SYN I HE I I( : Synthetic Biology, 2023, 8(1), 1-7
DOI: https://doi.org/10.1093/synbio/ysad003

B ‘ O LO G Y Advance access publication date: 10 March 2023
Perspectives

Variability in genome-engineering source materials:
consider your starting point

Simona Patange'”, Sierra D. Miller*’, Samantha D. Maragh"~

Biosystems and Biomaterials Division, Materials Measurement Laboratory, National Institute of Standards and Technology, Gaithersburg, MD, USA
*Corresponding author: E-mail: samantha@nist.gov

Abstract

The presence and impact of variability in cells as the source material for genome engineering are important to consider for the design,
execution and interpretation of outcomes of a genome-engineering process. Variability may be present at the genotype and phenotype
level, yet the impact of these sources of variability on a genome-engineering experiment may not be regularly considered by researchers.
In this perspective, we use clustered regularly interspaced short palindromic repeat (CRISPR)/CRISPR-associated protein (Cas) genome
editing of mammalian cells to provide examples of how variation within or across cell samples may mislead a researcher in their
expectations about the cells they are engineering. Furthermore, we highlight the need for understanding the baseline cell genotype
and phenotype to appropriately understand the starting cell material and interpret and attribute the impact of engineering on cells.
We emphasize that heterogeneity within a cell pool and the inherent variability in the cellular materials used for genome engineering
are complex, but of high value to characterize and account for where possible, to move toward the potential of generating desired and
predictable engineered products. Provided is a framework cause-and-effect diagram for CRISPR/Cas9 genome editing toward identifying
and mitigating potential sources of variability. We encourage researchers to consider the variability of source materials and undertake
strategies, which may include those described here, for detecting, attributing and minimizing additional sources of variability where
possible toward the aim of fostering greater reliability, confidence and reproducibility in genome-engineering studies.
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1. Introduction

The field of synthetic biology aims to create, control and/or
program the behavior of cells so that they possess capabilities
useful for scientific understanding and industry. A valuable tool
toward this end is ‘genome engineering’, the process of intro-
ducing intentional changes to genomic nucleic acids. A class
of techniques used for genome engineering is ‘genome editing’,
which is the process of introducing site-specific modifications into
genes by methods of nucleic acid damage and repair, replica-
tion and/or recombination mechanisms (1). The current and still
expanding portfolio of tools that exist for genome editing includes
viral vectors, zinc finger nucleases, meganucleases, transcrip-
tion activator-like (TAL) effector nucleases, megaTALs, clustered
regularly interspaced short palindromic repeat (CRISPR) systems,
controlled transposable elements and peptide nucleic acids (2-5).

Altering living cells with genome-engineering and genome-
editing tools holds valuable potential for a variety of applications
such as biological research, new biotechnologies, biomanufactur-
ing, agriculture and custom medical therapeutics. The biological
complexity of cells, however, makes it challenging to generate
intentional or predictable outcomes in nucleic acid alterations
and gene products. The biological complexity is in part due to
genetic diversity. It is accepted knowledge that genetic differences
exist across species and between individuals within a species
(6, 7). Whether one considers a unicellular prokaryotic organism
or a single cell type from a multicellular organism, heterogeneity
exists in the cell population with regard to cell state and bio-
logical behavior. In this perspective, we describe how biological
complexity occurs in the form of genotypic and phenotypic vari-
ability that is inherently present in the ‘source material’, i.e. the
input cells and reagents that one uses for genome engineering.
We explain how these forms of variability potentially confound
the genome-editing process and provide a correct interpretation
of the editing outcomes if this variability is not appropriately
identified, measured and/or documented. We focus on exam-
ples of mammalian cells engineered with the genome-editing tool
CRISPR/Cas9, a bacterial ribonucleoprotein (RNP) discovered to
have the ability to cleave double-stranded deoxyribonucleic acid
(DNA) (8) and edit human genomes (9-11). Although we limit
the scope of this paper to CRISPR/Cas9 of mammalian cells, the
concept of source material variability and heterogeneity is appli-
cable to other cellular forms, genome-editing tools and genome-
engineering strategies. Genetic and phenotypic variability should
be taken into consideration at the start of the engineering design
process; failing to do so risks less successful intentional outcomes,
a potential increase in unintended editing events that could have
been avoidable and unreliable or non-representative data inter-
pretation. Our intention is to prompt researchers to review the
following ideas at the onset of a genome-engineering/editing
project:

(i) What is the ‘baseline’ of the input cells in terms of their
genetic sequence and phenotypic behavior?

