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What's the Big Deal?

CRISPR-Cas genome editing might be remembered in history as the single most influential tech-
nology in life sciences. For 3.8 billion years, evolution has been slowly sculpting the DNA sequences
of genomes of all organisms on Earth. Since the 1990s, we have been able to read the DNA
sequences of genomes. With CRISPR, humankind now has the power to rewrite the sequences of
at least small regions of the genome. Horrific human genetic diseases such as sickle cell anemia
could be potentially “erased” from human genome in the future. Where did this unprecedented
tool come from? Most of the engineering was accomplished by nature itself, specifically from a
type of immune system that bacteria use to defend themselves from viruses. Scientists first had
to understand this system, and once they did, they learned to re-purpose it to serve a new role
in genome editing. The experiment described here was a key step in the engineering of a new
genome editing technology. Amazingly simple in both idea and execution, it is a clear example of
how a well-planned experiment can change the world.

Learning Overview

Big Concepts

Scientists have learned to repurpose a molecular machine, which normally protects bacteria
against viruses, into a programmable tool that can be used to edit the nucleotide sequence of a
genome. The key experiment that sparked the genome editing revolution is a simple but nonobvi-
ous test-tube reaction that could be performed in an afternoon.

Terms and Concepts Used

Bacteriophage (phage), DNA, enzyme, eukaryote, gene, genome, hemoglobin, in vitro, locus, mRNA,
nucleotide, plasmid, prokaryote, RNA polymerase, sickle cell anemia, transcription, transformation

Terms and Concepts Explained

Agarose gel electrophoresis, CRISPR array, CRISPR-Cas genome editing, non-coding RNA, sin-
gle-guide RNA (sgRNA)

Introduction

Doudna and Charpentier met and decided to understand CRISPR, a then mysterious system that
allows bacteria to become immune to viruses. At this time, they did not envision its use in genome
engineering.
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What Events Preceded the Experiment?

Scientists earlier found repeating DNA sequences in bacteria, which were named CRISPR (clus-
tered regularly interspaced short palindromic repeats). The CRISPR region produced RNAs (called
crRNAs) that were involved in recognizing and cutting the DNA of an invading phage.

Charpentier discovered that a second RNA, called a trans-activating CRISPR RNA (tracrRNA),
was needed to make the crRNAs.

Previous work also revealed an intriguing enzyme called Cas9, which was essential for the bacte-
rial immune system to act against phage. Like the tracrRNA, it was shown to be involved in crRNA
production. But perhaps it had other roles? Doudna and Charpentier wanted to know more about
Cas9.

Setting Up the Experiment

The experimental strategy was to purify components of the CRISPR-Cas9 system and see if they
could achieve DNA cutting in a test tube. If they could study this reaction outside of the complex
environment of the cell, perhaps they could understand more about how it works.

They first tried to see if Cas9 and crRNA (the element that recognizes a specific DNA sequence)
would cut DNA. This experiment did not work.

The scientists then thought that they might be missing something. They repeated the experiment
but now added the tracrRNA. This reaction worked — now Cas9 could cut a target DNA.

These results showed that Cas9 enzyme and two RNA molecules, a crRNA matching a DNA target
and a tracrRNA, worked together to cut a specific sequence in a DNA molecule.

The scientists wanted to simplify the system by designing a “single-guide RNA” (sgRNA), thus
reducing the complexity of the system. If it worked, they thought that this simplified system could
be useful for genome editing.

Doing the Key Experiment
Martin then tested the sgRNA and found that Cas9, armed with an sgRNA, could cut DNA in a
test tube.

Agarose gel electrophoresis was used to analyze whether the target DNA was cut. This technique
is explained.

Appropriate control experiments were conducted to ensure that the cutting occurred at a specific
DNA site.

An additional experiment showed that Cas9 can be programmed with different sgRNAs to cut at
very precise locations in a gene.
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What Happened Next?

These test-tube experiments had broad implications. Cutting DNA at specific sequences in the
genome allows for changes in the DNA sequence to be made during the cell's native repair
processes.

CRISPR-Cas9 has led to a new biotechnology revolution called “genome editing.” Genome edit-
ing is now used in thousands of labs around the world and has been applied to study numerous
organisms.

Practical applications in development include correcting genetic diseases, such as sickle cell ane-
mia, and developing new crops, such as modifying corn to produce better starch.

Other proteins can be attached to Cas9 while still allowing Cas9 to target a specific gene. Using
this technique, Cas9 has been modified to allow scientists to activate or repress specific genes.
Similarly, Cas9 has been modified to enable a specific nucleotide base to be chemically changed
into a different nucleotide base. Other modifications enable the location of genes to be visualized
within the nucleus.

Closing Thoughts

The simple experiment to understand how Cas9 cuts DNA has opened a Pandora’s box of new
ethical concerns of how scientists and society should use this powerful new genome editing
technology.

Guided Paper

Jinek, M., Chylinski, K., Fonfara, I., Hauer, M., Doudna, J.A., Charpentier, E. (2012). A Programmable Dual-
RNA-Guided DNA Endonuclease in Adaptive Bacterial Immunity. Science 337: 816-821.

