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Abstract

Cognitive skills such as tool use, syntactical languages, and self-awareness differentiate humans from other primates. The underlying
basis for this cognitive difference has been widely associated with a high encephalization quotient and an anatomically distinct, excep-
tionally large cerebral cortex. Investigations on congenital microcephaly had revealed several genes that affect mammalian brain size
when mutated. At least four of these, microcephalin (MCPH1), abnormal spindle-like microcephaly-associated (ASPM), cyclin-depen-
dent kinase 5 regulatory associated protein 2 (CDK5RAP2), and centromere-associated protein J (CENPJ) are known to have undergone
significant positive selection in the great apes and human lineages during primate evolution. MCPH1 and ASPM both have very young
single nucleotide polymorphism haplotypes associated with modern humans, and these genes are presumably still evolving in Homo sapi-

ens. Microcephalin has a role in DNA damage response and regulation of cell cycle checkpoints. The other known microcephaly-asso-
ciated genes encode microtubule-associated centrosomal proteins that might regulate neural progenitor cell division and cell number.
Recent reports have also unveiled a previously unknown function of ephrins and Eph in the regulation of neural progenitor cell death
with a consequential effect on brain size. Understanding the mechanism for developmental control of brain organogenesis by these genes,
and others such as FOXP2, shall provide fresh perspectives on the evolution of human intelligence.
� 2006 Elsevier Inc. All rights reserved.
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The human brain, constituting about two percent of
body mass, is strikingly larger than that of other primates.
Humans have an encephalization quotient of 7.4–7.8, more
than threefold that of our genetically closest neighbors in
the great ape clade [1]. Such an increase mostly resulted
from a rather disproportionate, allometric growth of the
cortex during development. In the course of evolution of
Homo sapiens, its cortical surface area has increased by
three orders of magnitude relative to body size, and as such
is a thousand times larger than that of mouse, the popular
animal model [2,3]. Such a large cortical surface area and
the projected exponential increase in the number of neural
connections have made sheer brain size one strong correla-
tive explanation for the evolution of cognitive intelligence
in the Homo genus.
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Development of the brain cortex follows roughly similar
sequences in mammals. Progenitor cells formed at a narrow
region around the telecephalic ventricle, where they divide
symmetrically and give rise to more progenitor cells. Each
then undergoes asymmetric cell division, generating anoth-
er progenitor cell and a neuron. Neurons migrate from the
ventricles to more distant positions, along radial glia
tracks, to form the cortical plate [4]. It is conceivable,
and has been proposed, that changes in the relative num-
bers of the two modes of cell divisions would result in
changes in cortical surface area [5]. Since each round of
symmetric cell division would double the number of pro-
genitors, prolonging this mode of cell division (or a delay
in the onset of asymmetric division) could theoretically lead
to an exponential growth in the cortical area. Humans
indeed have the largest number of cortical neurons [1].
There appears to be some experimental evidence for the
above notion. Transgenic mice over-expressing the signal-
ing molecule b-catenin in neural progenitors developed
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enlarged brains with increased cerebral cortical surface
area, as well as surface folds resembling the sulci and gyri
of higher mammals [6]. This is apparently due to a greater
proportion of progenitors reentering the cell cycle after
mitosis. A diametrically opposite way to control brain size
is the regulation of progenitor cell death. In this regard,
both caspase 3 and caspase 9 knockout mice exhibited
excessive and deformative cerebral hyperplasia [7,8].

Lately, our understanding of genetic determination of
brain size has been greatly illuminated by studies on genes
mutated in primary microcephaly, a Mandelian develop-
mental disorder manifested by a marked reduction in brain
size [9]. A microcephalic brain is about a third the size of a
normal human brain and is roughly comparable to brains
of early hominids. The disorder is interesting because in
spite of the reduction in brain size and a clearly simplified
gyral pattern, there is no significant neurological dysfunc-
tion and only a moderate loss in cognitive ability. An inter-
esting notion is therefore that microcephalic conditions
may recapitulate what the brain and cognitive ability of
our early ancestors were like. On the other hand, new data
have emerged implicating a previously unknown role for
ephrins and Eph receptors in regulating neural progenitor
cell proliferation and death. I discuss below these new find-
ings pertaining to their importance in our understanding of
genetic control of brain size, in relation to that of cognitive
intelligence.

