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Objective: Microcephaly, in the form of congenital autosomal recessive disorder (MCPH), is characterized by the
reduced occipital frontal head circumference >3 standard deviation of otherwise normal population of matching age
and sex. The disease is primarily associated with mild to severe mental retardation. Earlier studies have unravelled that
among Pakistani population, mutations in ASPM gene is strongly associated in MCPH. In the present study, we have
explored the ancestral root of this disease and the process involved in its evolution using tools of bioinformatics.
Experimental Methods: ¢DNA gene and protein sequences of ASPM gene were retrieved from NCBI database and
subjected to the non-redundant BLAST. Consensus phylogenetic tree was developed after multiple sequence alignment
and bootstrapping of thé protein sequences of ASPM gene from different mammals using Neighbour Joining method,
selecting non mammals as an out group. Comparisons of the gene synteny and exon and intron patterns of ASPM gene
were also undertaken to investigate chromosomal changes during the course of human evolution. Different statistical
cvolutionary models namely, Codon Based Z test and Maximum Composite Likelihood Estimate were used in order
to estimate the nature of nucleotide substitution and the type of selection pressure the gene has undergone.
Results: Phylogenetic trec based on ASPM gene clearly segregated all non mammalian members as an out group.
Mammalian in group holds the established evolutionary lineage, based on morpho-genetic attributes of mammalian
evolution, segregating monotremes at the beginning followed by the members of rodentia and finally radiation of the
primates including humans. Orientation of the ASPM gene remains conserved between human and chimpanzee, however,
it was found reversed along with two flanking genes, a zinc finger binding domain 41 and coagulation factor XIIL.
which suggest relatively recent event of gene inversion. Some earlier and, in comparison, more intricate chromosomal
changes have also been detccted among the lower order of mammals. Aligning ASPM genc cxons with the primatcs
and lower order mammals indicates transitional bias of mutation over transversion (R value= 1.563). Holistically, codon
based Z test revealed positive selection pressure on of ASPM gene from rodentia to primates.
Conclusion: Briefly, the studies highlights the evolutionary events of ASPM gene in mammals especially primates
including humans. Further studies in connection to correlating the cranial cavity size and ancestral gene sequences and
in depth sequence comparison ‘would be more insightful in this regard and studies in this connection are ongoing and
will be reported shortly, s
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ODUCTION is the most important attribute in this regard and any anomaly
g that leads to the reduction of the brain size is responsible
Human brain, in its normal physiological capacity, is for the partial and/or complete loss of such distinctive
arguably the most fascinating milestone achieved during characteristics. One such illness is called as microcephaly.
the course of human evolution. The notion is self evident Microcephaly (MC) is defined as a significant reduction in
if one compare the sheer intellectual and communication  head circumference (>3 SD below the mean) for an
fire power and in many instances dexterity of the humans individual’s age and sex.? It is a multifactorial diseases
with other closely and distantly related organisms. Increased  which can either present itself as a single disease or as part
size of the brain in comparison to body (encephalization)' ~ of @ syndrome. Dianne Abuelo has previously reviewed

o e various symptoms and disease associations of MC in detail.?
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2 HEJ Rescarch Institute of Chemistry, University of Karachi, Karachi, amongst others. Genetically, the disease may present as an
pakistan. B " autosomal dominant, autosomal recessive or X-linked traits.’
mmad Rafiq Khanani, Department of  On the basis of its onset, the disease is broadly classified
Moleenlar Pathology. Dow University of Health Sciences, Suparco  into primary MC, which arises due to the impairment of
Road, Ojha Campus, Karachi, Pakistan. the brain development during gestation period, and secondary
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Autosomal recessive primary microcephaly (MCPH) is a
subtype of primary MC in which reduction of head
circumference is associated with mild to severe mental
rotardation and/or other neurological symptoms such as
seizures cognitive deficits ete.’ Alarmingly, compared to 1
in a million in British population, incidence of MCPH in
Pakistan is 1 in 10,000.® More recently various genes have
been found associated with the occurrence of MCPH. These
genetic loci include MCPHI, MCPH3, MCPHS/ASPM and
MCPHG. 519 Amongst all the mutations identified in
different microcephaly associated genes, ASPM mutations
have been reported to be the most common cause of MCPH
in Pakistan.'*"

