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Abstract

What made us human? Evolution from first hominins (Homo habilis) to modern
humans (Homo sapiens sapiens) is a fascinating subject, for obvious reasons.
That is related not only to the use of tools (which other animals may also
handle), but —most importantly— to self-consciousness and, consequently,
wondering about the three big philosophical questions of life. Thus, at a point in
human evolution, we started to ask ourselves about where do we come from,
what is our purpose in life and what comes after death. Different approaches
have been taken to try to address such questions, including religion (beliefs),
philosophy (thoughts) and science (experiments). Fortunately, recent
breakthroughs in technology allow to apply science, in general, and molecular
biology like sequencing of ancient DNA (aDNA) genomes, in particular, to
decipher the most fundamental basis of human evolution. The conclusion is
exciting, since it seems that such biological changes were due to duplication,
repair and conversion of Notch Homolog 2 (NOTCH2) genes into Notch
Homolog 2 N-terminal-Like (NOTCH2NL) ones. That caused the expansion of
brain cortex and made us human. But, unfortunately, that is also related to
recurrent neurodevelopmental diseases, to which humans are specially prone,
in relation to other animals.
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Resumen

¢,Qué nos hizo humanos? La evolucion desde los primeros hominidos (Homo
habilis) a los humanos modernos (Homo sapiens sapiens) es un tema
fascinante, por razones obvias. Ello esta relacionado no solo con el uso de
herramientas (que otros animales también pueden usar), sino -y mas
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importante— con la consciencia (conciencia de si mismo), para preguntarse las
tres grandes cuestiones filoséficas de la vida. Asi, en un momento de la
evolucion humana, comenzamos a preguntarnos sobre de donde venimos, el
sentido de la vida y qué hay tras la muerte. Se han usado diferentes
aproximaciones para tratar de dar respuesta a dichas cuestiones, incluyendo
religion (creencias), filosofia (ideas) y ciencia (experimentos). Afortunadamente,
los recientes avances en tecnologia permiten aplicar la ciencia, en general, y la
biologia molecular como la secuenciacion de genomas de ADN antiguo
(ADNa), en particular, para descifrar la base mas fundamental de la evoluciéon
humana. La conclusiéon es apasionante, ya que parece que dichos cambios
bioldgicos fueron debidos a la duplicacion, reparacion y conversion de genes
homologos de muesca 2 (NOTCH2; del inglés, “Notch Homolog 2”) en genes
similares a N terminal de homdlogos de muesca 2 (NOTCH2NL,; del inglés,
“Notch Homolog 2 N-terminal-Like”). Ello causé la expansién del cortex cerebral
y nos hizo humanos. Pero, lamentablemente, ello esta también relacionado con
enfermedades recurrentes del desarrollo neurologico, a las que los humanos
son especialmente propensos, en relacion con otros animales.

Palabras clave: metafisica, Australopithecus, Hominoidea, monos, gibones, grandes simios.

Introduction

Current monkeys include Old World monkeys (catarrhines) and New
World monkeys (platyrrhines). The former also include apes (Hominoidea
superfamily), with two extant (living) branches: lesser apes (gibbons) and great
apes or hominids. The latter belong to the Hominidae family of primates,
including four genera and eight extant species: i) Bornean, Sumatran and
Tapanuli orangutans (Pongo spp.); ii) eastern and western gorillas (Gorilla
spp.); iii) common chimpanzee and bonobo (Pan spp.); and iv) Homo spp.,
including modern humans (Homo sapiens sapiens). Apes appeared 10 million
years ago (Mya) in Africa, being represented by Nakalipithecus nakayamai,
which evolved into Ouranopithecus spp. (nine Mya), being Gorilla-Human Last
Common-Ancestor (GHLCA) or Gorilla-Human Most Recent Common-Ancestor
(GHMRCA), with subsequent separation and evolution into Gorillini and
Hominini. The latter evolved into Sahelanthropus tchadensis, probably being
bipedal (seven Mya). That evolved into Orrorin tugenensis (six Mya), being
Chimpanzee-Human Last Common-Ancestor (CHLCA) or Chimpanzee-Human
Most Recent Common-Ancestor (CHMRCA). The latter evolved into Hominini
(hominins) 5.5 Mya, which includes Homo spp. (but not Gorilla spp.). It is not
clear if Pan spp. should be included in the former. That is due to complex
speciation processes and bipedalism development in proto-humans. On the
other hand, it has been recently proposed that our species did not evolve from a
single population/region of Africa, but instead from several related ones, across
such continent (Scerri et al, 2018).

