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Mosaicism 



In genetics, mosaicism denotes the presence of two or more 
populations of cells with different genotypes in an individual who 
developed from a single fertilized egg 
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Postzygotic mutations are common 

Time Stage Cells Genes Mutation rate Mutations 
7 days Blastula 100 20,000 10–7 – 10–6 
14 days 10,000 20,000 10–7 – 10–6 20-200 
15 days Gastrula 15-18,000 20,000 10–7 – 10–6 30-300 
21 weeks Fetus (21g) 109 20,000 10–7 – 10–6 106 – 107 

40 weeks Newborn 1012-12.5 20,000 10–7 – 10–6 109 – 1010 

• Mutation N at 14 days gestations (10,000 cell pre-gastrula) 
▫ (104 cells)(2 x 104 genes)(10–7 mutations/gene/cell division) = 20 mutations 
▫ (104 cells)(2 x 104 genes)(10–6 mutations/gene/cell division) = 200 mutations 
 

• Exponential growth of mutant clones 
▫ 1 mutant cell at 15 days (gastrula) expands to 108 cells at term 
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The Happle hypothesis | theorem 
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Happle rules 

• Type 1  
▫ Postzygotic mutation – HET 

• Type 2 
▫ Germline mutation – HET 
▫ Postzygotic mutation – HOMO 
 

Type 1 Type 2 
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Darier disease 

• Darier disease 
▫ a.k.a. dyskeratosis follicularis 
▫ AD skin disorder 
▫ Onset in the teens-20s 
▫ Dark crusty patches (warty papules 

and plaques) in seborrheic areas 
▫ Poorly formed and fragile fingernails 

with vertical striations 
▫ Short stature 
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Darier disease 

• Darier disease 
▫ Segmental involvement of typical 

warty patches 
▫ Heterozygous mosaic mutation 
▫ Type 1 mosaicism 

mosaic 



Darier disease • Darier disease 
▫ Generalized typical warty patches 
▫ Heterozygous germline mutation 

plus second mosaic mutation 
▫ Type 2 mosaicism 

swirls 

Rare severe onset in infant 

Typical adult onset 
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Lissencephaly 

LIS1 p.Arg8X (mos 18-21%) 

LR02-056 LR03-100 

del 17p13.3 mos (30%) 

LR03-175 

del 17p13.3 mos (30%) 

LP95-132 LP95-132 

LP95-125 

del 17p13.3 mos (80%) 

mosaic 



NF1 segmental 

mosaic 



Happle R. 1987. J Am Acad Dermatol 16(4):899-906 
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The Happle hypothesis | theorem 

• Certain developmental disorders are caused by action of an 
autosomal dominant lethal gene surviving by mosaicism.  
 

• The presence of the mutation in the zygote will lead to the death of the 
embryo at an early state of development. Cells bearing the mutation can 
survive only in the mosaic state, in close proximity with normal cells 
[Happle, 1986; Happle, 1987].  
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Check-up on Happle 1987, Hall 1988 

Disorder Mosaic Gene 
Delleman-Oorthuys (OCCS) 
Encephalo-cranio-cutaneous lipomatosis (ECCL) 
Klippel-Trenaunay syndrome (KTS) 
Maffucci syndrome ✚ IDH1, IDH2 
McCune-Albright syndrome ✚ GNAS1 
Neurocutaneous melanosis (NCM) ✚ NRAS 
Ollier disease ✚ IDH1, IDH2 
Proteus syndrome ✚ AKT1 
Schimmelpenning-Feurstein-Mims (LNSS) ✚ HRAS, KRAS 
Sturge-Weber syndrome ✚ GNAQ 

70% 
mosaic 



Mosaicism 1991 
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Happle, 1987 

Table I. Clinical criteria suggesting a lethal gene 
surviving by mosaicism 
 

• Birth defects always occur sporadically 
• Lesions are distributed in a mosaic pattern 
• Extent of involvement is variable 
• Diffuse involvement of the entire body or an 

entire organ system does not occur 
• Sex ratio is 1:1 

mosaic 



MZ 
twins 

N=59 
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Guidelines for mosaicism 

