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Advances in DNA sequencing over the past twenty years have led to an
unprecedented expansion in our ability to read DNA sequences and find genetic
variation in individuals. However, our ability to manipulate and interpret genetic variation
has not nearly kept pace with our ability to identify variants. Despite a growing need for
new genomic tools in clinical medicine, very few have been sufficiently developed and
validated to be adopted in clinical settings. In particular, two tools have shown promise
for clinical use— Clustered regularly interspaced short palindromic repeat (CRISPR)-
Cas9 based gene editing and multiplexed assays of variant effect (MAVES)—but remain
limited in scope. In Chapter 1, | introduce each of these two methods, review how they
work, how they are used in clinical settings, and discuss their current limitations. In

Chapter 2, | describe a method | developed to expand the types of proteins that can be



studied using MAVEs to include secreted and extracellular proteins via library-
compatible mammalian surface display. | apply this method to coagulation factor IX
(FIX), the primary genetic cause of hemophilia B, to quantify variant effects on FIX
secretion, identify structural constraints for folding and secretion, and apply these data
to FIX variation to determine mechanisms of disease. | then expand my study of FIX
beyond secretion to post-translational modifications (PTMs) of FIX, including y-
carboxylation of its GLA domain and enzymatic cleavage by coagulation factor Xla. | find
evidence for strong structural constraint in the FIX GLA domain that incompletely
correlates to its level of y-carboxylation and instead identifies distinct mechanisms for
variant effects in the propeptide and GLA domains. In Chapter 3, | switch from
functional characterization of genetic variants to controlled gene editing and repair using
CRISPR-Cas9. | describe a new method to increase CRISPR-Cas9 based gene editing
precision without compromising efficiency. By coaddition of catalytically inactive Cas9
guide RNAs (dRNAS) that bind to off-target editing sites, | significantly reduce Cas9
editing without the need for blocking mutations that alter adjacent sequences and
improve editing efficiency for targeted variant knock-in. Finally, in Chapter 4, | outline
future challenges for each of these technologies, suggest routes for further application

with these tools, and comment on the future of clinically useful genomic tools.
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1 Introduction

Next-generation DNA sequencing has greatly increased our ability to identify
genetic variation in humans over the past twenty years, especially as the costs of
sequencing an individual's exome and/or genome have dropped. Estimates from whole-
genome, whole-exome, and phylogenetic studies suggests that the de novo mutation
rate in humans is approximately 1-3x10% mutations per nucleotide per generation,
which translates to between 60-180 unique de novo variants per individual.® Applying
the de novo mutation rate to the entire human population suggests that every single
nucleotide variant compatible with life already exists somewhere in the population.?
These de novo variants occur in addition to existing rare variation that is already present
within the human population. To illustrate the scale of this problem, we can look to the
Genome Aggregation Database (gnomAD), wherein whole genome and whole exome
sequencing of 141,456 healthy individuals identified 244.8 million high-quality variants.®
Restricting the identified variants to those within gene exons still results in 7.1 million
unique variants across nearly every gene in the human genome.

The medical impact of these 7.1 million unique variants is generally unknown, as
the vast majority are difficult to interpret clinically due to their rarity. Under 2% have
interpretations in ClinVar. -8 The rest of these variants are deemed variants of
uncertain significance (VUS), meaning that their association with pathogenicity is
unclear from current evidence.® Because so much of the promise of precision medicine
relies on accurate characterization of variant effects, the utter lack thereof prevents its

implementation. In order to realize the full potential of precision medicine and improve
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clinical care, clear and accurate variant interpretation is required, which necessitates the

development of new multiplexed methods for characterizing genetic variation.

1.1 The challenges in characterizing genetic variation

Even though rare variants represent the majority,'° characterizing them is
difficult, primarily due to the limitations of current tools in the geneticist’s toolkit. are the
main roadblock for implementing precision medicine. Many, like genome-wide
association studies, require repeated observations in multiple individuals to identify
potentially pathogenic variants. Pedigrees showing co-segregation of disease and
variant can provide clear evidence, but are costly, time-consuming, reliant on voluntary
assessment for unaffected individuals in the family, and only capture the variant in a
single context. On the other end of the spectrum, computational variant effect predictors
are scalable to millions of variants but lack precision for clinical use.!! Even in the rare
case that these approaches lead to a conclusive interpretation, little is learned about the
mechanisms underlying the variant’s effects. Follow up in vitro biochemical and cellular
experiments can resolve mechanism and clarify functional effects, but are too slow and

expensive to implement for each variant individually 412

1.2 Multiplexed assays of variant effect (MAVES) represent a path forward for
scalable variant interpretation
Over the past decade, as next-generation sequencing costs have dropped
drastically, multiplexed assays of variant effect (MAVES) have been developed to study

the effects of thousands of variants of a gene simultaneously. MAVEs have been
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applied to a plethora of phenotypes including oncogenic potential, aggregation
propensity, pharmacokinetics, membrane trafficking, viral evolution, and antibody
escape.*8913-27 Fyrthermore, these assays can be applied broadly beyond gene exons

to mRNA untranslated regions (UTRs), promoters, enhancers, and splice sites.?8-33

functional score
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Figure 1.1: Overview of general MAVE structure

A library of genetic elements, Cas9 guide RNAs, or variants in a gene are created and introduced into
cells. Only one genetic element is expressed per cell. Cells are then subjected to a selection assay, such
as growth or reporter fluorescence (shown) that separates variants based on their function, which is
indicated by the dotted lines in the middle panel. High-throughput sequencing of the separated cells is
performed to calculate the distribution of each element across the range of the assay to generate a
functional score. Functional scores are typically visualized using a heatmap of position and variant amino

acid, where color indicates the functional score.

While the methods for functionally characterizing variants in each MAVE vary, a
common structure exists (Figure 1.1). A DNA variant library containing all possible
variants (typically only single amino acid changes) is introduced into a cellular system in
such a way that, on average, only one variant is expressed per cell. Example methods

to introduce variants include genomic integration into an inducible landing pad via
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recombination,*® Cas9-based delivery of homology-directed repair (HDR) templates,*®
CRISPR prime editing,3* transient plasmid transfection,819.2327 gand lentiviral
transduction.?® Cells expressing variants are then subjected to some phenotypic
selection pressure and sorted based on their phenotype. Early MAVES relied on growth
phenotypes, where either functional'® or nonfunctional® variants would lead to cell
death and drop out of the assay over time. Later MAVES were expanded to include
fluorescent reagents that could allow variant-expressing cells to be sorted using
fluorescence-assisted cell sorting (FACS).462224 |n both cases, the selection assay
stratifies variants based on their phenotypic effect. Next-generation DNA sequencing of
variants or associated short DNA barcodes can then be used to calculate a variant’s
frequency across sorted conditions. Those frequencies are then used to compute a
functional score for the given phenotype. Additionally, the functional score is often
normalized to scale the range of known variant effects on the measured phenotype.*>26
The result is a variant effect map that reveals the functional consequences of thousands
of variants within the genetic element. In this way, MAVES increase the scale for testing

variants such that the primary limitation is the speed of sorting cells.

1.2.1 MAVEs require atight genotype-phenotype link

In a typical MAVE for a gene of interest, the gene product, or protein, is the
assayed entity. However, sequencing proteins directly and in parallel is difficult to
achieve. DNA sequencing, on the other hand, is comparatively affordable, can be
multiplexed to millions of individual molecules, and is easily extracted from cells. As

such, the MAVE readout does not occur at the protein level but rather at the DNA level,
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identifying individual variants directly via sequencing or by association with a short
DNA-based barcode.*1® To accurately estimate variant effects in this manner requires
that the protein assay and DNA sequencing readouts are highly correlated—that is to
say, there is a tight genotype-phenotype link. In most cases, this assumption holds true,
as the variant DNA and variant protein are both encapsulated within the confines of
individual cells. The cells themselves can be imagined as a container of sorts, holding
all the relevant information intact until extraction.

However, there are plenty of circumstances where this assumption of a strong
genotype-phenotype link no longer holds true. A clear example of an unlinked genotype
and phenotype, and the one that this dissertation is primarily concerned with, comes
from secreted, extracellular proteins. These proteins are not retained by, nor is there
memory of, their cell-of-origin, the functional assay measured at the level of the protein
no longer correlates with the cellular DNA readout. At present, there are no methods
amenable to studying secreted proteins at the MAVE scale using their endogenous
cellular secretion machinery. The issue of not being able to study secreted protein
variants at scale is not a small one—secreted proteins represent almost 10% of the

human genome, 25% of which have been directly linked to disease in humans.3>36

1.2.2 Existing methods to study secreted protein variants at scale

Very few scalable methods exist that are compatible with secreted proteins, and
those that are available suffer from significant limitations. For example, library scale
methods for displaying proteins on the surface of E. coli and S. cerevisiae have existed

for over 25 years.®’~*! However, these methods are typically unsuitable for studying
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human secreted proteins, as they were first developed to allow for biochemical
characterization of protein-protein interactions on the cell surface. Since researchers
were most concerned with recapitulating intracellular protein-protein dynamics, the
methods were developed and optimized to display obligate intracellular proteins.
Typically, display was achieved by simultaneously fusing a highly-expressing signal
peptide sequence (commonly from IgK) to the N-terminus of the protein and a
transmembrane domain and cytoplasmic tail to its C-terminus to allow for intracellular
reporter signaling.®® Indeed, this fusion construct is still in use to this day.?>383°

The fusion of the N-terminal leader sequence precludes accurate assessment of
endogenously secreted proteins, which each contain their own signal sequence and
ordered PTMs that are sequence-context-specific.#>42 For instance, modification of the
positions directly after the signal peptide have been shown to alter translocation
efficiency in bacteria.***> More recent work has also provided evidence that signal
sequences can directly affect post-cleavage events within the endoplasmic reticulum
(ER)-Golgi apparatus or can have roles in human autoimmunity.*?4% Examples also
exist where modifications in the signal peptide sequence alter protein expression
sufficiently such that the resulting protein is incorrectly post-translationally modified or
shuttled to the wrong cellular compartment.*34> Swapping out signal peptides for
studying secreted protein variants represents a potentially large loss of valuable
genotype-phenotype information that is integral to understanding its biological function.

Moreover, the use of E. coli and S. cerevisiae present their own issues for
displaying secreted proteins. Most human secreted proteins are highly post-

translationally modified, with secondary protein cleavage events, N- and O-linked
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glycosylation, chaperone-assisted folding, and disulfide bond formation, among
others.%” E. coli and S. cerevisiae lack the machinery to perform a majority of these
necessary PTMs, many of which are integral to the secreted protein’s stability, folding,
and affinity for binding partners.*’* To more carefully capture the functional effects of

variants in secreted human proteins, a new, scalable mammalian system is needed.

1.3 A MAVE for analyzing secreted proteins at scale

Chapter 2 describes a new mammalian cell surface display system that is
compatible with both MAVE libraries and secreted genes which retains their
endogenous secretion machinery to function. | apply this system to interrogate the effect
of variation on secretion of coagulation factor IX (FIX), the primary cause of hemophilia
B.#° | then expand the scope of the display system to show it can profile the effects of
variants on FIX y-carboxylation, a series of 12 required PTMs within the FIX GLA
domain that result in the formation of a necessary three helix structure and protruding

hydrophobic w-loop.5%-%4

1.3.1 The hemostasis network, a dynamic and precarious system

For humans, a flexible, rapidly responding hemostasis system is required for
health and survival, as it maintains the transport of nutrients, oxygen, and waste
materials throughout the body. As such, the hemostatic system is both highly regulated
and precarious. In response to vessel injury and bleeding, vasoconstriction rapidly
occurs, cutting off blood flow to the damaged sites. During primary hemostasis,

circulating platelets, with the assistance of von Willebrand factor (vWF), activate and
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aggregate to form a platelet plug at the site of injury.5%% The platelet plug, however, is
weak enough to be dismantled by shear stress, and requires additional support from the
products of secondary hemostasis.®® In secondary hemostasis, plasma coagulation
factors, including FIX, catalyze a series of enzymatic reactions to generate thrombin,
which converts fibrinogen into fibrin.5’ Fibrin is then inserted into the platelet plug and
cross-linked by coagulation factor Xl (FXIIl) to form the a stable clot and allow wound

healing to proceed.>”:%8

1.3.2 Hemophilia and other genetic disorders of coagulation

Dysregulation of the hemostatic system can result in both thrombotic and
hemorrhagic disorders. While these disorders can be acquired due to malignancy,
infections, liver disease, and cardiovascular disease, frequently the causes are genetic
in origin. The most common of these genetic disorders are hemophilia A and hemophilia
B, for which just over 98% of patients have identifiable variants in the F8 (coagulation
factor VIII, FVIII) and F9 (coagulation factor IX, FIX) genes.>®

For the purposes of this dissertation, | will be focusing on FIX, for which genetic
variants have been associated with hemorrhagic,4?:5%° pro-thrombotic,* and
pharmacogenetic phenotypes.®%63 The most common FIX-related disorder is hemophilia
B, nicknamed the Royal Disease, as it afflicted a large fraction of the European royal
families in the 19" and 20™ centuries. Hemophilia B affects approximately 3.8 per
100,000 males worldwide, or ~1.2 million people currently living with the disease.®4%° As
the F9 gene is located on the X chromosome, the prevalence of hemophilia B in

females is significantly lower.%%67. Moreover, nearly 1 in 5 patients seen at hemophilia
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treatment centers (HTCs) with mild hemophilia were women, most of whom are
heterozygous for a pathogenic variant in F9.%8 Their bleeding phenotypes often arise
from skewed X-inactivation, though various deletions, transversions, and chromosomal
loss have been observed.66-68

Hemophilia B is costly financially, with per patient healthcare costs approaching
$500,000+ annually, and physically, with a significantly increased disease burden and
upwards of a 35% reduction in life expectancy.*®%® The burden is not evenly distributed,
however, as hemophilia B can be subdivided into severities based on both bleeding
symptoms and an in vitro clinical assay of FIX activity compared to pooled plasma from
unaffected donors (

Table 1.1).4984 Disease severity is highly correlated with genotype, which, while
rarely used as a diagnostic tool, is regularly used for reproductive planning, neonatal
management, and to predict which patients are at high likelihood of developing an
anaphylactic neutralizing antibody reaction (inhibitor) to their exogenous factor
replacement therapy.®%-7? There is even preclinical evidence from mice with hemophilia
that suggests that FIX variants can alter its biodistribution and affect the efficacy and
clearance rate of exogenously administered wildtype FIX.7374

Despite the well validated association between variants in F9 and hemophilia B,
relatively little functional work has been performed on the variants themselves to
understand how things like disease severity and inhibitor risk are conferred. In fact, 48%
of variants remain classified as VUS due to their lack of functional evidence.>® Linking
DNA variants to disease, protein structure, and clinical phenotypes has been used

repeatedly to elucidate functional constraints on genes and to develop novel
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interventions. One such example comes from FIX itself—the FIX Padua variant
(R384L), found in 2009 in a family with a history of spontaneous thrombosis in Italy,5* is
a gain-of-function variant with specific activity that is 8-12 times that of wildtype FIX.61.75
Just five years later, in 2014, the first phase I/l gene therapy trial using FIX Padua was
established,’® which is now on the market for patients. A systemic look at variant effects
in FIX across multiple phenotypes, thus, has the potential to mechanistically explain

how variants affect FIX function and to be repurposed to improve FIX therapeutics.

Hemophilia B  FIX activity Median age at
severity level (%) Symptoms diagnosis
Severe <1% Spontaneous hemarthrosis and soft 1 month

tissue bleeding, intracranial hemorrhage,
and severe and prolonged bleeding after
minor trauma

Moderate 1-5% Infrequent spontaneous soft tissue 8 months
bleeding and hemarthrosis, significant
bleeding after minor trauma, and
prolonged bleeding after surgery

Mild 5-40% No rare or spontaneous bleeding but 36 months
prolonged bleeding after major trauma or
surgery

Table 1.1: Clinical assessment of hemophilia patients

1.3.3 Variants in FIX can cause quantitative or qualitative deficits that lead to
hemophilia B
One outstanding unresolved question in hemophilia B genetics is which variants
lead to quantitative (amount of FIX secreted) vs. qualitative (functional activity of

secreted FIX) deficits in patients and why. Many quantitative variants are so severe that
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they are designated cross-reactive material negative (CRM-), meaning there is no
detectable FIX antigen or FIX enzymatic activity in the blood of patients harboring these
variants.”” CRM- variants are nearly always associated with severe disease and
increased risk of developing inhibitors.”® However, many other quantitative variants
show reduced FIX blood antigen but remain CRM* and retain enzymatic activity.”® Many
of these variants perform indistinguishably from wildtype FIX in vitro, but their reduced
secretion results in a bleeding phenotype.’® That said, clinical measurement of FIX
blood antigen is rarely performed, as there is little diagnostic value that cannot be
captured using FIX activity assays. As such, there is a dearth of knowledge of which
variants affect FIX secretion en masse.

Qualitative variants (which are also CRM*), on the other hand, show excess FIX
activity loss relative to their blood antigen levels.”®7° These variants have been
sporadically described throughout the literature, but again, because FIX antigen is rarely
performed outside the context of research settings, little is known about which variants
lead to qualitative deficits or which of the many possible mechanistic routes lead to their
dysfunction. What is known is that these qualitative variants generally affect some

phenotype besides secretion.808!

1.3.4 y-carboxylation of the FIX GLA domain is required for molecular
interactions and enzymatic activity
One phenotype affected by variation in FIX is y-carboxylation of 12 glutamate
residues within the GLA domain, a vitamin K-dependent modification that is common to

a number of coagulation proteins including FIX, coagulation factor VII (FVII),
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coagulation factor X (FX), thrombin (Fll), protein C (PC), and protein S (PS).8? y-
carboxylation of the GLA domain coordinates the binding of divalent cations, which
induces a structural transition from an unstructured domain into a tightly folded three
helical structure.>?83-86 The folded GLA domain conformation in FIX creates a solvent-
exposed w-loop, which is involved in binding phospholipid membranes and type IV
collagen,®373.74 activation of FIX into FIXa by activated coagulation factor XI (FXla),5%:87
the formation of the catalytic tenase (FVllla-FIXa-FX) complex,>?=>4 and interactions with
its cofactor, activated coagulation factor VIII (FVI1lIa).88 Interestingly, the w-loops of y-
carboxylated coagulation proteins are variable, and research suggests that these
differences in w-loop structure confer binding partner specificity. Indeed, replacement of
the FIX w-loop with that from FVII leads to a complete loss of FXla-mediated binding
and FIX activation, but does not affect FVlla/tissue factor-mediated FIX activation.51.89-91
While the role of y-carboxylation has been deciphered, it is still unclear which
residues of FIX’s GLA domain are integral to w-loop formation and can lead to
hemophilia if mutations arise. Evidence suggests that y-carboxylation of wildtype FIX in
Vivo is not always complete. However, hypo-y-carboxylated FIX, which is found in most
FIX replacement therapies, can still function like wildtype FIX.%2 As such, the
mechanism of action of hemophilia-causing variants in this region, particularly in the
upstream propeptide, is hotly contested.5%93-97 Additionally, in vitro work using synthetic
disulfide-linked peptides shows that the functional w-loop can be recapitulated without
either y-carboxylation or calcium ions so long as the peptide can take on the solvent-

exposed hydrophobic orientation.53
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With these findings coming to light, the question has arisen of whether these
propeptide and GLA domain variants ablate y-carboxylation entirely or whether they
simply alter the structure of the w-loop. For example, variants at positions 37 and 40
(legacy numbering: positions -10 and -6), have been described that reduce y-
carboxylation entirely.5® Other variants at position 37 do not cause hemophilia, but they
can lead to a warfarin-induced hemorrhagic disorder, where there is an outsized loss of
FIX function relative to other y-carboxylated coagulation proteins.®%:63 All of these
variants alter the propeptide alpha-helix, which is the binding site of GGCX, the protein
that catalyzes y-carboxylation using vitamin K.829.99 Warfarin and its analogues reduce
GGCX function by inhibiting VKOR-based recycling of vitamin K. 8298-100 A few positions
downstream, variants at FIX residues 43, 45, and 46 (-4, -2, and -1 in legacy
numbering) in the propeptide prevent its cleavage and removal.%101-104 Early
experiments determined that these propeptide variants also led to poor y-carboxylation,
which was determined by using a y-carboxylation-specific anti-FIX antibody.50:94,101-104
More recent work, however, suggests that y-carboxylation occurs before propeptide
cleavage of FIX.105106 Related studies on the y-carboxylation of variants that retain their
propeptide suggests these variants are, in fact, fully y-carboxylated.®’ Instead,
researchers propose that retained propeptide alters or blocks the conformational shift
required to form the w-loop. However, a consensus has not yet been reached and

warrants a more thorough investigation.
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1.4 Limitations of using MAVEs

While the output derived from MAVES is ever-increasing, there are still
limitations to the promise of functionally characterizing every variant in the genome. The
most pressing of these limitations is the need to develop phenotype-specific assays for
each gene of interest. Most gene products have multiple molecular functions, making
the issue even more pressing. Generalized assays, like Variant Abundance by
Massively Parallel sequencing (VAMP-seq) and double-deep Protein fragment
Complementation Assay (ddPCA), allow for interrogation of broadly applicable
phenotypes across many genes, but fail to capture any specific functions that a gene
product may have, like enzymatic activity.*??” When analyzing the generalized
phenotype data from VAMP-seq or ddPCA to apply in clinical settings, these MAVE
data often miss a large fraction of non-functional variants, because their dysfunction
manifests in an unmeasured phenotype.+%107.108 Additional MAVES measuring new
phenotypes can improve functional variant predictions but require time-consuming
assay validation.18:108

In contrast are assays like Saturation Genome Editing (SGE),'® which profile the
effect of gene variants on cell growth in a haploidized line. Examples include SGE
mapping for BRCA1 and NPC1.1634 The functional scores generated from these types
of assays are an amalgamation of all the molecular phenotypes for a given gene
product. While this type of output is easier to translate into clinical applications and
variant effect prediction, it comes at the loss of a mechanistic understanding of a

variant’s dysfunction. There is no simple or intuitive way to deconvolute the SGE
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functional score to identify and rank the relative importance of the gene’s many
molecular phenotypes.

