed/31091374
http://dx.doi.org/10.1210/jc.2016-2525
http://www.ncbi.nlm.nih.gov/pubmed/27870581


Int. J. Mol. Sci. 2019, 20, 5792 13 of 16

46. French, J.A.; Lawson, J.A.; Yapici, Z.; Ikeda, H.; Polster, T.; Nabbout, R.; Curatolo, P.; de Vries, P.J.; Dlugos, D.J.;
Berkowitz, N.; et al. Adjunctive everolimus therapy for treatment-resistant focal-onset seizures associated
with tuberous sclerosis (EXIST-3): A phase 3, randomised, double-blind, placebo-controlled study. Lancet 2016,
388, 2153–2163. [CrossRef]

47. Benjamin, D.; Colombi, M.; Moroni, C.; Hall, M.N. Rapamycin passes the torch: A new generation of mTOR
inhibitors. Nat. Rev. Drug. Discov. 2011, 10, 868–880. [CrossRef] [PubMed]

48. Jones, R.G.; Pearce, E.J. MenTORing Immunity: mTOR Signaling in the Development and Function of
Tissue-Resident Immune Cells. Immunity 2017, 46, 730–742. [CrossRef]

49. Zeng, H. mTOR signaling in immune cells and its implications for cancer immunotherapy. Cancer Lett. 2017,
408, 182–189. [CrossRef]

50. Dai, H.; Thomson, A.W. The “other” mTOR complex: New insights into mTORC2 immunobiology and their
implications. Am. J. Transplant. 2019, 19, 1614–1621. [CrossRef]

51. Younes, A.; Salles, G.; Martinelli, G.; Bociek, R.G.; Barrigon, D.C.; Barca, E.G.; Turgut, M.; Gerecitano, J.;
Kong, O.; Pisal, C.B.; et al. Pan-phosphatidylinositol 3-kinase inhibition with buparlisib in patients with
relapsed or refractory non-Hodgkin lymphoma. Haematologica 2017, 102, 2104–2112. [CrossRef]

52. Francoise, B.-C.; Emmanuelle, D.; Frederic, I.; Jonathan, L.; Patricia, N.; Johanna, W.; Christine, D.C.;
Sophie, L.; Marc, K.; Antoine, T.; et al. Effect of Buparlisib, a Pan-Class I PI3K Inhibitor, in Refractory
Follicular and Poorly Differentiated Thyroid Cancer. Thyroid 2018, 28, 1174–1179. [CrossRef]

53. Armstrong, A.J.; Halabi, S.; Healy, P.; Alumkal, J.J.; Winters, C.; Kephart, J.; Bitting, R.L.; Hobbs, C.;
Soleau, C.F.; Beer, T.M.; et al. Phase II trial of the PI3 kinase inhibitor buparlisib (BKM-120) with or without
enzalutamide in men with metastatic castration resistant prostate cancer. Eur. J. Cancer 2017, 81, 228–236.
[CrossRef] [PubMed]

54. Bohnacker, T.; Prota, A.E.; Beaufils, F.; Burke, J.E.; Melone, A.; Inglis, A.J.; Rageot, D.; Sele, A.M.;
Cmiljanovic, V.; Cmiljanovic, N.; et al. Deconvolution of Buparlisib’s mechanism of action defines specific
PI3K and tubulin inhibitors for therapeutic intervention. Nat. Commun 2017, 8, 14683. [CrossRef] [PubMed]

55. Powles, T.; Wheater, M.; Din, O.; Geldart, T.; Boleti, E.; Stockdale, A.; Sundar, S.; Robinson, A.; Ahmed, I.;
Wimalasingham, A.; et al. A Randomised Phase 2 Study of AZD2014 Versus Everolimus in Patients with
VEGF-Refractory Metastatic Clear Cell Renal Cancer. Eur. Urol. 2016, 69, 450–456. [CrossRef]

56. Guichard, S.M.; Curwen, J.; Bihani, T.; D’Cruz, C.M.; Yates, J.W.; Grondine, M.; Howard, Z.; Davies, B.R.;
Bigley, G.; Klinowska, T.; et al. AZD2014, an Inhibitor of mTORC1 and mTORC2, Is Highly Effective in
ER+ Breast Cancer When Administered Using Intermittent or Continuous Schedules. Mol. Cancer 2015, 14,
2508–2518. [CrossRef] [PubMed]

