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NEWS BRIEFS

Mapping the Nervous System:
Tracing Neural Circuits with Color
Changing Proteins
CHRISTINE ZHANG

Stepping out the front door of my dorm,
I am frequently greeted by a sharp gust of
wind that convinces me to turn back and grab
a coat. The reaction is almost instantaneous.
But in that split-second, the action of turning
around requires 100 billion action potentials
and the signal transmits over 20 quadrillion
synapses1. With the complexity of the nervous
system, it can be difficult to pinpoint the origin of neural circuits. Yet these details are critical to understanding and treating neurodegenerative diseases. There has been substantial
research in developing mechanisms to identify
active neural circuits, and presently, research
in synapses looks the most promising.
There are billions of neurons in the human
body lined side-by-side to each other, separated by a microscopic gap known as a synapse.
As the action potential arrives at the end of
a neuron, calcium channels in that neuron
open and the ion rushes in, triggering the
release of neurotransmitters to carry the signal
over the synapse2. The difference in calcium
levels inside and outside of the neuron creates
a concentration gradient that activates the
neurotransmitter; thus, calcium levels and
the intensity of neuron activity are strongly
correlated.
At present, there are two widely accepted
methods of detecting neural activity: genetically encoded calcium indicators (GECIs) and
immediate early genes (IEGs). Both GECIs
and IEGs monitor neuron functioning at the
molecular level to give estimates of neural
activity. However, the two processes are
incomplete in design, hindered by complex
set-ups and limited efficacy. GECIs can track
calcium concentrations directly but require
sophisticated machinery, physical restraint of
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the subject, and only provide limited scopes
of view3. These complex requirements make
GECIs feasible in few situations. In contrast,
IEGs can be monitored in a larger time
window and can be observed in free moving
bodies, but cannot monitor neural activity
directly. Rather than tracking calcium levels,
IEGs record the expression of intermediate
genes, which is at best weakly correlated with
neural electrical activity3.
In light of these difficulties, Benjamin Fosque, Yi Sun, and Hod Dana, researchers in the
Department of Biochemistry and Molecular
Biology at the University of Chicago, developed a new mechanism to monitor neural
behavior. Their idea features a fluorescent
protein that changes color from green to red
under violet light. Fosque, Sun, and Dana
constructed a mutagenic fluorescent protein,
called CaMPARI, to undergo this color change
only in the presence of calcium. CaMPARI, or
calcium-modulated photoactivatable ratiometric integrator, changes color 21 times faster in
the presence of calcium than in its absence3.
The rate of fluorescent conversion coupled
with the intensity of fluorescence of CaMPARI
conveys unprecedented levels of information
on cell-type identification and examination
and has groundbreaking potential.
When tested in Drosophila melanogsaster
and larval zebrafish in vivo to track wholebrain activity and neural pathways, CaMPARI
continued to prove to be highly successful3. It
combined the advantages of traditional neural
activity tests without the drawbacks. The
method employed direct targeting of calcium
as in GECIs and the flexible time window
and freedom of movement of IEGs. As an
additional benefit, CaMPARI also enables the

possibility for follow-up experiments including electrical recordings, antigen detections,
and genetic profiling of cells.
With the enhanced tracking of neural
activity, neurologists can more rigorously
study neurons on the molecular level and
observe individual cell behaviors. Given
its in vivo applications, CaMPARI can also
contribute to developing personalized cures
for patients with neurodegenerative diseases
and to understanding the exact mechanisms in
which neural diseases affect the body. With a
reliable and easily employable neural monitoring mechanism, the potential scientific and
medical gains are endless.
Christine Zhang ‘18 is a freshman in Thayer
Hall.
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A Winning
Combination Against
Drug Resistance
RYAN CHOW
Earlier this year, President Obama
announced the Precision Medicine Initiative.
Proclaiming that the initiative would “lay
the foundation for a new generation of
lifesaving discoveries,” the President proposed
setting aside $215 million to expedite the
clinical translation of personalized genetics
research1. The initiative specifically highlights
the development of patient-specific cancer
therapies as an immediately promising area
for breakthrough research. Accordingly, the
National Cancer Institute (NCI) is budgeted to
receive $70 million for this specific purpose.
In recent years, several next-generation
cancer drugs have been approved for patients
harboring certain genetic abnormalities and
alterations. For instance, lung cancer patients
with activating mutations in EGFR, a gene
that regulates cell division, can now undergo
erlotinib treatment. Similarly, patients with
alterations in ALK, a gene that controls
cancer progression, can receive crizotinib and
ceritinib therapy2-4. Such targeted therapeutics
are designed to specifically counteract the
cancer-promoting effects of these genetic
mutations, largely leaving other cellular
pathways intact. With their heightened
specificity and efficacy profiles, these nextgeneration drugs have revolutionized the
world of cancer therapy, improving patient
prognosis and quality of life. It is no wonder,
then, that there has been a strong push to
fund further research into personalized cancer
therapeutics.
But for all of their strengths, these
new drugs often have a major caveat:
cancers develop resistance to targeted
therapeutics within one to two years of initial
administration5. The mechanisms underlying
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drug resistance have been extensively studied
in vitro using established cancer cell lines6.
Although in vitro methods may not always
faithfully recapitulate the progression of
actual human cancers, these studies have
been critical in identifying secondary “bypass
tracks” as facilitators of drug resistance;
namely, a cancer may gradually evolve
alternate strategies for promoting tumor
growth upon pharmacological inhibition of
the cancer-initiating mutation. Following this
logic, one would hypothesize that combination
cancer therapy could potentially overcome
drug resistance by blocking both the primary
oncogenic pathway as well as the secondary
bypass track.
Looking for a way to efficiently identify
combination therapies for drug-resistant lung
cancers, researchers at Massachusetts General
Hospital recently developed a screening
platform to interrogate possible secondary

bypass tracks within patient tumors that
had already become resistant to a targeted
therapeutic7. The results of Crystal et al.’s
study were striking: for many of the patientderived cell lines, the high-throughput
drug screen was able to clearly pinpoint the
bypass track that the tumors had acquired,
thereby uncovering a viable route for further
pharmacological intervention. For instance,
it was found that co-administration of MET
inhibitors could resensitize tumor cells to
EGFR inhibitors; importantly, statistical
analysis demonstrated that the two inhibitors
had synergistic effects that far exceeded the
predicted efficacy if each drug was functioning
independently.
With this study, the authors were
able to identify a diverse range of potent,
patient-specific combination therapies
that successfully overcame drug resistance.
Several intriguing patterns emerged from the
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aggregate data, revealing commonalities in the
mechanisms of acquired resistance. However,
one must keep in mind that these patterns,
while biologically interesting, are not the key
findings of the paper. Rather, the study acts
as a proof-of-concept that patient-specific
therapeutic strategies can be systematically
discovered following the failure of first-line
targeted therapies. In that sense, the work
of Crystal et al. actually deemphasizes the
importance of identifying general trends
within the landscape of drug resistance; if
we can identify combination therapies on a
patient-by-patient level, there is no longer a
need to make therapeutic decisions based on
population-level correlations.
Paradoxically, their work also serves as
a cautionary tale for personalized cancer
genomics. Some of the most effective
combination therapies that the authors
identified through their drug screen could
not have been predicted by traditional genetic
analysis – that is, the combination therapies
targeted pathways that did not possess any
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bacteria carrying antibiotic resistance
gene survive in the presence of antibiotic
THE AUTHORS WERE ABLE TO
IDENTIFY A DIVERSE RANGE
OF POTENT, PATIENT-SPECIFIC
COMBINATION THERAPIES THAT
SUCCESSFULLY OVERCAME DRUG
RESISTANCE

genetic alterations. The natural
implication is that clinicians must not make
treatment decisions based solely on patient
genotypes, as the probability of missing
important bypass tracks is far from negligible.
One would be better off instead performing
an entirely unbiased secondary drug screen
on a patient-specific basis, in a manner akin to
Crystal et al.
In this highly translational work, Crystal
et al. have helped set the foundations for
the future of personalized cancer medicine.
Though their findings have not yet been
tested in actual patients, the potential impact
to human medicine is clear. Only time will
tell if these patient-derived cell models can
faithfully capture the complexities of drug
resistance and thereby yield clinically effective
therapeutic approaches.
Ryan Chow ‘16 is a junior in Pforzheimer
House, studying Human Developmental and
Regenerative Biology.
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A Watchful Eye
Over Wildlife
Drone Technology & Conservation

CAITLIN ANDREWS

When we think of field biologists, most
of us imagine scientists trekking through uncharted rainforests or across endless savannas,
armed with only a notebook and a pair of
binoculars. These intrepid heroes, such as Jane
Goodall, have shown us how much there is to
be learned when we leave behind the comforts
of civilization and immerse ourselves in nature.
Yet the line between nature and civilization is
becoming blurred as the human population
expands and encroaches on wilderness. At the
same time, technology is becoming increasingly integrated with fieldwork, particularly in the
area of conservation. Whether fitting an animal with a GPS tracking device or collecting
plant samples to be analyzed in the lab, field
biologists rely more and more on technology to
increase the scope and impact of their studies.
And, with countless species facing imminent
threats to their survival, biologists must also
strive for efficiency in their methods, which
can be challenging in remote and often dangerous research conditions.
One of the most promising technologies to
emerge as a tool for conservation is a technology that has already begun to gain traction
in mainstream society: the unmanned aerial
vehicle. To some, UAVs—better known as
“drones”—still seem uncomfortably close to
something out of a science fiction movie, but
drones have already proven useful in fields as
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wide-ranging as the military, agriculture, and
cinematography. And now that drones have
entered the realm of science, it looks like they
could soon change the face of conservation.

