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Abstract

Technology is a key driving force in the advancement of scientific discoveries. While
DNA sequencing uncovered the blueprint of life encoded in the human genome, functional
roles of sequence variants remain largely unknown. This thesis focuses on developing
enabling technologies with broad applications for the study of genetic variations and gene

regulation.

Recent advances in CRISPR/Cas9-based genome engineering technology have
revolutionized biomedical research. The facilitated genome editing system employs a
programmable RNA that guides the Cas9 nuclease to its target DNA. Furthermore, gene
targeting in human induced pluripotent stem cells (hiPSCs) offers the unprecedented
potential for dissecting gene function and correcting disease mutations to fulfill the vision of
personalized regenerative medicine. Despite phenomenal progress, the efficiency of targeted
modifications remained low in hiPSCs. In part I of this thesis, we developed an efficient
genome editing platform by reversibly integrating doxycycline-inducible Cas9 into the
genome (iPS-Cas9). We characterized and optimized critical parameters for efficient
targeting, generated precise mutations for disease modeling, and demonstrated the potential
of multiplexed and continuous editing. Additionally, we initiated efforts to improve

homology directed repair (HDR) frequency relative to nonhomologous end joining (NHE])
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via coupling strategies. This versatile platform enables rapid generation of mutant hiPSCs for
the study of genome function and provides a test bed for further engineering of Cas9-based

tools.

While DNA stores the genetic code to life, gene regulation inferred from RNA
expression defines cell identity and function. Transcriptome analysis is essential for
understanding developmental regulations of complex organisms by deducing gene function
from expression pattern and detecting altered gene expression in disease. Traditional gene
expression assays are limited by the lack of specificity, spatial context, single-cell resolution,
or scalability. In part II, we explored two strategies — padlock probe (PLP) and fluorescence
in situ sequencing (FISSEQ) — to develop highly multiplexed iz situ RNA sequencing with
single cell resolution. We concluded that PLP-based method is suitable for targeted analysis
of few transcripts, while FISSEQ represents a transcriptome-wide method for 7z situ RNA
profiling. The technologies presented will greatly accelerate the understanding of gene

regulation in complex biological samples with broad applications in biology and medicine.
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Human Pluripotent Stem Cell

Genome Engineering Technology



CHAPTER 1 Introduction

Science and technology go hand in hand in the pursuit of knowledge and human
welfare. While scientific breakthroughs lead to technological advancements, technologies
often drive further scientific discoveries. In the field of biology, the discovery of the DNA
double helix structure in 1953 marked a historic milestone that has empowered decades of
ensuing research in analyzing, synthesizing, and manipulating DNA up to the present day'™.
In the 1970s, the development of recombinant DNA technology further enabled scientists to
isolate genes for laboratory study and applications in biotechnology and medicine. With the
invention of genome sequencing technologies, the Human Genome Project aimed at
mapping the entire human genome came into reality, setting the stage for identifying genetic
roots to variations in developmental traits and diseases’. As anticipated, the human genome
is highly complex and variable among individuals as over 1.4 million single nucleotide
polymorphisms (SNPs) have been identified, contributing to personal traits and human
evolution. Given the wealth of genetic information available, the next step lies in elucidating
gene functions and pinpointing causal genetic variants. Recent advances in genome

engineering technologies, particulatly the repurposing of bacterial CRISPR-Cas9 (clustered



regularly interspaced short palindromic repeats - CRISPR-associated protein 9 nuclease)
system for genome manipulation, have set forth a new revolution in biomedical research. It
is now possible to introduce targeted changes into the genome of living cells and organisms
in their endogenous context, facilitated by the ease of use and efficiency of the CRISPR-
Cas9 system. The ability to make site-specific modifications to the genome holds
tremendous promise in scientific research, biotechnology and medicine through the
dissection of gene functions, engineering of useful biological systems for industrial

production, and correction of genetic diseases for gene therapy applications.

1.1 Brief Overview of Genome Engineering

Early approaches of manipulating the eukaryotic genome made use of homologous
recombination (HR) to introduce exogenous repair templates that consist of sequence
homology to the target site along with the desired modifications into the genome. Although
HR-mediated gene targeting enabled the construction of knockin and knockout animal
models, the overall low efficiency of recombination events (1 in 10° — 10” cells) prevented

wide adoption of the technology’.

A series of studies led to the discovery that the creation of a DNA double-stranded
break (DSB) at the target genomic locus could greatly enhance genome editing efficiency®”.
DSBs represent one of the most critical forms of DNA damage, thus cells have developed
efficient DNA repair mechanisms to maintain genome integrity and cell survival. Classically,
two major DSB repair pathways have been defined: the error-prone nonhomologous end-
joining (NHE]) and faithful homology-directed repair (HDR). As NHE] directly ligates the

broken DNA ends, repair through this pathway can induce insertion/deletion mutations



(indels) that disrupt gene function. On the other hand, HDR uses an undamaged
homologous sequence to serve as donor template for repair. Therefore, HDR-mediated
repair can be manipulated to induce desired modifications through the incorporation of

exogenously supplied homology repair donor templates into the target locus.

