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CRISPR: What Is It, and How Can It Be Used In Medicine? 

By 

Stuart M. Caplen, MD  

The discovery of CRISPR, a gene editing technology, may turn out to be one of the most 

significant scientific advances in human history.  We now have the ability to manipulate 

DNA relatively easily in ourselves and other animals, plants, and microscopic organisms.  

For the first time, humans can control their own genetic destiny.  This article will delve 

into what CRISPR actually is, how it works, and what the ramifications are for disease 

treatment and society as a whole.   

Jennifer Doudna, PhD and Emmanuelle Charpentier, PhD received the Nobel Prize in 

Chemistry in 2020 for their 2012 discovery of how to use CRISPR to edit the genome.  

Their work was truly groundbreaking and stood on the shoulders of other discoveries 

such as the structure of DNA by Watson and Crick, the Human Genomic Project which 

mapped out the complete human DNA, and previous researchers who discovered the 

CRISPR system and the nuclease enzyme Cas9 it uses to make cuts in genetic material.[1]  

Before CRISPR it was possible to make changes to DNA, but it was cumbersome, time 

consuming, and expensive.  CRISPR made redesigning genetic material a much faster 

and easier process. 
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What is CRISPR in Nature? 

CRISPR is an acronym for Clustered Regularly Interspaced Short Palindromic Repeats.[2]  

CRISPR is the process in nature by which a bacterial cell can identify, cut, and inactivate 

DNA sequences in viruses to protect itself from viral attacks.  It was discovered by 

Francisco Mojica, PhD in 1993[1], who when sequencing bacterial DNA noticed that there 

were short segments of DNA that appeared to have no functionality, and were found at 

regular intervals.  The segments were palindromic, meaning each side of the segment 

was a mirror image of the other side.   

It was later discovered that these DNA segments were duplicates of short segments of 

the genetic code of DNA viruses (bacteriophages) that had previously attacked the 

bacteria.  When a bacterium is attacked, it is able to cut off a segment of the viral DNA 

called a protospacer and then incorporate that section into its own DNA, at which time 

the new segment is called a spacer.  The bacterium is then able to make inverse RNA 

copies of that DNA spacer which matches the viral DNA.  Those inverse RNA copies can 

be transported and attached to the viral DNA by guide RNA(gRNA) where a nuclease 

enzyme called Cas9(CRISPR-associated protein 9) unzips the double stranded viral 

DNA exposing the base pairs.  After attachment, Cas9 acts like a DNA scissors cutting 

both strands of the viral DNA, preventing the virus from replicating and protecting the 

bacterium from further attack.[2,3,4]   

The CRISPR process requires guide RNA(gRNA), a specific RNA sequence that identifies 

the target DNA region of interest (such as in an invading virus).  gRNA consists of two 

components: 1) CRISPR RNA (crRNA), a 17-20 nucleotide sequence copied from the 

bacterial DNA spacer that is complementary to the target viral DNA protospacer and 2) 

transport RNA (tracrRNA), which carriers the Cas9 nuclease enzyme to the target viral 

DNA.[4]  

 

 Guide RNA Attaching and Cas9 Getting Ready to Cleave Target Viral DNA 

(Pink=guide RNA, Blue=viral DNA, Yellow=PAM sequence) 

https://shutterstockmail.com/pub/cc?_ri_=X0Gzc2X%3DAQpglLjHJlYQGozeAwBzf7nBzdIm1PhzcUahvjhMqefL3AuFfl0mSAiWzgmdzf9KeRJkqlzaXhVXtpKX%3DSRDRRDAY&_ei_=Evjcx1kmfNWu99-r0rHP96EVX96sBk1q4EuxaDZo4zqwA0Dn87v_A-A6UbnuBzncUnY0jqBN6FHefQXT6iJByZ29EIdHmAxfH1GwwCf2KxCZLqTkoQHPNqcYyvaZDSFNmEpbjz5lmf4hS-KJkIqmEb-aGntN8-gjJeJsa1WVWa7o_DMpNLpMtzqcXWY_GWz85KAdSh2JSojbS97aI5NsMGFly-b3KVYNNPjvHM.&_di_=m70jgk025ishu60odo33u4kjfnn781kp9ekpk019ieu4lptl05v0


3 
FibonacciMD.com                                                                                                                                   

 

CRISPR Needs a PAM Sequence to Work 

The Cas9 nuclease is carried by the gRNA to a specified portion of the target viral DNA.  

