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Abstract

Human genetics research employs the two opposing approaches of forward and reverse genetics.
While forward genetics identifies and links a mutation to an observed disease etiology, reverse
genetics induces mutations in model organisms to study their role in disease. In most cases,
causality for mutations identified by forward genetics is confirmed by reverse genetics through the
development of genetically engineered animal models and an assessment of whether the model can
recapitulate the disease. While many technological advances have helped improve these
approaches, some gaps still remain. CRISPR/Cas (clustered regularly interspaced short
palindromic repeats/CRISPR-associated) system, which has emerged as a revolutionary genetic
engineering tool, holds great promise for closing such gaps. By combining the benefits of forward
and reverse genetics, it has dramatically expedited human genetics research. We provide a
perspective on the power of CRISPR-based forward and reverse genetics tools in human genetics
and discuss its applications using some disease examples.
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Forward and Reverse Genetics

The use of forward and reverse genetic strategies in research has contributed significantly
toward understanding the genetic basis of thousands of human diseases. These approaches
are complementary but opposing: forward genetics identifies the genetic basis of a disease,
while reverse genetics investigates if and how a gene function is related to a disease
phenotype.

Forward genetics links a disease phenotype to a genetic etiology. The genetic factor is
tracked by systematic analyses of mutations in families or populations through linkage
analysis or genome-wide association studies (GWAS), respectively. A series of molecular
methodologies are then used to map the specific critical region to a locus on a chromosome.
Such loci often encompass hundreds of candidate genes, which are then investigated for a
mutation that is directly linked to the disease.

Conversely, reverse genetics uses classical genetic engineering techniques to induce the
candidate mutation in a model system as a way of testing whether the mutation leads to the
hypothesized disease phenotype. Given that reverse genetics has canonically targeted a
particular mutation, it relies on prior knowledge about specific genes and possible links to
diseases. Such hypotheses may arise from observations of a differential expression pattern of
the gene(s) under the disease condition of interest, another similar gene or gene family that
is known to be linked to the disease, or another protein in the same biochemical pathway that
is known to be associated with the disease. This knowledge is acquired from many fields of
biomedical research, including forward genetic studies.

Genetically engineered animal models have been an invaluable reverse genetics approach for
demonstrating causality of a mutation in the development of a phenotype. The laboratory
mouse has been the preferred genetic model because there is less conservation between
humans and other commonly used genetic model organisms such as yeast, flies, worms, and
zebrafish. The development of mouse models has depended on the availability of critical
methods such as genome engineering via homologous recombination in mouse embryonic
stem (ES) cells, which has been the predominant technique over the last few decades (Bedell
et al. 1997).

Traditional Forward and Reverse Genetics Technologies

Technological advances have expanded the repertoire of forward and reverse genetics
approaches available to human genetics researchers. For example, improvements in
cytogenetics, massively parallel DNA sequencing, and induced pluripotent stem cell and
haploid ES cell techniques have expedited forward genetics research (Moresco et al. 2013).
Conversely, advances in ES cell culturing, precise homologous recombination-mediated
gene targeting, and assisted reproduction technologies have contributed significantly to
reverse genetics (Bedell et al. 1997).

There are both merits and limitations to using forward and reverse genetic strategies. While
forward genetics depends on making phenotypic observations and collecting genetic
information from a population which is both time consuming and expensive, it brings great
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potential for a clear and unbiased understanding of the link between a mutation and the
disease. On the other hand, while reverse genetic approaches require a shorter amount of
time, their limitations arise from the complexity of human diseases. Although ES cell-based
approaches using the laboratory mouse have been used extensively to create disease models,
they cannot be routinely used for creating precise genetic changes such as point mutations,
short Jrsertion or dektions (/ndels), large deletions and chromosomal rearrangements. This
is especially problematic given that the majority of human disease-causing mutations are
subtle genetic changes, such as point mutations involving only one or a few base pairs that
lead to alterations in protein expression and/or function (Lodish H et al. 2000). While
genetically engineering small changes in animal models can be attempted, ES cell-based
approaches inevitably require integration of additional genetic elements, termed
“footprints,” into the genome, such as positive selection markers or recombinase recognition
sites (Figure 1). It is difficult to assess if such footprints affect the phenotype in the animal
model created. In addition, not all diseases are monogenic, and multiple mutations may need
to be engineered before a disease phenotype is apparent. Applying reverse genetics to
complex diseases has required technological advances beyond the capabilities of ES cell-
based gene targeting.