1.1.1 Programmable nucleases for genome editing

To take advantage of enhanced genome editing with the introduction of site-specific

DSBs, four major classes of programmable nucleases have been developed including
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meganucleases'’, zinc finger nucleases (ZFN) transcription activator-like effectors

nucleases (TALEN)'*") and RNA-guided nucleases represented by the type II bacterial
adaptive immune CRISPR-Cas9 system' ™", Meganuclease, ZFN, and TALEN bind to
specific DNA sequences through protein-DNA interactions. Meganucleases are engineered
from naturally occurring restriction enzymes with extended DNA recognition sequences (14-
40 basepairs), whereas ZFNs and TALENSs are artificial fusion proteins consisting of a
customizable DNA binding domain fused to a nonspecific nuclease domain from the
restriction enzyme Fokl, with each ZF and TALE module recognizing 3 and 1 nucleotides
(nt) of DNA, respectively. Although these platforms have made important advances in the
genome editing field, each faces its own set of limitations. Meganucleases have been
challenging to engineer because the DNA recognition and cleavage functions are entwined
in a single domain. On the contrary, ZFNs and TALENs are composed of distinct DNA
binding and Fokl cleavage domains, thus allowing scientists to engineer the proteins with
customized DNA-binding specificities. However, crosstalk between individual ZF domains
in an array leads to context-dependent binding preferences, making the robust construction

of ZFNs limited to few laboratories with the relevant expertise”. Likewise, while TALE
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repeat domains have less context-dependent effects, the assembly of TALE repeats can still
be challenging and the highly repetitive nature of TALEN-coding sequences may also hinder
their delivery with viral vectors such as lentiviruses”. Given the challenges in engineering
programmable DNA-binding proteins, the recent development of RNA-guided nucleases
based on a bacterial CRISPR-associated protein 9 nuclease from Streptococcus pyogenes (Cas9)
represent a significant breakthrough in genome engineering technologies. Instead of
targeting DNA through protein-DNA interactions, Cas9 recognizes its targets through
simple Watson-Crick base pairing guided by an engineered RNA. The simplicity and
efficiency of the Cas9 system have led to its broad adoption in applications ranging from

basic research to biotechnology and medicine.

1.1.2 CRISPR-Cas9 biology: from immune defense to genome targeting

While the CRISPR-Cas9 revolution dawned on the genome editing field in 2013, the
discovery of these elements unfolded in 1987 when a group of Japanese scientists observed a
set of 29 nt repeats while studying the iap enzyme in E. co/i”*. With decades of basic research
to understand the biological function and mechanism of the mysterious repetitive elements
known as CRISPR (clustered regularly interspaced short palindromic repeats), it finally
became clear that CRISPR systems function as an adaptive immune defense system that

. . . . . . . . 2372(
safeguards organisms from invading foreign nucleic acids, such as viruses and plasmids™ .

The genomic CRISPR loci consist of an array of identical repeats interspersed with
invader DNA-targeting spacers and an operon of cas genesZ7’28. CRISPR/Cas-mediated
immunity occurs in three stages. First in the adaptive phase, bacteria and archaea react to

invading foreign DNA by integrating short fragments of foreign nucleic acid (protospacers)



into the host chromosome at the proximal end of the CRISPR array. In the expression phase,
CRISPR loci are transcribed into precursor CRISPR RNA (pre-ctRNA) and further
processed into a library of short CRISPR RNAs (ctrRNAs) that can target complementary
sequences from invading viral or plasmid DNA*™. Finally, in the interference phase,
ctfRNAs together with trans-activating crRNA (tractRNA) and Cas proteins, form

ribonucleoprotein complexes that detect and destroy foreign sequences .,

A key insight for repurposing the bacterial defense mechanism for genome
engineering came in 2012, demonstrating the type II CRISPR system from S#eptococcus
Pyrogenes can be engineered to induce Cas9-mediated double stranded breaks in a sequence-
specific manner in vitro by providing a synthetic single guide RNA (sgRNA) composed of a
ctRNA-tracrRNA fusion*. Before long, the CRISPR-Cas9 system has been successfully
engineered to function in human cells with the use of human codon-optimized Cas9 and
customizable 20-nt sgRNAs'™. In Cas9-mediated genome editing, the sgRNA first
identifies its 20-bp target followed by a NGG PAM (protospacer-adjacent motif) sequence,
subsequently Cas9 nuclease cleaves the target sequence and creates a DSB for DNA repair
through the HDR or NHE] pathway"'. This RNA-guided two component system greatly
facilitates genome engineering as the variable DNA recognition component is dictated by
RNA sequences that are easy to design, synthesize, and deliver, holding tremendous promise

in a broad range of applications.

The powerful Cas9 genome editing technology has been utilized in a wealth of
applications ranging from generation of cellular and animal models or genome-wide
perturbation experiments to study gene function and causal genetic variants, as well as
correction of genetic mutations in inherited disorders. Furthermore, a catalytically

deactivated version of Cas9 (dCas9) can be used as a modular RNA-guided DNA binding
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protein, and repurposed for transcriptional regulation and live cell imaging when fused with

an appropriate effector protein* .

