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Applying mathematics to biology can help reveal the elusive details

of life. Professor Wilfred D. Stein and his colleagues from the
Hebrew University of Jerusalem and institutes worldwide have used
quantitative tools to tackle topics ranging from cancer treatment

to drug-resistant malaria, and lately, the evolution of the human

genome. His extensive and broad work has supported scientists in
many different areas of biomedicine and will leave a lasting impact

on life science.

Biomathematics: A Far-reaching
Science

The work of Professor Wilfred D. Stein,
Professor Emeritus at the Hebrew
University of Jerusalem, has covered
ground far and wide, from the genetics
of cancer to drug-resistant malaria. A
common thread in his work has been
the use of mathematics to find objective
answers to key questions. ‘What |

dois to apply quantitative methods

to problems of biology, explains
Professor Stein. The mathematics used
by Professor Stein tends to focus on
tumour growth, protein interactions
and gene evolution, aspects of

biology which are very amenable to
mathematical modelling.

One of Professor Stein’s recent projects
on gene ageing emphasises the utility
of quantitative tools in studying
biology. Estimating the age of genes
can help further our understanding

of their role but would be nigh on
impossible without the quantitative
tools which have been developed by
biomathematicians.

A Look Back in Time

A gene’s age is determined by how far
backin time it can be first identified

in an ancestor of the organism in
question. This can be achieved using
the extensive and widely available
genomic databases. Taking advantage
of these resources, in 2018 with his
colleague Professor Litman, Professor
Stein published a list of the ages of all
the protein-coding genes and many of
the non-protein coding genes in the
human genome.

Professor Stein wanted to use this gene
ageing technique to learn more about
cancer-associated genes and when they
arose in the evolutionary tree. Genes
are a tricky thing to study, and only
recently have scientists developed ways
to do so. Genomic phylostratigraphy

is a statistical method which looks at
the way genes evolve by comparing
them across species and ancestors
throughout time. Genes, like us, are the
descendants of ancestors, not exact
copies, but similar enough to see their
relationship.

When studying evolution, scientists

can draw up a tree of ancestors for
an organism, much like a family tree.
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Humans, at the very top of the tree, are
of the order primates, which evolved
from the placental mammals, which
evolved from terrestrial vertebrates,
and so on, all the way back to the

last universal common ancestor. This
common ancestor, known as LUCA, was
likely a single-celled organism living in
the deep ocean which would eventually
give rise to every organism we know
today.

Organisms on the tree can then be
sorted into clades, a group which shares
a recent common ancestor. Humans
and chimpanzees are in the same

clade because we share an ancestor,
just like how you and your cousins are
in the same family when you share a
grandfather or a grandmother.

‘Clades are nested, one in another;
Professor Stein notes. New clades
form as evolution proceeds, new




‘Il have been able to estimate the ages of the
genes that have been added, over the ages, to
the evolving human genome!’

ALL ORGANISMS
ALL ANIMALS

MULTICELLULAR ANIMALS

TETRAPODS AND THEIR DESCENDANTS

HIGHER APES AND THEIR DESCENDANTS

New clades form as evolution proceeds. The outermost clade contains
all living organismes.

characteristics appear and populations
diverge and evolve independently. Like
sets of nesting dolls, the outermost
clade, or the largest doll, contains all
living organisms. Each clade contains
all the descendants of one common
ancestor. In the family tree example,
your extended family clade is comprised
of you and all the descendants of your
grandfather, while your immediate
family clade only includes you and your
siblings, the descendants of your father
or mother.

The organisms which have not
‘evolved out’ of their clade can be
considered as being in a phylostratum
level. ‘A phylostratum level is the

set of organisms that first appeared

in a newly-formed clade and
remained in that clade, while some

of their descendants evolved new
characteristics to form the organisms
of the next succeeding clade, explains
Professor Stein. ‘The organisms

that remained behind, between one
clade and the next, form the new
phylostratum level’

This concept of phylostratification is a
valuable tool for scientists who attribute
ages to genes. Genes are passed on to
descendants in vertical evolution. Over
time they may change slightly, perhaps
making their function more efficient,
but still effectively doing the same job.
Some changes, however, can allow the
taking on of a new function, making this
into a brand new gene. Alternatively, a
quite new gene can emerge, an ‘orphan
gene’, arising from a DNA sequence that
did not code for anything. A new gene,
and its descendants that retain the
same function, are known as orthologs.