Microcephaly genes and their adaptive evolution

Linkage mapping of consanguineous families has identi-
fied six gene loci for primary microcephaly (designated
MCPH1-6) [9–12]. Two members of this group, namely
microcephalin (MCPH1) and abnormal spindle-like micro-
cephaly-associated (ASPM/MCPH5), have been extensive-
ly analyzed genetically and have interesting evolutionary
tracings. Lahn’s laboratory had compared polymorphism
and divergence of a good number of brain-expressed genes
to more ubiquitous genes. The authors used the McDon-
ald–Kreitman test for positive selection during evolution,
checking for each gene the ratio of non-synonymous substi-
tution (Ka) to that of synonymous (Ks) (the Ka/Ks ratio),
as to whether they are higher within the species or between
species [13,14]. The general conclusion is that a good frac-
tion of brain-specific genes displayed significantly higher
rate of changes in protein primary sequence in primates
than in rodents, with the increase being particularly prom-
inent along the lineage leading to humans. Amongst the
brain-expressed genes which showed such clear signs of
positive selection, or adaptive evolution, are microcephalin

and ASPM. On average, one presumably advantageous
amino acid change in every 300,000–400,000 years was
‘‘fixed’’ in the ASPM gene since the human lineage
diverged from chimpanzees some 5–6 million years ago
[15]. For microcephalin, 45 advantageous amino acid
changes might have been fixed during the 25–30 million
years of evolution from early simian progenitors to modern
humans [16]. Other groups have also made similar findings
with regard to the adaptive evolution of these genes
[17–19]. Indeed, it was also recently shown that two other
microcephaly-associated gene products, cyclin-dependent
kinase 5 regulatory associated protein 2 (CDK5RAP2/

MCPH3) and centromere-associated protein J (CENPJ/
MCPH6), have significantly higher evolutionary rates in
primates than rodents or carnivors, particularly in the great
ape/human lineages [20].

Lahn’s group went further, and asked whether some
these genes are evolving within the Homo sapiens species
since its appearance around 2–3 million years ago. They
did this by sequencing DNA samples of 90 ethnically
diverse individuals of these loci and then extended these
to more individual samples for haplotyping. For both
microcephalin and ASPM, a single haplotype (or single
nucleotide polymorphism, SNP) was found to predominate
and had increased in frequency too rapidly to be explained
by neutral genetic drift [21,22]. These SNPs had apparently
spread in the modern human population under strong posi-
tive selection, the exact nature of which is currently
unknown. The genetic variant of microcephalin in modern
humans arose approximately 37,000 years ago. That of
ASPM in humans arose merely about 5800 years ago.
These findings suggest that the amino acid changes associ-
ated with microphilin and ASPM genes may be influencing
brain development in modern humans. Intriguingly, these
genes may still be evolving.

It is, however, unclear at the moment what these chang-
es meant, in functional terms, to the cellular and physiolog-
ical roles of the proteins in question. In particular, it is
unclear if these changes resulted could be directly correlat-
ed to significant changes in brain size. The feeling is that
these are more likely to offer advantages to more subtle
aspects of brain function, which would explain their posi-
tive selection [23]. What then are the actual functions of
the MCPHs in brain development?

MCPH gene products and their cellular functions

The domain signatures and motifs within the four
microcephaly mutant genes identified thus far have provid-
ed some clues as to their cellular function, and some of the
predictions have received recent experimental evidence.
Microcephalin is a large, 835 amino acid protein which is
expressed in the developing cerebral cortex of the fetal
brain [24]. The most prominent feature of its primary
sequence is the presence of three BRCA1 C-terminal
(BRCT) domains, which is known to mediate phosphoryla-
tion-dependent protein–protein interactions in cell-cycle
checkpoint and DNA repair functions [25]. Indeed, micro-
cephalin nonsense mutation causes premature chromosome
condensation in the early G2 phase, a phenomenon which
could be reproduced in vitro by siRNA-mediated micro-
cephalin knockdown. Microcephalin-deficient cells also
exhibit delayed chromosomal de-condensation after mito-
sis [26]. In another report, microcephalin depletion was
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shown to impair ionizing radiation-induced cell cycle S and
G2/M checkpoints, with a decrease in both protein and
transcript levels of the checkpoint regulators BRCA1 and
Chk1. Microcephalin is thus clearly involved in cellular
DNA damage response [27,28]. Microcephalin has also
been identified in a separate study as a negative regulator
of telomerase activity [29]. Very recently, it has also been
shown to localize to the centrosome [30], just as the other
MCPH gene products discussed below are.