1.2 Promise of genome engineering in pluripotent stem

cells

Cas9-mediated gene targeting has been widely used as a research tool, but perhaps
one of the most tantalizing future directions is the development of Cas9-based therapy for
treatment of genetic disorders. Building precise and tractable disease models is the first step
in understanding the molecular mechanisms of disease pathogenesis, hence driving the
development of novel therapies. As stem cells have the ability to self-renew and differentiate,
they represent an ideal system for creating disease models and downstream applications in
drug development or transplantation therapies. The first successful isolation of human
embryonic stem (ES) cells from blastocysts by Thomson and colleagues in 1998 stimulated
great excitement for the prospect of understanding human development and disease
mechanisms, as well as developing therapeutic applications. However, the derivation of ES
cells from human embryos has provoked controversy in the United States over ethical
concerns, resulting in restricted government funding and limitations on cell lines approved
for research use®™. In 2006, Takahashi and Yamanaka demonstrated in a landmark study that
induced pluripotent stem (iPS) cells can be derived directly from mouse somatic cells
through the ectopic co-expression of four reprogramming transcription factors”. With the
promise of an alternative source for stem cell research, a flurry of follow-up studies
translated the results into human fibroblasts and a number of other cell types™ ™. Besides

circumvention of ethical issues, a key advantage of human iPS cells is the potential to



generate patient-autologous iPS cell derivatives free from immune rejection for

transplantation therapy.

The use of genome engineering methods can further enhance the potential of human
iPS cells, as the synergy of the technologies offers a promising step toward precise disease
modeling and personalized cell therapy. In disease modeling, gene targeting can create
isogenic human iPS cell lines that differ only at specific loci of interest, thus enabling the
dissection of gene or mutation function free from confounding effects of the genetic
background. From the therapeutic angle, precise gene editing can be utilized to correct
disease-causing mutations in patient iPS cells and differentiated into the appropriate cell type
for autologous cell transplantation therapy, a concept heralded as the future of regenerative
medicine. Given the potential of multiplexed gene targeting by Cas9, the study and treatment

of complex diseases is also within reach.

Despite having made great strides in genome engineering and iPS biology, several
challenges lie ahead. First, the efficiency of delivery and targeting in human iPS cells needs to
be improved to facilitate simple and efficient disease modeling in the iPS system. In addition,
to realize its therapeutic value for a broad range of genetic disorders, the choice of DSB
repair pathway will have to shift towards HDR. Finally, before Cas9-genome edited iPS cells
can reach translational clinic, it will be of outmost importance to thoroughly characterize the
safety and long-term implications. To harness the potential of genome engineering in human
iPS cells, we proceeded to develop an efficient platform for gene targeting in human iPS cells

and devised strategies to enhance the HDR efficiency.



1.3 Thesis Outline — Part 1

In part I of the thesis, we describe the development of an efficient genome
engineering platform in human iPS cells. CHAPTER 2 focuses on the investigation of gene
targeting rate in iPS cells, development of an efficient targeting system, characterization and
optimization of critical parameters for efficient gene editing. We then apply the knowledge
gained to experimental design in CHAPTER 3, targeting disease mutations identified in
genetic disorders, investigating the potential of multiplexed and continuous editing, devising
strategies to further improve the HDR to NHE] ratio, and exploring the underlying cause of

variable HDR:NHE] ratio observed at different genomic target sites.

The experiments presented in part I of this thesis demonstrate a simple, efficient,
and multiplexable genome editing technology in human iPS cells. Efforts made in promoting
HDR also provide insights for future designs. Overall, the versatile platform provides a
valuable resource for rapid generation of mutant human iPS cells to dissect gene functions
and pinpoint causal disease variants in an isogenic background that can also be scaled for

high-throughput analysis.



CHAPTER 2 Method Development for
Efficient Human Stem Cell Genome Editing

via CRISPR/Cas9 System

2.1 Introduction

Targeted human genome editing enables functional studies of genetic variation in
human biology and disease, holding immense potential in therapeutic applications. With the
advent of human induced pluripotent stem cells (hiPSCs), it is now possible to reprogram
fibroblasts to a human embryonic stem cell (hESC)-like state with maintained pluripotency,
self-renewal and differentiation capacity, paving way for the future of developmental biology
studies, drug testing, and regenerative medicine® ™. Genome engineering technologies can
further enhance the value of hiPSCs through the creation of disease models or correction of
genetic mutations in its original context, allowing the dissection of gene function and disease
mechanism in an isogenic background. To harness the full potential of hiPSCs, methods for

simple, efficient, and precise genetic manipulations are needed.
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Recently, the type II bacterial CRISPR (clustered regularly interspaced short
palindromic repeats)/Cas (CRISPR-associated) system has been developed as a versatile
genome editing technology in eukaryotic cells and whole organisms ™", The type 11
CRISPR system from Streptococcus pyrogenes has been engineered to induce Cas9-mediated
double stranded breaks (DSBs) in a sequence-specific manner in vitro, guided by a synthetic
guide RNA composed of ctrRNA fused to tractRNA *. Moreover, the system has been
successfully adapted to function in human cells with the use of a human codon-optimized
Cas9 and programmable 20-nt single guide RNA (sgRNA) ", Once delivered into the
cells, the sgRNA identifies its genomic target followed by a 5-NGG-3 PAM (protospacer-
adjacent motif) sequence, Cas9 nuclease then cleaves the target sequence creating a DSB *'.
The resulting DSB will either be repaired by the error-prone NHE] (non-homologous end
joining) pathway resulting in non-specific mutations disrupting gene function, or the HDR
(homology directed repair) pathway generating specific modifications dictated by an

613, This two-component system greatly facilitates genome

exogenous repair donor template
engineering through the creation of targeted DSBs guided by RNA sequences that are easy

to design, synthesize, and deliver.