MAVEs are also limited insofar as they often remove the genetic element of
interest out of its endogenous cellular and genomic context. Notably, most MAVEs are
performed in systems that fail to recapitulate their endogenous biological context, which
can lead to spurious conclusions on a variant’s function.'%® Overexpression cDNA
assays, for instance, cannot assess the effects of splicing, have been shown previously
alter measurements of protein-protein binding affinities, create spurious protein
interactions, and lead to ectopic sequestration in unexpected cellular
compartments.t1%11 Moreover, lentiviral approaches to introducing variants can lead to
off-target lentiviral integration'*? or lentiviral template swapping.*3

Even MAVE experiments performed in endogenous contexts, like SGE, still can
suffer from unexpected or unwanted issues that confound interpretation of experimental
results. For example, most of these techniques rely on precise genome editing, usually
via CRISPR-Cas9-based gene delivery and repair, to introduce variants within their
endogenous context. However, these techniques remain limited to gene regions with
compatible protospacer-adjacent motifs (PAMs) for CRISPR-Cas9 site recognition.
Even if appropriate PAMs are available, experiments can suffer from off-target indel
formation and chromosomal rearragnements, which can disrupt expressed genes and
decouple variant effects.114118 SGE, in particular, is limited to essential genes, and
must be performed in haploidized cells, to identify functional effects on growth.®
Furthermore, while MAVESs are comprehensive, the data generated are often noisier

than their individually measured counterparts and are heavily reliant on the distribution
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of elements within the library.1%120 As such, careful validation and replication of results

with orthogonal methods is essential to interpret MAVE data.

15 CRISPR/Cas9-based editing is integral to modern variant interpretation

and correction

As alluded to previously, genomic tools for interpreting genetic variation often
rely on Cas9-based gene editing to install variants in endogenous contexts or to knock
down endogenous gene expression.>16:34 Being able to make targeted DNA
modifications in the genome reliably, efficiently, and precisely has been of great interest
to better parse the relationship between genotype and phenotype. Moreover, precise
editing of DNA has immense therapeutic potential via correction of pathogenic

mutations that result in genetic disease.'?11%2

1.5.1 Genome editing tools introduce DSBs for cellular repair
Nuclease-targeted genome editing is performed by introducing a double strand
break (DSB) that is then repaired by the cell’s endogenous DNA repair machinery.'23
Typically, in mammalian cells, the two potential pathways after formation of a DSB are
non-homologous end joining (NHEJ) or, less commonly, homologous recombination
(e.g. HDR). Because NHEJ involves resection of mismatched end nucleotides of DNA
before ligation, NHEJ often results in the formation of small indels in mammalian cells.
As such, targeted nucleases have traditionally been used to introduce frameshift-
causing indels to knock out a particular gene product.>34 The high rate of indel

formation in mammalian cells was previously thought to be the result of NHEJ being
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particularly error-prone.'?* However, recent work suggests that instead, NHEJ is
primarily error-free, and that Cas9-based recutting of DNA results in the slow
accumulation of indels.*?27127 In contrast, in HDR, 5’ and 3’ homologous regions of the
sister chromatid or an exogenously provided fragment of DNA are used to bridge the
DSB and fill in the gaps between.'?8 Because HDR primarily leads to the formation of
either a scarless repair (if the sister chromatid is used) or introduction of a desired edit
(from the exogenous DNA fragment), it is widely applied to correct pathogenic mutations

in cells derived from patients or to study the effects of variation on a particular

gene_16,34,121,129

1.5.2 A short history of the nucleases used for genome editing

While they are the most widely used today, CRISPR/Cas9 is only the latest in a
long line of engineered endonuclease systems to introduce changes to genomic DNA
via introduction of a DSB. Earlier endonucleases include zinc-finger nucleases (ZFNs)
and transcription activator-like effector nucleases (TALENS). Both ZFNs and TALENs
are fusions of an engineered DNA-binding domain and the Fokl nuclease domain.30.131
ZFNs utilize modular protein domains that each recognize 3 nucleotide sequences and
can be fused together to target genomic DNA more efficiently.'3° TALENSs also use a
modular method, but in this case, each module recognizes a single nucleotide, allowing
for more sequence targeting possibilities than ZFNs.'3! However, both tools are limited
in their targeting scope and are generally considered difficult to engineer. Laborious
rounds of optimization are required to ensure that a designed ZFN or TALEN will bind

and edit at the target site. Moreover, redesign and re-optimization are required every
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time a new target site in the genome is desired, which has prevented widespread use of

these tools in both clinical and research settings.

1.5.3 Using CRISPR/Cas9 for editing mammalian genomes

CRISPR/Cas9 quickly revolutionized genome editing, as it overcomes most of
the limitations surrounding ZFPs and TALENS. In nature, Cas9 uses two RNA
molecules, a CRISPR-RNA (crRNA) that is usually 20 nucleotides in length, to match to
and recruit Cas9 to specific genomic DNA sequences, and a second trans-activating
RNA (tracrRNA) which pairs with the crRNA and Cas9 to form the catalytic complex.3?
In practice, these RNAs are combined into a single guide RNA (sgRNA) that can
simultaneously perform both functions.32 The only sequence requirement for S.
pyogenes Cas9 (spCas9) RNA binding is the presence of an NGG PAM immediately 3’
of the 20 nucleotides matched by the RNA molecule.132134 This PAM sequence
requirement can change based on the species from which the Cas9 was derived,

though spCas9 is the most well characterized and most widely used.*3®

1.5.4 Off-target editing is a significant problem for CRISPR/Cas9

While Cas9 has made it simpler to perform targeted genome editing, challenges
still remain with its target specificity, which poses a significant problem for its use in
clinical settings. Cas9'’s lack of target specificity comes from its 20 bp sgRNA targeting
sequence, which, between the human genome’s large size and highly repetitive
structure, is insufficient to target a single unique locus.'3¢ To make the problem worse,

Cas9 retains cleavage activity with up to 3 base truncations or 5-6 base mismatches
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between its targeting sgRNA and genomic target.115-117.137-140 |n vitro and in vivo
investigations have determined that the number and location of these mismatches are
the main drivers of off-target activity. Specifically, PAM-proximal (within the 8-10
nucleotide seed region) mismatches are less tolerated than PAM-distal mismatches, as
the seed region is involved in DNA binding and unwinding.'#* Even then, seed region
mismatches only modestly reduce DNA binding and unwinding.'4? Recent structural
work provides an explanation—because Cas9 does not directly contact the major or
minor groove of its target DNA, which typically provides a steric mechanism for correct
basepairing, Cas9 can accommodate noncanonical basepairing, including nucleotide
skipping and shifting to make imperfect matches that maintain catalytic activity.4°

A number of orthogonal attempts have been made to reduce Cas9-based off-
target editing, for instance, by using Cas9 ribonucleoproteins (RNPs) formed in vitro to
lower Cas9 exposure, developing truncated sgRNAs of 17-19 bases (tru-sgRNA) that
reduce Cas9 target binding affinity, and engineering high-specificity Cas9
variants.126:143-156 Egch technique can reduce off-target editing, but has drawbacks in
terms of ease of use or broad applicability. High-specificity variants in particular seem to
reduce a majority, but not all, off-target editing at the cost of efficient on-target editing,
the negative effect of which is more pronounced in vivo or when used as RNPs,156-158
High-specificity Cas9 variants appear to balance on- vs off-target activity by adjusting
the conformational proofreading mechanism by the REC3 domain, and as such, tend to
cleave DNA at the same, refractory off-target sites.156:159

Off-target editing, even when rare, can have large consequences for interpreting

the results of an experiment or in clinical settings. In addition to short indels and single
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nucleotide variants that are typically associated with off-target editing, recent work has
identified large structural variants that arise at both on- and off-target loci.137:138:160
Indeed, DSBs induced by Cas9 editing have led to translocations, chromosomal
deletions, inversions, chromothripsis, aneuploidy, and loss of entire chromosomes.16?
Underscoring the importance of identifying potentially unforeseen editing events before
moving Cas9 to clinical settings, early gene therapy patients developed and died cancer
that was brought about by unexpected translocations and integrations.®? Even in a
research setting, identifying off-target editing is important. Off-target variants can have
bizarre, unexpected effects on phenotype. For example, a highly efficient sgRNA for
neutralizing human immunodeficiency virus (HIV-1) replication in cells resulted in a 50%
decrease in cell viability due to off-target editing.163164 When the data were re-analyzed
accounting for the cell death phenotype, the viral titers for sgRNA-treated cells were
indistinguishable from negative controls. This “highly efficient” sgRNA was in fact,
unable to neutralize HIV and instead, its entire phenotype could be simply attributed to
off-target toxicity.163

While off-target effects like the examples given are fairly straightforward to
capture, expanding Cas9's use into MAVEs and clinical use represents a much more
laborious challenge with respect to categorizing and preventing off-target editing across
many sgRNAs and loci. As such, a scalable, flexible, and orthogonal method for
decreasing off-target editing is required. Chapter 3 describes my attempts to reduce off-
target editing via a new mechanism—the use of catalytically dead RNA sgRNAs
(dRNAS) to self-compete away Cas9-mediated editing at specific off-target sites—that is

orthogonal to and can be used in conjunction with existing off-target technologies.

37



2 MultiSTEP: a high-throughput method to identify sequence-function

relationships in secreted proteins

A version of this chapter is being prepared for publication:

Popp, N.A., Powell, R.L., Zapp, B.D., Wheelock, M.K., Chang, A.T., Lannert, K.L.,
Sheehan, J.P., Johnsen, J.M., & Fowler, D.M. A massively multiplexed method to profile
missense variation in extracellular proteins reveals biochemical features necessary for

secretion and y-carboxylation of coagulation factor IX.

2.1 Introduction

The sequencing of many human genomes and the emphasis on precision
medicine promises personalized medical care on the basis of a patient’s genetic
information. However, this promise is only partially fulfilled, because DNA sequencing
cannot determine the clinical consequences of most rare genetic variants. In fact, of the
7.1 million missense variants in the gnomAD database, less than 2% have clinical
interpretations in ClinVar.239165166 |nstead, the majority of variants found in patients are
variants of uncertain significance (VUS), meaning that their association with
pathogenicity is unclear from current evidence.*'? Lack of certainty around the
functional impact of variants precludes accurate genome-based diagnostics and
prognostics, limits our ability to dissect the relationship between DNA sequence and
protein function, and prevents the identification of biochemical mechanisms by which
variation causes disease. In order to realize the full potential of precision medicine and

improve clinical care, clear and accurate variant interpretation is required.
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The root of the problem can, in part, be traced to current tools for understanding
and characterizing DNA variation. Most common variants can be associated with
disease using tools like genome-wide association studies, but these tools are
underpowered for characterizing rare variation, which represents the majority of
unknown variants.1° Detailed pedigrees showing co-segregation of disease and variant,
on the other hand, can provide clear evidence for disease association, but are costly,
time-consuming, and can only characterize one variant in one context. Computational
variant effect predictors are scalable to millions of rare variants, but currently lack
precision for clinical use.*! Even if one or more of these approaches yields a conclusive
pathogenic interpretation, understanding the nuanced variant phenotypes or
biochemical mechanisms of action requires difficult follow up experiments. However,
functional assays are too slow and expensive to implement individually for thousands of
variants.

MAVESs can be a viable tool for assessing the functional consequences of
genetic variants at scale and have been successfully applied to study the effects of
variation on oncogenes and tumor suppressors,*16.18.167.168 gggregation propensity,2%-23
pharmacogenes,®>®2! viral evolution and antibody escape,???* and membrane
trafficking.?® However, the current technologies used in MAVEs are limited in the scope
of genes that can be studied, insofar as they require the variant proteins to be
expressed intracellularly or embedded within the extracellular membrane. Secreted
extracellular proteins, which represent approximately 10% of known human genes and
disproportionate fraction of inherited Mendelian disorders,® are incompatible with the

DNA sequencing-based readouts of typical MAVEs.
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To expand the MAVE toolkit to encompass secreted proteins, we developed
Multiplexed Surface Tethering of Extracellular Proteins (MultiSTEP). MultiSTEP
combines mammalian cell surface display with a genomically-encoded landing pad?® that
can express a library of gene variants with a single copy per cell. While library-scale
display methods have been developed previously for E. coli*®4! and S. cerevisiae,33°
use of these organisms has typically been for displaying intracellular proteins that do not
require extensive PTMs. Mammalian cell display systems that allow for PTMs have also
been developed, but rely on artificial secretion signals to express proteins on the
surface of cells.?5169-171

We applied our MultiSTEP to study the fitness effects of missense variation in
the gene F9, which encodes for coagulation factor IX (FIX). Variation in F9 can lead to
the coagulation disorder hemophilia B,*°:%9 thrombosis,®?, and warfarin sensitivity.6263 In
a recent cross-sectional study of 1,616 male hemophilia B patients, 98% had an
identifiable variant in the F9 gene, and of these, 82% were found to be missense
variants.>® However, characterization of the functional defects for the vast majority of F9

variants is lacking, and as a result, 48% remain classified as VUS.

2.2 Results

2.2.1 MultiSTEP is compatible with diverse secreted proteins
MAVEsS, in general, have a strict requirement that the measured phenotype be
directly linked to a given genotype, which limits their use to intracellular and membrane-

bound proteins. Secreted proteins break the genotype-phenotype link as they exit the
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cell and enter the extracellular space. To expand MAVESs to encompass secreted
proteins, which account for approximately 10% of known human genes,® we developed
a mammalian cell surface display system that is compatible with variant libraries, which
we call MultiSTEP (Figure 2.1a,b). We re-engineered a VAMP-seq construct to co-
express any secreted protein on the surface of mammalian cells with an mCherry
fluorescent transcriptional control via an internal ribosomal entry site (IRES) (Figure
2.1c).* We fused the secreted protein at its C-terminal end to a flexible (GGGGS)4 linker
and single pass transmembrane domain derived from CD28.17? To allow for antibody-
based detection of any displayed protein, we included a Strep Il tag (NWSHPQFEK) in
the center of the (GGGGS)4 linker (Figure 2.1d).172

To validate MultiSTEP, we recombined a variety of secreted proteins into a
genomically-integrated landing pad?® in Freestyle 293-F cells, a HEK-293 derivative that
has been adapted to produce high quantities of secreted proteins in suspension
culture.X”® Cells were tested for surface expression of secreted proteins by staining with
an anti-Strep Il tag antibody. Flow cytometry of stained cells showed, on average, an
8.25-fold increase in anti-Strep Il antibody binding for secreted proteins relative to
negative controls (range: 3.8 — 15.2). As expected, removal of the endogenous signal
peptide of secreted coagulation factor IX (FIX) ablated all antibody binding (Figure
2.1e). As the Strep Il tag is positioned C-terminally to the secreted proteins in our
constructs, we tested whether the surface-displayed proteins were folded correctly. To
do so, we stained cells expressing surface-tethered FIX with five antibodies that can
detect specific structural folds as well as y-carboxylation, a required FIX post-

translational modification within its GLA domain (Figure 2.1f).
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Figure 2.1: MultiSTEP for diverse secreted proteins

a. MultiSTEP allows secreted proteins to be displayed on the cell surface, re-establishing a link between
genotype and phenotype. Cells can be sorted based on antibody binding phenotypes and sequenced to
derive a functional score. b. Secreted proteins (purple) make up approximately 10% of the human
proteome. c. MultiSTEP construct design. Secreted proteins (orange) are cloned into an attB-containing
landing pad donor plasmid for genomic recombination. Secreted proteins are C-terminally fused with
(GGGGS): flexible linkers (L1 and L2, pink). In between the linkers is a strep Il tag (purple). The construct
also contains an IRES (blue) driving co-transcription of an mCherry fluorophore (red). d. Schematic of
MultiSTEP cell surface display. Colors match those in ¢, except L1 and L2 linkers are shown as black
lines. Primary and secondary antibodies directed either against the C-terminal strep Il tag (purple) or
secreted protein itself (orange) can be used to detect surface expression. e. Flow cytometry of MultiSTEP
secreted protein constructs stained with an anti-Strep Il tag fluorescent antibody. Astart: removed start
codon, TM only: transmembrane domain only, Asignal peptide: coagulation factor IX with deleted signal

peptide. Each density plot represents 30,000 cells. f. Flow cytometry of MultiSTEP-expressed FIX stained
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with multiple anti-FIX antibodies, each targeting a distinct FIX domain. Cells were grown in the presence

of 50 nM vitamin K1 £ 100 yM warfarin. Each density plot represents 30,000 cells.

We then applied MultiSTEP to study the fitness effects of nearly 10,000 FIX
missense variants on FIX secretion and y-carboxylation. Three site-saturation
mutagenesis FIX sublibraries encompassing positions 2 to 461 of FIX were constructed
and individually barcoded. PacBio long read sequencing was used to generate a
barcode-variant map to identify single amino acid variants within each sublibrary.
Together, the sublibraries covered 8,532 of the 8,740 (97.6%) possible missense
variants in FIX. Sublibraries were then recombined into our engineered 293-F landing
pad line, and successful recombinants were enriched by treating cells with AP1903, a
small molecule that kills unrecombined cells.? Cells were then stained with one of five
antibodies and sorted into quartile bins based on the ratio of antibody fluorescence to
the mCherry transcriptional control (Figure 2.1a). We deeply sequenced genomic DNA
form the cells in each sorted bin to calculate the binwise frequency of each variant.
Antibody binding scores were then generated using the weighted average of each
variant’s binwise frequency and was min-max normalized to the median of the 5™
percentile of lowest scoring variants and the median of the synonymous distribution.
Two to three replicate sorts from separate transfections were performed for each
antibody-sublibrary pair.

After filtering out poorly represented variants (Appendix A: Figure A.1), we
were able to score 8,488-8,512/8,740 missense variants for each of the five antibodies
(mean = 8,501 (97.3%) missense variants). Scores for variants shared across
experimental replicates correlated well (mean Pearson’s r = 0.95, Appendix A: Figure
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A.2) as did variants shared across sublibraries (mean Pearson’s r = 0.96, Appendix A:

Figure A.3).
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Figure 2.2: Antibody scores for FIX

a. Windowed antibody score medians (width = 7 positions) for each antibody, indicated by color. Pink and
green regions identify alpha helices and beta sheets, respectively. b. Heatmaps showing antibody scores
for nearly all missense FIX variants. Each antibody is shown as its own row. Heatmap color indicates
antibody score from 0 (blue, lowest 5% of scores) to white (1, wildtype) to red (increased antibody

scores). Black dots indicate wildtype (WT) residues. Missing data are grey. c. Density distributions for FIX
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missense variants (red) and synonymous variants (blue) measured by MultiSTEP. d. Scatterplot
comparing MultiSTEP derived variant scores and mean antibody:mCherry ratios (n = 3) measured
individually using flow cytometry. Antibody shown is anti-FIX heavy chain (GMA-102). Error bars showing
standard error of the mean is plotted as well, though most are smaller than points. Pearson’s r shown at

top left.

2.2.2 MultiSTEP can identify variant fitness effects on secretion and stability

An unresolved question in hemophilia B genetics is which variants lead to
guantitative (amount of FIX secreted) vs. qualitative (functional activity of secreted FIX)
deficits in patients and why. Many quantitative variants are so severe that they are
designated cross-reactive material negative (CRM~), meaning there is no detectable FIX
antigen or FIX enzymatic activity in the blood of patients harboring these variants.”’
CRM- variants are nearly always associated with severe disease and show an
increased risk of developing neutralizing antibodies (inhibitors) to their replacement FIX
therapy.’® However, other quantitative variants show reduced FIX blood antigen but
remain CRM* and retain enzymatic activity.”® Many of these variants perform
indistinguishably from wildtype FIX in vitro, but their reduced secretion results in a
bleeding phenotype.’® Because inhibitors can cause life-threatening anaphylactic
reactions in hemophilia B patients,%%1’4 and because clinical measurement of FIX blood
antigen is rarely performed, there is a dearth of knowledge of which variants affect FIX
secretion en masse.

Similar to previous multiplexed studies of variant abundance,*-%? we sought to
determine whether MultiSTEP could quantify how much each variant FIX protein could

be secreted. To measure secretion via surface expression, we profiled each sublibrary
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with antibodies directed against the C-terminal Strep Il tag, FIX heavy chain, and FIX
light chain (Figure 2.2a-b). In each case, the distribution of missense variant scores
was bimodal with variant effects spanning the range of scores (Figure 2.2c). Cells
harboring synonymous variants showed antibody scores similar to wildtype FIX, as
expected (Figure 2.2c). Internal validation of 7 randomly selected variants spanning the
range of antibody scores was performed using the heavy chain antibody. The individual
antibody:mCherry ratios assessed by flow cytometry showed a strong correlation with

antibody scores (Pearson’s r = 0.97, Figure 2.2d).

