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In the last decade, breakthroughs in genetic engineering have produced 
a new genetic editing tool called CRISPR/Cas9—a technology so 

robust that it can modify DNA sequences in virtually any living organism 
with incredible precision.1-4 Adapted from an ancient microbial defense 
system, CRISPR/Cas9 can be programmed to remove, edit, and 
insert new genetic material—from large gene multiplexes to a single 
DNA base–pair.2,5 CRISPR/Cas9 has been heralded for its simplicity, 
inexpensiveness, and array of  applications in biology, biotechnology, 
and medicine.1 The explosive rise of  CRISPR/Cas9 in research and 
the media has yielded intense excitement and controversy worldwide.2-5 
As this genetic engineering revolution evolves faster than regulations 
to control it, the question becomes: how can we wield a technology 
powerful enough to remodel the human genome, yet simple enough to 
be performed by an undergraduate student?

The CRISPR/Cas9 saga began with the discovery of  an ancient 
immune system that protects bacteria against infections by viruses.2,6-7 
Within a unique prokaryotic gene locus, small pieces of  viral DNA were 
discovered to be incorporated into the bacterial genome.8 This gene locus 
became known as Clustered Regularly Interspaced Palindromic Repeats 
(CRISPR).8 It is now known that CRISPR–associated (Cas) genes 
function as an “adaptive” immune system that can sample viral DNA and 
integrate it into the CRISPR locus.6 These stored pieces of  viral DNA 
serve as a record of  past infection to help bacteria detect and destroy 
this invader in future infections.2,9 Upon reinfection, CRISPR combines 
an RNA template (derived from its own viral DNA copy) with CRISPR 
RNA and DNA–cleaving enzymes to create a “targeted missile” that 
scavenges the cell for viral DNA matching the template and subsequently 
destroys these foreign invaders by DNA degradation.4,9

What captivated researchers about this prokaryotic CRISPR/Cas 
system was its ability to make targeted double–stranded breaks (DSBs) in 
DNA at precise locations—for virtually any DNA sequence.10,11Previous 
research had shown that DSBs could stimulate genome editing by 
harnessing the natural ability of  DNA to repair itself.2,3 When a DSB 
occurs, DNA can detect and repair this break in two ways: by joining 
the split ends back together, or by introducing a new DNA fragment 
that is homologous to the sequences at each end of  the break.1,9 The 
“non–homologous” end joining (NHEJ) mechanism fuses DNA 
without any repair template. The error–prone NHEJ repairs DNA by 
inserting or deleting several base pairs while joining broken ends, leading 
to a frameshift mutation or gene knockout.9,12 On the other hand, if  an 
exogenous DNA repair template is present, DNA can instead use the 
homology–directed repair (HDR) mechanism to insert a foreign DNA 
segment.9 Thus, if  the RNA–guided CRISPR/Cas system could be 
modified to recognize a specific sequence of  DNA, such as a genetic 
mutation, then a DNA break at this mutation site could stimulate genome 
editing through natural DNA recombination events.1

A significant breakthrough in 2012 was the invention of  a tool that 
reprogrammed CRISPR/Cas9 to cut any desired DNA sequence in the 
prokaryotic genome.13,14 This groundbreaking invention was credited 
to Jennifer Doudna and Emmanuelle Charpentier, who used the Cas9 
protein with a CRISPR system derived from Streptococcus pyogenes 
to engineer a molecule that could split DNA at precise locations of  
their choosing.1,13 Within months of  this development, Siksnys et al. 

discovered that CRISPR/Cas9 could be applied to other prokaryotes, 
including S. thermophiles.6 By January 2013, Feng Zhang of  the Broad 
Institute was the first to adapt CRISPR/Cas9 to edit human cells, thus 
unlocking the potential of  CRISPR/Cas9 in the eukaryotic genome.15

Though recombinant DNA technologies were first developed in the 
1970s, CRISPR/Cas9 has transformed genetic engineering because of  
its precision, effectiveness, and relative affordability.1-4 Other recent gene 
editing technologies like Zinc Finger Nucleases and transcription activator-
like effector nucleases (TALEN) rely upon proteins to recognize DNA 
sequences, and have proven difficult to implement with precision.10,16 On 
the other hand, CRISPR/Cas9 uses RNA–guided enzyme complexes to 
target DNA and achieve site–specific DNA cleavage, making it far more 
accurate and effective.10,17 Rather than having to rebuild “hardware” each 
time scientists want to target a gene of  interest, CRISPR/Cas9 acts like 
“software” that can easily be programmed and reprogrammed to target 
multiple genes.2 Also, CRISPR/Cas9 is naturally multiplexable, meaning 
that CRISPR arrays can target multiple different DNA sequences 
simultaneously.15

The ease of  programming CRISPR/Cas9 set the stage for a tidal 
wave of  new genetic research.4,18 In 2012, there were 126 papers published 
on CRISPR. Last year alone, this number reached 2,155 publications.18 
The ability to modify the genome, its epigenetic contexts, and its 
transcripts in eukaryotic cells has yielded a myriad of  developments in 
basic science, biotechnology, and medicine.1 Many researchers believe 
that CRISPR/Cas9 has the potential to cure many genetic diseases, 
starting with single–gene mutations like sickle–cell anemia and cystic 
fibrosis.5 Using viral vectors, CRISPR/Cas9 can spread cell changes in 
vitro back to organisms in vivo.10 For instance, a PCKS9 gene knockout 
using CRISPR/Cas9 introduced into the mouse liver was shown to lower 
blood cholesterol by 40%.19

