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Figure 1. Layer-specific marker expression of the neocortex at 23 GWs. Around 20 GWs, the 3-layer pattern, that is, the marginal zone (MZ), CP, and subplate (SP), are seen
(A). SATB2 expresses in the upper region of CP (B). CUTL1 diffusely expresses in the whole cortex and intermediate zone (C). FOXP1-positive cells locate in the middle region {0)
and CTIPZ-immunopositive cells (F) locate in the lower region of CP. OTX1 exhibits in CP and SP, predominantly lower region of CP (). TBR1-immunopositive cefls are in the lower
region of CP and SP, as well as those fibers in CP (G). A, HE; B-G, SATB2, CUTL1, FOXP1, OTX1, CTIPZ, and TBR1 immunohistochemistry, respectively. Scale bar: 100 pm.
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Figure 2. Layer-specific marker expression of the neocortex at 29 GWs. The 6-layer neocortex is shown {A). SATB2 expresses in layers II-V, especially layer Il and upper region
of layer IV {B). CUTL1 diffusely expresses in layers lI-V and predominates in layer Il {C). FOXP1 converges to layers VI and V {0). OTX expresses in upper layer and layers VI and V
(E). CTIPZ- and TBR1-immunopositive cells locate in layer V and layers V and VI (F and G). A, HE; B-G, SATB2, CUTL1, FOXP1, OTX1, CTIP2, and TBR1 immunchistochemistry,
respectively. Scale bar: 100 um.
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Figure 3. Layer-specific marker expression of the neocortex at 37 GWs. Expression of SATB2, CUTL1, FOXP1, OTX1, CTIPZ, and TBR1 has a patter similar to those at 28 GWs.
OTX1 disappears in upper layer of neocortex (£). A, HE; B-G, SATB2, CUTL1, FOXP1, OTX1, CTIP2, and TBR1 immunchistochemistry, respectively. Scale bar: 100 pm.
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Figure 4. Immunofluorescence of layer-specific marker of neocortex at 29 GWs. FOXP1-immunopositive cells partially have SATBZ {merged color: arrows) in layers II-lll and V-V
{A) and CTIP2 (merged color: arrows) in layers IV-VI {£). No double-positive cells for SATBZ and CTIPZ are scattered throughout all layers (C). No TBR1+- and SATB2+- cells are
observed in layers V and VI (B), but a few TBR1+ and CTIP2+ cells are seen in layers V and VI (F). Many merged cells with SATB2 {red) and OTX1 (green) are diffusely
demonstrated, predominantly in layers Il and V (D). A, SATBZ (red) and FOXP1 {green) double fluorescence; B, SATB2 {red) and TBR1 (green); C. CTIP2 (red) and SATB2 (green);
D, SATB2 (red) and OTX1 (green); £, CTIPZ {red) and FOXP1 {green); £, CTIPZ (red}, and TBR1 {green). Scale bars: 20 um.
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Figure 5. Layer-specific marker expression of the neacortex of 1-year-old patient with Miller-Dieker syndrome. Typical 4-layer pattem is shown. (4} SATB2, CUTL1, FOXP1, and
TBR1 are diffusely expressed in layers 11, Iil, and IV. Especially, TBR1-immunopositive cells locate in layer Il (£). Enlargement of layer If shows A.Jl, 8.1/, C./l, and 0./l. Enlargement of
layer Il shows A/, B.IM, C.MI, and D./l. Enlargement of layer IV shows A.IV, B.IV, C.IV, and D.1V. Gross histology shows with KB staining. A.//, A.lll, and A. IV SATB2 in layers I, 1],
and IV; B.JI, B, and B.IV, CUTLY; C.Il, C.ll, and C.IV, FOXPI D.f, DI, and D.IV, TBR1, respectively. Scale bar: 100 pm. i

neurons (layer II), and a deep layer (layer IIT) (Fig. 64). SATB2+
and CUTL1+ cells located in the intermediate layer and upper
region of the deep layer (Fig. 6B,C). FOXP1+ cells and TBR1+
cells were also distributed in layer II and III (Fig. 6D,E). These
labeled cells in the deep intermediate layer were large and
dense but small and sparse in the upper region of the inter-
mediate layer. Also, in the molecular layer, FOXP1+ and TBR1+
cells were few. No CTIP2+ and OTX1+ cells were observed in
either malformed brain. .

Usually, FCMD cerebral cortices show type II lissencephaly
with cobblestone cortex. The cerebral cortices of FCMD fetus
already revealed typical cobblestone lissencephaly (Fig. 7A4).
Neurons of the fetal neocortex migrated over the glia limitans.
SATB2+, CULT1+, FOXP1+, CTIP2+, and TBR1+ cells were
dense above the glia limitans and sparse below it (Fig. 7B8-D),
and TBR1+ cells were distributed predominantly below the glia
limitans (Fig. 7E). However, no markers were detected in
specimens from postnatal FCMD brains (data not shown).

