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Outline of the talk and points of discussion

1. Definition of Microcephaly (MIC)

2. Elements for diagnostic classification: causes (genetic vs non-

genetic), clinical presentation, brain morphology

3. Specific cellular and neurodevelopmental processes involved



Definition of Microcephaly: OFC below – 2 SD for age and sex

2014

There is variation of normal head size among different ethnic groups, even within 

“economically advantaged” countries

Using standard growth charts unappropriately can lead to over or underestimation of 

microcephaly. 

worldwideEurope



Definition: Malformation of Cortical Development (MCD)
(from J. Aicardi, 1993; AJ Barkovich et al, 2012; Fernandez et al, 2016)

Processes Abnormalities Time

1.Neuronal Proliferation/Apoptosis Micro/Macrocephaly 8-16 w.

2.Migration Lissencephaly/ Heterotopia 12-20 w. 

3.Organization Polymicrogyria >24 w.



Microcephaly: causes

▪ Non genetic causes

▪ Viruses: Zika, CMV, Rubella, HSV, VZV, LCMV

Zika. From: Del Campo, AJMG 2017

CMV



Classification of genetic microcephaly

▪ Primary microcephaly

▪ Isolated (MCPH)

▪ Associated with growth retardation (Microcephalic Primordial Dwarfism) 

▪ Syndromic, associated with MCA

▪ Secondary (progressive) microcephaly

▪ (Mostly) isolated

▪ Syndromic, associated with progressive degeneration

▪ Mutations in about 185 genes are causally related to MIC* 

▪ More than 900 genes related to syndromic MIC

*Oegema R et al. Malformations of cortical development, international consensus recommendations on diagnostic workup. Nat Rev 

Neurol, 2020



Primary microcephaly- isolated (MCPH)

▪ OFC at birth below – 2.5 SD for gestational age

and sex

▪ Associated with variable, non progressive ID, 

motor and speech delay, behavioral issues, 

epilepsy

▪ Normal life span

▪ Monogenetic with mostly autosomal recessive

inheritance or CNV

▪ Developmental disorder of neuro(glial) 

proliferation or apoptosis regulation, linked to 

regulation of the cell cycle.



D. Morris-Rosendahl & A. Kaindl, Mol Cell Probes, 2015

Microcephaly caused by abnormal proliferation:

Centrioles, cell cycle and DNA replication checkpoints



Primary microcephaly, MCPH 

1.Primary MIC can be progressive

2. Primary MIC can cause growth failure 



▪ Seckel syndrome

▪ ATR, ATRIP, RBBP8, CENPJ, 

CEP152, DNA2, PLK4, PCNT

▪ Primordial dwarfism (NOS)

▪ NIN, POC1A, CRIPT, XRCC4, LARP7

▪ Microcephalic Osteodysplatic

Primordial Dwarfism type I and type II 

> PCNT and RNU4ATAC

▪ “Other”: Meier-Gorlin (ORC1,-4,-6, 

CDT1, CDC6) and 3M syndrome (CUL7, 

OBSL1, CCDC8)



Microcephalic Osteodysplastic Primordial Dwarfism (Majewski type 1) 

RNU4ATAC gene

Extreme microcephaly and IUGR

Abolila RA., Egypt J Med Hum Genet, 2012 



• Primary microcephaly (-4 to -10 SD)

• Facial features reminiscent of “Seckel” 

syndrome

• IUGR and progressive growth

retardation (-4 to -10 SD)

• Skeletal dysplasia: 

• Short distal limbs, dysplastic hip, 

metaphyseal broadening, scoliosis

• Microdontia, abnormal tooth shape

• Skin: acanthosis nigricans and cutis

marmorata

• Progressive cerebrovascular disease

MOPD- II

PCNT gene



Cortical simplified gyral pattern, moya-moya

dis., aneurysms

MOPD- II MOPD- I

ACC, pachygyria, abn. gyri, interhemispheric cysts

Abdel-Salam G. AJMG, 2013
Abdel-Salam G. AJMG, 2020



Microcephaly with Simplified Gyral Pattern

Gestational Week

MCPH



MIC: Morphological classification at brain MRI, 

utility and limitation

▪ MIC + Simplified Gyral Pattern (SGP)

▪ MIC + smooth and thickened cortex (microlissencephaly)

▪ MIC + SGP + prominent cerebellar and pons dysplasia/hypoplasia

▪ MIC + hydrocephalus ex-vacuo, hydranencephaly

▪ MIC + multiple/ different types of cerebral/cerebellar dysgenesis

▪ MIC + Nodular heterotopia

▪ MIC + Polymicrogyria appearance

▪ MIC + Hypomyelination



Micro-lissencephaly: small brain with smooth and thick cortex

WDR62

control



Primary Microcephaly with Polymicrogyria (= too many, too small gyri)

Courtesy of Dr A. Accogli, Genova
WDR62



Phenotypic heterogeneity of RTTN mutations



Microcephaly + cerebellar atrophy: PNKP

▪ MRI age 4 yr;  prenatally diagnosed microcephaly, HC at 6 m – 6 SD

control



Primary microcephaly with progressive disorder

2010

controlpatient



Primary Microcephaly: different outcomes
HC – 3 SD at birth

Mild 

speech 

delay
ID+No speech

SS+ID+No speech

WEST s.