(ii) How will the edited cells be compared to in order to know
what has changed?

2. Genetic variability in the source material

Cells used as the inputs for genetic manipulation are considered
source materials. Examples of these include immortalized cells,
organisms that can be propagated in the lab or primary cells
obtained from an organism. Before undertaking an engineering/

editing process, it is important to verify the organism and/or cells
are indeed what they are expected to be for the intended scientific
application. Mistaken identity of the source cell type, organism
and/or individual donor at the time of genome engineering is
a reiterative risk to variability in genome-editing applications.
These issues can arise from subculture, cross-contamination
or misidentification. It is important to confirm the identity of
new cells received in the lab and reconfirm the identity of
endpoint-engineered cells that will be used for research and
production.

Various polymerase chain reaction (PCR)- and sequencing-
based methods exist for organism verification, such as 16S ribo-
somal ribonucleicacid (rfRNA) sequencing which is the established
standard for bacterial identification (12). Another identification
method is short tandem repeat (STR) profiling, which is the stan-
dard method used in DNA forensics for human identification
(13, 14) (https://strbase.nist.gov) and in research applications for
human cell line authentication (15). The US National Institute
of Standards and Technology (NIST) oversees standards develop-
ment, technology and resources for human STR DNA analysis
and more recently has developed STR profiling assays for murine
cell lines (16, 17) (https://www.nist.gov/programs-projects/cell-
line-authentication). Although STR typing does not exist for all
species, other PCR methods exist to identify and detect cross-
contamination from many vertebrate species used in genome-
engineering research (18). Many companies offer cell line authen-
tication services that may be a suitable method for a particular
use case.

Several recent studies have highlighted the need for evaluat-
ing the individual genetic variation within the sample(s) being
engineered, as compared to a sequence that may be provided
within a reference genome, to generate a sample-specific design
of genome-editing assays. In one case, a single-nucleotide vari-
ant generated an unexpectedly high efficiency ‘off-target site’
(a genomic position distinct from the target site where unintended
edits may occur (1)) that was not identified by in silico predic-
tions based on a reference genome sequence (19). Another study
examined ~3000 guide RNAs (gRNAs) of a CRISPR/Cas9 system
across 30 therapeutically implicated loci, where ~20 nucleotides
of a gRNA are designed to have sequence identity with the DNA
target thereby conferring the sequence specificity capability of
a CRISPR/Cas9 system. They found that the variants present in
the 1000 Genomes Project (www.internationalgenome.org) cre-
ated significant alterations in the specificity between the gRNA
sequence and the target site (20). These variants were also found
to alter the location and frequency of predicted off-target sites.
We refer readers to a recent review (21) that further explores
how genetic diversity can impact the safety and efficacy of
CRISPR/Cas9 editing activity at intended genomic targets.