ASPM is an even larger protein (3477 amino acids) and
appears to be the human orthologue of Drosophila abnor-
mal spindle (Asp). It has an N-terminal microtubule-bind-
ing domain, two calponin homology domains (which are
actin-binding domains), and a large number of isoleucine
glutamine (IQ) repeats (which binds calmodulin) [31,32].
The N-terminal microtubule binding domain is homolo-
gous to that of cilia proteins and has led to a prediction
of ciliary function for ASPM [33]. ASPM is widely
expressed, but in the brain it is prominent in the neuroep-
ithelium of the lateral ventricles [34], which is suggestive of
a role in neurogenesis. ASPM localizes to the centrosome
in interphase and to the spindle poles during mitosis
[34,35], indicating that it might function in regulating the
organization of cetrosomal processes and mitotic spindle
organization during the cell cycle, as its Drosophila ortho-
logue, Asp, does [36,37]. Like microcephalin, its role in cell
cycle regulation may involve functional interactions with
BRCA1, as downregulation of endogenous ASPM by
siRNA also downregulated endogenous BRCA1 [35].

Cyclin-dependent kinase 5 regulatory associated protein
2 (CDK5RAP2) [38] is first isolated as an inhibitory inter-
acting partner of a regulator of CDK5RI, a regulator of
CDK5 (a kinase with multiple regulatory roles in the brain,
reviewed extensively in [39,40]). CDK5RAP2 has a Dro-

sophila orthologue, centrosomin (Cnn), which is required
for centrosome assembly [41]. Loss of zygotic Cnn expres-
sion in flies perturbs development of the gut and the ner-
vous system [42]. The centromere-associated protein J
(CENPJ) [43] was first identified as a centrosomal protein
that interacts with the 135-kDa isoform of 4.1R (termed
4.1R-135). The latter is a microtubule-associated protein
involved in microtubule aster assembly and mitotic regula-
tion [44]. CENPJ itself carries a microtubule-destabilizing
motif that could inhibit microtubule nucleation from the
centrosome, as well as depolymerizing taxol-stabilized
microtubules [45]. Both CDK5RAP2 and CENPJ are wide-
ly distributed in the developing embryo, but with the high-
est expression in the developing central nervous system
(CNS), and are centrosomally localized [46].

It appears that all mutations associated with microceph-
aly identified thus far are associated with gene products
that might function in a similar aspect of cell cycle regula-
tion, namely the cytoskeletal control of the mitotic appara-
tus. An interesting point to note is that all of these genes
are rather widely expressed and would be expected to play
similar roles in several cell types. The non-lethal phenotype
associated with their nonsense mutations could be
explained by the presence of paralogues with possibly
redundant functions. For instance, myomegalin is a homo-
logue of CDK5RAP2 and the nuclear mitotic apparatus
(NuMa) [47] protein has been proposed to be able to cover
for ASPM function in its absence [12]. It is however,
unclear why these nonsense mutations affect brain size
rather specifically and not that of other organs. Given that
these are all expressed in the neuroepithelium during devel-
opment and have undergone adaptive evolution in the
human lineage, they may have all evolved a specialized
and non-redundant function in brain neurogenesis. As dis-
cussed earlier, it is conceivable that this function may
involve some temporal order of developmental decisions
during neurogenesis, for example to switch from symmetric
to asymmetric cell division. It would be interesting to see if
the other two yet unidentified MCPH loci encode gene
products that are similarly involved in cell cycle regulation
and CNS neurogenesis.

An important aspect of brain architectural organization
during neurogenesis has to do, however, with the modula-
tion of progenitor cell death. In this regard, it is worth not-
ing that caspases 3 and 9 are amongst the genes noticed by
Lahn’s group [13] that had shown signs of positive selection
during primate evolution. In fact, as recently reported and
discussed below, control of progenitor cell death during
neurogenesis may involve other molecular players not pre-
viously associated with a programmed cell death function.

Ephrin/Eph signaling and neural progenitor cell death

Ephrin and Eph receptors have been extensively impli-
cated in various aspects of development of multiple organ
systems [48,49], as well as pathogenesis of malignancies
[50]. However, perhaps their best known function is in
the control of axonal guidance, neural circuit formation,
topography, and plasticity [51–53]. Recent reports now
indicate that ephrin-A/EphA signaling in different parts
of the CNS regulates neural progenitor cell proliferation
and neurogenesis, and may control brain size by modulat-
ing programmed cell death of progenitors.

