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Malformations of cortical development (MCD) including focal

cortical dysplasias (FCD) and hemimegalencephaly (HME) are

common causes of pediatric epilepsy. Viewed as neuropatho-

logical oddities in the first reports,1 recurrent detection of MCD

in epilepsy surgery specimens through the 1980s and 1990s

plus improved neuroimaging techniques and then fetal brain

imaging presented MCD as a true challenge for investigative

research into developmental pathogenesis, establishment of the

epileptic circuit, and of course, actionable mechanisms for new

seizure therapies. Malformations of cortical development

moved conceptually from pathological curiosities to causative

lesions around which clinical strategies for epilepsy surgical

approaches were constructed.

In 2003, I provided commentary2 on an interesting paper3

that defined a role for astrocytes in epileptogenesis in tuberous

sclerosis complex (TSC), a genetic or sporadic disorder caused

by mutations in TSC1 or TSC2, and characterized histopatho-

logically by MCD (“tubers”) histologically similar to FCD type

2A or 2B (FCD2). Here, a conditional Cre-LoxP knockout of

Tsc1 under human glial fibrillary acidic protein (GFAP) pro-

moter control led to brain enlargement, astrogliosis, an abnor-

mally shaped hippocampus, and recurrent spontaneous seizures

by 4 weeks of age in mice. Interestingly, in 2001 and 2002,

TSC1 and TSC2 were shown to canonically modulate the ser-

ine–threonine kinase mechanistic target of rapamycin (mTOR),

within the insulin growth factor (IGF) signaling pathway.4

Although Uhlmann et al did not address mTOR in their paper,

it seemed logical that the changes in brain structure and func-

tion they reported could be linked to mTOR signaling.

mTORopathies and MCD

In 2004, my laboratory hypothesized that since TSC1 and TSC2

mutations appeared to be “loss-of-function” causing constitu-

tive hyperactivation of mTOR kinase, human TSC MCD tissue

specimens should exhibit mTOR hyperactivation. We also pos-

tulated that since FCD2 histopathology was similar, though not

identical, to tubers in TSC, mTOR activation would be

observed in FCD2; at this time, no genes had been linked with

FCD and specifically, TSC1 or TSC2 mutations had not been

identified in FCD patients. We and others found robust hyper-

phosphorylation of the mTOR pathway substrate ribosomal S6

protein (P-S6) in tubers and FCD2 specimens, demonstrating

for the first time that mTOR activation was central to TSC and

FCD2 pathogenesis in human brain.5,6 These observations were

extended to human HME specimens,7,8 thus linking mTOR

with TSC, FCD2, and HME.

Understanding mTOR activation in MCD was greatly aided

by TSC mouse models, for example, the Tsc1GFAP-cre strain,

that assessed how loss of Tsc1 or Tsc2 led to changes in brain

structure and seizures. Germline knockout of Tsc1 or Tsc2 was

lethal and so conditional knockout strains were generated under

various cell-specific promoters, that is, GFAP (astrocytes),

synapsin (neurons),9 and nestin (neuroglial progenitor cells).

Although these animals did not exhibit classic histological

features of tubers and FCD2, that is, focal collections of

balloon cells or cytomegalic dysmorphic neurons, they showed

glial proliferation, neuronal enlargement, ectopic neurons,

increased brain size, and variably, seizures. A unifying feature

of all models was the presence of abnormally high numbers of

P-S6 labeled cells suggesting a causal relationship between

gene knockout and mTOR activation, and the observation that

histological abnormalities and seizures could be prevented with

mTOR inhibitors (mTORi) prompting aspirational clinical

plans with mTORi.

Conceptualization of mTORopathies

An association between PTEN variants, macrocephaly, and

autism had been recognized in both human linkage studies and

mouse Pten models which showed cellular hypertrophy, altered

laminar structure, enlarged brain size, and in some reports,

spontaneous seizures.10 PTEN is an inhibitory regulator of

PI3Kinase (PI3K) upstream of AKT and mTOR. In my view
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at the time, PTEN provided evidence and a theoretical frame-

work that other gene variants in the mTOR pathway could

confer phenotypic features similar to TSC1/TSC2. Then, in

2007, a new rare epilepsy syndrome (“Pretzel Syndrome”) was

identified among the Old Order Mennonites, characterized by

megalencephaly and histological features similar to FCD2 with

mTOR hyperactivation, and linked to mutations in STRADA, a

modulator of mTOR via AMPK in a non-canonical arm of the

mTOR pathway.11 Pretzel syndrome was pivotal to conceptua-

lizing mTOR-associated MCD as it demonstrated yet another

mTOR pathway gene (MPG) with TSC1, TSC2, and PTEN caus-

ing abnormal brain structure and seizures. Evaluating published

MCD human tissue studies and MCD mouse models linked to

enhanced mTOR signaling, in 2009, we proposed that TSC,

FCD2, HME, and some forms of megalencephaly, represented

a spectrum of MCD mechanistically linked to mTOR hyperacti-

vation via MPG mutations occurring within progenitor cells

during brain development, which we named “mTORopathies.”12

A key gap in knowledge however was what genes caused mTOR

activation in these MCD subtypes.