Then arose Ardipithecus spp. (4.5 Mya), with features reflecting
adaptation to bipedalism. That evolved into Australopithecus spp (3.5 Mya),
which —interestingly— used stone tools to ate meat, by carving animal carcasses
(McPherron et al, 2010). Nevertheless, such tool usage was quite simple,
similar to the one observed on current African apes, like chimpanzees and
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gorillas. This way, they handled simple tools like stones to crack nuts, sticks to
capture termites from mounds and spears for hunting, albeit without throwing
them.

The evolution from hominins (Australopithecus spp) to first hominids
(Homo habilis) started three Mya. It continued with Homo ergaster (three Mya).
Interestingly, it has been recently discovered that they emigrated into Asia
(Homo erectus) 2.1 Mya instead of 1.85 Mya, as previously thought (Zhu et al,
2018). It has been proposed that early African Homo known as H. habilis, H.
rudolfensis and H erectus were indeed the same; variations among them would
simply reflect diversity (Lordkipanidze et al, 2013). Later on, they controlled fire
(1.5 Mya). They are considered the beginning of early human evolution, with
technological innovations, including tools like stone hand-axes and cooking with
fire, creating specific cultural manifestations. That led to animals that thought
and solved problems in an unprecedented way. They also wondered about big
guestions related to the meaning of life, including where do we come from, what
is our purpose in life and what comes after death.

This way, Homo heidelbergensis, also known as Homo rhodesiensis,
lived 700,000 years ago (ya). Represents the first Homo species who buried
their dead, as found inside a pit called “Sima de los Huesos” located in “Sierra
de Atapuerca”, at Atapuerca village (Spain), containing 28 hominin skeletons
(Meyer et al, 2014, 2016). Interestingly, these humans were indeed early
Neanderthals (Homo sapiens neanderthalensis) of western Eurasia, that
separated from Denisovans subspecies of southern Siberia (Homo sapiens
denisova) 430,000 ya (Meyer et al, 2016). They were met by modern humans
when they emigrated out of Africa and the Near East 75,000 ya. Modern
humans separated from their Neanderthals subspecies 370,000 ya, sharing a
common ancestor that lived 706,000 ya (Noonan et al, 2006). Humans inbred
with Denisovans and Neanderthals (Dorado et al, 2010, 2013, 2015; Prufer et
al, 2014; DerSarkissian et al, 2015; Ermini et al, 2015; Hofreiter et al, 2015;
Knapp et al, 2015; Paabo, 2015; Perry and Orlando, 2015; Vernot and Akey,
2015). Additionally, it has been recently discovered that there were ancient
genetic admixtures between Denisovans and Neanderthals subspecies. Such
ancient genetic-admixtures are not surprising, since they were not different
species, but subspecies. But Denisovans and Neanderthals were less diverse
than modern humans, and possibly this would be one of the causes of their
extinction (Warren, 2018).

Curiously, H. heidelbergensis had a similar morphology of skeletal
structures and, thus, auditory capacities of outer and middle ear than modern
humans. They allow high sensitivity in the range of 2 to 4 kHz, which is relevant
for spoken language. Yet, most other anthropoids do not have such anatomy
and capability. Therefore, H. heidelbergensis and descendants (Neanderthals
and Denisovans) probably communicated by some kind of primitive language
(Martinez et al, 2004; Mithen, 2007).