Genome Editing Technologies Provide New Tools for Forward and Reverse

Genetics

Genome engineering tools developed during the last decade, such as Zinc Finger Nucleases
(ZFNs), Transcription Activator-Like Effector Nucleases (TALENSs) and CRISPR/Cas
programmable nucleases, have made a tremendous impact on reverse genetics approaches
(Kim and Kim 2014). Specifically, the ability to induce double strand breaks (DSB) directly
into the genomes of embryos relieves major technical bottlenecks of previous approaches.
Without the need for ES cells, reverse genetics can now be applied to species where ES cells
cannot be established and in mouse strains where germline-competent ES cells are not
available. Furthermore, the scalability of the CRISPR/Cas tool, the simplest among the
programmable nuclease systems, can also be used as a forward genetics tool in constructing
genome-wide mutation libraries to screen for new disease mutations.

The CRISPR/Cas system consists of a few simple components: i) a guide RNA with a
unique stretch of 20 nucleotides that are complementary to the target genomic DNA site, and
ii) Cas9 nuclease that creates the DSB. The guide RNA directs Cas9 to the desired site to
induce a precise DSB event. The cleaved DNA is then repaired using normal cellular DNA
repair processes. Non-homologous end joining (NHEJ) may lead to imperfect repair, which
could induce frameshift mutations that disrupt the targeted coding sequence. If a repair
template is provided, precise genetic changes at the DSB site, such as point mutations or
insertion of fusion tags or expression cassettes, can also be achieved by homology-directed
repair (HDR).
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CRISPR: A Revolutionary Tool for Forward and Reverse Genetics

CRISPR as a forward genetics tool

In addition to observation-based forward genetics approaches in human populations, high
throughput screening assays also apply forward genetics in that they take an unbiased
approach to identify disease candidate genes. While RNAI has been one of the most
commonly used tools for systematically inactivating gene expression in cell cultures, its
limitations include incomplete and/or temporary inactivation. Interventions at the DNA
level, as opposed to the RNA level, overcome such limitations. Because of its easy
scalability (among the programmable nucleases), CRISPR has been readily adapted as a
forward genetics tool. Indeed, there are already many reports on CRISPR and its use in high
throughput screening and GWAS (Shalem et al. 2014; Wang et al. 2014; Zhou et al. 2014;
Chen et al. 2015). Unlike the previously used forward genetics approaches, such as
mutagenic chemicals or radiation, that induce random mutations and require subsequent
identification of these alterations, CRISPR represents the first-ever reported mutagenic tool
that can be used for creating libraries of mutations at krnown sites in the genome (Shalem et
al. 2015).

CRISPR as a reverse genetics tool

Examples

The CRISPR system has become the most popular among the programmable nucleases
because it is simple to design, inexpensive, and highly versatile for many biological
applications and a variety cell types and organisms (Shen et al. 2013; Harms et al. 2014).
CRISPR has also led to a series of paradigm shifts in animal genome engineering methods
(Gurumurthy et al 2016, in press). For example, it can generate knock-out (KO) or knock-in
(K1) models in many organisms that were previously inaccessible for genome engineering,
point mutations without any other genetic disruptions, homozygous mutant mice in the GO
generation, multiple genetic mutations in one microinjection experiment(Wang et al. 2013),
chromosomal translocations (Maddalo et al. 2014; Jiang et al. 2016) and large scale genomic
deletions, insertions(Fujii et al. 2013; Zhang et al. 2015) or replacements of several hundred
kilobase stretches (Yoshimi et al. 2016). Within less than half a decade, CRISPR has
facilitated the creation of hundreds of disease models.