The Key Experiment is Figure 5 in this paper.

Activity
To better understand how a gel is run and how it can be used to analyze experiments, try running
a simulated gel yourself in the Electrophoresis Activity by Douglas.
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Introduction

In 2006, | walked into my office one morning, pulled back the blinds, and gazed across the bay
towards the Golden Gate Bridge. Turning back towards my computer, | opened my email inbox
and saw a message from a fellow UC Berkeley professor, Jill Banfield. Jill travels the globe collect-
ing environmental samples, which she brings back to Berkeley in order to sift through the dirt and
water to extract and sequence fragments of DNA. As | sipped my tea and read Jill's email, | saw
the word “CRISPR” for the first time. CRISPR stands for Clustered Regularly Interspaced Short
Palindromic Repeats, which is a unique immune system that allows bacteria to detect and destroy
the DNA of an invading virus. Yes, just like humans, bacteria can also become infected with a
virus, called a bacteriophage (or phage for short). Jill brought CRISPR to my attention because she
knew of my interest in non-coding RNA. Unlike most coding strands of RNA, which are translated
into protein, non-coding RNAs tend to fold into unique shapes and serve a diverse set of functions
without producing any protein. Two years after Jill's initial email, my lab began to explore the pro-
teins and noncoding RNAs involved in CRISPR immune systems.

“As | read Jill's email, | saw the word “CRISPR” for the first time.

Fast forward several more years to the spring of 2011, when | had a fortuitous encounter at a
scientific meeting in Puerto Rico with Emmanuelle Charpentier, a professor from Umed University
in Sweden. As we walked through the streets of Old San Juan during a break in the conference,
Emmanuelle proposed a collaboration between our two labs. That conversation would lead to an
experiment that would change my life and revolutionize genome engineering.

Emmanuelle had just published exciting results describing a previously unknown RNA molecule
that was necessary for certain CRISPR systems. We also knew that a single protein called Cas9
was involved as well. But what did it do? That was the puzzle that we were aiming to solve.

I was excited to get back to the lab and start mapping out these initial experiments with Emmanuelle,
her PhD student Krzysztof Chylinski and Martin Jinek, a postdoc in my lab. One of those experi-
ments is featured here. Our motivation was to understand the basic biology of CRISPR immunity.
Little did we imagine that our experiments would quickly turn into a revolutionary technology
for genome editing. Repurposing the prokaryotic immune system for genome editing has helped
accelerate basic research and provided new tools for treating human diseases and engineering
sustainable agriculture (see the Narrative on CRISPR by Barrangou).

CRISPR, once an obscure word that appeared in my email, has captured the attention and the
imagination of scientists and the public alike. While many people have now heard of CRISPR,
not many know about the experiment that launched the CRISPR genome editing revolution. This
chapter will explain this relatively simple experiment and discuss how this experiment quickly led
to an unforeseen technological advance.



CRISPR-Cas9: A New Tool for Genome Editing

VIDEO 1. The experiment that lead to the use of CRISPR as a genome editing
technology. Jennifer Doudna, Martin Jinek, and Emmanuelle Charpentier describe their
collaboration and influential experiment.

What Events Preceded the Experiment?

When my lab began our first experiments to explore CRISPR immune systems, many aspects of
CRISPR biology were known. The description here will be brief. Much more information on the
CRISPR immune system can be found in the Narrative on CRISPR by Barrangou.

Starting in the late 1980s, scientists began to notice a recurring pattern of unique repeating DNA
sequences in a range of different prokaryotes. Within these genomes, researchers noticed that the
repeating sequences were often palindromic, meaning that the sequences of DNA that could be
read the same way forward and backward (an example is the palindrome “never odd or even”).
Interestingly, scientists also observed that in-between these repeated sequences were short seg-
ments of DNA that were an exact match to those found in viruses that infect bacteria called bac-
teriophage (or phage for short). This observation suggested to researchers that somehow, during
a phage infection, the bacterium was able to remove a segment of the viral DNA and insert this
piece into the bacterium’s own genome. Scientists simply called the repeated sequences “repeats”
and the separating phage sequences “spacers” (Figure 1). Collectively, the long stretch of repeats
and spacers were called a “CRISPR array.” The ability to update and maintain a record of past
phage infections allows CRISPR arrays to function as an “adaptive” immune system, meaning that
a memory of past infections enables the bacteria to suppress similar attacks in the future.

FIGURE 1. The CRISPR
Array. A unique region of
the bacterial genome that
contains repetitive DNA
sequences (repeats) with
intervening sequences
(spacers) derived from
viral DNA.
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These early observations of bacterial genomes generated more questions than
answers.