Additionally, H. heidelbergensis used pigments like red iron oxides

(hematite). Later on, Neanderthals also used them, at least since 250 kya,
together with red manganese oxides, as also found for African humans. Yet,
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their purposes are not clear, and in any case, no works of art have been found
so far (Roebroeks et al, 2012). Curiously, H heidelbergensis was right-handed,
like modern humans, as found by dental wear analyses of 28 hominids from
Atapuerca dated 500,000 ya. That is not a trivial topic, since handedness is a
result of brain specialization. Besides, the latter allows development of higher
cognitive capabilities, as found in humans, including language and technology
(Lozano et al, 2009). In relation to that, spears and hafted stone points have
been found in Africa (500,000 ya) and Germany (400,000 ya). It should be
highlighted that hafting stone points to spears represents an important
weaponry technological accomplishment. That may be relevant for general
survival, and for hunting in particular. So, it seems that Denisovans,
Neanderthals and modern humans did not invent, but rather inherited such
technology from H. heidelbergensis, being their last common ancestor (Wilkins
et al, 2012). On the other hand, Denisovans and Neanderthals probably wore
simple (cape-like) non-tailored clothing, whereas modern humans made more
sophisticated and specialized clothing, to better protect themselves from cold
weather (Wales, 2012; Collard et al, 2016). Arrival of modern humans bought
impressive cultural and technological developments to the present day.

But, how to answer the three big questions related to the meaning of life
previously described (origin, life and death)? There are many possible
approaches and thus answers to such questions, including religion (beliefs),
philosophy (thoughts) and science (experiments). Religion is based on dogmas,
and therefore, cannot be challenged, by definition. On the other hand,
philosophy can be debated, discussed and argued, but ultimately may not be
demonstrated. Fortunately, science uses the scientific method, which is based
on establishment of hypothesis, which are experimentally challenged, to
become refuted or accepted to build theories. That gives science a tremendous
potential for discovering and technological development. Indeed, such growth
has been exponential since the scientific method was implemented.

The time at which hominids became also humans is represented by
archaeological remains including ceremonial burials. They usually contain
archaeological artifacts. Sometimes, nucleic acids from biological remains of
such beings can be analyzed. For many years, those remains were the subject
of social sciences (including arts and humanities). Modern molecular biology
methodologies have allowed to amplify and sequence DNA from such remains,
being therefore also the subject of experimental sciences. That was first
possible applying techniques like Polymerase Chain-Reaction (PCR), as well as
nucleic-acid and peptide sequencing. Now, it is even possible to sequence DNA
from such remains without previous amplification, using Third-Generation
Sequencing (TGS). That, coupled with new developments in hardware
(semiconductor lithographic-process technology for smaller nodes and many-
core microprocessors) and software (bioinformatics) parallelization, has allowed
the development of a brand new and revolutionary bioarchaeology, including
sequencing of ancient DNA (aDNA) genomes and proteomes (Dorado et al,
2007-2017).
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Evolution of species through struggle for Ilimited resources and
reproductive selection

Charles Darwin discontinued his medical education —much to the
discomfort of his father— for his real passion: natural sciences. He embarked His
Majesty’s Ship (HMS) Beagle on 27th December 1831, as a young graduate,
being 22 years old. On 30th December of 1831, he was aboard in the Bay of
Biscay (Spain) “wretchedly out of spirits & very sick”. Indeed, he was tempted to
return home, due to such severe seasickness. Fortunately, he continued, albeit
spent as much time as possible on land instead of the ship —due to such
“fortunate” sickness—, while traveling around the world for almost five years
(until 2nd October of 1836). Thus, such problem helped him to, methodically
and industriously, collect more data and samples of fossils, plants and animals
during such long voyage than if he had stayed aboard.