Benchmark reference genomes are essential for designing
genome-engineering experiments and establishing a basis for the
expected editing outcomes. It should be noted, however, that ref-
erence genomes most often do not represent the base-by-base
sequence of the cells being used in a genome-engineering experi-
ment. For example, the NCBI human genome reference sequence
that was generated by the Human Genome Project is the DNA
sequence of a mixture of twelve individuals who donated blood
samples (22, 23) (Lander et al., 2001; Church et al., 2011). In order
to establish an authoritative characterization of human bench-
mark genomes in samples that are accessible to researchers for
science, the Genome in a Bottle (GIAB) Consortium was initi-
ated by the NIST in 2012. The consortium generated a catalog of
extensively sequenced human genomes to serve as benchmark
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reference materials for DNA next-generation sequencing technol-
ogy development and validation (24, 25). The genomes included in
the GIAB catalog can be obtained as cell lines or purified genomic
DNA from Coriell (https://www.coriell.org/) and to date consist of
one female of white European ancestry and two father-mother-
son family trios—one of Ashkenazi Jewish ancestry and one of
Han Chinese ancestry. To visualize the human GIAB datasets
where variants can be compared to the NCBI human reference
genome (hg19 or hg38), we refer readers to the ‘Genome in a Bot-
tle’ track within the UCSC Genome Browser (https://genome.ucsc.
edu/), under the section Variation > Genome in a Bottle.

Arecentpaper describing the CHANGE-seq genome-editing off-
target assay used DNA isolated from the seven GIAB cell lines to
assess the off-target DNA cleavage activity of the CRISPR/Cas9
genome-editing system (26). The authors modeled the effects of
genetic variation on off-target CRISPR/Cas9 cleavage by examin-
ing how Cas9 nuclease off-target activity increases or decreases
across individual DNA lines treated with the same CRISPR/Cas9
reagents. Six target sites and 720 corresponding off-target sites
were analyzed by CHANGE-seq across the seven GIAB lines.
The authors found that 15.2% of the total off-target sites con-
tained genetic variation that changed the Cas9 activity, as mea-
sured by the CHANGE-seq read counts. Across the seven GIAB
lines, per target, six to thirty-eight off-target sites were dif-
ferentially affected at a frequency ranging from 7% to 29%
(false discovery rate>0.05). The results of this study illustrate
how genetic variation may produce different off-target ‘land-
scapes’ across individuals, even if they share the same on-target
sequence.

All heterozygous off-target sites that the team examined
showed clear allelic bias in CHANGE-seq results that could not be
observed in whole-genome sequencing reads. More importantly,
they found high-frequency novel off-target sites when individ-
ual alternative alleles (variants from the reference genome) were
present. The authors noted four specific examples where individ-
ual genotypes, different from the reference, created a detectable
novel off-target (26, Figure 6g and h). These findings emphasize
the need to understand the baseline of the input cells in terms of
their genetic sequence in order to know what has changed after a
genome-editing event and assess fitness for purpose of engineered
cells.

3. Phenotypic variability in source cells can
impact the interpretation of editing

In the previous section, we described the ways in which genetic
variability, both across individuals and when compared to a ref-
erence genome, can cause incorrect assumptions of the pre-
dicted on- and off-targeting activity of a genome-editing tool like
CRISPR/Cas9. Here, we address the phenotypic variability of input
cells and describe the importance of using baseline metrics to
which edited cells are compared.

An important baseline characteristic of a cell population is its
‘growth rate’, a measure of the change in cell quantity over a given
period of time. Two useful measures of the growth rate used in
mammalian cell culture are the following:

(i) Mean generation time—the time required for the cell popu-

lation to double:
o(t2)
f
lnﬁl
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(ii) Population doubling level—the number of times a cell cul-
ture has doubled:

ln%f
n2
where N;is the initial cell number that was seeded into the flask, Ny
is the final cell yield after the duration of timeT. It can be mislead-
ing and result in erroneous conclusions to presume the input cells
being engineered behave according to average values or published
expectations of the above-mentioned phenotype characteristics.
We recommend using measures of the growth rate to establish a
high-level understanding of the behavior of the source cells, in the
typical lab culture conditions and environmental conditions they
will be handled in, prior to engineering. This baseline behavior can
then be used to assess whether cells are sufficiently equivalent to
expectations before editing or if a given set of reagents has altered
baseline behavior expectations.