WHY DRONES?

mals, and, in some cases, encountering armed
poachers3. Surveys conducted by plane pose
additional hazards. Far too often, well-meaning
researchers put themselves—and others—in
dangerous situations when they conduct
low-altitude flight surveys over mountains, forests, or settled areas. From 1937 to 2000, two
thirds of all job-related deaths reported among
wildlife biologists working in the United States

If scope and efficiency are two of the main
obstacles that field biologists face in their
research, then drones could
provide the ultimate solution.
In their most basic form, field
DRONES OPEN UP A RANGE OF
surveys involve a census of
an animal population and
POSSIBILITIES FOR THE SCALE ON WHICH
an assessment of habitat
DATA CAN BE COLLECTED, AS ANIMALS
conditions. When performed
on foot, these surveys can
CAN BE TRACKED OVER HUGE DISTANCES
cost hundreds of thousands
THAT NO TEAM OF SCIENTISTS COULD
of dollars to sustain for even a
few years and, even then, they
EVER COVER ON FOOT.
are so time-consuming and
inefficient that only a rough
were attributed to aviation accidents—an
estimate of population size or environmental
astounding and disturbing figure4.
conditions can be achieved. Manned planes
Drones circumvent nearly all of these risks,
or helicopters can provide an aerial view of
making them a promising choice for future
an expanse of ocean or forest, but they pose
studies. Compact and easy to operate, drones
a tremendous financial barrier which often
are relatively inexpensive when compared with
outweighs any added benefits1,2. These research
manned aerial vehicles or on-foot surveys.
methods can also be incredibly dangerous.
ConservationDrones, an organization speEvery time they go out into the field, field recifically aimed at developing low-cost drones
searchers take on tremendous risks, traversing
for field research, has developed a drone for
perilous terrain, getting up close to wild ani-
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less than $20005. Miniature drones costing as
little as $400 can be purchased online and later
equipped with video and still cameras. Besides
cameras, they can also be fitted with many types
of sensors, from thermometers to pH meters to
acoustic recorders; there is even the possibility
that swarms of drones could function as a team,
with each drone collecting specific information to
be integrated into a larger dataset6. Drones open
up a range of possibilities for the scale on which
data can be collected, as animals can be tracked
over huge distances that no team of scientists
could ever cover on foot. Perhaps most importantly, drones allow researchers to conduct their
studies from a greater distance, making research
conditions safer for them and for the wildlife they
study3.
In the following pages, we will explore three
case studies that exemplify the range of possible
uses for drones in wildlife biology and conservation. At the same time, it is important to consider
the challenges and ethical issues that might arise
alongside this new technology as we try to assess
what the future of drones and conservation
might—and should—look like.

MARINE MAMMAL CONSERVATION ZONES - AUSTRALIA
In Australia, marine biologists have already had
success using drones to identify which areas of
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the ocean would make the best marine mammal
conservation zones. In a study conducted by
Murdoch University’s Cetacean Research Unit7,
drones were flown over Shark Bay on Australia’s
western coast. In an area of approximately 320
acres, drones took over 6,000 photographs at altitudes ranging from 500 to 1,000 feet. Researchers
then analyzed each one of these pictures manually, attempting to count the number of dugongs,
a marine mammal in the same order as manatees. Over 600 dugongs were reliably identified,
but, even more amazingly, the researchers were
able to recognize a wide array of other species,
from schools of fish to whales to sea snakes. The
breadth of species that could be seen, even from
so high above, is promising, since only larger
animals are typically distinguishable in drone
photographs.
This simple census data might seem insignificant, but Murdoch University’s study serves
to prove the value of drones for marine biology
research. At present, the future of the technology
seems limitless. Instead of having to manually
identifying the animals in each photograph, researchers hope to one day have advanced computer algorithms that are able to distinguish between
all species of interest and even identify individual
animals7. There is also the possibility that drones
could take to the water, themselves. Human divers
could be replaced by underwater robots equipped
with propellers, sensors, and even sampling
tools. This could be particularly exciting for
those studying inaccessible deep sea vents, since
underwater drones could dive down and return
to the surface with samples of microorganisms for
further study6. While drone technology has a long
way to go before this type of exploration is possible, the hope is that studies like those at Murdoch
University will stimulate further research so that
the future may not be as far off as it seems.

ORNITHOLOGICAL RESEARCH &
DRONE DESIGN - FRANCE
As drone technology begins to be applied to a
range of species, many conservationists are concerned that drones may disturb—or even harm—
the very animals they are trying to protect. To
address these worries, a team of researchers in
France conducted an extensive study on the
impact of drones on birds8. Drones are especially
promising tools in the field of ornithology, since
they could follow birds from the ground and into
the air, perhaps even tracking their migratory
routes. However, birds are also inherently susceptible to disturbance. Although drones are typically

considered less disruptive than human observers,
for birds, it could be more intrusive to be followed
by a flying machine than to be watched by humans on the ground.
In their study, the French team exposed
semi-captive and wild flamingos, mallards, and
greenshanks to several drones. These drones varied in color, speed, and the angle from which they
approached the birds—all factors that the authors
hypothesized might impact the degree to which
birds would be disturbed. Surprisingly, in 80% of
trial flights, drones could get within 15 feet of the
birds without any signs of distress. The birds did
not appear to be affected by drone color or speed;
however, they were more likely to be disturbed
by drones approaching them from above, which,
under natural conditions, would be indicative of
a predator. While the authors advise launching
drones from a distance and avoiding vertical
approaches, they suggest that further research
should be conducted to compare these results to
the levels of disturbance elicited by human observers. It could be that drones, although foreign
objects within a bird’s habitat, are actually less
disruptive than one might think—which could
open doors for a new phase of drone-conducted
ornithological research8.

HUMAN LAND USE CHANGES &
ORANGUTAN CONSERVATION
- BORNEO AND SUMATRA
The Southeast Asian islands of Borneo and
Sumatra are notably the only places in the world
where we can still find one of our closest relatives:
the orangutan. Yet, most recently, Borneo and
Sumatra are becoming notorious for having some
of the highest rates of deforestation on the planet9.
Slash-and-burn deforestation is rampant, with
most deforested areas being turned into oil palm
farms. While there are regulations in place to
protect some areas, these are largely ineffective,
as many farmers start up plantations illegally in
remote areas of the forest; there, the likelihood
of being caught by rangers is slim to none. As
the largest arboreal mammal, orangutans rely
on large tracts of forest for food and protection.
Having lost 80% of their forests over the past 20
years, orangutans may be doomed for extinction
within the next three decades if nothing is done
to slow the current rate of deforestation. Unfortunately, the likelihood of this seems very low when
one considers the almost insurmountable demand
for palm oil—largely used in food and cosmetic
products—in the West10.
But not all have given up hope. Conserva-
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tionDrones, founded by Lian Pin Koh and Serge
Wich, is just one group aimed at saving orangutans, and they plan to achieve this via drone
technology. Koh and Wich took one of their first
prototype drones to the forests of Borneo and Sumatra to determine the feasibility of identifying
orangutans and tracking human land use changes
from above. Their drone—programmed to fly
a specific, 25 minute route—was able to spot
orangutans and their nests in the forest canopy, as
well as elephants on the ground. After analyzing
the photographs more closely, researchers could
also clearly see which areas had been deforested
and turned into farmland; they could even identify the specific crops that were being grown5.
Koh and Wich recognize the limitations of
drones, including the fact that drones cannot fly
below the forest canopy, which restricts which
species they can be used to study. However, the
possibility that drones could fly over uncharted areas of forest to document illegal land use
changes has inspired them to continue their
work, and they are currently working to upgrade
their prototype for greater efficiency and a
more diverse set of uses. They envision a time
when drones could be programmed not just to
fly a specific route but to fly directly to animals
already fitted with radio collars. When drones
find illegal oil palm plantations in the forest, they
could also send GPS data back to a ranger station, which could immediately deploy a team to
confront the farmers5. The same concept could be
applied to monitor poachers, and the presence of
drones near endangered wildlife could hopefully
act as a deterrent to illegal activities3. Even more
hopeful, some have considered ways in which

drones could actually be used to reforest areas by
dispersing seeds11.
Many people fear that drones may present a
breach of human privacy, especially if they fly
over settled areas and take data on human land
use2. As the technology advances, it will be important to consider how its use should be regulated. However, at the moment, the possible benefits
of drone technology make it worthwhile to at
least pursue further research. While deforestation
rates are unlikely to be reversed, the fact that
current trends could be slowed—even slightly—is
promising, since it could give conservationists
the time they need to come up with longer-lasting solutions.

