CRISPR-Cas9: A Teacher’s Quick Guide to Gene Editing

Background

CRISPR-Cas9 is a remarkable gene-editing system that originated in bacteria billions of years ago.
It evolved as a natural defence mechanism against viruses. Although it occurs naturally, scientists
first discovered its unique DNA patterns in the late 1980s and only understood how it worked in
the early 2000s.

Today, CRISPR-Cas9 is used to improve human health, strengthen the defences of crops against
disease, and advance many scientific fields involving living cells: from renewable energy to waste
management.

How CRISPR Works

In 1987, Yoshizumi Ishino and his team at Osaka University found a strange pattern in bacterial
DNA: repeating sequences separated by unique “spacer” segments. This odd arrangement, later
named CRISPR (Clustered Regularly Interspaced Short Palindromic Repeats), was unlike
anything known at the time. Next to these CRISPR sequences were genes that produced enzymes
called Cas (CRISPR-associated proteins).

By 2005, scientists realised that these “spacers” were actually fragments of viral DNA and
therefore evidence that bacteria store genetic memories of past viral infections. When the same
virus attacks again, the bacterium copies the stored viral DNA into RNA. This RNA teams up with
a Cas enzyme (like Cas9), forming a search-and-destroy unit that scans the cell for matching viral
DNA and cuts it up. This defence system allows bacteria to recognise and eliminate viruses much
more accurately than older bacterial defences such as restriction enzymes [1].
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Figure 1: Bacterial CRISPR region



Key Discoveries and Scientists

Early research using CRISPR (??) was limited because DNA sequencing technology was still
developing. However, by the late 1990s, scientists began sequencing environmental microbes and
found that CRISPR systems were widespread.

Ruud Hansen’s team discovered that Cas enzymes could cut DNA, while Alexander Bolotin’s
group identified a key helper sequence: the PAM (Protospacer Adjacent Motif) that tells Cas9
where to cut.

Later, Eugene Koonin proposed that CRISPR helps bacteria fight viruses, and Rodolphe
Barrangou confirmed this experimentally while studying the bacteria found in yoghurt
(Streptococcus thermophilus). His team showed that bacteria surviving viral attacks carried viral
DNA fragments inside their CRISPR regions, providing proof that CRISPR provided immunity.

Between 2002 and 2013, several researchers made key advances:

¢ John van der Oost — discovered small CRISPR RNAs.
e [uciano Marraffini & Erik Sontheimer — showed that CRISPR targets DNA, not RNA.
e Sylvain Moineau — proved CRISPR-Cas9 makes double-stranded DNA cuts.

e Virginijus Sik§nys — demonstrated that Cas9 can be reprogrammed to target any DNA sequence

[1].
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Figure 2: Target DNA and PAM site

Notably, different Cas proteins have evolved to recognize different PAM sequences. While the
NGG sequence is the canonical PAM for the widely used Streptococcus pyogenes (SpCas9)
system, many other CRISPR-Cas systems have different PAM requirements, such as TTTV for
Casl2a [2].



Transforming CRISPR into a Research Tool

The modern CRISPR-Cas9 tool was developed independently by Jennifer Doudna, Emmanuelle
Charpentier, and Feng Zhang.

Doudna (UC Berkeley) studied RNA chemistry and discovered that Cas9 could be “programmed”
with a custom RNA guide to cut DNA at a chosen site.

Charpentier (then at the University of Vienna) discovered that Streptococcus pyogenes uses two
RNAs: tractrRNA and CRISPR RNA, along with a single Cas9 protein. She realised this simple
system could be harnessed for genome editing and collaborated with Doudna in 2011 to make it
work in the lab.

Feng Zhang (MIT) adapted CRISPR-Cas9 to edit genes in mammalian and human cells, later
creating more advanced tools such as CRISPR-Cpf1 and RNA-targeting CRISPR-C2c2.

Their discoveries transformed CRISPR from a bacterial defence mechanism into one of the most
powerful tools in biotechnology.
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How Scientists Use CRISPR

CRISPR-Cas9 works like molecular scissors guided by an RNA “address label.” Scientists can
design a guide RNA (gRNA) to match a specific DNA sequence, deliver it into a cell, and let Cas9
cut precisely at that spot. Once the DNA is cut, the cell’s repair systems step in. This can:

o Disrupt a gene to study its function or disable a harmful mutation.

e Repair or replace a faulty gene by providing a correct DNA template (a process called
homology-directed repair, HDR).

This targeted editing method allows researchers to modify genes in animals, plants, and microbes
with unprecedented accuracy. For example, CRISPR has been used to:

o Strengthen crops against pests and harsh climates.

e Enrich yams with vitamin A to combat malnutrition.

e Produce human blood-clotting proteins in tobacco plants to help treat haemophilia.
o Explore new therapies for genetic diseases such as cystic fibrosis.

Example: Cystic Fibrosis (CF) is caused by mutations in the CFTR gene that disrupt the
production of normal mucus, leading to respiratory and digestive issues. Using CRISPR,
scientists can design guide RNAs to target and repair the faulty CFTR gene. After
correction through homology-directed repair, cells can produce functional CFTR proteins,
potentially relieving CF symptoms [1].
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Figure 3: CRISPR targeting and digestion of DNA [1]



The CRISPR/Cas? genetic
scissors

When researchers are going to edit a genome using

the genetic scissors, they artificially construct a guide

RNA, which matches the DNA code where the cut is to

be made. The scissor protein, Cas9, forms a complex

with the guide RNA, which takes the scissors to the place GUIDE RNA
in the genome where the cut will be made.
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Researchers can allow the cell itself to repair the cut If the researchers want to insert, repair or edit a
in the DNA. In most cases, this leads to the gene’s gene, they can specially design a small DNA
function being turned off. template for this. The cell will use the template

when it repairs the cut in the genome, so the code in
the genome is changed.
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Figure 4: CRISPR/Cas9-mediated DNA repair pathways




How CRISPR-Cas9 Works: Simple Steps
e Guide RNA (gRNA): Targets the exact spot in DNA where the change will be made.
e (Cas9 Enzyme: Acts like a pair of molecular scissors to cut the DNA at the chosen location.

o Cell Repairs DNA: Cells repair the cut, allowing scientists to make specific changes (edits)
to genes.