2.2.3 MultiSTEP can quantify PTM status

In contrast to quantitative variants that reduce the amount of secreted FIX,
gualitative variants (which are also CRM*), show excess FIX activity loss relative to their
blood antigen levels.”®7° These variants have been sporadically described throughout
the literature with a variety of phenotypic effects, including loss of binding partner
affinity, reduction in enzymatic activity, or loss of required PTMs. Because FIX antigen
is rarely performed outside the context of research settings, little is known about which
variants lead to qualitative deficits or which of the many possible mechanistic routes
lead to their dysfunction. What is known is that these qualitative variants generally affect
some phenotype besides secretion.8%81

To expand the scope of fithess effects that can be measured using MultiSTEP,
we decided to profile the effects of FIX variants on the y-carboxylation of its GLA
domain. Proper y-carboxylation of the 12 glutamate residues in the GLA domain is

required for FIX function, as y-carboxylated residues specifically coordinate with free
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Ca» and Mg ions to form a folded three-helical structure with an exposed hydrophobic
w-loop.5284-86 The w-loop is responsible for calcium-dependent interactions with
phospholipid membranes and formation of the tenase complex,>?-54 activation of FIX by
activated factor XI (FXla),*>8” and interactions with activated factor VIII (FVIlla).8® A
small subset of FIX variants, both proximal and distal to the w-loop, alter its structure
and binding affinity,50:6263.95.96 byt a comprehensive analysis of variant effects on w-loop
structure has not yet been performed.

FIX y-carboxylation is vitamin K dependent and blocked by warfarin, an
anticoagulant that prevents vitamin K recycling. We first sought to show that our
surface-displayed FIX was properly y-carboxylated by staining FIX-expressing cells with
two y-carboxylation-dependent antibodies in the presence of vitamin K. The
conformation-sensitive antibody recognizes the exposed w-loop structure that is formed
with proper y-carboxylation and has been shown to act as an anticoagulant.>103.194 The
second anti-y-carboxylation antibody reacts broadly with many known y-carboxylated
proteins and is proposed to interact with y-carboxylated glutamates within a conserved
epitope within the GLA domain®/17> As expected, FIX-expressing cells bound both
antibodies strongly compared to FIX-expressing cells treated with warfarin (Figure
2.1f).

We then used the y-carboxylation-dependent antibodies to generate scores for
nearly all possible FIX missense variants (Figure 2.2b). Similar to the secretion
antibody scores, missense variant effects were bimodal, and synonymous variants
scored close to wildtype (Figure 2.2c). Secretion and y-carboxylation antibody scores

were highly correlated with one another for all of FIX (except the propeptide and GLA
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domains where the two y-carboxylation antibodies show distinct mutational signatures
(Appendix A: Figure A.4). By comparing secretion antibody scores with y-
carboxylation-dependent antibody scores, we were able to identify variants that reduce
both y-carboxylation specifically, as well as those that interfere with proper folding of the
y-carboxylated GLA domain. We hypothesized that variants that disrupted y-
carboxylated GLA domain folding and exposure of the hydrophobic w-loop would show
the largest decrease in y-carboxylation-dependent antibody score relative to its
secretion score. Indeed, variants with the lowest y-carboxylation-dependent antibody
scores and wildtype-like secretion scores included variants at positions 43 through 46
(Figure 2.2a-b). Variants at these sites remove a PACE cleavage motif and prevent the
removal of the FIX propeptide, which subsequently causes the GLA domain to lose
affinity for phospholipid membranes.5°% Other highly discordant variants occurred at
position 37, a key residue in the GGCX binding motif that has previously been shown to

ablate y-carboxylation of FIX (Figure 2.2b).62:63

2.2.4 Secretion scores identify FIX antibody epitopes

We first compared secretion antibody scores to one another to identify any
potential loss of function FIX variants that alter antibody epitopes without affecting
secretion. We defined epitope-sensitive positions as those with median missense
variant scores that shifted upwards or downwards by at least 0.33 and found that 20
positions (10 per antibody) met these criteria (Appendix A: Figure A.5a). Both sets of
positions mapped to discrete solvent-exposed surfaces on FIX despite considerable

distance in linear space (Appendix A: Figure A.5b). The identification of three-
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dimensional antibody epitopes on FIX further supports our conclusion that surface-

displayed FIX is conformationally stable.

2.2.5 Mutational effects in the signal peptide

We next interrogated the mutational landscape of the N-terminal secretion
peptide. While there is considerable diversity in the length and sequence of signal
peptides throughout the proteome, three distinct functional regions are conserved: the
n-region, which is weakly positively charged; the h-region, which contains the
hydrophobic helix that binds to SRP54 to initiate translocation into the ER,17177 and the
c-region, which breaks the helix and contains the AxA cleavage motif.#® We identified
three matching mutational signatures in our secretion scores that correspond to these
three regions (Figure 2.3a). The boundaries between mutational clusters mapped
closely to predictions generated by SignalP 6.0 (Figure 2.3a).1’® We compared SignalP
6.0 predictions against all variants in our library and found that nearly one third of
secreted variants were misclassified as non-functional (Figure 2.3b).

Mutational signatures largely mapped to expectations (Figure 2.2a). The
positively charged n-region mutational cluster was characterized by mild loss of
secretion for negatively charged variants but was otherwise tolerated. The hydrophobic
h-region was largely tolerant to hydrophilic substitutions but not to polar or charged
variants. We used GRAVY1" to calculate the hydrophobicity of all substitutions within
the h-region and found that there was a strong correlation between secretion antibody
scores and hydrophobicity index (Pearson’s r = 0.75, Figure 2.3c). As expected, the c-

region was generally intolerant to large, polar, or charged substitutions at the -3 and -1
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positions within the AxA motif. Surprisingly, hydrophilic variants in the spacer of the AxA
motif showed loss of secretion, (Figure 2.3a) potentially by extending the hydrophobic

helix beyond the cleavage recognition site for SRP54.43
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Figure 2.3: Biochemical features of secretion peptide variants

a. Top row: Predicted regions of signal peptides for wildtype FIX from SignalP 6.0, indicated by color."®
Bottom row: Heatmap of secretion scores for the FIX signal peptide. Color indicates secretion antibody
score. Black dot is wildtype. Missing is annotated in grey. b. Comparison of secretion antibody scores
with SignalP 6.0 predictions for where FIX variants constitute a functional signal peptide. c. Scatterplot
comparison of FIX variant secretion antibody scores with GRAVY hydropathy index. Only positions 13-24
of the h-region are included in this plot. R = Pearson’s correlation. Linear trendline is annotated with grey
shaded area denoting the 95% confidence interval. All secretion scores shown in this plot represent the

mean taken across FIX heavy chain (102), FIX light chain (124), and strep Il antibodies.

2.2.6 Unpaired cysteines alter secretion mechanics and likely disrupt proper
folding
Because secreted proteins require disulfide bonds to maintain structural integrity
in the oxidizing conditions of the extracellular space,*”18° we hypothesized that cysteine
variants would lead to significant secretion deficits. We found that most wildtype

cysteine residues in the tightly packed protease domain were nearly completely
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intolerant to substitution (Figure 2.4a; Appendix A: Figure A.6), though positions 407
and 435 showed only moderate effects. On the other hand, variants in the GLA, EGF1,
and EGF2 domains resulted in moderate secretion deficits when measured with strep |l
tag but more pronounced effects with all antibodies that directly target folded FIX

(Figure 2.4a; Appendix A: Figure A.6).
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Figure 2.4: Cysteine variants show an outsized effect on FIX secretion

a. Heatmap of secretion scores for variants at wildtype cysteines in FIX. Color indicates secretion
antibody score. Black dots indicate wildtype FIX amino acids, and grey are missing data. b. Comparison
of variant scores across genes with measured abundance using VAMP-seq. Bars indicate mean
abundance or secretion score for all variants at wildtype cysteine residues. Error bars show standard
error of the mean. c. Comparison of variant cysteine scores across genes with measured abundance
using VAMP-seq. Bars indicate mean abundance or secretion score for all nonsynonymous cysteine
variants. Error bars show standard error of the mean. d. Comparison of secretion scores for all FIX
variants at wildtype amino acids. x-axis is the wildtype residue and points indicate variant secretion

scores at that residue. e. Comparison of secretion scores for all variants amino acids in FIX. x-axis is the
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variant amino acid and points indicate variant secretion scores for that amino acid at all residues in FIX.

Scores shown in all plots are FIX heavy chain (102), though are representative of all secretion antibodies.

Supporting our hypothesis that cysteine variants affect FIX secretion and folding,
the only unpaired cysteines in FIX at positions 18 and 28 of the secretion peptide
showed an alternative mutational pattern that matches more closely with their adjacent
residues. Moreover, the mean functional effect of variants at wildtype cysteines in FIX
was significantly reduced compared to other intracellular proteins profiled for abundance
(Figure 2.4b).4-%21 We also identified a signature loss of function pattern for novel
cysteine variants through the mature FIX protein (Figure 2.2a) that was only present for
antibodies that directly target FIX. This signature is not apparent in intracellular proteins
assayed for abundance (Figure 2.4c),*%2% nor is it present for other amino acid

substitutions in FIX (Figure 2.4d-e).

2.2.7 Hierarchical clustering identifies positions with similar functional features

across assays

We expect that FIX will display unique mutational signatures for secretion and y-
carboxylation, as in vitro work has demonstrated that proper y-carboxylation is not
required for secretion.1%5196 We also anticipate that variants in buried regions will lead to
poor secretion due to improper folding. To further explore these hypotheses, we
performed hierarchical clustering on all five antibody scores by variant position. Looking
at the six main clusters, we see that cluster 6 contains residues that are, in general,
deeply buried in the FIX structure (Figure 2.5). This cluster also contains all of the
disulfide-paired cysteine residues in FIX, further highlighting their importance for proper
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folding and secretion. Cluster 4 identified variants that disrupted the binding of our
conformation-sensitive y-carboxylation antibody specifically, of which all residues
resided in the propeptide and GLA domains, as expected. Finally, clusters 1 and 2
identified variants that were highly tolerant to variation, including all residues in the FIX

activation peptide (Figure 2.5).
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Figure 2.5: Clustering of secretion and y-carboxylation scores
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a. Dendrogram and heatmaps of FIX antibody scores by position clustered by position. Heatmaps colored
by antibody score. Colors in dendrogram represent clusters. Black dots indicate wildtype residues and
grey indicates missing data. Ten positions for which no data was recorded are removed from the analysis.
b. FIX AlphaFold ribbon structure with low confidence positions removed. Side chains are shown as
spheres and are colored by cluster matching those in a. Each structure is shown twice with 180 ° rotation.
c. Relative solvent accessibility for each cluster shown as violin density. Horizontal lines represent the

25%, 50, and 75" percentiles of data in each cluster.

2.2.8 Discovering potentially pathogenic variants

Because loss of secretion is a common mechanism for loss of function in FIX,
we compared our secretion antibody scores to established FIX antigen levels from the
European Association for Haemophilia and Allied Disorders (EAHAD) public database.’’
As expected, secretion antibody scores correlated with patient FIX antigen levels
(Pearson’s r = 0.70, Figure 2.6a). We then looked at hemophilia severity and found that
patients with severe disease were more likely to have low secretion antibody scores
than patients with moderate or mild disease (Figure 2.6b).

We attempted to predict variant function using our antibody scores on a curated
set of FIX variants from ClinVar, the MyLifeOurFuture (MLOF) hemophilia sequencing
project, and gnomAD. We trained a random forest classifier and evaluated model
performance on the 25% of data that was removed before training. Because the training
set was highly imbalanced (9.1% benign/likely benign and 90.1% pathogenic/likely
pathogenic), we performed class-based random oversampling (ROSE).'®! The model
correctly classified 100% of benign variants as having wildtype-like function and 61.7%
of pathogenic variants as having loss of function, leading to an ROC-AUC of 0.934

(Figure 2.6¢). When applied to all variants measured in our assays, the random forest
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model predicts that 3,520 (40.9%) would be loss of function. The number of predicted

loss of function variants closely mirrors that of abundance measurements.*-5
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Figure 2.6: FIX antibody scores identify clinical features of hemophilia B

a. Scatterplot of secretion antibody scores and FIX antigen from hemophilia B patients in the EAHAD
database.”” Secretion antibody scores represent the mean score per variant for secretion antibodies (102,
124, strep). Vertical solid lines indicate standard error of the mean for FIX antigen levels across patients
harboring the same variant. Dashed vertical line is the 5™ percentile of the synonymous secretion score
distribution. b. Comparison of EAHAD patient hemophilia B severity with antibody scores from MultiSTEP.
Plotted antibody scores represent the minimum score across all five antibodies. Conflicting classification
included when a single variant is associated equally with multiple disease severities across patients.
Violin plot shows distribution of points with vertical lines representing the 25", 50", and 75" percentiles. c.
ROC curve for random forest model for identifying loss of function FIX alleles from MultiSTEP scores. d.
MLOF variant classifications after reinterpretation using existing evidence and MultiSTEP functional

evidence. Numbers represent the number of variants with each updated classification. Dashed areas
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represent variants that were reclassified from VUS to likely pathogenic. B: benign, LB: likely benign, VUS:

variant of uncertain significance, LP: likely pathogenic, P: pathogenic.

We then calculated the odds of pathogenicity (OddsPath)*82182 for using our
controls (8.71 for loss of function, 0.38 for wildtype-like) which corresponds to evidence
levels PS3_moderate toward loss of function and BS3_supporting for wildtype-like
classifications according to ACMG criteria.'2182 We then used these predictions to
reclassify VUS from MLOF using following ACMG criteria and were able to reclassify

58/107 (54.2%) up to likely pathogenic (Figure 2.6d).

2.3 Discussion

MultiSTEP is a generalizable, multiplexed method capable of quantifying the
amount of successful secretion in secreted proteins. With the use of additional
antibodies, we show that MultiSTEP can also be used to quantify functional PTMs and
other biochemical features of secreted proteins. In the context of inherited Mendelian
diseases like hemophilia B, a validated assay showing a variant’s loss of function can
provide evidence for pathogenicity.? 64% of known pathogenic variants in F9 show
reduced secretion, reduced y-carboxylation, or both in our assays Using a random
forest model, we were able to apply PS3_moderate evidence to reclassify 58/107 VUS
in F9 up to likely pathogenic, highlighting the utility of this system for determining variant
function.

We used MultiSTEP to identify and quantify variant effects throughout FIX. We
show three distinct mutational signatures that map to the functional subdomains of
secretion peptides.*®* We also surprisingly found an outsized effect for both novel and
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removed cysteine variants that is not found in similar assays on variant abundance of
intracellular and membrane-bound proteins.*%21 Notably, a number of novel cysteine
residues only showed loss of function effects for antibodies that directly bind to FIX but
not for the C-terminal Strep Il tag, suggesting that these variants permit secretion but
fail to fold properly. These findings highlight the importance of disulfide bonds for the
stability and activity of secreted proteins.

We also applied MultiSTEP to study y-carboxylation of the GLA domain of FIX,
where we found many variants altered binding to a conformation-specific antibody that
sees the functional hydrophobic w-loop. Though it was long thought that variants that
prevent cleavage of the FIX propeptide in the ER block y-carboxylation,®*1°1 more
recent work has disputed this claim.%7:184 Our data suggest that these propeptide
variants alter binding of the conformation-specific antibody but not a direct y-
carboxylation antibody, supporting the latter hypothesis that retained propeptide
interferes with formation of the w-loop. Indeed, NMR structures of the y-carboxylated
GLA domain of FIX show that the a-amino group of Y47 interacts with yE53, yE67, and
yE73.5084 Supporting this hypothesis, yE67D alters w-loop formation via the same
interactions,®® and in our experiments, mutation of any of these three y-carboxylated
residues completely ablates conformation-sensitive antibody binding. A similar pattern is
seen in our data in the aromatic stack at the C-terminal end of the GLA domain
(positions 87, 88, and 91), supporting work that identified these residues as necessary
for the intermediate conformational shift that is required to form the w-loop.

While the results from our secretion and y-carboxylation MAVEs illuminates

various biochemical mechanisms for FIX dysfunction, MultiSTEP still has some
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limitations. Although type | single-pass transmembrane proteins and secreted proteins
utilize the same secretion peptide machinery, co-translational processing in the ER may
be altered. A similar phenomenon has been described for engineered B-domain deleted
coagulation factor VIII (FVII1).185 Because of the nature of antibody binding, both assays
have limited dynamic ranges that may obscure subtly hypomorphic variants. Lastly,
from a clinical perspective, these data do not capture an end-stage functional effect of
FIX (namely, enzymatic activity), which leaves many known pathogenic variants
unaccounted for. As such, caution should be used when using these data to assign
wildtype-like or benign status to FIX variants.

Generalizable assays like MultiSTEP provide a promising way to understand the
effects of missense variation throughout the genome. In this work, we show that this
method can be used to identify multiple functional phenotypes in FIX and provide
preliminary evidence that these experiments could be applied to other clinically relevant
secreted proteins. We also show that biochemical characterization of variant proteins on
the surface of cells can be performed, which vastly expands the scope of this method’s
applications. Combining data generated in these experiments with further biochemical
assays in this system could be used to systematically categorize the biological
mechanisms underlying each variant’s dysfunction and identify variant-specific
treatments. Moreover, integrating an exogenous signal peptide sequence could allow
for high-throughput biochemical characterization of intracellular proteins. Overall, our
work highlights the value of using MAVES to better understand protein function and

greatly expands our ability to measure the impact of secreted protein variants.
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2.4 Methods

2.4.1 General reagents

All E. coli were grown in Luria Broth (LB) at 37 °C and shaking at 225 rpm for
16-18 hours with 100 pg/mL carbenicillin, unless otherwise indicated. Routine cloning
was performed in homemade chemically competent Top10F’ E. coli, whereas library
cloning was performed in commercially available electrocompetent NEB-108 E. coli.

Inverse PCR reactions, unless otherwise specified, were performed in 30 uL
reactions with 2x Kapa HiFi ReadyMix (Kapa Biosystems) or Q5 2x master mix (New
England Biolabs), with 40 ng starting plasmid and 0.15 uM each forward and reverse
primers. Reaction conditions were 95 °C for 3 minutes, 98 °C for 20 seconds, 61 °C for
30 seconds, 72 °C for 1 minute/kb, repeating for 8 total cycles, then followed by a final
72 °C extension for 1 minute/kb, and held at 4 °C. PCR products were then digested at
37 °C with Dpnl (New England Biolabs) for 2 hours to remove residual starting plasmid,
followed by heat inactivation at 80 °C for 20 minutes. PCR products were then checked
on a 1% agarose gel with 1x SYBR Safe (ThermoFisher Scientific) at 100 V, 45 minutes
for purity and size, and gel extracted if needed.

For large modifications (>50 bp), PCR products were then Gibson assembled
(for large modifications) using a 3:1 molar ratio of insert(s):backbone at 50 °C for 1 hour,
after which 2 uL of product was transformed into homemade chemically competent

Top10F’ E. coli (Gibson, et al., 2009). For small modifications, in vivo assembly cloning
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(IVA cloning) of linear products was used by transforming 5 puL of PCR product directly
into Top10F’ E. coli without recircularization.86

For both Gibson assembly and IVA cloning, after addition of PCR-amplified
DNA, Top10F’ cells were incubated on ice for 30 minutes before a 30 second heat
shock at 42 °C. Cells were then returned to ice for 2 minutes before being added to 1
mL SOC to recover for 1 hour at 37 °C, shaking at 225 rpm. After recovery, 100 yL was
spread on LB-ampicillin plates and grown overnight for 16-18 hours. Colonies were then
screened for correct insertion by Sanger sequencing (small modifications) or colony
PCR (large modifications), Sanger sequence confirmed, and miniprepped or

midiprepped.

2.4.2 Cloning into the landing pad donor plasmid

To clone attB-F9-10L-Strepll-10L-CD28-IRES-mCherry (pNP0001), first, an
inverse PCR was performed on attB-EGFP-PTEN-IRES-mCherry-562bgl: with primers
NP0207 and NP0325 to remove EGFP-PTEN and create compatible Gibson overhangs
using Kapa HiFi polymerase (Kapa Biosystems). A gBlock (NPg0007) containing human
F9 cDNA and a second gBlock (NPg0012) containing a GC-optimized 10 amino acid
(GGGGYS). flexible linker, a strep Il protein tag, and the single-pass transmembrane
domain of CD28 was then assembled following the standard Gibson assembly cloning
protocol above. After sequence-confirmation, a second round of inverse PCR was
performed to insert a second (GGGGS). flexible linker after the strep Il protein tag using

primers NP0334 and NP0356 following the standard IVA cloning protocol above.
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To clone an empty tethering backbone vector attB-10L-Strepll-10L-CD28-IRES-
mCherry (pNP0079), F9 was removed by IVA cloning following the same protocol as
above with primers NP0325 and NP0377. To clone missense F9 variants for assay
validation, point mutations were introduced into pNP0O001 by IVA cloning following the
same protocol as above.

cDNA constructs for human F7, F10, SERPINAL, SERPING1, and INS were
ordered from the Mammalian Gene Collection (Horizon Discovery) and cloned into the
landing pad donor backbone (pNP0079) using Gibson assembly. For each gene, the
donor backbone was amplified using NP0295 and NP0325. To generate attB-F7-10L-
Strepll-10L-CD28-IRES-mCherry (pNP0088), F7 cDNA was amplified with NP0615 and
NP0616. To generate attB-F10-10L-Strepll-10L-CD28-IRES-mCherry (pNP0089), F10
cDNA was amplified with NP0617 and NP0618. To generate attB-SERPINA1-10L-
Strepll-10L-CD28-IRES-mCherry (pNP0090), SERPINAL1 cDNA was amplified with
NP0619 and NP0620. attB-SERPING1-10L-Strepll-10L-CD28-IRES-mCherry
(PNP0091) was created by amplifying SERPING1 cDNA with NP0621 and NP0622. To
generate attB-INS-10L-Strepll-10L-CD28-IRES-mCherry (pNP0092), INS cDNA was

amplified with NP0623 and NP0624.