The layer-specific marker expression pattern of 3 types of
lissencephalies was summarized in Supplementary Figure 2

Discussion

Very little is known about the molecular mechanism of human
neocortex layer formation. Here, we presented new knowledge
regarding the layer-specific marker expression in fetus de-

892 Laver-Specitic Expression of Human Brains Saito et al.

velopment. Recent neuronal developmental studies have
introduced some molecules as layer-specific markers. Among
them, Satb2, Cutll, Foxpl, Otx1, Ctip2, and Tbrl are well-
known transcriptional factors and highly conserved. The facts
that SATB2 was relatively limited to layers II and IV of human
fetus cortex and that Cutll was not known in human but was
expressed in layers II-IV evidenced the same expression
patterns of these molecules in rodent study (Nieto et al.
2004; Britanova et al. 2008). The migration pattern of callosal
projection neurons may be the same as that in the mouse.
FOXP1+ cells located in deep layers or layers IV-V before
30 GW and in layers IV-VI before birth. TBR1+ cells located in
layers V-VI in the fetal period. FOXP1+ and TBR1l+ cell

" localization in layers IV and V .was similar to those in a previous

human study (Sheen et al. 2006). However, TBR1+ cells were
located beneath FOXPI1+ cells but not colocalized. The
restricted distribution of CTIP2+ cells in layer V may reflect
the corticospinal projection formation, as indicated by mouse
ctip2 analysis (Arlotta et al. 2005). Interestingly, SATB2+ cells
were located in the upper region of layer IV and FOXP1+ cells
in the lower region of the same layer. This different localization
indicates completely ditferent neural functions between SATB2
and FOXPI, although the FOXP1 function in neocortex is
unknown.

In mouse neocortex, Otx1+, ’I'br1+ Ctip2+, Foxpl+, Cutll+,
and Satb2+ neurons are born around embryonic day 12.5, 10.0,
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Figure 6. Layer-specific marker expression of the neocortex of 10-month-old boy with XLAG. Neocortex shows a thin 3-layer pattern. SATB2-, CUTL1-, FOXP1-, and
TBR1-immunopositive cells locate diffusely {A-0). Gross histology shows with KB staining. A./, A.ll, and A./ll, SATB2 in layers |, lI, and IIf; 8./, 8.1/, and 8./, CUTLY; C.J, C.JI, and

C.lli, FOXP1; D.1, DU, and D/, TBR1, respectively. Scale bar: 100 pm.

12.0, 14.5, 13.0, and 13.5, respectively (Simeone et al. 1993;
Bulfone et al. 1995; Hevner et al. 2001; Ferland et al. 2003;
Leid et al. 2004; Nieto et al. 2004; Arlotta et al. 2005; Britanova
et al. 2005). These labeling neurons originate from progenitor
cells residing in the ventricular zone (VZ) and the subven-
tricular zone (SVZ) of early developing brain. Early progenitor
cells in VZ produce deep layer neurons expressing Ctip2. On
the contrary, late progenitor cells in SVZ form upper layers,
expressing Cutll (Nieto et al. 2004). The previous data that
Satb2-null mice show loss of Cutll+cells in the superficial
layers (Alcamo et al. 2008) suggest the profound molecular
relationship of Satb2 and Cutll. Satb2+ cells directly contrib-
ute to the formation of a callosal projection of the bilateral
neocortical connection (Alcamo et al. 2008), while Ctip2+
cells contribute to the formation of a corticospinal projection
forming a long pathway between the neocortex and anterior
horn of the spinal cord (Arlotta et al. 2005). Interestingly, the
expression patterns of SATB2 and CTIP2 in human neocortex
mimicked those of rodent, and SATB2+ cells were also found
in part of layer V. Although SATB2+ cells and CTIP2+ cells
were in layer V, these double-marked cells were not observ-
able. This may indicate these cells have different functions.
From rodent study, 2 major projection neurons, callosal and
subcortical, are formed by Satb2 and Ctip2 interaction (Leone
et al. 2008), which may be at work in the human fetal

neocortex. The finding of no double-labeled cells with CTIP2
and SATB2 in human neocortex is compatible with the rodent
data (Leone et al. 2008). Otx1 in mouse brain also expresses
in layer V and contributes to the formation of the cortico-
spinal projection (Frantz et al. 1994; Weimann et al. 1999).
CTIP2+/0TX1+ cells may be closely related to the forming of
the corticospinal projection. Interestingly, we found many
SATB2+/OTX1+ cells in layer V. OTX1 may play an essential
role in the specification of both callosal and corticospinal
projection neurons, although the detailed interaction be-
tween OTX1 and CTIP2Z remains unknown. Moreover,
FOXP1+ cells expressed SATB2 and CTIP2 in layer V. It is
unknown whether a relationship exists between Foxpl and
Satb2 or Foxpl and Ctip2, although Ctip2 is known to
colocalize with Foxpl in mouse striatum (Arlotta et al. 2008).
FOXP1 may also contribute callosal and corticospinal pro-
jection neurons. FOXP1 disappeared earlier than OTX1 (Figs
2 and 3 and Supplementary Figure 1). FOXP1 could strongly
control forming corticospinal projection. Tbr1+ cells derived
from the earliest progenitor cells locate in layer VI (Hevner
et al. 2003) and contribute to the development of cortico-
thalamic projection neurons (Hevner et al. 2001, 2002;
Guillemot et al. 2006; Leone et al. 2008). In our data, the
TBR1+ cells that expressed CTIP2 in layer VI may form
corticothalamic projections, as in rodent studies.
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Figure 7. Layer-specific marker expression of the neocortex of 18-GW fetus with FCMD. Neocortex shows typical cobblestone lissencephaly feature. Many SATB2-, CUTL1-,
FOXP1-, OTX1, CTIP2-, and TBR1-immunopositive cells migrate over the glia limitans (8-G), while some labeled cells locate under it. GL, glia limitans; A, HE; B-G, SATB2, CUTL1,

FOXP1, OTX1, CTIP2, and TBR1 immunchistochemistry, respectively. Scale bar: 100 pm.