57. Liu, N.; Rowley, B.R.; Bull, C.O.; Schneider, C.; Haegebarth, A.; Schatz, C.A.; Fracasso, P.R.; Wilkie, D.P.;
Hentemann, M.; Wilhelm, S.M.; et al. BAY 80-6946 is a highly selective intravenous PI3K inhibitor with
potent p110alpha and p110delta activities in tumor cell lines and xenograft models. Mol. Cancer 2013, 12,
2319–2330. [CrossRef]

58. Hudson, K.; Hancox, U.J.; Trigwell, C.; McEwen, R.; Polanska, U.M.; Nikolaou, M.; Morentin Gutierrez, P.;
Avivar-Valderas, A.; Delpuech, O.; Dudley, P.; et al. Intermittent High-Dose Scheduling of AZD8835, a Novel
Selective Inhibitor of PI3Kα and PI3Kδ, Demonstrates Treatment Strategies for PIK3CA-Dependent Breast
Cancers. Mol. Cancer 2016, 15, 877–889. [CrossRef]

59. Li, J.; Yen, C.; Liaw, D.; Podsypanina, K.; Bose, S.; Wang, S.I.; Puc, J.; Miliaresis, C.; Rodgers, L.; McCombie, R.;
et al. PTEN, a Putative Protein Tyrosine Phosphatase Gene Mutated in Human Brain, Breast, and Prostate
Cancer. Science 1997, 275, 1943–1947. [CrossRef]

60. Rhei, E.; Kang, L.; Bogomolniy, F.; Federici, M.G.; Borgen, P.I.; Boyd, J. Mutation Analysis of the Putative
Tumor Suppressor Gene PTEN/MMAC1 in Primary Breast Carcinomas. Cancer Res. 1997, 57, 3657–3659.

61. Steck, P.A.; Pershouse, M.A.; Jasser, S.A.; Yung, W.K.A.; Lin, H.; Ligon, A.H.; Langford, L.A.; Baumgard, M.L.;
Hattier, T.; Davis, T.; et al. Identification of a candidate tumour suppressor gene, MMAC1, at chromosome
10q23.3 that is mutated in multiple advanced cancers. Nat. Genet. 1997, 15, 356–362. [CrossRef]

62. Liaw, D.; Marsh, D.J.; Li, J.; Dahia, P.L.M.; Wang, S.I.; Zheng, Z.; Bose, S.; Call, K.M.; Tsou, H.C.; Peacoke, M.;
et al. Germline mutations of the PTEN gene in Cowden disease, an inherited breast and thyroid cancer
syndrome. Nat. Genet. 1997, 16, 64–67. [CrossRef] [PubMed]

63. Yehia, L.; Eng, C. 65 YEARS OF THE DOUBLE HELIX: One gene, many endocrine and metabolic syndromes:
PTEN-opathies and precision medicine. Endocr. Relat. Cancer 2018, 25, T121. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/S0140-6736(16)31419-2
http://dx.doi.org/10.1038/nrd3531
http://www.ncbi.nlm.nih.gov/pubmed/22037041
http://dx.doi.org/10.1016/j.immuni.2017.04.028
http://dx.doi.org/10.1016/j.canlet.2017.08.038
http://dx.doi.org/10.1111/ajt.15320
http://dx.doi.org/10.3324/haematol.2017.169656
http://dx.doi.org/10.1089/thy.2017.0663
http://dx.doi.org/10.1016/j.ejca.2017.02.030
http://www.ncbi.nlm.nih.gov/pubmed/28502694
http://dx.doi.org/10.1038/ncomms14683
http://www.ncbi.nlm.nih.gov/pubmed/28276440
http://dx.doi.org/10.1016/j.eururo.2015.08.035
http://dx.doi.org/10.1158/1535-7163.MCT-15-0365
http://www.ncbi.nlm.nih.gov/pubmed/26358751
http://dx.doi.org/10.1158/1535-7163.MCT-12-0993-T
http://dx.doi.org/10.1158/1535-7163.MCT-15-0687
http://dx.doi.org/10.1126/science.275.5308.1943
http://dx.doi.org/10.1038/ng0497-356
http://dx.doi.org/10.1038/ng0597-64
http://www.ncbi.nlm.nih.gov/pubmed/9140396
http://dx.doi.org/10.1530/ERC-18-0162
http://www.ncbi.nlm.nih.gov/pubmed/29792313