These early observations of bacterial genomes generated more questions than answers. “How do
bacteria insert viral sequence into their own genomes?” “How do bacteria use CRISPR arrays as
a form of defense?” Scientists thought that protein-coding genes, called CRISPR-associated (cas)
genes, found right next to the CRISPR array might hold the answers to these questions (the whole
region is called the “CRISPR locus”; Figure 2). There was also good genetic evidence that the
Cas protein is essential for immunity against phage (see the Narrative on CRISPR by Barrangou
for a broader discussion of CRISPR immunity). But not all bacteria have the same number or
sequences of cas genes. This suggested that there are probably several different types of CRISPR
immune systems. We decided to pick the simplest system (a so-called type Il system) in which
there appeared to be just one protein (called Cas9) doing most of the work.

We aimed to understand how the CRISPR array and Cas9 proteins work together as a viral
defense system. During a phage infection, the CRISPR array is transcribed into a long RNA that
gets processed into smaller RNAs called CRISPR RNAs (crRNAs; Figure 2). These crRNAs con-
tained sequences that match those found in phage DNA, and previous work showed that they are
involved in recognizing and cutting the DNA belonging to an invading phage. Emmanuelle and her
co-workers revealed that another RNA, called a trans-activating CRISPR RNA (tracrRNA), along

CRISPR LOCUS
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FIGURE 2. The CRISPR Locus. The region of the bacterial genome that is involved in viral immunity.
The CRISPR locus contains the repeat-spacer CRISPR array and CRISPR-associated genes. The main
actors are two RNAs called the tracrRNA and crRNA and an enzyme called Cas9. At first, it was only
known that Cas9 and the tracrRNA were involved in cleaving the long RNA made from the CRISPR
array into short crRNA products.
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with Cas9 and another bacterial protein, was involved in processing the long RNA into the smaller
crRNAs.

In summary, we knew of three critical components for viral defense: the enzyme Cas9 and two
RNA molecules — tracrRNA and crRNA, the latter which contained specific sequences matching
those found in a particular virus. We knew something about how the crRNAs were made. But we
still knew little about the next and most important step — how was phage DNA recognized and
cut? Was Cas9 involved? As Emmanuelle and | wandered through the streets in Puerto Rico, we
were eager to team up and find the answer to this enigma. We had no idea then that the experi-
ments would pave the way for a new idea for genome editing.

We had no idea that the experiments would pave the way for genome editing

Setting Up the Experiment

To answer these questions, our strategy (called “biochemical reconstitution”) was to get the entire
CRISPR-Cas9 system out of the complex environment of the cell and have it work with purified
RNA, DNA, and protein in a test tube. As you will see, the ability to set up various test-tube reac-
tions proved to be a very powerful approach for understanding the CRISPR-Cas9 mechanism.

Making Cas9 protein

For our experiments, we needed to purify the protein Cas9, a task that can be tricky and take
weeks or months. Fortunately, an energetic and talented undergraduate student from Germany,
Michael Hauer, joined the lab just in time and worked together with Martin to devise the protein
purification process. He would only be in Berkeley for four months, but those months would prove
to be essential to the success of this project.

Scientists usually use the bacterium Escherichia coli (E. coli) as a factory to produce large quantities
of a particular protein. In order to instruct E. coli on what protein to make, scientists introduce a plas-
mid, a circular piece of DNA, inside the cell. This process of inserting a plasmid into E. coli is called a
“transformation.” Once inside the cell, the bacteria’s natural machinery reads the plasmid DNA and
starts producing large quantities of the desired protein. E. coli can divide roughly every 20 minutes,
so after only a few hours, one can obtain billions of cells with millions of protein molecules in each.
Next, we break open the cells to release the protein inside. Once this is done, the next step is to purify
Cas9 away from other proteins as well as DNA and RNA. Fortunately, our purification worked and
Michael and Martin were able to obtain pure Cas9 (see Dig Deeper 1 on how this purification works).

Making RNA

We knew that a crRNA had to be involved in cutting DNA, since its sequence matched that of
invading phage (see the Narrative on CRISPR by Barrangou). We would make RNA from a DNA
template in a test tube in a process called in vitro transcription. The minimal components required
for transcription include a DNA template, RNA polymerase, and ribonucleotide triphosphates

11
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(UTP, ATP, GTP, CTP). When all of these components are added to a test tube for several hours,
the RNA polymerase will produce millions of copies of a particular RNA (see Video 2).

[=]
[=]

From failure to success

-
E VIDEO 2. Transcription. The process of making an RNA from a gene through the
a actions of the enzyme RNA polymerase. Video courtesy of HHMI Biolnteractive. Please
refer to the Terms of Use (https:/www.hhmi.org/terms-of-use) for information on how
this resource can be used.

In our first experiment, we wanted to test if Cas9 was the enzyme that cleaved the phage DNA. As
described above, we knew that a crRNA had to be involved. Our first experiment was straightfor-
ward — combine Cas9 and crRNA with a target DNA (matching the crRNA) and see if the DNA was
cut (we will discuss later the method we used to detect a cut in a DNA molecule). Disappointingly,
nothing happened in our test-tube reaction — the DNA was not cut (Figure 3).

In science many experiments fail... the key is not to get disappointed.