On the other hand, malformed neocortices revealed unique
distributions of the layer-specific markers. In MDS, due to
deletion of 17p13.3 with LIS1 gene, it has been thought that
neurons of the superficial layer are neuronal components of the
fundamental deep layers, and neurons of the deep layers consist
of neuronal components of layers II-1V in the normal neocortex
(Ferrer et al. 1987). Also, MDS neocortical lamination was found
to have an inverted organization (Viot et al. 2004). However,
recently the neocortex of 33 GW MDS has reportedly
demonstrated FOXP1+ cell in the deep layers or TBR1+ cells
in the first 3 layers (Sheen et al. 2006). MDS neocortical
lamination was concluded to be preserved and noninverted.
Our MDS findings supported noninverted lamination because of
the diffuse expression pattern of all layer-specific markers.
XLAG, caused by loss of function mutations of ARX gene
concerned with differentiation and migration of y-aminobutyric
acidergic interneurons, shows a 3-layer lissencephalic neo-
cortex (Kitamura et al. 2002; Bonneau et al. 2002; Cobos et al.
2005; Forman et al. 2005). Although ARX-null mice exhibit
nearly normal layer formation of the cerebral cortex (Kitamura
et al. 2002), the human XLAG neocortex was reported to
consist of 3 layers with uniform pyramidal neurons (Bonneau
et al. 2002; Okazaki et al. 2008). From our observation of layer-
specific markers in layers II and III, XLAG might also be
a random migration pattern. In human brain, ARX involves
migration of not only interneurons but also projection neurons
(Okazaki et al. 2008). XLAG neocortex may have an abnormal
interneuron migration pattern, although in the present study
this could not be demonstrated. Interestingly, our postnatal
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patients with MDS and XLAG revealed persistent expression of
these layer-specific markers, which was not found in the
normal neocortex. This suggests that MDS or XLAG neurons
arrest in the premature or undifferentiated stage.

Further investigation is needed to determine why these
layer-specific markers are expressed in postnatal brains, and
the nature of their molecular function. Moreover, we
investigated neocortices of typical type II lissencephaly, FCMD.
Various-sized and/or disoriented neurons were widely scat-
tered in the neocortex. In FCMD fetal brain, the layer-specific
markers diffusely expressed over and under glia limitans
(Fig. 7). Obviously, the FCMD fetal neocortex had completely
Jost its layer formation. The layer-formation pattern of WWS
fetus presents the same result as ours (Hevner 2007). This type
II lissencephaly, cobblestone lissencephaly, may commonly
have this pathological construction. Postnatal FCMD demon-
strated no expression of the layer-specific markers and was
different from MDS and XLAG. Neuronal maturation of FCMD
neocortex may be more advanced than other types of
lissencephalies. This leads us to conclude that FCMD patients
have a relatively low incidence of epilepsy and some cases are
mild (Guerrini and Filippi 2005; Spalice et al. 2009).

Our study suggests that the laminar formation pattern of
human and rodent neocortices is fundamentally the same. One
of the characteristics of the human neocortex is its gyration,
which is 1000-fold in the neocortical surface area between
human and rodent (Bystron et al. 2006; Rakic 2009). It is
thought that not only the number of neuronal progenitors but
also the number of radial glial cells in human brain is much



larger than in the rodent. As a result, the human neocortex
must fold and form gyrations. However, in case of abnormal
expression of migration- or proliferation-related genes or envi-
ronments such as trauma and infection, the number of neuronal
progenitor cells, and radial glial cells may serve to reduce and
influence the migration pattern.

We may conclude that the neocortex of lissencephalies is
formed by a unique type of neuronal migration. The late-birth
cells in MDS may migrate randomly but not the early-birth cells.
In XLAG, SATB2+, and TBR1+ cells distribute in the relatively
deep layers, but CUTL1+ and FOXP1+ cells may follow a random
migration pattern. FCMD shows the most random pattern. We
must seek to understand the mechanism behind these differ-
ences. The molecular mechanism of neuronal movement is well
known. Lis-1 or Dcx is a modulator of radial migration and
contributes to layer formation (Hirotsune et al. 1998; Meyer
et al. 2002; Bai et al. 2003). In human layer formation, various
projection neurons originate from VZ or SVZ and migrate
radially depending on the time of cell birth. In interneuron
development, Cutll and Cutl2 contribute to Reln expression
and control the number of the interneuron subpopulation
(Cubelos et al. 2008). However, little is known about inter-
action between the layer-specific markers (transcription
factors) and neuron kinetic factors including Lis-1, Dcx and
Reln. Further study is warranted to obtain more information in
this regard.

Supplementary Material

Supplementary material can be found at:
.oxfordjournals.org/.

http://www.cercor

Funding

Ministry of Health, Labor and Welfare of Japan (Intramural
Research Grant [21B-5] for Neurological and Psychiatric
Disorders of NCNP, and Research on Intractable Diseases 21-
110 and 22-133 to M.L).

Notes

We thank Drs M. Morikawa, Tokyo Metropolitan Kiyose Children’s
Hospital, B. Akikusa, Matsudo Municipal Hospital, and H. Horie, Chiba
Children’s Hospital, for advice on the pathology in this study, and
Dr K. Kitamura, National Center of Neurology and Psychiatry, for helpful
comments on the manuscript. We are also indebted to Mrs Y. Shono,
Tokyo Metropolitan Hachioji Hospital, and Mr S. Kumagai, National
Center of Neurology and Psychiatry, for technical assistance. Conflict of
Interest: None declared.