So, a gene can be given an age by
identifying the phylostratum where its
founder gene, the earliest ortholog, first
appeared. These ‘origin’ orthologs are
found by searching online databases
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of entire genomes of living organisms,
using a genomics tool called BLAST. By
inputting the sequence of your gene

of interest, BLAST finds genes with
similar sequences which are likely to be
the gene’s ancestor. By identifying the
earliest phylostratum that this ancestor
isin, we can obtain an estimate of how
olditis.

Identifying gene ages using

orthologs enables us to develop

our understanding of evolution and
has helped us learn more about the
relationships between organisms.
However, while this technique is

useful, many think it is too much of an
inaccurate science, and disputes in the
scientific community mean that there is
no agreed list of orthologs.

Ancient Cancer Genes

‘By building on a consensus of the
findings of the ortholog researchers, one
can estimate the ages of the genes that
have been added, over the ages, to the
evolving human genome, elaborates
Professor Stein, ‘and | have used this
information to estimate ages of genes
that, when mutated, drive cancer in the
human body.

The genetics of cancer has been of
interest to researchers ever since cancer
was first found to have a heritable
element. Discovering when these genes
may have arisen in evolutionary history
may help us understand more about
them.

Cancer-associated genes can be
grouped into two classes with distinct
and important roles in cell survival.
Caretaker genes control things like the
frequency of mutations which occur
when cells replicate, while gatekeeper
genes control cell growth. Mutations in
these genes can result in a dysregulation
of these important processes and cause
excessive cell proliferation, or tumour
growth. There are some thousand or
more cancer-associated genes, many
of which contribute just slightly to the
possibility that someone will develop
cancer.
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Equations illustrating the growth of cancers in response
to chemotherapy.

With all the available tools at his disposal, Professor Stein and
his co-workers began looking for the point at which cancer-
associated genes arose in what would eventually become the
human genome. They found that not only did cancer genes
appear much earlier than would be expected, the genes
associated with different types of cancers appeared at different
points in time.

Carcinomas (cancers of the inner and outer linings of the body)
and lymphomas (that arise from immune cells) are associated
with genes regulating cell proliferation which appeared in the
genome when organisms became multicellular. Many of the
lymphoma specific genes appeared slightly later, at a point
when the immune system developed in fish. Indeed, Professor
Stein suggests that the earlier appearance of carcinoma genes
is due to their more general function in terms of regulating
activity at a point when cell differentiation was emerging in the
first multicellular organisms.

Professor Stein’s research adds to our current understanding
of the way the human genome evolved from all our previous
ancestors. With cancer, it may be the case that mutations
cause a breakdown in communication between our originally
unicellular genes and multicellular genes. Uncovering these
links can help in combatting this disease.

Predictive Thinking

Professor Stein’s work didn’t start there, however. Before

his interest in gene evolution became fully realised, he was
applying algorithms to better understand tumour growth.
He derived a set of equations to measure the rate at which a

tumour regrows following chemotherapy and demonstrated
how this rate better predicts the patient’s outcome. This is
in contrast to current approaches, where doctors look at the

extent to which a tumour is reduced by treatment. Professor
Stein further elaborates, ‘We found that the best predictor of
the subsequent fate of patients treated with chemotherapy was
the rate of regrowth of the tumour’

In many cases, if a tumour is not reducing significantly in
response to chemotherapy, the treatment is deemed ineffective

and may be stopped. Professor Stein suggests that by looking
at the regrowth rate, we can continue treatment if the tumour
is growing slower than it would using other drugs. This could
help prolong the life of patients and may mean that more
chemotherapy drugs in the pipeline have a chance at making it
to the clinic.

These kinds of mathematical tools can help determine better
clinical endpoints, the point at which treatment is considered
effective, and can help us make more informed decisions about
what to look for when assessing drug efficacy. ‘Only if there is

a better drug out there, with a lower growth rate than the drug
being used should the therapy be changed, says Professor
Stein, ‘I think this is one of the most important of my findings
over the years

Malaria and Beyond

Professor Stein’s research has taken him through a myriad

of important topics. He has also dedicated time to the study
of drug-resistant malaria and developed kinetic equations

to show how the parasite’s transporter proteins remove
antimalarials from their site of action. Knowing this, scientists
can now begin researching novel drugs to combat what has
become an anti-malarial resistance crisis.

Currently, Professor Stein is applying the gene ages approach
to elucidate the evolution of hair cells that were an invention
of the mammals. Thus, he very much remains an active
contributor to research and continues to bring his unique
quantitative perspective to problems of biology.
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