Holmberg et al. [54] analyzed the expression pattern of
all A-type ephrins and EphAs in the developing mouse
brain, and noted prominent expression and rather interest-
ing expression patterns of some of these in the ventricular
zone, a neural stem cell niche [55]. In the adult mouse
brain, Eph7 and ephrin-A2 are expressed in a mutually
exclusive pattern in the different cell types found at the lat-
eral ventricular wall. Infusion of recombinant Fc-fusion
proteins of ephrin-A2 and EphA7 both increased prolifer-
ation in the neural stem cell niche (as indicated by an
increase in bromodeoxyuridine (BrdU) labeling). Both eph-
rin-A2 and EphA7 null mice have an increase in BrdU
labeled cells at the ventricle wall, and in the case of eph-
rin-A2�/�mice, this is paralleled by an increase in the num-
ber of newborn neurons at the olfactory bulb. Progenitor
cells in these mice have an apparently shorter cell cycle
and generated higher numbers of secondary neurospheres
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when cultured in vitro. Absence of ephrin-A2 resulted in
proliferation increase in cells normally expressing ephrin-
A2 but not EphA7. Transgenic over-expression of a domi-
nant-negative truncated form of EphA7 (EphA7-T1, lack-
ing the kinase domain) in wild type and EphA7�/�, but
not ephrin-A2�/� neurospheres, significantly decreased
proliferation. These results suggest that forward signaling
through Eph7A is probably not involved in the prolifera-
tive effect, and that ephrin-A2’s presence is required for
Eph7-T1 to exert its growth inhibitory effect. Interestingly,
therefore, the apparently negative regulation of neural pro-
genitor cell proliferation by ephrin-A2 and EphA7 appears
to be mediated by reverse signaling through ephrin-A2, but
not forward signaling from EphA7.

Another report by Depaepe et al. [56] examined the
effect of ephrin-A/EphA signaling in the mouse cerebral
cortex. EphA7 is preferentially expressed in cortical pro-
genitors and ephrin-A5 in the telecephalon. Perinatal
expression of Eph7 and ephrin-A5 is non-overlapping
and complementary to each other. In order to ectopically
express ephrin-A5 in the cortex during development, the
authors generated a transgenic mouse line (TGA7A5) in
which a Cre-recombination inducible ephrin-A5 transgene
is driven by the EphA7 promoter. Crossing this with a
Cre-recombinase line generated progenies which died at
birth. These fetuses show a severe reduction in cerebral
hemisphere size, but with the rest of the brain appearing
normal. Nestin staining revealed no decrease in density of
the cortical progenitors, and BrdU labeling indicates that
proliferation and cell cycle regulation were unimpaired
compared to wild type. The cortical progenitors have how-
ever a large increase in terminal deoxynucleotidyltransfer-
ase-mediated dUTP nick end labeled (TUNEL) positive
cells and are immunoreactive for activated caspase 3.
Ectopic ephrin-A5 expression had therefore apparently
generated a transient, developmental stage specific wave
of progenitor cell apoptosis. In vitro, ephrin treatment of
cultured E12-E13 cortical progenitors resulted in rapid
induction of apoptosis that is reversible by caspase inhibi-
tors. The authors also found that EphA7�/� mice had an
approximately twofold decrease in cortical progenitor
death at the peak period of cortical neurogenesis compared
to wild type. These mice also have a significantly larger
(�20%) cortical size than wild type, and exencephalic over-
growth is observed in a small proportion of the embryos. It
appears therefore that ephrin/Eph signaling may directly
regulate progenitor cell death during cortical development,
and with consequential impact on brain size.

The reports discussed above raised several interesting
questions. The first is that fundamentally different phenom-
ena were observed in the two reports. While Depaepe et al.
[56] clearly documented cortical progenitor apoptosis,
Holmberg et al. [54] documented no apparent increase in
cell death in the ventricular wall progenitor population.
This is almost certainly because the studies focused on dif-
ferent neural progenitor populations. It is at the moment
unclear how physiologically significant is ephrin/Eph
interaction in mediating progenitor cell number during
development in different parts of the brain, as the experi-
ments involved infusion of proteins and ectopic expression
of transgenes. Granted that Eph7A has a physiological
function in regulating neural progenitor cell proliferation
and death, it remains to be determined which ephrins serve
as its endogenous ligand in different parts of the brain.
Another interesting aspect of the results discussed above
that is unclear is whether ephrin-A reverse signaling is
involved in both the phenomena observed, i.e., antiprolifer-
ation of ventricular zone progenitors and apoptosis of cor-
tical progenitors. Ephrin-As are linked to the membrane by
a glycosylphosphatidylinositol (GPI) linker and do not
span the membrane. Reverse signaling must therefore
involve the engagement of transmembrane co-receptors.
This engagement and downstream signaling events are
not understood in detail, particularly in neural progenitor
cells, and would be an area of great interest in the near
future. Further, it would of course be interesting to see if
genes encoding EphA7 and ephrins have evolved more rap-
idly along the primate lineage.