TOWARD THE FUTURE
With studies like these, it looks as if the advancement of drone technology could help shape the
future of conservation for the better. Yet at the
same time, the very same machines that are being
used to help save animals are being employed
for less noble uses, such as hunting. Many states,
including Illinois and Colorado, are facing dilemmas over whether to ban drones used for the
purpose of hunting; fortunately, many of them
have chosen to side against the hunters, saying
that these hunting methods are inhumane and
unethical12. However, this is only the beginning of the conversation. As drone technology
becomes more and more common, it is bound to
be applied to fields that come into conflict with
one another. The question is how we, as a society,
will choose to regulate these uses and what role
we want drones to play in shaping our planet’s
future.

Caitlin Andrews ‘16 is a junior in Cabot House,
concentrating in Organismic and Evolutionary
Biology.
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Dugongs are among some of
the species that could be
reliably identified and
counted using drone
surveilance technology.
Image from Wikimedia Commons
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GENOME
EDITING

IS CRISPR/CAS THE ANSWER?

JACKSON ALLEN

For roughly the last 60 years, the focus of
molecular biology and genetics has been to
better understand the microscopic machinery
that regulates the genome of every organism.
Such scientists as Matthew Meselson, Rosalind Franklin, James Watson, and Francis
Crick helped pave the way for contemporary
understanding of molecular genetics. These
scientists were responsible for discoveries
including the structure of DNA, the molecule
that encodes all of the genetic information of a
person. Though the field of molecular biology
has grown immeasurably since then, the most
important discoveries in the field remain those
that elucidate the mechanisms used to regulate
genetic information in living organisms.
Unsurprisingly, scientists have begun to
ask how they could apply this knowledge to
conquer disease, correct genetic problems,
or even learn more about genetics itself. The
list of developments in molecular genetics is
seemingly endless: genetic therapies promise
to reprogram the body’s defenses to target
cancer, analysis of the human genome has
given us unprecedented understanding of our
own genetics, and new technology can simulate
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the folding of proteins to assist in the development of new pharmaceuticals. However, no
genetic tool today seems to hold more power
and promise than CRISPR/Cas genome editing
technology.

WHAT IS CRISPR/CAS?
First observed in 1987, the CRISPR/Cas system
in nature comprises the immune system of
many bacteria and archaea1. These single-celled
organisms use short repeats of DNA called
Clustered Regularly Interspaced Short Palindromic Repeats (CRISPRs) to mark viral DNA
that has been incorporated into their genome
by Cas (CRISPR Associated) proteins. By
incorporating the DNA sequence of attacking
viruses into their own genome, these bacteria
can destroy an attacking virus by cleaving its
DNA with a Cas protein2. The discovery that
bacteria can easily and accurately modify their
own genomes remained largely underutilized
until the early 2000s, when scientists began to
modify viral-resistant bacteria using spacer
DNA similar to CRISPRs3. In 2012, scientists
demonstrated that, using CRISPRs and Cas9

proteins, human cells could be genetically
modified with precision not seen with other
genome editing methods4. Since then, researchers have used the CRISPR/Cas9 system to
modify organisms including zebrafish, plants,
and mice. Last year, researchers at the Koch Institute at MIT demonstrated that CRISPR/Cas9
could be used to cure mice of a genetic disease
that prevents the breakdown of the amino acid
tyrosine and eventually causes liver failure.
After an injection of CRISPR RNA and Cas9
paired with DNA for an enzyme that breaks
down tyrosine, the mice began to produce this
enzyme. Within 30 days, the mice were cured
of the disease and no longer required daily
medications5.

CRISPR/CAS USES
The CRISPR/Cas9 system can be used for gene
silencing as well as gene modification. Both
outcomes have the potential to make important
contributions to laboratory research and disease treatment. The CRISPR/Cas9 system relies
on two main components: a Cas9 endonuclease
that can cut DNA in the nucleus of a cell and a
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guide RNA,
made of CRISPR
RNA and trans-activating
CRISPR RNA (tracrRNA). In
nature, the CRISPR and tracrRNAs
are separated. However, researchers
discovered that the two sequences could be
combined into a single guide RNA, significantly
reducing the complexity of the system6. The
CRISPR RNA directs the Cas9 endonuclease
to the appropriate DNA cleavage site, while
the tracrRNA stabilizes and activates the Cas9
endonuclease. When this protein is activated,
it creates a double-stranded break in the target
DNA, which leads to activation of cellular
repair mechanisms6. Double-stranded DNA
repair often leads to random insertions or
deletions in the gene, because neither strand
can serve as a template for repair. These
mutations often silence the affected gene and
prevent binding of the guide RNA used to
target the gene. Thus, the CRISPR/Cas9 system
will continue to target the DNA until such a
mutation is introduced. However, if a segment
of single-stranded DNA that is complimentary
to either strand of cleaved DNA is introduced,
the cell will repair the DNA cleavage using the
single-stranded DNA as a template. Scientists have demonstrated that certain genetic
mutations can be corrected by introducing this
single-stranded DNA template to the cell’s own
repair mechanisms6.
In addition, the use of Cas9 nickase, a
specialized version of the Cas9 endonuclease,
has been shown to only cleave one strand of a
cell’s DNA, reducing the frequency of off-target modifications while still allowing for DNA
repair from a single-stranded DNA template7.
This specificity makes the CRISPR/Cas9 system
more accurate and less likely to edit DNA at an
undesired location. In fact, two studies in 2013
demonstrated that off-target modifications were
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reduced by 50
to 1500 times when
Cas9 nickase was used8.
However, treatments using
CRISPR/Cas9 may not be limited to
genetic diseases. A study at the Whitehead Institute used CRISPR/Cas9 to systematically analyze the effects of silencing over 7000
different genes on resistance to chemotherapy
in cancer cells9. Finding genes that are essential
to the survival of tumor cells could potentially lead to a treatment using CRISPR/Cas9
alone or in combination with other therapies.
Targeted delivery of CRISPR/Cas9 therapy is
also a possibility, although more difficult than
IV injections that have been used in previous
animal studies. Other scientists working in
developmental medicine have used CRSIPRs
to screen mouse embryos for genes that could
provide resistance to bacterial toxins10. More
effective at silencing genes than RNA interference, screening studies using CRISPR often
report gene candidates that would have gone
unnoticed in other types of screens9.
Harvard Medical School Professor of
Genetics George Church is one of the leaders
in a field of scientists working to expand our
knowledge about the CRISPR/Cas9 system.
Church’s start-up, Editas Medicine, hopes to develop real-world treatments for genetic diseases
using the most recent developments in CRISPR
genomic editing. Church points out that the advantages of the CRISPR/Cas9 system over other
types of gene editing are crucial for the practicality of treatments based on this science11.
The CRISPR/Cas9 system avoids the problems
encountered in other methods of genome
editing. For example, viral-vector delivered
gene therapy can leave a dysfunctional gene in
place even when inserting a healthy gene11. By
contrast, the CRISPR/Cas method is focused on
the correction of genes already in an organism’s
genome. This approach has the added benefit
of leaving the gene in its correct chromosomal
location, meaning the cell retains the ability to
regulate the gene11. “Editas is poised to bring
genome editing to fruition as a new therapeutic
modality, essentially debugging errors in the
human software that cause disease,” said Editas
director, Alex Borisy, in a recent interview with
the McGovern Institute for Brain Research at
MIT11.
To be sure, the successes of CRISPR/Cas9

have not gone without scrutiny in the
scientific community. Though most
researchers working in the field would
support the use of the CRISPR/Cas 9
system for curing genetic diseases like
cystic fibrosis or sickle-cell anemia, far
fewer support the use of this technology for other genetic modifications like
cosmetic changes. Even among those
who back the use of CRISPR/Cas9
for targeting disease, the possibility
of editing the human germline, cells
with the potential to pass on their
genetic information, has sparked a
debate about the role humans should
play in our own evolution. On March
19, 2015, a number of scientists,
policymakers, and experts in law
and ethics published an editorial in
Science, calling for a moratorium on
germline genome modification until
the ethics of such modifications can
be debated openly from a multi-disciplinary perspective12.This group, which
included one of the co-discoverers of
CRISPRs, cited a need for greater transparency
in discussions of the CRISPR/Cas 9 system. The
editorial, resulting from a January 2015 Innovative Genomics Initiative conference on genome
editing, also sought more standardized benchmarking and evaluation of off-target modifications made by the CRISPR/Cas 9 system,
the effects of which remain largely unknown12.
However, these scientists were careful to point
out the tremendous potential of CRISPR/Cas
9 for curing genetic disease, which might tip
the balance between risk and reward in favor of
responsible genome editing12.