• Nil recurrence risk in families 
▫ Or very low risk (due to genetic heterogeneity) 

• Asymmetry or focal / multifocal anomalies 
▫ Variable expressivity 
▫ No diffuse involvement 

• Dysplastic growth especially overgrowth 
• Predisposition for tumors 
• Discordant monozygotic twins 

MZ 
twins 
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PI3K-AKT 

PI3K-AKT pathway 

overgrowth 
PI 



1997 MCAP 

LP90-032 LP90-035 

Patients 2 and 1 (Moore et al. 1997) 
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2004 MPPH 

LR01-081  LR02-064 mosaic 



LR09-017 1 

LR11-270 

LR11-270 

LR05-139 

LR11-270 

LR09-017 LR09-017 

MCAP 

mosaic 



LR11-016 

LR11-016 LR11-016 

LR11-016 

MPPH 



OFC in MEG: Z-scores 
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Diagnosis of  MCAP vs MPPH 

MCAP 
• MEG 
• 2nd major abnormality 
▫ Growth disorder 
▫ Vascular malformation 
▫ Syndactyly 234 or 34 
▫ PMG 

• Associated abnormalities 
▫ Hydrocephalus / CBTE 
▫ Polydactyly 

• Genetics 
▫ NO familial recurrence 
▫ Discordant MZ twins (x1) 

MPPH 
• MEG 
• 2nd major abnormality 
▫ PMG 

 
 

• Associated abnormalities 
▫ Hydrocephalus / CBTE 
▫ Polydactyly 

 
• Genetics 
▫ Rare familial recurrence x1 

2 trios 1 trio +1 
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Exome SEQ in MPPH 

LR08-018 

LR08-018 

LR08-018 

AKT3  p.Asn229Ser 

LR08-018 mosaic 



Del 1q43q44 

Patient AKT3 Birth OFC Later OFC Malformations 

Gentile et al. 2003 Deleted –2 SD –4 SD at 8 months MIC, partial ACC 

Van Bever et al. 2005 Deleted –3 SD NA MIC, partial ACC, 
CVH 

LR04-249 Deleted –4 SD NA MIC, ACC, CVH 

LR05-202 Deleted –3 SD –5 SD at 2 years MIC, ACC, CVH 

LR02-409 Deleted –5 SD (4mo) –7 SD by 5 years MIC, partial ACC, 
CVH 

LR06-076 Deleted –2 SD (4mo) –3.5 SD at 4 years Mild MIC, partial ACC 

LR05-101 Disrupted 50th % –2.5 SD at 2 years MIC, ACC 

De Vries et al. 2001a Not tested NA –5 SD at 2.5 years MIC, partial ACC 

De Vries et al. 2001b Not tested –2 SD –5 SD at 1 year MIC, partial ACC 
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Akt3+/Nmf350 

Akt3  p.Asp219Val 

ENU mutagenesis screen 
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Proteus syndrome 

AKT1  p.Glu17Lys mosaic 



Exome SEQ in MPPH 

• Brother 
▫ HYD, Chiari 1, no seizures or scoliosis 

• Sister 1 
▫ HYD, seizures, Chiari 1, scoliosis 

• Sister 2 
▫ Intractable seizures, Chiari 1, scoliosis 

LR00-016 

LR00-016 

LR00-016a1 LR00-016a2 LR00-016a3 

PIK3R2  p.Gly373Arg 
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LR09-006 

Exome SEQ in MCAP 

• Growth 
▫ Megalencephaly 

• Skin 
▫ Capillary malformation 

• Skeletal 
▫ Polydactyly (L) and syndactyly 

• Brain 
▫ Hydrocephalus 

LR09-006 LR09-006 

LR09-006 

PIK3CA  p.Gly914Arg 

LR09-006 

mosaic 

 



PIK3CA levels of  mosaicism 
Heterozygous, so . . . 
   % mutant reads x2 = % mutant cells 
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Megalencephaly 