While the Cas9 system has demonstrated high gene targeting efficiency in multiple
model systems, the overall efficiency in human iPS cells remained low'". To achieve simple,
efficient, and easily multiplexable genome editing in hiPSCs, we have developed a genome
engineering platform with an inducible Cas9-integrated iPS cell line. We created the
doxycycline-inducible iPS Cas9 cell line using a piggyBac transposon system, for the
prospect of scarless genome editing. We proceeded to develop a complementary lipid-based
transfection approach for genome editing due to its low cytotoxicity compared to

electroporation and potential for multiplexed gene editing. Finally, we characterized key
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parameters guiding the design for highly efficient single-stranded oligodeoxynucleotide
(ssODN)-mediated genome targeting. We present this versatile platform as a valuable
resource for rapid generation of mutant human iPS cells for the dissection of gene functions
and identification of causal disease variants in an isogenic background with the potential to

be scaled for high-throughput analysis.

2.2 Results and Discussion

2.2.1 Efficiency of Cas9-mediated gene editing in human iPS cells

The type II bacterial CRISPR-Cas9 system has been successfully adapted for

17,64

sequence-specific genome editing of mammalian genomes Given the promising

demonstration of targeting efficiency and ease of design'”"®

, we sought to further expand the
toolbox to enable efficient genome editing in human iPS cells. As an initial study of gene
targeting efficiency in PGP1 human iPS cells, we delivered via nucleofection the human
codon-optimized Cas9 protein with a C-terminal SV40 nuclear localization signal cloned into
a mammalian expression system'’, along with a single-guide RNA (sgRNA) expressed from
the human U6 polymerase III promoter and a corresponding HDR donor oligo to each
genomic target of interest. For gene editing experiments introducing precise SNPs or small
alterations to the genome, we chose to use single-stranded oligodeoxynucleotide (ssODN) as

the HDR donor template because of its small size, ease and flexibility in design, and

demonstrated efficiency”'.

As a starting point, we designed sgRNAs to target two loci in the adenosine

deaminase (ADA) gene — ADA exon 7 (ADA7) and ADA exon 10 (ADA10) following the
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form of 5-GN(19)NGG-3’. We then designed corresponding 90-nt HDR donor oligos for
each site, introducing a GGG to AGG transition mutation in exon 7 and a frameshift
mutation (Del(GAAGA)) in exon 10, both of which have been identified as molecular

defects in an adenosine deaminase deficiency-related severe combined immunodeficiency

(ADA-SCID) patient iPS cell line” (Figure 2-1).

ADA Ex gRNA target PAM

...ccaggaggctgtgaagagcggcattcaccgtactgtccacgecGgggaggtgggectcggeccgaagtagtaaaagaggtgagggectggge. . .
...ggtcctccgacacttctecgeccgtaagtggcatgacaggtgecggcccctecacccgageecggecttcatcattttectecactecccggacceeg. ..

><><

A donor-90mer

ADA Ex10 gRNA target PAM

..ctggacactgattaccagatgaccaaacgggacatgggctttactGAAGAggagtttaaaaggctggtgagtgggtgtgagccatactggecttg. .
..gacctgtgactaatggtctactggtttgccctgtacccgaaatgacttctecctcaaattttccgaccactcacccacactcggtatgaccggaac. .

><><

<Del (GAAGA)> donor-90mer

Figure 2-1: Design of ADA7 and ADA10 sgRNA and HDR donor oligos.

The HDR donor oligos have been designed in such a way that the mutations also
disrupts the sgRNA or PAM sequence, so that once the donor oligo has been successfully
incorporated, the site should no longer be targeted for further editing. To assess gene editing
efficiencies in human iPS cells, we co-nucleofected the Cas9 plasmid, sgRNA construct, and
HDR donor oligo into PGP1 iPS cells. Three days post-nucleofection, we harvested the cells
and analyzed the gene editing rates using the MiSeq Personal Sequencer. Deep sequencing of
the ADA7 and ADA10 loci showed indel formation near the predicted cutting site (Figure
2-2) with 5.98% NHE] at the ADA7 locus and 2.93% NHE] at the ADA10 locus, consistent
with earlier results targeting human iPS cells'’. The HDR efficiency on the other hand was
virtually undetectable, with 0.61% at the ADA7 locus and 0.38% at the ADA10 locus. This

suggested that Cas9 was functional and facilitated indel formation at the target site in
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combination with sgRNA, but was not an efficient system for introducing specific mutations

via HDR in its current state. The variable and generally low gene editing efficiencies in

17,66

human pluripotent stem cells have also been observed in other studies' ~”, highlighting the

need for a more efficient method of Cas9-mediated gene targeting in hiPSCs.
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Figure 2-2: NHE] profile of ADA7 and ADA10 target site, showing indel formation near
the expected cleavage site (marked by the red dashed lines) and the sizes of indels.