THE FUTURE OF CRISPR/CAS
The accuracy, efficiency, and cost of CRISPR/
Cas9 make it an attractive alternative to other
methods of genome modification. Though
they have decades of research behind them,
tools such as zinc-finger nucleases (ZFNs) and
transcription activator-like effector nucleases
(TALENs) still prove costly and complex to
use. For example, CRISPR recognition of target
DNA depends not on a large and complex
protein that must be synthesized, but on simple
Watson-Crick base pairing between target
DNA and simple RNA9. Additionally, CRISPR/Cas9 can modify several genes at once9.
For these reasons, CRISPR/Cas9 may find its
greatest niche in improving ongoing laboratory
research, including the generation of genetically
modified animals and cell lines. Other researchers prefer to work outside of the realm of
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With potential uses from
genetic diseases to the
revival of extinct species,
CRISPR/Cas9 could very
well usher in a new age
of applied molecular
genetics.

genetic diseases, finding applications for CRISPR/Cas9 in agriculture, ecology, and even the
preservation of endangered species. Though the
technology behind CRISPR/Cas9 is still young,
scientists and start-ups alike have begun to
pioneer applications—from pathogen, heat, and
drought-resistant crops to the recreation of the
wooly mammoth and other extinct species9,13.

and the millions of people who could benefit
from it, the coming years will undoubtedly hold
tremendous advances.

The coming years promise to be some of the
most exciting for molecular biology. Although
CRSIPR/Cas9 may just be an application of
the knowledge acquired by scientists in recent
decades, its promises are truly groundbreaking.
With potential uses from genetic diseases to
the revival of extinct species, CRISPR/Cas9
could very well usher in a new age of applied
molecular genetics. However, this paradigm
shift in such a pioneering field of science will
not be without its ethical questions and debates.
The greatest struggle for science in the future
may not be the capabilities of developing
technology, but the restraint and responsibility
necessary to use such powerful tools. For the
first time, quick and efficient editing of an organism’s genome is a realistic possibility, giving
humanity the power to control its own evolution at the genetic level—not to mention the
ability to change the genetics of the animals and
plants that inhabit our world. For the scientists
developing this technology, the policymakers
calling for open discussions of its ethical issues,

[1] Ishino Y. et al. J. Bacteriology 1987, 169(12):
5429–5433.
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Dollar Startup Editas Medicine to Commercialize Precise CRISPR/Cas Gene
Therapy. Next Big Future, Nov. 28, 2013.
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ASTROMYCOLOGY:
THE “FUNGAL” FRONTIER
Tristan Wang
Hollywood movies and horror novels
have painted extraterrestrial life as green
monsters, scouring the barren grounds of
Mars and shooting any intruder with photon lasers. These disturbing imaginations,
while far-fetched, do hold some truth
about frightening outer space life forms,
but not in the ways we imagine. During
its orbit as the first modular space station,
the satellite Mir experienced attacks from
the least suspect extraterrestrial life form:
mold. Splotches of fungal hyphae covered
windows and control panels and gradually
ate away at the hull’s interior during the
latter part of the satellite’s life, and with it,
any notion of a “sterile spaceship”1.
The discipline of astrobiology attempts
to answer the larger mysteries about life:
its origin, necessities for survival, and
presence in other worlds. But astrobiology
also has practical applications in considering how biological organisms may travel
through space. In particular, human space
travel would greatly benefit from studying a branch of fungal biology known as
astromycology: the study of earth-derived
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fungi in space. Fungi offer both an opportunity and threat to human space travel.
Problems arising from fungal intruders
are both wide and relevant, ranging from
providing food and decomposing biological material to breaking down spacecrafts.
Interactions of intense radiation and lack
of gravity with fungal growth underlie the
opportunities and threats that fungi pose
to human space travel.
Ecology
Environments in orbiting spacecrafts
are often different from terrestrial environments back on Earth due to the lack of
gravity and higher radiation levels in outer
space. Even given these obstacles, fungi
seem to have found a way to inhabit space
environments. The Mir spacecraft was reported to host several general of fungi including species of Aspergillus, Penicillium
and Cladosporium, all of which are known
to be common molds of the phylum
Ascomycota1. What makes these genera so
special is their adaptability to survive in
a variety of environments. These genera

are known as saprophytes (organisms that
live on decaying matter) and are shown
to be resilient in a relatively wide range
of temperatures and humidities2,3. Thus,
food and environments are not as limiting
to these opportunistic fungi, organisms
able to spread quickly into uncolonized
environments.
Fungi and plants have been shown to
display the phenomenon of gravitropism,
growth in reaction to gravity. Being able to
grow in a particular direction is important for fungal development, in particular
for reproduction and spore discharge.
For example, in the case of ascomycetous
fungi, sexual spores are discharged into the
air through tubular vesicles called asci4.
If fruiting bodies of molds release spores
towards the base of the aerial hyphae,
reproduction would not be optimized.
Also, studies have shown that fungi tend
to respond most sensitively to gravity just
behind the apex of growing hyphae, which
are hair-like filaments of fungi, although
there seems to be a significant lag time
before a notable reaction5. It has been
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proposed that this bending of hyphae is
due to a particular chemical growth factor
that originates from the apical portion of
the stem6.
Whereas gravity affects the morphological shape of fungi, radiation is more subtle
in its physiological impact. Fungi seem to
have peculiar adaptations to coping with
stress due to radiation. Scientists have
studied closely how radiation from the
nuclear meltdown at Chernobyl in 1986
affected the environment and its ecology.
Darkened fungal organisms were retrieved
from the reactor’s walls7. Specifically, these
fungi were melanized, which means they
were darkened by natural pigments.
Typically, fungi are fairly resistant to
exposure to doses of ionizing radiation
and it appears that the morphological
adaptation of melanin reinforces this
defense8. Melanized fungi occur naturally
around the world from the arctic to the
Antarctic but when researchers observed
Penicillum expansum in space for seven
months, they observed increased presence
of melanin layers8. In fact, Cryptococcus
neoformans cells exposed to radiation 500
times the background rate grew faster than
irradiated non-melanized and non-irradiated counterparts8. It is possible that
melanin not only protects free radicals
from harming important fungal DNA, but
also provides some mechanism of energy
utilization similar to how plants capture
light energy8. Indeed, some studies have
shown an increased rate of metabolism for
melanized fungi when irradiated. The basis
for fungal resistance to ionizing radiation may be genetic. Expressions of genes
related to cell cycle and DNA processing
seem to be sensitive to upregulation when
irradiated and may help the organism
adapt better to the environment8.
Implications for Human Space
Travel
Perhaps one of the better-known uses of
fungi in space comes from edible mushrooms. It’s not unusual for foodies and
nutritionists to have positive reviews over
the nutritional and delicacy of general fungal-based foods. Typically, edible
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mushrooms are rich in protein, complex
carbohydrates and certain vitamins such
as D (in the form of ergosterols) and some
B vitamins while being low in fat and
simple carbohydrates9. The Food and Drug
Administration (FDA) even ranks mushrooms as “healthy foods” which raises the
question of cultivating mushrooms as a
sustainable food source in space9. A popular edible mushroom Pleurotus ostreatus,
also known as the oyster mushroom, has
proven useful in its versatility in cultivation. While edible mushrooms are able
to feed off of a variety of lignocellulosic
substrates, P. ostreatus requires a shorter
time to grow and has a high fruiting body
to substrate ratio when developing10. All
these factors make oyster mushrooms one
of the most cultivated edible mushrooms,
and a good candidate for use in space10.
The greatest strength of fungi in breaking down materials also happens to be its
greatest fallback. Common fungi that find
homes in house-fridges also happen to
be adept in forming corrosive secondary
compounds. Common genera found in
spacecraft and on Earth like Geotrichum,
Aspergillus, and Penicillum create destructive compounds capable of hydrolysis like
acetic acid11. This chemical component,
coupled with hyphe (mycelial root-like
hairs of fungi) penetration, allows fungi to
damage deep into surface layers like wood,
stone and walls1,11. Not surprisingly, given
the variety of substrates fungi can colonize,
space crafts are not impermeable to an
infestation.
Conclusion
At home, molds are considered a pest
growing in our bathrooms, wet corners of
house and in old refrigerators. In nature,
it seems that mushrooms play an integral
part in the cycle of nutrients breaking
down lignin and other plant material. Out
in space however, we are just beginning to
learn about fungal presence. Fungal interaction with gravity and radiation seem to
come right out of a science-fiction novel,
but their implication as a nutritional and
yet destructive entity is real. People have
looked for extra-terrestrial life for gener-