Resp. failure, no epil

?

HC – 5 SD, non-progressive 

HC – 5 SD, progressive 



Secondary progressive microcephaly

▪ As part of a recognizable syndrome

with MCA:

▪ MECP2-related disorder (Rett

s.), Rubinstein-Taybi, Mowat-

Wilson s., FOXG1-related s., 

CASK s., Pitt-Hopkins, SLO, 

Angelman s. etc

▪ Associated with growth failure, 

ocular and dysmorphologc features: 

▪ MICRO-Warbug s., Cockayne 

s., COFS



Progressive Microcephaly: Cerebro-Oculo-Facial-Skeletal Syndrome

Simplified Gyral Pattern, cerebellar hypoplasia and DNA repair defects

ERCC5 

Courtesy Dr A Brooks

ERCC6 



• Congenital microcephaly with SGP and hypomyelination (71%)

• Progressive microcephaly (90%) 

• Congenital distal contractures (85%)

• Death in infancy (33%)

• Respiratory distress/central hypoventilation (85%)

• Epilepsy (68%)

• Childhood Diabetes M. (27%)*

• Patient fibroblasts show signs of ER stress

*Smits DJ et al. BRAIN, Feb 2023 in press

SMPD4 mutation mimicks COFS, MEDS 

and Wolcott-Rallison s. 



Syndromes with microcephaly, cerebral malformation and hypomyelination
Syndrome Gene 

(#OMIM)

Protein function Clinical presentation and brain imaging

EGP5 (# 242840) key autophagy regulator, 

implicated in formation of 

autolysosomes.  

AR, Vici syndrome, corpus callosum agenesis,  hypopigmentation, 

cataracts, postnatal microcephaly, failure to thrive, cardiomyopathy, 

profound developmental delay, immunodeficiency, frontoparietal 

polymicrogyria, severe hypomyelination. 

ERCC6 (# 609413)

ERCC8 (# 216400)

DNA double strand bond 

repair defect 

AR, cerebro-oculo-facio skeletal syndrome (COFS/Cockayne syndrome-A 

and B), congenital microcephaly, low BW, cataract, ID, FTT, deafness, 

peripheral neuropathy, photosensitivity. MRI: SGP and hypomyelination 

PYCR2 (#616420) Pyrroline-5-carboxylate 

synthetase, proline

biosynthetic enzyme.

AR, Profound psychomotor disability starting at birth. Postnatal 

progressive microcephaly and  hypomyelination (HLD10)

SLC1A4 (# 616657) ASCT1 transporter for serine, 

but also alanine and cysteine  

AR, Progressive microcephaly, spastic tetraplegia, thin corpus callosum, 

hypomyelination, cerebral atrophy (SPATCCM).

SMPD4 (# 618622) Neutral sphingomyelinase-3 AR, congenital arthrogryposis, microcephaly, hypomyelination, 

progressive NDD

SPTAN1 (# 613477) spectrin alpha-II gene AD de novo,  variable severe epilepsy, ID (EIEE5). Progressive 

microcephaly, cerebellar atrophy, brain hypomyelination.

TUBB4A (# 602662) Tubulin isoform 4A, 

microtubule sunubit

AD, Onset in infancy with delayed motor development and progressive 

extrapyramidal movement disorder; variable postanatal microcephaly and 

hypomyelinating leukoencephalopathy type 6 (HLD6)

TBCD ( # 617193) Chaperone for (dis)assembly 

of alpha-beta tubulin. 

AR, Cerebral atrophy, microcephaly, hypomyelination , severe 

encephalopathy

VPS11 (# 616683) vesicular protein sorting 

associated protein 11, leading 

to missorting of vesicles in 

lysosome biogenesis.

AR, Leukoencephalopathy with brain hypomyelination (HLD12), postnatal 

microcephaly, severe motor impairment, cortical blindness, ID, seizures. 

Lysosomal storage disorder with sphingolipid abnormalities in urine and 

signs of storage in skin biopsies.