PIK3CA PIK3R2 AKT3 None Total 
MPPH 1 11 2 6 20 
MCAP 23 0 0 7 30 

TOTAL 24 11 2 13 50 

37/50 = 74% 

mosaic 



        

AKT3 p.E17K 

PIK3CA p.E545K 
(30% mosaicism) 

mosaic 



PI3K-AKT pathway 



CLOVES | PIK3CA 

• History 
▫ Found prenatal US 
▫ Normal development at 

4 years 
• Exam 
▫ Extensive R>L vascular 

and lymphatic overgrowth 
▫ Epidermal nevi at neck 
▫ Adipose hypertrophy 
▫ Muscle atrophy and 

hypertrophy 
▫ Surgery X multiple 

LR11-347 from John Graham   LR11-347 

LR11-347 

LR11-347 

LR11-347 mosaic 



CLOVES | PIK3CA 
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CLOVES variant 
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CLOVES | DMEG 

Gucev et al 2008 mosaic 



LR12-033 

LR12-033 LR12-033 

LR12-033 LR12-033 

LR12-033 LR12-033 

LR12-033 

PIK3CA  p.E545K mosaic 

CLOVES | DMEG 

mosaic 



p85 binding (31-108) 
E81K  MCAP x1 
 R88Q  MCAP x2 
  P104L  MCAP x1 
   G106V  MCAP x2 
    R115P   MCAP x3 
    R115P  CLOVESMD x1 

None! 

C2 membrane (350-485) 
V344M  MCAP x1 
 D350N  MCAP x2 
  G364R  MCAP x2 
   E365K  MCAP x2 
    C378Y  MCAP x4 
     C420R  CLOVES x2 
      P449T  MCAP x1 
       E453K  MCAP x2 
       E453V  MCAP x1 
       E453del MCAP x2 
        P471L    MCAP x1 Linker 

E726K MCAP x7 

Kinase (796-1015) 
G914R  MCAP x5 
  E970K  MCAP x2 

Helical (519-704) 
E542K  SK x7/62  
E542K  CLOVES x5 
E542K  DMEG-LNSS x1 
 E545G  EN x9/33 
 E545K  SK x2/62 
 E545K  DMEG x4       x1 
 E545K  DMEG-CLOVES 

Terminal (1016-1069) 
Y1021C MCAP x1 
 T1025A MCAP x1 
  A1035V MCAP x2 
   M1043I MCAP x6 
    H1047R  SK x1/62 
    H1047R DMEG x1 
    H1047R  CLOVES x12  
    H1047L   CLOVES x3  
    H1047Y MCAP x2 
     G1049S MCAP x2 
      X1069W MCAP x2 

mosaic 



p85 binding (31-108) 
E81K  MCAP x1 
 R88Q  MCAP x2 
  P104L  MCAP x1 
   G106V  MCAP x2 
    R115P   MCAP x3 
    R115P  CLOVESMD x1 

None! 

C2 membrane (350-485) 
V344M  MCAP x1 
 D350N  MCAP x2 
  G364R  MCAP x2 
   E365K  MCAP x2 
    C378Y  MCAP x4 
     C420R  CLOVES x2 
      P449T  MCAP x1 
       E453K  MCAP x2 
       E453V  MCAP x1 
       E453del MCAP x2 
        P471L    MCAP x1 Linker 

E726K MCAP x7 

Kinase (796-1015) 
G914R  MCAP x5 
  E970K  MCAP x2 

Helical (519-704) 
E542K  SK x7/62  
E542K  CLOVES x5 
E542K  DMEG-LNSS x1 
 E545G  EN x9/33 
 E545K  SK x2/62 
 E545K  DMEG x4       x1 
 E545K  DMEG-CLOVES 

Terminal (1016-1069) 
Y1021C MCAP x1 
 T1025A MCAP x1 
  A1035V MCAP x2 
   M1043I MCAP x6 
    H1047R  SK x1/62 
    H1047R DMEG x1 
    H1047R  CLOVES x12  
    H1047L   CLOVES x3  
    H1047Y MCAP x2 
     G1049S MCAP x2 
      X1069W MCAP x2 

MCAP 
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None! 