ations, and it seems that only now are we
noticing the most interesting, important
and fuzzy aliens so far. Perhaps one day,
scientists will find a way of incorporating
fungi to aid in production of fresh food
out in space and degradation of biological
waste; or maybe fungi will be used in the
absorption of radiation. Until then, our
eyes are peeled.
Tristan Wang ‘16 is a junior in Kirkland
House, concentrating in Organismic and
Evolutionary Biology.
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Single Cell
DNA Sequencing
Jennifer Walsh

Every human grows from a single-celled
embryo that contains an entire genome
of determinants for what this embryo will
become. For each one of us, this single cell
became two, then four, and its genome
became the genome of every cell in our
body. However, over a lifetime of cell divisions and routine functioning, mutations
in individual cells accumulate. The cells
in our body, the highly infectious viruses,
the bacteria in our gut, and the cells of a
deadly tumor, have variable discrepancies
between their genomes. Current biology
excels at finding a given mutation in a host
of cells that may beget a genetic disorder
or lactase persistence, but we still lack
the ability to find discrepancies between
individual cells within a larger population.
However, new technologies with single cell
precision have the potential to transform
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research ranging from microbiology to
disease genetics.
The ability to extract an entire genome
from a single cell could revolutionize our
ability to differentiate genotypes within a
population of cells and pinpoint cells that
have spontaneous mutations in their genome that separate them from the others
around them. Without single cell sequencing, genetic variation among single cells is
generally intractable because sequencing
techniques require many cells to provide
enough input to create a readout. Single cell sequencing has the potential to
enhance the study of topics ranging from
cancerous tumor development to neuronal differentiation in the brain1. With this
broad set of motivations, scientists in the
last decade have undertaken the task of
finding a method to accurately and reliably

sequence the genomes of single cells as the
next step in the sequencing revolution.
How Single Cell Sequencing
Works
Sequencing the DNA of a single cell
relies on cumulative advances in three
techniques that have been dramatically
improved over the last couple decades.
Single cell sequencing relies on the ability
to (1) isolate a single cell, (2) amplify its
genome efficiently and accurately, and (3)
sequence the DNA. One of the inherent difficulties as well as advantages in
sequencing individual cells comes from
being able to compare both small and
large differences between the genomes of
distinct cells. Consequently, effective ways
of sorting cells are critical to achieving
this goal. Current sequencing techniques
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have not reached the necessary sensitivity
to be able to sequence DNA directly from
a cell, without any artificial amplifications,
where more copies of the DNA sequence
must be made accessible to be parsed in
the sequencing process. This amplification
does not need to be perfect, and often
involves multiple rounds of replication of
the genome after it has been fragmented randomly. These fragments are then
sequenced and a coherent, linear genome
sequence is put together analytically. Most
sequencing methods rely on having these
smaller fragments of DNA to analyze, and
for most methods, numerous copies of
each fragment are necessary. The novelty
of the technology entails that there is not a
universal “best” method1. However, single
cell DNA sequencing, as it is happening
in labs nationwide today, tends to involve
each of the three steps outlined above and
in more detail below, in some combination2.
Challenges Facing Single Cell
Sequencing
The first problem is one of discovery
– the primary goal of single cell sequencing is to find interesting differences in
the DNA of individual cells within the
same organism, system, or even tissue.
Many inventive methods of modern DNA
sequencing were developed long before the
prospect of single cell sequencing was on
the horizon.
Depending on the organism being
examined, the most straightforward, yet
unsustainably time-consuming, way to isolate a cell is often just to isolate it by hand
with a micropipette. Another widely used
method is single-cell fluorescence activated cell sorting (FACS), which automates
the selection process on the basis of specific cellular markers. By running the cells
through a very thin column, barely larger
than the cells themselves, the cells can be
separated into a single-file line. Then by
vibrating the system, the cells separate
into individual droplets that are sorted by
their characteristic response to fluorescence from a laser. FACS represents only
one of many imaginative strategies, and
countless combinations of these tools that
have different advantages and drawbacks
for a given research goal. Such alternate
strategies include using microfluidics2, and
different methods can be optimized for the
isolation of different classes of cells.
The second major obstacle that researchers face in attempting to develop
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single cell sequencing technologies is the
inherent limitation of the amount of DNA
present in a single cell. The accuracy of
current sequencing machines depends
on the number of copies of a given DNA
fragment, and each cell has only one copy
of the desired genome. Therefore, the first
and most important step of single cell
sequencing is an amplification of the cell’s
genome with minimal technical errors that
cause inaccuracies in the DNA sequence.
This amplification problem has already
been tackled for RNA sequencing, where
complementary DNA (cDNA) is amplified
with sufficient accuracy because every cell
has multiple copies of every RNA transcript3. RNA-sequencing processes have
been optimized to require as few as 5-10
copies3. As described below, PCR is the
standard approach to amplification, but
other recent advancements, like MDA,
provide other advantages.
Polymerase Chain Reaction (PCR) has
been the cornerstone of modern biology
research and exponentially amplifies a
DNA segment chosen by the researcher.
Cycles of DNA strand separation and base
pair addition can be repeated numerous
times to achieve the desired level of amplification of the original DNA fragment.
Presented in a 2005 paper, Multiple
Displacement Amplification (MDA) is a
foundational amplification method for
single-cell DNA sequencing. The MDA
process consists of
amplifying the genome non-specifically through the elongation of random
primers throughout
the genome. These
primers then create
duplicate, overlapping DNA fragments
for sequencing,
which can be pieced
together to recreate the entire genome4.
This method is better than PCR at replicating different parts of the genome at a more
consistent amplification rate because the
overlapping fragments remain attached to
the DNA template strand and can therefore displace one another5.
The best way to get an accurate sequencing readout would be a process that mixed
PCR and MDA to maximize the number
of copies and maximize their fidelity with
the original genome. Multiple Annealing

and Looping-Based Amplification Cycles
(MALBAC) integrates both of these previous methods and is currently the most
successful amplification method for single
cell sequencing. Developed by Professor
Sunney Xie’s lab at Harvard University,
MALBAC uses both MDA and PCR to
amplify the genome in a way that minimizes the discrepancies in amplification rate
of different DNA fragments6,7. MALBAC
performs five cycles of MDA such that the
fragments loop together so they cannot be
amplified again unless the temperature is
increased to denature the DNA template
and looped strands.
MALBAC is currently the most effective method for detecting many genetic
abnormalities, from cells having an extra
chromosome to single DNA base pair
changes because it produces a relatively
uniformly amplified genome that can allow
for specificity in interpreting the sequencing results2.
New Discoveries from Single
Cell Genomics
Many discoveries have already been
made as the technology for single cell
sequencing continues to improve. Genetic
variation in cancerous tumors represents
a significant application for this technology where it is already known that tumors

