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Welcome to the 10th anniversary issue of Phenotype! 
Science works through replication, rectification, and modification, and Phenotype is no different. The magazine in your 
hands is an entirely different beast to our first issue, with new sections, prestigious sponsors, and a polished design. It 
took a decade of replication, rectification, and modification for Phenotype to be where it is today, and we can only hope 
this continues in the decade ahead. 

In-vitro fertilisation is also celebrating an anniversary this year; Savni Sawant discusses what the last 40 years have 
brought on page 13.

Turn to page 24 for an insightful guide on the development of Human iPS Cell Research in Oxford generously 
contributed by Sally Cowley, and read Timothy Kwok’s discussion of the art and science of retrosynthesis on page 14.

On page 4, Professor Nicholas Proudfoot and team investigate Dangerous RNA.

Moving on from 10, we have the winners of the Medical Sciences Division DPhil day discuss their ongoing research. 
We hope to make this an annual tradition.

Aside from our Features articles, there is much to read in our Regulars and Science & Society sections. On page 22, 
renowned artist Anna Dumitriu talks about her inspiration for Bio-art, and its potential to impact society at large. A 
candid conversation with Paul Riley and Gregg-Bayes Brown from the Oxford University Innovation is featured on 
page 26. 

You can find our 5’ interview on page 30, where Phoebe Oldach has a stimulating conversation on gene regulation with 
Prof. Peter Cook.  On page 29, Sarah Iqbal, the first ever editor of Phenotype shares her memories of how the idea of 
Phenotype was conceived, and executed 10 years back. 

Explore our new Creative Writing section, with work from poets Julian Bishop and Norbert Hirshhorn. We welcome 
submissions of any form, with a connection to science. 

To celebrate our anniversary, we commissioned cover artwork from artist Siân Blewitt, whose work you can find on 
Instagram (@bossy.jane). Siân works in many mediums, and was an absolute pleasure to collaborate with!

The SNAPSHOT competition will resume next issue. Enter for the chance to have your research image on the front 
cover of Phenotype. 

I hope you enjoy this issue as much as we did compiling it! If you are interested in getting involved with Phenotype, please 
contact us at oxphenotype@googlemail.com. We are always happy to expand our team, regardless of your experience.

Follow us on Twitter:
@OxPhenotype @JackCooper666 @Muliyilsonia
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Do you work at the very cutting edge of science? 
Are you involved in exciting and influential outreach? 
Are you passionate about communicating your scientific 
endeavours to others? Then this is the opportunity for you! 

We are looking for contributors of a wide range of stories: research 
articles, science in society features, career insights, interviews with 
academics and more!

The next deadline for article submissions is 
Wednesday 15th January 2019.
  

For more information about how 
to get involved, write to
oxphenotype@googlemail.com

Write for Phenotype!

Get in touch!

Work for Phenotype!
We also have a large editorial team, 
responsible for managing, editing and laying 
out articles ready for publication - and we are 
always looking for new members!

Visit Phenotype on our homepage 
www.phenotype.org.uk and browse through a 

digital copy of this issue, join us on facebook at  
or follow @OxPhenotype on Twitter!

Learn more
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The human genome is beginning to be decoded. The de-
velopment of DNA sequencing technology started with 

Fred Sanger and his ingenious technique that relied on incor-
poration of nucleotide specific DNA chain terminators (dide-
oxy nucleotides) into DNA followed by a simple gel read out 
of the sequence.  This led into massive parallel sequencing with 
the derived sequence input directly fed into computers. Many 
technologies from Illumina to Nanopore have opened up the 
possibility of sequencing whole genomes in hours rather than 
years. This same revolution directly applies to RNA sequencing. 
We used to laboriously purify RNA and map its ends, one by 
one, and then derive the RNA sequence by reverse transcription 
followed by Sanger sequencing of the cDNA. Now transcrip-
tomes can be readily sequenced all in one go, allowing a snap 
shot of every transcript being made in a particular population of 
cells. But, what have we learnt so far from these amazing techni-
cal advances? 
     I would suggest that one principal outcome is that everything 
about the human genome is far more complex than any of us 
could ever have imagined at the beginning of this genomic ex-
ploration (that began a mere 50 years ago). What we now appre-
ciate about transcriptomes is that a lot of the RNA produced ap-
pears to have little if any specific function. Indeed, nuclear RNase 
activities work very hard to rid the cell of much of this unwanted 
transcriptome. In effect mammalian genomes appear to be sub-
jected to transcriptional anarchy. Surprisingly most transcripts 
are degraded either during or soon after their synthesis. Of the 
around 20,000 protein coding genes synthesised, most of their 
pre-mRNA are highly intronic with an average gene looking 
rather like a bar code where the coding, exon sequence (bars) are 
interrupted by much longer non-coding (nc), intron sequence 
(gaps). It is intriguing to note that Henry Harris predicted such 
transcriptional anarchy in the 1960s. He observed that HeLa 
cells, pulse labelled with 14C radioactive adenine produced a la-
bile RNA species that was largely retained in the nucleus rather 
than forming messenger RNA in the cytoplasm (Harris 1964, 
Harris 1964).
    To appreciate the complexity of human transcriptomes vari-
ous experimental tricks must be used to generate nascent RNA 
libraries. That is analysis of RNA as it is being made but before 
it is summarily degraded. These include pulse labelling with nu-
cleotide analogues that allow selection of nascent RNA (Core, 
Waterfall et al. 2008, Schwalb, Michel et al. 2016). Alternatively, 
the direct sequencing of the RNA within the RNA polymerase 
active site referred to as mammalian NET-seq has been devel-
oped in my laboratory (Nojima, Gomes et al. 2015) and has 
proved a powerful way to characterise nascent transcription. 
With the benefit of these nascent transcriptomic libraries, many 
more ncRNA have come into focus across the human genome. 
As I will describe, the inappropriate accumulation of such tran-

scripts leads to severe cellular consequences which are in effect 
RNA pathology. Essentially ncRNA are considered to be any 
transcript that lack protein coding potential. Of course, several 
highly abundant ncRNA have key structural roles in translation, 
such as tRNA and rRNA (made by dedicated RNA polymer-
ases I and III). Also, small ncRNA such as snoRNA, snRNA, 
microRNA and piRNA, often excised from larger primary tran-
scripts, facilitate rRNA processing, splicing and mRNA or gene 
silencing respectively.  However, in terms of the greatest genome 
coverage it is a new class of ncRNA that have had much re-
cent attention. Notably most of this RNA derives from the fact 
that RNA polymerase II (Pol II) which makes pre-mRNA is an 
adventitious enzyme. That is, it will initiate transcription wher-
ever there is a hole in nucleosome packaging of the chromatin 
enshrouded genome. Regulatory sequences for protein coding 
genes include multiple separate enhancers as well as the gene’s 
promoter and terminator that together define the extent of tran-
scription across a gene, often referred to as a transcription unit 
(TU). All of these elements display nucleosome depletion and 
so allow Pol II to initiate transcription in either direction from 
these positions. Such opportunistic transcription leads to tran-
scripts that run antisense from the regular protein coding gene 
promoter (called promoter upstream transcripts or PROMPT), 
in both directions from enhancers (eRNA) or antisense from 
gene terminators (asncRNA). These extra transcripts are gener-
ally referred to as long noncoding (lnc) RNAs. Added to these 

lncRNA some independent TUs are evident that run between 
more widely spaced protein coding genes and are referred to as 
long intergenic noncoding (linc) RNA (Figure 1). 
    We have now shown that lncRNA are a potential danger to cells 
if they are not kept under control. Notably we have previously 
discovered that most lncRNA (especially lincRNA) are retained 
and degraded at their site of synthesis on the chromatin tem-
plate with only a small fraction escaping into the nucleoplasm 
(Schlackow, Nojima et al. 2017). In rare cases lncRNA may even 

DANGEROUS RNA

Figure 1.  Categories of lncRNA
Diagram shows protein coding gene (grey shading) with short in-
tron separated by longer introns. P, T and E denote promoter, ter-
minator and enhancer respectively.  Pre-mRNA showing 5’ Cap, 
spliced introns and 3’ polyA. Different types of lncRNA positioned 
below protein coding gene (green shading).

By Nick Proudfoot

Sir William Dunn School of Pathology 
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get all the way to the cytoplasm and potentially associate with 
ribosomes. They will, however, generally lack protein coding po-
tential beyond the capacity to encode a short peptide. This will 
normally trigger translation induced degradation. There are also 
a small subset of lncRNA that do have specific functions such 
as Xist, an lncRNA required for X chromosome inactivation in 
female cells (Senner and Brockdorff, 2009). Another example 
is a type of lncRNA called germ line transcripts that are ex-
pressed in B cells from antibody gene loci and are involved in the 
regulated recombination processes associated with this complex 
locus (Ribeiro de Almeida, Dhir et al. 2018). However, what we 
have recently discovered is that a key transcription elongation 
factor acting with Pol II called SPT6 plays a pivotal role in pro-
moting efficient transcription of protein coding genes while still 
keeping lncRNA at low levels (Nojima, Tellier et al 2018). This 
study has been a collaboration between Shona Murphy’s and 
my lab at the Dunn School and particularly Takayuki Nojima 
(NJP lab) performing the molecular biology and genomics and 
Michael Tellier (SM lab) carrying out extensive bioinformat-
ics. SPT6 was first studied in budding yeast where it has two 
key features. Firstly, it acts as a nucleosome chaperone to pro-
mote the replacement of nucleosomes behind the elongating 
polymerase as it reads across a gene. Pol II must temporarily 
displace nucleosomes to allow copying of the DNA template 
into RNA. The nucleosome chaperone activity of SPT6 was 
picked up because without it, nucleosome holes appear on 
transcribed genes which then allow de novo Pol II initiation 
(Winston 2001). Secondly, SPT6 helps to recruit the histone 
modifying methyl transferase Set2 which places methyla-
tion marks on the N terminal tails of H3 histone that sticks 
out from the nucleosome octamer. The H3K36me3 mark is 
a well-defined feature of active transcription across protein 
coding TUs (Winston 2001). 
    To look at the role of SPT6 on human transcriptomes, 
we depleted its levels using standard RNA interference ap-
proaches (i.e. transfection of siRNAs into human Hela cell 
line). Nascent transcript analysis then revealed that as ex-
pected protein coding gene transcription was reduced, espe-
cially towards gene ends, entirely consistent with a defect in 
Pol II transcriptional elongation. However, to our surprise 
all of the lncRNA categories mentioned above (PROMPTs, 
eRNA and lincRNA) dramatically increased in levels and 
extent across the HeLa cell genome. This transcriptional 
dysregulation appears to have two related deleterious ef-
fects. Firstly, the fact that Pol II is allowed to read across 
wider regions of the human genome will mean that it is more 
likely to get in the way of the DNA replication process dur-
ing S phase of the cell cycle. Particularly head on collisions be-
tween Pol II and the replication fork have been shown to cause 
gaps in the synthesis of newly replicated DNA which can lead 
to double strand breakage and consequent DNA damage. This 
problem is exacerbated by another consequence of making too 
much lncRNA. R-loop structures form when the nascent tran-
script hybridises to the template DNA strand behind the elon-
gating Pol II complex so displacing the sense DNA strand.      A 
triple stranded structure is therefore formed comprising a du-
plex RNA:DNA hybrid and displaced single stranded DNA. 
These R-loops are especially inclined to form if the nascent 
RNA dwells on the chromatin template and is neither spliced 
nor packaged into RNA protein complexes. Such conditions 
exactly match these elevated and extended lncRNA that are in-
creased in amount following SPT6 depletion and are only inef-

ficiently processed. The consequence of these elevated R-loop 
levels across the genome are clearly pretty negative and results 
in extensive DNA damage. Firstly, the single stranded DNA of 
the R-loop is quite fragile and damage-prone. Secondly R-loops 
associated with elongating Pol II can act to block DNA replica-
tion by causing collision between these two nucleic acid copying 
machines (Aguilera and Garcia-Muse 2012). I illustrate these 
effects in Figure 2A and show that loss of SPT6 does indeed 
cause DNA damage, based on the appearance of γH2AX foci 
(a well-known DNA damage marker) in HeLa cell nuclei (Fig-
ure 2B).  These DNA damage effects will in turn cause the cell 
cycle to slow down and even shift out of the regular cycling into 
a non-dividing or senescent state (Nojima, Tellier et al 2018). 
We propose that these elevated lncRNA induced by the loss of 
SPT6 are highly deleterious to cells. It is critical for lncRNA to 
be kept at low levels and preferably degraded before they lead to 
defects in cell division. In other words, lncRNA can generally be 
viewed as extraneous transcripts that have no particular benefit 
to a cell. Even worse they are dangerous to the cell since their 
accumulation is pathogenic. 