2.4.3 Site-saturation mutagenesis library cloning

Site-saturation mutagenesis oligonucleotides were ordered from Twist
Biosciences for each position in F9, except position 1. Each position contained one
codon for each synonymous or missense variant. 50 ng of each oligonucleotide were

resuspended in 10 pL water, and then pooled in equal volumes into three tiled
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sublibraries encompassing the entire length of F9, including 20 positions of overlap
between adjacent sublibraries. Tile 1 sublibrary: positions 2-164; Tile 2 sublibrary:
positions 146-318; Tile 3 sublibrary: positions 299-461.

pNPO0079 was inverse PCR amplified using NP0295 and NP0325 following the
standard protocol, and the correct size PCR product was gel extracted. The backbone
PCR product was then Gibson assembled with each of the three pooled sublibraries at
a 5:1 molar ratio of insert:backbone at 50 °C for 1 hour. Gibson assembled products
were then cleaned and eluted in 10 yL water (Zymo Clean and Concentrate). 1 pL of
cleaned product was then added to 25 yL NEB-10 E. coli in pre-chilled cuvettes and
allowed to rest on ice for 30 minutes. 2 electroporation replicates were performed per
sublibrary tile, as well as a pUC19 control (10 pg/uL). Cells were then electroporated at
2 kV for 6 milliseconds. After electroporation, cells were immediately resuspended in
100 pL pre-warmed SOC and transferred to a culture tube. Identical replicates were
pooled at this step, and pre-warmed SOC was added to a final volume of 1 mL and
allowed to recover at 37 °C, shaking at 225 rpm, for 1 hour. After recovery, the entire
recovery volume was added to 49 mL of LB containing 100 pg/mL carbenicillin and
allowed to grow overnight. After 2-3 minutes of shaking, a 200 uL sample was taken
and used for serial dilutions to estimate colony counts on LB-ampicillin plates as a proxy
for the number of unique molecules transformed and to gauge coverage of the library.
After 16 hours of overnight growth at 37 °C, each 50 mL midiprep culture was spun

down for 30 minutes at 4,300 x g and midiprepped.
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2.4.4 Barcoding site-saturation mutagenesis libraries

To barcode each sublibrary, 1 ug of each sublibrary plasmid was digested at 37
°C for 5 hours with Nhel-HF and Sacl-HF (New England Biolabs), incubated with rSAP
for 30 minutes at 37 °C, then heat-inactivated at 65 °C for 20 minutes. Digested product
was then run on a 1% agarose with 1x SYBR Safe (ThermoFisher Scientific) gel for 45
minutes at 100V and gel extracted (Qiagen).

A barcode ultramer (NP0490) was ordered from IDT with 18 degenerate
nucleotides and resuspended at 10 uM. 1 uL NP0490 was then annealed with 1 uL of
10 uM NPO397 primer, 4 yL CutSmart buffer, and 34 uL water by running at 98 °C for 3
minutes, followed by ramping down to 25 °C at -0.1 °C per second. After annealing,
1.35 pL of 1 mM dNTPs and 0.8 uL Klenow exo- polymerase (New England Biolabs)
were added to fill in the barcode oligo. The cycling conditions were 25 °C for 15
minutes, 70 °C for 20 minutes, and then ramped down to 37 °C in -0.1 °C per second
increments. Once at 37 °C, 1 yL each Nhel-HF and Sacl-HF were added and digested
for 1 hour. Digested product was then run on a 4% agarose gel with 1x SYBR Safe for
45 minutes at 100V and gel extracted (Qiagen).

Both gel extracted sublibrary and barcode oligonucleotide were cleaned and
eluted in 10 pL and 30 uL water, respectively (Zymo Clean and Concentrate). A 7:1
molar ratio of barcode oligonucleotide to sublibrary was ligated overnight at 16 °C with
T4 DNA ligase (New England Biolabs).

Ligated product was then cleaned and eluted in 10 uL water (Zymo). 1 uL of
ligation product, ligation controls, or pUC19 was electroporated into NEB-10 E. coli

following the same procedure as above. For sublibrary ligation products, 2 independent

63



replicates were pooled before recovery. After recovery, each sublibrary ligation product
was bottlenecked by diluting various recovery volumes (500 L, 250 uL, 125 pL, and 50
pL) into independent 50 mL LB-ampicillin cultures. After 2-3 minutes of shaking, a 200
ML sample from each ligation bottleneck was taken and used for serial dilutions to
estimate colony counts on LB-ampicillin plates. Colony counts were then used to
estimate the number of barcoded variants present in each sublibrary for each
bottleneck. After 16 hours of overnight growth at 37 °C, each 50 mL midiprep culture

was spun down for 30 minutes at 4,300 x g and midiprepped.

2.4.5 Estimation of variant coverage by lllumina sequencing

Each barcoded and bottlenecked plasmid sublibrary was diluted to 10 ng/pL and
amplified for Illumina sequencing to determine the number of unique barcodes present
more accurately. Briefly, to add adapter sequences, primers NP0492 and NP0493 were
mixed at a final concentration of 0.5 uM with 10 ng plasmid DNA, 25 yL Q5 polymerase
(New England Biolabs), and 19 pL water. Cycling conditions were an initial denaturing
at 98 °C for 30 seconds, followed by 5 cycles of 98 °C for 10 seconds, 61 °C for 30
seconds, and 72 °C for 30 seconds, followed by a final 72 °C extension for 2 minutes
and a hold at 4 °C. PCR products were then cleaned using 0.8x AmpureXP beads
(Beckman Coulter) and eluted in 16 pL water following the manufacturer’s instructions.

The entire elution volume for each sample was then mixed with 25 pyL Q5
polymerase, 0.25 pL of 100x SYBR Green | (ThermoFisher Scientific) 4.75 uL water,
and one uniquely indexed forward (NP0595-NP0608) and reverse (NP0O551-NP0564)

primer at a final concentration of 0.5 yM. Samples were run on the CFX Connect (Bio-
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Rad) for a maximum of 15 cycles or until all samples were above 3,000 relative
fluorescence units. Reactions were denatured at 98 °C for 30 seconds, and cycled at 98
°C for 10 seconds, 65 °C for 30 seconds, and 72 °C for 30 seconds, with a final
extension at 72 °C for 2 minutes. Samples were then run on a 2% agarose gel with 1x
SYBR Safe for 2 hours at 120V before gel extraction with a Freeze ‘N Squeeze column
(Bio-Rad). After extraction, samples were quantified using the Qubit dsDNA HS Assay
Kit (ThermoFisher Scientific), pooled in equimolar concentrations, and sequenced on a
NextSeq 550 using a NextSeq 500/550 High Output v2.5 75 cycle kit (lllumina) using
custom sequencing primers NP0494-NP0497. Using a custom script, sequencing reads
were converted to FASTQ format and demultiplexed using bcl2fastq (v2.20), forward
and reverse barcode reads were paired using PEAR (v0.9.11),*®” and unique barcodes

were counted.

2.4.6 Barcode-variant mapping with PacBio sequencing

2.5 ug of each sublibrary was digested with Aflll (New England Biolabs) in
CutSmart buffer for 4 hours at 37 °C, followed by heat inactivation at 65 °C for 20
minutes and purified with Ampure PB beads (Pacific Biosciences, 100-265-900). All
library preparation and PacBio DNA sequencing were performed at University of
Washington PacBio Sequencing Services. At all steps, DNA quantity was checked with
fluorometry on the DS-11 FX instrument (DeNovix) with the Qubit dsDNA HS Assay Kit
(ThermoFisher Scientific) and sizes were examined on a 2100 Bioanalyzer (Agilent
Technologies) using the High Sensitivity DNA Kit. SMRTbell sequencing libraries were

prepared according to the protocol “Procedure & Checklist - Preparing SMRTbell®
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Libraries using PacBio® Barcoded Universal Primers for Multiplexing Amplicons” and
the SMRTbell Express Template Prep Kit 2.0 (Pacific Biosciences, 100-938-900) with
barcoded adapters (Pacific Biosciences, 101-628-400).

After library preparation, the barcoded libraries were pooled by normalizing
mass to the number of constructs contained in each pool. The final library was bound
with Sequencing Primer v4 and Sequel Il Polymerase v2.0 and sequenced on two
SMRT Cells 8M using Sequencing Plate v2.0, diffusion loading, 1.5 hour pre-extension,
and 30-hour movie time. Additional data were collected after treatment with SMRTbell
Cleanup Kit v2 to remove imperfect and damaged templates, using Sequel Polymerase
v2.2, adaptive loading with a target of 0.85, and a 1.3 hour pre-extension time. CCS
consensus and demultiplexing were calculated using SMRT Link version 10.2 with
default settings and reads that passed an estimated quality filter of 2Q20 were selected
as “HiFi” reads and used to map barcodes to variants.

“HiFi” PacBio reads were first subjected to a custom analysis pipeline,
AssemblyByPacBio. Each consensus CCS sequence was aligned to the wildtype F9
cDNA sequence using BWA-MEM v0.7.10-r789,'88 generating CIGAR and MD strings,
which are then used to extract barcodes and the variable region containing F9. The
output from AssemblyByPacBio was then passed through PacRAT,* which takes all
CCS reads containing the same barcode and performs multiple sequence alignment to
improve variant calling. PacRAT was run with a variant agreement threshold of 0.6 and
3 independent CCS reads to call a barcode, resulting in 260,224 unique barcodes

across all three sublibraries (Appendix A: Figure A.7a-b). A custom R script was then
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used to parse the PacRAT output and generate a final barcode-variant map, 8,532 of

the 8,740 possible missense variants (Appendix A: Figure A.7c).

2.4.7 General cell culture conditions

HEK-293T cells (ATCC CRL-3216) were grown at 37 °C and 5% CO. in
Dulbecco’s modified Eagle’s medium (ThermoFisher Scientific) supplemented with 10%
fetal bovine serum (ThermoFisher Scientific), 100 U/mL penicillin, and 100 ng/mL
streptomycin (ThermoFisher Scientific). Cells were passaged every 2-3 days by
detachment with 0.05% trypsin-EDTA (ThermoFisher Scientific).

Freestyle 293-F cells were grown in Freestyle 293 Expression Medium
(ThermoFisher Scientific) at 37 °C and 8% CO. while shaking at 135 rpm. Cells were
regularly counted using trypan blue staining on a Countess Il FL automatic
hemocytometer (ThermoFisher Scientific) and passaged by dilution to 3x10° cells/mL
once reaching a concentration between 1x108 and 2x10° cells/mL, unless otherwise
stated. All Freestyle 293-F cells containing a landing pad were induced with 2 ug/mL

doxycycline (Sigma-Aldrich).

2.4.8 Lentiviral transduction to generate suspension Freestyle 293-F landing
pad line
To generate a landing pad lentiviral vector, 2.5x10° cells HEK293T cells were
passaged into 6 well plates and transfected with 500 ng pMD-VSVg (Addgene #12259),
1,750 ng psPax2 (Addgene #12260), and 1,750 ng landing pad G384A vector template

using 6 uL Fugene 6 (Promega) following the manufacturer’s protocol. The next day,
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media was exchanged, and the supernatant was collected every 12 hours for the
following 72 hours to harvest lentivirus. The supernatant was then centrifuged at 300 x g
for 10 minutes and passed through a 0.45 um filter, before being aliquoted, flash frozen
in liquid nitrogen, and stored at -80 °C.8

1x107 Freestyle 293-F cells were plated in 20 mL media and then incubated with
varying volumes of lentivirus-containing supernatant (1 mL to 1 yL). 24 hours later,
media was removed, and cells were washed once before replating into 30 mL media.
On day 4 post-transduction, 2 uyg/mL doxycycline was added to the cells, which were
then grown for 10 more days with regular passaging.

Cells were then washed with PBS + 1% bovine serum albumin (BSA, Sigma-
Aldrich) before assessing mTagBFP2 fluorescence from the landing pad on an LSR I
(BD Biosciences). Only samples with a multiplicity of infection (MOI) < 1 were then
sorted by FACS on an Aria lll for mTagBFP2* cells. A total of 17,114 BFP* cells were
replated into a half deep 96 well plate (Applikon Biotechnology) and allowed to expand
with the addition of 2 pg/mL doxycycline and 100 pg/mL blasticidin (Invivogen) to select
for functional landing pad cells. Single landing pad integration was confirmed by co-

transfection of EGFP and mCherry recombination vectors.

2.4.9 FACS parameters

For all experiments, the following settings and gates were used to sort individual
cells. Live, cells were first identified using FSC-A vs SSC-A. Live cells were then gated
for single cells using two sequential gates—the first: FSC-A vs FSC-H, and the second:

SSC-A vs SSC-H. mTagBFP2 expression from the unrecombined landing pad was
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excited using the 405 nm laser and captured on 450/50 nm bandpass filter. mCherry
expression from the recombined landing pad was excited using the 561 nm laser and
captured using a 595 nm (LSR 1) or 600 nm (Aria Ill) long pass and 610/20 nm
bandpass filters. EGFP or Alexa488 antibody expression was excited using the 488 nm
laser and captured using a 505 nm long pass and 530/30 nm bandpass filters. Alexa647
antibody expression was excited using a 637 nm (LSR II) or 640 nm laser (Aria Ill) and
captured using a 750 nm long pass and 780/60 bandpass filter (LSR II) or a 670/30 nm
bandpass filter (Aria 1l1). All flow cytometry data were collected with FACSDiva v.8.0.1

and analyzed using FlowJo v.10.7.1.

2.4.10 Recombination of Freestyle 293-F cells

Freestyle 293-F cells were transfected at 1x10° cells/mL with 293Fectin
(ThermoFisher Scientific) following the manufacturer’s protocol with the following
alterations. Briefly, for every 1 mL of cells transfected, 2 pL 293Fectin was mixed with
31.5 yL OPTI-MEM in one tube, and 1 ug of total plasmid DNA was added to OPTI-
MEM for a final volume of 33.5 pL in a second tube. For recombination experiments, the
1 ug of total DNA was splitin a 1:15 ratio of pPCAG-NLS-Bxb1 (Addgene #51271) and
recombination vector. After 5 minutes at room temperature, the two tubes were mixed
together by gentle pipetting and incubated at room temperature for 20 minutes, before
being added to cells. For single variants or controls, 1x107 cells in 10 mL were
transfected. For libraries, 3x107 cells in 30 mL of cells were transfected.

48 hours after transfection, cells were split 1:9 into two separate flasks with 2

pMg/mL doxycycline. The second flask containing 9 parts was additionally treated with 10
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nM rimiducid to selectively kill off unrecombined cells. Two days after rimiducid
treatment, cells were counted using trypan blue exclusion, and then live cells were
separated from dead cells using Histopaque-1077 (Sigma-Aldrich). Cells were diluted to
35 mL total volume and then layered slowly on top of 15 mL Histopaque-1077 in a 50
mL conical. The cells were then centrifuged at 400 x g for 30 minutes with no
acceleration and no break. The top 30 mL of media was aspirated, and the cells at the
interface between Histopaque-1077 and media were removed and resuspended in 30
mL final volume of media. Cells were centrifuged again at 300 x g for 5 minutes, the
media was removed, and the pellet was resuspended in 30 mL of fresh media and 2
Mg/mL doxycycline. Cells were counted using trypan blue to determine yield.
Approximately 1 week after transfection, cells were assayed on an LSR Il or Symphony
A3 for mCherry fluorescence to determine recombination rate and selection efficiency.

Cells were maintained with 2 pg/mL doxycycline throughout.

2.4.11 Antibody staining for surface-displayed proteins

For all antibodies except GMA-001 and ab3570, cold PBS + 1% BSA was used
as a staining buffer. Because proper folding of the y-carboxylated GLA domain is
dependent on calcium, a 1:10 dilution of cold PBS + Ca/Mg + 1% BSA (ThermoFisher
Scientific) into PBS + 1% BSA was used as a staining buffer. See Appendix A: Table
A.1 for primary and secondary antibody concentrations.

Cells were plated at 3x10° cells/mL in either 10 mL (single variants and controls)
or 30 mL (libraries) of Freestyle media with the addition of 50 nM vitamin K1 (Sigma-

Aldrich). For experiments involving GMA-001 or ab3570, an additional control flask of
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wildtype FIX cells was plated and supplemented with 100 nM warfarin (Sigma-Aldrich)
to reduce y-carboxylation of the FIX GLA domain. After 24 hours, cells were induced
with 2 yg/mL doxycycline and grown for an additional 48 hours.

On the day of staining, flasks of cells were split into equal 4 mL volumes (6 per
30 mL flask, 1 per 10 mL single variant or control) and spun at 300 x g for 3 minutes.
Media was aspirated, and 3 washes of 1 mL cold staining buffer were performed, with
300 x g spins and supernatant aspiration between. Cells were then resuspended in 100
ML of diluted primary antibodies and incubated at room temperature for 30 minutes, with
vortexing at 10 minute intervals. After primary antibody staining, cells were diluted with
1 mL staining buffer and spun at 300 x g for 3 minutes. This washing step was repeated
twice more before secondary antibody staining. For secondary antibody staining, cells
were resuspended in 100 yL of diluted secondary antibodies and incubated at room
temperature for 30 minutes in the dark, with vortexing at 10 minute intervals. After
secondary antibody staining, cells were again diluted with 1 mL cold staining buffer and
spun at 300 x g for 3 minutes. This washing step was repeated twice more before a final
resuspension in 500 pL staining buffer. At this point, all identical tubes were pooled.

For experiments not requiring FACS, cells were analyzed by flow cytometry for
antibody fluorescence on either the LSR Il or Symphony A3 cytometers. For library
sorts, FACS was performed on an Aria lll, dividing the library into four approximately
equally sized quartile bins based on the ratio of fluorescent antibody to mCherry
fluorescence. At least 2 million cells were sorted into each of the four quartile bins.

After sorting, each sorted bin of library cells was spun down at 300 x g for 5

minutes and then resuspended in 10 mL of Freestyle 293 Expression media and
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supplemented with 100 U/mL penicillin and 100 ng/mL streptomycin. Cells were
counted daily for 4-6 days, diluting to 20 mL final volume once the concentration was
above 5x10° cells/mL. Cells were harvested once each bin contained at least 20 million
cells. To harvest, cells were spun down at 300 x g for 10 minutes, the supernatant was

aspirated, and the pellet was flash frozen in liquid nitrogen before storage at -20 °C.

2.4.12 Genomic DNA prep, barcode amplification, and sequencing

Genomic DNA was prepared according to previously described protocols.*
Briefly, genomic DNA was extracted from harvested cell pellets using the DNEasy Blood
and Tissue kit (Qiagen) according to the manufacturers’ protocol with the addition of a
30 minute RNase digestion at 56 °C during the resuspension step. Six DNEasy columns
were used per cell pellet.

Two technical PCR replicates were performed on each bin for each sample to
assess the variability in barcode counts from sequencing and amplification (Appendix
A: Figure A.8). The protocol in Section 2.4.5 was used to amplify each sample with
the following changes: 1) For each replicate, 8 identical 50 pL first-round PCRs were
prepared, and each PCR contained 2,500 ng genomic DNA, 25 uL Q5 polymerase, and
0.5 uM of NP0492 and NP0546 primers. 2) During Ampure XP cleanup, samples were
eluted into 21 pL water, and 40% (8 pL) was used in the second-round PCRs. 3) During
the second-round PCRs, samples were run for a maximum of 20 cycles or until all
samples were above 3,000 relative fluorescence units. 4) Samples were either
sequenced on a NextSeq 550 using a NextSeq 500/550 High Output v2.5 75 cycle kit or

on a NextSeq 2000 using a NextSeq 1000/2000 P3 50 cycles kit (lllumina).
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2.4.13 Calculating antibody scores

Using a custom script, barcode sequencing reads were first converted to FASTQ
format and demultiplexed using bcl2fastg v2.20 (lllumina). Next, forward and reverse
barcode reads were paired using PEAR v0.9.11,'87 and unique barcodes were counted.
To reduce error associated with counting noise, we removed low frequency variants
(Appendix A: Figure A.1) using a frequency threshold of 106. Variants that were
observed in fewer than two replicates were also removed. Sequenced barcodes were
then assigned to FIX variants using the barcode-variant map generated from PacBio
sequencing. Any barcode associated with insertions, deletions, or multiple amino acid
substitutions in FIX were removed from the analysis.

Antibody scores were calculated using a modified VAMP-seq pipeline.* Briefly,
for each experiment, a weighted average of every variant’s frequency in each bin was
calculated using the following weights: wWoin1: 0.25, Woin2: 0.5, Whin3: 0.75, Wbina: 1. The
weighted average for each variant was then normalized such that the median score for
wildtype FIX barcodes was 1 and the median score for the lowest 5" percentile of
missense variants was 0. The final antibody score for each variant was then averaged

across all replicates.