Genomics Revolution

In 2011, there began a rapid-fire series of remarkable break-

through studies that elucidated the molecular pathogenesis of

mTORopathies. First, HME was linked to activating mutations

in the brain-specific AKT3 isoform13 and then PI3K,14 both

culminating in mTOR hyperactivation. A seminal finding15,16

was identification of somatic activating MTOR mutations in

human FCD2 specimens. Both cell culture and mouse models

of MTOR variants demonstrated changes in cell morphology

and abnormal neuronal firing as pathogenic underpinnings for

FCD2 and mTORopathies.

A pivotal observation that changed our understanding of

mTORopathies was the determination that somatic as well as

germ line MPG mutations could cause FCD2 and HME. His-

torically, HME and FCD were rarely found in large pedigrees

suggesting a mechanism that was unique to each affected indi-

vidual. The detection of somatic MPG variants, that is, de novo

mutations occurring in early neuroglial progenitor cells and

affecting a limited subset of neurons within the MCD, provided

a logical mechanism to account for lack of large pedigrees and

the focal nature of the MCD.

mTORopathies Are Common, Not Rare

The mTORopathy field exploded with the discovery of several

epilepsy pedigrees linked to DEPDC5,17 a component of the

GATOR 1 complex governing mTOR activation in response to

cellular amino acid levels. Subsequent studies found DEPDC5

mutations associated with FCD2, and mouse models of Depdc5

loss were associated with abnormal brain structure and sponta-

neous seizures. The DEPDC5 discovery was exciting because,

like STRADA, it moved mTORopathies out of the canonical

IGF-mTOR signaling pathway into metabolomic regulation

of mTOR. Soon, mutations in NPRL2 and NPRL3, encoding

binding partners of DEPDC5, were identified in MCD pedi-

grees18 and were associated with mTOR hyperactivation in

tissue samples and in in vitro models. Subsequent studies have

shown that DEPDC5, NPRL3, and NPRL2 mutations are the

most common genetic causes of FCD and focal onset neocor-

tical epilepsy.19 In the past 5 years, mutations in additional

MPGs including KPTN, SZT2, RHEB, and TBC1D7 have been

linked variably to seizures, MCD, and intellectual disability.

Today, the molecular spectrum of mTORopathies has

expanded from 2 genes (TSC1/TSC2) to 14 completely distinct

MPG, linked in a single, multiarmed signaling pathway! Per-

haps most exciting is that abnormalities in cell structure, polar-

ity, motility, synaptogenesis, firing, and circuit wiring observed

in preclinical models of these gene variants can be abrogated by

mTORi. These data present an exciting clinical inflection point

where epilepsy linked to 14 distinct genes may be approached

therapeutically with a single drug target, for example, mTOR.

Additionally, there are other targets within the mTOR pathway

that offer compelling new options for drug development.

Looking Back and Looking Ahead:
Unanswered Questions

Perceptions of MCD have indeed changed over time. Prior to

the 2000s, MCD were viewed as curiosities and thought to

result from intrauterine injury, hypoxia–ischemia, toxic expo-

sure, or infection. Now, MCD are viewed more with the lens of

brain cancer, that is, lesions with defined pathological features

and known molecular genetic causes that may be actionable.

Over the past decade, there has been a literal explosion of

genetic studies, human tissue analyses, and animal models

including Drosophila, Caenorhabditis elegans, zebra fish,

mouse, and rat to study the effects of MPG on brain develop-

ment. Numerous papers and funded grant applications devoted

to MCD have resulted from this intellectual progress.

mTORopathies have provided a compelling and fascinating

journey from bedside to bench and back again, with the laud-

able deliverable of actual benefit to human patients for exam-

ple, with the use of mTORi in TSC patients. Critical

unanswered questions for mTORopathies over the next decade

should focus on molecular pathogenesis, establishment of epi-

leptic circuits, discovery of affected cell lineages, and of

course, strategies to prevent mTORopathy-associated seizures.

To date, there is no explanation for why mTORopathy gene

mutations occur. Are these mutational “hotspots,” stochastic

errors, or another causative agent; why these genes, why so

common? The cells of origin in tubers, FCD2, and HME remain

to be fully defined and unlike the Tsc1cre-GFAP mouse where

Tsc1 was absent from astrocytes, most studies to date now

recognize that somatic mutations lead to MPG loss or over-

activation in neurons. We still do not understand epileptogen-

esis in mTORopathies and clearly, gene mutations affect both

neurons and astrocytes, leading to abnormal circuit formation

which extends beyond the interesting observations of Uhlmann

et al. Finally, while several clinical trials, for example, EXIST-

3,20 have demonstrated that mTORi may reduce seizures in
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mTORopathies, no study has shown epilepsy cure and as a

corollary, improvements in behavioral and intellectual disabil-

ities, often comorbid in mTORopathies, have not been realized

with mTORi. Clearly, another decade of research is challenging

us ahead.