     

We have recently uncovered another source of unwanted tran-
script that, if allowed to accumulate like lncRNA, can result in 
RNA pathology. Even though excess nascent transcription is a 
clear feature of the nucleus, a second organelle, the mitochon-
drion is also a source of unwanted RNA.  Mitochondria pos-
sess multiple copies of a small circular 16.5 kb genome that is 
transcribed on both strands (L and H) to generate transcripts 
potentially extending around the entire circular genome.  These 
are broken down into 13 mRNA, 2 rRNA and 22 tRNA se-
quences. Indeed, tRNA interspersed between the other larger 
mRNA and rRNA sequences are excised by RNAse P chop-
ping up the longer L and H RNAs. Numerous nuclear proteins 
(200-300 in total) imported into the mitochondrion combine to 
generate a functional mitochondrion. In particular a mitochon-
drial (mt) ribosome is formed to allow translation of the 13 mt 
mRNA which are translated into key components of the oxida-
tive phosphorylation apparatus, again augmented by many ad-

Figure 2. SPT6 loss activates lncRNA transcription with associated DNA 
damage
A) Diagram shows separated, elongating RNA polymerase II (Pol II) and 
bidirectional DNA replisomes. Following loss of SPT6 Pol II makes extend-
ed lncRNA which form R-loops and collide with replisomes in both cases 
causing DNA damage.
B) Images of cells stained with DAPI (blue) to show nuclei and subjected 
to anti-γH2AX immunofluorescence. Green nuclear foci indicate DNA 
damage.below protein coding gene (green shading).
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ditional nuclear proteins. Major players in RNA metabolism of 
the L and H mt RNA are two RNA modifying enzymes SUV3 
and PNPase encoded by nuclear genes. SUV3 is a helicase that 
likely unravels L and H transcripts that will otherwise associate 
to form double stranded (ds) RNA. PNPase is an exonuclease 
that aids in the maturation of the various mt RNA as well as 
degrading unwanted transcripts (Borowski, Dziembowski et al. 
2013). Unexpectedly, Ashish Dhir in my lab has now shown that 
HeLa cells generate a significant amount of mt dsRNA. This 
is detectible by using a handy dsRNA specific antibody called 
J2. Immunofluorescence (IF) signals using J2 are only just de-
tectible in HeLa mitochondria but remarkably increase many 
folds when either SUV3 or PNPase enzymes are depleted by 
siRNA treatment (Dhir, Dhir et al 2018). A further intriguing 
twist to this story is that while SUV3 and PNPase act together 
in the inner matrix of the mitochondria, PNPase has a separate 
life in the mitochondrial intermembrane space (between the two 
mitochondrial membranes). Ashish Dhir has now shown that 

in this separate position PNPase appears to act as a gate keeper 
to keep mt dsRNA within the mitochondrion (Dhir, Dhir et al 
2018). Loss of PNPase not only causes mt dsRNA accumulation 
in the mitochondrial matrix but also allows its escape into the 
cytoplasm (Figure 3A illustrates these effects). Here is where 
the pathology becomes an issue. Notably cytoplasmic mt dsR-
NA triggers innate immunity, starting by activation of the dsR-
NA sensitive interferon response pathway and ending with cell 
death (apoptosis).  It is very apparent that mitochondrial RNA 
are potentially dangerous to cellular integrity. Any escape of mt 
dsRNA into the cytoplasm is catastrophic to the cell. Indeed, we 
have been able to show that several patients with PNPase gene 
mutations have increased mt dsRNA J2 signals in primary fibro-
blast cells isolated from biopsies of their skin. Furthermore, they 
show elevated interferon response indicative of severe autoim-
munity (Dhir,Dhir et al 2018; Figure 3B). Although mutations 

in PNPase are happily rare in humans, it is a distinct possibility 
that other conditions might induce the escape of mt dsRNA into 
the cytoplasm so being of wider relevance to human pathology.
    Overall it is clear that the failure to remove unwanted tran-
scripts, be it nuclear lncRNA or mitochondrial dsRNA, through 
the loss of normal RNA processing activities is a pathogenic 
condition. On a personal note I have now been working in the 
Sir William Dunn School of Pathology for almost 40 years. It is 
very satisfying to finally be able to add a pathological component 
to my labs otherwise more esoteric basic research into how genes 
work.
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Figure 3. Human mitochondrial double stranded RNA and induc-
tion of interferon
A) Cartoon of mitochondrion showing inner and outer membranes 
with circular DNA genome in central matrix. Mitochondrial RNA 
polymerase transcribes L (red) and H (black) strands are indicat-
ed. L and H polycistronic transcripts are shown with tRNA depicted 
as grey boxes. These are excised to release tRNA and adjacent 
mRNA. Most of L strand RNA is degraded by PNPase exoribonucle-
ase together with SUV3 helicase. Loss of PNPase causes dsRNA ac-
cumulation.
B) Images of cells stained with DAPI (blue) to show nuclei and sub-
jected to anti dsRNA immunofluorescence. Green cytoplasmic 
foci correspond to mitochondrial dsRNA accumulate in cytoplasm 
of PNPase mutant cells.
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Advanced understanding of neurodegenerative 
diseases

Examination of the living brain has always been challenging 
and, until recently, not a common practice. Most of the current 
understanding that we have about the human brain and related 
diseases has been unveiled in the last hundred years, boosted 
by technological innovations. Before that, the knowledge was 
mainly obtained from pathological studies of post-mortem hu-
man brains using histology techniques (1).
That is how, in 1906, Dr Alois Alzheimer observed changes in 
the brain tissue of a woman who had died of an unusual mental 
illness. Her symptoms included memory loss, language disor-
der, and unpredictable behaviour. After she died, Dr Alzheimer 
examined her brain and reported distinctive plaques and neu-
rofibrillary tangles in the brain’s histology, hallmarks of what is 
now known as Alzheimer’s disease (AD). This was one of the 
first reports linking a mental disease with a cellular mechanism 
(2). Another disease of the nervous system, Parkinson’s disease 
(PD), had been described much earlier due to its very character-
istic symptoms, namely tremors, slowed movements and muscle 
rigidity. It is named after Dr James Parkinson, who published 
six cases of Paralysis agitans in 1817. However, it was not until 
1912 that Dr Frederic Lewy described abnormal microscopic 
neuronal inclusions in the brain of patients who had suffered 
from Paralysis agitans (3). At the time, none of these observa-
tions awoke too much interest, and it took a few more years for 
the field to understand the importance of those discoveries and 
investigate them further. 

In 2018, we know much more about the symptoms, progres-
sion and causes of AD, PD, and other disorders characterised by 
the progressive degeneration of the nervous system, collectively 
known as neurodegenerative diseases. Interestingly, these disor-
ders are no longer studied in isolation. In the last four decades 
scientists have realised that different disorders such as variant 

Creutzfeldt–Jakob disease (commonly known as mad cow dis-
ease), AD, PD, Huntington disease and Amyotrophic Lateral 
Sclerosis have something in common: they are all caused by a 
similar triggering factor, the presence of toxic misfolded protein 
aggregates, as noticed by Dr Alzheimer and Dr Lewy. This is 
why sometimes they are referred to as proteinopathies. 

The identity of the initial misfolded proteins in each of these 
neurodegenerative diseases is distinctive and initially affects dif-
ferent brain areas (Figure 1), hence they cause different symp-
toms. Nevertheless, they can behave similarly from a structural 
perspective, interacting with their counterparts and changing 
from functional soluble proteins into insoluble amyloid aggre-
gates. This is followed by a propagation phase where these mole-
cules can induce misfolding of other aggregation-prone proteins 
and spread to other cells, in a process called protein metastasis.

The most intensively studied misfolded proteins are amyloid 
beta (Aβ), Tau protein and alpha-synuclein. Aβ and Tau pro-
teins are recognised as the main triggers of AD, accumulating 
initially in the hippocampus and cortex, causing memory loss 
and cognitive decline. Alpha-synuclein accumulation, which 
forms aggregates named as Lewy bodies, is mostly found within 
the substantia nigra in PD, prompting various motor disorders 
(4). 

Why can certain proteins become so harmful: Dr Je-
kyll or Mr Hyde?

For a protein to function appropriately, it must first achieve a 
correct three-dimensional shape and location within the crowd-
ed environment of a cell. Metaphorically, we could think of the 
intracellular environment as New York City, with dense traffic 
and a delicate balance of cars, or proteins, and different types of 
traffic lights or signalling pathways. Multiple molecular chap-
erones, as their human counterparts, supervise the right spatial 
conformation of the new proteins as they mature. In coordina-
tion with degradation pathways, they ensure that proteins are 
correctly folded or destroyed in the process, mainly via the ubiq-
uitin proteasome system, to avoid traffic jams or accidents that 

Toxic proteins and neurodegeneration

Figure 1. Examples of protein misfolding diseases 
and the brain area initially affected

By Maria Blanca Torroba

Post-doctoral researcher in Francis Szele’s research 
group at the Department of Physiology, Anatomy and 
Genetics. 

Figure 1
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would disturb the traffic within the cell (Figure 2).
Due to the intricacy of this system, misfolded proteins are 

constantly generated by errors at different levels in the protein 
production chain: gene sequence mutations, transcription or 
translation errors, failure of the folding and chaperone machin-
ery, post-translational modification, faulty trafficking, or struc-
tural modifications due to environmental changes, such as stress 
conditions, age or disease (5). 

The most frequent destiny for misfolded proteins that escape 
quality control mechanisms of the cell is self-aggregation. This is 
determined by the hydrophobic, polar or charged nature of the 
amino acids that constitute the protein chains. Since cell com-
partments are typically filled with watery media, proteins bury 
most of the hydrophobic side-chains into the internal core to 
shield them from water. Incorrect folding leads to the mistaken 
exposure of those hydrophobic fragments, leading to a high de-
gree of stickiness. That supports the appearance of amyloid de-
posits, understood as the intractable protein aggregates observed 
in many disorders such as AD or PD (6).

Protein aggregation and disease
It is now believed that many proteins, if not all, could form 

aggregates under appropriate biochemical conditions. In vivo, 
only around 25 different proteins are known to self-assemble 
and form fibrillar amyloid structures in humans. Of those, only 
about one-third produce fibrillar deposits in the central nervous 
system which, in turn, translate into cognitive deficits, dementia, 
stroke, or other pathologies.

What makes only certain proteins more prone to form patho-
genic aggregates in vivo? One of the explanations is the pres-
ence of specific internal amino acid sequences that are necessary 
and sufficient to support the β-sheet structure, the main con-
formation of amyloid fibrils. This energetically-stable structure 
is composed of ‘zigzagging’ protein chains next to each other, 
reminiscent of accordion bellows. Another important factor is 
the proximity of some proteins to their solubility limits or su-
persaturation. Even small perturbations in protein homeostasis 
could increase the probability of protein aggregation. Genetic 
predispositions, such as Down Syndrome, or advanced age, in 
which molecular chaperones are less efficient, have clear links to 
pathogenic protein accumulation (4).

Although it is now clear that there is a close association be-
tween amyloid deposits and the onset of neurodegenerative dis-
eases, much remains to be understood about how one leads to 
the other in each particular case. In AD and PD, for instance, 
it has been shown that misfolded proteins cause the formation 
of pore-like structures on the plasma membrane, resulting in 

dysregulation of calcium homeostasis, mitochondrial dysfunc-
tion and oxidative damage. The combined effect of all these fac-
tors ultimately leads to synaptic and neuronal loss, with the first 
symptoms appearing many years after the process begins (7). 

What about therapies?
In the coming years, successful strategies to tackle neuro-

degenerative diseases will hopefully be devised. The main ap-
proaches under consideration tackle three aspects: biomarker 
development based on imaging or blood proteomics to predict 
onset and disease outcome; pharmacological treatments or ge-
netic techniques to correct the problem of protein aggregation; 
and therapies to ameliorate the symptoms and reverse damage, 
by helping the system to regenerate and restore. Importantly, un-
derstanding the nature of neurodegenerative diseases opens up a 
more guided route towards effective and more widely-applicable 
therapies.

1. Young AB (2009) Four decades of neurodegenerative disease 
research: How far we have come! J Neurosci 29(41):12722–12728.
2. Hippius H (2003) The discovery of Alzheimer’s disease. Dialogues 
Clin Neurosci 5(1):101–108.
3. Engelhardt E & da Mota Gomes M (2017) Lewy and his inclusion 
bodies: Discovery and rejection. Dement Neuropsychol 11(2):198–
201.
4. Rostagno A, et al. (2010) Cerebral amyloidosis: amyloid subunits, 
mutants and phenotypes.  Cell Mol Life Sci 67(4):581–600. 
5. Knowles TP, et al. (2014) The amyloid state and its association 
with protein misfolding diseases. Nat Rev Mol Cell Biol 15(6):384–96. 
6. Moreno-Gonzalez I & Soto C (2011) Misfolded protein aggre-
gates: mechanisms, structures and potential for disease transmis-
sion. Semin Cell Dev Biol 22(5):482–7.
7. Angelova PR & Abramov AY (2017) Alpha-synuclein and beta-
amyloid - different targets, same players: calcium, free radicals 
and mitochondria in the mechanism of neurodegeneration. Bio-
chem Biophys Res Commun 19;483(4):1110–1115.

Figure 2.  The (mis)folding of proteins
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Mechanical forces have emerged as fundamental regula-
tors of many biological processes. They play a central 

role in the initial development and function of a variety of or-
gans and tissues, including the lungs, heart, blood vessels, mus-
cle, bone and cartilage (1). Mechanical forces have also been 
implicated in disease settings such as the development and pro-
gression of atherosclerosis, an inflammatory cardiovascular dis-
ease characterised by the build-up of fatty plaques in the arteries 
(2). Atherosclerosis is the main contributor to secondary cardiac 
events such as heart attacks, in which coronary artery plaques 
block the heart’s blood supply, or strokes, in which cerebral ar-
tery plaques block the brain’s blood supply. The health and integ-
rity of blood vessels is important for protection against disease.  
Understanding how haemodynamic forces, such as those gener-
ated by blood flow, mediate blood vessel function is my primary 
research interest. 

Haemodynamic forces are vital for both the development and 
maintenance of the cardiovascular system. During embryonic 
development, the proper organisation of the heart and vascu-
lar system requires mechanical cues exerted by blood flow and 
pressure. All blood vessels are composed of an outer protective 
layer, a middle contractile smooth muscle layer and an inner 
endothelial cell layer which faces the vessel lumen. Endothelial 
cells (EC) serve as an interface to flowing blood and dynamically 
sense and respond to forces, such as fluid shear stress (FSS). FSS 
is the frictional force derived from the velocity and viscosity of 
flowing blood parallel to the vessel wall (2). ECs are constantly 
exposed to FSS raising the key question: how do ECs sense this 
force? 

Much research has focused upon investigating how ECs can 
interpret biophysical cues and convert them into biochemical 
signals which ultimately affect the cell and overall vessel func-
tion. This has revealed that ECs possess a variety of mechano-
sensors on their cell surface, at their cell junctions and on their 
basement membrane (3). These sensors take a wide variety of 
forms from ion channels, to primary cilium, to junctional cell ad-
hesion molecules e.g. Platelet endothelial cell adhesion molecule 
(PECAM), and many others that are still being discovered (3). 

An outstanding major question in the field is how can these 
mechanosensors discriminate between different types of blood 
flow? The complex composition of the vascular network with 
bends, curvatures and branching points as well as straight ves-
sel regions, gives rise to distinct flow patterns and different me-
chanical forces. Broadly, there are two types of blood flow; uni-
form, laminar flow which occurs in straight vessel regions; and 
disturbed blood flow which occurs at vessel branching points 
and bends. ECs display completely different cellular profiles 
and functions when exposed to laminar or disturbed blood flow. 
Laminar blood flow promotes a protective EC phenotype char-

acterised by increased expression of anti-inflammatory genes, 
low cell turnover and EC alignment in the direction of blood 
flow. Conversely, disturbed flow promotes a pathological EC 
phenotype characterised by high expression of pro-inflamma-
tory genes, high cell turnover and a lack of cell alignment (2). 
Atherosclerotic plaques preferentially develop in areas of the 
vasculature where disturbed blood flow occurs, and ECs here 
are found to be pro-inflammatory (Figure 1). The inflamed en-
dothelium has a compromised barrier function, therefore lipids 
from the circulation can migrate through the EC barrier and ac-
cumulate in the arterial intima. Immune cells in the circulation 
are attracted by inflamed ECs in an attempt to remove these 
lipid deposits, however this response is counter-intuitive and 
drives a viscous cycle of plaque growth. In advanced atheroscle-
rosis, disturbed blood flow can rupture a plaque’s contents into 
the circulation causing blood clots which may lodge themselves 
in a major artery, leading to a heart attack or stroke. This EC 
dysfunction in combination with systemic risk factors, such as 
a high fat diet, smoking and diabetes, promotes atherosclerosis. 
Investigating the pathological molecular mechanisms associated 
with disturbed flow represents a key area of research which could 
help us to better identify effective interventions against the de-
velopment of atherosclerosis.  