In science, many experiments “fail” (failure is in quotes because you can learn a lot from negative
outcomes, as you will see). The key is not to get disappointed, but try to think through what to do
next. Why did it not work? Was there a technical problem? Maybe we “killed” the cutting activity
of Cas9 when we isolated it (see Dig Deeper 1)? Or perhaps the conditions of our reaction in the
test tube were not quite right? Maybe Cas9 was not the enzyme that cleaved the viral DNA? Or
maybe we were missing something?

Thinking about the last possibility, our thoughts turned to the mysterious tracrRNA. We knew that it was
involved in processing the crRNA. But could it also have a direct role in helping Cas9 to cut phage DNA?

We went back to the lab and set up our reactions again, now with three components — Cas9
enzyme, crRNA, and tracrRNA. To our delight, it worked! With two RNAs (crRNA and tracrRNA),
Cas9 now could cut a DNA target. We were now on the right track (Figure 4).

Reaction Besult
Cas9 + crRNA + Jfargef DNA nocut in %argei DNA

—+ TG ——> I I

jf.argef DNA

FIGURE 3. The first test-tube reaction for DNA cutting, which did not work.
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FIGURE 4. The second test-tube reaction for DNA cutting, which did work.

This experiment led us to propose a new model in which three components (Cas9, crRNA, and tra-
crRNA) come together to form a complex that searches for, identifies, and then cuts both strands
of the DNA from an invading phage (Figure 5).

But we were not finished. This exciting result was followed by another eureka moment - could we
join the crRNA and tracrRNA into one single RNA that would allow Cas9 to cut DNA? If so, could
we then design a simple “single-guide RNA” (sgRNA) to cut any DNA sequence of our choosing?

Why would we want to build such a simple and sequence-specific DNA cutting system? The rea-
son is when a DNA strand is cut, it can be repaired in a way that introduces a new DNA sequence
into the repair site. If one could do this in a living organism, then one can potentially “rewrite” the
DNA sequence in the genome of that organism. For example, let's consider a patient who has a
single mutated nucleotide in the hemoglobin gene that results in sickle cell anemia. Perhaps one
could correct that one nucleotide to produce a normal protein and cure the disease.

In 2011, there were techniques for editing genes, but they were expensive, inefficient, and
time-consuming. Thus, creating a simpler sequence-specific DNA cutting enzyme could have
powerful applications. However, with three components (Cas9, crRNA, and tracrRNA), this system
was not yet as simple as it could be. To make this programmable system even simpler to use, we
wanted to reduce the naturally occurring three-component system (Cas9, crRNA, and tracrRNA)
down to two components — Cas9 and a single RNA — which would be much easier to express in
eukaryotic cells. Here is what happened in the key experiment described in the next section.

Doing the Key Experiment

Martin entered my office, and we began to sketch out the sequences of the tracrRNA and crRNA
on my white board. When we looked carefully at the sequences, we had a hint that it might not be
a totally crazy idea to join them together. One end of the tracrRNA had a complementary sequence
to one end of the crRNA. This suggested to us that these two parts might base-pair and form a
crRNA-tracrRNA “dual” RNA (essentially the ends of two RNAs would stick together like Velcro).

13
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(RISPR CUTTING OF DNA
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FIGURE 5. CRISPR-Cas9 Cutting of DNA. Cas9 is an enzyme that binds tracrRNA and crRNA. The
resulting complex scans along DNA, and if there is a sequence match to the crRNA, then it will cut the
duplex DNA.
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We decided to add a simple sequence of four nucleotides to link together one end of the crRNA
to one end of the tracrRNA to create a “single-guide RNA (sgRNA)” (Figure 6). We also began to
draw out how we could trim back the ends of the RNAs that were not linked with the goal of trying
to make the system simpler. We decided to test out multiple different lengths of our sgRNA design
to see how short we could make the sgRNA and still cut DNA. Since we did not know what might
work, we wanted to maximize our chance of success of finding an sgRNA that might operate with
Cas9! However, we had to acknowledge potential failure. Perhaps nature evolved the tracrRNA
and the crRNA to be separate and that the fusion of the two would not work? We did not know
but that is why you do experiments in biology! Even if many ideas don’t work, the few ideas that
do work can be transformative, as is the case in this experiment. Let’s let Martin Jinek, who did the
experiment, tell us what happened.

Even if many ideas don't work, the few ideas that do work can be transformative

FIGURE 6. Design of a Single-
DESIGN OF SINGLE GUIDE RNA Guide RNA. In the experiment
described here, the scientists
trimmed and joined the tracrRNA
and crRNA to create a “single-
guide RNA” or sgRNA.

Natural System
CrRN/}

Ul]ﬂﬂq:ggﬂﬂﬂﬂﬂﬂ(/h%

tracr ANA

Engineered Sing[e Guide RNA
sgRNA

WWWWW
trimmed ” 1
Connecting

loop
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Martin:

With pure Cas9 protein in hand, Krzysztof Chylinski and | then embarked on a series of experi-
ments to test the DNA cutting activity of Cas9 in a test-tube reaction. Before racing ahead to test
the single-guide RNA idea, we first had to establish that our Cas9 enzyme was active with crRNA
and tracrRNA and that it was capable of cutting DNA outside of a cell and in a test-tube environ-
ment. Fortunately, it was. Now, | could test the experiment of creating a single-guide RNA that
was discussed in that memorable meeting in Jennifer’s office.