References

Alcamo EA, Chirivella L, Dautzenberg M, Dobreva G, Farinas I,
Grossched] R, McConnell SK. 2008. Satb2 regulates callosal pro-
jection neuron identity in the developing cerebral cortex. Neuron.
57:364-377.

Arlotta P, Molyncaux BJ, Chen J, Inoue J, Kominami R, Macklis JD. 2005.
Neuronal subtype-specific genes that control corticospinal motor
neuron development in vivo. Neuron. 43:207-221.

Arlotta P, Molyncaux BJ, Jabaudon D, Yoshida Y, Macklis JD. 2008. Ctip2
controls the differentiation of medium spiny ncurons and estab-
lishment of the cellular architecture of the striatum. J Neurosci.
28:622-632.

Assadi AH, Zhang G, Beffert U, McNeil RS, Renfro AL, Niu 8,
Quattrocchi CC, Antalffy BA, Sheldon M, Armstrong DD, et al
2003. Interaction of reelin signaling and Lis1 in brain development.
Nat Genet. 35:270-276.

Bai J, Ramos RL, Ackman JB, Thomas AM, Lee RV, LoTurco JJ. 2003.
RNAI reveals doublecortin is required for radial migration in rat
neocortex. Nat Neurosci. 6:1277-1283.

Bonneau D, Toutain A, Laguerriére A, Marret S, Saugier-Veber P,
Barthez MA, Radi S, Biran-Mucignat V, Rodriguez D, Gélot A. 2002.
X-linked lissencephaly with absent corpus callosum and ambiguous
genitalia (XLAG): clinical, magnetic resonance imaging, and
neuropathological findings. Ann Neurol. 51:340-349.

Britanova O, Akopov §, Lukyanov S, Gruss P, Tarabykin V. 2005. Novel
transcription factor Satb2 interacts with matrix attachment region
DNA clements in a tissue-specific mananer and demonstrates
cell-type-dependent expression in the developing mouse CNS.
Eur J Neurosci. 21:658-668.

Britanova O, de Juan Romero C, Cheung A, Kwan KY, Schwark M,
Gyorgy A, Vogel T, Akopov S, Mitkovski M, Agoston D, et al. 2008.
Satb2 is a postmitotic determinant for upper-layer ncuron specifi-
cation in the neocortex. Neuron. 57:378-392.

Bulfone A, Smiga SM, Shimamura K, Peterson A, Puelles L, Rubenstein JL.
1995. T-brain-1: a homolog of Brachyury whose expression defines
molecularly distinct domains within the cerebral cortex. Neuron.
15:63-78.

Bystron I, Rakic P, Molnar Z, Blackmore C. 2006. The first neurons of
the human cerebral cortex. Nat Neurosci. 9:880-885.

Cobos I, Broccoli V, Rubenstein JL. 2005. The vertebrate ortholog of
Aristaless is regulated by DIx genes in the developing forebrain.
J Comp Neurol. 483:292-303.

Crome L. 1956. Pachygyria. J Pathol Bacteriol. 71:335-352.

Cubelos B, Sebastian-Serrano A, Kim S, Redondo JM, Walsh C, Nicto M.
2008. Cux-1 and cux-2 control the development of reelin
expressing cortical interneurons. Dev Neurobiol. 68:917-925.

De Rouvroit CL, Goffinet AM. 2001. Neuronal migration. Mech Dev.
105:47-56.

Dobyns WB, Berry-Kravis E, Havernick NJ, Holden KR, Viskochil D.
1999. X-linked lissencephaly with absent corpus callosum and
ambiguous genitalia. Am J Med Genet. 86:331-337.

Ferland R}, Cherry TJ, Preware PO, Morrisey EE, Walsh CA. 2003.
Characterization of Foxp2 and Foxpl mRNA and protein in the
developing and mature brain. ] Comp Neurol. 460:266-279.

Ferrer I, Fibregues I, Condom E. 1987. A Golgi study of the sixth layer of
the cerebral cortex. III. Neuronal changes during normal and
abnormal cortical folding. J Anat. 152:71-82.

Forman MS, Sguler W, Dobyns WB, Golden JA. 2005. Genotypically
defined lissencephalies show distinct pathologies. J Neuropathol
Exp Neurol. 64:847-857.

Frantz GD, Weimann JM, Levin ME, McConnell SK. 1994. Otx1 and Otx2
define layers and regions in developing cercbral cortex and
cerebellum. J Neurosci. 14:3725-5740.

Guerrini R, Filippi T. 2005. Neuronal migration disorders, genetics, and
cpileptogenesis. J Child Neurol. 20:287-299.

Guillemot F, Molndr Z, Takabykin V, Stoykova A. 2006. Molecular
mechanisms of cortical differentiation. Eur } Neurosci. 23:857-868.

Hevner RF. 2007. Layer-specific markers as probes for ncuron type
identity in human neocortex and malformations of cortical de-
velopment. J Neuropathol Exp Neurol. 66:101-109.

Hevner RF, Miyashita-Lin E, Rubenstein JLR. 2002. Cortical and thalamic
axon pathfinding defects in Tbrl, Gbx2, and Pax6 mutant mice:
evidence that cortical and thalamic axons interact and guide each
other. ] Comp Neurol. 447:8-17.

Hevner RF, Neogi T, Englund C, Daza RAM, Fink A. 2003. Cajal-Retius
cells in the mouse: transcription factors, neurotransmitters, and
birthdays suggest a pallial origin. Brain Res Dev Brain Res. 141:
39-53. .