Int. J. Mol. Sci. 2019, 20, 5792 14 of 16

64. Komiya, T.; Blumenthal, G.M.; Ballas, M.S.; Dechowdhury, R.; Manu, M.; Fioravanti, S.; Hornyak, T.J.;
Wank, S.; Weinstein, D.; Morris, J.; et al. A pilot study of sirolimus (S) in subjects with Cowden syndrome
(CS) with germ-line mutations in PTEN. J. Clin. Oncol. 2013, 31, 2532. [CrossRef]

65. Agarwal, R.; Liebe, S.; Turski, M.L.; Vidwans, S.J.; Janku, F.; Garrido-Laguna, I.; Munoz, J.; Schwab, R.;
Rodon, J.; Kurzrock, R.; et al. Targeted therapy for genetic cancer syndromes: Von Hippel-Lindau disease,
Cowden syndrome, and Proteus syndrome. Discov. Med. 2015, 19, 109–116. [PubMed]

66. Keppler-Noreuil, K.M.; Sapp, J.C.; Lindhurst, M.J.; Parker, V.E.; Blumhorst, C.; Darling, T.; Tosi, L.L.;
Huson, S.M.; Whitehouse, R.W.; Jakkula, E.; et al. Clinical delineation and natural history of the
PIK3CA-related overgrowth spectrum. Am. J. Med. Genet. A 2014, 164, 1713–1733. [CrossRef]

67. Mirzaa, G.; Timms, A.E.; Conti, V.; Boyle, E.A.; Girisha, K.M.; Martin, B.; Kircher, M.; Olds, C.; Juusola, J.;
Collins, S.; et al. PIK3CA-associated developmental disorders exhibit distinct classes of mutations with
variable expression and tissue distribution. JCI Insight 2016, 1, e87623. [CrossRef]

68. Kuentz, P.; St-Onge, J.; Duffourd, Y.; Courcet, J.B.; Carmignac, V.; Jouan, T.; Sorlin, A.; Abasq-Thomas, C.;
Albuisson, J.; Amiel, J.; et al. Molecular diagnosis of PIK3CA-related overgrowth spectrum (PROS) in 162
patients and recommendations for genetic testing. Genet. Med. 2017, 19, 989–997. [CrossRef]

69. Gripp, K.W.; Baker, L.; Kandula, V.; Conard, K.; Scavina, M.; Napoli, J.A.; Griffin, G.C.; Thacker, M.;
Knox, R.G.; Clark, G.R.; et al. Nephroblastomatosis or Wilms tumor in a fourth patient with a somatic
PIK3CA mutation. Am. J. Med. Genet. A 2016, 170, 2559–2569. [CrossRef]

70. Lindhurst, M.J.; Parker, V.E.; Payne, F.; Sapp, J.C.; Rudge, S.; Harris, J.; Witkowski, A.M.; Zhang, Q.;
Groeneveld, M.P.; Scott, C.E.; et al. Mosaic overgrowth with fibroadipose hyperplasia is caused by somatic
activating mutations in PIK3CA. Nat. Genet. 2012, 44, 928–933. [CrossRef]

71. Munoz, J.; Kurzrock, R. Targeted therapy in rare cancers—Adopting the orphans. Nat. Rev. Clin. Oncol.
2012, 9, 631–642. [CrossRef]

72. Venot, Q.; Blanc, T.; Rabia, S.H.; Berteloot, L.; Ladraa, S.; Duong, J.P.; Blanc, E.; Johnson, S.C.; Hoguin, C.;
Boccara, O.; et al. Targeted therapy in patients with PIK3CA-related overgrowth syndrome. Nature 2018, 558,
540–546. [CrossRef] [PubMed]

73. Leoni, C.; Gullo, G.; Resta, N.; Fagotti, A.; Onesimo, R.; Schwartz, B.; Kazakin, J.; Abbadessa, G.; Crown, J.;
Collins, C.D.; et al. First evidence of a therapeutic effect of miransertib in a teenager with Proteus syndrome
and ovarian carcinoma. Am. J. Med. Genet. Part A 2019, 179, 1319–1324. [CrossRef] [PubMed]

74. Michalovich, D.; Nejentsev, S. Activated PI3 Kinase Delta Syndrome: From Genetics to Therapy.
Front. Immunol. 2018, 9, 369. [CrossRef] [PubMed]