In this experiment (Figure 7), | set up the following reactions:

1) A DNA target with Cas9 alone and no added RNAs. This is a “negative control.” The Cas9
should not work without the RNA, so we should see uncut DNA.

2) A DNA target with Cas9, tracrRNA, and crRNA. The DNA target had a sequence complemen-
tary to the crRNA. This is a “positive control.” From my previous experiments, this combina-
tion of factors should cut the target DNA.

(RISPR-(AS9 DNA CUTTING IN A TEST-TUBE
1. Negative Control: Cas{ protein +To\rqef DNA (noRNA)

—}—Wmmmwmm

target DNA

~
Cas protein }
L ¢
t ¢

(S
"

S LT
fo\rqei DNA
3 Ex()erimenf: (as9 profel’n + Tarqef DNA + SgRNA
{_Q
N sgRNA
\“(asquem ; -+ WWW%W e LT T
L e target DNA

<\f“j

N
FIGURE 7. CRISPR-Cas9 Cutting of DNA in a Test Tube with an sgRNA. The featured experiment

mixed the indicated components in vitro (in a “test tube”) and examined the cutting of a target DNA
with complementary sequence to the crRNA. Positive and negative controls are shown.
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3) A DNA target with Cas9 and a single-guide RNA that contained complementary segment to
the target DNA. This was my experiment. Would it work?

But how can one tell if Cas9 cut the DNA? To answer this question, we used a technique called
agarose gel electrophoresis (Figure 8), which can separate two DNA molecules of different sizes.
The “gel” is a rectangular slab of agarose that has the consistency of a hard Jell-O. The agarose
is placed in a chamber, filled with a salty solution, that has a positive and negative electrode at
each end. The DNA is then pipetted into a slot hole (well) in the agarose. An electric current from a
power supply is applied, and the negatively charged DNA will migrate through the porous agarose
gel towards the positive electrode. A smaller DNA molecule will migrate faster than a larger one
because it can maneuver its way more easily through the meshwork of the gel. After an hour or
so, the power supply is turned off and a fluorescent DNA binding dye is added to visualize where
the DNA migrated in the gel. A smaller DNA will bind less dye and thus will be less bright. Usually,
DNA molecules of a specific size move together and will appear as a single band on the gel.

See Video 3 to better understand how a gel is run and how it can be used to analyze experiments
such as the one described here. Also run a simulated gel yourself in the Electrophoresis Activity
by Douglas.

AGAROSE GEL ELECTROPHORESIS

load DNA into wells
long DNA  short DNA apply current

= long DNA @R power
| svpply
short DNA-=== ’ /\
agarose
gel
J)
B B =
time: O minutes time: 60minutes

FIGURE 8. Agarose Gel Electrophoresis. A method for separating DNA of different sizes by their
mobility through an agarose matrix in an electric field. Negatively charged DNA moves towards the
positive electrode.
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VIDEO 3. Agarose gel electrophoresis. This animation illustrates the principles and
process of agarose gel electrophoresis. The video also shows how gel electrophoresis
can be used to analyze experiments such as the one described in this Key Experiment.

Now let’s look at the results (Figure 9). The first lane shows a series of DNA molecules of known
size. These act as “size standards” by which we can measure the size of an “unknown” DNA mol-

ecules produced in our experiment.

With Cas9 alone [(1) negative control], the DNA appeared as a single band of the expected size,

indicating that that it was not cut.

Our positive control (2) also worked — most of the DNA template with Cas9, tracrRNA, and crRNA
was cut into 2 pieces whose sizes added up to that of the original target DNA, indicating that it

was cut at one site.

What about the experiment? | was thrilled to see the result! Combining Cas9 with the sgRNA
yielded the same cleavage products as the ones that we observed when crRNA and tracrRNA
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FIGURE 9. Results of CRISPR-Cas9
Cutting of DNA in a Test Tube. The
numbered lanes correspond to mixtures

of components shown in Figure 7. After
mixing, the target DNA was analyzed by
agarose gel electrophoresis (Figure 8). The
sizes of the DNA are shown; the first lane
shows a set of marker DNAs of known size,
which serves as a “standard” to measure
the DNA fragments produced in the
experiment. The size of the uncut target
DNA is that shown in the “negative control”
lane. The other two mixtures led to one cut
and produced two DNA fragments that
together have the same size as the original
target DNA.
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were used. The single-guide RNA strategy that we drew out on the whiteboard worked, and it
seemed to be equally or even more efficient than the natural system!