While there have been improvements in several gene delivery methods, transfecting
DNA into human stem cells remained an often capricious process’. To understand the low
gene targeting rate in the initial test, we next examined the nucleofection efficiency of Cas9
protein to determine whether it posed as a rate limiting step. We delivered a Cas9-GFP
plasmid and a control pmax GFP plasmid into PGP1 iPS cells through nucleofection. Two
days after nucleofection, we used fluorescence-activated cell sorting (FACS) to identify the

percentage of cells with GFP-positive signal, indicating successful delivery of the construct.
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FACS analysis revealed that delivering and expressing pmaxGFP positive control plasmid
was 4X more efficient than Cas9-GFP plasmid, suggesting that the delivery of the relatively

large Cas9 proteins may be a barrier to efficient genome editing (Figure 2-3).
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Figure 2-3: Nucleofection efficiency of Cas9-GFP and pmaxGFP (positive control) plasmid.

In addition to the ADA loci, we targeted Shwachman-Bodian-Diamond syndrome
(SBDS), a congenital disorder that affects the bone marrow, pancreas, and skeletal system, to
test the possibility of isolating clonal populations of edited iPS cells from Cas9-mediated
gene targeting. We designed sgRNAs and 90-nt HDR donor oligos to introduce two point
mutations found in a SBDS patient cell line, namely a T to C mutation at the intron 2 splice
donor site (IV2 + 2T > C) and 2 G to A mutation just before exon 3 IV3 - 1G > A)®. To
introduce the desired mutations, we co-nucleofected the Cas9 plasmid, sgRNA construct,
and HDR donor oligo into PGP1 iPS cells. One week after nucleofection, the transfected
cells were single-cell sorted by FACS into 96-well plates and allowed to grow into
monoclonal colonies for one week. Finally, single iPS colonies were harvested and screened
by Sanger sequencing to identify clones with the desired mutations. Since human iPS cells
have poor viability as single cells, we have optimized the single cell FACS sorting and culture

conditions, as well as a rapid genotyping system to enable large-scale genotyping of edited
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iPS clones without selection™. Results from Sanger sequencing identified one clone out of 43

screened with biallelic modifications (2.3%) and one with monoallelic modification (2.3%) at

the SBDS — IV2 loci (Figure 2-4).

WT Seq c ¢ ¢ A C C T G C

Edited Seq c ¢ ¢ 6 € CT G C

PGP1iPS
Clone B8

PGP1iPS
Clone A8 ' ~

Figure 2-4: Sanger sequencing identified 2 SBDS — IV2 clones with correctly edited

sequences.

While successfully edited clonal iPS cells have been isolated for the SBDS — IV2 target site,
Sanger sequencing of 79 SBDS — IV3 targeted colonies, 78 ADA?7 targeted colonies, and 12
ADAI10 targeted colonies failed to identify any clones with the desired modification.
Therefore, in our initial test of Cas9-mediated genome editing in human iPS cells, we
observed that the Cas9 system was functional and introduced indels at the target site, but

was generally low in editing efficiency consistent with literature'’, in part due to the

inefficient delivery of Cas9 plasmid into the cells. While the HDR targeting efficiency was

limited, we were able to isolate human iPS clones of correctly edited cells for the SBDS —

IV2 target without the use of drug selection. However, the low targeting efficiency required a
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laborious and time-consuming screening process to identify the rare edited clones. Hence,
this prompted us to develop a more efficient system for Cas9-mediated gene targeting in

human iPS cells.

2.2.2 Development of iPS-Cas9 platform for efficient genome editing in

human iPS cells

Given the low efficiency of Cas9-mediated genome editing in human iPS cells, we
sought an alternative strategy to enhance the gene targeting potential. Based on the
observation that delivery of Cas9 plasmid by nucleofection was inefficient, we reasoned that
integrating Cas9 into the genome with the PiggyBac (PB) transposon system may lift this
barrier altogether. The PB transposon is a mobile genetic element that can be efficiently
moved between vectors and chromosomes through a cut and paste mechanism mediated by
the PB transposase enzyme. During transposition, the PB transposase recognizes inverted
terminal repeat sequences (ITRs) flanking the ends of the transposon vector, and catalyzes
the excision and insertion event, moving the contents between I'TRs on the PB transposon
into TTAA chromosomal sites. By integrating Cas9 into the genome, we obviate the need to
deliver the large Cas9 plasmid into iPS cells for each experiment, hence avoiding the
inefficient delivery problem. Additionally, an elegant feature of the PB transposon system is
that the integrated cassette can be seamlessly removed by the PB transposase. Therefore,
once the editing experiments have been completed and successfully modified cells isolated,
theoretically the integrated Cas9 cassette can be removed from the target genome without
leaving a trace. A schematic of the genome editing roadmap using the genomically integrated
Cas9 iPS system is presented in Figure 2-5. As a powerful tool for potential applications in

gene therapy and regenerative medicine, the PB transposon system has already been adapted
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for use in a broad range of cell types, including the process of reprogramming human

embryonic fibroblasts into human induced pluripotent stem cells®".
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Figure 2-5: Overview of genome editing roadmap using the genomically integrated Cas9 iPS
cell line.