75. Jamee, M.; Moniri, S.; Zaki-Dizaji, M.; Olbrich, P.; Yazdani, R.; Jadidi-Niaragh, F.; Aghamahdi, F.;
Abolhassani, H.; Condliffe, A.M.; Aghamohammadi, A.; et al. Clinical, Immunological, and Genetic Features
in Patients with Activated PI3Kδ Syndrome (APDS): A Systematic Review. Clin. Rev. Allergy Immunol. 2019,
1–11. [CrossRef]

76. Hoegenauer, K.; Soldermann, N.; Zecri, F.; Strang, R.S.; Graveleau, N.; Wolf, R.M.; Cooke, N.G.; Smith, A.B.;
Hollingworth, G.J.; Blanz, J.; et al. Discovery of CDZ173 (Leniolisib), Representing a Structurally Novel Class
of PI3K Delta-Selective Inhibitors. ACS Med. Chem. Lett. 2017, 8, 975–980. [CrossRef]

77. Dörner, T.; Zeher, M.; Laessing, U.; Chaperon, F.; De Buck, S.; Hasselberg, A.; Valentin, M.-A.; Ma, S.;
Cabanski, M.; Kalis, C.; et al. OP0250 A randomised, double-blind study to assess the safety, tolerability and
preliminary efficacy of leniolisib (CDZ173) in patients with primary sjögren’s syndrome. Ann. Rheum. Dis.
2018, 77, 174. [CrossRef]

78. Wong, M. Mammalian target of rapamycin (mTOR) pathways in neurological diseases. Biomed. J. 2013, 36,
40–50. [CrossRef]

79. Jeong, A.; Wong, M. Targeting the Mammalian Target of Rapamycin for Epileptic Encephalopathies and
Malformations of Cortical Development. J. Child Neurol. 2018, 33, 55–63. [CrossRef]

80. European Genome-Phenome Archive. Available online: http://www.ebi.ac.uk/ega/ (accessed on 24 June 2019).
81. Muhlebner, A.; Bongaarts, A.; Sarnat, H.B.; Scholl, T.; Aronica, E. New insights into a spectrum of

developmental malformations related to mTOR dysregulations: Challenges and perspectives. J. Anat. 2019,
235, 521–542. [CrossRef]

82. Zeng, L.H.; Xu, L.; Gutmann, D.H.; Wong, M. Rapamycin prevents epilepsy in a mouse model of tuberous
sclerosis complex. Ann. Neurol. 2008, 63, 444–453. [CrossRef]

http://dx.doi.org/10.1200/jco.2013.31.15_suppl.2532
http://www.ncbi.nlm.nih.gov/pubmed/25725225
http://dx.doi.org/10.1002/ajmg.a.36552
http://dx.doi.org/10.1172/jci.insight.87623
http://dx.doi.org/10.1038/gim.2016.220
http://dx.doi.org/10.1002/ajmg.a.37758
http://dx.doi.org/10.1038/ng.2332
http://dx.doi.org/10.1038/nrclinonc.2012.160
http://dx.doi.org/10.1038/s41586-018-0217-9
http://www.ncbi.nlm.nih.gov/pubmed/29899452
http://dx.doi.org/10.1002/ajmg.a.61160
http://www.ncbi.nlm.nih.gov/pubmed/31058421
http://dx.doi.org/10.3389/fimmu.2018.00369
http://www.ncbi.nlm.nih.gov/pubmed/29535736
http://dx.doi.org/10.1007/s12016-019-08738-9
http://dx.doi.org/10.1021/acsmedchemlett.7b00293
http://dx.doi.org/10.1136/annrheumdis-2018-eular.3111
http://dx.doi.org/10.4103/2319-4170.110365
http://dx.doi.org/10.1177/0883073817696814
http://www.ebi.ac.uk/ega/
http://dx.doi.org/10.1111/joa.12956
http://dx.doi.org/10.1002/ana.21331


Int. J. Mol. Sci. 2019, 20, 5792 15 of 16

83. Ehninger, D.; Han, S.; Shilyansky, C.; Zhou, Y.; Li, W.; Kwiatkowski, D.J.; Ramesh, V.; Silva, A.J. Reversal of
learning deficits in a Tsc2+/−mouse model of tuberous sclerosis. Nat. Med. 2008, 14, 843–848. [CrossRef]
[PubMed]

