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Throughout human history, we have witnessed several major
breakthroughs in science and technology that have transformed
our society, such as the Industrial Revolution and the Internet
Revolution. The next revolution is already underway, made possible
by a technology | co-discovered that allows scientists to change
the genes of many organisms and plants. This powerful technology,
called CRISPR, could improve human health, help crops grow better,
and fight climate change. CRISPR could even influence human
evolution. In this article, | will explain how CRISPR works, my
discovery of a specific CRISPR system called CRISPR-Cas9, and the
current and future uses of this technology. Finally, | will discuss
some of the ethical concerns around using CRISPR tools and the
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DNA

The instruction manual
of living cells.

GENOME

All the genetic
information of an
organism.

GENE

A section of DNA that
determines a specific
function or traitin an
organism.

RNA

A moveable copy of
DNA that serves as the
“middleman” between
DNA and proteins.

IMMUNE SYSTEM

The system that helps
organisms stay healthy
and fight diseases.

CRISPR

A system in the
bacterial genome that
helps protect bacteria
against viral infections.
It stands for Clustered
Regularly Interspaced
Short Palindromic
Repeats.

CRISPR-CAS
SYSTEM

A system within
bacteria that uses
CRISPR RNA and Cas
(CRISPR-associated)
proteins to detect and
remove viral DNA.

actions scientists and societies should take to ensure responsible and
impactful application of CRISPR technology.

Professor Jennifer Doudna won the Nobel Prize in Chemistry in
2020, jointly with Emmanuelle Charpentier, for the development of
a method for genome editing.

INTRODUCTION

Living cells contain molecules called DNA, which serve as a detailed
“instruction manual” that tells each cell how to operate. The entire
instruction manual is called the organism’s genome. Small sets of
instructions in the manual, called genes, code for individual proteins
that determine the specific functions of each cell (like the ability of
muscle cells to contract) and the traits of the organism (like skin
and eye color). There is a “middleman” between genes and proteins,
however—a molecule called RNA that carries the information from
DNA to the cellular machinery that makes proteins. Unlike DNA, RNA
is found throughout the cell, not just in the nucleus.

Tiny organisms called viruses can interfere with this process and cause
disease—like the SARS-CoV-2 virus responsible for the COVID-19
pandemic. Viruses infect cells by inserting their genetic material into
the cell and then directing the cell to create copies of the virus, which
can then spread throughout the organism. Viruses do not infect only
people and animals—they can also infect bacteria. However, certain
bacteria have a type of immune system that helps them protect
themselves against viruses. When a virus infects a bacterial cell, the
bacterium keeps a copy of the viral DNA in a special site in its genome
called CRISPR [1]. This part of the bacterial genome contains between
a few to hundreds of pieces of DNA from different viruses, separated
by repeating pieces of bacterial DNA (Figure 1). These CRISPR pieces
act as a memory system, allowing the bacterium to quickly detect
that specific viral DNA if it is ever inserted into the bacterium again.
Using special proteins, called Cas proteins, the bacterium manages
to not only detect, but also get rid of the foreign viral DNA. The
combined system of RNA and Cas proteins is called a CRISPR-Cas
system [2].

CRISPR-CAS9: APOWERFUL TECHNOLOGY FOR GENE
EDITING

| first heard about CRISPR around 2006. At that time, it was starting
to be understood that CRISPR provides bacteria with immunity
against viruses [3], but scientists did not know how. When | started
working with Emmanuelle Charpentier, we hypothesized that this
mechanism involved a protein that would chop up, or “cleave’, the
viral DNA. We knew about a protein called Cas9 that was known to
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Figure 1
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cooperate with the CRISPR system, but its specific function was still
unknown [4]. A collaboration began between our labs, led by two
talented students—Martin Jinek and Krzysztof Chylinski—to study this
mysterious Cas9 protein.