Driven by the potential of enhancing genome editing efficiencies, we set out to build
an iPS cell line with genomically integrated Cas9 (iPS-Cas9) with the prospect of ultimately
enabling efficient scarless genome editing in human iPS cells. We constructed the PGP1 iPS-
Cas9 cell line by inserting a reverse tetracycline-controlled transactivator (rtT'A) and a human
codon-optimized Cas9 under the control of a tet response element (TRE) into PGP1 iPS
cells via the piggyBac transposon. The system allows Cas9 expression to be tightly controlled
and activated only by the addition of doxycycline (a tetracycline derivatives) into the culture
media. The transfected cells were selected with puromycin and Cas9 integration was

confirmed by qPCR and Sanger sequencing.

Having established the iPS-Cas9 cell line, we next sought to develop a simple and
compatible method to introduce sgRNAs and HDR donor oligos into these cells for genome
editing experiments. Several methods exist for delivering nucleic acids into cultured
mammalian cells, including electroporation, nucleofection, transfection via cationic lipid
vehicles, and lentiviral vectors, while sgRNAs can be delivered in the form of RNA or
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plasmid DNA. Given the potential of 7z vivo RNA delivery for gene therapy applications and
risk of insertional mutagenesis of DNA-based approaches, we chose to deliver sgRNAs in
the 7n vitro transcribed RNA form to provide a simple, non-mutagenic, and highly flexible
system for testing various designs. Moreover, we broadened the utility of our system by
coupling the dox-inducible Cas9 cell line with a lipid-based transfection method, with the
reasoning that this would allow for repeated and/or multiplexed transfections, potentially
leading to higher genome editing efficiencies. Therefore, we proceeded with developing a
lipid-based transfection method directly delivering 7z vitro transcribed RNAs and ssODN

donor oligos into PGP1 iPS-Cas9 cells.

We first tested the feasibility of RNA transfections in the PGP1 iPS-Cas9 cell line by
transfecting EGFP mRNA at various concentrations to gauge the efficiency and begin
optimizing transfection conditions. We transfected modified EGFP mRNA ranging from 2.4
pmol to 36 pmol using Lipofectamine-based transfection reagents and measured the
percentage of GFP positive cells by FACS one day after transfection. GFP expression was
detected across the spectrum of mRNA concentrations tested, with increasing
concentrations resulting in higher percentages of GFP-positive cells as expected (Figure 2-6).
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Figure 2-0: Initial assessment of RNA transfection efficiency in PGP1 iPS-Cas9 cells.
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In addition, we tested the role of B18R recombinant protein in RNA transfection of
human iPS cells. B18R protein is a Vaccinia virus-encoded protein that acts as a decoy
receptor for Type I Interferons and has been found to increase cell viability during RNA
transfection protocols for reprogramming somatic cells to pluripotency’'. It was interesting
to note, the addition of recombinant B18R protein greatly enhanced the percentage of GFP-
positive cells, suggesting that media supplementation with B18R was also crucial for

enhancing cell viability during RNA transfection of human iPS cells.

2.2.3 Impact of RNA modifications on gene targeting efficiency

Earlier experiments have shown that introducing exogenous single-stranded RINA
(ssRNA) into mammalian cells may trigger innate immune reactions through the interferon
and NF-kB-dependent pathway® . It is also known that eukaryotic mRNA is modified
extensively ## vivo, where the modified nucleobases have been observed to reduce response
from the ssRNA sensor RIG-I and endosomal ssRNA sensors TLR7 and TLR8". In order
to reduce the innate antivral defense response against transfected RINA, several strategies
have been employed to modify RNAs. Based on an earlier study reprogramming human cells
to pluripotency with synthetic modified mRNA, the RNA modifications included
incorporating a 5 guanine cap to stabilize RNA, synthesizing RNA with modified
ribonucleoside bases substituting 5-methylcytidine (5mC) for cytidine and pseudoruidine (psi)
for uridine to improve cell viability, and treating synthesized RNA with phosphatase to
remove 5 triphosphates to prevent signaling by RIG-1"". As the combination of the RNA
modifications approach outlined above has shown to evade the innate antivral surveillance
system, we incorporated these RNA modifications into our initial sgRNA design and

synthesis.
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To test the functionality of the RNA transfection system on PGP1 iPS-Cas9 cells, we
first targeted the AAVS1 locus located in the PPP1R12C gene on chromosome 19. The
AAVSI locus served as an ideal proof of concept target site because it has been shown to be
a transcriptionally active safe harbor with no known adverse phenotypic effects from
disruption of the site. To begin, we designed an sgRNA targeting the AAVSI locus
following the form of 5-GN(19)NGG-3’ along with a corresponding 70-nt HDR donor

oligo with a CC to GG 2 base pair (bp) mismatch in the middle (Figure 2-7).

AAVS Locus

.. .ctaggaaggaggaggcctaaggatggggcttttctgtcaccaatCCtgtccctagtggeccccactgtggggtggaggggacagataaaag. . .
...gatccttcctccteccggattecctaccccgaaaagacagtggttaggacagggatcaccggggtgacaccccacctececctgtetatttte. ...

PAM  gRNA target

><><

GG donor-70mer

Figure 2-7: Schematic of AAVS1 sgRNA target and HDR donor oligo design.

The HDR donor oligos have been designed in such a way that the mutations also disrupts
the sgRNA sequence, so once the donor oligo has been successfully incorporated, the site
should not be subjected to further editing. We synthesized the sgRNAs by i witro

transcription following the modifications outlined above.