2.4.14 Description of computational methods
VAMP-seq abundance scores for PTEN, TPMT, VKOR, CYP2C9, and NUDT15
were downloaded from MAVEdb.1% Signal peptide predictions were generated by

submitting variant and wildtype FIX sequences to the SignalP 6.0 server.t’®
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Hydrophobicity of the h-region of FIX signal peptide variants was calculated using
GRAVY. Solvent accessible surface area (SASA) was calculated from the AlphaFold
wildtype FIX model using FreeSASA.'%! Relative solvent accessibility was calculated by
dividing the output from FreeSASA by the maximum SASA values for wildtype
residues.t®?

Hierarchical clustering was performed in R using the hclust package. Ten
positions without variant data in any assays were removed from the analysis. Positions
were converted into a Euclidean distance matrix based on variant scores. Ward’s
clustering algorithm was then applied to the distance matrix using the square of the

distance between clusters.193

2.4.15 Clinical variant curation

To capture true pathogenic and benign FIX missense variants, we collected data
from ClinVar, MLOF, and gnomAD v.3.1. ClinVar classifications were removed if there
were conflicting classifications, or if evidence was not included. As the incidence of
hemophilia B is approximately 3.8 per 100,000 male births,54°> we included any
gnomAD FIX variants with minor allele frequency in hemizygotes of greater than 1 per
1,000 as benign variants.#1%9 Lastly, FIX variants observed in patients with hemophilia A
from MLOF were considered benign if clinical testing of patient blood demonstrated
wildtype-like FIX activity. The final curated dataset was then constructed and labeled
using a consensus from all sources. The final curated dataset contained 140 pathogenic
or likely pathogenic variants and 14 benign or likely benign variants, sufficient for

classification model training purposes.8219
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Patient-level data on FIX antigen, activity, and disease severity were collected
from EAHAD and collapsed based on variant.”” Unpublished results were removed from
the dataset, resulting in 635 final variants with at least one of the three clinical
datapoints. Because FIX antigen and activity are often reported as “< 1%” or
“‘undetectable” when below the limit of detection in the clinical assay, we altered these
values to 0.01% to perform linear regression. Values for FIX antigen and FIX activity
were averaged across patient samples. For disease severity classifications, a
consensus-based approach was used to determine final disease severity. If there was a

tie between two or more severities, a conflicting classification was used.

2.4.16 Random forest classifier

We then built a random forest classifier to distinguish true benign and
pathogenic variants using the ranger and tidymodels packages in R. First, benign/likely
benign and pathogenic/likely pathogenic classes were combined. We then split the
curated variants so 75% of the data was used for training and 25% was used for testing
the performance of the final model. To account for unbalanced class sizes, we
implemented random oversampling (ROSE)*®! on the training set. Model
hyperparameters were selected by using 5-fold cross-validation on the training set.
Model performance was evaluated using the ROC curves generated with the test set.
The final model was then applied to 107 VUS from MLOF that were observed in our
experimental data. We used a Bayesian adaptation of ACMG rules-based guidelines to
reinterpret variant classifications.1>182.195 A|| other evidence codes were applied

according to ACMG and ClinGen variant curation expert panel (VCEP) guidelines.>®
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3 Suppression of unwanted CRISPR-Cas9 editing by co-administration of

catalytically inactivating truncated guide RNAs

A version of this chapter has been previously published as:

Rose, J.C., 8 Popp, N.A., ¢ Richardson, C.D., Stephany, J.J., Mathieu, J., Wei, C.T.,
Corn., J.E., Maly, D.J., & Fowler, D.M. Suppression of unwanted CRISPR/Cas9 editing
by co-administration of catalytically inactivating truncated guide RNAs. Nat. Comm. 11,
2697 (2020).

$These authors contributed equally to this work.

3.1 Introduction

The S. pyogenes Cas9 (spCas9) nuclease is targeted to specific sites in the
genome by a single guide RNA (sgRNA) containing a 20-nucleotide target recognition
sequence. The target site must also contain an NGG protospacer adjacent motif
(PAM).32 This multipartite target recognition system is imperfect, and most sgRNAs
direct significant cleavage and subsequent unwanted editing at off-target sites whose
sequence is similar to the target site.!*4-11” Numerous approaches to reduce off-target
editing have been devised, yet are hampered by various limitations.126:143-153 For
example, spCas9 variants with improved specificity have been engineered.'%*15 While
useful, these high-specificity variants often decrease on-target editing*>"*%® and, in most
cases, do not eliminate all unwanted editing.*¢ All high-specificity Cas9 variants appear
to balance on- vs off-target activity via the same mechanism°61%° and, as a

consequence, often fail to suppress editing at the same obstinate off-target sites.156:158
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Thus, new methods for off-target suppression are needed, particularly ones that
preserve on-target editing, can be combined with high-specificity Cas9 variants, and
require minimal expenditure of time, effort, and resources. To this end, we developed an
orthogonal and general approach for suppressing off-targets that can be readily
combined with existing methods, including high-specificity variants.

Our off-target suppression approach is based on the observation that sgRNAs
with target sequences 16 or fewer bases in length direct Cas9 binding to DNA target
sites but do not promote cleavage.'®6-1% Here, we show that Cas9 bound to dRNAs
with perfect complementarity to off-target sites can dramatically improve editing
specificity by shielding these sites from the active Cas9-sgRNA complex (Figure 3.1a).
To highlight the generality and ease of implementation of our method, which we call
dRNA Off-Target Suppression (dOTS), we effectively suppress editing at 15 off-target
sites, yielding up to ~40-fold increase in specificity, with minimal dRNA optimization.
Furthermore, dOTS can be multiplexed to suppress several off-targets simultaneously
and can be combined with other approaches for improving specificity. We also describe
dRNA ReCutting Suppression (dReCS), wherein dRNAs prevent recutting of homology-
directed repair (HDR)-corrected sites, eliminating the need for blocking mutations and
facilitating scarless editing. Thus, we enable more precise genome editing by
establishing a facile and flexible approach for suppressing unwanted editing of both off-

target and HDR-corrected sites.
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Figure 3.1: dRNA-mediated Off-Target Suppression (dOTS) effectively reduces off-target
editing
a. Schematic representation of dOTS. A dRNA (green) with perfect complementarity for an off-target site
directs Cas9 binding but not cleavage, protecting the site. b. Indel frequencies and specificity ratios (on-
target/off-target indel frequency ratios) at the FANCF-sgRNA2 on-target site and OT1 24 h after
transfection of HEK-293T cells with Cas9, sgRNA, and FANCF-sgRNA2 OT1 dRNA1 or a nontargeting
control dRNA (dNT) that does not target genomic DNA. For conditions without dRNA, an equivalent
amount of pMAX-GFP was substituted. Means of n = 3 biological replicates depicted by solid lines. c.
Normalized specificity ratios, computed as the specificity ratio of the best dRNA condition divided by the
specificity ratio of the sgRNA only condition for 19 guide/off-target pairs tested in HEK-293T cells. Points
depict the mean of n = 3 biological replicates, error bars show the standard error of the mean. d. Indel
frequencies and specificity ratios at the FANCF-sgRNAZ2 on-target site and OT1 24 h after transfection in
U20S cells, and e. EIf1 embryonic stem cells. Control samples to the right of the x-axis break were
performed separately. iCas9 denotes stable integration of Cas9 under the control of a doxycycline-

inducible promoter. Means of n = 3 cell culture replicates depicted by solid lines. OT off-target.

3.2 Results

3.2.1 Dead RNA off-target suppression increases specificity

We first determined the feasibility of using dRNAs to suppress unwanted editing
at off-target site 1 (OT1) of an sgRNA (sgRNAZ2) targeting the FANCF locus.'** We co-
transfected HEK-293T cells with a plasmid encoding spCas9, along with equal amounts
of plasmids encoding FANCF-sgRNA2 and a GFP control, or FANCF-sgRNA2 and one
of four dRNAs with perfect complementarity to OT1 (Appendix B: Figure B.1a). Three
of the four dRNAs significantly decreased off-target editing without appreciably

impacting on-target editing (Appendix B: Figure B.1b). In particular, dARNA1 decreased
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off-target editing from 20.44% (s.e.m. = 0.61%, n = 3) to 0.69% (s.e.m. = 0.02%, n = 3),
leading to a 30-fold increase in the on-target specificity ratio (Figure 3.1b). Cas9-dRNA
complexes are thought to lack cleavage activity, but a relatively small number of dRNAs
have been evaluated so far.1%61°7 Thus, we verified that dRNA1 did not direct any
detectable Cas9 editing activity at either the on- or off-target sites (Appendix B: Figure
B.1c). We further confirmed that dRNA1 showed no cleavage genome-wide using
genome-wide unbiased identification of DSBs enabled by sequencing (GUIDE-seq),'’
and that it directed selective reduction of only OT1 (Appendix B: Figure B.2). To our
knowledge, this experiment is the first to demonstrate that a dRNA leads to no
detectable cleavage activity anywhere in the genome.

To demonstrate the generalizability of dOTS, we evaluated 18 additional on-
target/off-target pairs in HEK-293T cells. We found at least one dRNA for 15 of the 19
pairs we tested that increased the specificity ratio by at least two-fold (mean fold-
change = 10.44) while decreasing on-target editing by no more than two-fold (mean
fold-change = 0.93; Figure 3.1c; Appendix B: Figure B.3). Across all on-target/off-
target pairs, a median of six candidate dRNAs were screened, highlighting the ease of
identifying effective dRNAs (Appendix B: Figure B.3-4; Table B.1). In most cases,
nontargeting dRNAs had little to no impact on editing (Appendix B: Figure B.5).
Moreover, effective dRNAs did not induce indels at either on- or off-target sites,
suggesting that few, if any, Cas9-dRNA complexes are active (Appendix B: Table B.2-
3). dOTS was also effective in U20S cells and the EIf1 naive embryonic stem cell line

(Figure 3.1d-e; Appendix B: Figure B.6).2*° Finally, we found that dRNA-mediated
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suppression of off-target editing was durable, with dRNAs effectively decreasing off-
target editing for at least 72 hours post-transfection (Appendix B: Figure B.7).

An important application of Cas9 is editing genes containing pathogenic
mutations.?%%:201 For example, Cas9 has been used to target the 8-globin locus (HBB)
with the goal of curing sickle cell disease.'?1292 However, the d-globin locus (HBD) is a
common off-target for sgRNAs targeting HBB and cleavage of both on- and off-target
sites can result in large chromosomal deletions at the globin locus.'3” In HEK-293T
cells, dOTS decreased off-target editing at HBD from 1.08% (s.e.m. = 0.22%, n = 3) to
0.15% (s.e.m. =0.03, n = 3; Appendix B: Figure B.3d). In EIfl cells, dOTS decreased
off-target editing at HBD from 20.72% (s.e.m. = 2.75%, n = 3) to 1.20% (s.e.m. =0.18, n
= 3), increasing the specificity ratio from 1.33 to 13.72 (Appendix B: Figure B.6b).
Thus, dOTS can control unwanted editing at clinically relevant loci.

We were unable to find effective dRNAs for four off-target sites. In two cases,
dRNAs strongly reduced off-target editing but also decreased on-target editing by
greater than two-fold (Figure 3.1c; Appendix B: Figure B.3b,i). In two other cases, no
dRNA we tested was effective in decreasing off-target editing (Figure 3.1c; Appendix
B: Figure B.3e,m-n). We suspect that these ineffective dRNAs are either unstable,
form unfavorable secondary structures, or have insufficient affinity for the off-target site
relative to their cognate sgRNAs. However, at most off-targets we identified one or more
effective dRNAs that enhanced specificity without sacrificing on-target editing, making

dOTS an effective approach for off-target suppression.
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3.2.2 Mechanism of off-target suppression by dRNAs

dOTS is based on our prediction that Cas9-dRNA complexes with perfect
complementarity to an off-target site can directly outcompete active, imperfectly
complementary Cas9-sgRNA complexes for binding. To test this Cas9 self-competition
mechanism, we performed in vitro cleavage assays with linear DNA substrates and
purified Cas9 ribonucleoprotein complexes (RNPs) containing either FANCF-sgRNAZ2 or
dRNAL. Incubation of a substrate containing the FANCF OT1 site with a mixture of the
Cas9-dRNA1 and Cas9-sgRNA2 complexes led to a robust reduction in cleavage
compared to administration of the Cas9-sgRNA2 complex alone (Figure 3.2a).
Consistent with our self-competition mechanism, preincubation of the substrate with the
Cas9-sgRNA2 complex followed by addition of the Cas9-dRNA1 complex eliminated the
reduction in cleavage (Appendix B: Figure B.8). Thus, Cas9-dRNA complexes can
directly shield off-target loci from Cas9-sgRNA cleavage.

At low concentrations of Cas9-sgRNA2, Cas9-dRNA1 modestly reduced
cleavage of the on-target FANCF substrate site in vitro (Figure 3.2b), despite this dRNA
not affecting on-target editing efficiency in cells (Figure 3.1b,d-e). One possible
explanation for this disparity is that, in cells, Cas9-dRNA1 mediated protection of the on-
target locus decreases the rate of indel formation but editing reaches the same
maximum as in cells without dRNA1 by the time of measurement. Another explanation
is that cellular factors prevent Cas9-dRNA1, which should have modest affinity for the
on-target site, from providing appreciable protection from cleavage by Cas9-sgRNAZ2.
Thus, we measured rates of indel formation at FANCF-sgRNA2 OT1 and the on-target

site in cells using a chemically inducible Cas9 (ciCas9) variant.126:203 The activity of
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ciCas9 is repressed by an intramolecular autoinhibitory switch. Addition of a small
molecule, A-1155463 (A115), disrupts autoinhibition and rapidly activates ciCas9,

enabling precise studies of editing kinetics.

a FANCF sgRNA2 off-target
1 Eo
v -
0.81 :
FANCF off-target - s 2 2
A 5 ° ¢
dRNA-RNP(fmoles) 0 0 50 150 450 0 150 450 1350 150 c 061 ° o °
S 5
sgRNA-RNP (fmoles) 0 150 150 150 150 450 450 450 450 0 B 3 I® o
T 0.4
e - uw T
Y LA
B - - - 021 .
» ‘ - ‘.‘ _
ol— : ; = — = ; °
dRNA-RNP 0 0 50 150 450 0 150 450 1350 150
sgRNA-RNP 0 150 150 150 150 450 450 450 450 0O
b FANCF sgRNA2 on-target
1 oo
+
v
0.8
FANCF on-target 5
A c
206
dRNA-RNP(fmoles) 0 0 50 150 450 0 150 450 1350 150 g
sgRNA-RNP(fmoles) 0 150 150 150 150 450 450 450 450 0 ‘é i.d
= U.41 [ ]
5 uw 20
— - - 3 =
— 0.2 e
== o - " g o ° 5
iy - - - ol i ' ' 2% o 2 -;.

dRNA-RNP 0 0 50 150 450 O 150 450 1350 150
sgRNA-RNP 0 150 150 150 150 450 450 450 450 O

Figure 3.2: dRNAs suppress off-target editing by competing with sgRNAs for off-target
sites

Representative gels of in vitro cleavage of PCR products containing either a FANCF-sgRNA2 OT1 or b

the FANCF-sgRNA2 on-target site with either 150 or 450 fmoles of Cas9 FANCF-sgRNA2 RNP in the

presence of variable amounts of the Cas9 FANCF-sgRNA2 OT1 dRNA1 complex. Fraction of uncut DNA

determined by gel densitometry. Means of n = 3 replicates depicted by solid lines. For uncropped gels,

see Appendix B: Figure B.14.
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Figure 3.3: dRNAs affect off-target, but not on-target, editing kinetics and can be titrated
to improve specificity
a. Editing of FANCF-sgRNA2 on-target and OT1 sites using chemically inducible Cas9 (ciCas9) from 0 to
16 h after activation with A115. Nontargeting dRNA is a 14-base control dRNA targeting a non-
endogenous site. NT = non-transfected control. Points depict the mean of n = 3 biological replicates. Error
bars show the standard error of the mean. b. Indel frequencies and specificity ratios at VEGFA sgRNA3
on-target and OT2 sites in cells transfected with plasmids encoding Cas9 and varying ratios of VEGFA
SgRNA3 and dRNA2. dRNA untreated cells were transfected with Cas9 and a 1:1 VEGFA sgRNA3:GFP

plasmid ratio. Error bars depict s.e.m. (n =3 cell culture replicates). OT off-target.

As expected, activation of ciCas9 with A115 led to the rapid appearance of

indels at the FANCF-sgRNA2 on- and off-target sites in the absence of dRNAL.
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Inclusion of a plasmid encoding dRNAL1 effectively eliminated ciCas9-mediated editing
at the off-target site but had no measurable impact on the kinetics of on-target editing
(Figure 3.3a). These results suggest that dRNAs with imperfect complementarity to an
on-target site can bind to and protect that site in cell-free systems, but not in cells. The
most likely explanation for this difference is that, in cells, DNA is subject to a variety of
active processes that influence Cas9.2%4205 For example, the degree of complementarity
between a guide and its target affects the ability of polymerases to displace dCas9 from
DNA,2% suggesting that polymerases may limit the ability of imperfectly complementary
Cas9-dRNA complexes to shield on-target sites.

Our proposed Cas9 self-competition mechanism predicts that the level of off-
target shielding provided by moderately effective dRNAs can be improved by
manipulating the ratio of Cas9-dRNA to Cas9-sgRNA in cells. While an initial 1:1
plasmid ratio was effective for all 15 successful dRNAs, increasing the amount of dRNA
relative to sgRNA further decreased off-target editing and improved the specificity ratio
at each of the four sgRNA/dRNA pairs we tested (Figure 3.3b; Appendix B: Figure
B.9). For one pair, higher dRNA:sgRNA ratios also decreased on-target editing. Thus, a
trade-off between maintaining on-target editing and decreasing off-target editing exists
for some sgRNA/dRNA pairs. Here the dRNA:sgRNA ratio can be tuned based on

whether preserving on-target editing or suppression of a particular off-target is desired.
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3.2.3 dOTS improves other approaches to increase Cas9 specificity

Other strategies to improve Cas9 specificity fail to completely suppress off-target
editing and often reduce on-target efficacy. Thus, we wondered whether they could be
enhanced with dOTS. One approach uses truncated sgRNASs (tru-sgRNAS) with 17-19
base target sequences to increase on-target specificity at some loci. For example,
truncation of the VEGFA sgRNAS3 target sequence (VEGFA tru-sgRNA3) decreases
editing at some off-target sites, but editing at OT2 remains.'*’ dOTS suppressed editing
at this refractory off-target site without affecting on-target activity (Figure 3.4a),

demonstrating that it is compatible with tru-sgRNAs.
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Figure 3.4: dRNAs can be combined with other approaches to improve specificity
Indel frequencies and specificity ratios 24 h after transfection with a plasmids encoding WT Cas9, a.
dRNA targeting VEGFA sgRNA3 OT2 (dRNA2) and a truncated guide VEGFA tru-sgRNA3, or b. High-

specificity variants of Cas9 and a dRNA targeting FANCF-sgRNA2 OT1 (dRNA1). Wild-type Cas9 (WT),
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espCas9 (E), spCas9-HF1 (HF1), HypaCas9 (Hypa). Means of n = 3 cell culture replicates depicted by

solid lines. OT off-target.

More recently, rational engineering of spCas9 has produced high-specificity
variants like espCas9(1.1), spCas9-HF1, and Hypa-Cas9.1%4-1% While these variants
generally improve on-target specificity, they do not suppress unwanted editing at all off-
target sites for all sgRNAs. For example, a recent evaluation of these three high-
specificity variants revealed off-target editing by all three variants at four of the six
sgRNAs tested.®¢ In another example, FANCF sgRNA2 OT1 is still edited at high
frequencies by all three high-specificity variants (Figure 3.4b).1541% Co-transfection of
FANCF-sgRNA2 with an effective dRNA reduced off-target editing to levels
indistinguishable from non-transfected controls for all high-specificity Cas9 variants (p >
0.05, one-sided t-test, n = 3), dramatically increasing specificity ratios (Figure 3.4Db).
dRNAs also effectively suppressed off-target editing by espCas9(1.1) and spCas9-HF1
at a refractory VEGFA sgRNAS3 off-target (Appendix B: Figure B.10). High-specificity
Cas9 variants are known to exhibit decreased on-target activity, which is sensitive to
delivery method and other factors.1?1157.207 Indeed, in some cases, we observe a
decrease in on-target editing when high-specificity Cas9 variants and dOTS are
combined. However, this reduction in on-target editing is generally less pronounced that
the efficiency loss observed comparing HypaCas9 or spCas9-HF1 to wildtype in the
absence of dOTS. The reduction in on-target editing is also markedly less than the
degree of suppression achieved by dOTS at the off-target site. Thus, dOTS can be

combined with many other methods for improving Cas9 specificity.
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Figure 3.5: dRNAs can be multiplexed to suppress several off-target sites
simultaneously

Indel frequencies and specificity ratios 24 h after transfection of plasmids encoding either a. wildtype (WT)

or b. espCas9 (E), VEGFA sgRNA2, and dRNAs targeting one of three VEGFA sgRNA2 off-targets (OT1

dRNA1, OT2 dRNAS8, OT17 dRNAB8). Means of n =3 cell culture replicates depicted by solid lines. OT off-

target.
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3.2.4 dOTS can be multiplexed to suppress multiple off-targets

Since many sgRNAs induce off-target editing at numerous sites,16:117.208 e
examined whether dOTS could be multiplexed. We selected three off-target sites for
VEGFA sgRNAZ2 with individually effective dRNAs (Figure 3.1c; Appendix B: Figure
B.3). HEK-293T cells were transfected with VEGFA sgRNA2 and the dRNAs
individually, in duplex, or in triplex. Even when all three dRNAs were combined, editing
at each off-target site was suppressed by its cognate dRNA with only small loses in on-
target editing (Figure 3.5a; Appendix B: Figure B.11a). Multiplexed dOTS was also
effective for two other sgRNAs (Appendix B: Figure B.11b-c) and could even suppress
the off-targets of two distinct sgRNAs simultaneously (Appendix B: Figure B.11d).
Notably, each dRNAs only impacted editing at its cognate off-target site, without
increasing or decreasing editing at the other off-target sites of the sgRNA.