For CRISPR to work, there must be a Protospacer Adjacent Motif (PAM) sequence 

located near the targeted section of viral DNA.  The PAM sequence is most typically two 

to six nucleotides in length, but can be longer.  It serves as a signal or keyhole for Cas9 

and is required for Cas9 activation that results in the cutting and inactivation of the viral 

DNA.  The PAM sequence is generally found three to four nucleotides away from the cut 

site on the viral DNA.[3] 

As the bacterial spacer contains the same gene base sequences as the virus, it is 

theoretically possible for the gRNA to mistakenly attach to the bacteria’s own DNA, and 

if activated result in its own destruction.  The PAM sequence protects the bacteria from 

doing that, as the correct PAM sequence found on the virus is needed for the CRISPR-

Cas9 system to activate.[3] 

Once the Cas9 is attached to the correct viral DNA segment and has identified the 

proper PAM sequence, it makes a double-stranded break in the target DNA.[2,3,4]  At that 

point, the DNA strand may reattach with some mutations that adversely affect it, or 

become nonfunctional, providing the bacteria protection against that viral DNA strand 

forming new viruses.[2]  

CRISPR In the Laboratory 

In the laboratory CRISPR can be used for gene editing.  A specific gRNA is used and 

combined with a nuclease such as Cas9 with the needed PAM sequence.  This is mixed 

with cells targeted for editing and after attachment of the gRNA, the Cas9 cleaves the 

target DNA.  A new DNA gene or segment is can then be inserted into the cleaved DNA 

with reclosure of the cut DNA segments.  CRISPR can be used to either induce or correct 

a mutation or remove a gene or set of genes from the targeted DNA.  One technical 

limitation is that CRISPR, while much more accurate than other gene editors, can 

still at times cut in the wrong place, resulting in undesirable or unexpected 

effects.[2] 

 

https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0212198
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CRISPR Gene Editing in the Laboratory 
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CRISPR Modifications 

Single Guide RNA 

Doudna and Charpentier were able to create a new type of RNA not found in nature, 

called single guide RNA (sgRNA), which is a single RNA molecule that contains both 

the crRNA and tracrRNA sequences.  sgRNA being one molecule rather than the two 

separate ones found in nature made genetic manipulation in the laboratory much easier.  

Doudna and Charpentier received the Nobel prize for figuring out the specific 

mechanics of the CRISPR system, understanding that this method could be used to 

manipulate DNA in any living creature or plant, and creating sgRNA.[5]  

CRISPR Improvements 

The CRISPR concept, although groundbreaking, is now considered somewhat of a blunt 

instrument by scientists.  CRISPR only works on DNA, and mutational errors are possible 

as both strands of the DNA try to repair themselves.  In nature, once the viral DNA has 

been cleaved, the process is completed and the virus can no longer replicate.  However, 

laboratory gene editing is different as when the Cas9-cleaved DNA tries to repair itself, 

the cell will try to repair the break using any available DNA it can find.  Scientists can inject 

large amounts of the new gene they want to insert into the target cell in the hope that it 

will be inserted at the site of the DNA cut.[6]   

The CRISPR system has been modified and improved for gene editing, so rather than 

just cutting the DNA it can also add activators or depressors of gene function to 

specified areas, or edit a specific gene by changing one nucleotide for another.[2,6]   

Scientists have created modified CRISPR-Cas9 to cut only one strand of DNA, not both, 

to allow more pinpoint gene editing.[2]   A newer technique is called prime editing, 

which is able to pinpoint and make small nucleotide base changes.  It uses a modified 