Hevner RF, Shi L, Justice N, Hsueh Y, Sheng M, Smiga S, Bulfone A,
Goffinet AM, Campagnoni AT, Rubenstein JL. 2001. Tbrl regulates
differentiation of the preplate and layer 6. Neuron. 29:353-366.

Hirotsune S, Fleck MW, Gambello M), Bix GJ, Chen A, Clark GD,
Ledbetter DH, McBain CJ, Wynshaw-Boris A. 1998. Graded re-
duction of Pafah1lbl (Lisl) activity cesults in neuronal migration
defects and early embryonic lethality. Nat Genet. 19:333-339.

Kitamura K, Yanazawa M, Sugiyama N, Miura H, lizuka-Kogo A,
Kusaka M, Omichi K, Suzuki R, Kato-Fukui Y, Kamiirisa K, ¢t al.

Cerebral Cortex March 2011, V21 N 3 5985



2002. Mutation of ARX causes abnormal development of forebrain
and testes in mice and X-linked lissencephaly with abnormal
genitalia in humans. Nat Genet. 32:359-369.

Leid M, Ishmael JE, Avram D, Shepherd D, Fraulob V, Dollé P. 2004.
CTIP1 and CTIP2 are differentally expressed during mouse
embryogenesis. Gene Expr Patterns. 4:733-739.

Leone DP, Srinivasan K, Chen B, Alcamo E, McConell SK. 2008. The
determination of projection necuron identity in the developing
cerebral cortex. Curr Opin Neurobiol. 18:28-35.

Meyer G, Perez-Garcia CG, Gleeson JG. 2002. Selective expression
of doublecortin and LISI in developing human cortex sug-
gests unique modes of neuronal movement. Cereb Cortex. 12:
1225-1236.

Michele DE, Barresi R, Kanagawa M, Saito F, Cohn RD, Satz JS, Dollar J,
Nishino I, Kelley RI, Somer H, et al. 2002. Post-translational
disruption of dystroglycan-ligand interactions in congenital muscu-
lar dystrophies. Nature. 418:417-422.

Mochida GH, Walsh CA. 2004. Genetic basis of developmental mal-
formations of the cerebral cortex. Arch Neurol. 61:637-640.

Molynecaux BJ, Arlotta P, Menezes JRL, Macklis JD. 2007. Neuronal subtype
specification in the cerebral cortex. Nat Rev Neurosci. 8:427-437.

Nieto M, Monuki ES, Tang H, Imitola J, Haubst N, Khoury §J,
Cunningham J, Gotz M, Walsh CA. 2004. Expression of Cux-1 and
Cux-2 in the subventricular zone and upper layers I-IV of the
cerebral cortex. J Comp Neurol. 479:168-180.

Okazaki 8, Ohsawa M, Kuki I, Kawawaki H, Koriyama T, Ri §, Ichiba H,
Hai E, Inoue T, Nakamura H, et al. 2008. Aristaless-related homeobox
gene disruption leads to abnormal distribution of GABAergic
interneurons in human neocortex: evidence based on a case of X-

Saito et al.

596 Layer-Specific Expression of Human Brains -

linked lissencephaly with abnormal genitalia (XLAG). Acta Neuro-
pathol. 116:453-462.

Olson EC, Walsh CA. 2002. Smooth, rough and upside-down neocortical
development. Curr Opin Genet Dev. 12:320-327.

Rakic P. 2009. Evolution of the ncocortex: a perspective from
developmental biology. Nat Rev Neurosci. 10:724-735.

Reiner O, Sapir T. 2009. Polarity regulation in migrating neurons in the
cortex. Mol Neurobiol. 40:1-14.

Sheen VL, Ferland RJ, Neal J, Harney M, Hill RS, Banham A, Brown P, Chenn A,
Corbo J, Hecht J, et al. 2006. Neocortical neuronal arrangement in
Miller Dieker syndrome. Acta Neuropathol. 111:489-496.

Simeone A, Acampora D, Mallamaci A, Stornaivolo A, D'Apice MR,
Nigro V, Boncinelli E. 1993. A vertebrate gene related to orthoden-
ticle contains a homeodomain of the bicoid class and demarcates
anterior neuroectoderm in the gastrulating mouse embryo. EMBO J.
12:2735-2747.

Spalice A, Parisi P, Nicita F, Pazzardi G, Del Balzo F, lannetti. 2009.
Neuronal migration disorders: clinical, neuroradiologic and genetic
aspects. Acta Paediatr. 98:421-433.

Viot G, Sonigo P, Simon I, Simon-Bouy B, Chadeyron F, Beldjord C,
Tantau J, Martinovic J, Esculpavit C, Brunelle F, et al. 2004.
Neocortical neuronal arrangement in LIS1 and DCX lissencephaly
may be different. Am J Med Genet A. 126A:123-128.

Weimann JM, Zhang YA, Levin ME, Devine WP, Brulet P, McConnell SK.
1999. Cortical neurons require otx1 for the refinement of exuberant
axonal projections to subcortical targets. Neuron. 24:819-831.

Yamamoto T, Kato Y, Kawaguchi M, Shibata N, Kobayashi M. 2004.
Expression and localization of fukutin, POMGnT1, and POMT1 in
the central nervous system: consideration for functions of fukutin.
Med Electron Microsc. 37:200-207.