Single cell sequencing has the
potential to enhance the study
of topics ranging from cancerous
tumor development to neuronal
differentiation in the brain
develop from spontaneous mutations and
that tumors themselves are genetically
heterogeneous1. While introducing MALBAC, Zong et al. 2012 used this method
to show that the base mutation rate of a
cancer cell is ten times larger than the
rate for a germline cell – a finding made
possible by the reliable amplification rate.
Furthermore, from analysis of the number
of short, repeating DNA sequences (like a
series of inserted G’s or repeated codons),
scientists discovered that an early, genet-
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organisms, of spontaneous, somatic mutations in the human body, and even of which
genes we pass on to our offspring.
The potential to acquire this entire
genome has led to exciting new scientific
progress already. Antibodies in ß-cells are
known to be genetically heterogeneous,
so sequencing of antibodies could lead to
breakthroughs in our understanding of
the microscopic workings of the immune
system. Efficient sequencing of a single cell
also promises improvements in safety and
accuracy in prenatal genetic screening.
Though we anticipate a wealth of knowledge becoming available with an ideal technology, our increasingly effective attempts
have led to everything from disproven
hypotheses to exciting new insights.
Further reading:
For applications to bacteria:
Lasken, Roger S. & Jeffrey S. McLean
(2014). Recent advances in genomic sequencing of microbial species from single
cells. Nature Reviews: Genetics. 15(9):
577-584.
ically unstable state in tumor cells causes
rapid tumor growth8.
This single cell sequencing can be highly
valuable anywhere where there is suspected
genetic heterogeneity between cells, and
other fascinating new opportunities for
discovery lie in places like neuroscience and
the gastrointestinal system.
Improvements for Future
Discoveries
The most pressing issue in the development of single cell DNA sequencing,
perhaps obviously, is ensuring the accuracy of the resulting sequence. Fortunately,
letting the cell grow and divide on its own,
then sequencing that population of cells is
a reliable check of single cell sequencing
accuracy. However, the problem of implementing a method that could replicate the
genome nearly perfectly and entirely still
remains. MDA and PCR are biased to work
on certain parts of the genome and ignore
others, influencing the sequence read off
after amplification. MALBAC is a first-rate
attempt to suppress extra replication of
some genomic regions, but there is always
room for improvement. Professor Xie, in an
interview with Nature Methods said, “By
no means is MALBAC the end game. We’re
trying to do better”1.
One path forward is to improve DNA
amplification so that sequencing machines
can analyze many, copies of the cell’s
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original DNA without too many mutations
during amplification. Research to this end
would be able to focus on DNA amplification techniques and utilize preexisting
DNA sequencing technology. However, a
second path forward is to streamline the
entire process by removing the amplification step and determining the cell’s genome
from its singular DNA sequence. Instead
of sequencing the result of extracting and
replicating the cell’s DNA, scientists could
glean the cell’s DNA sequence by taking
advantage of its existing cellular DNA machinery and processes.
A sequencing technique relying on the
cell to amplify its own genome has already
been developed for short sections of the
genome9. This technique uses DNA bases
that have been fluorescently tagged based
on the identity of the nitrogenous base
(ATGC). Unlike other sequencing methods,
the tags are cleaved off the bases as they
are synthesized instead of remaining in the
DNA to be later recognized by a sequencing machine. The tracking of the release
of these fluorescent molecules, leaving
the synthesized DNA strand intact, can
then be recorded and the sequence can be
determined without significantly disturbing
intracellular activity.
The ability to acquire and sequence the
entire genome of an individual cell promises possibly transformative understandings
of biological systems and single-celled

RNA Sequencing:
Wang Z, Gerstein M, Snyder M (2009).
RNA-Seq: a revolutionary tool for transcriptomics. Nature Reviews: Genetics,
10(1): 57-63.
Jennifer Walsh ‘17 is a sophomore in Lowell
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Neurosurgeon or the
Next Monet?
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Alexandra Rojek

The mysteries of the brain and its
functioning are both an object of fascination for researchers, for the ordinary
human, but are also the source of much
difficulty in cases of brain cancer. To make
a surgeon’s job of removing a cancerous
tumor even more difficult than it already
inherently is, tumors found in the brain
often do not have defined boundaries. In a
different type of tumor removal when the
surgeon might remove an extra margin of
tissue to ensure the complete and successful removal of the tumor, this becomes a
much riskier technique for brain tumors
when removing such an extra margin since
removing any healthy tissue could mean
fundamental changes to an individual’s
personality or identity, or could lead to severe deficits in their physical functioning.
A neurosurgeon’s task of tumor removal
may become much more defined very
soon, with the development of Tumor
Paint – a dye derived from deathstalker
scorpion venom that binds only to cancerous cells, allowing a neurosurgeon to directly see the boundaries of a tumor and to
not guess at where the boundary between
healthy and cancerous tissue lies.
This tumor paint dye is a fusion of a
fluorescent protein, Cy5, with a non-toxic
component of this deathstalker scorpion
venom, chlorotoxin – together this fusion
of the tumor-binding chlorotoxin and
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fluorescent protein glow when exposed
to near-infrared light. The dye can bind
to malignant gliomas, medulloblastomas,
prostate cancer, intestinal cancer, and
sarcoma in mouse models. Incredibly, it
can detect small numbers of metastatic
cells in the lymph channels, presenting the
opportunity to perhaps detect metastases
before they localize to secondary sites and
become established tumors1.
Beyond being able to ‘paint’ tumor
boundaries and aid the difficult and
sensitive tasks of surgeons, the promise of
chlorotoxin also expands to the delivery
of nanoparticles as drug delivery vehicles
specifically to cancerous tissue. Chemotherapy is based on the principle that since
cancer cells grow and divide faster than
healthy cells, they will be more affected
by the negative effects of such drugs, but
healthy cells are still affected regardless –
resulting in the undesirable side-effects of
traditional chemotherapy. Being able to
deliver drugs, such as through nanoparticles, directly to cancer cells would allow
drug discovery to pursue more potent
compounds since side-effects would be
minimized.
Chlorotoxin has the ability to target
cancer cells on its own, and has even been
developed as an imaging agent for use in
MRI scans to identify tumors, when conjugated with superparamagnetic nanopar-

ticles2. In further work, it has also been
shown that this nanoparticle-conjugated
chlorotoxin can inhibit the invasive capacity of tumor cells, suggesting potential therapeutic benefit. The chlorotoxin conjugate
was also observed to bind more strongly
to cells that exhibited markers correlated
with more aggressive and invasive stages of
tumors, showing even more promise for its
therapeutic applicability3.
What started from deadly scorpion venom inspired development of an injectable
dye to identify tumors may be allow the
neurosurgeon to become a highly precise
painter and hunter of cancerous tissue,
holding the promise of transforming some
patients’ prognoses – and the boundaries
of what it might inspire beyond that are
just beginning to be visible on the horizon.
Alexandra Rojek ‘15 is a senior in Currier
House, concentrating in Chemical and
Physical Biology.
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Precision Medicine
Revamping the “One-Size-Fits-All”
Approach in Healthcare

patients’ futures. Physicians involved with
precision medicine aim to redefine the use
of personal genomics, the study of individuals’ DNA, in healthcare by detecting
genetically rooted illnesses and predicting
personalized responses to potential treatments. In recent years, precision medicine
has gained increasing public attention
and support. The emerging question is:
how will the surge of genomics impact
the medical field and the health arena, as
our society’s emphasis on genomics draws
closer to GATTAGA´s genetically-oriented society?
Precision Medicine from the
Start
“It’s far more important to know what
person the disease has than what disease

1985

James Watson,
Francis Crick, and
Rosalind Franklin
Chromosomes and discover the struccaner relationship is
ture of DNA
proposed by Boveri

1977
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Trisomy 21 is
described as Down
Syndrome by Lejeune

1953

“There's no gene for fate,” declares
Vincent, the main character of the 1997
science fiction thriller, GATTACA, after
he decides to disguise his imperfect DNA
and assume the genetic identity of Jerome
Morrow—a genetically manipulated man
whose flawless genetic makeup makes
him apt for space travel. While Vincent’s
argument that genes cannot necessarily
determine fate is valid, we are entering an
age in which Vincent’s statement can be
interpreted in a new light: in healthcare,
the study of genes is reshaping patients’
fates.
The correct identification of genes
linked to diseases and the prescription of
tailored prevention mechanisms and treatments to meet specific needs—a practice
known as precision medicine—can alter
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the person has.” – Hippocrates
The notion of personalized medicine
can be traced back several centuries to the
time of Hippocrates. Some 2,500 years ago,
Hippocrates wrote about the importance
of presenting "different [drugs] to different
patients, for the sweet ones do not benefit
everyone, nor do the astringent ones, nor
are all the patients able to drink the same
things"1. He arrived at the remarkable
notion that every human is biologically
unique. However, this notion was not
significantly put into practice until much
later, in the 20th and 21st centuries.
The traditional standardized care relied
on a “one-size-fits-all” approach that
proved to be ineffective in the treatment
of many diseases, including diabetes
and cystic fibrosis. In standardized care,
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“It’s far more important to know what person the
disease has than what disease the person has.”
- Hippocrates