By Peter B. Crino

Department of Neurology University of

Maryland School of Medicine

ORCID iD

Peter Crino https://orcid.org/0000-0002-6232-3740

References

1. Taylor DC, Falconer MA, Bruton CJ, Corellis JA. Focal dysplasia

of the cerebral cortex in epilepsy. J Neurol Neurosurg Psychiatry.

1971;34(4):369-387.

2. Crino PB. Knockout of a tuberous sclerosis gene highlights role of

glia in epileptogenesis. Epilepsy Curr. 2003;3(4):139-141.

3. Uhlmann EJ, Wong M, Baldwin RL, et al. Astrocyte-specific

TSC1 conditional knockout mice exhibit abnormal neuronal orga-

nization and seizures. Ann Neurol. 2002;52(3):285-296.

4. Tee AR, Fingar DC, Manning BD, Kwiatkowski DJ, Cantley LC,

Blenis J. Tuberous sclerosis complex-1 and -2 gene products

function together to inhibit mammalian target of rapamycin

(mTOR)-mediated downstream signaling. Proc Natl Acad Sci U

S A. 2002;99(21):13571-13576.

5. Baybis M, Yu J, Lee A, et al. MTOR cascade activation distin-

guishes tubers from focal cortical dysplasia. Ann Neurol. 2004;

56(4):478-487.

6. Miyata H, Chiang AC, Vinters HV. Insulin signaling pathways in

cortical dysplasia and TSC-tubers: tissue microarray analysis.

Ann Neurol 2004;56(4):510-519.

7. Ljungberg MC, Bhattacharjee MB, Lu Y, et al. Activation of

mammalian target of rapamycin in cytomegalic neurons of human

cortical dysplasia. Ann Neurol 2006;60(4):420-429.

8. Aronica E, Boer K, Baybis M, Yu J, Crino P. Co-expression of

cyclin D1 and phosphorylated ribosomal S6 proteins in hemime-

galencephaly. Acta Neuropathol. 2007;114(3):287-293.

9. Meikle L, Pollizzi K, Egnor A, et al. Response of a neuronal

model of tuberous sclerosis to mammalian target of rapamycin

(mTOR) inhibitors: effects on mTORC1 and Akt signaling lead to

improved survival and function. J Neurosci. 2008;28(21):

5422-5432.

10. Ljungberg MC, Sunnen CN, Lugo JN, Anderson AE, D’Arcan-

gelo G. Rapamycin suppresses seizures and neuronal hypertrophy

in a mouse model of cortical dysplasia. Dis Model Mech. 2009;

2(7-8):389-398.

11. Puffenberger EG, Strauss KA, Ramsey KE, et al. Polyhydramnios,

megalencephaly and symptomatic epilepsy caused by a homozygous

7-kilobase deletion in LYK5. Brain. 2007;130(Pt 7):1929-1941.

12. Crino PB.Focal brain malformations: seizures, signaling, sequen-

cing. Epilepsia. 2009;50(suppl 9):3-8.

13. Poduri A, Evrony GD, Cai X, et al. Somatic activation of AKT3

causes hemispheric developmental brain malformations. Neuron.

2012;74(1):41-48.

14. Lee JH, Huynh M, Silhavy JL, et al. De novo somatic mutations in

components of the PI3K-AKT3-mTOR pathway cause hemime-

galencephaly. Nat Genet. 2012;44(8):941-945.

15. Lim JS, Kim WI, Kang HC, et al. Brain somatic mutations in

MTOR cause focal cortical dysplasia type II leading to intractable

epilepsy. Nat Med. 2015;21(4):395-400.

16. Nakashima M, Saitsu H, Takei N, et al. Somatic mutations in the

MTOR gene cause focal cortical dysplasia type IIb. Ann Neurol.

2015;78(3):375-386.

17. Dibbens LM, De Vries B, Donatello S, et al. Mutations in

DEPDC5 cause familial focal epilepsy with variable foci. Nat

Genet. 2013;45(5):546-551.

18. Sim JC, Scerri T, Fanjul-Fernández M, et al. Familial cortical

dysplasia caused by mutation in the mammalian target of rapa-

mycin regulator NPRL3. Ann Neurol. 2016;79(1):132-137.

19. Baldassari S, Picard F, Verbeek NE, et al. The landscape of

epilepsy-related GATOR1 variants. Genet Med. 2019;21(2):

398-408.

20. French JA, Lawson JA, Yapaci Z, 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(10056):2153-2163.

66S Epilepsy Currents 20(6S)

https://orcid.org/0000-0002-6232-3740
https://orcid.org/0000-0002-6232-3740
https://orcid.org/0000-0002-6232-3740
https://orcid.org/0000-0002-6232-3740
https://orcid.org/0000-0002-6232-3740


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 266
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 175
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50286
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 266
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 175
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50286
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 900
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 175
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50286
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (U.S. Web Coated \050SWOP\051 v2)
  /PDFXOutputConditionIdentifier (CGATS TR 001)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /CreateJDFFile false
  /Description <<
    /ENU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 9
      /MarksWeight 0.125000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
  /SyntheticBoldness 1.000000
>> setdistillerparams
<<
  /HWResolution [288 288]
  /PageSize [612.000 792.000]
>> setpagedevice