84. Koenig, M.K.; Bell, C.S.; Hebert, A.A.; Roberson, J.; Samuels, J.A.; Slopis, J.M.; Tate, P.; Northrup, H.;
Collaborators, F.T.T.T. Efficacy and Safety of Topical Rapamycin in Patients With Facial Angiofibromas
Secondary to Tuberous Sclerosis Complex: The TREATMENT Randomized Clinical TrialTopical Rapamycin in
Patients With Facial AngiofibromasTopical Rapamycin in Patients With Facial Angiofibromas. JAMA Dermatol.
2018, 154, 773–780. [CrossRef] [PubMed]

85. Lee, Y.I.; Lee, J.H.; Kim, D.Y.; Chung, K.Y.; Shin, J.U. Comparative Effects of Topical 0.2% Sirolimus for
Angiofibromas in Adults and Pediatric Patients with Tuberous Sclerosis Complex. Dermatology 2018, 234,
13–22. [CrossRef] [PubMed]

86. Franz, D.N.; Krueger, D.A. mTOR inhibitor therapy as a disease modifying therapy for tuberous sclerosis
complex. Am. J. Med. Genet. C Semin. Med. Genet. 2018, 178, 365–373. [CrossRef]

87. Franz, D.N.; Lawson, J.A.; Yapici, Z.; Brandt, C.; Kohrman, M.H.; Wong, M.; Milh, M.; Wiemer-Kruel, A.;
Voi, M.; Coello, N.; et al. Everolimus dosing recommendations for tuberous sclerosis complex-associated
refractory seizures. Epilepsia 2018, 59, 1188–1197. [CrossRef]

88. Krueger, D.A.; Care, M.M.; Holland, K.; Agricola, K.; Tudor, C.; Mangeshkar, P.; Wilson, K.A.; Byars, A.;
Sahmoud, T.; Franz, D.N. Everolimus for subependymal giant-cell astrocytomas in tuberous sclerosis. N. Engl.
J. Med. 2010, 363, 1801–1811. [CrossRef]

89. Krueger, D.A.; Wilfong, A.A.; Holland-Bouley, K.; Anderson, A.E.; Agricola, K.; Tudor, C.; Mays, M.;
Lopez, C.M.; Kim, M.O.; Franz, D.N. Everolimus treatment of refractory epilepsy in tuberous sclerosis
complex. Ann. Neurol. 2013, 74, 679–687. [CrossRef]

90. Rageot, D.; Bohnacker, T.; Melone, A.; Langlois, J.B.; Borsari, C.; Hillmann, P.; Sele, A.M.;
Beaufils, F.; Zvelebil, M.; Hebeisen, P.; et al. Discovery and Preclinical Characterization
of 5-[4,6-Bis({3-oxa-8-azabicyclo[3.2.1]octan-8-yl})-1,3,5-triazin-2-yl]-4-(difluoro methyl)pyridin-2-amine
(PQR620), a Highly Potent and Selective mTORC1/2 Inhibitor for Cancer and Neurological Disorders.
J. Med. Chem. 2018, 61, 10084–10150. [CrossRef]

91. Brandt, C.; Hillmann, P.; Noack, A.; Romermann, K.; Ohler, L.A.; Rageot, D.; Beaufils, F.; Melone, A.;
Sele, A.M.; Wymann, M.P.; et al. The novel, catalytic mTORC1/2 inhibitor PQR620 and the PI3K/mTORC1/2
inhibitor PQR530 effectively cross the blood-brain barrier and increase seizure threshold in a mouse model
of chronic epilepsy. Neuropharmacology 2018, 140, 107–120. [CrossRef]

92. Henske, E.P.; Jozwiak, S.; Kingswood, J.C.; Sampson, J.R.; Thiele, E.A. Tuberous sclerosis complex. Nat. Rev.
Dis. Primers 2016, 2, 16035. [CrossRef]

93. Neuman, N.A.; Henske, E.P. Non-canonical functions of the tuberous sclerosis complex-Rheb signalling axis.
EMBO Mol. Med. 2011, 3, 189–200. [CrossRef] [PubMed]