Figure 1. Blood flow patterns at different vessel regions promote 
protective or pathological responses. Uniform, laminar blood flow 
occurs in straight regions of the vasculature and is associated with 
endothelial cell (EC) alignment in the direction of blood flow. ECs 
exposed to laminar blood flow increase expression of anti-inflam-
matory, protective genes and form a stable barrier due to their 
low turnover rates. Turbulent, oscillatory or low blood flow collec-
tively known as disturbed flow occurs at vessel branch points and 
primes ECs to activate pro-inflammatory signalling pathways and 
gene expression. ECs exposed to disturbed blood flow have poor 
alignment which means they have increased cell death and pro-
liferation and cannot form a tight barrier. Atherosclerotic plaques 
are more likely to build up in an area of disturbed flow where ECs 
display chronic inflammation and contribute to the initial devel-
opment and progression of the plaque. Large plaques can ob-
struct arteries hindering blood supply and nutrients to downstream 
organs and tissues. In advanced atherosclerosis, disturbed blood 
flow can rupture a plaque’s contents into the circulation causing 
blood clots, which may lodge themselves in a major artery, lead-
ing to a heart attack or stroke. (Adapted from Mehta & Tzima, 2016 
Nature, microscope images by Lisa Simpson) 
1. Bao G, et al. (2010) Molecular Biomechanics: The Molecular Ba-
sis of How Forces Regulate Cellular Function. Molecular & cellular 
biomechanics: MCB 3(2):91–105. 
2. Hahn C & Schwartz M A (2009) Mechanotransduction in vascu-
lar physiology and atherogenesis. Nature Reviews Molecular Biol-
ogy 10:53–62.
3. Givens C & Tzima E (2016) Endothelial Mechanosignaling: Does 
One Sensor Fit All? Antioxidants and Redox Signaling 25(7):373–388.
4. Mehta V & Tzima E (2016) Cardiovascular disease: A turbulent 
path to plaque formation. Nature: 540:531–532.
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Despite often being unhealthy, fast food is in many ways 
rewarding: it is quick, easy, cheap, and usually consistent. 

But imagine that one day you realise that your favourite fast food 
chain has increased the size of their standard meal – one you 
have eaten many times before – without warning. You would 
probably be pleasantly surprised. 

In behavioural neuroscience, this difference in value between 
your expectation of reward based on previous experience and 
your actual experience is termed a reward prediction error. Re-
ceiving more food than expected would elicit a positive reward 
prediction error, whilst a negative reward prediction error would 
be elicited if, for example, the restaurant had forgotten to give 
you your fries. 

In the mammalian midbrain, dopamine is a catecholaminergic 
neuromodulator traditionally associated with the processing of 
primary natural rewards such as food, water, and sex, as well as 
various drugs of abuse. However, this conception has recently 
been superseded by a more nuanced account, which posits that 
the short-term (or ‘phasic’) activity of these neurons, particularly 
those that are part of the mesolimbic dopamine pathway, is in-
stead reflective of the difference between expected and received 
reward – the 
a f o r e m e n -
tioned reward 
prediction er-
ror (Figure 1a; 
1). 
Figure 1. 
Schematic of 
changes to the 
dopaminergic 
response over time due to predicted or unpredicted rewards and 
cues dependent on movement. (a) Dopamine neurons respond 
to an unpredicted reward. (b) After learning, dopamine neurons 
now instead respond to a predictor of upcoming reward – an 
auditory cue. (c) If movement has to be withheld during the 
cue, the dopamine response to the cue is attenuated and only 
emerges at movement onset.

What purpose might such a signal in the brain serve? Before 
identification of this signal, the idea that surprising outcomes 
might aid learning about predictors of reward had already been 
applied to the acquirement of simple cue-reward associations. 
One famous example is Pavlov’s discovery that his dogs would 
salivate to the sound of a bell (the cue) if reliably rung before 
presentation of food (the reward). 

Dopamine’s role in learning about predictors of reward is well 
established: as the organism repeatedly experiences a cue-reward 
association, the amount and timing of reward delivery becomes 
less surprising, thus diminishing the dopaminergic response to 
that reward. In tandem, the neuronal response to the predictor 
of reward in fact increases and itself now elicits a reward predic-
tion error (Figure 1b; 2). This important teaching signal, which 
is also captured neatly by a form of reinforcement learning used 

by computer 
s c i e n t i s t s , 
known as 
t e m p o r a l 
d i f f e r e n c e 
(TD) learn-
ing, goes 
on to shape 
and guide 

reward-oriented behaviour. 
Reward prediction error coding by the activity of dopaminer-

gic neurons is very well established in the field. And yet more 
recently, this ‘pure’  TD learning account of midbrain dopami-
nergic function has been questioned. One important parallel 
narrative ties dopamine closely to movement for reward. Indeed, 
the death of these neurons is the predominant aetiology of Par-
kinson’s Disease, a neurodegenerative disorder characterised by, 
amongst other things, a difficulty in initiating action. 

With this in mind, our lab conducted a study where rodents 
were trained to carry out an action (lever press) or withhold ac-
tion entirely 
(remain in a 
nosepoke) in 
response to 
different audi-
tory cues (3). 
If they did so 
success fu l l y, 
they received 
either a small 
or large reward, the size of which was also indicated by the cue 
presented. By recording fast-scale dopamine release as the rats 
performed this task, we found standard reward prediction error-
like signals in lever press trials, whereby a cue indicating a large 
upcoming reward elicited greater dopamine release than a small 
reward cue. But, crucially, when animals had to withhold action 
for reward, this difference disappeared – in fact, levels of dopa-
mine release were entirely attenuated regardless of the reward 
on offer until the rats moved to retrieve reward (Figure 1c). This 
study therefore revealed for the first time that mesolimbic dopa-
mine does not simply indicate the discrepancy between expected 
and received value, but is also shaped by the action required to 
garner that reward. Therefore, this signal may be an important 
target for treating disorders of motivation such as apathy. 

1. Schultz W, et al. (1997) A neural substrate of prediction and re-
ward. Science 275:1593–1599. 
2. Glimcher PW (2011) Understanding dopamine and reinforce-
ment learning: The dopamine reward prediction error hypothesis. 
P Natl Acad Sci USA 108(3):15647–15654. 
3. Syed ECJ, et al. (2016) Action initiation shapes mesolimbic dopa-
mine encoding of future rewards. Nat Neurosci 19(1):34–36. 
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INTRACELLULAR TRAFFICKING OF THE 
INVASION PROMOTING CELL SURFACE 

PROTEINASE MT1-MMP

Cell migration is a fundamental process for multicellular 
organisms. During embryogenesis, different cell types 

migrate in order to form tissues and organs. Cell migration also 
occurs during adulthood to maintain homeostasis, such as dur-
ing wound healing and immune responses. This migration is 
usually under strict control in physiological processes, but when 
it becomes uncontrolled, it contributes to the development of 
pathological conditions, like rheumatoid arthritis and cancer.

Basic mechanisms of cell migration are common between 
different cell types. In order to migrate, cells first determine a 
leading and a trailing edge to set the direction of migration. Sec-
ondly, actin polymerisation drives the formation of membrane 
protrusions to form the leading edge and the cell establishes 
contacts with the extracellular matrix (ECM) through trans-
membrane ECM receptors such as integrins (1). The ECM 
network acts as a scaffold, providing migration cues for the 
cells, and as a physical barrier. Under these conditions, ECM-
degrading proteinases are recruited to the leading edge of the 
cell to achieve local ECM degradation, clearing a path for the 
cells to migrate through. Matrix metalloproteinases (MMPs) 
are a group of enzymes, well-known for their ability to degrade 
the ECM components. There are 23 MMPs in humans that can 
be classified as soluble, when secreted to the extracellular space, 
or membrane-bound (MT-MMPs), which are anchored to the 
plasma membrane through a glycosylphosphatidylinositol-an-
chor or a transmembrane domain. Among these, MT1-MMP is 
the only MMP that directly promotes cell migration and inva-
sion by degrading the ECM on the cell surface (2). 

MT1-MMP has been shown to play a central role in the de-
velopment of several pathological conditions, such as rheuma-
toid arthritis, atherosclerosis and cancer, by promoting cellular 
invasion and tissue destruction. Understanding the mechanisms 
that support MT1-MMP-driven cellular invasion would thus 
contribute to elucidating the pathogenesis of different diseases. 

MT1-MMP is a type-I transmembrane proteinase with a 
multidomain structure (Fig. 1). It directly cleaves a wide va-
riety of ECM components, but also indirectly promotes the 
ECM degradation by activating other soluble MMPs such as 
proMMP-2 and proMMP-13. Active MMP-2 cleaves collagen 
type IV, a major component of the basement membrane, which 
cannot be hydrolysed by MT1-MMP. Therefore, proMMP-2 
activation is considered to be a critical step for cancer cells to 
degrade the basement membrane during tumour growth and 
metastasis. MT1-MMP also cleaves cell adhesion molecules, 
such as CD44 and syndecan 1, modulating cell adhesion prop-
erties. Therefore, MT1-MMP is considered as a potent modifier 

of the pericellular environment and a key regulator of cell migra-
tion and invasion (2). 

Figure 1. MT1-MMP multi-domain structure
Active MT1-MMP is anchored to the cell membrane. It has a multi 
domain structure made up of a catalytic domain (Cat), where the 
catalytic activity is retained, a hemopexin domain (Hpx), which is 
important for protein-protein interactions, a transmembrane do-
main (TM), that anchors the proteinase to the cell membrane, and 
a cytoplasmic tail.

Active MT1-MMP is anchored to the cell membrane. It has 
a multi domain structure made up of a catalytic domain (Cat), 
where the catalytic activity is retained, a hemopexin domain 
(Hpx), which is important for protein-protein interactions, a 
transmembrane domain (TM), that anchors the proteinase to 
the cell membrane, and a cytoplasmic tail.

Figure 2. MT1-MMP lo-
calisation to different 
mot i l i t y -as soc ia ted 
structures. MT1-MMP 
localises to both inva-
dopodia and lamel-
lipodia contributing to 
focal degradation of 
the ECM. Lamellipodia 
are thin and flat mem-
brane protrusions, while 
invadopodia are inte-
grin-rich and actin-rich 
membrane protrusions, 
formed by invasive cells 
cultured on a 2D matrix.

MT1-MMP activity is tightly controlled at different levels 
including gene expression, cell-surface expression, inhibition 
by endogenous inhibitors and endocytosis (2).  However, one 
of the crucial regulatory steps is its localisation to the leading 
edge of the migrating cells. The leading edge can be often classi-
fied as lamellipodia or invadopodia, and MT1-MMP localises to 
these motility-associated structures (Fig. 2). In addition, MT1-
MMP is known to localise at focal adhesions (FAs), integrin-
containing cell adhesion complexes, which mediate the interac-
tion between the cell and the ECM. Inefficient localisation of 
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MT1-MMP to FAs has been shown to significantly reduce cell 
invasion, suggesting that FAs may be a precursor of the leading 
edge for cellular invasion (3). However, molecular mechanisms 
of the localisation of MT1-MMP to these motility-associated 
structures are not clearly understood.

MT1-MMP localises to both invadopodia and lamellipodia 
contributing to focal degradation of the ECM. Lamellipodia 
are thin and flat membrane protrusions, while invadopodia are 
integrin-rich and actin-rich membrane protrusions, formed by 
invasive cells cultured on a 2D matrix.

Polarised localisation of MT1-MMP on the cell surface is 
achieved by intracellular trafficking events, which represent a 
crucial regulatory mechanism to fine-tune MT1-MMP spatio-
temporal activity. However, very little is known about how MT1-
MMP is delivered to the cell surface. Previous studies on primary 
human macrophages have shown that MT1-MMP-containing 
vesicles are trafficked through the microtubule system for long-
range intracellular transport; kinesin motor superfamily proteins 
(KIFs), in particular KIF5B and KIF3A/3B, are shown to play a 
role in carrying MT1-MMP containing vesicles from the cen-
tre to the periphery, regulating the localisation of the proteinase 
to podosomes. Therefore, KIF-driven intracellular transport of 
MT1-MMP has a decisive impact on the modification of the 
pericellular microenviroment by macrophages (4). More recent 
studies have demonstrated that KIF5B and KIF3A are associ-
ated with the transport of MT1-MMP-containing endosomal 
vesicles to the leading edge of invasive breast cancer cells (5). 
KIFs are thus considered to play a crucial role in modulating 
cancer cell invasion, directly affecting MT1-MMP intracellular 
transport. However, precise mechanisms of MT1-MMP vesicle  
trafficking and localisation to the leading edge are further to be 
revealed and represent an important research direction. My re-

search group is currently investigating these mechanisms.
Cell-ECM interaction influences cellular behaviour, and 

MT1-MMP is considered to be a “master switch” that directly 
influences the pericellular microenvironment, affecting cell-
signalling pathways. In the 1990s, MMPs were considered to 
be the molecular targets for different tissue-destructive diseases, 
and many pharmaceutical companies developed effective broad-
spectrum inhibitors. However, all clinical trials failed due to a 
lack of efficacy and side effects such as musculoskeletal syn-
drome. We now understand that this was due to the non-selective 
nature of the inhibitors, and recognise that a deep understand-
ing of the regulatory mechanisms of specific MMPs is crucial 
to achieving successful therapeutic interventions. MT1-MMP 
intracellular trafficking represents a key regulatory mechanism 
for the cellular invasion machinery. Understanding MT1-MMP 
intracellular trafficking mechanisms may lead to the identifica-
tion of novel target molecules/processes for generating future 
disease therapies.
1. De Pascalis C & Etienne-Manneville S (2017) Single and collective cell 

migration: the mechanics of adhesions. Molecular Biology of the Cell 

28(14):1833-1846.