ASPM (Abnormal spindle like microcephaly-associated
protein) gene encodes fpr.a protein which expressed in.the
cerebral cortical ventricular and proliferative zones of
medial and lateral ganglionic eminences during neurogenesis.
Postnatally. ASPM also expresses in the regions of constant
neurogenesis. The gene regulates the normal mitotic spindle
function in the embryonic neuroblasts and therefore it is
tequired for proliferation of neuronal cells to attain the
required brain size. Mutations in the genes generally results
in the production of truncated non functional protein which
impairs the normal brain development and causing
micocephalic conditions.™"*

Several studies have been conducted which relates the
sequential transitions of ASPM gene in different mammals
with their brain size.**'%® However, the nature of selection
pressure and transformation of genomic synteny underlying
the very process of ASPM evolution is still debatable or
largely unaddressed. In the present study we have explored
the ancestral lineage of ASPM genes among different
representative mammals.including human. The study has
been further extended to investigate the changes which
oceurred in the ASPM gene order of the compared organism
while going through cvolution. Sequences were also analysed
using suitable mathematical and/or statistical models to
unravel the nature of selection pressure in this connection.
It is our belief that the present study will provide more
insights to the evolutionary history of microcephaly with
reference to ASPM gene. To the best of our cognizance the
study is the first report to illustrate the genomic architectural
changes of ASPM during its evolution.

ODS
Sequence Analysis and Evolutionary Tree Construction

Protein and ¢cDNA (CCDS 1389.1) sequences of Human
ASPM gene were retrieved from dBest database of the
NCBI (National Centre for Biotechnology Information; )."”
The sequences were subjected to non-redundant BLAST
(Basic Local Alignment, Search Tool) in FASTA format.'"
The homologues of the ASPM were retrieved and multiple
sequence alignment were generated using default parameters
(with some manual adjustment) of program Clustal X and
MEGA4 (Molecular Evolutionary Genetic Analysis
version.4).”” The consensus boot strapped (500 replicas)
phylogenetic tree was constructed from ASPM protein
sequences using Neighbour Joining method.

Genomic Organization

Information regarding ASPM and its flanking genes
organization of selected animals were taken from NCBI
gene database. For the sake of comprehensibility, the
schematic representation were developed using Microsoft
power point. Additionally, the ASPM gene exons and
intronic regions were also compared.

Evolutionary Rate Selection Pressure Test

Both gene and protein sequence alignments were subjected
appropriately to various statistical tests in order to delve
out the nature of selection pressure directing the adaptive
evolutionary course of the gene. To explore the nature of
selection pressure, the gene sequence alignment were
subjected to Null hypothesis of all three selections, negative
selection(HA:dN>dS), positive selection (HA:dN<dS) and
neutrality (HA:dN=dS), where dN is the number of non
synonymous mutation which dS is the number of
synonymous mutations. The hypothesis was tested using
Codon-Based Z-Test along with a mathematical model of
Nei-Gojobori (p-distance).”™ > _