Like wildtype Cas9, high-specificity Cas9 variants can cause editing at multiple
off-target sites. For example, espCas9(1.1) reportedly drives appreciable editing with
VEGFA sgRNA2 at three different off-target sites.1>¢ We observed off-target editing at
two of these sites and found that dRNAs could simultaneously decrease off-target
editing at both sites without perturbing on-target editing (Figure 3.5b). Furthermore,
multiplexed dOTS suppressed editing driven by spCas9-HF1 and HypaCas9 at these
off-target sites (Appendix B: Figure B.12). Thus, in the context of both wildtype and

variant Cas9, dRNAs can be combined to suppress multiple off-targets simultaneously.
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Figure 3.6: dRNAs facilitate scarless HDR

a. Schematic depicting dReCS and alignment of BFP, GFP, sgRNA, and dRNA sequences. dRNA
(green) exhibiting perfect complementarity for the repaired site directs Cas9 binding but not cleavage,
protecting the repaired site. Single base change to generate GFP from BFP is displayed in green with
affected codon indicated by gray box. PAM sequences are underlined. Black arrow indicates best dRNA,
as determined by maximal improvement in HDR yield. b. Indels and homology-directed repair (HDR) as

assessed by flow cytometry, where indels lead to a loss of BFP signal, and HDR leads to a loss of BFP
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and gain of GFP signal. c. HDR as a percentage of total Cas9 edits observed. Means of n =3 cell culture

replicates depicted by solid lines. dRNA: BFP sgRNA1 dRNA3 (see Supplementary Fig. 13).

3.2.5 dRNAs enable scarless HDR-mediated genome editing

When mutations introduced by HDR do not substantially disrupt the target
sequence of Pam, as in generally the case for single nucleotide variants, Cas9 can
continue to cleave the target site after repair. Continued cleavage introduces indels,
substantially decreasing the frequency of loci containing the desired sequence. For
example, quantification of editing outcomes at PSEN1 revealed that up to 95% of HDR-
corrected templates showed secondary indels due to recutting.*?? If a protein-coding
region is being edited, synonymous blocking mutations that disrupt the sgRNA target
sequence, PAM, or both are generally included in the repair template. Unfortunately,
synonymous blocking mutations may alter protein expression or interfere with mRNA
splicing. Furthermore, predicting functionally neutral blocking mutations in non-coding
regions is extremely challenging. Base editing in some cases can make single base
changes, yet its use is hindered by unwanted bystander editing within the editing
window, off-target editing of RNA, and an inability to install transversion mutations,
insertions, or deletions.?%%-?11 Thus, scarless editing, the ability to efficiently introduce
single nucleotide variants and other small changes into the genome via HDR without
blocking mutations or unwanted indels, would be of tremendous utility.

We predicted that dRNAs directed at a desired, HDR-corrected sequence could
shield repaired sites from recutting, an approach we call dARNA ReCutting Suppression
(dReCS) (Figure 3.6a). We evaluated the ability of dRNAs to improve the HDR-

mediated conversion of BFP to GFP through substitution of a single amino acid.
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Previously, several blocking mutations were used to prevent recutting, yet only a single
nucleotide change is needed to alter the His in BFP (CAT) to the Tyr in GFP (TAT).?12
We selected a previously used sgRNA in which the permissive site within the PAM (i.e.,
N in NGG) for the BFP sgRNA corresponds to the mutated nucleotide. Thus, this
SgRNA possesses perfect complementarity to both the native and HDR-repaired locus,
representing a worst-case scenario in which Cas9-sgRNA is expected to efficiently recut
HDR-repaired sites. HEK-293T cells with stably integrated BFP were transfected with a
single stranded oligodeoxynucleotide (ssODN) donor template containing the single
nucleotide change, the sgRNA targeting BFP, and one of three dRNAs with perfect
complementarity to the GFP but not BFP sequence. After 4 days, in the absence of
dRNA, scarless HDR conversion to GFP was inefficient, with 1.94% of cells expressing
GFP by flow cytometry. In the presence of the best dRNA, absolute HDR efficiency
increased to 3.77% (Figure 3.6b; Appendix B: Figure B.13), corresponding to an
increase in the percentage of all edited sites exhibiting scarless HDR from 9.53%
(s.e.m.=0.40,n =3) 10 19.72% (s.e.m. = 0.52, n = 3; Figure 3.6¢). Thus, dReCS can
promote scarless HDR even when the sgRNA has perfect complementarity for the

HDR-corrected sequence.

3.3 Discussion

Here, we describe a general approach for the targeted suppression of unwanted
Cas9-mediated editing that relies on co-administration of dRNAs with perfect
complementarity to the suppressed site. Our approach exploits the previously

unappreciated phenomenon we refer to as Cas9 self-competition: the ability of different
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Cas9-guide RNA complexes to compete for a limited number of genomic target sites.
We show that catalytically inactive Cas9, in this case Cas9 bound to a dRNA, can
protect sites from undesired cleavage by active Cas9-sgRNA complexes. One
application of this approach, dOTS, reduced editing at 15 distinct off-target sites, in
some cases below the limit of detection by high-throughput sequencing. Another
application, dReCS, facilitated scarless introduction of a single base change that did not
impact the PAM or target sequence. dReCS circumvents the need for blocking
mutations, making it particularly useful for single nucleotide variants and small indels in
non-coding regions of the genome where synonymous blocking mutations are not an
option. In both cases, effective dRNAs can generally be rapidly identified with minimal
screening. Moreover, dRNAs are effective in a variety of different cells lines and they
can be combined to protect multiple off-target sites simultaneously.

dOTS and dReCS offer many advantages, but they are not perfect. We could
not find an effective dRNA for four of the 19 target/off-target pairs we tested. In some
cases, additional dRNAs could be screened, but the sequence restrictions imposed by
the spCas9 NGG PAM mean that effective dRNAs may not always exist. One
alternative is to improve poorly performing dRNAs by manipulating dRNA:sgRNA ratios.
Another is to combine dRNAs with the recently described xCas9 or spCas9-NG
variants, which have a more permissive PAM that increases the number of candidate
dRNAs.?13214 Another drawback is that some dRNAs decrease on-target editing,
particularly when they are multiplexed to suppress several off-target sites
simultaneously. We suspect that these losses in on-target editing likely arise due to

dilution of the plasmids or competition between sgRNAs and dRNAs to complex with
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Cas9. The first issue could be addressed by using a multiplex guide expression
scheme,?5216 and both could be addressed by delivering preformed ribonucleoprotein
(RNP) mixtures.?!” Finally, dRNAs could yield unwanted transcriptional off-target
effects. However, transcriptional repression by Cas9 in the absence of a repressive
domain is modest,?1821® and such effects would be transient unless both the Cas9 and
the dRNA were integrated into the genome.

Other approaches for minimizing off-target editing are also imperfect, as they
reduce on-target efficiency,126:143-145.157.158 introduce new off-target sites,147150.151 |imit
the number of potential target sites,4”150-153 or demand difficult Cas9 engineering.®4-
158,220221 Moreover, many of these approaches are laborious to implement in
experimental models where Cas9 or a variant thereof has already been stably
integrated into the genome,126:143-145,152-158,220,221 Eing|ly, these existing methods are
generally incompatible with each other, meaning they cannot be used in concert to
minimize limitations and improve performance. In contrast, dOTS and dReCS are
comparatively easy to use, low-cost, and flexible. For example, dOTS could be used to
address refractory off-targets o the popular engineered high-specificity Cas9
variants.154-158.220.221 Here, we showed that dOTS could effectively suppress editing at
four refractory off-target sites with three high-specificity Cas9 variants. Using dOTS to
address these refractory off-targets is also far less laborious and time-intensive than
further Cas9 engineering, as has been done previously.154220 Additionally, dReCS is
simpler and less time-consuming than CORRECT,?? a previous approach for scarless
HDR editing that requires multiple rounds of HDR to introduce and subsequently

remove blocking mutations. Because of their flexibility and technical simplicity, dOTS

94



and dReCS could be easily integrated with existing protocols and experimental
systems, enabling refinement of genome editing with minimal effort.

The flexibility of dOTS and dReCS means that they have applications beyond
those we demonstrated. For instance, dOTS could facilitate allele-specific editing, even
when the two alleles cannot be distinguished by a Cas9-sgRNA complex alone. Based
on the principle of Cas9 self-competition, electroporation of Cas9-dRNA RNPs to
guench editing by the active Cas9-sgRNA RNP should allow fine tuning of editing
efficiencies. Similarly, dOTS could be employed to modulate the editing rates in
CRISPR lineage tracing.??? Finally, dOTS and dReCS are likely to be effective with
other CRISPR enzymes, such as saCas9 or Cpfl. Thus, dOTS and dReCS are easy to
implement, effective, and complementary methods for refining genome editing in both

research and clinical applications.

34 Methods

3.4.1 Expression plasmids

All sgRNA and dRNA target sequences, except for VEGFA sgRNAs, were
cloned into the gRNA Cloning Vector according to the hCRISPR gRNA synthesis
protocol. gRNA Cloning Vector was a gift from G. Church, Harvard (Addgene plasmid
41824). VEGFA site 1 (VEGFA sgRNAL), VEGFA site 2 (VEGFA sgRNA2), and VEGFA
site 3 (VEGFA sgRNA3) were gifts from K. Joung, Massachusetts General Hospital

(Addgene plasmids 47505, 47506, and 47507).
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An N-terminal FLAG tag sequence was appended via Gibson Assembly Clonin

g

(New England Biosciences) to a human codon-optimized Cas9 (subcloned from hCas9,

a gift from G. Church, Harvard; Addgene plasmid 41815) with a single C-terminal NLS
expressed from a pcDNA3.3-TOPO vector. This was subsequently cloned into the
pcDNAS/FRT/TO backbone (ThermoFisher). High-specificity variants of Cas9—
espCas9(1.1.) (gift from F. Zheng, Broad Institute; Addgene plasmid 71814) and VP12
(spCas9-HF1, gift from K. Joung, Massachusetts General Hospital; Addgene plasmid
72247) were subcloned into pcDNA5/FRT/TO backbone (ThermoFisher). HypaCas9
(BPK4410) was a gift from J. Doudna and K. Joung, University of California, Berkeley

and Massachusetts General Hospital (Addgene plasmid 101178).

3.4.2 dRNA design

dRNA sequences were designed by identifying 14-16 nucleotide dRNA spacer
sequences which met the following criteria: (1) the dRNA spacer sequence and/or its
PAM overlaps with the off-target spacer sequence and/or its PAM, and (2) the dRNA
spacer or PAM exhibits perfect complementarity to the off-target but not the on-target
locus. Spacer sequences with a 5’ G were preferentially selected, but spacers
containing a mismatched 5’ G were also used. Exhaustive screening of all candidate
dRNAs, which met the criteria was not performed at all sites. Alignments of the on-
target sites, off-target sites, and dRNAs used in this study are presented in Appendix

B: Figure B.4.
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3.4.3 Cell culture

HEK-293T cells (293T/17, ATCC) were maintained in high-glucose DMEM
supplemented with 10% fetal bovine serum (FBS, Life Technologies). U20S cells
(ATCC) were maintained in McCoy’s 5A (modified) medium supplemented with 10%
FBS (Life Technologies). hESC EIfl iCas9'®® were plated into Matrigel-coated 24-well
plates and cultured in MEF-conditioned media supplemented with 2il-I-F (GSK3i, MEKIi,
LIF, IGF, bFGF). All cell lines were regularly tested and confirmed free from

mycoplasma contamination.

3.4.4 Genome editing by Cas9

Unless otherwise specified, HEK-293T cells were plated in 24-well plates at 1.5
x 105 cells/well. The day after plating, cells were transfected with Turbofectin 8.0
(Origene). For all dOTS experiments, 1.5 pL of Turbofectin 8.0 and 500 ng of plasmid
DNA were transfected. For dRNA screening experiments, the plasmid DNA mixture
contained 250 ng Cas9 (spCas9, espCas9, Cas9-HF1, or HypaCas9), 125 ng sgRNA,
and 125 ng dRNA. For wells without dRNA, 125 ng of pMAX-GFP was substituted for
the dRNA plasmid as a transfection control. For multiplex dOTS experiments, the
plasmid DNA mixture contained 250 ng Cas9, 125 ng sgRNA, and 125 ng each of 1-3
dRNAs. pMAX-GFP plasmid was used to increase total DNA transfected per well to 750
ng. U20S cells were plated in 12-well plates at 7.5 x 10* cells/well. The next day, they
were transfected with 3 uL of Turbofectin 8.0 and a total of 1 ug plasmid DNA (500 ng
Cas9, 250 ng sgRNA, and 250 ng dRNA or pMAX-GFP plasmid). For titration

experiments with all SgRNAs except VEGFA sgRNA3, HEK-293T cells were transfected
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with 1.5 yL of Turbofectin 8.0 and 500 ng of plasmid DNA. This DNA mixture contained
250 ng Cas9. The remaining 250 ng of DNA was divided between sgRNA and dRNA at
varying ratios such that the total DNA was kept constant across experiments (1:1, 125
ng each sgRNA and dRNA; 1:2, 83.3 ng sgRNA and 166.7 ng dRNA; 1:4, 50 ng sgRNA
and 200 ng dRNA,; 2:1, 166.7 ng sgRNA and 83.3 ng dRNA,; and 4:1, 200 ng sgRNA
and 50 ng dRNA). For wells without dRNA, 125 ng of pMAX-GFP plasmid was
substituted for the dRNA plasmid as a transfection control. For titration experiments with
VEGFA sgRNAS3, HEK-293T cells were transfected as above, but the DNA mixture
contained 166.5 ng Cas9, and the various sgRNA:dRNA ratios were as follows (1:1,
166.5 ng each sgRNA and dRNA; 1:2 111 ng sgRNA and 222 ng dRNA; 1:4, 66.6
SgRNA and 266.4 ng dRNA,; 2:1, 222 ng sgRNA and 111 ng dRNA; 4:1, 266.4 ng
sgRNA and 66.6 ng dRNA). For wells without dRNA, 166.4 ng of pMAX-GFP was
substituted for the dRNA plasmid as a transfection control.

To harvest HEK-293T and U20S cells for dOTS experiments, 24 hours after
transfection, each well of a 24-well plate was resuspended by thorough pipetting with
400 pL ice-cold DPBS. Resuspended cells were then spun at 1500 x g for 10 minutes at
4 °C. DPBS was then aspirated, and cell pellets were stored at -80 °C until genomic
DNA isolation. For extended timepoint experiments, the same protocol was followed,
excepted cells were passaged into a new 24-well plate 24 hours after transfection and
then subsequently harvested 48 hours after passaging.

Two days prior to plating, hESC EIf1 iCas9 cells were treated with 2 ug/mL
doxycycline to induce Cas9 expression. At day 0, 2.5 x 10* cells were plated into each

well of a 24-well plate with addition of fresh doxycycline (2 uyg/mL) and 10 uM Rock
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inhibitor to promote cell survival. After 24 hours, cells were transfected with 3 L of
Geneduice (EMD Millipore) and 1 pg plasmid DNA. This plasmid DNA mixture contained
500 ng sgRNA and 500 ng dRNA. For wells without dRNA, 500 ng of pMAX-GFP was
substituted as a transfection control.

For EIfl cells, 48 hours after transfection, each well of a 24-well plate was rinsed
once with 0.5 mL DPBS and incubated for 5 minutes to detach cells. 5 mL hESC media
was added and the cells were spun down at 290 x g for 3 minutes. The pellet was then
washed with 1 mL DPBS, spun again at 290 x g for 3 minutes, then flash frozen in liquid
nitrogen and stored at -80 °C until genomic DNA isolation.

For GUIDE-seq experiments, U20S cells were electroporated following
previously established protocols.17:1% Briefly, 2 x 10° cells per condition were
transfected with 500 ng Cas9 plasmid, 250 ng sgRNA plasmid, 250 ng dRNA plasmid,
and 100 pmol of an end-protected double stranded oligonucleotide (dsODN) GUIDE-
seq tag. For wells without dRNA or sgRNA, pMAX-GFP plasmid was substituted as a
transfection control. 20 pL transfections were performed using a Lonza 49 nucleofector
X unit and SE kit using the DN-100 program. Cells were replated in 96-well plates after

transfection and harvested for genomic DNA 96 hours later.

3.45 dReCS

For dReCS experiments, a HEK-293T cell line with a genomically encoded
BFP/GFP reporter was used.?'? The BFP/GFP reporter HEK-293T cell line contains a
BFP that is converted to GFP via HDR-mediated substitution of a single amino acid (His

in BFP (CAT) to Tyr in GFP (TAT)). BFP/GFP reporter cells were plated at 3 x 10°
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cells/well in 12-well plates. 18 hours after plating, cells were transfected with 3 yL of
Turbofectin 8.0 and 1000 ng of total DNA. The total DNA mixture contained 272.7 ng
Cas9 plasmid, 54.5 ng sgRNA plasmid, 218 ng dRNA plasmid, and 454.5 ng symmetric
or asymmetric single stranded donor DNA (Appendix C, Table 4).?'2 For controls
missing one or more of these DNA elements, the appropriate amount of DNA was
replaced by a pKan-mCherry plasmid. Cells were maintained with standard passaging
procedures for 4 days post-transfection until analysis by flow cytometry.

After 4 days, cells were washed with 2 mL DPBS, trypsinized with 0.5 mL 0.25%
trypsin-EDTA (Life Technologies) for 2-4 minutes and quenched with DMEM
supplemented with 10% FBS. Cells were then spun down at 290 x g for 4 minutes,
aspirated, and resuspended in DPBS supplemented with 1% FBS. Cells were run
through a 35 pm filter and analyzed by flow cytometry on an LSR-II flow cytometer. After
gating for live cells (FSC-A vs SSC-A) and single cells (FSC-A vs SSC-W), cells were
analyzed for their BFP and GFP fluorescence. Gates for BFP and GFP positivity were
determined by comparison to an untransfected BFP cell line. BFP+ GFP- cells were
considered wildtype (WT). BFP— GFP- cells were considered to have undergone non-
homologous end joining (NHEJ) but not HDR, as indels in this region of BFP lead to
loss of fluorescence. Any cell that was GFP+ (regardless of residual BFP fluorescence)
was considered to have undergone successful HDR. Percentages for each result (WT,
HDR, and NHEJ) were calculated as a fraction of total cells that passed singlet gating.
Percent HDR of total editing was determined as the fraction of cells with successful

HDR divided by the total number of cells that underwent either HDR or NHEJ.
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3.4.6 Invitro Cas9-RNP nuclease assays

Cas9-2NLS in a pMJ915 vector (Addgene plasmid 69090) was expressed in E.
coli and purified by a combination of affinity, ion exchange, and size exclusion
chromatography as previously described,??® except the final purified protein was eluted
into a buffer containing 20 mM HEPES KOH pH 7.5, 5% glycerol, 150 mM KCI, 1 mM
DTT at a final concentration of 40 uM of Cas9-2NLS. FANCF-sgRNA2 and FANCF-
dRNA1 were generated by HiScribe (NEB E2050S) T7 in vitro transcription using PCR-
generated DNA as a template.??®

A 463 basepair fragment containing the on-target cut site of FANCF-sgRNA2
(FANCEF target sit) was PCR amplified from a custom FANCF-sgRNAZ2 target sit
substrate gBlock (IDT) using primers oCR1711 and oCR1712. A 329 basepair fragment
containing the cut site for off-target 1 of FANCF-sgRNA2 (FANCF off-target) was PCR
amplified from a custom FANCF-sgRNA2 off-target substrate gBlock (IDT) using
0CR1713 and 0oCR1714. Prior to nuclease experiments, SgRNA and dRNA-RNP
complexes were generated by incubating purified Cas9-2NLS and FANCF-sgRNA or
dRNA1 in equimolar amounts for 10 minutes. For dRNA-RNP titration experiments, 150
or 450 fmoles of FANCF-sgRNA2-RNP complex and 0, 50, 150, or 450 fmoles of dRNA-
RNP Cas9-sgRNA complex were co-added to 150 fmoles of FANCF target site or
FANCEF off-target substrate DNA. Reaction mixtures were incubated at 37 °C for 20
minutes in 20 mM Tris, 100 mM KCI, 5 mM MgClz, 1 mM DTT, 0.01% Tween, and 50
Mg/mL heparin. Reactions were stopped by the addition of a 1:4 volume of STOP
solution (8 mM Tris, 0.025% BPB, 0.025% XC, 50% glycerol, 110 mM EDTA, 1% SDS,

and 3 mg/mL proteinase K), followed by incubation at 55 °C for 5 minutes to liberate cut
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DNA fragments. Each digestion reaction was run on a 2% TAE agarose gel, post-
stained with ethidium bromide, and resolved on a Gel-Doc (BioRad).