Cas9 enzyme that initially just cuts one strand of DNA and replaces the targeted 

nucleotides with the new ones.  Then the Cas9 nicks the complementary DNA strand 

and replaces the corresponding part, correcting both strands of DNA with much less 

chance of a mutation.  This method could also allow changing genes in multiple 

locations for diseases such as Tay-Sachs.[7]   

Scientists have also adapted CRISPR to edit RNA using a recently discovered different 

nuclease Cas13(CRISPR-associated protein 13) enzyme.  This could expand CRISPR’s 

usefulness to modify RNA viruses, such as SARS-CoV-2 that causes COVID-19.[8] 
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Improved PAM Sequence Activation 

In genetic editing the most commonly used Cas9 nuclease is derived from 

Streptococcus pyogenes.[3]  PAM sequences for S. pyogenes that activate Cas9 are 

spread throughout the human genome (an estimated 161 million times or every 42 

nucleotides[9]), but they are not always positioned in the correct location to activate 

gRNA to target a particular gene.  If a PAM sequence is not located near a nucleotide 

that is the target to be modified or removed, CRISPR may not work.  Also, if the PAM 

sequence is located multiple times in the target DNA, there may be attachment of the 

gRNA to untargeted areas, and unwanted mutations may occur. 

Genetic targeting in the laboratory can be improved by the use of a differently coded 

PAM sequence that may solely be located in the area of the targeted gene.  This may be 

achieved by the use of S. pyogenes Cas9 variants that have different PAM sequences, 

using Cas9 nucleases derived from other bacterial species, or the use of more recently 

discovered non-Cas9 enzymes that have different PAM sequences and can also be used 

for genetic manipulation.[10] 

The specific PAM sequence that activates Cas9 to cut the viral DNA for S. pyogenes is 

NGG where N is any nucleotide.*  Just by chance this sequence is randomly found 

frequently in human DNA.  S. pyogenes Cas9 variants have different PAM sequences 

such as NGAN, NGNG, NGAG, or NGCG which can be used to target different areas on 

the DNA chain.  The PAM sequence for Staphylococcus aureus Cas9 is NGRRT,  Neisseria 

meningitidis  Cas9 has a NNNNGATT PAM sequence code.  One can appreciate how by 

using different nucleases with different PAM codes, a Cas9 or non-Cas9 enzyme can be 

selected that will only activate near the specific target area you wish to modify.[10] 

*(G= guanine, A=adenine, C=cytosine, N=any nucleotide, R= any purine(A or G)  

CRISPR Ethical Considerations 

Given that CRISPR has the potential to change a species forever, international meetings 

of geneticists were held on the ethics of how to use it for human gene editing.  It was 

agreed that somatic cell manipulation was allowed in individual humans to help cure a 

disease, but more research was needed before germ cell manipulation was to be 

attempted which would be passed on to progeny.[5]   

However, in 2018 a Chinese geneticist He Jiankui, PhD modified embryos which were 

then implanted and led to the birth of twin girls.  He disabled a gene called CCR5, which 

encodes a protein that allows HIV to enter cells, in an attempt to mimic a mutation that 

exists in about 10% of Europeans and protects them from HIV infection.  However, as 

CRISPR gene editing had never been done before in human germ cells that were used 
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for conception, there was no way of knowing if he also induced other mutations in the 

girls’ genomes that might affect them adversely.  Ironically, CCR5 is thought to actually 

help people fight off the effects of various other infections, such as West Nile virus and 

the girls might then be more susceptible to other diseases as well.[11]  In December 

2019, Dr. Jiankui was sentenced to three years' imprisonment and a three-million-yuan 

fine(approximately $450,000) for this banned human research.[12] 