We knew that, somehow, the Cas9 protein had to find the specific
viral DNA. Our theory was that if the Cas9 protein were attached to
a piece of RNA that matched the viral DNA, they might pair up and
this system would bring Cas9 to the correct place in the genome. So,
we combined the Cas9 protein with RNA that matched part of the
CRISPR sequence (called crRNA)—to see if it would cut up a target
DNA sequence that we wanted to alter, but nothing happened. We
did not give up. Instead, we considered the possibility that a piece
might be missing from the puzzle. The answer came in the form of
an additional piece of RNA that Emmanuelle’s lab was working on,
called a tracrRNA [5]. We combined the tracrRNA with the crRNA and
the Cas9 protein and repeated the experiment. This time the complex
successfully targeted and cleaved a specific piece of DNA (Figure 2).
We had discovered that the natural CRISPR-Cas9 system is a dual
RNA-qguided DNA cutting system—where two different pieces of RNA
are required to cut the viral DNA.

Next, we set our sights on simplifying this process. This entailed
determining which parts of both the crRNA and tracrRNA were
essential and developing a more streamlined system. We fused the
essential parts into one engineered piece of RNA, transforming the
system into a single RNA-guided DNA cutting system (Figure 2) [2, 6].
This was extremely important because itis much easier to produce one
desired piece of RNA in the lab than to reliably combine two different
pieces. To learn more about the discovery of the CRISPR-Cas9 system,
view this video.
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Figure 2

CRISPR-Cas9 system.
(1) Our original
CRISPR-Cas9 cleaving
system contained a
protein called Cas9
carrying two pieces of
RNA—crRNA and
tracrRNA. This
dual-guide RNA system
could recognize and
cleave a specific part of
a target DNA. (2) We
then engineered and
simplified the two RNA
pieces of the
dual-guide RNA into a
single piece of RNA
called single-guide
RNA. This transformed
the CRISPR-Cas9
system into one that
could recognize and
cleave any piece of any
DNA scientists are
interested in.
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Additional studies from several research groups helped figure out
the structure of the Cas9 protein and further details of the cleavage
process. It was found that when the CRISPR-Cas9 complex arrives
at the correct location on the DNA molecule, which is made of two
strands wound together, it first separates the strands. Then the RNA
portion of CRISPR sticks to the matching sequence in the DNA. The
complex then uses small “molecular scissors” to cut both strands of
the DNA (to learn more about the structure of Cas9 and the cleavage
process, see here). Once the DNA is cleaved, DNA-repair mechanisms
are activated in the cell. Scientists can take advantage of CRISPR’s
ability to target a specific site in the DNA for cleavage and repair to
essentially delete, change, or replace any part of the DNA. This is called
gene editing or genome editing.

After our initial discovery and simplification of the CRISPR-Cas9
system for gene editing, many more systems with different types
of Cas protein have been developed and the field of CRISPR-Cas
technology has expanded. Gene editing using CRISPR-Cas systems
can be performed in all living cells, including humans, animals,
microbes, and plants. This makes it a “cross-cutting” technology
that influences not only basic research, but also has great potential
implications in the fields of medicine, agriculture, and even
climate change.

CRISPR AND HUMAN HEALTH

CRISPR-based gene editing could benefit human health in several
ways (Figure 3), such as to treat diseases. There are more than 7,000
human genetic diseases, which are caused by errors in particular genes
and can be passed from parents to children. Genetic diseases include
sickle cell anemia, in which the shape of red blood cells is impaired
so they cannot carry oxygen properly; cystic fibrosis, in which unusual
production of mucous damages the lungs; and Huntington'’s disease,
in which buildup of an abnormal protein damages brain cells. If we
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Figure 3

Examples of CRISPR
applications.

CRISPR-based gene
editing technologies
have applications in

many different fields,

including medicine,
agriculture, and
climate change.