CRISPR's versatility has made it a powerful tool that represents the most promising
technology capable of converging and advancing forward and reverse genetic approaches for
performing human disease research (Figure 2).

of CRISPR Applications to Human Disease Research

CRISPR has already emerged as an invaluable tool for human genetics research. We discuss
here a few disease models that exemplify the utility of CRISPR for forward and reverse
genetics research.

CRISPR as a forward and reverse genetics tool for cancer research

Cancer is largely a genetic disease, as hundreds of mutations have been attributed to its
development (Hanahan and Weinberg 2000) which were largely identified through
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traditional forward and reverse genetics approaches. CRISPR's ability to create libraries of
thousands of precise genetic mutations (Shalem et al. 2014; Wang et al. 2014; Zhou et al.
2014) has made possible the identification of new tumor modulating genes, in addition to
validating the previously known tumor suppressor and oncogenes (Sanchez-Rivera and Jacks
2015). Elegant Cas9 expressing animal models have also been generated that are suitable for
forward genetics approaches (Xue et al. 2014; Dow et al. 2015; Chen et al. 2015).

As a reverse genetics tool for cancer research, the CRISPR system has drastically
accelerated the process of studying functional consequences of mutations /n vivo by
enabling direct genome editing in somatic cells (reviewed in Sanchez-Rivera and Jacks
2015) and the development of cancer mutation models in mice including leukemia (Heckl et
al. 2014), liver cancer (Xue et al. 2014), lung cancer brain cancer (Zuckermann et al. 2015)
and pancreatic cancer (Chiou et al. 2015), just to name a few. These studies demonstrate the
power of CRISPR as a reverse genetics tool for rapidly generating cancer models in animals.

CRISPR as a reverse genetics tool for deafness research and as a potential

therapeutic tool for hearing loss

The CRISPR system is used as a reverse genetics tool for developing animal models for
various disease areas. Described here is deafness, as an example of a disease system, where
CRISPR is not only been used as a reverse genetics tool but is also shown to be potential
gene therapy tool for correcting hearing loss.

Nonsyndromic Hearing Loss (NSHL) is the most common sensory deficit in humans,
affecting more than 28 million Americans, with a prevalence of at least 1.9 per 1,000 infants
at birth (Morton and Nance 2006). NSHL is highly genetically heterogeneous; it is inherited
in an autosomal recessive mode (ARNSHL) in 77% of cases, an autosomal dominant
manner (ADNSHL) in 22% of cases, and X-linked and mitochondrial forms in 1% of cases.
Human ARNSHL forms are frequently characterized by an early onset and severe phenotype
that generally affects the /n ufero development and maturation of key inner ear
compartments or cell types (Yan and Liu 2010). On the other hand, many ADNSHL forms
are commonly characterized by late onset progressive phenotypes, such as the P2ZRX2
p.Val60Leu mutation (Yan et al. 2013) or the MYO3A p.Gly488Glu mutation (Grati et al.
2016). These ADNSHL diseases have a major impact on our understanding of the biology of
hearing and deafness and the late onset of their phenotype provides a potential for reverse
genetics-based intervention (Liu and Yan 2007). The developmental course, complex
anatomy, and diversity of cell types in the cochlea further adds to the challenge of studying
these genetic cases (Angeli et al. 2012). The wide spectrum of NSHL genes and the scarcity
of tools for their prevention or reversion have provided a unique opportunity for CRISPR to
help understand the etiology and pathophysiology of such mutations.

The inner ear is an ideal organ system for undertaking proof-of-principle gene therapy
experiments because of its anatomical size and its easy accessibility for treatment delivery.
CRISPR-hased reverse genetic approaches are being used to correct deafness alleles. Rescue
trials have been initiated for delivering CRISPR reagents via the ear cavity into sensory hair
cells of animal models for genes causing ADNSHL (Zuris et al. 2014; Zou et al. 2015), and
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a successful rescue from hearing loss in the Ob/ivion mouse (Spiden et al. 2008) has been
recently reported (Chen ZY et al. 2016). Hair cell-targeted mutation reversion in other
mouse models could serve as additional evidence for rescuing dominant hearing loss, with
the potential for translation to deaf patients. Optimizing the delivery time point and the
delivery vector into the targeted cell types is extremely critical for the success of the rescue
and will ultimately determine the potential for effective patient treatment.