Medical Uses of CRISPR 

Sickle Cell Disease and Thalassemia 

The initial uses of CRISPR to fight disease involved attempts to cure patients with 

genetic diseases through simple gene substitutions.  Sickle cell anemia and B-

thalassemia are some examples.  It has been found that inducing sickle cell and 

thalassemia patients to produce higher levels of fetal hemoglobin (hemoglobin F) 

instead of hemoglobin S will reduce their symptoms.  After birth, fetal hemoglobin 

production is normally reduced by the BCL11A locus on chromosome 2, which is the 

target gene scientists were attempting to manipulate using CRISPR technology.[13]  In 

one study of two patients, one with sickle cell anemia and one with B-thalassemia, 

CD34+ hematopoietic stem and progenitor cells were harvested from the patients by 

apheresis. (Separation of withdrawn blood into blood components followed by the 

retransfusion of only some of the blood components back into the patient.)  The cells 

were then edited by CRISPR-Cas9 technology to reduce the BCL11A inhibition which 

would have the desirable effect of increasing hemoglobin F production.  Myeloablative 

conditioning was performed on the patients to allow these new cells to graft into the 

bone marrow, and then the cells were reinfused.  The patient with sickle cell disease had 

averaged seven severe vaso-occlusive episodes per year prior to therapy, and at 16 

months after therapy had not had another one.  The thalassemia patient, who had 

averaged 34 units of packed red cells per year prior to therapy, received only one 

transfusion of packed red cells 30 days after the infusion and after that did not require 

any more as of 18 months of follow-up.  Both patients had serious infections soon after 

the myeloablative conditioning/infusions which were treated successfully.[14] 

Another method recently demonstrated experimentally in mice is using a direct gene 

edit.  Sickle cell disease is the result of a one base pair mutation in the gene that 

controls hemoglobin production.  The sickle hemoglobin allele was converted to a 

normal allele in stem cells taken from mice using CRISPR and then transfused back into 

the mice after they had been irradiated to destroy their existing bone marrow cells.  It 

was found that after exposure to hypoxic conditions only 29.8% of the RBCs in the 
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genetically treated mice sickled, compared to 86.3% in the control group.  Spleen size 

was also noted to be smaller in the treated mice.[15] 

It should be noted that there are other non-CRISPR methods being tested and used to 

try to cure thalassemia and sickle cell disease.  One promising method, lentiglobin 

gene therapy uses a virus vector to seed the bone marrow with RNA that increases 

expression of the hemoglobin F gene.[16]  However, some scientists are wary of using 

lentiviruses for gene therapy as integration into the genome is random, and because of 

their potential to cause unintended disruptions in other genes.[13] 

Leber’s Congenital Amaurosis 10 

Another recent use of CRISPR is treating Leber’s congenital amaurosis 10 (LCA 10).  No 

treatment is currently available for the disease, which is a cause of blindness in 

childhood.  Mutations in the CEP290 gene disable photoreceptors in the retina, 

although the cells are still present and potentially functional in people with LCA10. 

CRISPR edited genes were experimentally injected into one eye near the retina of some 

subjects in hopes that the mutations in CEP290 could be replaced locally with a normal 

CEP290 gene and the photoreceptors turned back on.[17]  Although results are not 

published yet, two of the patients said in an interview that their vision has not been fully 

restored, but they are able to see colors and make out shapes of objects much better 

than before the therapy.  For one patient the therapy improved his ability to feed 

himself as he was able to see both eating utensils and his food better.  However, for as 

yet unclear reasons, the therapy has not worked for all the patients in the study.[18] 

Other Potential Medical Uses 

CRISPR is also being studied for targeted cancer therapy[19], but in the future, people or 

embryos with genetic mutations that increase cancer risk might be able to have those 

genes modified.  There are probably many other diseases that could eventually be 

treated using CRISPR technology, such as targeting an infecting organism’s ability to 

replicate or the body’s response to it. 

Non-Medical Uses of CRISPR for Disease Control[20,21] 

Gene drives are genetic modifications in the germ cells designed to spread through a 

population at higher-than-normal rates of inheritance.  Since 2014, scientists have 

engineered CRISPR-based gene drive systems in mosquitoes, fruit flies, and fungi, and 

are currently developing them in mice.   