Most interestingly, Darwin was surprised to find that some species like
mockingbirds and finches at Galapagos islands resembled the ones living in
continental land, being also different from island to island. Additionally, he was
inspired in 1838 by reading the sixth edition of “An Essay on the Principle of
Population” (short title) or “An Essay on the Principle of Population, as it Affects
the Future Improvement of Society. With Remarks on the Speculations of Mr.
Godwin, M. Condorcet and Other Writers” (long title), by Thomas Robert
Malthus, who was first anonymously published 40 years before (Malthus, 1798).
On 28th September of 1838, Darwin noted the shocking fact that natural
resources grow arithmetically or linearly (eg., 2n, being n the number of
generations, assuming a simplified scenario of two descendants per genitor, for
the sake of the argument), yet biological populations grow exponentially or
logarithmically (eg., 2", in the simplified example above). Thus, human
populations double every 25 years when resources are available and no
reproductive control is exerted. The consequence is overpopulation, famine,
starvation and deaths (Malthusian’s catastrophe), unless birth control is
implemented.

Darwin was also aware of the interesting idea of “warring of the species”
or “nature’s war”, by Swiss botanist Augustin Pyramus (or Pyrame) de Candolle,
that described plants as being “at war one with another”, for space and
resources. Likewise, such researcher acknowledged that new and similar
features (later on named as analogy) may arise in different species, yet not
showing in a common evolutionary ancestor. Indeed, Darwin invited him to
dinner when he visited Great Britain in 1839.

The study of all these evidences made Darwin conceive his theory of
natural selection in the struggle for life in 1838. After 12 years writing the book
manuscript about such scientific ideas, he was shocked to receive a 20-page
essay describing similar ones for publication from Alfred Russel Wallace, if
considered worthwhile, on 18th June of 1858. Such researcher was at Maluku
Islands (Moluccas archipelago within Banda Sea, Indonesia). As they say,
“great minds think alike” or “clever minds think alike”. New ideas usually arise
due to the influence of other surrounding ones. Indeed, our brain usually works
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by ideas’ association, jumping from one to another, starting from known ones
and sometimes reaching surprising scenarios.

Darwin sent Wallace’s manuscript to two friend scientists (Joseph Dalton
Hooker and Charles Lyell). They arranged the joint presentation of two scientific
papers, entitled “On the Tendency of Species to Form Varieties; and on the
Perpetuation of Varieties and Species by Natural Means of Selection”, at the
Linnean Society of London, on 1st July of 1858. This way, Wallace’s work (“On
The Tendency of Varieties to Depart Indefinitely from the Original Type”), with
extracts from a Darwin’s unpublished essay (1844) and abstract of letter to the
scientist Asa Grayn (1857), were presented at such scientific meeting. The
articles “On the Tendency of Species to form Varieties” (Wallace) and “On the
Perpetuation of Varieties and Species by Natural Means of Selection” (Darwin)
were read out and printed on 20th August of 1858, yet passed mostly unnoticed
in the scientific community.

Wallace’s manuscript encouraged Darwin to finish his book, albeit as a
reduced version of his former intention. Such revolutionary theory was entitled
“On the Origin of Species” (short title) or “On the Origin of Species by Means of
Natural Selection, or the Preservation of Favoured Races in the Struggle for
Life” (long title), being published on 24th November of 1859. Later on, he
published more scientific articles and books, including “The Descent of Man,
and Selection in Relation to Sex” (1871), “The Expression of the Emotions in
Man and Animals” (1872) and “The Formation of Vegetable Mould, Through the
Actions of Worms” (1881).

It should be pointed out that Darwin considered both Wallace’s and his
ideas alike, in relation to natural selection. Yet, some scholars have highlighted
that the former viewed natural selection as having similar effects than artificial
selection (carried out by humans using selective breeding), emphasizing natural
selection via competition. On the other hand, Wallace did not mention artificial
breeding of varieties or species. Rather, he focused on group selection through
ecological pressures, to adapt to specific environments, instead of selection on
individual variation. Additionally, Darwin’s work was much more comprehensive,
being indeed a book, besides other scientific publications, as previously
described.