Now it was time for an even more exciting experiment (Figure 10). For Cas9 to become a versatile
genome editing tool, we had to test whether the principle was universally applicable. We decided
to do one final experiment — design several sgRNAs and test whether they would all be capable of
programming Cas9 to cut the correct DNA sequence. To do this, we took the sequence of the gene
encoding the green fluorescent protein (GFP) from jellyfish, something that the CRISPR system
had never evolved to target. To our great excitement, the experiment worked exactly as predicted
on the first try! The designed RNAs were able to guide Cas9 to cut the GFP gene and the sizes of
the DNA fragments were as predicted from the locations of the cut sites.

At this point, it was beyond doubt that sgRNAs could be used to direct DNA cutting. It was imme-
diately clear to us that Cas9 is universally programmable, paving the way for its potential use in
genome editing of eukaryotic cells!

It was immediately clear to us that Cas9 is universally programmable

CRISPR-Cas? CUTTING SPECIFIC DNA SEQUENCES USING DIFFERENT sqRNAs

ngNAl ngNAZ sqRNA3
—— ——

jellyfish —TTTTOUUEO A TOR 00TV L0 R OOTUE A0 UOTO A0 DOR T EEUGEAAATOUEOGTD  DOTOUETORAUTEATC
6FP DNA cot here cot There cotThere

DNA 'oroc/ucfs after Cas?—SqRNA

SgRNAl 200000000000000000( )0000000000000000000000000000000000000000000000000000000000800000C

ngNAZ 000000000000000000000000000000000000000000( 100000000C000000000000000000000000AD00DDC

59 RNA3  )0000000000000000000000000000000000000000000000000000000000000000001 1000000000000000C

FIGURE 10. Sequence-specific DNA Cutting Using Different sgRNAs. A conceptual illustration of the
experiment to test if CRISPR-Cas9 cutting in vitro (in a test tube) is sequence-specific. Different sgRNAs
were designed to be complementary to different DNA sequences in a nonviral target DNA (the jellyfish
gene for green fluorescent protein was chosen although the function of this gene is irrelevant for this
experiment). The different sgRNAs cut the GFP DNA and produced fragments of the expected sizes
when later analyzed by agarose gel electrophoresis.

19



CRISPR-Cas9: A New Tool for Genome Editing

What Happened Next?

Once we were able to show that we could easily program the Cas9 nuclease to specifically cut any
sequence of DNA inside a test tube, we and other labs were eager to see how this tool would work
inside a living eukaryotic cell. If Cas9 and a single-guide RNA could target and cut DNA within
a human cell, then this method could open the door to edit the human genome and treat human
genetic diseases. Many of the over 7,000 human genetic diseases are caused by a single nucleo-
tide mutation within a gene. However, the genome of a human is much larger and more complex
than that of a bacterium. In order to find and cut a specific sequence of DNA, the Cas9 needs to
navigate through billions of nucleotides to find the correct target. With so many base pairs to
check, Cas9 might end up cutting an unintended sequence, called an “off-target.” However, fol-
lowing the publication of our “test-tube” experiment, several labs, including ours, showed that the
expression of Cas9 and a single-guide RNA would specifically cut DNA in a variety of eukaryotic
cells with minimal off-target effects (and scientists are improving the Cas9 enzyme to make the
system even more precise).

then this method could open the door to edit the human genome and treat human
genetic diseases

The ease of using Cas9-sgRNA for genome editing has resulted in this technology sweeping
throughout all of biology with unprecedented speed, with many scientists contributing to its devel-
opment. Before CRISPR technology, scientists could introduce an extra piece of DNA into higher
eukaryotic cells with recombinant DNA technology and have it insert randomly in the genome. For
example, using a plasmid with its own promoter, Martin Chalfie was able to introduce and express
the gene for the green fluorescence protein in worms (see the Key Experiment on GFP by Chalfie).
However, scientists could not rewrite the genetic code of higher organisms.

Now with CRISPR-Cas9, the DNA sequence of any gene in the human genome can be modified
in ways that can knock out its function completely, introduce or correct a very specific mutation,
or add an extra sequence (see the Narrative by Barrangou on CRISPR to understand how this
works). For example, in the case of GFP, the DNA sequence for GFP can be appended to the end
of an endogenous gene to make the expressed protein fluoresce. This can be advantageous, since
the protein will be produced at its natural levels in cells compared to using plasmids, which tend
to produce the protein at much higher levels.

The beauty of CRISPR-Cas9 is that it works in a huge variety of species. Many species that have
been considered incapable of genetic alteration by scientists can now be genetically manipulated
with this new technology.

CRISPR is being used to develop new varieties of plants with desirable traits, such as drought
resistance, pest resistance, or other qualities that will increase desirability or agricultural yield. In
contrast to previous genetic modifications in plants, CRISPR causes more specific genetic changes
and does not need to include the addition of DNA from a different organism. The first CRISPR crop
expected to be commercially available is a waxy corn that has increased amylopectin content.
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Amylopectin is more water soluble than other corn starches, and thus, corn starch made from this
waxy corn works better as an adhesive and a food thickening agent.