To assess the genome editing efficiency of human iPS-Cas9 cells using the RNA
transfection approach, we co-transfected iz witro transcribed sgRNA at various
concentrations and HDR donor oligo targeting the AAVS] site into dox-induced PGP1 iPS-
Cas9 cells in B18R supplemented media. Three days post-transfection, we harvested the cells
and analyzed the gene editing rates using the MiSeq Personal Sequencer. Deep sequencing
results showed no clear indel formation near the predicted cutting site and no detectable

HDR above background levels (Figure 2-8).
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Figure 2-8: HDR efficiency of modified sgRNA transfection in PGP1 iPS-Cas9 cells

In the same experiment, using nucleofection to deliver AAVS1 sgRNA under the U6
promoter in the DNA form along with the HDR donor oligo into dox-induced PGP1 iPS-
Cas9 cells with B18R media supplementation showed 2.35% HDR rate and indel formation

around the predicted targeting site (Figure 2-9).
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Figure 2-9: NHE] profile of AAVS1 sgRNA targeting via nucleofection.
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Together, the results demonstrated that the genomically-integrated Cas9 was functional and
facilitated indel formation via the nucleofection method, while genome editing with the

RNA transfection method was not optimal in the current configuration.

To diagnose potential problems with the RNA transfection method, we focused on
the sgRNA as it was the main component that differed in the nucleofection versus
transfection methods. First, we verified the sequence of the PCR template used for 7 vitro
transcription of the AAVS1 sgRNA by Sanger sequencing. Next, we checked the size of the
in wvitro transcribed modified sgRNA along with sgRNAs carrying varying degrees of
modifications on a 10% denaturing polyacrylamide gel electrophoresis (PAGE) gel against a
low range ssRNA ladder to see whether the modifications affect the sgRNA size. All four
versions of the AAVST sgRNA produced a major product band around 100 bp, at the

expected sgRINA size (Figure 2-10).
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Figure 2-10: Assessment of AAVS1 sgRNA size on a 10% denaturing PAGE gel. 1) Native
sgRNA. 2) Native sgRNA with 5’ guanine cap. 3) Modified sgRNA. 4) Modified sgRNA
with 5’ guanine cap.
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Having verified the sgRINA sequence and size, we next inquired whether the RNA
modifications play a role in inhibiting Cas9-mediated gene editing. For instance, although 5’
guanine capping is known to prevent degradation by exonucleases hence promoting RNA
half-life, it also serves as a nuclear export signal to shuttle mature messenger RNA (mRINA)
to the cytoplasm for translation®™®. Moreover, despite the crystal structure of Cas9 in
complex with sgRNA was not yet solved at the time of these experiments, it was known that
sgRINA interacts with Cas9 to guide it to the target DNA. Therefore, incorporating modified
ribonucleoside bases into sgRNA posed the risk of disrupting its interactions with the Cas9

protein, potentially resulting in low cutting efficiency.

To evaluate the effect of RNA modifications on Cas9-mediated genome editing
efficiency, we generated four versions of sgRNA — native (Table 2-1), native with 5 cap
(Table 2-2), modified (Table 2-3), and modified with 5 cap (Table 2-4)— targeting the
AAVSI locus for comparison. We co-transfected each form of the AAVST sgRNA along
with the HDR donor oligo into dox-induced PGP1 iPS-Cas9 cells in B18R supplemented
media. Three days post-transfection, we harvested the cells and analyzed the gene editing
efficiency by next-generation sequencing. Deep sequencing results revealed efficient indel
formation and editing rates at the predicted AAVSI1 target site for sgRNA in the native form,
with 30.4% HDR and 40.7% NHE]. Furthermore, we observed reduced efficiency with the
5" capped native sgRNA at 17.2% HDR and 21.6% NHE]J, and considerably lower gene
targeting rates with modified sgRNA at 1% HDR and 0.99% NHE], and 5’ capped modified

sgRNA at 1.33% HDR and 1.04% NHE]J, consistent with earlier results (Figure 2-11).
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Figure 2-11: Impact of various sgRNA modifications on gene editing efficiency. Significance
calculated by two-tailed #test: * P < 0.05, ** P < 0.01, *** P < 0.001, ns, not significant.

Although the significant increase in gene editing efficiency by simply converting
from modified to native sgRNA came much to our surprise, it was also theoretically
reasonable. The modifications incorporated in the earlier study were used to synthesize
mRNAs which function in the cytoplasm and inherently harbor the modifications 7z wivo,
whereas we were attempting to generate sgRINAs for activity in the nucleus which functions
in complex with Cas9 proteins’’. The reduced efficiency of capped and modified sgRNA
implied that the addition of a 5’ guanine cap may preclude the sgRNA from entering the
nucleus — its site of action, while the incorporation of modified ribonucleoside bases
potentially disrupted the interaction between sgRNA and Cas9 protein, consequently
contributing to the substantially reduced gene targeting efficiency. Having observed the
dramatic impact of RNA modifications on genome editing rates, we proceeded with the

native form of sgRNA to ensure efficient gene targeting in further experiments.
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2.2.4 Characterization and optimization of Cas9-mediated genome