2. Itoh Y (2015) Membrane-type matrix metalloproteinases: Their functions 

and regulations. Matrix Biol 44-46:207-223.

3. Woskowicz AM, et al. (2013) MT-LOOP-dependent localization of mem-

brane type I matrix metalloproteinase (MT1-MMP) to the cell adhesion com-

plexes promotes cancer cell invasion. J Biol Chem 288(49):35126-35137.

4. Wiesner C, et al. (2010) KIF5B and KIF3A/KIF3B kinesins drive MT1-MMP sur-

face exposure, CD44 shedding, and extracellular matrix degradation in pri-
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July 2018 celebrated 40 years since the birth of the world’s 
first baby from in vitro fertilisation (IVF), Louise Joy Brown, 

born in the UK in 1978. Since then, over 8 million IVF babies 
have been born worldwide using assisted reproductive technolo-
gies (ART). Although the concept of ‘test-tube’ babies is more 
familiar than it used to be, it is still not well understood by the 
general population. Today’s IVF is not simply limited to mixing 
sperm and an egg in a petri dish, but has evolved to overcome 
most aspects of male and female infertility, incorporating proce-
dures such as intra-cytoplasmic sperm injection (ICSI), egg and 
sperm donation, and surrogacy, to ensure that, in theory, nearly 
every individual may have the chance to be a parent if desired.

However, despite the improvement of both laboratory condi-
tions and methods over the years, IVF is still no panacea cure. 
Indeed, the success rates for women under the age of 35 un-
dergoing IVF in the UK are just 29% per round of treatment 
[1]. For the remaining two-thirds of women, unsuccessful IVF 
attempts not only involve emotional turmoil and disappoint-
ment, but also a substantial loss of monetary resources. If you 
are not eligible for NHS-funded IVF, which has strict inclusion 
criteria, a single cycle could cost anywhere upwards of £5000. 
Nevertheless, none of these figures change the reality that 1 in 
every 6 couples in the UK (and 1 in 7 in the world) suffer from 
infertility and thus close to 20,000 children are born every year 
using ART [1].

Over the last 25 years, research in embryology has focused 
upon improving the success rates of IVF, and three advances in 
particular have been critical for achieving this aim; ICSI, blas-
tocyst culture and pre-implantation genetic testing (PGT). The 
first, ICSI involves hand-picking a single healthy sperm to man-
ually inject inside an egg. This reduces the chance of fertilisation 
failure, which may frequently occur when these cells are simply 
left to incubate together in a dish. This method is now given 
preference over conventional IVF in European and Indian clin-
ics. In case of the second method, after an embryo is created, it 
is now cultured for up to 5 days instead of 3 days. This allows for 
visual observation of individual embryo growth and therefore 
ensures that the blastocyst with the best developmental poten-
tial is transferred into the uterus. The blastocyst culture tech-
nique has been simplified with the use of time-lapse imaging 
to observe the embryo’s division patterns and has been shown 
to improve both the chances of embryo implantation and live 
birth rates [2]. The last method namely PGT involves collecting 
and testing a small subset of cells from cultured embryos, which 
allows a screening for both chromosomal abnormalities and ge-
netic disorders. Again, this ensures that the ‘healthiest’ embryo 
is chosen for transfer and plays an important role in preventing 
the inheritance of a variety of genetic disorders. 

It would be a misconception to think that IVF is only used 
by those who suffer from infertility. Since the 1990’s, the aver-
age age to have children has increased owing to improvement in 
career opportunities and awareness about family planning. Since 
the quality of gametes decreases with age, more women are 
choosing to either ‘socially freeze’ their eggs or create and freeze 
embryos. This gives women the chance to use them at a later 
age, when they feel more ready to raise a child or have found the 
perfect partner. For example, in 2017, a woman in Tennessee, 
USA gave birth to a baby girl using an embryo that had been 
anonymously donated to her and her partner. They later discov-
ered that the embryo had been frozen 25 years previously, the 
same age as the woman herself [3]. The degree to which frozen 
gametes and embryos may undergo epigenetic changes over the 
years, or can be influenced by the uterine environment, continues 
to be an interesting topic of research. 

While infertility continues to rise, so does the live birth and 
overall success rates of IVF. For some families, after years of 
struggling with needles, hormones, counselling, and frustration, 
having a child can mean the world to them. That is precisely why 
I feel that a career in embryology can be extremely fulfilling and 
satisfying. I would like to leave you with some anecdotes from 
parents whose source of joy was brought to them via IVF. 

1. IVF. nhsuk [Internet] 2018; Available from: https://www.nhs.uk/
conditions/ivf/. [Accessed 15th August 2018]
2. IVF: Three advancements over the last 40 years that help wom-
en and men. usatoday [Internet]2018;Availablefrom:https://www.
usatoday.com/story/life/allthemoms/2018/07/26/vitro-fertilization-
milestones-over-last-40-years/841421002/. [Accessed 15th August 
2018]
3. Susan Scutti C. Frozen embryo conceived the year after her 
mother was born. CNN [Internet] 2018; Available from: https://edi-
tion.cnn.com/2017/12/19/health/snowbaby-oldest-embryo-bn/
index.html. [Accessed 15th August 2018] 

Every year, every pound spent, every 
treatment. It all fades away with Olive, 
our baby girl, here with us at last.

Liz Adams

My daughter, whom strangers often 
say is just like me, was born via an 
egg donor - and I couldn’t feel more 
complete. 

Siobhan Sharp

“ “

““
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Retrosynthesis – the art and science of synthetic 
planning

How do synthetic chemists make drugs? Besides the iden-
tity of the compound itself, the answer depends on many factors 

such as precursor 
availability, scale, 
technology, and 
even the chem-
ist’s own ingenu-
ity – it is this last 
factor with which 
retrosynthesis is 
primarily con-
cerned.

Retrosynthesis 
is the planning of 
a synthetic route 
or ‘recipe’ to pro-
duce a target 
drug molecule. In 
some cases, the 
target molecule 

is so simple that making it requires little thought. A seasoned 
chemist tasked with preparing acetic acid could do so by per-
forming a single oxidation reaction with ethanol, assuming they 
do not simply buy a 2.5-litre bottle of the product directly from a 
commercial supplier! Other target compounds may not be quite 
so trivial to make. Cobicistat (Figure 1) is one of four compo-
nents of a combination HIV therapy that made over $500 mil-
lion in its first year on the market (1). Synthetic route design for 
complex molecules like cobicistat is more challenging, yet offers 
many more possible candidate routes or ‘solutions’. This apparent 
paradox can be resolved by the following analogy: there are more 
possible permutations of moves and ways of winning a match in 
chess than in tic-tac-toe, but the greater spread of possibilities 

of achieving 
checkmate in chess 
by no means makes it 
an easier game to master. 

The role of intuition
The chess analogy can be extend-

ed to the role of intuition in retrosyn-
thesis. A beginner may know all the rules of 
chess and how the pieces move, but that does not 
make him the equal of a Garry Kasparov or a Magnus 
Carlsen. By the same token, a chemist may recognise all of 
the individual reaction steps along the way to make cobicistat, 
but that does not mean they could have thought up such a route 
independently. 

A key problem is one of chemical compatibility. A drug pre-
cursor could be subjected to reaction conditions intended to 
transform a specific functional group, but may instead modify 
another, or worse, send the hapless compound careening down a 
multitude of undesired reaction pathways to end up as a wreck-
age of several unidentified side-products. The chemist is thus 
required to not only find the shortest, most efficient path to the 
target compound, but also to arrange their reaction steps in such 
a manner as to navigate around the dangerous waters of chemi-
cal incompatibility. To do so demands more than just chemistry 
knowledge but also chemistry intuition. 

Retrosynthesis and the rise of the machines
It is difficult to say who the best synthetic chemist is due to 

the many contenders, but, like chess, it may not be a question 
of who, but of what. In 1997, legendary World Chess Cham-
pion Garry Kasparov lost a match to Deep Blue, a chess-playing 
computer developed by IBM. Said Louis Gerstner, then CEO 
of IBM, of the match: “What we have is the world’s best chess 
player vs. Garry Kasparov.” Today, in 2018, the chemistry world 
may be witnessing the stirrings of its own robot uprising. On 8th 
March 2018, a paper published in Chem described how Che-
matica, an AI retrosynthesis software, was “used to autonomous-
ly design synthetic pathways to eight structurally diverse targets, 
including seven commercially valuable bioactive substances and 
one natural product” (2). Better yet, these AI-designed synthetic 
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routes were field-tested in the lab and were found to be vastly 
superior compared to existing routes. 

How does the Chematica software work? Expert chemists 
have coded ‘reactivity rules’ into the program, which then navi-
gates through a decision tree of synthetic possibilities and then 
proposes a route in accordance to these rules. The rules could 
take the form of “to convert functional group X to Y, perform 
method A” or “If functional group Z is also present, perform 
method B instead”, and so on. Such a vast collection of rules 
must be painstakingly curated and aligned with literature-
known reactions, but one of the many advantages of comput-
ers is that they do not experience lapses in memory. The 1997 
Kasparov vs Deep Blue match was tied until Game 6, when 
Kasparov misremembered the order of a textbook chess open-
ing, the Caro–Kann Defence, making on 
move 7 what should have been move 9, a 
minor mistake that Deep Blue was quick to 
punish.

Another advantage of computers is their 
enormous capacity for brute force calcula-
tions. Deep Blue and Chematica can ex-
haustively evaluate all of the permutations 
and combinations of a position several chess 
moves or reaction steps away, and then pick 
out the best one. Yet, even all the comput-
ing power of the present can only go so far. 
The chemical space is vast – exceedingly, 
supremely, incomprehensibly vast. If one 
were to assume that the number of choices 
at each reaction step is 100, the number of 
possibilities with n steps will be 100n. The 
result is a synthetic route decision tree that 
will exponentially grow and swiftly balloon 
out of control. Sophisticated algorithms 
are required to trim it down to a manage-
able level, so that computing power can be funnelled only to the 
more promising branches that lead to workable routes. These 
algorithms can take the form of yet even more rules, allowing 
for a kind of reaction step scoring, in which partial, preliminary 
routes are penalised or outright dropped for involving unstable 
intermediates, non-selective steps, implausible compounds, and 
other unattractive features.

The results speak for themselves. The Chematica routes for 
each target molecule showed improvements in a combination 
of areas such as yield, step count, reproducibility, and number of 
flash column chromatography operations, a purification tech-
nique that is labour intensive and that which requires large, of-
ten uneconomical volumes of organic solvent. If such retrosyn-
thesis programs were to become mainstream, the cost and time 
savings for the pharmaceutical industry would be enormous.

A scant three weeks later saw the publication of yet another 
paper, this time in Nature, on a retrosynthesis software with 
perhaps even greater potential than Chematica (3). The 50,000 
reactivity rules inputted into Chematica are its greatest strength 
but also its greatest weakness. Even this large number is far from 
exhaustive and the program thus requires constant data curation. 
This even newer program, 3N-MCTS, however, can infer reac-
tivity rules by itself, and does so by mining and processing the 
very same reaction databases chemists use to look up protocols 
in the literature. 

Although these AI-designed routes had not been laborato-
ry tested at the time of publication, they are chemically sound 

enough to convince chemists of their plausibility. 45 graduate-
level organic chemists were given pairs of routes, one that was 
reported in the literature and the other AI-generated, leading to 
the same targets, and then asked which of the pair they preferred, 
without being told of the routes’ origins. The study found no sta-
tistically significant difference between how often the chemists 
picked the tried-and-tested routes over the ones by 3N-MCTS, 
many of which were generated in as quickly as five seconds.

Plus ultra
Today, chess engines run on a mobile phone routinely beat 

grandmasters. There are dedicated computer chess tournaments, 
in which developers set their chess engines loose against each 
other to compete for titles, which are parlayed into prestige and 
advertising. Even within the organic synthesis circuit, retrosyn-

thesis programs at the level of Chematica and 3N-MCTS are 
nowhere near as ubiquitous, but it is only a matter of time before 
they become commonplace companions, enabling chemists in 
labs everywhere to make beneficial compounds with far greater 
efficiency. 

“We hope that, using our method, chemists will not have to 
try out so much in the lab,” said Marwin Segler, lead author of 
the landmark 3N-MCTS paper, “and that as a result, and us-
ing fewer resources, they will be able to produce the compounds 
which make our high standard of living possible.”

Amara’s Law states that we tend to overestimate the effect of 
a technology in the short run and underestimate the effect in the 
long run. But for now, the future looks bright.

1. Davies K. “Stribild (elvitegravir, cobicistat, emtricitabine and te-
nofovir DF)”. C&EN Supplement. Sep. 2014: 19. Print.
2.  Klucznik T, et al. (2018) Efficient syntheses of diverse, medicinally 
relevant targets planned by computer and executed in the labo-
ratory. Chem 4(3):522–532.
3. Segler M, et al. (2018) Planning chemical syntheses with deep 
neural networks and symbolic AI. Nature 555:604–610.
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Have you ever wondered about taking up a new language, 
or are you presently trying to master a second language? 

What does it mean to speak a second language? 
As a bilingual, the intention to speak one language rather 

than the other requires you to have the goal of carrying on using 
that language while avoiding to respond to the cues that signal 
the use of the alternate language. This cognitive process of goal 
maintenance therefore evades possible interferences from the 
unintended language. This process implicates the detection of 
conflict between languages and its resolution through both the 
inhibition of responses from the unintended language, and the 
selection of responses of the intended language.

Mastering more than one language raises an intriguing 
question: what are the neural bases of those 
cognitive capacities that help multilinguals 
to regulate the use of the intended 
language whilst controlling for possible 
interferences from the continuously active 
but unused language(s)? The network 
that coordinates this process is a cortico-
subcortical network overlapping with 
neural structures underpinning domain-
general executive control (1).

The processes of selectively attending 
to one language, switching between 
languages, and monitoring intrusions 
from other languages in multilingual 
language processing have been considered 
to be facilitated through the contribution 
of executive control. Neural network areas 
that become active outside of the language 
network are the dorsolateral prefrontal 
cortex (conflict resolution), the bilateral 
caudate (executive function), the cerebellum (coordination), 
the supplementary motor area (motor planning and execution), 
and the anterior cingulate cortex (conflict monitoring), which 
is especially involved in the monitoring and suppression of 
conflicting input in both the linguistic and non-linguistic 
domains (2).