MEDS: Microcephaly, Epilepsy, Diabetes mellitus Syndrome (IER3IP1) 

• IER3IP1 AR mutation 

• Congenital microcephaly

• Neonatal persistent IDDM

• Severe therapy-resistant epilepsy

• Death in infancy

• Abnormal apoptosis at brain autopsy

1yr

7m



Science 2020

IER3IP1 regulates ER secretion 

and brain size

IER3IP1 ko induces ER stress, 

alters oxidative protein folding 

and cell proliferation

PNAS, 2022



Primary microcephaly, Severe NDD,

Epilepsy

MRI: 

cortical malformation,  

diffuse polymicrogyria, pachygyria, 

atrophy, similar to CMV infection

Brain pathology:

cortical dislamination and

overmigration of neurons in the pia

Microcephaly with Polymicrogyria



TMX2: Thioredoxin-related Transmembrane Protein 2 

Member of the Protein Disulphide Isomerase (PDI) family:

Protein folding, redox regulation and quality control in the ER

• ER localization signal 

• Presence ≥ 1Thioredoxin-like domain (CxxC) (TMX2 > atypical SxxC)

E.R. Perri et al. Frontiers in Cell and Developmental Biology (2016)

Promoting protein folding Preventing misfolding



Microcephaly related to homeostasis perturbation

TMX2 > MIC + Polymicrogyria/COB 
(Vandervore et al Am J Hum Genet Dec. 2019)

IER3IP1 > MIC + Infantile DM (MEDS syndrome)

(Poulton C et al Am J Hum Genet 2011, 89(2):265-276) 

SMPD4 > MIC + Hypomyelin+Arthrogryposis + DM
(Magini et al. Am J Hum Genet, 2019, 105:689-705)

EIF2AK3/PERK > MIC + Infantile DM + Epiphyseal Dyspl

Wolcott-Rallison syndrome: MIC is variable!

EIF2S3 > MIC + Infantile DM + Hypogonadism

(MEHMO syndrome)

(Skopkova et al Hum Mut 2017, 38:409-425) 

PYCR2 > MIC + Hypomyelination + FTT 

(Zaki et al Ann Neurol 2016, 80(1):59-70) 



Genetic mutations interfering with brain homeostasis 

have the same effect of other chronic stress factors

Adapted from: Claudio Hetz, Adapting the proteostasis capacity to sustain brain health-span. 

Cell 184, March 18, 2021, p.1545-1560 



Unfolded Protein Response fine tunes cortical neurogenesis

• UPR suppression promotes the switch 

from direct to indirect neurogenesis

• UPR stimulation and ER stress = more 

direct neurogenesis

• Depletion of intermediate NPC > 

Microcephaly

• Zika and CMV accelerate  neuronal 

differentiation by dysregulation of 

autophagy and IER genes > depletion 

of NPC

Laguesse et al. Developmental Cell,35(2015), 553-567. 

Godin et al., 2016





From: Vasquez et al Cells & Devel 2022, 170:203781 Emerging roles of endoplasmic reticulum proteostasis in brain development. 

The early secretory pathway and ER-Associated protein 

Degradation (ERAD) in neurodevelopmental disorders

Encircled MIC-

related 

proteins



CLEC16A interacts with retromer and TRIM27, and its loss 

impairs endosomal trafficking and neurodevelopment.

Smits DJ et al. Human Genetics, online 20 Dec. 2022 





SMPD4 interacts with ER and nuclear envelope proteins 

ER + Nuclear envelopeER protein folding, protein synthesis, 

protein translocation

Several components of the

nuclear pore complex 

C
on

tr
ols

P
at

ie
nts

 

W
R
S

0

20

40

60

80

%
 o

f 
p

o
s
it

iv
e
 c

e
ll
s

*

**

Active Caspase assay,FLICA)



Nuclear Pores regulate assembly and 

disassembly of Nuclear Envelope



SMPD4 mutation affects cell cycle 

• KD-SMPD4 shows G2/M phase delay 

• The duration of mitosis is prolongued in SMPD4 fibroblasts

control patient

Cell cycle phases (Flow cytometry) 

D. Smits et al , BRAIN 2023 in press



SMPD4 regulates nuclear pore dis/assembly

SMPD4 interphase nuclei show increased membrane invaginations and  

decreased number of nuclear pores

SMPD4 patientControl 

Ab414/ 3D-SIM 
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D. Smits et al, BRAIN 2023, in press



TMX2
TMX2

SMPD4

SMPD4

Dual Mechanism in progressive Microcephaly

Biology4isc.weebly.com

NUP188

NUP214

ANKLE2

ANKLE2



• Multidisciplinary approach

• Stepwise evaluation

• Next-gen sequencing

• Follow-up
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