Scientists use CRISPR to insert the selected gene drive in both strands of DNA in an 

animal.  After that, all the offspring of a mating between a modified and unmodified 

animal will have the gene drive on one chromosome while the other chromosome will 



9 
FibonacciMD.com                                                                                                                                   

 

be normal.  During early development of the offspring, the CRISPR portion of the gene 

drive activates and cuts the normal gene.  The gene drive then inserts a copy of itself 

into the normal chromosome making the progeny homozygous for the gene drive and 

ensuring nearly 100% transmittal of the gene drive to the next generation.   

One problem with gene drives is that genetic variation may confer resistance to the 

gene drive, which has occurred frequently in fruit fly experiments.  Mutations may also 

occur that alter the genetic sequence CRISPR is set to recognize, preventing the gene 

from being edited.  To counteract this problem, scientists are focusing on certain genes 

that seem to be more protected against mutation.  One such gene in mosquitoes is 

called doublesex, and controls differentiation of the sexes.  With a gene drive targeting 

the doublesex gene, modified female mosquitoes were unable to bite or lay eggs.  In 

the laboratory it was found that in 8 to 12 generations the mosquito population was 

effectively terminated.   

There is currently interest in gene drive research to have mosquitoes produce an 

antibody that inactivates an infectious agent, such as the dengue virus, so the mosquito 

cannot pass the disease on to humans.  Another gene drive is being investigated that 

causes an internal toxin to be released that will kill a mosquito if it gets infected with a 

pathogen dangerous to humans.  

An issue with using gene drive genetic manipulation is that you can potentially change a 

species forever.  One way of preventing that is to develop gene drives that are self-

extinguishing.  Scientists can engineer a gene drive to gradually lose the ability to 

propagate, until it runs out over several generations and is unable to spread beyond a 

target population of mosquitoes or flies.  Another method is to use a gene drive that 

requires continual release of genetically modified mosquitoes or flies for many 

generations.  When those releases stop, the modification becomes diluted with wild-

type versions of the gene and is extinguished within a few years.   

Unfortunately, the future effects of genetic modification are unknown.  In trying to 

eliminate a disease the organism may mutate and become more virulent or find another 

host.  Eliminating or modifying a species may also have unintentional negative effects 

on the ecology of an area. 

Ecological Uses of CRISPR 

Non-medical uses of CRISPR are being tested in many ecological areas.  CRISPR is being 

tested to improve outputs of yeast, bacteria, or algae created biofuels.[22,23]  Attempts  

are being made to modify bacteria and fungi that can degrade plastic, in an attempt to 

eliminate the significant ecological problem of plastic waste.  Current projects are 

underway using CRISPR to engineer plants or bacteria to improve nitrogen fixation to 

https://www.sciencedirect.com/science/article/pii/S0167779914002376
http://mbio.asm.org/content/9/3/e01029-18.short
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reduce nitrogen runoff from the soil in farms, which can contaminate water sources.  It 

also can be used to modify crops or animals to intensify or diminish certain traits, such 

as modifying crops to be resistant to insects, which could potentially reduce pesticide 

use.[23] 

The Future 

The future in this new era of genetic manipulation is uncertain.  CRISPR derived 

technology is very powerful and may do enormous good, potentially ending the 

suffering that comes with some genetic diseases, cancer, and infectious diseases.  Just 

ending mosquito borne malaria could potentially prevent over 400,000 deaths and close 

to 229 million infections each year.[24]   

On the other hand, CRISPR technology may lead to increasing wealth and societal 

disparity as some sectors of society may be able to genetically enhance their offspring, 

while those with less access to the technology may not have that opportunity.  

Problematic issues include the possibility of a well-intentioned genetic manipulation in 

an insect leading to ecological disaster, or rogue scientists or nations creating entirely 

new animal species or novel types of humans.   

At the start of this age of advanced genetic manipulation, we are all living in a huge 

experimental laboratory.  Only time will tell how it works out.  

 

“It is not in the stars to hold our destiny but in ourselves.”  

-William Shakespeare 
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