RESULTS AND DISCUSSION

The Neighbour joining consensus tree based on protein
sequences of ASPM gene, shown in Fig.1, is supported by
high boot strap values indicating the identical branch and
clades segregations during boot-strapping stages. The tree
clearly excluded all the out groups (non mammalian version
of ASPM protein). Importantly, the tree holds the established
evolutionary lineage of mammalian evolution, showing
radiation of monotremes (Ornithorhyncus) before the rest
of the advanced mammals. This is followed by the separation
of rodentia (Mus and Rattus) clade. Further to it is the
separation of taxa belonging to artiodactyla (Bos,
Hippopotamus and OVIs) and cetacean (Tursiops) in a single
clade. It is worth mentioning that although Hippopotamus
is taxonomically the member of order artiodactyla but
several paleontological, physiological and molecular studies
have unravelled that they are indeed the closest relatives
of cetaceans like Dolphins and Whales.2*** Moreover, both
artiodactyla and cetaceans shares a common ancestor
(cetaartiodactyla) and split between these two order occurrcd
around 60-55 million years ago (mya). Taken these facts
into account, the clustering of Hippopotamus with Dolphin
in the tree based on ASPM protein sequences provides yet
another piece of evidence regarding the evolutionary
relatedness of Hippopotamus and cetaceans. Following that
is the branch leading to Equus (a member of Perisodactyla)
which also radiated from the common ancestors of
cetaartiodactyla, namely ungulatomorpha in late cretaceous
or early paleocene period (70-64 mya) however, they only
started diverging around 10-15 million years later than the
earlier split.>*?” Similarly, the tree also agrees with the
notion of relatively recent diversification of carnivores than
perisodactyla. Indeed, the split between the common
ancestors of cetaartiodactyla and ungulatomorpha and
members of order carnivora (Felis, Canis and Ailuropoda)
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occurred in the early paleocene period (80 mya) but their
diversification had started around 55 mya. 20.21 A5 anticipated,
the primates formed the separate clades after all the non
primate mammals, which is in agreement with the established
time scale of separation of primates and other mammals
from their common ancestors. Albeit the split between the
common ancestors of primates (including human) and all
the mentioned mammalian orders occurred during late
cretaccous period or perhaps much ecarlier (>65mya) but
the primates only diversified after Eocene period (<34mya)
resulting the late separation of the primate clades than rest
of earlier mammals. AKiir to the well accepted notion of
primate evolution, which is based on paleontological and
molecular data (not ASPM), the ASPM phylogeny also
validates the segregation of new world monkeys (Callithrix,”
Aotus and Saimiri) before the old world monkeys (Colobus,
Chorocebus and Macaca). According to geological time
scale, the split between the common ancestors of old and
new world monkeys occurred at about 45 mya (Eocene
period). The later split in the common ancestors of old
world monkeys and rest of relatively advanced primates
(Hylobates; Gibbon) happened at the late Oligocene period
(around 25 mya). The further separation between Pongo
(Orang utan) and Gibbon occurred in Miocene period (18
mya). Gorilla and other African apes including Human
share their common ancestors with Orangutan around 14
mya. Common ancestor of bath Chimpanzee (Pan) and
Human (/lomo) splits from Gorilla at around 7 mya. Finally
the chimpanzees and-humans have taken different
evolutionary course from their common ancestors around
6 mya (very late Miocene period).2**"** The greater
congruencies between the established evolutionary lineage
of the mammals and the constructed phylogenetic tree not
only strengthen the standpoint of evolution by natural
selection but also verify the fidelity of tree and the algorithm
on which it is based. Moreover, higher bootstrap values
and clear out grouping of non mammals from the tree
strongly implicates towards the validity of the phylogenetic
calculation.

In human, ASPM gene is located on chromosome no 1, the
largest of all human chromosome bearing 8% of our total
genetic information.” Genetically, ASPM gen¢ in all
mammals are respectively flanked by Zn finger and BTB
domain 41 (ZBTB41) and coagulation factor XIII genes
(F13B) in 5" and 3’ directions. However, the orientation
of the gene changes during the course of evolutionary
history. Both in Humans (Homo) and Chimpanzees (Pan)
(he orientation of all three genes remains same, however,
it is found reversed in a representative of the old world
monkeys (Macaca). The similarity of ASPM order between
human and chimpanzee could be inferred in terms of the
interbreeding era (roughtly 3 million years) since the
divergence from the comimon ancestor (6 mya)”. As the
old world monkeys and advanced apes have split from their
common ancestor in the Oligocene period, thus the event