When tested on executive control tasks, as compared to 
monolinguals, multilingual speakers’ lower activation in the 
anterior cingulate cortex showed a significant correlation 
with greater local gray matter volume, indicating a particular 

involvement of this brain area in the concurrent control of many 
languages (3). Further evidence revealed that while multilingual 
speakers with low proficiency would appear to depend very much 
on actively suppressing their first language when communicating 
in their second language, multilingual speakers with high 
proficiency were shown to effortlessly prevent the unintended 
language from interfering with their intended language (4). 
These results indicate that controlling the use of more than one 
language is supported by the integrated process of intertwined 
events within a neural network that endorses both language 
processing and certain aspects of executive control (5).

Bilingual Language Control
The neural structures that are involved in bilingual language 

control (Figure 1) are the anterior cingulate cortex, which is 
usually active during language switching and language selection 
tasks, and the left prefrontal cortex, which increases in activity in 
low proficient second language speakers, and shows less activity 
in highly proficient second-language speakers. 

Figure 1. Overview of regions involved in language control (red) 
and in speech production (in blue) (reproduced from 5).

Further, the left inferior parietal lobule has been proposed 
to sway us away from the unintended language while the right 
one is considered to guide us toward the intended language. 
Specifically, a larger grey matter density in the parietal region 
of the posterior supramarginal gyrus was found in multilinguals 
than bilinguals, which is in line with an enlarged lexicon 
in multilinguals. Among the subcortical structures that are 
considered part of the bilingual language control network are 
the left caudate nucleus, which, among others, keeps bilinguals 
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fully aware of the intended language, and the left putamen, 
which has been linked to the regulation of articulatory processes, 
particularly in taxing situations of language control. Finally, the 
cerebellum, among others, has been suggested in bilinguals to 
help sort out contradictory speech information.

What has neuropsychology revealed about the link between 
deficits in language control and deficits in the non-linguistic 
domain? This relationship has been studied in patients 
with pathological language switching, in which there is an 
involuntary alteration in language between different utterances 
or a combination of aspects from two or more languages in one 
utterance (6). These cases arise from lesions to distinct areas in 
the bilingual language network, mainly subcortical or frontal 
regions, and their links with striatal structures. Two patients on 
which the relationship between impaired linguistic and impaired 
nonlinguistic control functions could be directly studied, showed 
impaired switching abilities in language switching and non-
linguistic switching tasks, indicating that linguistic and non-
linguistic control processes are closely linked (5).

Language control regions overlaid on a brain template 
(reproduced from 5).

How does the evidence of an overlap between bilingual 
language control and executive control look among healthy 
individuals? Research compared bilinguals’ brain activity after 
their completion of nonlinguistic and linguistic tasks to find 
out if inhibitory control makes use of comparable regions for 
bilingual language control and executive control. The results 
revealed an overlap in the left inferior frontal gyrus. 

By contrast, monolinguals did not exhibit shared brain 
regions when completing the two tasks. This evidence appears 
to indicate that the left inferior frontal gyrus is essential in 
bilinguals’ control of language and their executive control (7).

The picture looks slightly more intricate when it comes to 

switching abilities. In particular, while observing comparable 
activation in language switching and nonlinguistic switching 
within a neural network covering cortical and subcortical regions, 
evidence also revealed some dissimilarity in the activation 
between both tasks, depending on whether the kind of trial was 
switch or nonswitch (8). Specifically, for switch trials, it was 
shown that activation was larger in the cingulate gyrus, posterior 
cingulate, right caudate and bilateral thalamus during language 
switching relative to nonlinguistic task switching. By contrast, 
for nonswitch trials more activation was observed during the 
nonlinguistic task in subcortical, insular and cingulate regions 
as well as in frontal, parietal, temporal and occipital areas. 
According to the authors, this finding indicates that bilinguals 
are more proficient in maintaining the process of inhibiting 
a present unintended language than a present unintended, 
nonlinguistic task. Similarly, further research that compared 
multilingual language switching and nonlinguistic switching, 
noticed dissimilarities in the exact nature of activations between 
linguistic and nonlinguistic tasks. Specifically, while the lateral 

and medial prefrontal cortex and superior and inferior 
parietal lobules became active as common regions in both 
tasks, it was also observed that regions linked to action 
preparation showed more activation during nonlinguistic 
switching, and during language switching more activation 
was shown in regions linked to phonological processing 
(9). 

Thus, although a shared network of control processes 
might be involved in language control and executive 
control, the way the control is exerted and what is targeted 
to become subject to control can differ. While the superior 
and inferior frontal gyri can be considered shared brain 
regions for the general-domain control of inhibition and 
resolution of conflict, the posterior parietal regions for 
supporting task representations differentiate processing 
depending on the specific nature of the task (5).  

1. Abutalebi J & Green D (2007) Bilingual language production: 
the neurocognition of language representation and control J 
Neurolinguistics 20: 242–275.
2.  Pliatsikas C & Luk G (2016). Executive control in bilinguals: a 
concise review on fMRI studies. Biling. (Camb. Engl.) 53:1689–1699.
3.  Abutalebi J et al. (2013). Language proficiency modulates the 
engagement of cognitive control areas in multilinguals. Cortex 49: 
905–911.
4.  Costa A et al. (2016). Bilingualism: switching. In Neurobiology 
of Language. G. Hickok & S. Small, Eds.: 419–430. San Diego, CA: 
Academic Press.
5. Calabria M et al. (2018) Neural bases of bilingual language 
control Ann N Y Acad Sci.
6. Kong A et al. 2014. Executive and language control in the 
multilingual brain. Behav. Neurol. 2014: 27951.
7. Coderre, E et al. (2015) The functional overlap of executive 
control and language processing in bilinguals. Biling. (Camb. 
Engl.) 19:417-488.
8. Weissberger, G et al. (2015) Language and task switching in 
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Neuropsychologia 66: 193–203.
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In an increasingly result-driven society, researchers studying 
fundamental aspects of biology find themselves under the 

spotlight, while translational or applied research gains support 
from members of the public and funding bodies.

‘Basic research’ widely refers to scientific research, usually 
carried out in an academic lab, aimed at generating new 
knowledge to help us understand how our body or the world 
works. Yet this research may seem somewhat unpredictable and 
potentially goalless, leading to confusion amongst taxpayers 
and funding bodies alike. How can we measure the impact of 
current ‘basic research’? And, crucially, should we?

Let us first analyse the term ‘basic research’, which is vague 
and implies a degree of simplicity to the job that is far from 
the reality. Using ‘scientific research’ could suffice, given the 
origin of the word science, from scientia in Old French and 
Latin, meaning knowledge. We, however, require a term that 
describes research that precedes the application of knowledge. 
With this in mind, the term ‘fundamental research’ draws from 
the idea that fundamental understanding of biology is essential 
to lay down the foundation for applied research. Another term, 
‘curiosity-driven research’, is self-explanatory, yet it incurs the 
risk of leading non-scientists to think of this research as one 
without application. 

The key is to understand that the use or impact of fundamental 
research might only be visible in years to come: all acquisition 
of new knowledge and understanding should be seen as 
valuable, whether its application happens immediately, in the 
future or is still unknown. Perhaps we should refer to ‘research 
and development’ without labelling types of scientific research, 
and make sure that funding is given to all streams of research, 
as they nurture each other, often intertwine, and are equally 
essential to drive innovation. 

One of the major funding bodies in the UK, Wellcome, aims 
to support curious, passionate researchers to explore great 
ideas in science, medical innovation and public engagement, 
at every stage of the way from discovery to impact. Their 
support for fundamental research is exemplified by their recent 
announcement of a £250m Leap Fund to support ambitious 
research programmes with the potential to fundamentally 

change science or health over a five- to ten-year period (1). 
Unfortunately, some other charities, including Cancer Research 
UK and the US-based March of Dimes (2), have taken alternative 
paths and seem to be shifting their priorities away from ‘high-
risk’ early-stage research programmes. 

Should we measure the impact of early-stage scientific research 
to help convince funders? The European Research Council has 
begun to monitor the outcome of research it funds (3) and some 
argue that other funding agencies should systematically build a 
body of evidence that demonstrates the impact of pure research 
on the economy, society and policymaking. In contrast, other 
funding agencies, like the German Research Foundation, argue 
that their selection criteria evaluate researchers efficiently, and 
do not see the need for a retrospective assessment. 

But how do we measure the value of ‘priceless’ scientific 
knowledge? Wellcome, along with other funders, recently 
supported a number of ‘What’s it worth?’ studies to better 
understand the economic impact of medical research. 
Intriguingly, their latest study showed that every £1 invested in 
medical research delivers a return equivalent to 25p every year 
(4). The study also revealed that, on average, it takes 16 years 
for an initial investment into musculoskeletal disease research to 
lead to new NHS therapies, highlighting the value of long-term 
support for research. In another study, economic analysts tried 
to develop a new method to evaluate proposed investments in 
fundamental science, by combining detailed information about 
local money spending and the effect of a project on the people 
who run it (human capital). They estimated a 90% chance of the 
benefits exceeding the costs (5).

Fundamental research is getting the short end of the stick. 
Scientists need to maintain an open dialogue with research 
councils and funders, and involve policymakers, investors and 
politicians. It is a challenge, but the scientific community has 
to find ways to continually show that it is valuable, and has to 
gather evidence to demonstrate how fundamental research leads 
to positive outcomes for society. It is key for scientists to engage 
with members of the public and master science communication 
skills, in order to be able to explain the critical, and often 
overlooked, importance of their fundamental research.

1. Wellcome press office (2018) Wellcome launches £250m Leap Fund 
to place big bets on bold research. Available at https://wellcome.
ac.uk/press-release/wellcome-launches-£250m-leap-fund-place-
big-bets-bold-research [Accessed 28th August 2018]
2. Servick K (2018) March of Dimes abruptly scales back research 
funding. Science. Available at http://www.sciencemag.org/
news/2018/08/march-dimes-abruptly-scales-back-research-funding 
[Accessed 28th August 2018]
3. Abbott A (2016) Agencies must show that basic research is worth 
the investment. Nature 535(7613):465. 
4. Glover A, et al. (2017) Estimating the returns to United Kingdom 
publicly funded musculoskeletal disease research in terms of net 
value of improved health outcomes. Health Research Policy and 
Systems 16(1):1.
5. Crane L (2017) The value of basic research. Symmetry. Available 
at https://www.symmetrymagazine.org/article/the-value-of-basic-
research [Accessed 28th August 2018]
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Vultures are a crucial part of the Indian ecosystem. In a 
country with minimal beef consumption due to majority 

Hinduism, historically nature has particularly employed these 
scavenging caretakers to dispose of deceased cattle. Mysteriously, 
in the early 1990s the Indian vulture population began sharply 
declining. Research efforts eventually traced the deaths to 
diclofenac1, a nonsteroidal anti-inflammatory drug used for 
various painful conditions in cattle. It was discovered that 
diclofenac causes fatal acute kidney injury in Indian vultures, 
poisoning them with every contaminated meal. 

In 2006, India banned veterinary use of diclofenac, but the 
country’s vultures are still endangered today. Worse, loss of 
these birds was not without collateral ecological consequences. 
With vulture levels dwindling, India saw an increase in carcase-
consuming competitors, particularly stray dogs. Dog bites are 
responsible for 99% of the 50,000 annual human rabies cases 
worldwide, and a third of these happen in India. One study 
estimates the Indian vulture crisis indirectly caused an additional 
48,000 human rabies deaths between 1992 and 20062. This 
intersection of human and animal health is an example of what 
is known as One Health. 

One Health is the acknowledgement that the health of 
people, animals and the environment are intimately linked. 
As a movement, it promotes interdisciplinary collaboration to 
improve the health and wellbeing of this interdependent triad. 
Disciplines include physicians, vets, ecologists, researchers, and 
policymakers whose strategies orchestrate them all to attain 
large-scale goals. 

The scope of One Health
Infectious disease
A One Health approach is truly appropriate in the fight against 

infectious diseases, as 60% of all human infectious diseases (and 
75% of those that are newly emerging) are zoonoses3, i.e. diseases 
that are naturally transmitted between vertebrate animals and 
humans. 

Some of the world’s most important zoonoses are carried 
by wildlife. For example, bats of the “flying fox” family are 
asymptomatic reservoirs of the encephalitis-causing Nipah and 
Hendra viruses. Bats are a suspected reservoir of the infamous 
Ebola virus which causes haemorrhagic fever not only in people, 
but in great apes too, where it is one of the biggest threats to 

the survival of wild gorillas4. Migratory birds represent a highly 
mobile inter-continental reservoir of zoonoses. For example, 
waterfowl such as ducks and geese are natural hosts of influenza  
A viruses, some of which have great human pandemic potential. 

Our daily lives continually overlap with animals and their 
habitats, providing numerous points of contact for zoonosis 
transmission. Dogs and cats can infect their owners with a range of 
diseases, from transient gastrointestinal and fungal skin diseases 
to the more serious leptospirosis (the notorious Weil’s disease 
in its most serious form). Farm animal pathogens can enter our 
homes in meat, milk or eggs, including foodborne bacteria like 
Salmonella and Campylobacter. Foodborne pathogens are also 
continually emerging anew. The fatal prion brain disorder “mad 
cow disease” first emerged in the 1980s, and is believed to be the 
cause of the similarly deadly variant Creutzfeldt-Jakob disease 
(vCJD) in people, through consumption of meat from affected 
cattle. 

There is broad scope for a One Health approach to both 
prevent and respond to zoonotic disease outbreaks. Mapping 
the migration of reservoir animals could help predict epidemics. 
Veterinary vaccines can break animal-human transmission cycles 
(e.g. canine rabies vaccination), and food safety interventions 
like pasteurisation can combat foodborne disease. 

Non-communicable diseases 
Animals and people naturally suffer many similar non-

communicable diseases (NCDs), such as endocrinopathies (e.g. 
type I diabetes, Cushing’s disease), osteoarthritis and some 
cancers. Risk factors like obesity and tobacco smoke inhalation 
could underlie many NCDs in animals just as in people. This 
has implications in a cohabited domestic environment, where 
pets are often unwitting victims of secondhand smoking, as 
well as secondhand snacking! Whilst there are human-animal 
differences in the pathogenesis of some NCDs, there are enough 
similarities to warrant comparative research to broaden our 
understanding of these conditions.  

Companion animals and the human-animal bond 
Companion animals contribute to the welfare of their owners. 
Pet ownership has been associated with friendship formation 
and improved social life5, which could have mental health 
benefits. There are reciprocal benefits for pets, as ownership 
often means registration with a vet practice. Veterinary medicine 
is continually informed by trickle-down advances in human 
medicine. For example, cancer immunotherapy is recently 
pushing its way into the veterinary sphere. 