Potential Risks and Ethical Considerations

GMO is the broadest term for any organism with altered DNA, while transgenic is there a word
missing here? Is transgenic the correct standalone word? and CRISPR are specific methods to
achieve this. Transgenic involves introducing a gene from a different species, while CRISPR is a
more precise technology that can edit existing genes, often without adding foreign DNA. A
transgenic organism is a type of GMO, and a CRISPR-edited organism could be a GMO or a non-
GMO depending on the edit made [3].

Therefore, similar to transgenic or GMO plants, CRISPR-edited crops raise concerns about
unintended effects on wild plant species, food safety, and the control of the technology itself.
These issues highlight the importance of fair access, transparency, and rigorous safety assessments.
At present, regulatory policies governing CRISPR-edited plants vary widely across different
regions of the world.

Moreover, although CRISPR is precise, it is not flawless. Sometimes, Cas9 can cut at unintended
DNA sites, known as off-target effects, which may cause unexpected mutations. Early studies
also raised concerns about links between CRISPR activity and cancer risk in certain tests. These
challenges remind us that CRISPR evolved naturally in bacteria (simple single-celled
organisms)while scientists are now applying it to complex, multicellular life forms like humans.
Because only about 2% of human DNA directly codes for proteins, and the other 98% plays
mysterious regulatory roles, altering one region can have unpredictable consequences.

Therefore, scientists must proceed carefully, verifying safety and ethics at every step. Responsible
exploration, slow, cautious, and well-tested, is the foundation of good science [3].



Table 1: Comparison of the terms GMO, transgenic and CRISPR-edited [3]

Feature GMO Transgenic CRISPR-edited
Category Broadest term Specific type/method | Specific tool/technology
Any genetic A foreign gene from
Method engineering another species is Precise editing of existing DNA
technique inserted
Foreign May or may not No (usually), but it can be used
DNA? involve foreign Yes to insert it
DNA
A GMO can be A transgenic Can be used to create a GMO or
Relationship created using organism is a type of | a non-GMO, depending on the
transgenesis or GMO edit
CRISPR

CRISPR Today and Tomorrow

CRISPR-Cas9 is now used worldwide in hundreds of research projects, for example, repairing
defective DNA in animals, engineering disease-resistant crops, and even exploring ways to bring
back extinct species such as the woolly mammoth.

New biotech companies continue to expand CRISPR applications in medicine, agriculture, and
environmental science, from curing genetic disorders to controlling mosquitoes that spread
malaria.

In essence, CRISPR-Cas9 is a natural mechanism turned revolutionary tool, offering incredible
possibilities but requiring thoughtful and ethical use. It stands as a perfect teaching example of
how curiosity-driven science can change the world [1].

References

1. CRISPR-Cas Teaching Resources. EDVOTEK. (n.d.). https://www.edvotek.com/crispr-cas-
teaching-resources?srsltid=AfmB0OoqQTilh60Wxl1laVCteuBAhauVIL4SS-
JcZ3D7dm3F5GwTcXUmcq0

2. Stroik, S. (n.d.). Progress towards a pam-free CRISPR. Addgene blog.
https://blog.addgene.org/progress-towards-eliminating-the-pam-requirement-in-crispr-
editing

3. Ahmad, A., Jamil, A. and Munawar, N. (2023) ‘GMOs or non-gmos? the CRISPR
CONUNDRUM’, Frontiers in Plant Science, 14. doi:10.3389/fpls.2023.1232938.
https://www.frontiersin.org/journals/plant-science/articles/10.3389/fpls.2023.1232938/full



https://www.edvotek.com/crispr-cas-teaching-resources?srsltid=AfmBOoqQTilh60WxllaVCtguBAhauVL4SS-JcZ3D7dm3F5GwTcXUmcq0
https://www.edvotek.com/crispr-cas-teaching-resources?srsltid=AfmBOoqQTilh60WxllaVCtguBAhauVL4SS-JcZ3D7dm3F5GwTcXUmcq0
https://www.edvotek.com/crispr-cas-teaching-resources?srsltid=AfmBOoqQTilh60WxllaVCtguBAhauVL4SS-JcZ3D7dm3F5GwTcXUmcq0
https://blog.addgene.org/progress-towards-eliminating-the-pam-requirement-in-crispr-editing
https://blog.addgene.org/progress-towards-eliminating-the-pam-requirement-in-crispr-editing
https://www.frontiersin.org/journals/plant-science/articles/10.3389/fpls.2023.1232938/full

Additional Resources
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What Is CRISPR: The Ultimate Guide To CRISPR Mechanisms, Applications, Methods &
More https://www.synthego.com/learn/crispr/ (Accessed on 05/11/2025)

Biologist Explains One Concept in 5 Levels of Difficulty - CRISPR
https://www.youtube.com/watch?v=sweN8d4 MUg (Accessed on 04/11/2025)

How CRISPR lets you edit DNA - Andrea M. Henle
https://www.youtube.com/watch?v=6tw_JVz_IEc (Accessed on 04/11/2025)

CRISPR explained (human biology-oriented)
https://www.youtube.com/watch?v=UKbrwPL3wXE (Accessed on 04/11/2025)
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