edit the mutated genes in people with these diseases, we might be
able to correct the errors and prevent the diseases. There has already
been remarkable success in addressing genetic disorders using CRISPR
technology—from treating a patient with sickle cell anemia (learn more
here) or an individual with a vision disease called Leber congenital
amaurosis, or LCA (read more here). Itis also possible to use CRISPR to
treat diseases that are not inherited, such as AIDS, in which a person'’s
iImmune system is damaged. AIDS is caused by a virus called HIV, which
CRISPR can target to remove the HIV DNA from the patient’s cells [7].
Cancer is another important example. CRISPR can be used to improve
the ability of the body’s immune cells to target and eliminate cancer
cells [8].
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Another application of CRISPR is to prevent diseases before they
emerge—a field of medical practice called preventive medicine.
Preventive medicine can curb a great deal of human suffering and
conserve valuable resources, such as funding and materials, that would
otherwise be used to treat diseases. CRISPR could be used to change
certain disease-related genes for the better by introducing “good”
mutations that prevent the development of a disease in the future.
CRISPR-based preventive medicine could be applied, for example, to
prevent heart diseases [9], Alzheimer's disease [10], and the spread of
infectious diseases. CRISPR can be used to diagnose and treat patients
quickly by detecting the DNA of viruses (like SARS-CoV-2) in patients
or in animals [11, 12]. Early identification can help doctors take the
necessary measures to prevent the disease from spreading, such as
early quarantine guidelines. In addition, using CRISPR to eliminate
disease-causing organisms from people who are infected could also
help stop the spread of infection [13].
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GERMLINE GENOME
EDITING

Changing genes in egg
and sperm cells of
parents so that the
changed genes will
pass on to their
offspring.

BIOFUELS

Fuels that are made
from plants, algae, or
animal waste.

CRISPR gene editing might also be used to fight diseases that are
spread from animals to humans. For example, some diseases, like
malaria, are passed to humans by mosquitoes. Using CRISPR, scientists
can edit the genes of egg and sperm cells in mosquitoes so that
their offspring will be unable to infect humans with malaria [14]. This
means that it is possible to modify whole populations of mosquitoes
to become harmless to humans. This approach is called germline
genome editing and goes beyond editing the genes of just one
individual as we described above—it means that we can use CRISPR
to edit genes across many generations of individuals.

OTHER USES OF CRISPR

CRISPR-based gene editing technologies can also be used to modify
the genes of plants, making crops more nutritious [15] or altering foods
like peanuts to reduce allergens. It is possible to selectively enhance
specific traits of crops to improve the amount of food harvested or to
make crop plants more resistant to diseases, insect pests, drought, or
extreme temperatures. To manage crop pests directly, we could use
CRISPR to edit insects’ genes to limit their ability to damage plants
[16]. One strategy aims to spread infertility through a pest population,
so that it would be unable to reproduce.

Beyond agriculture, CRISPR technologies can be applied to addressing
climate change. One potential direction is engineering organisms such
as algae to produce biofuels that could be used to power our homes
and cars, or to remove carbon dioxide from the air through absorption.
It might also be possible to modify the genomes of microbes to direct
their interaction with plants such that they would store carbon dioxide
instead of releasing it to the air.

MORE WORK IS NEEDED

Significant progress continues to be made in applying CRISPR to many
areas, but there is still work to be done to address its limitations. For
example, one major issue with current CRISPR technologies involves
their delivery, particularly when they are given to humans [17]. It is
difficult to make sure that CRISPR-Cas complexes get to the correct
cells, and not to other cells that were not the target of treatment. To
improve delivery, researchers are investigating other known CRISPR
systems besides the CRISPR-Cas9 system described in this article. For
example, some viruses also have CRISPR-Cas systems [18] containing
smaller Cas proteins that might be easier to target to specific cells.
We are also discovering new Cas proteins and engineering known Cas
proteins to improve their function, such as making them more efficient
at locating matching DNA sequences and more accurate at cutting
them. We could also create Cas proteins that can detect and chop
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up RNA instead of DNA [19], which would be useful for dealing with
viruses that have RNA as their genetic material.

Additionally, we could optimize the crRNA guide molecules that
are carried by Cas proteins—approaching these challenges from a
different angle by identifying the best crRNA sequences for each
use. These are all very exciting areas for future improvement and
application that could potentially revolutionize important aspects of
our lives, such as healthcare and food production.

ETHICAL CONCERNS

CRISPR technology has proven extremely powerful and efficient, and it
could change the way we relate to nature and to each other. However,
we must always be careful and responsible when dealing with such
impactful technologies. Imagine, for example, if we had the power
to engineer “improved humans” with specific traits and capabilities
or to efficiently engineer many of the animals and plants around us.
We might dramatically change the course of evolution. To read more
about the ethical responsibility around CRISPR, see the last section in
this paper.