AMERICAN JOURNAL OF

medical genetics

A New Microdeletion Syndrome of 5¢31.3
Characterized by Severe Developmental Delays,
Distinctive Facial Features, and Delayed Myelination

Keiko Shimojima,* Bertrand Isidor,” Cédric Le Caignec,®? Akiko Kondo,” Shinji Sakata,* Kousaku Ohno,*

and Toshiyuki Yamamoto'*

'Tokyo Women's Medical University Institute for Integrated Medical Sciences, Tokyo, Japan

2Service de Génétique Médicale, Centre Hospitalier Universitaire de Nantes 7, Nantes, France

3iNSERM, UMRY15, l'institut du Thorax, Nantes, France

“Division of Child Neurology, Institute of Neurclogical Sciences, Faculty of Medicine, Tottori University, Yonago, Japan

Received 21 July 2010; Accepted 10 December 2010

Chromosomal deletion including 5q31 is rare and only a few
patients have been reported to date. We veport here on the first
two patients with a submicroscopic deletion of 5931.3 identified
by microarray-based comparative genomic hybridization. The
common clinical features of both patients were marked hypo-
tonia, feeding difficulty in infancy, severe developmental
delay, and epileptic/nonepileptic encephalopathy associated
with delayed myelination. Both patients also shared characteris-
tic facial featuves, including narrow forehead, low-set and
abunormal auricles, bilateral ptosis, anteverted nares, long phil-
trum, tented upper vermilion, edematons cheeks, and high
palate. The deleted region contains clustered PCDHs, including
and PCDHG, which are highly expressed in the brain where they
function to guide neurons during brain development, neuronal
differentiation, and synaptogenesis. The common deletion also
contains neuregulin 2 (NRG2), a major gene for neurodevelop-
ment. We suggest that 5q31.3 deletion is responsible for severe
brain developmental delay and distinctive facial features, and
that the common findings in these two patients representing a
new microdeletion syndrome. We need further investigations
to determine which genes are responsible for the patients’
chavacteristic features. © 2011 Wiley-Liss, Inc.

Key words: microdeletion; 5¢31.3; array-based comparative ge-
nomic hybridization (aCGH); developmental delay; protocadherin
(PCDH); neuregulin 2 (NRG2)

INTRODUCTION

Interstitial deletions of the long arm of chromosome 5 are rare,
exceptin the 5435.2q35.2 region that includes the 2-Mb NSD1Ilocus
which is associated with Sotos syndrome [Visser and Matsumoto,
2003]. Although patients with proximal deletions that encompass
the 5q15 to q22 region experience mild developmental delays, those
with distal deletions that encompass the 5q22 to q31 region are
more severely handicapped, fail to thrive, and present with signifi-
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cant craniofacial dysmorphism and joint dislocations or contrac-
tures [Garcia-Minaur et al.,, 2005]. Furthermore, there are only a
few reports of patients with deletions encompassing the 5q31.3
region [Felding and Kristoffersson, 1980; Kramer et al., 1999; Arens
et al., 2004].

Recently, we encountered 2 patients with severe developmental
delay and distinctive facial features. Microarray-based comparative
genomic hybridization (aCGH) analyses identified a common
microdeletion of 5q31 in both patients. Radiological examination
yielded characteristic finding with delayed myelination in both
patients. The details of these cases are discussed in this report. Data
on the patients were deposited in the DECIPHER database
(Database of Chromosomal Imbalances and Phenotype in Humans
using Ensembl Resources, https://decipher.sanger.ac.uk), and the
corresponding DECIPHER number is given.
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CLINICAL REPORTS
Patient 1 (DECIPHER #TWM253734)

A Japanese boy was born at 40 weeks 5 days gestation by caesarean
when labor had failed to begin. He is the first child of a 30-year-old
father and a 26-year-old mother at the time of his birth. His birth
weight was 2,925 g (—0.3 SD), length 50 cm (+0.5SD), and head
circumference 35 cm (+1.3 SD). Postaxial polydactyly of the right
hand was noted. Patent ductus arteriosus (PDA) and a small
ventricular septal defect (VSD) were revealed by echocardiography;
PDA was surgically treated when he was 52 days old, and the small
VSD was observed but not treated. He showed failure to thrive due
to severe hypotonia and feeding difficulty, and aspiration was
suspected because of recurrent pneumonia, Tube feeding was
* initiated at 6 months of age. Although he had no epileptic episodes,
his electroencephalography showed spike waves on the right side of
the posterior and occipital regions during natural sleep. Auditory
brainstem response revealed obscure Il waves in both sides, and the
threshold was 40 dB. His median nerve conductive velocity (NCV)
showed a delay with 32.5m/s (~2.1SD) on the left and 30.5 m/s
(—2.5 SD) ontheright. His posterior tibial NCV was also revealed to
be delayed with 27.6 m/s (—3.2SD) on both sides. These findings
indicated peripheral neuropathy.

At 18 months of age, he showed delayed growth and microceph-
aly with height 76.4 cm (—1.6 SD), weight 8.7 kg (—1.7SD), and
head circumference 42.8cm (—3.0SD). He showed distinctive
features including narrow forehead, low-set and abnormal auricles,
bilateral ptosis, epicanthic folds, depressed nasal bridge, anteverted
nares, long philtrum, tented upper vermilion, edematous cheeks,
and high palate (Fig. 1A). His developmental milestones were
markedly delayed with no contact eye movements, no smile re-
sponse, and no head control. Brain magnetic resonance imaging
(MRI) revealed reduced volume of the cerebrum and severely
delayed myelination (brain appearance was that of an 8-month-
old child) in T2-weighted imaging (Fig. 2A). Chromosomal
G-banding showed a normal male karyotype.