Concluding remarks

It would appear that recent developments suggest that
we are inching closer to an understanding of how brain size
is determined by neuroprogenitor cell division and death,
regulated by a complex interplay of molecular determi-
nants. Those proteins whose function had a direct impact
on brain size could have all undergone positive selections
as modern human evolved from their forefathers, and some
of these may indeed be still evolving.

Another question that might follow is whether we are
any nearer to understanding how cognitive intelligence, a
trait we believe is unique to humans and tells us apart from
higher primates like chimpanzees, is determined. It is
important to bear in mind that brain size is but one ana-
tomical correlate for intelligence, and that other genes
which do not affect brain size may nonetheless be essential
for cognitive functions of the modern human brain. Com-
parative gene profiling analyses revealed that some brain
genes are up-regulated in humans relative to non-primates
[57]. Interestingly, among the gene set with a human-specif-
ic increase in expression revealed in a more recent analysis,
there is an excess of transcription factors [58]. The fork-
head domain-containing transcription factor FOXP2 is
interesting in this regard as human mutations of the
FOXP2 gene are known to cause severe impairment in
articulation and speech [59]. The gene shows positive evo-
lutionary selection compared to other species but unusually
low sequence diversity amongst humans, which suggest its
evolutionary selection occurred very recently and fixed only
in modern humans [60]. Another gene which has distinct
features of evolutionary selection along the human lineage
is the brain-enriched AHI1. Mutation of AHI1 causes Jou-
bert syndrome, an autosomal recessive disorder with motor
deficiencies and cognitive and behavioral disturbances such
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as autistic behaviors [61,62]. Figuring out exactly how
FOXP2, AHI1, and other gene products function in intel-
ligence traits such as language capacities would indeed be
interesting pursuits in the coming years of human cultural
evolution.

Acknowledgment

The author has no declaration of any conflict of interest.

References

[1] G. Roth, U. Dicke, Evolution of the brain and intelligence, Trends
Cogn. Sci. 9 (2005) 250–257.

[2] R.G. Northcutt, J.H. Kaas, The emergence and evolution of the
mammalian neocortex, Trends Neurosci. 18 (1995) 373–379.

[3] P. Rakic, A small step for a cell, a giant leap for mankind: a
hypothesis of neocortical expansion during evolution, Trends Neu-
rosci. 18 (1995) 383–388.

[4] S.C. Noctor, V. Martinez-Cerdeno, L. Ivic, A.R. Kriegstein, Cortical
neurons arise in symmetric and asymmetric division zones and
migrate through specific phases, Nat. Neurosci. 7 (2004) 136–144.

[5] V.S. Caviness Jr., T. Takahashi, R.S. Nowakowski, Numbers, time
and neocortical neuronogenesis: a general developmental and evolu-
tionary model, Trends Neurosci. 18 (1995) 379–383.

[6] A. Chenn, C.A. Walsh, Regulation of cerebral cortical size by control
of cell cycle exit in neural precursors, Science 297 (2002) 365–369.

[7] K. Kuida, T.S. Zheng, S. Na, C. Kuan, D. Yang, H. Karasuyama, P.
Rakic, R.A. Flavell, Decreased apoptosis in the brain and premature
lethality in CPP32-deficient mice, Nature 384 (1996) 368–372.

[8] K. Kuida, T.F. Haydar, C.Y. Kuan, Y. Gu, C. Taya, H. Karasuy-
ama, M.S. Su, P. Rakic, R.A. Flavell, Reduced apoptosis and
cytochrome c-mediated caspase activation in mice lacking caspase 9,
Cell 94 (1998) 325–337.

[9] C.G. Woods, Human microcephaly, Curr. Opin. Neurobiol. 14 (2004)
112–117.

[10] C.G. Woods, J. Bond, W. Enard, Autosomal recessive primary
microcephaly (MCPH): a review of clinical, molecular, and evolu-
tionary findings, Am. J. Hum. Genet. 76 (2005) 717–728.

[11] C. Ponting, A.P. Jackson, Evolution of primary microcephaly genes
and the enlargement of primate brains, Curr. Opin. Genes Dev. 15
(2005) 241–248.

[12] J. Bond, C.G. Woods, Cytoskeletal genes regulating brain size, Curr.
Opin. Cell Biol. 18 (2006) 95–101.

[13] S. Dorus, E.J. Vallender, P.D. Evans, J.R. Anderson, S.L. Gilbert, M.
Mahowald, G.J. Wyckoff, C.M. Malcom, B.T. Lahn, Accelerated
evolution of nervous system genes in the origin of Homo sapiens, Cell
119 (2004) 1027–1040.