Working animals
Working animals play a vital role in human health.  Assistance 

dogs help people with disabilities such as impaired vision, and 
therapy dogs can assist those with learning disabilities and 
provide company for the elderly. And although it may never be a 
viable clinical screening tool, “cancer-detecting dogs” have shown 
some success in detecting prostate cancer through olfaction6. 
Finally, draft animals are relied upon in many low-to-middle 
income countries. Around 600 million people use equids alone 
for agriculture and transport, and the health of these animals 
directly impacts the wellbeing of their owners. Rinderpest (a 
fatal viral disease of cattle) was eradicated through vaccination 
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in 2011, saving animal lives for generations to come, but also 
benefitting people and their livelihood. 

The environment 
The natural environment underpins the health of all who 

share it. Clean air and water are imperative for animal life. 
Wildlife can be a sentinel for pollution, as seen in 2010 in a 
Northern Nigerian community, where the deaths of both ducks 
and children led to the discovery of lead in local water supplies7. 
Food security is another issue linking human-animal health to 
the environment. Bees are enormously important for pollinating 
a significant portion of the world’s crops, but are vulnerable to 
many agricultural pesticides. Also linked to the environment is 
the highly topical issue of antimicrobial resistance (AMR), as 
antimicrobial residues could be considered pollutants. AMR 
also connects human and veterinary medicine, through common 
circulating bacterial populations. 

Environmental changes dictate some zoonosis epidemiology. 
Habitat destruction (e.g. deforestation) can push wildlife closer 
to settlements, causing “spillover” events where pathogens jump 
the species barrier, starting new epidemics. Climate change 
could impact the movement of arthropod vectors responsible for 
diseases like malaria, Zika fever and the zoonotic leishmaniasis. 
Intensive farming gives microorganisms access to large numbers 
of densely-populated hosts, and analogously the human 
population continues to increasingly expand, travel and trade. 

Final thoughts 
Humans are another animal on a continuum of life on 

Earth. Boundaries instilled by education systems may trap us 
in arbitrary career partitions with a “silo” mentality. Cross-
disciplinary thinking and collaboration is one way of seeing the 

bigger picture. The One Health movement encourages sharing 
different perspectives to find new solutions for old problems 
(as well as new emerging ones), to benefit all who inhabit our 
planet. With enough imagination and persistence, inspiration 
might just spillover and jump the vocation barrier to create 
entirely novel solutions. 
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Oxford Hosts UK Teams 
for iGEM Meetup

With a long history of success in Synthetic Biology 
(SynBio) competitions and a thriving SynBio 

community, Oxford was well-placed to host the UK iGEM 
Meetup this year. Over 70 students from 13 different teams took 
part in the event, travelling from as far as St Andrews, which 
took place over two days in glorious sunshine at Worcester 
College. iGEM is the largest 
SynBio competition in the 
world, with nearly 6,000 
students taking part each year. 
The competition challenges 
teams to find solutions to real-
world problems while also 
considering the social aspects 
and safety of their work. 
Participants work hard on their 
projects all summer before 
travelling to Boston in October 
to participate in the ‘Giant 
Jamboree’, where they are 
awarded medals and compete 
for prizes. 

This year, the Meetup was jointly organised by SynBio UK, the 
organisation devoted to uniting SynBio students and university 
societies across the UK, and SynBio.Oxford, Oxford’s Synthetic 
Biology Society. This collaboration led to a highly successful 
event, with talks and workshops from leaders in the field 
including Tom Ellis (Reader in Synthetic Biology at Imperial 
College) and Piers Millett (Director of Safety and Security 
at iGEM). It was a delightful surprise that Randy Rettburg, 
president of the iGEM foundation, also attended. The Meetup 
included workshops on safety and entrepreneurship, as well as a 
troubleshooting session led by delegates from the ‘After iGEM 
program’. There were also opportunities for teams to network, 
including a scavenger hunt around Oxford and a ‘collaborations 
marketplace’, which led to many exciting partnerships. This 
fruitful first event provides a springboard from which SynBio 
UK can grow as an organisation, and reinforces Oxford’s position 
as a leading hub for Synthetic Biology activities.

Noah Sprent was co-leader of Oxford’s 2017 iGEM team and 
helped to organise the Meetup as Events Officer for SynBio.
Oxford.

To find out more about SynBio UK, visit https://synbioukac.
wixsite.com/synbiouk. For SynBio.Oxford, visit http://
synbio-oxford.org/. Special thanks to Professor Antonis 
Papachristodoulou and the SynBio CDT for their support of 
the event.

Spotlight: Oxford iGEM 2018
Oxford’s iGEM team of 2018 have chosen to focus on the 
therapeutics track of the iGEM competition, and have designed 
a novel probiotic treatment for Inflammatory Bowel Disease 
(IBD). IBD is a term used to describe both Crohn’s disease 
and ulcerative colitis, diseases that are characterised by chronic 
inflammation of the intestine. Existing immunosuppressive 
therapies for these diseases have shown limited success in 

tackling the disease symptoms and, even when successful, often 
elicit systemic side effects and require frequent administration. 
IBD is associated with an imbalance in immune cell populations, 
including the balance between Th17 cells (cells that help to 

initiate an adaptive immune 
response) and Treg cells 
(cells that suppress the 
immune response). The team 
have designed a genetically 
engineered bacterium that 
will regulate the population 
of Th17 cells via the secretion 
of the immunosuppressive 
molecule IL-10 in response to 
biomarkers of inflammation in 
the intestinal lumen. The output 
of IL-10 is modulated by an 
adenine riboswitch, creating 
a dual feedback loop that will 

enable a dynamic, self-tuning therapeutic for IBD. When 
administered orally as a probiotic treatment, the engineered 
bacteria should reside within the normal human microbiome 
and provide a sustained, personalised treatment for IBD.

Our modified E coli will detect nitric oxide and adenine to 
regulate the expression of IL-10. 
 Many researchers and clinicians from Oxford and beyond have 
provided valuable feedback, and regular interviews with patients 
have provided important guidance about how to adapt our 
design to tailor it to patients’ needs. Attending the UK iGEM 
Meetup was another useful experience to network with other 
iGEM teams and gain an insight into their projects. Since then, 
Oxford’s team has been collaborating with other UK teams, 
including those at Imperial College, Warwick University and 
Exeter University, to give mutual support in both the lab-based 
and modelling components of the project. The overall project 
will be assessed by judges in Boston based on a presentation, 
poster and Wiki site, which can be viewed here: http://2018.
igem.org/Team:Oxford 

The organisers and attendees of the 2018 UK iGEM Meetup

By Noah Sprent

MBioch student in the Sweetlove/Ratcliffe group at the 
Department of Plant Sciences.
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BioArt Explorations in 
Medicine and Biotechnology

I am honoured to be the 2018 
President of the Science and the 

Arts Section of the British Science Association. As part of this 
role, I am keen to reach out to communities in both the sciences 
and the arts to share my experiences of working with many 
leading scientists and science organisations across different 
countries.

My field is known as BioArt. There are various definitions 
of this word, which was originally coined by pioneering artist 
Eduardo Kac in 1997 (1). I prefer the art historian William 
Myers’ definition of “working with living organisms and life 
processes to address the possibilities and dangers posed by 
biotechnological advancement”, as proposed in his book ‘BioArt: 
Altered Realities’ (2).

In my own work I have explored microbiology, infectious 
diseases and the development of new technologies (3). From 
2011 I have been artist in residence with the Modernising 
Medical Microbiology (MMM) research group at the Nuffield 
Department of Medicine at the University of Oxford. In addition, 
since 2018 I have been artist in residence with the National 
Collection of  Type Cultures (NCTC) at Public Health England, 
the oldest and most historic collection of pathogenic bacteria in 
the world. I also have visiting research fellowships in the School 
of Computer Science at the University of Hertfordshire, which 
is the home of my robotics focussed projects, and in the Global 
Health Centre at Brighton and Sussex Medical School. I have 
fostered collaborations with numerous labs both in the UK and 
internationally, the longest of which is with Professor John Paul, 

who I have worked with 
for around 15 years, and his 
colleagues Kevin Cole and 
Dr James Price.

My recent work has 
focussed on several themes, 
including the rise of antibiotic 
resistance, the history 
and future of healthcare, 
developments in synthetic 
biology, the biochemistry of “Make Do and Mend” Credit Anna Dumitriu (2017)

“Engineered Antibody” 
credit Anna Dumitriu (2016) 

By Anna Dumitriu

22 | Phenotype Magazine



We now face a serious global problem of antibiotic resistance, 
as disease-causing bacteria evolve mechanisms to resist our 
attempts to destroy them, and the wonder drugs, such as penicillin, 
no longer work. These problems have, in some part, arisen 
because we have misused these drugs since we kick-started the 
biological arms race of the antibiotic era in 1941. Our antibiotic 
stocks have not been protected as the ‘controlled commodities’ 
they should have been. In contrast, today’s governments now 
seek to control the use of CRISPR, but are finding this difficult 
because of its relative accessibility and potential to revolutionise 
biotechnology. In certain countries, it is even legal to buy DIY 
CRISPR kits, with which one can perform simple experiments 
in non-laboratory settings. 

Building on this ‘Make Do and Mend’ project, I was also able 
to work with biochemist Dr Rob Neely to locate and physically 
observe the CRISPR edited region of DNA using his research 
with new super-resolution laser imaging technologies using 
fluorescent molecules. This led to my artwork ‘The Chemistry 
of Biology: An Alchemy of DNA’, an installation shown at 
Birmingham Open Media in 2017 (6). This piece considered 
ways in which the scientific ideas and processes change, but our 
aims and desires seem to remain the same (7).

1. Kac, E (2018) BIO ART: Transgenic works and other living pieces.
Available at http://www.ekac.org/transgenicindex.html 
[Accessed 16th August 2018]
2. Myers, W (2015) Bio Art: Altered Realities. Available at https://
www.thamesandhudsonusa.com/books/bio-art-altered-realities-
hardcover [Accessed 16th August 2018]
3. Dumitriu, A (2018) BioArt and Bacteria. Available at http://
www.annadumitriu.co.uk
4. Fawcett, N & Dumitriu, A (2018) Bacteria on display—can 
we, and should we? Artistically exploring the ethics of public 
engagement with science in microbiology. FEMS Microbiology 
Letters 365(11): fny101
5. Dumitriu, A & Farsides, B (2014) Trust Me, I’m an Artist: Towards 
an Ethics of Art and Science Collaboration. Blurb, Netherlands.
6. Dumitriu, A & Goldberg, S (2017) Make Do and Mend: Exploring 
Gene Regulation and CRISPR through a FEAT (Future Emerging 
Art and Technology) Residency with the MRG-Grammar Project. 
Leonardo doi: 10.1162/LEON_a_01466.
7. Brazil. R (2018) Artistic Inspiration: How a Chemist and an 
Artist Are Learning from Each Other. Available at https://www.
chemistryworld.com/careers/art-imitating-life/3008365.article 
(Accessed 16th August 2018)

DNA and sequencing technologies, and CRISPR 
genetic modification. My most recent projects 
include creating a new solo exhibition as part of 
the inaugural Linen Biennale of Northern Ireland. 
This exhibit uncovers the fascinating relationship 
of linen and microbiology, and has been developed 
in collaboration with Dr John Paul and Kevin 
Cole from MMM and Dr Sarah Alexander and 
the team from the NCTC. I am also developing 
a new robotic work with fellow artist Alex May, 
Amanda Wilson from Imperial College and 
Professor Daniel Polani at the University of 
Hertfordshire. This ongoing project combines 
the latest research about archaea with cutting 
edge artificial intelligence to explore what life 
might mean in a post-climate change and post-
singularity world, and the exhibition is due to tour 
internationally.

Although I originally trained in fine art, these days I work as 
much in laboratories as I do in my own art studio.  I use diverse 
materials that span fine art, biotechnology and robotics to create 
sculptural or installation-based artworks, for example bringing 
together textiles, altered historical, biomedical or scientific 
objects, bacteria and DNA. In my work I try to draw threads 
across time from the history of science and medicine, through 
alchemy and humoral medicine to cutting edge research in 
synthetic biology and genomics, whilst continually exploring 
aesthetic and ethical concerns. I take great care to make the 
ethical and health and safety challenges faced in the production 
and exhibition of my work very clear (3), and have written a 
book on the ethical challenges of artists in labs entitled “Trust 
Me, I’m an Artist” (4).
 Through having been embedded within science lab settings 
over the past fifteen years or so, I’ve seen new possibilities 
emerge that help me bring my ideas to fruition. For instance, 
the development of CRISPR gene editing, which enabled me 
to ‘repair’ antibiotic resistance in an ampicillin resistant E. coli 
using homologous recombination. 2016/17 piece ‘Make Do 
and Mend’ (5) references the 75th anniversary of the first use 
of penicillin in a human patient.  It takes the form of an altered 
antique wartime women’s suit marked with the British Board 
of Trade’s utility logo CC41, which stands for ‘Controlled 
Commodity 1941’, signifying that the use of materials has 
been deemed to meet the government’s austerity regulations. I 
patched the holes and stains in the suit with silk patterned using 
E. coli bacteria grown in a dye-containing growth medium, 
which led to the formation of pink colonies or spots on the silk. 
With my collaborator Dr Sarah Goldberg I edited the genomes 
of the bacteria using CRISPR gene editing to remove resistance 
to ampicillin, part of the penicillin group of beta-lactam 
antibiotics. I scarlessly patched the break with a fragment of 
DNA (converted into ASCII code and then to base 4) encoding 
the WWII slogan ‘Make Do and Mend’, which encouraged 
housewives to repair their clothes during the wartime rationing 
period. It is conceptually and poetically true to say that, with this 
artistic genomic edit, we used today’s latest technology to ‘mend’ 
the organism back to its pre-1941, pre-antibiotic era state. Of 
course this is not a medically relevant solution, but a means of 
raising the issue of antibiotic resistance in a cultural and societal 
context. 

“The Chemistry of Biology” Anna Dumitriu (2017) 
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By Sally Cowley

Head of James Martin Stem Cell Facility, Sir William Dunn School of Pathology

It was here, in Oxford, that DPhil student John Gurdon 
performed the first cellular reprogramming experiments, by 

somatic cell nuclear transfer in tadpoles. That achievement, over 
50 years ago, launched the quest for understanding cell potency 
and controlling the dedifferentiation of cells. In 2006, that 
quest resulted in the revolutionary technology that is induced 
Pluripotent Stem Cells (iPSC), an extraordinary advance by 
Shinya Yamanaka (1), for which he shared the Nobel Prize with 
Gurdon. The 10th anniversary issue of Phenotype is, therefore, 
a very timely opportunity to look at how we have been utilising 
human induced Pluripotent Stem Cell technology over the past 
decade in Oxford, and what we can hope to achieve over the 
next 10 years. 