Current Challenges and Future Perspectives

Even though CRISPR has been widely adopted as a reverse genetics tool, its role as a
forward genetics tool is still in its infancy, having been used in only in a handful of studies
(Shalem et al. 2014; Wang et al. 2014; Zhou et al. 2014). Further development of robust
forward genetics CRISPR systems will require future research to minimize off-target effects,
target different splice variants or isoforms, and noncoding sequences including gene
regulatory elements and microRNAs.

Challenges that remain for using CRISPR as a reverse genetics tool include poor HDR
efficiency for creating knock-in models and limited availability of guide sequences for some
target sites. These are currently being addressed by the development of a few strategies for
improving HDR efficiency (Lin et al. 2014; Maruyama et al. 2015; Miura et al. 2015; Aida
et al. 2015; Yoshimi et al. 2016) and discovery of additional Cas9-like nucleases (Zetsche et
al. 2015; Shmakov et al. 2015) that possess different sequence requirements for guide RNA
binding sites.

Off-target cleavage continues to be a concern for both forward and reverse genetics, and
certainly will be a major concern as it evolves to be a therapeutic tool. Current research is
tackling the effective detection as well as reduction of off-target breaks. A few unbiased and
highly sensitive methods of off-target effects detection methods have recently been
developed (Tsai et al. 2014; Kim et al. 2015). Additionally, optimization of the CRISPR
system continues to improve its efficiency and reduce off-target effects (Slaymaker et al.
2016; Kleinstiver et al. 2016).

CRISPR's reputation as a robust and powerful tool for target identification, genome-wide
high throughput screening, and target validation, has inspired investments from several
pharmaceutical companies for applications to drug discovery research platforms and novel
therapy development (Woolf and Gurumurthy et al., under review). There are already reports
that demonstrate ex vivo gene conversion in cultured human patient iPS cells, with the
potential to develop cell-based therapies. In addition, successful applications of CRISPR to
therapeutic genome engineering /n vivo have already been demonstrated in mice (Yang et al.
2016a; Yin et al. 2016). Similar strategies are being developed for human use, although
many challenges including optimizing delivery methods, targeting specific tissues,
improving Cas9 nuclease specificity, and managing ethical concerns still remain to be
addressed (Savi¢ and Schwank 2016). Future research will aim to tackle these challenges.
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Figure 1. Comparison of traditional and CRI SPR-based genome editing technologies for
inserting a point mutation

The ES cell-based traditional methods (shown on left) require the use of a targeting vector
that contains additional elements (such as a positive selection marker) which get inserted and
leave a footprint in the genome. Alternatively, the CRISPR approach (shown on right)
enables scarless genome editing. The Cas9 protein and guide RNA help insert the mutation
(provided as a repair oligo) at the target site.

Hum Genet. Author manuscript; available in PMC 2017 September 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Gurumurthy et al. Page 11

Human Genetics
Mmﬂiﬁ{ ‘—Rmrse Genetics

Genome-wide Generation of
screening assays CRISPR  precise genetic
in cells and | ‘ mutations in cells
\ animal models _ and animal models

_— —_ - i

Figure 2. CRISPR isa powerful tool for both forward and rever se genetics
A few examples of forward genetics include genome-wide forward screens for independent

replication of previously discovered genes and identification of new genetic factors in
human cells ((Shalem et al. 2014; Wang et al. 2014; Zhou et al. 2014) and animals (Chen et
al. 2015). As a reverse genetics tool, CRISPR has facilitated germline correction of a genetic
mutation (Mianné et al. 2016), somatic gene editing (Nelson et al. 2016; Yang et al. 2016b),
generation of inducible Cas9 knock-in models (Platt et al. 2014), large genome
modifications (Yoshimi et al. 2016), and ex vivo genome editing in human cells (Orack et al.
2015; Claussnitzer et al. 2015).
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