[14] S.L. Gilbert, W.B. Dobyns, B.T. Lahn, Genetic links between brain
development and brain evolution, Nat. Rev. Genetics 6 (2005) 581–
590.

[15] P.D. Evans, J.R. Anderson, E.J. Vallender, S.L. Gilbert, C.M.
Malcom, S. Dorus, B.T. Lahn, Adaptive evolution of ASPM, a major
determinant of cerebral cortical size in humans, Hum. Mol. Genet. 13
(2004) 489–494.

[16] P.D. Evans, J.R. Anderson, E.J. Vallender, S.S. Choi, B.T. Lahn,
Reconstructing the evolutionary history of microcephalin, a gene
controlling human brain size, Hum. Mol. Genet. 13 (2004) 1139–
1145.

[17] J. Zhang, Evolution of the human ASPM gene, a major determinant
of brain size, Genetics 165 (2003) 2063–2070.

[18] N. Kouprina, A. Pavlicek, G.H. Mochida, G. Solomon, W. Gersch,
Y.H. Yoon, R. Collura, M. Ruvolo, J.C. Barrett, C.G. Woods, C.A.
Walsh, J. Jurka, V. Larionov, Accelerated evolution of the ASPM
gene controlling brain size begins prior to human brain expansion,
PLoS Biol. 2 (2004) E126.
[19] Y.Q. Wang, B. Su, Molecular evolution of microcephalin, a gene
determining human brain size, Hum. Mol. Genet. 13 (2004) 1131–
1137.

[20] P.D. Evans, E.J. Vallender, B.T. Lahn, Molecular evolution of the
brain size regulator genes CDK5RAP2 and CENPJ, Gene (in press).

[21] P.D. Evans, S.L. Gilbert, N. Mekel-Bobrov, E.J. Vallender, J.R.
Anderson, L.M. Vaez-Azizi, S.A. Tishkoff, R.R. Hudson, B.T. Lahn,
Microcephalin, a gene regulating brain size, continues to evolve
adaptively in humans, Science 309 (2005) 1717–1720.

[22] N. Mekel-Bobrov, S.L. Gilbert, P.D. Evans, E.J. Vallender, J.R.
Anderson, R.R. Hudson, S.A. Tishkoff, B.T. Lahn, Ongoing adaptive
evolution of ASPM, a brain size determinant in Homo sapiens,
Science 309 (2005) 1720–1722.

[23] R. Stern, C.G. Woods, Is brain evolution still continuing in modern
humans? Eur. J. Hum. Genet. (in press).

[24] A.P. Jackson, H. Eastwood, S.M. Bell, J. Adu, C. Toomes, I.M. Carr,
E. Roberts, D.J. Hampshire, Y.J. Crow, A.J. Mighell, G. Karbani, H.
Jafri, Y. Rashid, R.F. Mueller, A.F. Markham, C.G. Woods,
Identification of microcephalin, a protein implicated in determining
the size of the human brain, Am. J. Hum. Genet. 71 (2002) 136–142.

[25] J.N. Glover, R.S. Williams, M.S. Lee, Interactions between BRCT
repeats and phosphoproteins: tangled up in two, Trends Biochem. Sci.
29 (2004) 579–585.

[26] M. Trimborn, S.M. Bell, C. Felix, Y. Rashid, H. Jafri, P.D. Griffiths,
L.M. Neumann, A. Krebs, A. Reis, K. Sperling, H. Neitzel, A.P.
Jackson, Mutations in microcephalin cause aberrant regulation of
chromosome condensation, Am. J. Hum. Genet. 75 (2004) 261–266.

[27] X. Xu, J. Lee, D.F. Stern, Microcephalin is a DNA damage response
protein involved in regulation of CHK1 and BRCA1, J. Biol. Chem.
279 (2004) 34091–34094.

[28] S.Y. Lin, R. Rai, K. Li, Z.X. Xu, S.J. Elledge, BRIT1/MCPH1 is a
DNA damage responsive protein that regulates the Brca1-Chk1
pathway, implicating checkpoint dysfunction in microcephaly, Proc.
Natl. Acad. Sci. USA 102 (2005) 15105–15109.

[29] S.Y. Lin, S.J. Elledge, Multiple tumor suppressor pathways nega-
tively regulate telomerase, Cell 113 (2003) 881–889.

[30] X. Zhong, C.P. Pfeifer, X. Xu, Microcephalin encodes a centrosomal
protein, Cell Cycle 5 (2006) 457–458.