In 2015, | first called for a worldwide ban on all CRISPR activity related
to human germline genome editing, after a Chinese scientist edited
the genomes of twin embryos. My call for a ban was a personal way to
vote againstirresponsible use of CRISPR technology. Since then, many
other important efforts have been made to ensure responsible use of
CRISPR [20].

As a society, we must ensure that our application of CRISPR
technology will be safe and beneficial for everyone. Scientists should
help the public understand and accept the use of CRISPR, as well as
the need for ethical guidelines, including detailed descriptions of when
we consider CRISPR technologies to be safe enough to use in humans.
Additionally, we should establish policies and laws that ensure these
guidelines are followed [21]. It is imperative that we are careful not to
use this powerful technology before the necessary ethical guidelines
are in place. If we continue to act thoughtfully, CRISPR will help usher
in @ new era of positive, long-term benefits for our species.

RECOMMENDATION FOR YOUNG MINDS

All my life, science has been about discovery and figuring out how
to answer questions for which we do not yet have answers. | always
approach scientific questions with a great sense of wonder, as even
a seemingly trivial experiment in the lab could produce a new piece
of information—one that | am the first person to learn. This act is like
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Figure 4

The future of science.
Today and in years to
come, scientific
technologies such as
CRISPR will continue to
improve and become
more accessible to
scientists around the
world. The possibilities
that lie ahead make a
young scientist’'s path
very exciting, but also
one that carries great
responsibility.
Researchers must
commit to ensuring
that their work creates
a positive impact on
humans and on the
greater natural world
we are a part of.

peeling an onion, discovering layers upon layers of truth about how
our world works. | find that very exciting and satisfying.

| came from a very humble background—no one in my family was a
scientist. During my childhood and throughout my education, | kept
following my curiosity and pursuing what | found interesting, even
through challenging times. That is what | advise to the next generation
of scientists. You may not know where your curiosity will lead you,
but be persistent and follow it anyway! | certainly did not know that
my early fascination with CRISPR would become a world-changing
technology with implications across all of science.

Persistence is key in fear management as well. At one time or another,
we all have doubts about whether the things we pursue will work out,
or whether we might embarrass ourselves in the process. Those fears
are perfectly normal. We cannot dismiss them, but we can certainly
manage them by finding sources of support and simply going for it.
When you find yourself having to make hard decisions or are worried
about taking the next step, remember to embrace both the possibility
of success and of failure—your passion will lead you in the right
direction. Anyone can find the courage to take that crucial step, even
if it is scary.

Perhaps you are similarly passionate about answering questions
related to the natural world. If that sounds interesting to you, |
encourage you to pursue a career in science. Nowadays, young
scientists have very powerful tools at their disposal, like CRISPR. That
makes our work as scientists very exciting yet also quite challenging
(Figure 4).

Figure 4
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Our responsibility as a field is to make sure we use these tools wisely,
so that our work will have a positive impact on the human condition
and on the environment in which we live.

ADDITIONAL MATERIALS

1) To learn more about CRISPR, and its ethical implications, you
can visit Prof. Doudna’s Innovative Genomics Institute webpage,
with multiple resources and videos: https://innovativegenomics.
org/what-is-crispr/.

2) To learn more about how CRISPR could be used for gene editing,
see this video.
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YOUNG REVIEWERS

HAMZAH, AGE: 11

Hi, my name is Hamzah. | am an Otaku who loves sushi and ramen. | am super
into Japanese culture and weapons such as Katanas. | am a very energetic and
friendly person. Some of my favorite animes are Chainsaw man, Demon slayer,
and Naruto.

NEEL, AGE: 12
Hi my name is Neel. My hobbies are studying and building models of airplanes and
cars. | want to become an aerospace engineer in the future.

UMA, AGE: 15
Hi my name is Uma. My hobbies are taekwondo and crochet. | want to become an
engineer in the future.

YA'EL, AGE: 11

| like Minetest, computer programming, maths, science, running, playing with
dolls, drawing, baking, reading, playing with lego, watching videos, arts and crafts,
and thinking.
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