Patient 2 [DECIPHER #4681)

An 8-year-old French girl had no family history and no consan-
guinity in her parents. There was no complication during pregnan-
cy. She was born with a birth weight of 3,700 g (+0.5 SD), alength of
52 ¢m (-+1.0SD), and a head circumference of 36 cm (+1.0SD).
Since early infancy, she showed feeding difficulties due to severe
hypotonia. She had severe developmental delay with sitting at
11 months. Since the age of 12 months, she suffered epileptic
seizures which were drug-resistant (hydrocortisone, clonazepam,
topiramate, lamotrigine). Her epileptic status was diagnosed as
Lennox—Gastaut syndrome.

She was of relatively small stature at a height of 121cm
(—1.58D), had a weight of 16.7 kg (—2.5 SD), and head circumfer-
ence of 50 cm (—1.5SD). She was not able to walk unassisted and
was apraxic for speech. Her features were distinctive with narrow
forehead, low-set ears, bilateral ptosis, downslanting palpebral
fissures, anteverted nares, long philtrum, tented upper vermilion,
edematous cheeks, and high palate (Fig. 1B). Strabismus was also
noted. Brain MRI examination showed ventriculomegaly with
reduced volume of the cerebrum, particularly in the frontoparietal
regions, and marked hypomyelination (Fig. 2B). Conventional
chromosome analysis showed a normal female karyotype.

MATERIALS AND METHODS

For further evaluation, microarray-based comparative genomic
hybridization (aCGH) analyses, using Human Genome CGH Mi-
croarray 105A for Patient 1 and 44A for Patient 2 (Agilent Tech-
nologies, Santa Clara, CA), were performed according to the
manufacturer’s protocol, with genomic DNAs extracted from
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peripheral blood samples. The identified aberrations were con-
firmed by fluorescence in situ hybridization (FISH) analyses, and
both patients were also analyzed by FISH. Parental origin of the
deletion in Patient 1 was determined using the microsatellite
marker D551979 according to methods described elsewhere
[Komoike et al., 2010]. Information regarding the primers used
for the marker was obtained from the in-silico library (http://
genome.ucsc.edu/).

RESULTS

Losses of genomic copies of 5q31.3 were identified in both patients.
Patient 1 showed a 5.0-Mb deletion with molecular karyotyping as
arr chr5q31.2q31.3(137,538,788~142,574,719)(hg18)x1 and Pa-
tient 2 showed a 2.6-Mb deletion with molecular karyotyping as
arr chr5q31.3q31.3(139,117,448-141,682,547)(hg18)x1 (Fig. 3).
FISH analyses with only one signal for the targeted probe confirmed
the deletion (Fig. 4), and subsequent parental FISH analyses using
the same probe showed no abnormality in their parents (data
not shown), indicating de novo occurrence. Patient 1 shared
the D5S1979 allele with his mother but not with his father
(Fig. 4). This indicated that the deletion was paternally derived,
and the final karyotype was ish del(5)(q31.2q31.3)(RP11-678N8x1)
dn pat.

DISCUSSION

Both the patients in the present study showed an overlapping
deletion of the region that included 5g31.3. The clinical features
that were common for both patients were marked hypotonia,
feeding difficulties in infancy, severe developmental delay, and
epileptic/nonepileptic encephalopathy. Both patients also showed
similar characteristic facial features, including a narrow forehead,
low-set and abnormal auricles, bilateral ptosis, anteverted nares,
long philtrum, tented vermilion of the upper lip, edematous
cheeks, and high palate. Another characteristic finding was delayed
myelination of the white matter, as identified by MRI examination.
Thus, these findings are consistent, recognizable, and clinical
features of 5q31.3 deletion.

To the best of our knowledge, five reports on patients with
chromosome 5q31 deletions are available in the literature (Fig. 5).
The first patient reported by Felding and Kristoffersson had man-
ifestations similar to those of our patients [Felding and Kristof-
fersson, 1980]. Kramer et al. [1999] reported on a patient with
5q31q33 deletion whose condition was severely impaired; this
patient showed congenital anomalies and died in the neonatal
period. Arens et al. [2004] reported a patient with 5q22.1q31.3
deletion whose clinical findings included growth retardation,
moderate psychomotor retardation, and mild facial dysmorphisms
were similar to those of our patients. However, the severity of
the developmental delay was milder than that of our patients,
because she could walk without support and could speak a few
words. These three patients were suspected to carry deletions of
5q31.3, but the deletion regions were ambiguous in conventional
G-banding examination, and no neuroimaging test was available.
We were thus unable to compare these patients with ours.

- 31

Tzschach etal. [2006] reported on a patient with failure to thrive,
psychomotor retardation, and mild facial dysmorphic features who
carried a de novo deletion of 5q23.3q31.2, which did not overlap
with those of our patients [ Tzschach et al.,2006]. Moscaetal. [2007]
reported a girl presenting with an abnormal cry, upslanting palpe-
bral fissures, hypertelorism, anteverted nostrils, microretrognathia,
growth retardation, and an adenoid cyst at the base of the tongue
[Mosca et al., 2007]; the chromosomal deletion in this girl partially
overlapped with that in Patient 1 of the present study, but the
deletion did not involve the 5¢31.3 band (Fig. 5).