Linker 
E726K MCAP x7 

Kinase (796-1015) 
G914R  MCAP x5 
  E970K  MCAP x2 

Terminal (1016-1069) 
Y1021C MCAP x1 
 T1025A MCAP x1 
  A1035V MCAP x2 
   M1043I MCAP x6 
    H1047R  SK x1/62  
    H1047R FCD2a x1 
    H1047R  CLOVES x12  
    H1047L   CLOVES x3  
    H1047Y MCAP x2 
     G1049S MCAP x2 
      X1069W MCAP x2 

CLOVES plus 

p85 binding (31-108) 
E81K  MCAP x1 
 R88Q  MCAP x2 
  P104L  MCAP x1 
   G106V  MCAP x2 
    R115P   MCAP x3 
    R115P  CLOVESMD x1 

C2 membrane (350-485) 
V344M  MCAP x1 
 D350N  MCAP x2 
  G364R  MCAP x2 
   E365K  MCAP x2 
    C378Y  MCAP x4 
     C420R  CLOVES x2 
      P449T  MCAP x1 
       E453K  MCAP x2 
       E453V  MCAP x1 
       E453del MCAP x2 
        P471L    MCAP x1 

Helical (519-704) 
E542K  SK x7/62  
E542K  CLOVES x5 
E542K  HMEG-LNSS x1 
 E545G  EN x9/33 
 E545K  SK x2/62 
 E545K  HMEG x4 
 E545K  DMEG-CLOVES 
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Tuberous sclerosis 

TSC 

MTOR signaling 
mosaic 



Tuberous sclerosis (TSC) 

• Skin 
▫ Ash leaf spots 
▫ Fibromas (face, nails) 

• Brain 
▫ Hamartomas 
▫ Giant cell astroctomas 
▫ FCD type 2b 

TSC   LR07-130 DP87-006a2 

DP87-006a2 
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Tuberous sclerosis 

• TSC1 and TSC2 mutations 
▫ TSC1 or TSC2 mutations 75-85% 
▫ No mutation in 23/157 (15%) 

 Neurological and MRI problems 
less frequent than TSC1 or TSC2 

 Renal abnormalities intermediate 

mosaic 



TSC3 (no mutation in TSC1 or TSC2) 

Tuberous sclerosis 

• TSC1 and TSC2 mutations 
▫ TSC1 or TSC2 mutations found in 

85-90% patients 
▫ Type 2 mosaicism (2nd hit) found 

in 2/33 patients, each in 10.5% of 
cells (TSC2) 

mosaic 



Tuberous sclerosis 

Type 2 mosaicism (2nd hit) 
 

• N = 46 tubers/34 patients 
▫ 2nd hit in 1/34 patients (3%) 
▫ 2nd hit = type 2 mosaicism 
 

• TSC patient #1560 
▫ DNA isolated from 6 tubers 

 
▫ TSC2 c.4375C>T and p.R1459X 

 100% cells: 42-51% reads 
 

▫ TSC2 c.1864C>T and p.R622W 
 ~4% cells: 0.7-7.2% reads 

mosaic 



HMEG 

Focal cortical dysplasia 

FCD 

Hemimegalencephaly 

and 

I V 



FCD1, FCD2 etc 

Transmantle sign: funnel-like hyperintensity that 
tapers from gyrus to ventricle (FCD2b) 
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Cortical dysplasia 

Focal cortical dysplasia (FCD) 

MZ 
twins 

mosaic 



Genetic analysis in DMEG-HMEG-FCD2 

N Imaging Distribution NPATH Gene Subject 
1 DMEG Bi-hemispheric L=R FCD2a PIK3CA  p.Glu545Lys 