Eleni Apostolatos

Comparative genomic
hybridization (CGH) is
developed

2003

1992
Massively parallel
sequencing (MPS)
is developed by Lynx
Therapeutics

doctors are less prepared to anticipate their
patients´ susceptibility to certain diseases
and their responses to prescribed treatment. Doses are prescribed on the basis of
statistically gathered data and later adapted
to each patient´s specific response2. As
Dawn McMullan wrote in her article, this
form of care “doesn’t have all that much to
do with you specifically”3 —the diagnosis
is a general one that is usually met with a
pre-constructed and impersonal treatment.
And even though for almost half a century
“scientists and clinicians suspected that a
person's genes could play a vital role in the
response to medicines, genetic technology
was not advanced enough to reveal which
genes and which variations of those genes
were relevant,”2 as claimed in the study
“Personalized Medicine versus era of ‘Trial
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and Error.’”
In the 20th century, developments in
science and technology enabled more
focused healthcare; with the emergence
of genetics, imaging and data mining,
the medical device and pharmaceutical
industries began to critically grow. The
sequencing of the human genome at the
outset of the 21st century made way for the
sustained growth of personalized medicine:
from being a theory that doctors tried to
understand, personalized medicine began
to be practiced. While scientists today still
can’t pin down the reasons why patients
have different manifestations of disease—
in particular, of cancer and autoimmune
illness—recent developments in genomics
and in genetic technology have allowed for
more personalized diagnosis and treat-

ment, and have eased the way for precision
medicine and its revolutionary approach
to personalized healthcare. The National
Academy of Science (NAS) defined “personalized medicine” as “the use of genomic, epigenomic, exposure and other data
to define individual patterns of disease,
potentially leading to better individual
treatment”4. The momentum in genomics
research has increased drastically in the
past thirty years—when compared to its
pace in the last four centuries, as visually
depicted in Figure 1—with the invention
of Polymerase Chain Reaction (PCR), an
incredibly useful technique that is often
considered to be, as written by Stephen A.
Bustin in his book The PCR Revolution,
“the defining technology of our molecular
age”5.
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Through PCR, researchers can amplify
select sequences of DNA; metaphorically,
“the needle-in-a-haystack stumbling block
is magically recast as a solution that creates
a haystack made up of needles”5, enabling
scientists to construct multiple copies of
desired segments of DNA for use in lab.
PCR thus allowed for the detection of single nucleotide changes in DNA, and paved
the way for the Human Genome project—
which was launched only five years later in
1990.
The Human Genome Project was an
international project carried out to identify
the sequence of the chemical base pairs
that compose human DNA. Today, we are
surrounded by the fruits of the Human
Genome Project, which are some of the
most promising discoveries in the history
of humankind. Scott T. Weiss, the scientific
director at Partners HealthCare Center for
Personalized Genetic Medicine at Harvard
Medical School, commented about the
Human Genome Project: “Probably at no
time in the history of medical research. . .
has there been more potential and promise
for discovery that will benefit mankind in
terms of the health of the species as where
we are right now as a result of the Human
Genome Project”3. In 2015, BioMed Research International revealed the growing
impact of the Human Genome Project:
“Currently, more than 1800 disease genes
have been identified, more than 2000
genetic tests have become available, and in
conjunction with this at least 350 biotechnology-based products have been released
onto the market”6.
As a result of technological advancements that followed PCR and the Human
Genome Project, physicians can now practice personalized medicine and provide
“the right patient with the right drug at the
right dose at the right time”4, as the U.S.
Food and Drug Administration indicates.
This new form of medical treatment aims
to tailor all stages of care—prevention,
diagnosis, treatment and follow-up—to a
patient’s specific needs.
Precision Medicine and Cancer
The advancements of precision medicine have been most noteworthy in the
detection and treatment of cancer. Patients’
and tumors’ DNA are helping researchers
and physicians determine the ideal treatment pathway for cancer patients. Patients
with cancers such as melanomas, leukemias, breast cancers, and lung cancers, go
through molecular testing and provide
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physicians with sufficiently specific details
about their condition to enable personalized and precise treatment, generally minimizing adverse side effects and unnecessary exposure to certain treatments7.
“If you didn’t know what happened to
her, and you saw her now, you would have
no idea what she has been through,” says
Emily Whitehead's mom of her daughter’s
formidable recovery. After being told by
doctors at age 6 that she could no longer
go through any more aggressive chemotherapy treatment as it would no longer
help her acute lymphoblastic leukemia
(ALL), Emily was enrolled into a phase
1 clinical trial at the Children’s Hospital
of Philadelphia, where she was the first
pediatric patient to be treated with a novel
type of cancer immunotherapy: genetically
modified T-cells, taken from her blood
and re-engineered to detect a protein on
her leukemia cells, were used to fight her
specific leukemia condition8. Recognized
as a 2013 Breakthrough of the Year by Science Magazine, the genetically engineered
T-cells, which Emily aptly dubbed “ninja
warriors,” successfully treated the type of
leukemia Emily had. After only 28 days
of treatment, Emily recovered, and was
in remission—and has been for the past
three years. If she had stayed with chemotherapy, the more general form of cancer
treatment, these results wouldn’t have been
possible8.
Precision medicine has revolutionized
diagnosis in a number of cancers. For
instance, physicians used to diagnose
non-small-cell lung cancer by simply
assessing the tumor’s location. However,
due to advances in precision medicine,
physicians can also use genetic mutations
in the tumor to determine a diagnosis.
More specific diagnosis due to precision
medicine also helps personalize therapy
for increased effectiveness. An example
is non-small-cell lung cancer: a driver
mutation occurs in the gene encoding the
signaling protein EGFR, which normally
promotes cell proliferation; this driver mutation causes the EGFR to have increased
activity and tumors to have unrestricted
growth. Gefitinib and Erlotinib are drugs
that block the abnormal activity of the
EGFR that are inflicted with the driver
mutation in non-small-cell lung cancer.
These two drugs, however, are only useful
in about 10 percent of patients with nonsmall-cell lung cancer because they only
help the patients who have the specific
EGFR driver mutation9. Consequently, di-