94. Poduri, A.; Evrony, G.D.; Cai, X.; Elhosary, P.C.; Beroukhim, R.; Lehtinen, M.K.; Hills, L.B.; Heinzen, E.L.;
Hill, A.; Hill, R.S.; et al. Somatic activation of AKT3 causes hemispheric developmental brain malformations.
Neuron 2012, 74, 41–48. [CrossRef] [PubMed]

95. Lim, J.S.; Gopalappa, R.; Kim, S.H.; Ramakrishna, S.; Lee, M.; Kim, W.I.; Kim, J.; Park, S.M.; Lee, J.; Oh, J.H.;
et al. Somatic Mutations in TSC1 and TSC2 Cause Focal Cortical Dysplasia. Am. J. Hum. Genet. 2017, 100,
454–472. [CrossRef] [PubMed]

96. Lim, J.S.; Lee, J.H. Brain somatic mutations in MTOR leading to focal cortical dysplasia. BMB Rep. 2016, 49,
71–72. [CrossRef] [PubMed]

97. Scerri, T.; Riseley, J.R.; Gillies, G.; Pope, K.; Burgess, R.; Mandelstam, S.A.; Dibbens, L.; Chow, C.W.;
Maixner, W.; Harvey, A.S.; et al. Familial cortical dysplasia type IIA caused by a germline mutation in
DEPDC5. Ann. Clin. Transl. Neurol. 2015, 2, 575–580. [CrossRef] [PubMed]

98. Conti, V.; Pantaleo, M.; Barba, C.; Baroni, G.; Mei, D.; Buccoliero, A.M.; Giglio, S.; Giordano, F.; Baek, S.T.;
Gleeson, J.G.; et al. Focal dysplasia of the cerebral cortex and infantile spasms associated with somatic
1q21.1-q44 duplication including the AKT3 gene. Clin. Genet. 2015, 88, 241–247. [CrossRef] [PubMed]

99. Sim, J.C.; Scerri, T.; Fanjul-Fernandez, M.; Riseley, J.R.; Gillies, G.; Pope, K.; van Roozendaal, H.; Heng, J.I.;
Mandelstam, S.A.; McGillivray, G.; et al. Familial cortical dysplasia caused by mutation in the mammalian
target of rapamycin regulator NPRL3. Ann. Neurol. 2016, 79, 132–137. [CrossRef]

http://dx.doi.org/10.1038/nm1788
http://www.ncbi.nlm.nih.gov/pubmed/18568033
http://dx.doi.org/10.1001/jamadermatol.2018.0464
http://www.ncbi.nlm.nih.gov/pubmed/29800048
http://dx.doi.org/10.1159/000489089
http://www.ncbi.nlm.nih.gov/pubmed/29925060
http://dx.doi.org/10.1002/ajmg.c.31655
http://dx.doi.org/10.1111/epi.14085
http://dx.doi.org/10.1056/NEJMoa1001671
http://dx.doi.org/10.1002/ana.23960
http://dx.doi.org/10.1021/acs.jmedchem.8b01262
http://dx.doi.org/10.1016/j.neuropharm.2018.08.002
http://dx.doi.org/10.1038/nrdp.2016.35
http://dx.doi.org/10.1002/emmm.201100131
http://www.ncbi.nlm.nih.gov/pubmed/21412983
http://dx.doi.org/10.1016/j.neuron.2012.03.010
http://www.ncbi.nlm.nih.gov/pubmed/22500628
http://dx.doi.org/10.1016/j.ajhg.2017.01.030
http://www.ncbi.nlm.nih.gov/pubmed/28215400
http://dx.doi.org/10.5483/BMBRep.2016.49.2.010
http://www.ncbi.nlm.nih.gov/pubmed/26779999
http://dx.doi.org/10.1002/acn3.191
http://www.ncbi.nlm.nih.gov/pubmed/26000329
http://dx.doi.org/10.1111/cge.12476
http://www.ncbi.nlm.nih.gov/pubmed/25091978
http://dx.doi.org/10.1002/ana.24502


Int. J. Mol. Sci. 2019, 20, 5792 16 of 16

100. Tassi, L.; Colombo, N.; Garbelli, R.; Francione, S.; Lo Russo, G.; Mai, R.; Cardinale, F.; Cossu, M.; Ferrario, A.;
Galli, C.; et al. Focal cortical dysplasia: Neuropathological subtypes, EEG, neuroimaging and surgical
outcome. Brain 2002, 125, 1719–1732. [CrossRef]