We note here that the growth rate may not in fact be a distin-
guishing characteristic of a cell. Cell types such as neurons and red
blood cells are considered terminally differentiated and are not
expected to undergo cell division. Cells may also experience differ-
ent growth rates depending on their state—for example, as a stem
cell transitions from a pluripotent to a differentiated state. We rec-
ommend that whatever the growth rate of the cell is—low, high
and measurable under laboratory conditions or not—it should
be established as a baseline expectation before the source cells
are manipulated. After genome editing, baseline measurements
derived from the source cells serve as the most relevant compar-
ison to assess whether the engineered cells have changed their
growth phenotype in a significant and possibly concerning way.
This is especially important for clinical applications of genome
editing. An unusually faster- or slower-growing cell can indicate
unintended changes to fundamental cellular processes, possibly
the activation of oncogenes or tumor suppressors. The most rele-
vant comparisons can be made if the baseline growth phenotype
of the source cells is measured prior to manipulation.

Another baseline variable to consider in a genome-editing pro-
cess is stability during cell handling. Genome editing involves cell
handling steps that are most often performed outside of the nor-
mal temperature, humidity and gas composition parameters of
an incubator. Environmental conditions when the cells are han-
dled outside of the incubator may affect the stability or viability
of the cells and therefore may change the quantity or behav-
ior of cells one expects to be receiving the editing components.
Likewise, as the action of a genome-editing process is nucleic
acid damage and repair, if environment and cell handling could
be expected to impact genomic stability, not accounting for this
at the baseline could result in erroneous attribution of editing
to what is increased baseline genomic instability. It is therefore
valuable to consider the impact these handling steps may have
on cells independent of editing. The growth rate and stability
are metrics that are widely applicable across cell types; however,
there may be other phenotypic measures that are important to
different systems. We encourage readers to identify the most rele-
vant phenotypic measures for their cell systems and measure the
appropriate baseline data to make inferences on the impact of the
genome-editing process.

Additional factors such as process changes, new reagent lots
and new thaws or batches of cell stocks may cause the cells to
behave differently than expected (even as compared to a pre-
viously established baseline) or alter viability even before engi-
neering. For these reasons, we recommend specific attention be
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given to establishing a baseline understanding of pre-edited cells
or accounting for the variables mentioned in this section to be part
of experimental interpretation. This enables a researcher to eval-
uate whether the cells have changed as a result of genome editing
or because of another contributing factor.

4, Variability in editing outcomes

While it is common vernacular and can be efficient to communi-
cate the core goal of genome-editing technology, it is misleading
to conceptualize the mechanism of action of the genome-editing
system CRISPR/Cas9 as a nucleic acid ‘editor’, when its direct func-
tion is actually that of a nucleic acid ‘damage initiator’. One must
keepin mind thatin the current state of our control over this tech-
nology, the repair process and editing outcomes are ultimately
dependent on the DNA damage response and repair mechanisms
of the cell and often result in an array of nucleic acid alterations,
both intended and unintended alterations or edits. The magni-
tude and variety of unintended edits, both at the target and at
off-target locations in a genome, are still being understood. These
unintended edits include reports of complex genomic rearrange-
ments and deletions (27, 28), interallelic gene conversion (29, 30),
large-scale chromosome loss or gain (31, 32) and large-scale chro-
mosomal rearrangement or ‘chromothripsis’ (33). This variability
in the range of outcomes impacts the ability to reproducibly gen-
erate predictable genome-engineering outcomes, one of the major
goals of synthetic biology. The development of additional strate-
gles to detect, understand and control sequences resulting from
genome editing, as well as standard assessment tools to evalu-
ate the on- and off-target activity of CRISPR/Cas systems, remains
a work in progress, and we direct readers to recent reviews that
examine the caveats of using Cas9 to produce intended genomic
edits (34) as well as current assays to evaluate the Cas9 on- and
off-target activity (35).