[31] J. Bond, E. Roberts, G.H. Mochida, D.J. Hampshire, S. Scott, J.M.
Askham, K. Springell, M. Mahadevan, Y.J. Crow, A.F. Markham,
C.A. Walsh, C.G. Woods, ASPM is a major determinant of cerebral
cortical size, Nat. Genet. 32 (2002) 316–320.

[32] J. Bond, S. Scott, D.J. Hampshire, K. Springell, P. Corry, M.J.
Abramowicz, G.H. Mochida, R.C. Hennekam, E.R. Maher, J.P.
Fryns, A. Alswaid, H. Jafri, Y. Rashid, A. Mubaidin, C.A. Walsh, E.
Roberts, C.G. Woods, Protein-truncating mutations in ASPM cause
variable reduction in brain size, Am. J. Hum. Genet. 73 (2003) 1170–
1177.

[33] C.P. Ponting, A novel domain suggests a ciliary function for ASPM, a
brain size determining gene, Bioinformatics 22 (2006) 1031–1035.

[34] N. Kouprina, A. Pavlicek, N.K. Collins, M. Nakano, V.N. Noskov,
J. Ohzeki, G.H. Mochida, J.I. Risinger, P. Goldsmith, M. Gunsior,
G. Solomon, W. Gersch, J.H. Kim, J.C. Barrett, C.A. Walsh, J.
Jurka, H. Masumoto, V. Larionov, The microcephaly ASPM gene is
expressed in proliferating tissues and encodes for a mitotic spindle
protein, Hum. Mol. Genet. 14 (2005) 2155–2165.

[35] X. Zhong, L. Liu, A. Zhao, G.P. Pfeifer, X. Xu, The abnormal
spindle-like, microcephaly-associated (ASPM) gene encodes a cen-
trosomal protein, Cell Cycle 4 (2005) 1227–1229.

[36] J.G. Wakefield, S. Bonaccorsi, M. Gatti, The Drosophila protein asp
is involved in microtubule organization during spindle formation and
cytokinesis, J. Cell Biol. 153 (2001) 637–648.

[37] M.G. Riparbelli, G. Callaini, The meiotic spindle of the Drosophila

oocyte: the role of centrosomin and the central aster, J. Cell Sci. 118
(2005) 2827–2836.

[38] X. Wang, Y.P. Ching, W.H. Lam, Z. Qi, M. Zhang, J.H. Wang,
Identification of a common protein association region in the neuronal
Cdk5 activator, J. Biol. Chem. 275 (2000) 31763–31769.



916 B.L. Tang / Biochemical and Biophysical Research Communications 345 (2006) 911–916
[39] R. Dhavan, L.H. Tsai, A decade of CDK5, Nat. Rev. Mol. Cell Biol.
2 (2001) 749–759.

[40] Z.H. Cheung, A.K. Fu, N.Y. Ip, Synaptic roles of Cdk5: implications
in higher cognitive functions and neurodegenerative diseases, Neuron
50 (2006) 13–18.

[41] K. Li, T.C. Kaufman, The homeotic target gene centrosomin encodes
an essential centrosomal component, Cell 85 (1996) 585–596.

[42] T.L. Megraw, K. Li, L.R. Kao, T.C. Kaufman, The centrosomin
protein is required for centrosome assembly and function during
cleavage in Drosophila, Development 126 (1999) 2829–2839.

[43] L.Y. Hung, C.J. Tang, T.K. Tang, Protein 4.1 R-135 interacts
with a novel centrosomal protein (CPAP) which is associated
with the gamma-tubulin complex, Mol. Cell. Biol. 20 (2000)
7813–7825.

[44] S.C. Huang, E.S. Liu, S.H. Chan, I.D. Munagala, H.T. Cho, R.
Jagadeeswaran, E.J. Benz Jr., Mitotic regulation of protein 4.1R
involves phosphorylation by cdc2 kinase, Mol. Biol. Cell 16 (2005)
117–127.

[45] L.Y. Hung, H.L. Chen, C.W. Chang, B.R. Li, T.K. Tang, Identifi-
cation of a novel microtubule-destabilizing motif in CPAP that binds
to tubulin heterodimers and inhibits microtubule assembly, Mol. Biol.
Cell 15 (2004) 2697–2706.

[46] J. Bond, E. Roberts, K. Springell, S.B. Lizarraga, S. Scott, J. Higgins,
D.J. Hampshire, E.E. Morrison, G.F. Leal, E.O. Silva, S.M. Costa,
D. Baralle, M. Raponi, G. Karbani, Y. Rashid, H. Jafri, C. Bennett,
P. Corry, C.A. Walsh, C.G. Woods, A centrosomal mechanism
involving CDK5RAP2 and CENPJ controls brain size, Nat. Genet.
37 (2005) 353–355.