Human iPSC (hiPSC) are reprogrammed from somatic cells 
(usually skin fibroblasts or blood subsets) by overexpressing key 
pluripotency-associated transcription factors for a few weeks, to 
kickstart the cell’s endogenous pluripotency expression network. 
Yamanaka used OCT4, SOX2, KLF4, and c-MYC; while James 
Thomson’s group used OCT4, SOX2, LIN28 and NANOG. 
Sendai virus, which is self-clearing and non-integrating is now 
the most widely used delivery system. hiPSC can be expanded 
indefinitely as karyotypically normal lines and have the potential 
to differentiate into all somatic cell types (Figure 1). They 
bypass the ethical issues surrounding human Embryonic Stem 
Cells (destruction of a human blastocyst to generate a new self-
renewing line) and Somatic Cell Nuclear Transfer (potential to 
create a viable cloned organism). Nonetheless, there is a clear 
ethical and governance framework for working with hiPSC, as 
donors must have given appropriate informed consent for hiPSC 
generation under research ethics committee approval, and use of 
the cells is restricted to particular types of research (2).

Figure 1. Reprogramming donor cells to hiPSC

Although the use of human Pluripotent-derived cells for 
cellular therapies is starting to be trialled at several sites globally, 
there are substantial challenges around clinical grade material 
production, safety, and efficacy. Instead, the most widespread 
application of hiPSC is their use for studying basic cell-specific 
physiology and for understanding cellular pathology – a ‘Disease 
in a Dish’. Because hiPSC can be derived from patient donors, 
they enable the study of authentic human cells in the context 
of a patient’s genetic background, and can be gene edited to 
reverse or introduce mutations at will. This is what the majority 
of hiPSC groups at Oxford are currently using these for.

Heading the James Martin Stem Cell Facility, I have been 
in the fortunate position of seeing hiPSC work flourish in all 
directions across Oxford over the past decade; we have helped 
and/or collaborated with over 40 Oxford labs, and there are 
plenty more that have established hiPSC work independently. 
The Facility was established in 2008 by Professor William James 
and myself, to address the growing need within Oxford for 
human Pluripotent Stem Cell expertise. It is part of the Oxford 
Stem Cell Institute and has received significant investment from 
the Oxford Martin School.  You will find us on the 2nd floor of 
the OMPI wing of the Sir William Dunn School of Pathology, 
where we train researchers to handle hiPSC, help with 
experimental design and differentiation along specific pathways, 
generate new hiPSC lines from disease cohorts, and gene edit 
hiPSC using CRISPR/Cas9. I will describe here just a few of 
the larger Oxford programmes that we have been involved with 
over the past decade, as exemplars of the applications of hiPSC. 
The Oxford Parkinson’s Disease Centre (OPDC), led by 
Professor Richard Wade-Martins (Department of Physiology, 
Anatomy and Genetics), aims to better understand the causes of 
Parkinson’s disease and develop therapies. Over the past 8 years, 
working synergistically with StemBANCC (see below), we have 
generated a world-class collection of hiPSC from 75 Parkinson’s 
patients. Differentiation to authentic midbrain dopaminergic 
neurons enables interrogation of disease-associated mutations 
in a physiologically relevant cellular setting. This is shedding 
light on the effect of PD-associated gene variants on cellular 
physiology, including LRRK2 (3) and Glucocerebrosidase 
(GBA) (4). None of this work would have been possible without 
the involvement of patients, and their consent to generate iPSC 
from skin biopsies. Feedback to patients is a vital part of this 
iPSC research program - the podcasts from our regular OPDC 
participant days are public (http://opdc.medsci.ox.ac.uk/
podcasts-2017). 

StemBANCC has been a large-scale 5-year program, funded by 
the EU Innovative Medicines Initiative, led by Professor Zameel 

A   D E C A D E   O F   H U M A N    I P S  
C E L L   R E S E A R C H   I N   O X F O R D
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Cader (Nuffield Department of Clinical Neurosciences), which 
finished this year. It has involved researchers in 9 Departments 
in Oxford, and 37 Academic and Pharmaceutical partners across 
Europe. It has generated hiPSC from 500 patients, using them 
to model major diseases, including neurodegenerative disorders, 
neuro-dysfunctional disorders, peripheral neuropathies and 
diabetes; and has started to develop hiPSC-based drug screens. 
Through this programme, an impressive range of differentiated 
cell types have been established within Oxford, ranging from 
pancreatic beta cells to sensory neurons. The hiPSC lines 
generated from this project and those of the OPDC have now 
been deposited in the European Bank for induced Pluripotent 
Stem Cells (EBiSC) to make them available to the scientific 
community.  

Figure 2. iPSC Microglia
Our own lab’s core 

interest is macrophage 
biology. It was the 
annoying ability of primary 
human macrophages 
to detect and destroy 
most incoming material 
intended for genetic 
modification that first 
led us to start developing 
methods for making 

Pluripotent Stem Cell-derived macrophages, over a decade 
ago. This enabled us to genetically manipulate hiPSC before 
differentiation rather than macrophages directly. These cells are 
being used across Oxford to study many aspects of macrophage 
biology, including phagocytic function (5) and host-pathogen 
interactions. More recently, we have demonstrated that they 
can be skewed towards their brain-resident cousins, microglia, 
by co-culture with hiPSC-neurons (Figure 2) (6). This is 
proving a really useful model for interrogating the cellular basis 
for neuroinflammation in neurodegenerative diseases. Several 
Alzheimer’s disease and Parkinson’s disease genes are associated 
with microglial functions, particularly phagocytosis. This impacts 
on the ability of microglia to clear 
dying neurons and misfolded 
protein aggregates, contributing 
to a chronic inflammatory state. 
The Alzheimer’s Research UK 
Oxford Drug Discovery Institute 
at the Target Discovery Institute is 
collaborating with several groups 
across Oxford, including ours, to 
explore the potential of various 
hiPSC-models for developing 
drug screens relevant to dementia. 
Dr Hazel Hall-Roberts, a post-
doc working with the Oxford 
Drug Discovery Institute and 
us on the AD-associated gene 
TREM2 in iPS-microglia and 
macrophages, recently won a 

competition to make a beautiful animation with Oxford Sparks 
– you can view this work at https://www.oxfordsparks.ox.ac.
uk/content/discovering-life-changing-dementia-treatments 
(Figure 3).

Phenotype has been wonderfully diligent in its reporting 
on Pluripotent Stem Cell work over its 10-year publication 
history. This has included revisiting John Gurdon’s work (2009 
issue), reviewing Martin Evans’ work developing mouse ES 
cells (2010), the launch of OPDC (2010), stem cell patents and 
politics (2011), the iPSC revolution (2012), and a special Stem 
Cells in Focus issue (2017), including exploring stem cells for 
cardiac repair. I’m really looking forward to reading about further 
developments in the stem cell field in future issues of Phenotype 
- especially the day (maybe in about another decade’s time?), 
when I pick it up to find an article about the development of a 
clinically approved drug, based on the hiPSC knowledge that we 
have acquired in Oxford. 

1. Takahashi K & Yamanaka S (2006) Induction of Pluripotent Stem 
Cells from Mouse Embryonic and Adult Fibroblast Cultures by 
Defined Factors. Cell 126(4):663-676.
2. Morrison M, et al. (2015) StemBANCC: Governing Access to 
Material and Data in a Large Stem Cell Research Consortium. 
Stem cell reviews 11(5):681-687.
3. Sandor C, et al. (2017) Transcriptomic profiling of purified patient-
derived dopamine neurons identifies convergent perturbations 
and therapeutics for Parkinson’s disease. Human molecular 
genetics 26(3):552-566.
4. Fernandes H, et al. (2016) ER Stress and Autophagic Perturbations 
Lead to Elevated Extracellular α-Synuclein in GBA-N370S Parkinson’s 
iPSC-Derived Dopamine Neurons. Stem cell reports 6(3):342-356.
5. Flynn R, et al. (2015) CRISPR-mediated genotypic and phenotypic 
correction of a chronic granulomatous disease mutation in human 
iPS cells. Experimental hematology 43(10).
6. Haenseler W, et al. (2017) A Highly Efficient Human Pluripotent 
Stem Cell Microglia Model Displays a Neuronal-Co-culture-Specific 
Expression Profile and Inflammatory Response. Stem cell reports 
8(6):1727-1742.
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What are the main roles of OUI?
Paul: OUI is the commercialisation company that protects and 

commercialises the intellectual properties created at the University. 
It also facilitates the consultancy of academics to industry. 

Gregg: I prefer to think of it as the innovation arm of the 
University. More than just commercialise,  it basically takes research 
and turns it into reality. If you look at the social enterprise stuff 
that we have recently launched; whilst we are commercialising 
those ideas, we are not creating companies to make profit. We are 
using the profit to expand the companies, so that they can have the 
maximum impact possible. What we are aiming to do is to create 
a world leading ecosystem with Oxford University at its heart. We 
want to make sure that everyone in the University can bring out 
their ideas to the outside world.

How do you differ from OSI?
Paul: OSI is an investment company, established to make 

investments in companies that are formed around intellectual 
property (IP) that comes out of the two science divisions within the 
university. Their mission is to invest in companies that are created 
by the university.

So OUI does not invest in companies, it just gets the 
investors?

Gregg: OUI does not make investments in the purist sense. We 
do have some very small proof of concept funds to de-risk projects 
before we secure commercial partners. The University is also able 
to make small investments in spin-out companies and it does so 
through a team here at OUI but these investments are primarily to 
support companies alongside other investors rather than providing 
significant funds.  OSI is very much a profit driven vehicle. We do 
work very closely with OSI, and a lot of what we have achieved over 
the past few years wouldn’t have been possible without them being a 
catalyst for the spin-out activity. We are for impact and they are for 
profit. I guess that’s the easiest way of separating the two. 

Which is one of the most successful spin-outs in Oxford 
that was funded by the OUI?

Paul: It depends on one’s measure of successful. We would 
associate success with having a significant impact. Because we are 
talking of early stage research in the university, impact can mean a lot 
of things. Impact for me could mean a biomedical invention which 
would change or save people’s lives. Equally in other disciplines 
it could be something which makes banking security better, or 
improves safety on roads. One of the University projects I have 
been involved in is now part of the seasonal flu vaccine that many 
people get-a nasal application of the Flu vaccine which enables it to 
be given to small children. That’s been impactful in the way it has 
touched so many people’s lives across the world. That’s one which 
has been through the whole “discovery to product” process- and 
now is being delivered to many thousands of people. The science 
originated from research conducted by Ervin Fodor and George 
Brownlee in the Department of Pathology. The other project that I 
think is quite exciting, still not a product yet, but I have seen it change 
the lives of individuals, is a company called Night star therapeutics. 
It’s a technology that came from Robert McLaren’s laboratory. It 
is a gene therapy for progressive eye disease called choroideremia. 
Patients with the disease become progressively blind from their 
early twenties onwards and know that their prognosis is to lose their 
sight. What Robert and colleagues did was to re-insert the missing/

malfunctioning gene using gene therapy. We got involved at a 
relatively early stage, patented the technology and supported Robert 
during a phase I clinical trial. The result from the first 6 out of 12 
patients were extremely exciting and so we decided that forming 
a company around the IP, bringing in significant investment into 
the project for future trials and product development was a viable 
option. This therapy was not only slowing down the progress of the 
disease, in fact in some cases it was reversing it! The reason why the 
company was called Night Star was because one of the patients was 
over-joyed that he could see the Night stars once again.

Who does OUI support?
Any student, PI or Alumnus of Oxford University can approach 

OUI- we provide a service for the University but even if we are 
not able to help you directly with your enquiry, we may well be 
able to point you in the right direction. More specifically, for the 
IP licensing and ventures activity, we support the translation and 
commercialisation of Oxford University intellectual property and 
innovations, for the incubator service, the association with the 
University does not need to be so defined. Our consulting services 
team work with all Oxford University employees. 

What does an OUI incubator provide?
It mostly provides the space, financial and other resources, 

connections and expertise around software based business ideas.  
In return, OUI takes a 5% equity stakes in the ventures if they 
incorporate. 

How do you compare the OXFORD start-up ecosystem 
with the US east/west coast one?

It is difficult to compare the two areas - as they are different 
geographically, historically and culturally. Culture is a big difference. 
One observation of the Boston ecosystem is that there is a large 
number of entrepreneurs and  business people who have tried, 
succeeded and/or failed multiple times, but still continue to be 
present in the ecosystem, either by acting as a serial entrepreneur, 
mentor or an investor. Failure and success are viewed very differently 
on either side of the Atlantic. It’s also   fair to say that Oxford also 
lacks the large corporate companies when compared to Boston, but 
this is changing slowly and is something many people in Oxford are 
working on However, the culture of Innovation has certainly come 
a long way in the university over the last 5 years and the future is 
bright. 

What would be your advice to budding entrepreneurs 
and start-ups?

Paul: Start as early as possible. Think as big and ambitious as 
possible. Be open to advice from anyone and then make your own 
decisions. With respect to IP,  speak to OUI as early as possible about 
your science, before you publish or talk to potential commercial 
partners. Publication or public discussions can limit your ability to 
protect your ideas so make sure early discussions are confidential.   

Even if you don’t think your current idea or invention is the 
greatest invention of all times, still have a go and learn. You never 
know - it’s not necessarily the best science that gets out there. Many 
a times it’s the combination of best science, team and people who 
take advice and change what they are doing slightly.  So talk to 
people as early as possible 

Gregg:  You are never going to know how things will exactly go, 
but there would be no chance of getting it done if you do not get 
involved.  Have the confidence and see how things play out.

Interview with Paul Ashley and Gregg Bayes-Brown at the Oxford 
University Innovation (OUI)
by Nivedita Natarajan and Sonia Muliyil from the Sir William Dunn school of Pathology.
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Got a new paper out?

Let us tweet your Oxford

research!

RAS proteins are signalling molecules 
that, in cancer, are often mutated to 

forms that are permanently active. One strategy 
to counter this hyperactivity is to target the 
contacts (protein-protein interactions, or PPIs) 
that RAS proteins make with their targets or 
effectors. This can be achieved using a type of antibody fragment 
that functions inside cells (so-called intracellular antibodies), 
which can be designed to bind at the RAS protein’s interaction 
site with high affinity, thus outcompeting its interaction 
partners. However, these antibody fragments are large, earning 
them the title of ‘macrodrugs’. This bulky nature means that they 
cannot readily penetrate target cells to access the RAS proteins. 
In contrast, smaller drugs (often termed ‘small molecules’) can 
permeate but are often less effective competitors, since their 
low surface area usually offers lower affinity interactions. So, it 
seems that size does matter. But what if we could harness the 
powers of both macrodrugs and small molecules? 