5. Limiting the introduction of variability
with documentation and metadata tracking

Our ability to understand sources of variability in genome engi-
neering relies on the quality of our methods to document the
process. The importance of documenting information surround-
ing the genome-editing process includes laboratory practices such
as detailed protocols and standard operating procedures, sample-
handling details and reagent or consumable information. Doc-
umentation also extends beyond laboratory processes. It is also
important to document information about how the samples were
analyzed and processed in an informatics environment. This infor-
matics metadata can consist of information that includes file
names and descriptions, software names and versions, pipeline
steps and parameters, and decisions underlying the informatics
processing. Misunderstanding of the samples being analyzed or
the process used to determine baseline values can lead to mis-
taken or irreproducible processing and interpretation of results
when applied to edited cell data. Therefore, maintaining meta-
data surrounding the analytics provides clarity on processing and
practices supporting the goal of analytical reproducibility. Accord-
ingly, there exists a framework that serves to optimize the reuse
of data. The genome-editing community should strive to adhere
to FAIR (Findability, Accessibility, Interoperability and Reusabil-
ity) data principles (36) (https://www.go-fair.org/fair-principles/),
standards already being applied in other sectors, in order to pro-
mote machine actionability to find and access data. This effort
in turn would promote reproducible science and more correct
interpretation of experimental results.

6. Modeling the sources of variability in the
genome-engineering process using a
cause-and-effect diagram

We have outlined some ways in which genotypic and phenotypic
heterogeneity of input cells can impact genome-editing outcomes.
What is the path forward? An Ishikawa diagram, also known as
a cause-and-effect diagram, can be used to delineate the steps
within a process and identify potential causes that may lead
to the failure of a process, such as the failure to detect suc-
cessful genome editing. Such a diagram helps identify the pro-
cess points and variables that may cause or contribute to the
issues and provide a framework to develop strategies to detect or
mitigate these sources of failure. Figure 1 and the descriptions
below illustrate the possible contributing factors to unsuccess-
ful on-target editing and our recommendations to mitigate those
issues:

(i) Human: calculations or data recorded incorrectly; needs to
be double-checked. We recommend using some form of a
metadata tracking tool according to the principles outlined
in the previous section.
Transfection instrument: the performance of the instrument
delivering the editing perturbation (such as an electropo-
rator) may be suboptimal. Ways to evaluate this is to use
positive controls, such as a green fluorescent protein control
plasmid, or a positive control kit if sold by the company that
the reagents are purchased from.

(iii) Measurement instrument: these are the instruments used
to generate the genome-editing formulation, i.e. pipettes to
measure volumes or a cell counter. We recommend estab-
lishing routine maintenance and calibration schedules for
the instruments.

(iv) Cells: as described earlier, cell type is different from what

is expected or could contain contamination of other cells.

STR typing or other means of cell identification of the pre-

and post-edited cells can confirm the intended cell type

was being handled throughout the process. It could also be
that the cells are unstable in a certain buffer (electropora-
tion buffer, phosphate buffered saline and reduced-serum
medium supplement), which impacts the health and growth
rate. We recommend establishing baseline cell behavior
under relevant conditions for the intended engineering pro-
cess. As many cell behavior measurements rely on counting
cells, we recommend implementing the protocols for experi-

mental design and statistical analysis in ‘ISO 20391-2:2019

Biotechnology—Cell counting—Part 2’ (37) to confirm the

degree of agreement between the expected and measured

cell counts.

Editing reagent: the editing reagents could be less functional

than expected due to the components being degraded or

compromised in some way. If using a CRISPR/Cas9 RNP, one
can test whether the assembled complex cuts DNA in an

in vitro context, using an ‘in vitro cleavage assay’ (IVC) (38).

Many editing reagent manufacturers provide IVC protocols

on their websites, and we recommend performing IVC where

possible to verify editing reagents are active to cleave, before
conducting editing experiments within cells. A specific issue
that may arise with the targeting component of the editing
reagent (in this case the gRNA) is that it does not exactly
match the target sequence in the input cells. We advise using
the reference genome of the input cells, if possible, but if that
does not exist, another option is to generate a PCR amplicon

(if

=

=
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Figure 1. A cause-and-effect diagram of possible factors that could contribute to unsuccessful on-target genome editing with CRISPR/Cas9. Solutions
to mitigate these issues are identified under each branch and further described in the text.