(27%) 
LR12-033 

1 DMEG Bi-hemispheric L>R FCD2a AKT3  p.Glu17Lys (10%) LR11-443 

1 HMEG Hemispheric  A>P FCD2a PTEN  p.Tyr68His (50%) LR12-123 

2 HMEG Hemispheric  A>P FCD2a 

1 HMEG Hemispheric  P>A FCD2a PIK3CA  p.Glu542Lys 
(31%) 

LR12-241 

1 HMEG Hemispheric  P>A FCD2a 

6 FCD Multilobar      P>A FCD2a 

2 FCD Multilobar      A>P FCD2a 

1 FCD Frontal FCD2a 

3 FCD Temporal FCD2a 

1 FCD Occipital FCD2a PIK3CA  p.His1047Arg (5%) LR12-251 

3 FCD Frontal FCD2b 

1 FCD Temporal FCD2b 

1 FCD Parietal FCD2b 

1 FCD O i it l FCD2b 
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LR12-033 

PIK3CA p.Glu545Lys 

LR12-123 

PTEN p.Tyr68His 

LR12-251 

PIK3CA p.His1047Arg 

PIK3CA: DMEG-HMEG-FCD2a 

LR12-241 

PIK3CA p.Glu542Lys 
              p.Thr544Asn 

DMEG 
HMEG 

FCD2a mosaic 



More HMEG 

LR12-250 

LR11-443 

LR12-257 

LR12-123 

PTEN p.Y68H 

LR12-281 

LR11-443 

AKT3 p.E17K A>P 
AQD 

A>P 
AQD 

P>A 
PQD 

HMEG 
CTX infold 
ACC 
CBLH mild 

DMEG (bi) 
  L HMEG 
  R FCD OL 

mosaic LR12-281 



FCD2a and PIK3CA p.H1047R 

• 6yo girl (LR12-251) 
▫ Mild DEV delay  
▫ Intractable focal SZ 
▫ MCD right medial occipital 

lobe 
▫ 5y epilepsy surgery  
▫ SZ free x 1y 

• PIK3CA 
▫ Brain-derived DNA 
▫ p.His1047Arg (p.H1047R) 
▫ Mosaic 20/293 reads or 7% 

LR12-251 

LR12-251 LR12-251 mosaic 
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PTEN c.507delC 
PTEN c.491delA; p.Lys164Arg_fsX2  (pt2) 

mosaic 



PTEN p.Tyr68Asp 
PTEN LOH in skin PTEN c.405A>G; p.Ile135Val 

PTEN LOH in lesions  (pt1) 

mosaic 



PTEN hamartoma tumor syndrome 

PHTS with germline mutations PHTS with type 2 mosaicism 
• Pathognomic criteria 

▫ Lhermitte-Duclos disease 
▫ Mucocutaneous lesions 

• Major criteria (2 or more) 
▫ Macrocephaly (>97%ile) 
▫ Breast or endometrial cancer 
▫ Thyroid cancer (papillary, follicular) 

• Minor criteria 
▫ Intellectual disability, mild to severe 
▫ Hamartomas 

 Lipomas 
 Pigmented macules on penis 
 Lots of them 

▫ Vascular malformations 
▫ Genitourinary malformations 

• PTEN 
▫ Germline heterozygous mutations 

• PHTS 
• Segmental dysplasias 

▫ Asymmetric overgrowth 
▫ Lipomatosis 
▫ Vascular malformations 
▫ Epidermal nevi 

• PTEN  
▫ Germline heterozygous 

mutations 
▫ Mosaic LOH or 2nd mutation 

 
• Nomenclature is a mess 

▫ Bannayan-Riley-Ruvalcaba (?) 
▫ Proteus (wrong) or Proteus-like 
▫ SOLAMEN syndrome 

 
▫ PHTS with type 2 mosaicism 
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PTEN and HMEG 

• PHTS – Cowden disease (?) 
▫ OFC 
▫ Mild ID 
▫ SZ intractable 
 

• PTEN p.Tyr68His 
▫ PTEN LOH negative 

LR12-123 

LR12-123 

mosaic 



PTEN and FCD 

• PHTS – Cowden disease 
▫ OFC 61 cm, IQ and exam normal at 

10 years 
▫ Goiter and later other hamartomas 

from 16 years 
 

• PTEN c.1023delT and  
   p.Phe341Leu_fs*3 

▫ PTEN LOH not tested 
 

mosaic 



 