Scientists from the Weatherall Institute developed a potent 
RAS-binding antibody fragment macrodrug that inhibits RAS 
PPIs. They then screened a library of small molecules for those 
that bind activated RAS in the same location as the antibody. 
They achieved this via a competition assay; if the small 
molecule’s interaction with RAS is abolished when mixed in 
with the antibody, this indicated that both the macrodrug and 
the small molecule were binding to the similar site. 

With a candidate called ‘Abd’ (i.e. Antibody derived compound) 
identified, the next step was to investigate its interaction with 
RAS more closely using protein crystallography. This was 
done in collaboration with departments across the University, 
and the resulting structural information was used to create a 
series of modified Abd molecules. With each iteration, these 
molecules were further adapted to strengthen the interactions 
between RAS and Abd that the crystal structure had revealed 
as important, while trimming away regions that appeared to 
contribute little to Abd’s affinity for RAS. This trimming kept 
the small molecule as slimline as possible, helping to allow its 
seamless entry into target cells. 

To test the effects of one of these compounds (‘Abd-7’) 
the researchers turned to cell culture. They found that Abd-

7 could indeed pass easily into cancer cells, where it inhibited 
the phosphorylation of proteins that lie downstream from RAS 
without altering their overall levels. The viability of these cancer 
cells decreased in a dose-dependent manner upon treatment 
with Abd-7. The results suggest that this use of antibodies 
to select small molecules which inhibit target PPIs has great 
therapeutic potential in several clinical indications in addition 
to cancer. Indeed, watch this space: the researchers are already 
applying this technique LMO2, a protein that is activated in T 
cell leukaemia. 

1. Quevedo, C.E., Cruz-Migoni A., Bery N., Miller A., Tanaka T.,  Petch D., 
Bataille C.J.R., Lee L.Y.R., Fallon P.S., Tulmin H., Ehebauer M.T., Fernandez-
Fuentes N., Russell A.J., Carr S.B., Phillips S.E.V., Rabbitts T.H.  (2018) 
‘Small molecule inhibitors of RAS-effector protein interactions derived using an 
intracellular antibody fragment’  
Nature Communications 9, 3169 doi: 10.1038/s41467-018-05707-2
https://www.nature.com/articles/s41467-018-05707-2

ALL DRUGS 
GREAT AND 
SMALL 
Replacing 
macrodrugs with 
small molecules

By Laura Hankins

DPhil student in the Raff lab at the Sir 
William Dunn school of Pathology.
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5 with
Following mutagenesis 
in real-time reveals bacterial 
survival strategies

The process of mutagenesis has been intensely studied, yet 
this has largely involved assessing the accumulation of 

mutations across a population of cells after a certain amount of 
time. This is essentially a mutagenesis snapshot, which can yield 
mutation rate information but tells little about how each mutation 
event coincides with other cellular processes or how rates may 
vary between single cells. 

By taking advantage of a DNA repair pathway in E. coli cells, Dr 
Stephan Uphoff from the Department of Biochemistry has been 
able to follow DNA mismatch events in real-time. Fluorescently 
tagging a protein involved in the mismatch repair (MMR) 
response allowed him to observe foci appearing on chromosomes 
as the MMR machinery moved in to repair the damage. Isolating 
single bacterial cells using microfluidic chambers meant that these 
mismatch events could be attributed to individual cells and their 
descendants. 

Since this is a microscopy-based technique, Uphoff was also able 
to track other aspects of the cells’ machinery alongside the MMR 
response. He induced a form of damage called DNA alkylation 
and then followed both the mismatch foci and a separate tagged 
protein that plays a role in an inducible DNA repair response. 
Interestingly, Uphoff found that these inducible DNA damage 
responses can be noisy, with some cells activating them more 
slowly than others. However, he found that the bacteria were 
also employing constitutively expressed DNA repair agents and 
damage tolerance mechanisms such as the SOS response. Taken 
together, this toolkit provides redundancy to compensate for the 
stochastic gene expression that can plague inducible responses. 
This makes cell survival more likely in the face of DNA damage. 

The ability to follow both the damage and the responses in 
real-time allowed Uphoff to determine the order in which the 
cells deploy their survival strategy.  Excitingly, it seems that DNA 
damage tolerance is triggered first. This challenges the idea that 

tolerance is used as a last resort; in the case of surviving DNA 
alkylation, tolerance actually seemed to be crucial for enduring 
the initial damage. 

Further insights from this method may help us understand how 
stochastic responses to cancer drugs from different cells within a 
tumour might affect treatment success. The surviving cancer cells 
often experience mutations as a result of drug exposure; these may 
offer an advantage to the cells, making the disease more difficult 
to treat. Drugs causing mutagenesis without killing their target 
cells can also promote antibiotic resistance in bacteria. Real-
time imaging of responses to these drugs could offer improved 
treatment approaches to reduce this threat. 

Uphoff, S. (2018)
‘Real-time dynamics of mutagenesis reveal the chronology of 
DNA repair and damage tolerance responses in single cells’ 
PNAS 201801101 doi:10.1073/pnas.1801101115
http://www.pnas.org/content/early/2018/06/20/1801101115.short 

By Laura Hankins

DPhil student in the Raff lab at the Sir William 
Dunn school of Pathology.
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“I never thought Phenotype 
would turn out to be such a big 
phenomena. I am really happy 
to note that it is completing 10 
years this term. 

“

In conversation 
           with Phenotype’s founder

Sarah Iqbal 
How was the idea of starting Phenotype conceived?

Phenotype started as a newsletter for the Biochemistry department. 
It was in fact conceived on a power-point presentation. Most 
of us in the department had very little idea about the research 
that our neighbouring labs were involved in. At that point of 
time, the Oxford Union Biochemistry Society (OUBS) had no 
real identity. A number of us newcomers decided to change this 
status. I took charge of this project, while the others chipped 
in-it was all a collaborative effort. Our main goal was to make 
people aware of each other’s work. We had a very humble 
beginning. The very first issue mostly centred around the history 
of the Biochemistry department. 

What was your vision for the magazine?

All of us involved with the magazine believed that we were 
doing some sort of a ‘social service’, by increasing scientific 
communication between students and post-docs within the 
department. At the same time, we were also aware of the fact 
that we are not a part of a ‘random society’; in fact we believed 
that that we are associated with a scientific association possessing 
a specific skill set. I remember all our meetings would be very 
interactive and engaging. I have to admit that speaking quite 
personally, I never thought Phenotype would turn out to be such 
a big phenomena. I am really happy to note that it is completing 
10 years this term. 

What do you think about the field of science 
communication?

I think it is moving in the right direction. There is an increasing 
interest and discussion about scientific outreach. I believe that 
all scientists should make an effort to engage with the public. 
Sometimes, we are so far removed from the people we are 
actually trying to help. 

How did you end up becoming a Public Engagements 
officer for the Welcome Trust–DBT Alliance?

I never really envisioned a future for myself in mainstream 
academia. I was quite interested in Public health projects, and 
even ended up doing a short stint in a related area. My Post-
Doc supervisor had moved to Scripps from Merck, which meant 
that I had the opportunity to be involved in a couple of drug 
discovery projects. Throughout my PhD at Oxford and also 
during my Post Doc at the Scripps, I was quite closely engaged 
in science outreach. It was quite opportune for me when this 
particular post was advertised. I applied for it and was offered the 
job! Incidentally the Welcome-DBT alliance is also completing 
10 years of its existence.
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What drew you to the field of gene regulation? 
When deciding on a field to choose for my DPhil, I wanted to 
try and answer a big question. Henry Harris in the Dunn School 
had just developed a powerful and appropriate technique (cell 
fusion), that I thought would provide a good entrée into gene 
regulation. [I think this is the best way to choose a topic for a 
thesis – choose a big question, think whether suitable techniques 
are available to solve it, and work with a supervisor who has done 
something original.]

What do you consider to be your biggest finding or 
biggest contribution to the field?
RNA polymerases transiently immobilized in ‘factories’ are 
responsible for essentially all transcription.

What has been the biggest advance thus far in our 
understanding of gene regulation?
As a student, we knew a gene could only be transcribed if an 
appropriate RNA polymerase and activator(s)/repressor(s) were 
present. I like to think the other big determinant is whether a 
gene is tethered close enough to a factory rich in the appropriate 
polymerases and factors. 

How have the fields of genome organization and 
gene regulation changed over the course of your 
career?
Hugely, or very little, depending on your point of view! [Lots 
of rogress, but the big questions still remain unanswered – how 
to switch at will your favorite gene on/off, and change cell state 
from A to B.

How have the rapid advances in sequencing 
technology and development of chromatin 
conformation capture techniques impacted genome 
research?
Hugely. I have to add that the main technique combining the 
two – Hi-C – has yet to teach us much. This is because its 
resolution is still so poor (e.g., it cannot detect most loops seen 
before its invention). It may have given us (i) A/B compartments 
– but we did know about eu- and hetero-chromatin previously, 
(ii) TADs – but these do exist at all scales and so cannot be a 
universal structural building-block (which they are often touted 
to be), and (iii) CTCF loops – but most life on our planet gets by 
without this protein. So still a technique looking for a problem.

What is the biggest open question or unresolved 
debate in the field, in your opinion? 
We know that over-expression of just a few transcription factors 
(e.g., MyoD, the four Yamanaka factors) can change cell state. 
We also know from the unbiased screens of quantitative genetics 
that many – often hundreds – of widely-dispersed eQTLs 
regulate the activity of a gene. How can these two views be 

reconciled (we need to know the answer to be able to switch 
genes on at will)?

Where do you see the fields of genome organization 
and nuclear dynamics going in the next five years? 
Genome organization: I hope we will rediscover that most loops 
are tethered by active RNA polymerases and associated factors.
Nuclear dynamics: I hope improvements in spatial and temporal 
resolution will enable us to image individual polymerases as they 
initiate, elongate, and terminate in living cells.

When did you realize that you wanted to be a 
scientist?
I’m not sure if I ever made a choice – I was a victim of fate and 
the system. As a child, I was encouraged to think that I could do 
anything, and to keep as many options open as possible. Aged 
13, my parents moved house and I moved schools and was put 
in the ‘arts’ stream but switched to the ‘science’ one to keep more 
options open. At 15, I chose science because it was easier to 
switch to the ‘arts’ than vice versa. And so on.

If not a scientist, what would you be?
Anything – depending on the system and fate.

What is the best advice that you have ever received?
You can do anything you want, if you work hard enough (my 
mother).

What do you like most about being a research 
scientist?
Being surrounded by bright young people.

What is your favorite classical experiment? 
Impossible to answer – there are just too many beautiful ones.

You seem to work heavily with mathematicians, 
engineers, and physicists. How do these collaborations 
contribute to your work?
I know I’m not skilled in these areas, and that talent is in short 
supply. So, if a question is best answered using their skills, it is 
only sensible to enlist their aid to find the answer (and fun to 
discover their different ways of thinking).

What advice would you give to junior researchers? 
Choose a big question, and use the appropriate techniques to try 
and solve it (if they aren’t available, forget the question and find 
another). A minority of junior researchers will both find the life 
congenial and have the luck to become a PI; the majority should 
obtain an excellent grounding that equips them to do a host of 
jobs outside research successfully.

5’ with...

Interviewed by Phoebe Oldach

“

Choose a big question, and use the 
appropriate techniques to try and solve it

Prof. Peter Cook 
at the Sir William Dunn 
School of Pathology
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“
Reasoning

Dad tells us why climate change is bullshit.
We eat and watch him teeter
along the edge of his faith, 
in the simplest explanation.

Climate change is too many things 
for him to believe in.
He watches ice caps crack
like knuckles on palms,
while warned of record summers.
Papers print dead coral, polar bears
but icons soon turn cliché.

My ancestors fled from famine,
Ireland to London,
only to run again, 
Blitzed into countryside.

I wonder where my children will flee to, 
and what from.
Will there be forgiveness 
for a father’s sins
cast to his son?

It’s an eye-opening fact - not sleeping 
kills us. Nudges us closer to the duvet
without a hot spot. No easy-to-remove 
cover or fifteen-rated tog.

Call it sleep debt, blanket deficit 
or chronic inability to sleep like a log, 
a lifetime of bedtime in the red.  
It clogs up arteries, speeds up diseases

stresses and lessens us, exposes us
to strokes; shrivels the curve of your balls. 
Sub-optimal shut-eye
triggers small changes in the brain – 

throws open the sensory gate
of a thalamus, affects all of us 
in eye-watering crippling ways.
Dickens, Proust, Sylvia Plath, 

every one of them an insomniac, 
battled against the nightly dark,
bodies racked by a lack of slumber 
but eyes wide open to being alive; 

in shaded chambers of inspiration 
they dreamt up their finest lines, 
tightening their grip on a world 
reluctant to ever let them go.

Insomnia
Why We Sleep, by Professor Matthew Walker 
(predicts poor sleep will have a “catastrophic 
impact” on the world)

Julian Bishop is a former journalist based in London. 
He has been writing for three years and studies 
poetry at the City Lit Institute in central London. He 
recently won the Lamb Poetry Prize in honour of the 
poet Charles Lamb.

Jack Cooper is a Research Technician at the 
University of Oxford. He was recently longlisted for 
the National Poetry Competition, and shortlisted for 
the New Poet's Prize
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OLD MAN AT ASSISI 
Here on Monte Subasio above the stone village 
he looks on as giovani flirt and kiss 

beside the grotto where the saint 
kept vows of poverty and chastity. 

The old man has to laugh — by those rules 
he too is Franciscan, though hardly by choice.

Would he could reclaim those headlong days —

to be like those angels on the mountain, 
guiding parasails for lift and eddy,

reluctant to return to ground.
But what appears in his mirror  

is a wild poppy pressed inside a book: 
wrinkled, with the smell of feral fields.

Norbert Hirschhorn is 
an international health 
physician whose five 
collections of poetry can 
be found at 
bertzpoet.com

Embrace your creative side
Phenotype wants to publish     your science themed pieces of creative writing. 

POEMS
SHORT 

STORIES

SCREENWRITINGPERSONAL ESSAYS

Send pitches and submissions to oxphenotype@googlemail.com
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