Such discoveries changed our knowledge about the origin of species in
general, and humans in particular. They established the concept of natural
selection and evolution. This way, they opened the door to further research
about evolution from first hominids to modern humans, related to brain
development, culture and technology of our species.

From first hominids to modern humans

Archaeological studies can be fascinating. That coupled with molecular
biology has allowed bioarchaeology to produce unprecedented scientific results
(Dorado et al, 2007-2017; Reich, 2018). Thus, archaeological studies have
found that, at a point in the biological evolution from first hominids into modern
humans, ceremonial burials were constructed, including artifacts that point to
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religious beliefs of life beyond death. Additionally, language was developed and
all that generated an exponential growth of cultural and technological
accomplishments. Not surprisingly, that is related to some changes suddenly
generated in human nature (human genome and brain), allowing such
achievements. They were further fueled by the development of agriculture in a
broad sense, by microorganism, plant and animal breeding. This way, humans
could settle, instead of being nomads in search for food. In turn, that brought a
new wave of cultural and technological developments.

Interestingly, it was initially thought that humans gathered in communities
first, supported by agriculture, then developing religious beliefs, represented by
temple constructions. Yet, the surprising discoveries in the oldest religious
temple known to date at Gobekli Tepe (Turkey) proved the contrary. As its main
archaeologist (Klaus Schmidt) said: “first came the temple, then the city”
(Dietrich et al, 2012). In other words —and quite surprisingly—, religion and
temple construction existed before agriculture, at the time when humans were
still nomads (gatherers and hunters). All that also demonstrates the deep basis
of religion within human nature (Dorado et al, 2014).

Brain development and ancient genome sequencing

Currently, there is arguably no more complex and interesting scientific
task than brain research. The molecular basis of biological changes —first in
genome, and then in brain, as a consequence of the former—, from first
hominids to modern humans have remained elusive for many years.
Fortunately, two new and amazing papers, from two independent research
teams have shed light on brain development-related genes in genome, in
relation to such evolutionary changes. Such findings have been recently
published in Cell, which is one of the most prestigious scientific journals (Fiddes
et al, 2018; Suzuki et al, 2018).

They describe that Notch Homolog 2 (NOTCH2)-derived gene family,
named Notch Homolog 2 N-terminal-Like (NOTCH2NL), were generated from
partial duplication, repair and conversion of NOTCH2. Such paralogs include
NOTCH2NLA, NOTCH2NLB and NOTCH2NLC genes, which are involved in
cortical development of human brain, being a driving force of its evolution from
first hominids to modern humans.

Recent developments in molecular biology have allowed to sequence,
align and compare genomes of Denisovans (Meyer et al, 2012) and
Neanderthals (Prufer et al, 2014, 2017), as well as archaic and modern humans
(Lazaridis et al, 2014). This way, a dendrogram or phylogenetic tree from
NOTCH2 to NOTCH2NL gene-family has been generated (Fig. 1).
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Figure 1. Great-apes dendrogram in relation to NOTCH2NL. Phylogenetic tree includes
orangutan, gorilla, chimpanzee, human, Denisovan and Neanderthal. © 2018 Elsevier (Fiddes
et al, 2018).

Some people (86%) have also NOTCH2NL-related gene (NOTCH2NLR),
which is therefore absent in 14% of healthy population, suggesting that it is a
non-functional pseudogene (Mallick et al, 2016). NOTCH2NLA, NOTCH2NLB,
and NOTCH2NLC are located in 1g21.1 locus, whereas NOTCH2NLR is in p-
arm of chromosome 1, near NOTCH2. NOTCH2NL genes encode NOTCH2NL
proteins, which are related to several biological functions. They include calcium-
ion and protein binding.