For pre-incubation experiments, FANCF-sgRNA2 or dRNA1 RNP complexes
were generated as described above. 450 fmoles of a single RNP complex was added to
150 fmoles of FANCF target site or FANCF off-target substrate DNA and incubated at
37 °C for 10 minutes. After 10 minutes, 450 fmoles of the other Cas9-RNP complex was
added and allowed to incubate at 37 °C for an additional 10 minutes. Reactions were
guenched, incubated, and run on a gel in an identical manner to the above experiments.

Gel densitometry analysis was performed in ImageJ. For each lane, background
density was subtracted from the quantification of each band. The density of the uncut
band was then divided by the total intensity of all bands in the lane to determine the

uncut DNA fraction.

3.4.7 Genomic editing by ciCas9

HEK-293T cells were treated according to previous methods.'?® Briefly, HEK-
293T cells were plated in 12-well plates at 3 x 10° cells/well. The day after plating, cells
were transfected with 1.5 uL Turbofectin 8.0 and 500 ng of plasmid DNA. The plasmid
DNA mixture contained 250 ng Cas9, 125 ng FANCF-sgRNA2 and 125 ng dRNA. For
wells without dRNA, the 125 ng of dRNA plasmid was replaced by pMAX-GFP as a
transfection control.

24 hours after transfection, cells were treated with 10 yM A115 dissolved in
DMSO to induce ciCas9 activity. 24 hours after treatment with A115, cells were

harvested after washing with 600 uL DPBS to remove excess A115 and resuspended in
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600 pL ice-cold DPBS. Resuspended cells were then spun at 1500 x g for 10 minutes at
4 °C. DPBS was aspirated, and the cell pellets were stored at -80 °C until genomic DNA

isolation.

3.4.8 Indel detection by high-throughput sequencing

Genomic DNA isolation, sequencing, and analysis were performed as previously
described.*?® Briefly, genomic DNA was isolated using the DNEasy Blood and Tissue
Kit (Qiagen) according to the manufacturer’s instructions, except that the proteinase K
digested was conducted for 1 hours at 56 °C. 15 cycles of primary PCR to amplify the
region of interest was performed using 2 uL of DNEasy eluate (~100-300 ng template)
in a 5 yL Kapa HiFi HotStart polymerase reaction (Kapa Biosystems). The PCR reaction
was diluted with 35 yL DNAse-free water (Ambion). lllumina adapters and indexing
sequences were added via 20 cycles of secondary PCR with 3 pL of diluted primary
PCR product in a 10 yL Kapa Robust HotStart polymerase reaction (Kapa Biosystems).
The final amplicons were run on a 1.5% TBE-agarose gel, and the product band was
excised and extracted using the Freeze and Squeeze kit according to the
manufacturer’s instructions (BioRad). Gel-purified amplicons were quantified using
Qubit dsDNA HS Assay Kit (Invitrogen). Then, up to 1200 indexed amplicons were
pooled, quantified by Kapa Library Quantification (Kapa Biosystems) and sequenced on
a NextSeq (NextSeq 150/300 Mid v2 kit, lllumina).

Indels were quantified as previously described.'?® Briefly, after demultiplexing of
reads (bcl2fastq/2.18, Illumina), indels were quantified with a custom Python script that

is freely available upon request. 8-mer sequences were identified in the reference
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sequence located 20 bp upstream and downstream of the target sequence. Sequence
distal to these 8-mers was trimmed. Reads lacking these 8-mers were discarded. For
the VEGFA sgRNA3 OT2 locus, the process was the same, except 20-mer sequences
located 10 bp upstream and downstream of the target sequence were used. For the
VEGFA sgRNA3 OT4 locus, 8-mer sequences located 10 bp upstream and downstream
of the target sequence were used. The trimmed reads were then evaluated for indels
using the Python difflib package. Indels were defined as trimmed reads, which differed
in length from the trimmed reference and for which an insertion or deletion operation
spanning or within 1 bp of the predicted Cas9 cleavage site was present. For dRNA only
experiments, indels were quantified using both the sgRNA and dRNA predicted cut
sites. Specificity ratios were calculated by dividing the indel percentage at the on-target
locus by the indel percentage at the off-target locus for each sgRNA. For quantification
of off-target editing for one of the VEGFA tru-sgRNA3 dRNA replicates (Figure 3.4a),

reads were acquired from multiple sequencing runs.

3.4.9 GUIDE-seq

Calculation of indels was performed at the FANCF-sgRNA2 ON and OT1 loci as
described above. To determine the percentage of reads containing a dsODN tag, the
same Python script as above was used and modified to count integration of the full
length dsODN within 1 bp of the predicted Cas9 cleavage site. A ratio of dsSODN-
containing reads to indel-containing reads was calculated. To perform GUIDE-seq
analysis, samples were prepared according to established protocols.''’ Briefly, genomic

DNA was isolated using the DNEasy Blood and Tissue Kit according to the
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manufacturer’s instructions except that the proteinase K digestion was conducted for 1
hour at 56 °C. DNA was sheared using a Covaris LE220 to an average size of 500 bp
and cleaned using Ampure XPRI beads according to the manufacturer’s protocol. DNA
was then end-repaired, A-tailed, and ligated to adapters containing an 8 bp unique
molecular identifier. Samples were then amplified with two rounds of nested PCR with
primers that complement the oligo tag. Sample libraries were prepared as described
above and sequenced on an Illlumina MiSeq. Data were analyzed with the GUIDE-seq
software??* allowing for up to eight mismatches with a modification of a 35 bp window
for detecting off-target alignments to the reference sequence. The frequency of dsODN-

containing reads genome-wide was calculated per sample.

3.4.10 Statistical analysis
Statistical analysis of indel frequency and specificity ratios were performed using

a one-side two sample Student’s t-test.

3.4.11 Data availability
Raw sequencing data have been uploaded to the SRA with BioProject accession
number PRINA629634. Custom Python scripts for indel quantification and R scripts for

figure generation are available on GitHub.
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4 The future of technology development in genomics

The scientific environment is ripe for developing new genomic technologies, as
is evidenced by the explosion of new methods being published. Even though much work
has been done to address a variety of needs in the scientific community, there is plenty

more to develop. The following are a few possible directions.

4.1 Resolving missing variants in patients

The bulk of my work has focused on the effects of missense variants in
hemophilia B, as this represents the largest fraction of affected individuals. However,
more complex variation within F9 exists, and a number of patients remain genetically
undiagnosed, even after targeted gene sequencing with lllumina.®® That said, lllumina’s
short read lengths make it difficult to resolve larger structural rearrangements, identify
copy number variants, and phase genetic variants to detect compound heterozygotes.
In order to capture these types of variants and bring genetic diagnostics to 100% of
patients, additional methods are required.

Long read sequencing methods, like PacBio SMRT technology and Oxford
Nanopore sequencing, have been used to identify structural variants, but are typically
cost-prohibitive for genome-wide sequencing.??® To reduce costs, targeted capture of
specific DNA regions can be used when clinical suspicion is high and disease
mechanism is known, but the methods used to select specific regions of DNA can lead
to unintended alterations that can be confused with true variants.??® To combat these
issues, computational methods have recently been developed that allow for real time

acceptance or rejection of DNA molecules during Oxford Nanopore sequencing without
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the need for targeted capture.??6-229 Moreover, PacBio and Oxford Nanopore both have
read accuracy rates in the low 90% range, which calls into question their utility for
calling single base changes.??> Consensus calling for PacBio sequencing has raised
accuracy to >99%, but comes with a significant reduction in read lengths.2?® In either
case, applying long read sequencing to undiagnosed patients with hemophilia B
represents a logical next step for identifying potentially causative variants that can then
be assayed for function. That said, for patients that remain undiagnosed after targeted
long read sequencing, the only remaining recourse is whole genome sequencing. As
such, more technology development to make long read sequencing tools more accurate

and less costly are still needed.

4.2 Expanding the MAVE toolkit

MAVEs are themselves a powerful tool for characterizing variation within genetic
elements, allowing for the assessment of thousands to tens of thousands of variants
simultaneously. However, MAVEs are not without their limitations. Most MAVES can
only profile variants in a single context for a single phenotype, and as such, often paint
an incomplete picture of how a variant affects function. They are also often performed in
particularly hardy cell lines with exogenous, overexpressed constructs, which loses any
contextual information and can lead to false conclusions. In this section, | identify areas

for development in MAVE technology and some potential solutions.
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4.2.1 Expanding cell surface display to additional secreted proteins and
phenotypes

In Chapter 2, | measured the effect of variation on FIX secretion, and in doing
so, found a number of biochemical features that correlate with whether or not a variant
FIX molecule will be successfully secreted. Many of these same features, like solvent
accessibility and secondary structure elements, correlate in orthogonal assays on the
abundance of intracellular proteins.*® These findings emphasize that the ability for a
variant to fold properly determines whether said variant will be capable of being
expressed in vivo. However, | also identified unique features that only seem to be
predictive for FIX secretion and are otherwise uncorrelated in measures of abundance
in intracellular proteins. Of these, some are expected, like the effect seen in secretion
peptide variants. Others, like the outsized role of cysteine residues, are unexpected and
warrant further investigation.

Specifically, a question arises about the generalizability of both of the secretion
peptide and cysteine residue findings. With regards to signal peptides, much is known
about their general structure,*® but their diverse nature makes understanding variation
within them challenging. Algorithms to predict signal peptide presence cannot predict
whether a given variant within a secretion peptide will alter its function.*?18 Indeed,
alignments of secretion peptides has led to the longstanding hypothesis that the primary
requirement is simply a stretch of otherwise random hydrophobic amino acids.?%
However, this does not explain the fact that secretion peptides typically are species-
specific,?1232 and that optimization of signal peptide sequences can lead to unforeseen

consequences like protein misfolding and improper post-translational modification.*3
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More recent work suggests that there are potentially species-specific cryptic motifs
embedded within the hydrophobic h-region that permit successful secretion.?3® As such,
there is a surplus of missing knowledge about the structure of secretion peptides and
the role of variation within them. Expanding the MAVE described in Chapter 2 to many
diverse, secreted proteins, would be instrumental in creating better algorithms for
understanding how variation impacts secretion. Moreover, when used in conjunction
with additional assays, like the y-carboxylation assay described in Chapter 2, these
algorithms can then be used to optimize secretion peptides while maintaining overall
protein function.4%234.235

Similarly, the effect of cysteine residues on FIX is not seen in intracellular
assays but has been described in a limited number of extracellular-facing membrane-
embedded and secreted proteins.?35-238 |ntracellular proteins have fewer disulfide bonds
compared to secreted proteins, which is thought to maintain protein folding in the
harsher oxidizing environment of the extracellular space, and is supported by evidence
that unpaired cysteines are rarely observed in secreted proteins.?3® Intracellular protein
disulfide bonds that do form are typically maintained as a redox-sensing
mechanism.?4%241 Challenging the idea that disulfide bonds in secreted proteins are
solely structural in nature, recent work suggests that extracellular protein disulfide
bonds can function as allosteric activators or inhibitors, induce proteolysis, and alter
membrane permeability.?4>-24 Which of these possibilities is happening for cysteine
variants in secreted proteins is currently unknown but could be answered by using
MultiSTEP. Because display methods are conducive to biochemical measurements of

protein affinity and modification,3” | envision developing novel assays to use with
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MultiSTEP that can differentiate between the many roles cysteines seem to play in
secreted proteins.

While measuring secretion and y-carboxylation in FIX is informative, it does not
give a complete picture of how missense variation affects FIX function. When
comparing my antibody scores to clinical data from patients with hemophilia, many
known pathogenic variants show little to no phenotypic effect. Scoring variants on
additional phenotypes, such as drug response, enzymatic activity, and protein-protein
interactions can paint a rich protein atlas and will likely identify the causative
mechanism for many, if not all, of these missed pathogenic variants. As | have shown
through a pilot FXla activation experiment (Fig. X), MultiSTEP can be used for assaying
these phenotypes and represents a straightforward next step to understanding the
complexity of FIX variant function in vivo. Moreover, it reasons that these expanded
assays can be used on other secreted proteins. That said, assay optimization and
validation will be paramount to ensure that the generated results are applicable to

clinical settings.

4.2.2 Interrogating synonymous and noncoding variant effects

In addition to coding variation, understanding the effects of variation in
noncoding or synonymous contexts is valuable, especially in FIX. As an example, we
can look to hemophilia B Leyden, a subtype of hemophilia characterized by a
coagulation disorder that resolves during puberty. Hemophilia B Leyden is caused by
single nucleotide variants within the promoter region of F9. There are two overlapping

transcription factor binding motifs within the -26 to -18 positions of the promoter
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region—one for hepatocyte nuclear factor 4 (HNF-4) and another for androgen receptor
(AR).245246 variants at position -26 lead to lifelong hemophilia B due to alteration of both
the AR and HNF-4 motifs, whereas variants at positions -20 and -21 alter only the HNF-
4 motif. Because the AR motif is still active in patients with -20 or -21 variants, their
bleeding phenotype resolves at puberty when androgen levels rise significantly.?4°
Similarly, synonymous and intronic variants that alter or ablate FIX splicing, 5 UTR
variants that alter transcription, and large structural variants that eliminate FIX
expression have been described, but are not profiled in my assays.>77

As it is currently built, MultiSTEP does not have the ability to profile variants of
these types. Massively parallel reporter assays (MPRAS), like STARR-seq can detect
noncoding variant effects, but typically rely on plasmid reporters that are separated from
their native genomic context.?4”-248 How translatable the findings from plasmid-based
MPRAs will be is still in question. Recent work suggests that testing putative regulatory
DNA outside of its endogenous context can lead to different conclusions about
functional effects than assays performed in endogenous contexts.?4

Existing MAVES that assay variant effects in their native contexts, like SGE,
cannot profile secreted protein variant effects, since they cannot maintain the link
between genotype and phenotype. To study FIX or other secreted proteins in their
native context in a massively parallel way will require development of new tools. A
simple possibility would be to append the linker and transmembrane domain sequences
used in my display system to endogenous FIX by using Cas9-based gene editing, so
that expression can be measured on the surface rather than on the secreted protein

itself. Variants could then be introduced and measured using SGE,*¢ though adaptation
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to a non-growth-based assay would be required. Because of the concern about Cas9
off-target editing raised in Chapter 1 and Chapter 4, | could envision using other Cas9-
based effectors that install variants without forming DSBs like prime editing,?%° which
has been used to functionally characterize variation in NPCL1 in its endogenous

context.34

4.2.3 Developing MAVEs using appropriate cellular contexts

In Chapter 2, | performed secretion and y-carboxylation assays on FIX in a
suspension HEK-293 line. In humans, however, FIX is produced, modified, and stored
in the liver before secretion. Recent work suggests that the PTMs placed on FIX are
dependent on their mode of production, including cell-of-origin.?°! In other genes,
variant effects can only be identified in the appropriate cell types, as typical lines do not
express the gene itself or required binding partners. For instance, in MYBPC3, a gene
in which variants lead to an autosomal dominant hypertrophic cardiomyopathy, the
characteristic contractile defect could only be elicited in cardiomyocytes derived from
induced pluripotent stem cells (iPSC).?>? Both examples identify the need for new
cellular contexts to identify variant effects.

The problem with non-workhorse cell lines is that they tend to be difficult to work
with, whether that be through their transfectability, growing conditions, or ability to be
engineered. Moreover, many phenotypes may not be measurable in a commercial cell
line and require iPSC differentiation to be observed.?®? Since MAVES measure
thousands of variants simultaneously, efficient introduction and expression are

necessary to be able to adequately measure phenotypic effects for all variants. The
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introduction of landing pads? for recombination-based variant integration have improved
throughput significantly, but these approaches have had variable successes in other
systems, primarily through genetic silencing of the landing pad itself. In fact, because
iIPSCs have such fluid epigenetic profiles, we have found in our lab that landing pads
completely silence upon differentiation. A simple solution could be using histone
deacetylase inhibitors during differentiation, though there is high likelihood that these
inhibitors would alter differentiation itself. A more conceivable direction forward, though
laborious, could involve engineering a landing pad that maintains its own epigenetic
active state. For instance, integration of a Cas9-fused histone acetyltransferase that can
maintain chromatin state in the landing pad promoter could circumvent any epigenetic

silencing that would otherwise occur.?5?

4.3 Improving Cas9-based editing and off-target identification

In the past decade since its discovery, Cas9-based approaches have seemingly
overtaken other methods for introducing gene edits, interrogating functional effects, and
modifying transcriptomes.3?161 However, Cas9 is not without its limitations, most notably
off-target effects. Much work, including my own, has strived to reduce or eliminate all
off-target effects, with major, but incomplete, success.147:152:154.156 \While work continues
to be done to improve off-target editing through a variety of methods, | will focus the rest
of this section on improvements to the detection of off-targets and the potential

applications of the work | developed in Chapter 3.
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4.3.1 Improved methods for detecting off-targets genome-wide

As shown in Chapter 3, Cas9-based effectors have significant off-target effects
that can confound MAVE results, especially when multiple rounds of editing with various
sgRNAs are required. In order to reliably use Cas9-based effectors in MAVES, simple
and unbiased methods for detection of off-target effects genome-wide are required.
GUIDE-seq, for instance, is unbiased and can be performed genome-wide; however, it
is reliant on intact end-joining cellular machinery, and my work suggests that less than
30% of edits successfully integrate the dsODN (Appendix X, Fig. X). Because of these
two features of GUIDE-seq, it often fails to capture all DSBs, as it cannot capture edits
that have been resolved without the integrated dsODN.1’ On the other hand, breaks
labeling in situ and sequencing (BLISS) is both unbiased and does not require DNA
repair machinery, as it is performed on fixed cells prior to ligation of DSB adapters.25
However, the blunt end ligation of DSB adapters is inefficient and the fixation steps can
lead to artificial DSBs. Moreover, neither approach allows for the simultaneous
identification of DSBS, indels, and base changes.

Even when DSBs are not introduced in the process of installing base changes,
off-target effects occur, both within the gene of interest and distally.?5%25¢ To detect off-
target base editor effects requires whole genome off-target sequencing, as many of the
existing tools rely on incorporation of a label at the DSB site.!17:254257 One possible way
to reduce the need for off-target editing is to specifically label edited genomic DNA with
biotin, which can easily be captured with streptavidin. A similar approach has been used
to purify 5-hydroxymethylcytosine residues, though that method relied on an inefficient

multi-enzyme reaction.?® Instead, the biotinylated modification could be engineered into
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the repair template itself, allowing for time-resolved capture of editing events. In the
event that biotinylated DNA is unstable or toxic to living cells, 5-methylcytosine or
ferrocene labels, which can both be identified using Oxford Nanopore sequencing,?°%:260

could be used.

4.3.2 Using dRNAs for allele-specific editing

A common need in biological research and in clinical settings is to identify or
modify only one allele in a given gene in a diploid organism. Standard Cas9-based
editing approaches can rarely differentiate two alleles within an organism due to limited
sequence dissimilarity. The dRNA method | developed in Chapter 3, however, can be
adapted to this end. For instance, dRNAs can be used to block the allele that is to be
left unedited, if sequence differences between the two exist. It can also be used during
Cas9-based gene deletion to generate a haploid cell line by protecting only one of the
alleles.?* Unlike existing allele-specific Cas9 editing approaches, dRNAs do not require
the variant to either be immediately adjacent to or within the PAM sequence.?%!
Simultaneously, additional dRNAs can be introduced that protect the edited site,

preventing reversion or indel formation.

4.4 Final thoughts on the promise of genomic medicine

Throughout this dissertation, | have described new genomic tools that allow us
to explore new ways of interrogating the microscopic world at scale. Through the entire
process, | have kept clinical implementation in mind, with the hope that something |

have done here will have a measurable impact on someone’s life. This is the promise of
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precision medicine—that our DNA can teach us how to heal each other—and | believe
that we are on the precipice of fulfilling that promise. My hope is that this work
represents a significant step towards the goals of precision medicine and that those who
come after me can use, build upon, and improve what | have created, so that one day,

we will know the effects of every possible variant and how to alter them in ourselves.
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Appendix A. Chapter 2 supplementary material
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Figure A.1: Variant frequency filtering

Panels describing variant frequency filtering metrics for each antibody sort. a. Scatterplots showing the
total frequency of variants across all bins in each library sort and their respective weighted average value.
Colors indicate variant type. b. Number of variants retained at each threshold frequency value. c. Mean
synonymous variant distribution of weighted averages at each threshold frequency. Dashed horizontal
line indicates the weighted average of wildtype FIX d. Coefficient of variation of the synonymous variant
distribution of weighted averages at each threshold frequency. The final frequency filter of 10¢is shown

as a dashed vertical line.
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Figure A.2: Variant-level replicate correlations across tiles and antibodies

Variant scores across replicates for each antibody. All combinations of experimental replicates are shown

as individual panels. Colors indicate antibody. R = pairwise Pearson’s correlation.
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Figure A.3: Tile-level replicate correlations for shared variants

Scatterplot showing the score of the 20 library positions that were shared between each adjacent tile for

each antibody. Colors indicate antibody. R = pairwise Pearson’s correlation.
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Figure A.4: Antibody score correlations
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Pairwise plot of mean variant antibody scores against one another. Lower triangle: scatterplot, colored by

FIX domain. Diagonal: density plots colored by FIX domain. Upper triangle: Pearson’s r correlations, split

by domain and overall.
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FIX domain

ab124 antibody score
N

ab102 antibody score

Figure A.5: Epitope mapping using MultiSTEP

a. Scatterplot of mean antibody scores at each FIX position, comparing FIX heavy chain (ab102) and FIX
light chain (ab124). Colors indicate FIX domain. Light chain: GLA, EGF1, and EGF2 domains. Heavy
chain: protease domain. Dashed line indicates perfect comparison. Shaded grey area represents window
range of a score deviation of 30% or more from perfect correlation. Labeled points outside grey band
indicate positions that are differentially bound to heavy chain vs. light chain antibodies. b. FIX structure
based on EAHAD homology model, with two views rotated by 180°.”” Red surface indicates labeled
positions identified in a in upper left quadrant. Blue surface indicates labeled positions identified in a in

lower right quadrant.
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Figure A.6: Wildtype cysteines show significant loss of function with anti-FIX antibodies

Heatmaps of wildtype cysteine residues in FIX for all five measured antibodies. Scores are shown as
colored boxes, where blue is loss of function and white is wildtype-like. Black dots indicate wildtype

residues, and grey boxes indicate missing data.
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Figure A.7: Barcode sequencing analysis
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a. Collector’s curve for PacBio sequencing. Line shown is the average of 100 iterations of random

sequence draws without replacement. b. Mutation type analysis for PacBio barcode sequencing. Shown

are the number of unique barcodes associated with various variant types. Text indicates exact numbers.