In the present study, the common 2.6-Mb deletion region within
the chromosomal band 5g31.3 is gene rich, containing 40 genes
(UCSC Human genome browser, March 2006; http://genome.
ucsc.edu/). The most intriguing finding is that the deleted region
contained 5 genes classified as the protocadherin (PCDH) family
which can be further divided into two main categories including
clustered and non-clustered [Morishita and Yagi, 2007]. The
clustered PCDHs including PCDHA, PCDHB, and PCDHG, which
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are sequentially organized on the 5g31.3 region (Fig. 3) [Yagi,
2008]. The other non-clustered PCDHs, PCDH1 and PCDH]I2,
were also included in this region. PCDHs are highly expressed
in the brain where they play roles in directing neurons during brain
development, neuronal differentiation, and synaptogenesis [Akins

Chromosome 5

sl /WL IiEmil

Felding ot al, 1980

Arens et al, 2004
Tzschach st al, 2006
Mosca ot al, 2007
m Patient 1}
ient 2

This study

and Biederer, 2006]. Although clustered PCDHs are suspected to
have more important roles than non-clustered PCDHs in neuronal
development, human diseases that are associated with clustered
PCDHs have not yet been reported. The genomic organization of
PCDHA and PCDHG includes multiple variable exons and a set of
constant exons, similar to the gene encoding immunoglobulins and
T-cell receptors [Morishita and Yagi, 2007; Takeichi, 2007]. These
exons are combined by cis-splicing of the mRNA, leading to the
production of a large number of isoforms and generating more than
50 transcripts from each gene, with various extracellular domain
sequences [Morishita and Yagi, 2007; Takeichi, 2007]. Because of
these characteristics, PCDHA and PCDHG are classified as clustered
PCDHs. The expression mechanism of clustered PCDHs is also
unique; different mouse neurons were found to express different
sets of Pedhaand Pedhg, indicating monoallelic gene expression that
is unique to the clustered PCDHs [Esumi etal., 2005; Hirayama and
Yagi, 2006].

Although mutations of human PCDHA, PCDHB, and PCDHG
have not been reported, hypomorphic Pcdha mutant mice
exhibit enhanced contextual fear conditioning and abnormal
spatial learning [Fukuda et al., 2008]. Morpholino-based reduction
in levels of full-length Pcdh1a protein results in a dramatic increase
in the extent of neuronal programmed cell death [Emond
and Jontes, 2008]. These observations are similar to those in
Pcdhg—/— mice that exhibit a loss of spinal interneurons [Wang
et al., 2002]. Heterozygous mice of both Pcdha and Pedhg have not
been reported to show any neurological pathologies [Wang et al.,
2002; Fukuda et al., 2008]; however, functional relevance of both
PCDHA and PCDHG to human disorders cannot be denied,
because mice heterozygous for the knockout alleles such as
Nsdl and Foxcl show no manifestations [Rayasam et al., 2003;
Aldinger et al., 2009]. Hemi-allelic deletions of the human
homogues, NSDI and FOXCI, are associated with human
disorders, i.e., Sotos syndrome and Dandy~Walker malformation,
respectively. These findings suggest the biological difference
between mice and human.

Another study showed that myelination functions as a trigger
for the decline in Pcdha expression [Morishita et al., 2004].
Delayed myelination was another characteristic of our patients
and may be associated with the deletions of PCDHA, Furthermore,
PCDHA and PCDHG exhibit monoallelic expression [Esumi et al.,
2005]. Thus, partial monosomy of 5q31.3 may affect the function of
PCDHA and/or PCDHG. (

By use of the UCSC genome browser, 6 genes other than PCDHA
and PCDHG were found to be highly expressed in the brain
among the 40 genes included in the common deletion region
(Supplemental Table SI online). Neuregulin 2 gene (NRG2) was
one of the 6 genes. NRG2 is a member of the neuregulin family of
signaling proteins that mediate cell~cell interactions in the nervous
system and other organs [Rimer, 2007]. Recent genetic, transgenic,
and postmortem brain studies support a potential contribution of
NRGI1-erbB4 signaling in schizophrenia [Banerjee et al., 2010].
Furthermore, NRG2 is predominantly expressed by neurons in the
central nervous system and exerts its effects on the perisynaptic
Schwann cells at the neuromuscular junction [Longart et al,, 2004;
Rimer, 2007], suggesting a possible association of NRG2 with
neurological diseases. The findings of histological examinations of
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the brain of Nrg2 transgenic mice did not differ from those of the
wild-type or heterozygous mice; however, homozygous knockout
mice showed severe growth retardation, increased morbidity,
and reduced reproductive capacity [Britto et al., 2004]. Thus, the
peripheral neuropathy in Patient 1 may be attributable to NRG2
deletion.

In this study, we reported the first two patients with deletions of
the 5q31.3 region. We suggest that the deletion of 5¢31.3, including
clustered PCDHs and NRG2, lead to severe developmental delays,
distinctive facial features, and delayed myelination. These charac-
teristic manifestations comprise a new recognizable microdeletion
syndrome. Although many genes in this region are highly expressed
in the brain, the genes that specifically contributed to the unique
characteristics of our patients could not be determined, because the
crucial functions of the genes involved in the deletion region remain
to be elucidated. Further studies need to be conducted to identify
the genes that were associated with the characteristic features
of our patients. Microcephaly was observed in Patient 1, but the
head circumference of Patient 2 was within normal limit. Therefore,
the gene associated with microcephaly in Patient 1 might be
excluded from the deletion region that was common to both
patients.
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