The promise of  CRISPR/Cas9 to edit human cells triggered a 
battle to commercialize the CRISPR/Cas9 technology.18 Doudna and the 
team at UC Berkeley were first to file a CRISPR/Cas9 patent in May 
2012, while Zhang and the Broad Institute of  Harvard and MIT filed 
their initial patent claim in December 2012.14,18 After Zhang adapted 
the CRISPR technology to eukaryotic cell lines, the Broad Institute 
filed 11 more patents claiming that it invented the CRISPR/Cas9 
system for human use.18 The Broad Institute then paid the U.S. Patent 
and Trademark Office (USPTO) to fast–track the review process on 
its claims. Many scientists were surprised when the USPTO began to 
approve Broad Institute patents in April 2014 before its decision on UC 
Berkeley’s claim.18 

A legal battle ensued between the researchers, their academic 
institutions, and private corporations who had already invested over a 
billion dollars into this CRISPR technology—all to answer the question, 
who owns CRISPR/Cas9?18 In February 2017, the U.S. Patent Trial and 
Appeal Board ruled that the patent claims of  the Broad Institute did not 
conflict with those of  UC Berkeley, and the USPTO patent decisions 
would stand.18 Thus, the UC Berkeley team would own the intellectual 
property and licensing rights for aspects of  CRISPR/Cas9 in prokaryotic 
cells, while the Broad Institute won these rights in eukaryotic cells.18

With this patent decision, the Broad Institute would control the 
central patent for commercial uses of  CRISPR in plant and animal cells, 
including agriculture and medicine.14,18 While both groups agreed that 
academic institutions could freely conduct research with their technology, 
U.S. companies in biotechnology and pharmaceutical industries may have 
to pay licensing fees to both parties due to the nature of  their patents.18 
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must acknowledge the responsibility that comes with the power to edit 
the human genome. Scientists and society must engage in democratic 
discourse on how best to harness the breakthrough that is changing 
humankind—macroscopically and microscopically.
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Beyond commercial interests, the patent decision created divisions within 
the scientific community, since both parties desired the academic credit 
and prestige associated with invention of  the CRISPR/Cas9 technology.18 
While the UC Berkeley and Broad Institute patent battle over CRISPR/
Cas9 continues in Europe, it is estimated that over 860 CRISPR patents 
exist worldwide, with more added each day.14,20 

Intellectual property aside, an imperative question is: who controls 
CRISPR–Cas9 research? Serious ethical issues have been raised by 
scientists and the public about advances in genetic engineering.21 A mix of  
excitement and fear surrounds the possibility of  gene therapy in humans 
to treat disease. But what if  this technology is applied controversially, 
such as for human enhancement and creating “designer humans”?2 In 
2015, an international consortium of  research organizations from the 
U.S., the U.K., and China called for a moratorium on making heritable 
modifications to the human genome.21 Back in 1975, a moratorium 
on genetic engineering declared at a gene–editing summit in California 
was largely respected.7 Yet, researchers and scientific groups have no 
regulatory authority to prevent misuse of  CRISPR/Cas9.7 Even if  such 
regulatory mechanisms existed in one country, these regulations may 
differ from country to country, thus requiring cooperation on a global 
scale.

Since the CRISPR/Cas9 tool was developed five years ago, 
research advances in genetic engineering are far outpacing the policies 
and regulations surrounding this technology. In August 2016, human 
trials of  CRISPR/Cas9–modified cells in lung cancer patients began 
at Sichuan University in China.22 CRISPR/Cas9 co–inventor Doudna 
cautions that rushing the implementation of  CRISPR/Cas9 in humans 
before its biochemical functions are optimized may lead to unintended 
consequences.2 But the promise of  lucrative profits and economic 
gain may override the calls of  many scientists to proceed with caution. 
Research and Markets forecasts that the CRISPR and Cas genes market 
will reach over $4 billion USD by 2025.23

In a landmark February 2017 decision, the U.S. National Academy 
of  Science and National Academy of  Medicine announced its support 
for gene editing in viable human embryos.24 This advisory group 
endorsed heritable gene alterations aimed to treat serious diseases where 
no reasonable alternatives exist.24 The announcement came less than 
two years after the requested international moratorium on human gene 
editing. Just last year, scientists claimed that it would be “irresponsible to 
proceed [with human gene editing]” until the risks and societal impacts 
were better understood.24 While the current endorsement limits the use 
of  genetic engineering to therapeutic applications only, some worry that 
this decision will “open the floodgates” to controversial applications like 
eugenics in the future.

In March 2017, weeks after the US advisory group announced 
its support for therapeutic uses of  human genetic engineering, a team 
of  Chinese scientists published the first report of  CRISPR/Cas9 
manipulations in normal human embryos.25,26 Published in Molecular 
Genetics and Genomics, this report documented a mixed success rate in 
treating mutations causing beta-thalassemia and favism in viable human 
embryos.25,26 Meanwhile, other researchers are harnessing the CRISPR/
Cas9 technology for experimental treatments to cure certain cancers, 
blindness, and other genetic conditions as early as this year.24 While the 
topic of  human embryo editing remains controversial, the scientific 
communities in most countries are still debating the ethical implications 
surrounding widespread applications of  CRISPR/Cas9 in human gene 
therapies.27

CRISPR/Cas9 has launched scientists and society into a brave 
new world of  genetic engineering. Adapted from an immune system 
of  bacteria that has existed for billions of  years,6,10 CRISPR/Cas9 has 
been engineered into a genetic editing tool applicable in any organism.1-2 
While CRISPR/Cas9 shows promise in biotechnology, agriculture, and 
medicine, the ethical implications of  this technology are hotly debated.1,27 
Should we use gene editing in traits that can be inherited and spread 
within the population? Where do we draw the line between prudent 
and frivolous uses of  genetic engineering? The scientific community 
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