Sometimes scientists don’t want Cas9 to cut DNA. Instead, they made a mutated version of Cas9
called dead-Cas9 (dCas9), which can bind to a specific DNA sequence but cannot cut it. Scientists
have tethered green fluorescent protein (GFP) to dCas9 in order to visualize where a specific
gene is localized in the nucleus. Researchers have also fused dCas9 to other proteins that can
either activate a gene (make more messenger RNAs and consequently the encoded protein: this is
known as CRISPR-activation or CRISPRa) or turn off a gene (not make messenger RNA — CRISPR-
inhibition (CRISPRI); Figure 11).

An additional clever use of dCas9 has been in DNA base editing. In this method, dCas9 is teth-
ered to an enzyme that can chemically convert a single, specific nucleotide base into another (for
example, converting an A into a G; Figure 12).

Researchers and clinicians are also actively working to use CRISPR-Cas9 to treat diseases. The
goal is to program Cas9 using an sgRNA to find a specific mutation that causes a genetic disease
and cut the genome at this location. The mutation can then be replaced with the DNA sequence
of a healthy individual. Such a precise therapy would be ideal for curing sickle cell anemia, which
is caused by one mutation in the 3 billion base pairs that comprise the human genome. Scientists
and companies are actively working on trying to cure sickle cell disease with CRISPR-Cas therapy.
This is now science and not science fiction.

Cure disease with CRISPR-Cas; this is now science and not science fiction

A challenge for this type of therapy is finding a way to deliver Cas9 to the right cell or tissue. For
example, if a patient has a genetic disease that affects liver cells, then Cas9 and the guide RNA
should be delivered to and taken up by liver cells. Scientists are now exploring ways of delivering
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FIGURE 11. Modifications of Cas9 to Mark Specific DNA Sequences or Turn Genes On (CRISPRa) or Off
(CRISPRI). An inactive, “dead” version of Cas9 (produced by mutating key amino acid residues) can bind
to a specific DNA sequence but not cut it. Dead Cas9 (dCas9) can be fused to GFP (to mark the location of
a specific DNA sequence in the genome by microscopy) or to a transcriptional inhibitor protein (CRISPRI)
that prevents mRNA from being made or to a transcriptional activator protein (CRISPRa) that increases
the amount of MRNA being made from that gene. The latter two provide powerful tools for regulating
gene expression of any single gene or even multiple genes in an organism.
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FIGURE 12. Base Editing by
Joining Dead Cas9 (dCas9) to

a Base-modifying Deaminase
Enzyme (e.g., Deoxyadenosine or
Deoxycytosine Deaminase). The
sgRNA targets the complex to a
specific sequence in a genome,
and the attached deaminase
enzyme chemically converts a
base (AT to GC (shown) or CG to
TA). In the first step (not shown),
the enzyme deaminates aden-
osine to inosine (l) and cytidine
to uridine (U), and the base pair
swap is completed by DNA repair
and polymerase enzymes.

these molecules within the body. Another strategy for therapy is to start much earlier, either in the
germline (leading to corrected egg or sperm) or in early embryos, so that the mutation is corrected
in all cells in the body. While these strategies are likely to be ultimately successful, they raise eth-
ical questions as discussed below.
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Emmanuelle and | didn’t start our collaboration with the goal of creating a new genome edit-
ing technology. We simply wanted to better understand an amazing bacterial immune system.
However, in the end, our curiosity-driven research on type Il CRISPR systems allowed us to engi-
neer a simple yet powerful tool for rewriting the code of life — genomic DNA.
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This experiment featured here also highlights the international and collaborative nature of science.
This experiment began when |, a professor from California, met another professor, Emmanuelle,
from Sweden in a café in Puerto Rico. Video conferencing technology allowed Martin and me to
talk with Emmanuelle and Krzysztof at any moment to discuss our planned experiments and latest
findings. This project was also driven by young scientists. In addition to Martin and Krzysztof, an
undergraduate visiting UC Berkeley (Michael Hauer) played an essential role and was a co-author
of this paper.

the other hero of this story is Cas9

In addition to the people, the other hero of this story is Cas9, a protein that we could have never
designed ourselves; instead, bacteria slowly evolved this protein over a billion years. Nature has
much to teach scientists about engineering. Luck also played in that we happened to choose the
Cas9 from the bacterium Streptococcus pyogenes for our experiments, which even today remains
one of the most efficient Cas9 variants. Had we chosen to work with Cas9 from another spe-
cies, perhaps we would have thought our experiments weren’t working, simply because they are
slower and less robust Cas9 proteins.

Should the human race tinker with its own genome and, if so, for what reasons?