[47] C. Zeng, NuMA: a nuclear protein involved in mitotic centrosome
function, Microsc. Res. Tech. 49 (2000) 467–477.

[48] E.B. Pasquale, Eph receptor signaling casts a wide net on cell
behavior, Nat. Rev. Mol. Cell Biol. 6 (2005) 462–475.

[49] A. Davy, P. Soriano, Ephrin signaling in vivo: look both ways, Dev.
Dyn. 232 (2005) 1–10.

[50] E. Batlle, J. Bacani, H. Begthel, S. Jonkeer, A. Gregorieff, M. Van de
Born, N. Malats, E. Sancho, E. Boon, T. Pawson, S. Gallinger, S.
Pals, H. Clevers, EphB receptor activity suppresses colorectal cancer
progression, Nature 435 (2005) 1126–1130.

[51] R. Klein, Eph/ephrin signaling in morphogenesis, neural development
and plasticity, Curr. Opin. Cell Biol. 16 (2004) 580–589.
[52] A. Martinez, E. Soriano, Functions of ephrin/Eph interactions in the
development of the nervous system: emphasis on the hippocampal
system, Brain Res. Rev. 49 (2005) 211–226.

[53] D.D. O’Leary, T. McLaughlin, Mechanisms of retinotopic map
development: Ephs, ephrins, and spontaneous correlated retinal
activity, Prog. Brain Res. 147 (2005) 43–65.

[54] J. Holmberg, A. Armulik, K.A. Senti, K. Edoff, K. Spalding, S.
Momma, R. Cassidy, J.G. Flanagan, J. Frisen, Ephrin-A2 reverse
signaling negatively regulates neural progenitor proliferation and
neurogenesis, Genes Dev. 19 (2005) 462–471.

[55] A.D. Tramontin, J.M. Garcia-Verdugo, D.A. Lim, A. Alvarez-
Buylla, Postnatal development of radial glia and the ventricular zone
(VZ): a continuum of the neural stem cell compartment, Cereb.
Cortex 13 (2003) 580–587.

[56] V. Depaepe, N. Suarez-Gonzalez, A. Dufour, L. Passante, J.A.
Gorski, K.R. Jones, C. Ledent, P. Vanderhaeghen, Ephrin signalling
controls brain size by regulating apoptosis of neural progenitors,
Nature 435 (2005) 1244–1250.

[57] T.M. Preuss, M. Caceres, M.C. Oldham, D.H. Geschwind, Human
brain evolution: insights from microarrays, Nat. Rev. Genet. 5 (2004)
850–860.

[58] Y. Gilad, A. Oshlack, G.K. Smyth, T.P. Speed, K.P. White,
Expression profiling in primates reveals a rapid evolution of human
transcription factors, Nature 440 (2006) 242–245.

[59] C.S. Lai, S.E. Fisher, J.A. Hurst, F. Vargha-Khadem, A.P. Monaco,
A forkhead-domain gene is mutated in a severe speech and language
disorder, Nature 413 (2001) 519–523.

[60] W. Enard, M. Przeworski, S.E. Fisher, C.S. Lai, V. Wiebe, T. Kitano,
A.P. Monaco, S. Paabo, Molecular evolution of FOXP2, a gene
involved in speech and language, Nature 418 (2002) 869–872.

[61] R.J. Ferland, W. Eyaid, R.V. Collura, L.D. Tully, R.S. Hill, D. Al-
Nouri, A. Al-Rumayyan, M. Topcu, G. Gascon, A. Bodell, Y.Y.
Shugart, M. Ruvolo, C.A. Walsh, Abnormal cerebellar development
and axonal decussation due to mutations in AHI1 in Joubert
syndrome, Nat. Genet. 36 (2004) 1008–1013.

[62] T. Dixon-Salazar, J.L. Silhavy, S.E. Marsh, C.M. Louie, L.C. Scott,
A. Gururaj, L. Al-Gazali, A.A. Al-Tawari, H. Kayserili, L. Sztriha,
J.G. Gleeson, Mutations in the AHI1 gene, encoding jouberin, cause
Joubert syndrome with cortical polymicrogyria, Am. J. Hum. Genet.
75 (2004) 979–987.


	Molecular genetic determinants of human brain size
	Microcephaly genes and their adaptive evolution
	MCPH gene products and their cellular functions
	Ephrin/Eph signaling and neural progenitor cell death
	Concluding remarks
	Acknowledgment
	References