101. Camfield, P.; Camfield, C. Incidence, prevalence and aetiology of seizures and epilepsy in children.
Epileptic. Disord. 2015, 17, 117–123. [CrossRef]

102. Hsieh, L.S.; Wen, J.H.; Claycomb, K.; Huang, Y.; Harrsch, F.A.; Naegele, J.R.; Hyder, F.; Buchanan, G.F.;
Bordey, A. Convulsive seizures from experimental focal cortical dysplasia occur independently of cell
misplacement. Nat. Commun. 2016, 7, 11753. [CrossRef]

103. Liu, C.; Tong, Z.; Tan, J.; Xin, Z.; Wang, Z.; Tian, L. MicroRNA-21-5p targeting PDCD4 suppresses apoptosis
via regulating the PI3K/AKT/FOXO1 signaling pathway in tongue squamous cell carcinoma. Exp. Med. 2019,
18, 3543–3551. [CrossRef] [PubMed]

104. Prabhakar, S.; Zhang, X.; Goto, J.; Han, S.; Lai, C.; Bronson, R.; Sena-Esteves, M.; Ramesh, V.;
Stemmer-Rachamimov, A.; Kwiatkowski, D.J.; et al. Survival benefit and phenotypic improvement by
hamartin gene therapy in a tuberous sclerosis mouse brain model. Neurobiol. Dis. 2015, 82, 22–31. [CrossRef]
[PubMed]

105. Ravichandran, K.; Zafar, I.; He, Z.; Doctor, R.B.; Moldovan, R.; Mullick, A.E.; Edelstein, C.L. An mTOR
anti-sense oligonucleotide decreases polycystic kidney disease in mice with a targeted mutation in Pkd2.
Hum. Mol. Genet. 2014, 23, 4919–4931. [CrossRef] [PubMed]

106. Bonifazi, P.; D’Angelo, C.; Zagarella, S.; Zelante, T.; Bozza, S.; De Luca, A.; Giovannini, G.; Moretti, S.;
Iannitti, R.G.; Fallarino, F.; et al. Intranasally delivered siRNA targeting PI3K/Akt/mTOR inflammatory
pathways protects from aspergillosis. Mucosal Immunol. 2010, 3, 193–205. [CrossRef] [PubMed]

107. Zeiadeh, I.; Najjar, A.; Karaman, R. Strategies for Enhancing the Permeation of CNS-Active Drugs through
the Blood-Brain Barrier: A Review. Molecules 2018, 23, 1289. [CrossRef]

108. Finkel, R.S.; Mercuri, E.; Darras, B.T.; Connolly, A.M.; Kuntz, N.L.; Kirschner, J.; Chiriboga, C.A.; Saito, K.;
Servais, L.; Tizzano, E.; et al. Nusinersen versus Sham Control in Infantile-Onset Spinal Muscular Atrophy.
N. Engl. J. Med. 2017, 377, 1723–1732. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1093/brain/awf175
http://dx.doi.org/10.1684/epd.2015.0736
http://dx.doi.org/10.1038/ncomms11753
http://dx.doi.org/10.3892/etm.2019.7970
http://www.ncbi.nlm.nih.gov/pubmed/31602231
http://dx.doi.org/10.1016/j.nbd.2015.04.018
http://www.ncbi.nlm.nih.gov/pubmed/26019056
http://dx.doi.org/10.1093/hmg/ddu208
http://www.ncbi.nlm.nih.gov/pubmed/24847003
http://dx.doi.org/10.1038/mi.2009.130
http://www.ncbi.nlm.nih.gov/pubmed/19924119
http://dx.doi.org/10.3390/molecules23061289
http://dx.doi.org/10.1056/NEJMoa1702752
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Clinical Development of PI3K and mTOR Inhibitors in Oncology 
	Clinical Stage Compounds 
	Sensitivity Markers and Patient Selection 
	Tolerability in the Oncology Setting 

	Clinical Development of PI3K and mTOR Inhibitors in Non-Oncological Indications 
	PTENopathies or PTEN Hamartoma Tumor Syndrome 
	PI3K Related Overgrowth Syndrome (PROS) 
	APDS: Activated Phosphoinositide 3-Kinase  Syndrome 
	mTORopathies 
	TSC 
	Focal Cortical Malformations (FCMs) 

	Advanced Therapies for Genetic Overgrowth Syndromes and mTORopathies 

	Conclusions 
	References