of this genes inversion must be not older than 25 million
years from the present time. It is interesting to note here
that the orientation of all three genes (ASPM, ZBTB41 and
F13B are same in old world Macaca and wolves (Canis;
Dog family) and mice (Mus). However, the orientation of
7BTB41 and ASPM are found reversed in Cow (Bos). This
implies that the inverted orientation in this lineage could
happened during the divergence of artiodactyla (<55mya)
(if only found in cow and/or few members of the clade).
Alternatively, it may be ancient duplication (>65mya) (Fig.
2).2123 I addition to the gene order changes, subtle changes
have also been found within the 4SPM gene. Fig. 3 clearly
represents the differences among the distribution, numbers
and sizes of exons and introns in the ASPM gene among
the compared mammals including human. Architecturally,
the diversity of the eukaryotic genome is primarily mediated
by the sequence divergence, insertion, deletion, duplication
and recombination®®, the mentioned changes in the synteny
and exon/intron pattern in ASPM genes could be the function
of any/some or all of such processes. Additionally, expression
of the gene is known to be affected directly or indirectly
by gene synteny and/or orientation and pattern of splicing. ™
Taken together, it is possible that the order and perhaps
more importantly the intragenetic architecturc may influence
the ASPM protein expression positively in the humans
resulting in the extraordinary encephalization and increment
to the intellectuality and cognitive abilities. Supportive to
this inference is the study conducted by Caceres and co-
workers, which has shown the exceptional transcriptional
edge in human as compared to other primates.** Additionally.
the sequential changes in ASPM gene after the split from
the common ancestors of chimps could not be discounted
as it is known that human encephalization had occurred
several times in its evolutionary history, starting around 2
mya and reaching its current status approximately 500,000
years ago."*™

Codon based Z test clearly shows the expected positive
selection of the protein as one move from rodentia to
primates. Importantly, most of the significant values lies
in the clade of old world monkeys (clade where humans
reside). The values imply that non synonymous mutations
(change in amino acid) in the ASPM protein are tolerated
and in certain cases even favoured in the nature. However,
this case of positive selection could not be implemented to
the mutations of ASPM gene causing microcephaly. as
mutations responsible for microcephaly are protein truncation
mutations thus producing an incomplete protein.* Our
finding is in line with some earliér investigations regarding
ASPM evolutionary pressure®'*'¢, however, the studics
have mainly confined to the selection pressure present in
only primate lineage. Maximum Composite Likelihood
Estimate has shown that the transition over transversion,
however, with few exceptions this trend considered to be
universal among metazoans.™
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Fig. 1. Evolution of ASPM protein: Phylogenetic tree constructed on the basis
of ASPM protein sequence alignment using neighbour joining method. Clades

of different taxa are differentially coloured. Orange branches are of out groups
(non mammalian ASPM), brown branch represents monotremes, Purple clade
include members of cetaartiodactyla, blue for perisodactyla, orange for members
ol carnivore and green clade constituted on the members of primates including
human. Bool strap values are shown at cach branch point. (For details please
see text).
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Fig. 2. Gene synteny of ASPM: Gene orientation of ASPM (Red arrow) and its
flanking genes Zn finger and BTB domain 41 (ZBTB41: black arrow) and
coagulation factor X1l genes (F13B: green arrow) is shown. head of arrows
indicates the direction of transcription. Note the change in the orientations among
difterent mammals which may affect the rate of expression of the ASPM, details
are furnished in the text.
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Fig. 3. Distribution of exons and introns of ASPM gene: The pattern of exons

and introns in the ASPM varics considerably in terms of size, number and location
within the gene among different mammals. Green bars, rectangles and squares
imdicated undemeath the gene are the exons while the lines in between them are introns.

CONCLUSION

Taken together, we believe that substantially high intelligence
in the primates, especially in humans, is the result of gradual
modifications within and outside the brain development
genes like ASPM. Such modifications are rigorously
scrutinized by the forces of natural selection and favoured
if found benevolent for the survival of the organism
individually and in many cases for the entire species. We
realize that the empirical data in connection to ASPM for
such notion is lacking. Additionally, we are broadly unaware
of the structure-function aspects of ASPM protein, once
known, it may clarify the significance of minute sequential
changes among the ASPM protein of different mammals in
terms of their structure and consequently their functions.
However, intellectual superiority of humans over other
living species could not be fully answered by single gene
or set of genes. Evolutionary Medicine is a new emerging
field of biology, it is plausible to expect that soon in
combination with the system biology and transgenic animal
models we would be able to answer this great mystery of
nature.
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