(vi

(vii
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=

of the target site and flanking regions using the genomic
DNA of the input cells. Sanger sequencing or next-generation
sequencing can then be performed on the PCR amplicon to
confirm the exact sequence of the putative target site and
percent identity to the gRNA.

Data analysis: there could be a poor match between the
reference genome and the cells to be engineered resulting
in misleading or no information. For instance, one might
attempt to use a human genome for an animal sample if the
animal reference genome does not exist. As discussed earlier,
one might also use a reference genome that unknowingly
contains variants compared to the sample cells. To mitigate
this factor, we recommend trying to use the genome of the
input cells as the reference if possible. Genomic sequence
for the cells to be engineered is often not available. We pro-
pose a general approach of using the sequencing methods
described in the previous point to verify the sequence at
the target region of interest and off-targets before report-
ing variants. Another issue confounding analysis may be
that the bioinformatics pipeline used to analyze sequencing
information is unsuitable or contains inappropriate analysis
parameters. As much as possible, one must be aware of the
limitations of the informatics pipeline in terms of the type
and size of variants it can detect and use multiple analysis
pipelines if necessary to fill in those gaps. Where possible, we
also recommend verifying informatics pipelines with control
or benchmark datasets.

Documentation: sometimes variability in a genome-editing
process and resulting issues with experiment reproducibility
are due to the documentation—the wet lab or data analysis
protocols could be incomplete or incorrect. To address this,
we recommend an emphasis on complete documentation

and access among intended users to this information as
guided by FAIR data principles as described in the previous
section.

7. Addressing measurement and standards
needs

Reproducibility and confidence in measurements within the
genome-editing field will be accelerated by establishing con-
sensus standards and community norms. Many organizations
and scientific societies are attempting to identify areas in need
of community norms and the required tools and infrastruc-
ture; these include the Engineering Biology Research Consor-
tium (https://ebrc.org/) and the American Society of Hematology
Real-World Evidence Stakeholder Initiative (https://www.ashre
searchcollaborative.org/s/data-hub/real-world-evidence-initiati

ve). The NIST Genome Editing Program, which includes
the NIST Genome Editing Consortium (https://www.nist.gov/
programs-projects/nist-genome-editing-consortium), was initi-
ated to address the measurement and standards needs across
major stakeholders in the genome-editing community. Major
efforts of the NIST Genome Editing Program are to develop and
characterize: relevant control materials, standard processes to
document and share the details of the editing process;, and to
develop standard terminology and definitions. A recent product of
the Genome Editing Consortium is the publication of ‘I1SO Standard
5058-1:2021 Biotechnology—Genome editing—Part 1: Vocabulary’,
led by the NIST in conjunction with member countries of the
International Standards Organization's Technical Committee on
Biotechnology ISO/TC276 (1). This is the first standards document
to provide internationally harmonized definitions for forty-two
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frequently used terms in the genome-editing field and is actively
being referenced by industry.

8. Conclusion

Genome engineering is a highly valuable tool for synthetic biology
and cell engineering that is already transforming these areas of
bioscience. The capacity and variety of genome-engineering tools
are ever expanding and poised to enable growing control over engi-
neering and (re)programmability of cells. However, variables exist
that can impact the efficient use of genome-editing systems and
the interpretation of genome-editing outcomes. There is inher-
ent variability of the input cells at the genotypic and phenotypic
levels as compared to ‘reference’ cell lines and genomes or phe-
notype expectations and the heterogeneity of editing outcomes
both at the target and off-target regions. While this complexity
of cell biology cannot be fully controlled, we propose that genetic
diversity across individual organisms within a species and het-
erogeneity within a cell pool should be considered early in the
engineering design process and continuously as factors that may
impact the engineering process and interpretation of results. We
urge readers to consider establishing baseline characterization of
the cells to be engineered and compare post-engineering results
to the relevant baseline. Leveraging this knowledge in genome-
engineering design, execution and interpretation has the power
to enable more reliable and reproducible discovery, insights and
products for individual research labs as well as for the wider
scientific community.
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