PTEN and FCD 

• PHTS – Cowden disease 
▫ 10 years OFC 61 cm, IQ and exam 

normal at 10 years 
▫ Goiter and other hamartomas from 

16 years 
 

• PTEN mutation not specified 
▫ PTEN LOH not tested 

mosaic 



PTEN and FCD 

• PHTS – BRRS 
▫ OFC 38.2 cm (+2 SD) at birth at 61 

cm (+4 SD) at 8 years 
▫ Epidermal nevi over scalp and 

limbs, lipoma over right flank 
▫ FH: father with Cowden disease 

• MRI 
▫ Bilateral frontal parasagital FCD and 

L temporal arachnoid cyst 
 

• PTEN c.389G>A, p.Arg130Gln 
▫ PTEN LOH not tested 

mosaic 



PTEN and FCD 

• PHTS – Cowden disease 
▫ OFC 42 cm at 1 month, 57 cm at 

6y7mo (both +4.5 SD) 
▫ Congenital L hemiparesis 
▫ 4 months onset SZ intractable 
▫ DEV delay, moderate ID 
▫ 7y HYD Rx shunt, CBL surgery 
▫ 12y intestinal polyps 

• MRI 
▫ R FCD (more than PMG) 
▫ L Lhermitte-Duclos hamartoma 

• Neuropathology 
▫ CBL gangliocytoma 
 

• PTEN c.385G>A, p.G129Arg 
▫ PTEN LOH not tested 

mosaic 



PTEN and HMEG 

• PHTS – BRRS 
▫ OFC 38 cm at 32wkg (+5 SD) 
▫ Asymmetric skull bulging on the L  
▫ Linear nevus sebaceous over L face 
▫ Onset lateralized seizures day 1 
▫ Seizures intractable, died on day 3 
▫ Brain weight 510 g (NL 217±49 g) 

 
• PTEN c.IVS5+1delG 

▫ PTEN LOH negative 

mosaic 



PTEN and FCD2b 

• FCD2b 
▫ Balloon cells and dysplastic neurons 

taken with LCM and sequenced for 
PTEN 

• PTEN c.834C>G, p.Phe278Leu 
▫ Not present in EVS or HGMD, not 

seen at GeneDX 
▫ Polyphen-2 score 0.948 (very high) 
▫ PTEN LOH negative 

mosaic 



PTEN and segmental cortical dysplasia 

Diagnosis Subtype Brain PTEN LOH Reference 

PHTS BRRS HMEG c.IVS5+1delG NEG Merks et al., 2003 

PHTS No data FCD2b p.Phe278Leu NEG Schick et al., 2006 

PHTS Cowden FCD, LDD p.Gly129Arg  Elia et al., 2012 

PHTS BRRS FCD p.Arg130Gln  O’Rourke et al., 2012 

PHTS Cowden FCD-NOS Not provided  Child et al., 2013 

PHTS Cowden FCD-NOS p.Phe341Leu_fs*3  Cheung et al., 2014 

PHTS TBD HMEG-FCD2a p.Tyr68His NEG LR12-123 
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Need expanded nomenclature 

• Segmental cortical dysgenesis (dysplasia) 
▫ Dysplastic megalencephaly (bilateral) 
▫ Hemimegalencephaly (but not really) 
▫ Multilobar cortical dysplasia (dysgenesis) 
 Anterior quadrantic dysplasia (dysgenesis) 
 Posterior quadrantic dysplasia (dysgenesis) 
 Multilobar dysplasia (dysgenesis) NOS 

▫ Focal cortical dysplasia type 2a, type 2b a.k.a. 
“lobar cortical dysplasia (dysgenesis)” 

mosaic 



PI3K-AKT 



• 1 Nil recurrence risk in families 
• 2 Asymmetry or focal/multifocal anomalies 
• 3 Dysplastic growth especially overgrowth 
• 4 Predisposition for tumors 
• 5 Discordant monozygotic twins 
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