agnosis of this type of disease can facilitate
its treatment, as confirmed by the National
Academy of Science (NAS) who, in their
report “Improving Diagnosis Through
Precision Medicine” prove how useful and
efficient it is to focus on the molecular profile of each individual patient as opposed
to only assessing the general characteristics
of the disease or location of the cancer9. By
arriving at more specific diagnosis, treatment is more effective. Currently, specific
mechanisms that detect the “molecular
signatures” of individual manifestations
of cancers are replacing traditional tools
for diagnosis9. While “this knowledge is
starting to revolutionize the way medicine is practiced and is most vividly seen
today in the diagnosis and treatment of
patients with cancer,” there is great faith
that “where we have yet to go next may
prove the most useful and transformational development in medicine to date”10, as
elucidated in Davos 2015: The New Global
Context.
How Precision Medicine is
Already Changing the U.S.
Healthcare System
In his State of the Union Address on
January 20th, 2015, President Obama supported precision medicine. He announced
the new Precision Medicine Initiative, that
aims to provide correct personalized treatment to patients and families and promises
to provide physicians with the necessary
resources to treat the specific illnesses of
their patients.
President Obama’s 2016 Budget
dedicates $215 million to the National
Institutes of Health (NIH), the Food and
Drug Administration (FDA) and the
Office of the National Coordinator for
Health Information Technology (ONC) to
increase research in precision medicine.
The Precision Medicine Initiative plans to
put together a comprehensive database of
research findings, with genetic information
and medical data from about a million
Americans11. The FDA has assigned the
largest fraction of the investment, $130
million, to NIH for national research that
hopes to increase understanding of disease
and health with volunteers. Additionally,
the FDA is investing a large sum of the
money in the National Cancer Institute
(NCI), in order to increase knowledge
of genomic drivers and produce effective
treatments for cancers2.
The White House’s website states that
“America is well-positioned to lead in a
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new era of medicine, as the country that
eliminated polio and mapped the human
genome”2. This heralds the question: is
the rest of the world on board, or is only
healthcare in the U.S. undergoing the
change towards precision medicine?
Currently, the U.S. is the country that
promotes precision medicine and its
research the most, but this personalized
outlook on medicine has the potential to
catch on elsewhere. The main difficulty
posed by precision medicine in the global
scene is the sharing of knowledge and
procedures. As written in Davos 2015: The
New Global Context: “Today, two people
receiving world-class care in different parts
of the world, both suffering from a known
and identifiable cancer, may experience two
very different outcomes. One person will
succumb to a cancer for which the other
has been successfully treated”10.This is unfortunately “a tragedy of modern medicine,
made even worse since this disparity may
often be solvable, the information to do so
is at hand”10. Discussions and conferences
are taking place to resolve the issue of
shared information—such as the 2nd Precision Medicine Congress that will be held by
Global Engage later this year in London.
Projections to the Future
While the cost of performing gene mapping is steadily decreasing , its feasibility
and accessibility increase. “It cost us $400
million for that first genome,” Dr. Francis
S. Collins, the director of the National
Institutes of Health, claims. “Now a genome
can be sequenced for a cost approximating
$1,000”12. Not only is the cost for DNA
sequencing decreasing—with many companies in the market already offering services
related to sequencing for around $100—but
also, “it is argued that, by increasing treatment effectiveness in specific individuals
and reducing risk and expenditure associated with treating patients with an inappropriate drug, such approaches herald a new
era of cheaper, more effective healthcare”13.
Additionally, precision medicine can
also be used as a preemptive mechanism.
Through precision medicine, healthcare
can be veered more towards prevention
than treatment, as indicated by the European Science Foundation: “Personalised
medicine has the potential to embrace a
truly pro-active and preventive approach to
the health and wellbeing of all citizens”13.
However, some fears about precision
medicine are also being put to voice. “I
don’t think anybody disagrees with the
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fact that we [patients] are different and we
respond differently. But it’s hard to make
changes,”3 explains Edward Abrahams, the
president of the Personalized Medicine Coalition in Washington, D.C. “You want to
see evidence before you’re willing to move
away from one-size-fits-all traditional medicine”3. What frightens some is precisely
that precision medicine is tailored for them,
and thus few people have tried the exact
prescribed treatment.
Additionally, the public is expressing
ethical concerns with the privacy of genetic
profiles. What exactly is done with the genetic information? How will it be stored—and who will have access to it? These are
some of the questions that are currently
being asked. Some patients are concerned
that insurance companies or employers
might genetically discriminate. Also,
genetic correlations indicating increased
intelligence or better behavior might affect
individuals’ identities. Maintaining privacy
is an ongoing issue: GATTAGA displays the
potentially stifling effects of genomics; in its
fantastical world, the privacy of the citizens
is completely infringed.
Yet, despite the fears and concerns,
many believe that precision medicine will
continue to grow in popularity, as Ralph
Snyderman, M.D., Chancellor Emeritus at
Duke University relates in the The Case for
Personalized Medicine 2014: “Health care
today is in crisis as it is expensive, reactive,
inefficient, and focused largely on one-sizefits-all treatments for events of late stage
disease. An answer is personalized, predictive, preventive, and participatory medicine”14. Similarly, both Margaret Hamburg,
M.D., Commissioner of the U.S. Food and
Drug Administration, and Francis Collins, M.D., Ph.D., Director of the National
Institutes of Health, jointly commented
optimistically in The Case for Personalized
Medicine 2014, “As the field advances, we
expect to see more efficient clinical trials
based on a more thorough understanding
of the genetic basis of disease. We also anticipate that some previously failed medications will be recognized as safe and effective
and will be approved for subgroups of
patients with specific genetic markers”14.
How will precision medicine develop in
the following years? Will Obama’s Precision
Medicine Initiative revolutionize healthcare in the United States? While current
opinions and projections give us an idea of
precision medicine’s promising future, only
time will tell the role precision medicine
will actually play in healthcare and society.

Eleni Apostolatos ‘18 is a freshman in
Greenough Hall.
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Real Talk, Virtual Bodies:

The Technology of Communication

Linda Xu
Image from Wikimedia Commons
As you sit down for lunch, you might
find yourself surrounded by a few friends,
a circle of acquaintances, or more likely,
a large crowd of strangers. Sitting alone,
you pull out your phone to send a text or
check for notifications. Five minutes later,
you pull your phone out again to refresh
your email, or perhaps glance through your
Facebook newsfeed. An hour passes, and
you find yourself still glued to the screen,
mindlessly tapping away on Flappy Bird
or scrolling through quizzes on Buzzfeed,
entirely oblivious to the bustle of people
around you.
Situations like the one above make it
clear why many critics accuse technology
of replacing “real” communication with
mindless and impersonal interactions
through filters and screens. Indeed, as
communication technology progresses, the
way we interact with each other continues
to undergo drastic changes. How have
these changes been impacting our lives and
societies? To answer this question, we will
begin by exploring what “real” communication really is, before touching upon the
present and future innovations in communiation technology.
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The Illusion of “Real” Communication
Article headlines on how social media
and texting are destroying “real” communication are a dime a dozen. What remains
unclear, however, is what “real” communication really is. After all, even the first writing systems were a form of communication
technology, although few people will argue
that written communication is not “real.”
The pattern of skepticism is present at
every milestone on the history of communication technology. The invention of the
printing press, today hailed as one of the
most important inventions in history, was
initially met with skepticism and fear that
its arrival would breed laziness and cause
the disappearance of the creativity that defined the handwritten book1. The invention
of the telephone met the same hesitation
– Mark Twain famous stated in a Christmas card that it was his “heart-warm and
world-embracing Christmas hope ... that all
of us ... the despised, the loved ... the civilized, the savage ... may eventually be gathered together in a heaven of everlasting rest
and peace and bliss – except the inventor of
the telephone”2. Even though telephone use,
like most forms of communication technology, was eventually accepted into society
for its speed and convenience, suspicions

that telephone calls are monitored by the
government, or that phone use leads to
brain damage, remain present to this day3.
In short, “real” communication is not an
absolute – we can only evaluate the pros
and cons of the different methods we use.
The Good, the Bad, and the Trolls
Today, communication is dominated by
virtual and electronic interactions. Modern
Internet users share snippets of their lives
on social media sites like Facebook, Twitter,
Instagram, and Pinterest, with users commonly favoring photos and hashtags over
long-flowing prose. In many ways, the shift
to online social media is positive: social
media allows users to create global connections and networks that would otherwise be
impossible. Incredibly, by 2017, the number
of people using social media is predicted to
be over 2.5 billion4. Additionally, not only is
breadth of social connection increasing, but
new applications of technology to communication, such as electronic books, online
education, and telemedicine, are bridging
distances to make resources more accessible to the public.
Nonetheless, critics remain doubtful
that social interaction through snappy text
messages and Facebook “likes” will ever
be an adequate replacement for in-person
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verbal conversation. As cynics accuse the
younger generation of losing the capacity to
ever experience “true love,” researchers have
produced disturbing evidence that Internet
“trolls” – individuals who write anonymous
provocative Internet messages to create
conflict – show a notable positive correlation
with sadism, psychopathy, and Machiavellianism5. Furthermore, social media has been
shown to negatively impact self-esteem and
self-worth, increasing self-objectification in
women and leading to increased desire for
cosmetic surgery6. Social media was created
to connect individuals in social networks,
but the opportunity to be whomever you
want on the Internet may be isolating –
rather than connecting – users, reducing
social interactions into shallow illusions of
socialization.
Virtual Bodies and Telepresence
Fortunately, despite pessimistic views on
virtual communication, new innovations are
pushing back against the idea that technology cannot meet the standards of face-toface conversation. Cisco’s “Telepresence” is
setting the stage for 3D holographic video
calls, which will enable everything from
cross-country performance collaborations
to holographic physician “visits” directly
to the patient’s home7. The Tangible Media
Group at the MIT Media Lab is also working
on telepresence, but from a slightly different
angle: “physical telepresence” employs a
shape-changing touch screen interface that
can simulate physical contact by changing
shape to match the detected movement
and shape of a remote user8. In the case of
telepresence, the aforementioned criticisms
on technology and human interaction are no
longer relevant, as the concept of interacting
via “virtual bodies” rejects the very concept
of “in-person” interaction. Combined with
the ability of the Internet to cross borders
and seas, these emerging communication
interfaces will allow for “personal” interaction across thousands of miles with the click
of a button.
An Optimistic Future
Despite the resistance that technology inevitably faces, it is undeniable that new innovations in communication are transforming
our world into a more interconnected social
network. As technology progresses, we will
continue to face challenges in balancing our
virtual worlds with our true identities, and in
using technology for its benefits rather than
its distractions. Nonetheless, new developments in communication technology promise exciting changes to the way we interact.
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Reaches-Nearly-One-Four-Around-

“Physical Telepresence”:
One Person, Two Bodies
Technology developed at the MIT Media
Lab allows remote users to physically
interact with local users and objects.
The grid of moving blocks shown below changes shape based on the detected
movement of the remote user, simulating
physical contact across great distances.
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