Curiously, they contain Epidermal Growth-Factor (EGF)-like domains.
Their involvement in brain development stems from the fact that they enhance
differentiation of cortical stem cells into neurons. That increases the number of
neurons generated during brain development, further expanding certain
functional areas in cerebral cortex. In turn, that increases cortex size, and
therefore overall brain size.

Actually, human brains are threefold larger than the ones of other
hominids, due to larger cerebral cortex. Interestingly, such functional genes are
exclusive of humans. Indeed, they are not present in other primates (like
macaques) or even great apes, like orangutans, being truncated and inactive in
our closest relatives (gorillas and chimpanzees). So, amazingly, it seems that
gene duplication, repair, conversion and activation of Notch signaling, via
overexpression of these genes, allowed expansion of human cerebral cortex
and thus the evolution from first hominids to modern humans. In particular,
NOTCH2NLB activates Notch signaling and its overexpression produces clonal
expansion of cortical progenitors and neurons (Fig. 2).
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Figure 2. NOTCH2NL contribution to expansion of human cerebral cortex. Top) NOTCH2
duplication; Middle) Notch signaling activation by NOTCH2NLB; and Bottom) Clonal expansion
of cortical progenitors and neurons by NOTCH2NLB overexpression. © 2018 Elsevier (Suzuki et
al, 2018).

On the other hand, NOTCH2NL overexpression delays neuronal
differentiation, whereas its deletion accelerates it. And, unfortunately, there is a
drawback: curiously, NOTCH2NLA and NOTCH2NLB genes are located in
chromosomic regions associated to neurodevelopmental disorders. Thus,
duplication, repair and conversion of one or both NOTCH2NLA and
NOTCH2NLB genes may be related to macrocephaly, whereas deletions of one
or both of them have been associated to microcephaly (Fig. 3).
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NOTCH2NL Cortical Development
1 >4 ) NOTCHZNL
NOTCHZ2 g S
artial NOTCH2 H
LI_.: ation £ i ¥ ! O‘/J— c.(l
1p12 :\1q21.1 Radgl_l':é:run Radi.al_}:letron
v Glia Glia
G s DCL'“‘—""' ‘T.’
JAGHT NOTCH2 N IMMNOTCHZNL
duplications ‘ o m 1 ..,\

= =
/;‘N(-)],I.]C—-H:]ZNL otch Signaling] 'GDlCh Signaling
D (<1

NOTCHZ2NL copy number variation in 1g21.1 disorders
) ) (< NEA

Deletion: Microcephaly Duplication: Macrocephaly

Figure 3. NOTCH2NL evolution. Left) From great ape common ancestor to ancient and
modern human; Right) NOTCH2NL in early cortical development, comparing ancestral to
human; and Bottom) NOTCH2NL duplication, repair and conversion may be associated to
macrocephaly and autism, whereas deletions may be related to microcephaly and
schizophrenia. © 2018 Elsevier (Fiddes et al, 2018).
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Concluding remarks and future prospects

The potential of the discovery of NOTCH2NL gene-family involvement in
brain development and recurrent neurodevelopmental diseases is breathtaking.
For the first time, evolution from first hominids to modern humans has been
explained with sound scientific basis. That involves genes triggering cerebral
cortex development and growth. Besides, a comparison for such gene family
has been carried out between extinct and modern humans at the genomic level.
That highlights the relevance and potential of modern bioarchaeology to explain
biological evolution, in general, and human evolution, in particular. But future
prospects are even more astonishing. Not only to cure neurological disorders
via techniques like Clustered Regularly-Interspaced Short-Palindromic Repeats
(CRISPR), but even to generate superhumans and other intelligent animals.
Obviously, this has critically important ethical implications, that should be
properly addressed (Dorado et al, 2017). Biology, in general, and
bioarchaeology, in particular, have never been so interesting, thanks to
molecular biology.
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