¢. Number of barcoded missense variants at each position in FIX.
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Figure A.8: Amplification and sequencing technical replicates

Scatterplots comparing variant frequency in each sequencing sample across all experiments. Points

represent binned densities where the color indicates the number of variants that fall within that bin.

Dashed line indicates perfect correlation. R = Pearson’s r.).

. [Stock] I
Antibod Catal b T t Dilut
ntibody atalog number arge (mg/mL) ilution

FIX GLA domain,

GMA-001 GMA-001 conformation and y- 1 100
carboxylation sensitive

GMA-102 GMA-102 FIX heavy chain 1 100

GMA-124 GMA-124 FIX light chain 1 100

GMA-134 GMA-134 FIX activation peptide 1 1000

3570 3570 y-carboxylation 1 500

Strep 76950 Strep Il tag 1 100

Goat anti-

mouse Alexa ab150115 Mouse IgG 2 200

647

Donkey anti-

rabbit Alexa ab150061 Rabbit IgG 2 100

488

preabsorbed

Table A.1: Antibody concentration for MultiSTEP experiments
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Appendix B. Chapter 3 supplementary material

d dRNA4
dRNA1
FANCF sgRNA2
FANCF sgRNA2 on-target

FANCFg2 off-target 1

GCAGAAGGGATTCCAAGGG
GAAGGGATTCCAAGGGG
GCTGCAGAAGGGATTCCATGAGG
AAAAGCGATCCAGGTGCTGCAGAAGGGATTCCATGAGGTGCGCGAAGGCC
CACCTCATCCACTATGCTGCAGAAGGGATTCCAAGGGGAATACGAAGTCA

FEEREEREERER e e e e e e e e ee e e
GTGGAGTAGGTGATACGACGTCTTCCCTAAGGTTCCCCTTATGCTTCAGT
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Figure B.1: FANCF dRNAL1 does not promote Cas9-mediated editing

a. Sequence alignment of FANCF sgRNAZ2, its on-target site, the most prominent off-target, off-target site

1 (OT1), and multiple dRNAs complementary to OT1. Black arrows indicate best dRNA, as determined by

maximal off-target editing suppression with minimal on-target editing suppression. b. Indel frequencies

and specificity ratios (on-target/off-target indel frequency ratios) at the FANCF sgRNA2 on-target site and

OT1 24 hours after transfection with Cas9, sgRNA, and various dRNAs. For conditions without dRNA, an
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equivalent amount of pMAX-GFP was substituted. c. Indel frequencies at the FANCF sgRNA2 on-target

and OT1 sites 24 hours after transfection with Cas9 and dRNA1 but no sgRNA. The predicted cut sites of

dRNAL are the same as FANCF sgRNAZ2. Indel frequencies for untransfected cells are shown as a

control. Numbers denote dRNA identity. Solid lines denote the mean of n = 3 biological replicates.
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Figure B.2: Genome-wide assessment of DNA cleavage using dRNAs
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a. Indel frequency at FANCF sgRNA2 on-target site and OT1 96 hours after electroporation with plasmids

encoding Cas9, sgRNA and dRNAL in U20S cells. b. Integration of an end-protected double-stranded

oligonucleotide (dsODN) 96 hours after electroporation with Cas9, sgRNA and dRNA1 in U20S cells. c.

dsODN tag integration efficiency ratio (integration:indel) 96 hours after electroporation. Indel frequencies
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and dsODN tag integration for untransfected cells are shown as a control. d. GUIDE-seq genome-wide
specificity profiles for Cas9 paired with FANCF sgRNA2, FANCF dRNAL or both allowing for up to 8
mismatches from on-target sequence. Mismatched positions in off-target sites are highlighted by color.
Black dots indicate matched nucleotide to on-target site. GUIDE-seq counts and frequencies are shown
to the right of the sequences. Off-target numbering system to the left of sequences adapted from

Kleinstiver, et al.'® and Figure 3.1.
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Figure B.3: dRNAs screened to increase the specificity ratios of 18 additional on-
target/off-target pairs
On and off-target indel frequencies 24 hours after transfection with Cas9, sgRNA, and off-target specific
dRNAs in HEK293T cells a. CCR5-R30 OT (CCR2). b. HBB-G10 OT1. 4 additional dRNAs were
screened, which are not shown here. c. HBB-R01 OT (HBD). d. HBB-R03 OT (HBD). e. HBB-R04 OT
(HBD). f. VEGFA sgRNA1 OT1. g. VEGFA sgRNA1 OT4. h. VEGFA sgRNA1 OT6. i. VEGFA sgRNA1
OT11. j. VEGFA sgRNA2 OT1. k. VEGFA sgRNA2 OT2. |. VEGFA sgRNA2 OT17. m. VEGFA sgRNA2
OT19 (dRNAs 1, 3s, and 6). n. VEGFA sgRNA2 OT19 (dRNAs 2-5). 0. VEGFA sgRNA3 OT2. p. VEGFA
SgRNA3 OT4. q. VEGFA sgRNA3 OT18. r. ZSCAN2 sgRNA1 OT1. s. ZSCAN2 sgRNAL1 OT2. Indel
frequencies for untransfected cells are shown as a control. Numbers denote dRNA identity. Solid lines

denote the mean of n = 3 biological replicates. OT = off-target.
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Figure B.4: Alignments of on-target sites and dRNAs to off-target sites

Sequence alignments for all off-targets used in this study (For FANCF sgRNA2, see Figure 3.1) and their

corresponding dRNAs and on-targets. Mismatches in the off-target and dRNA sequences relative to the

on-target sequence are displayed in red. Mismatched 5’ guanines in dRNAs are displayed in cyan. PAM

sequences are underlined. Black arrows indicate best dRNA, as determined by maximal off-target editing

suppression with minimal on-target editing suppression.
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Figure B.5: Nontargeting dRNAs have minimal effects on on-target and off-target editing
Comparison of most effective dRNA for 12 different off-target loci with a nontargeting dRNA (dNT). Indel
frequency of on-target and off-target loci 24 hours after transfection with Cas9, sgRNA, = dRNA or
nontargeting dRNA in HEK-293T cells. Indel frequencies for untransfected cells are shown as a control. a.
HBB R03 OT (HBD). b. VEGFA sgRNA1 OT1. c. VEGFA sgRNA1 OT6. d. VEGFA sgRNA2 OT1. e.
VEGFA sgRNA2 OT2. f. VEGFA sgRNA2 OT17. g. VEGFA sgRNA3 OT2. h. VEGFA sgRNA3 OT4. i.
VEGFA sgRNA3 OT18. j. ZSCAN2 sgRNA1 OT1. k. ZSCAN2 sgRNA1 OT2. Numbers denote dRNA

identity. Solid lines denote the mean of n = 3 biological replicates. OT = off-target.
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Figure B.6: dOTS is effective in multiple cell types

On-target and off-target indel frequencies and specificity ratios 24 hours after transfection with Cas9,
sgRNA, and off-target specific dRNA. iCas9 denotes stable integration of Cas9 under the control of a
doxycycline-inducible promoter. a. VEGFA sgRNA3 OT2 in U20S cells. b. HBB R03 OT (HBD) in EIfl
cells. Indel frequencies for untransfected cells are shown as a control. Control samples to the right of the
x-axis break were performed separately. Solid lines denote the mean of n = 3 biological replicates. OT =

off-target.
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Figure B.7: dRNA-mediated off-target suppression is durable

On-target and off-target indel frequencies and specificity ratios 72 hours after transfection with Cas9,
SgRNA, and off-target specific dRNAs in HEK-293T cells a. CCR5-R30 OT (CCR2). b. FANCF sgRNA2
OTL1. c. HBB-R03 OT (HBD). Indel frequencies for untransfected cells are shown as a control. Numbers
denote dRNA identity. Solid lines denote the mean of n = 3 biological replicates, except CCR5-R30

without dRNA where n = 2. 24 hour comparison shown in Appendix B: Figure B.3.
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Figure B.8: dRNAs and sgRNAs compete for target site occupancy

Representative gels of in vitro Cas9 FANCF sgRNA2 RNP cleavage of linear PCR products containing
either a. the FANCF sgRNAZ2 off-target site (OT1) or b. the FANCF sgRNA2 on-target site. PCR products
were either preincubated with the sgRNA-RNP complex for 10 minutes prior to addition of the dRNA-RNP
complex (sgRNA then dRNA) or were preincubated with the dRNA-RNP complex for 10 minutes prior to
addition of the sgRNA-RNP complex (dRNA then sgRNA). ImageJ was used to quantify the intensity of
the uncut and all cut bands in each lane. Fraction uncut was determined by dividing uncut intensity by

sum of all band intensities in each lane. Solid lines denote the mean of n = 2 biological replicates.
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Figure B.9: Titration of dRNAs further reduces unwanted off-target editing at additional

sites
Target and off-target indel frequencies and specificity ratios 24 hours after transfection of various
dRNA/sgRNA plasmid ratios for a. FANCF sgRNA 2 and dRNA1; b. HBB R03 and dRNA4; c. ZSCAN2

sgRNA1 and dRNAS. Solid lines denote the mean of n = 3 biological replicates. OT = off-target.
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Figure B.10:dOTS can suppress refractory off-target editing of high-specificity Cas9

variants
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On-target and off-target indel frequencies and specificity ratios 24 hours after transfection of plasmids
encoding VEGFA sgRNAS, dRNA and either wildtype Cas9 (WT), espCas9 (E), or spCas9-HF1 (HF1).
Indel frequencies for untransfected cells are shown as a control. Numbers denote dRNA identity. Solid

lines denote the mean of n = 3 biological replicates. OT = off-target.
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Figure B.11:dRNAs can be combined to suppress unwanted off-target editing at a variety
of sites

On-target and off-target indel frequencies and specificity ratios 24 hours after transfection with plasmids

encoding Cas9 and various combinations of sSgRNAs and dRNAs at a. VEGFA sgRNA2 OT1, OT2, and

OT17; b. VEGFA sgRNA3 OT2, OT4, and OT18; c. ZSCAN2 sgRNA1 OT1 and OT2; d. FANCF sgRNA2

OT1 and ZSCAN2 sgRNA1 OT2. Indel frequencies for untransfected cells are shown as a control. Solid

lines denote the mean of n = 3 hiological replicates. OT = off-target.
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Figure B.12: Multiple dRNAs can be combined to reduce unwanted off-target editing at
multiple refractory off-target sites of high-fidelity Cas9 variants

On-target and off-target indel frequencies and specificity ratios 24 hours after transfection with plasmids

encoding VEGFA sgRNA2, a combination of three dRNAs, and either a. spCas9-HF1 (HF1) or b.

HypaCas9 (Hypa). Despite being reported previously,'®” indels were not observed at OT2, so specificity

ratios were not plotted. Indel frequencies for untransfected cells are shown as a control. Solid lines

denote the mean of n = 3 biological replicates. OT = off-target.
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Figure B.13: Screening guides, donors, and dRNAs for scarless HDR in a fluorescent

reporter system
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a. Representative flow cytometry plots illustrating alteration of a synthetic BFP locus to GFP after
Cas9+sgRNA editing. b. Screening of three dRNAs for indels or HDR events, percent HDR of total Cas9
editing observed, and fold change in HDR observed. c. Screening of various ratios of dRNA3 to sgRNA
for indels or HDR events, percent HDR of total Cas9 editing observed, and fold change in HDR observed.
d. Comparison of symmetric donor and asymmetric donor for indels or HDR events, percent HDR of total
Cas9 editing observed, and fold change in HDR observed. HDR donors do not contain blocking
mutations. Indel frequencies for untransfected cells are shown as a control. Numbers denote sgRNA and

dRNA identities. Solid lines denote the mean of n = 3 biological replicates.
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FANCF sgRNA2 - Replicate 1

dRNA competition dRNA preincubation
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FANCF sgRNA2 - Replicate 2

dRNA competition dRNA preincubation
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Figure B.14:Uncropped gel images for Figure 3.2 and Appendix B: Figure B.8

Full gel images of in vitro Cas9 FANCF sgRNA2 RNP cleavage of linear PCR products containing either

the FANCF sgRNAZ2 on- or off-target site (OT1).
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Normalized On-target Normalized On-target

. B Az . maiized .
Site est specificity ratio specificity ratio ratio
dRNA :
ratio (mean) (mean) (s.e.m.) (s.e.m.)
ZSCAN2 sgRNAL 1s 3 37.93 0.73 7.07 0.04
oT2
FANCF sgRNA2 1 3 29.96 1.04 3.42 0.04
OT1
VEGFA sgRNA2
o1y 8 3 13.11 1.02 157 0.08
CCR5-R30 OT-
Coro 3 3 11.34 057 6.81 0.28
ZSCANZ sgRNAL 3 3 8.95 0.82 2.07 0.04
oT1
VEGFA sgRNA2 8 3 7.50 1.00 2.60 0.21
OT2
HBB-RO1 OT-HBD 2 3 7.48 0.89 1.74 0.18
VEGFA sgRNA3
o4 1 3 6.75 1.48 1.68 0.07
VEGFA sgRNAL 2 3 6.72 0.93 0.97 0.10
OT1
HBB-R03 OT-HBD 4 3 6.55 0.89 2.01 0.12
VEGFA sgRNAL 8 3 4.57 0.66 1.49 0.19
oT6
VEGFA sgRNA2 1 3 432 1.05 0.92 0.10
oT1
VEGFA sgRNA3 2 3 4.26 1.04 0.43 0.04
OT2
VEGFA sgRNA3
o1 5 3 2.13 1.33 1.13 0.50
VEGFA sgRNA1
ori1 73 3 40.60 0.31 16.94 0.08
HBB-G10 OT1 7 3 3.74 0.47 1.49 0.08
VEGFA sgRNA2
o710 5 3 155 0.72 0.55 0.13
HBB-R04 OT-HBD 4 3 1.16 0.77 0.29 0.09

Table B.1: dRNAs designed for a variety of sites increase specificity ratio with minimal

effects on on-target editing
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Normalized specificity ratios, computed as the specificity ratio in the presence of the best dRNA at a site

divided by the specificity ratio in the absence of the dRNA, and on-target ratios, computed as the ratio of

on-target editing in the presence of the best dRNA at a site divided by the on-target editing in the absence

of the dRNA, for the best dRNA for 19 sgRNA/off-target pairs. n = 3 biological replicates, error measured

as the standard error of the mean (s.e.m.).

Site A (On) p (On)  Ppag (On) A (OT) p (OT)  pag (OT)
FANCF sgRNA2 OT1 -0.004 0.835 1 -0.002 0.910 1
HBB R03 OT-HBD -0.014 0.845 1 -0.009 0.761 1
VEGFA sgRNA1 OT1 0.0006 0.403 1 0.0007 0.094 1
VEGFA sgRNA1 OT6 -0.0002 0.524 1 0.025 0.209 1
VEGFA sgRNA2 OT1 -0.045 0.912 1 0.083 0.124 1
VEGFA sgRNA2 OT2 -0.018 0.750 1 -0.0009 0.683 1
VEGFA sgRNA2 OT17 0.015 0.306 1 0.008 0.218 1
VEGFA sgRNA3 OT4 -0.007 0.907 1 0 1 1
VEGFA sgRNA3 OT18 -0.0003 0.513 1 0.002 0.319 1
ZSCANZ2 sgRNA1 OT1 -0.0004 0.789 1 0 1 1
ZSCANZ2 sgRNA1 OT2 0.0003 0.479 1 0.001 0.092 1
VEGFA sgRNA3 OT2 0.040 0.406 1 0.080 0.050 1

Table B.2: dRNAs alone do not promote editing at SgRNA target sites

Difference between indel frequencies at on- and off-target (OT) sites for the best dRNA compared to a

negative control at 12 different on/off-target pairs (A). p: p-value, based on two-sided Student’s t-test. pad;:

Bonferroni-adjusted p-value. n = 3 biological replicates at on- and off-target sites, except for VEGFA

SgRNA3 OT2 (n = 9) and VEGFA sgRNA3 OT18 (n = 3 at on-target, n = 2 at off-target due to failed

sequencing reactions).
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Site A p Pad A p Pad

(Onprea)  (ONnprea)  (ONprea) (OTprea) (OTprea)  (OTprea)
FANCF sgRNA2 OT1 -0.004 0.835 1 -0.002 0.910 1
HBB R03 OT-HBD -0.056 0.699 1 -0.006 0.828 1
VEGFA sgRNA1 OT1 -0.004 0.730 1 0.001 0.312 1
VEGFA sgRNA1 OT6 0.0008 0.278 1 0.027 0.204 1
VEGFA sgRNA2 OT1 0.316 0.220 1 0.083 0.124 1
VEGFA sgRNA2 OT2 0.028 0.253 1 0.001 0.302 1
VEGFA sgRNA2 OT17 0.092 0.115 1 0.074 0.260 1
VEGFA sgRNA3 OT4 -0.015 0.908 1 0 1 1
VEGFA sgRNA3 OT18 0.0007 0.471 1 -0.013 0.622 1
ZSCANZ2 sgRNA1 OT1 0.002 0.089 1 -0.0007 0.539 1
ZSCAN2 sgRNA1 OT2 0.0003 0.479 1 0.001 0.092 1
VEGFA sgRNA3 OT2 0.061 0.094 1 0.073 0.071 1

Table B.3: dRNAs alone do not promote editing at predicted dRNA target sites

Difference between indel frequencies at on- and off-target (OT) sites for the best dRNA compared to a

negative control at 12 different on/off-target pairs (A). Predicted indel locations (pred) are the location of

expected indels if the dRNA were a full length sgRNA. p: p-value, based on two-sided Student’s t-test.

padi: Bonferroni-adjusted p-value. n = 3 biological replicates at on- and off-target sites, except for VEGFA

SgRNA3 OT2 (n = 9) VEGFA sgRNA2 OT17 (n = 3 at on-target, n = 2 at off-target due to failed

sequencing reactions), and VEGFA sgRNA3 OT18 (n = 3 at on-target, n = 2 at off-target due to failed

sequencing reactions).
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List of abbreviations

Al15

ACMG

AR

AUC

BFP

BLISS

CRISPR

CRM

crRNA

ddPCA

DNA

doTS

dReCS

dRNA

DSB

dsODN

EAHAD

ER

FACS

Fll

FIX

FIXa

A-1155463

American College of Medical Genetics

androgen receptor

area under the curve

blue fluorescent protein

breaks labeling in situ and sequencing

clustered regularly interspaced short palindromic repeat
cross-reactive material

CRISPR-RNA

double-deep protein fragment complementation assay
deoxyribonucleic acid

dRNA off-target suppression

dRNA recutting suppression

dead single guide RNA

double strand break

double stranded oligodeoxynucleotide

European association for haemophilia and allied disorders
endoplasmic reticulum

fluorescence assisted cell sorting

thrombin (coagulation factor II)

coagulation factor IX

coagulation factor 1X, activated
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FVII

FVila
FVIII
FVllla

FX

FXa

FXI

FXla

GFP
gnomAD
GUIDE-seq
HDR
HNF-4
HIV-1
iPSC
IRES
MAVE
MPRA
MultiSTEP
NHEJ
OddsPath
oT

PAM

coagulation factor VII
coagulation factor VII, activated
coagulation factor VIII
coagulation factor VIII, activated
coagulation factor X
coagulation factor X, activated
coagulation factor XI
coagulation factor XI, activated
green fluorescent protein

genome aggregation database

genome-wide unbiased identification of DSBs enabled by sequencing

homology-directed repair
hepatocyte nuclear factor 4

human immunodeficiency virus
induced pluripotent stem cell
internal ribosomal entry site
multiplexed assays of variant effect
massively parallel reporter assay
multiplexed surface tethering of extracellular proteins
non-homologous end joining

odds of pathogenicity

off-target site

protospacer adjacent motif
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PC

PCR

PS

PTM

RNA

ROC
ROSE
RSA
SASA
SGE
ssODN
TALEN

TF
tru-sgRNA
UTR
VAMP-seq
VCEP
VUS

VWF

protein C

polymerase chain reaction

protein S

post-translational modification

ribonucleic acid

receiver operating characteristic

random oversampling examples

relative solvent accessibility

solvent accessible surface area

saturation genome editing

single stranded oligodeoxynucleotide
transcription activator-like effector nuclease
tissue factor

truncated sgRNA

untranslated region

variant abundance by massively parallel sequencing
ClinGen variant curation expert panel
variant of uncertain significance

von Willebrand factor
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