The experiment to see if Cas9 and an sgRNA can cut a piece of DNA in a test tube has opened a
Pandora’s box, the likes of which is unprecedented in the life sciences. Beyond the basic research,
the use of Cas9 for genome editing has raised several environmental and ethical concerns, ones
that will require conversations between scientists, ethicists, environmentalists, politicians, and
general public. One major topic of debate is germline editing (edits result in a change to the sperm
or egg), in which the changes made to a genome can be passed down through future generations.
Should the human race tinker with its own genome and, if so, for what reasons? Most scientists
and ethicists think that human genome editing could be used to correct mutations that cause hor-
rific human diseases, such as cystic fibrosis and sickle cell anemia. But is this a slippery slope that
will lead to changing other human traits and potentially alter human evolution? Another topic of
active discussion is the use of genome engineering for the development of “gene drives,” which are
strategies to alter the DNA of mosquitos, flies, and other disease-carrying creatures to prevent
diseases. When and how should we change the genome of other species? In 2012, | never thought
that | would be actively engaged in such discussions, but now | am deeply involved. Along with
many other scientists and nonscientists, | feel morally obligated to help guide this new technology
in responsible and useful directions.
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Dig Deeper

Dig Deeper 1

The purification of Cas9 involved three sequential chromatographic columns. Each column
focuses on a different property of the SpCas9 (affinity tag, charge, size) to isolate our protein
from other unwanted macromolecules.

1)

2)

3)

The first column is called an affinity column. Cas9 is produced in E. coli with a string
of six histidine amino acid residues, called a His-tag, attached to one end of Cas9. The
lysate (the released content of the E. coli cells after the cells have been broken open) is
mixed together with small beads that are coated with the metal nickel. Since one part
of the amino acid histidine has a high affinity (binding strength) to nickel, Cas9-His-tag
binds to the nickel beads. A solution with high salt is then added to the beads to wash
away any macromolecules that are not bound tightly. In order to remove Cas9 from
the nickel beads, a solution with the compound imidazole is washed over the beads.
Imidazole binds to the nickel and displaces the histidines, so the Cas9 is detached from
the beads.

The second column is called an ion-exchange column. Since proteins are strings of
amino acids and certain amino acids have a positive or negative charge at a given pH,
the protein molecules themselves are often charged. The ion-exchange column uses
this charged property to isolate Cas9 from other macromolecules of neutral or oppo-
site charge. Under our conditions, Cas9 is positively charged. The beads inside the
ion-exchange column are negatively charged, meaning that Cas9 will stick to the col-
umn. After we add Cas9 to the column, we run buffer over the column to remove any
unwanted nucleic acid or protein. As the buffer runs over the column, we slowly raise
the salt concentration in the buffer. The salt ions will then shield the charge of the
column. At a certain salt concentration, Cas9 is kicked off of the negatively charged
column.

The final column is called a size-exclusion column. After running the first two columns,
we are left with proteins of similar charges but different sizes. The sample is loaded
onto a long column that is filled with beads containing small pores and fluid is forced
through with a pump. As the proteins pass through this column, the small proteins enter
inside the pores of the beads and spend time bouncing around inside of the beads as
well as traveling with outside of the beads. The large proteins spend less time inside
the beads or can't fit in at all. This means that large proteins exit the column first and
smaller proteins follow later. One then collects just the fractions that contain Cas9.
Ideally after these three column steps, we have isolated pure Cas9 for our experiments.
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The results from Figure 5 of this paper are featured in this Key Experiment.

Resources

1. CRSPR-Cas9 Video: https://www.youtube.com/watch?v=2pp17E4E-O8

A short video that gives a basic explanation of how the CRISPR-Cas9 system functions in bacteria and

how scientists have adapted the system to work in other organisms.

2. Jennifer Doudna CRISPR Explanation: https://www.youtube.com/watch?v=SuAxDVBt7kQ

A video featuring Dr. Jennifer Doudna explaining how they discovered the CRISPR-Cas9 system, how it

works, and the directions it is moving today.

3. Jennifer Doudna CRISPR TED Talk: https://www.youtube.com/watch?v=TdBAHexVYzc

A TED talk video that features Dr. Jennifer Doudna explaining the discovery, potential functions, and ethi-

cal issues surrounding the CRISPR-Cas9 system.

4. CRISPR FAQ: https://www.broadinstitute.org/what-broad/areas-focus/project-spotlight/
questions-and-answers-about-crispr

A web page that includes a short video explaining the CRISPR-Cas9 system and has a series of frequently

asked questions and their answers.

5. CRISPR-Cas9 Mechanisms and Applications: https:/www.hhmi.org/bicinteractive/
crispr-cas-9-mechanism-applications

An interactive simulation of both how the CRISPR-Cas9 system functions and what the real-world appli-

cations are.

Activity

Learn the principles of agarose gel electrophoresis yourself and run your own simulated gels in the

Activity of Gel Electrophoresis by Douglas.

25


https://www.youtube.com/watch?v=2pp17E4E-O8
https://www.youtube.com/watch?v=SuAxDVBt7kQ
https://www.youtube.com/watch?v=TdBAHexVYzc
https://www.broadinstitute.org/what-broad/areas-focus/project-spotlight/questions-and-answers-about-crispr
https://www.broadinstitute.org/what-broad/areas-focus/project-spotlight/questions-and-answers-about-crispr
https://www.hhmi.org/biointeractive/crispr-cas-9-mechanism-applications
https://www.hhmi.org/biointeractive/crispr-cas-9-mechanism-applications