editing in iPS-Cas9 system

Having established the PGP1 iPS-Cas9 cell line and an efficient RNA transfection
methodology for genome editing, we next sought to evaluate the efficiency of our system in
comparison to the established method of nucleofecting PGP1 iPS cells. We co-transfected
AAVST sgRNA in the native RNA form along with the HDR donor oligo into dox-induced
PGP1 iPS-Cas9 cells. Side by side, we co-nucleofected AAVS1 sgRNA expressed from the
human U6 polymerase 111 promoter together with the HDR donor oligo and Cas9 plasmid
into PGP1 iPS cells. The same components except for the Cas9 plasmid were also
nucleofected into dox-induced PGP1 iPS-Cas9 cells. All conditions included B18R media
supplementation. Three days post-transfection/nucleofection, we harvested the cells and
analyzed the gene editing efficiency by next-generation sequencing. Deep sequencing results
revealed RNA transfection of the iPS-Cas9 cell line as the superior gene editing method
(HDR = 30.37%, NHE] = 40.73%), with a marked 152-fold improvement in HDR rates and
10-fold increase in NHE] rates compared to the nucleofection of iPS cells approach (HDR

= 0.2%, NHE] = 3.94%) (Figure 2-12).
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Figure 2-12: Comparison of gene editing efficiencies using various methods. AAVS sgRNA
was either expressed from the human U6 polymerase III promoter (DNA) or delivered as 7
vitro transcribed RNA (RNA). Cas9 expression was induced either from a plasmid or with
doxycycline (Dox). Under methods, N denotes nucleofection and T denotes lipid-based
transfection. Significance calculated by two-tailed #test: ** P < 0.01, *** P < 0.001, ns, not
significant.

Moreover, within the iPS-Cas9 system, direct transfection of sgRNA in the native RNA
form proved more efficient than nucleofection of sgRNA expressed from the human U6
polymerase III promoter (HDR = 13.49%, NHE] = 37.29%), potentially owing to the
observations that the RNA form of sgRNA was smaller and easier to deliver and that
nucleofection appear to induce more cellular toxicity than lipid-based transfections (Figure

2-12).

To dive further into the differences observed between genome editing efficiencies of
iPS and iPS-Cas9 cell lines, we examined gene targeting rates at the AAVST1 locus using the
same RNA transfection method, with the only difference in Cas9 delivery. For the iPS cell

line, Cas9 was co-transfected as mRNA along with the sgRNA and donor oligo, while Cas9
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was induced by doxycycline in iPS-Cas9 cells. All the reagents were transfected using
lipofectamine-based reagents. This procedure eliminated the difference in delivery method
from the equation, and allowed us to probe the inherent differences in gene editing
efficiency between the two systems. Having calibrated the two cell lines to differ only in the
method of Cas9 delivery, we again observed enhanced gene editing efficiency in the iPS-
Cas9 cell line (HDR = 18.89%, NHE] = 20.84%) with 10-fold improvement in HDR rates
and 8.5-fold improvement in NHE] rates compared to iPS cells (HDR = 1.83%, NHE] =

2.45%) (Figure 2-13).
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Figure 2-13: Comparison of gene editing efficiency in iPS and iPS-Cas9 cells via RNA
transfection. Significance calculated by two-tailed #test: ** P < 0.01, *** P < 0.001.

Taken together, these results highlighted the utility of PGP1 iPS-Cas9 cell line as an
enhanced system for conducting genome editing experiments and the remarkable
improvement in editing rates achievable when performed in combination with the direct
native RNA transfection method. This provides a simple, efficient, and highly flexible

platform for genome engineering applications in human induced pluripotent stem cells.
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After demonstrating the functionality of the PGP1 iPS-Cas9 cell line, we next sought
to optimize the RNA transfection parameters to maximize the gene editing efficiency. Using
the RNA transfection method described earlier, we targeted the AAVS1 locus by co-
transfecting sgRNA and HDR donor oligo into dox-induced iPS-Cas9 cells, with variations
in donor oligo concentration, cell density, Cas9 induction level, donor length, and donor
orientation. We harvested the cells three days post transfection and determined the gene
editing efficiency by next-generation sequencing. From deep sequencing analysis, we
identified the optimal gene editing efficiency was reached when using 3.8X molar ratio of

donor oligo to sgRNA (Figure 2-14).
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Figure 2-14: Optimization of HDR donor oligo to sgRNA ratio.

From the analysis of cell density and dox induction curve, both parameters appeared to play
minor roles in gene editing rates, where lower seeding density showed slightly better

HDR/NHE] ratio and 0.5 ug/ml doxycycline exhibited the best ratio (Figure 2-15).
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Figure 2-15: Optimization of cell density and dox induction.

Having optimized the fundamental parameters of RNA transfection method, we
next performed a systematic study of ssODN designs to determine the guiding principles for
designing high performing HDR donor oligo. As incorporation of phosphorothioate bonds
at the terminal bases have been known to protect oligos from exonuclease degradation inside
the cell, we tested whether the addition of terminal phosphorothioated bonds promotes gene
editing efficiency by stabilizing the donor oligo. We designed a set of 70-mer oligos targeting
the AAVSI1 locus carrying a 2 baspair (bp) mismatch in the middle, with 0, 1(*), or 2(**)
phosphorothioated bonds between bases at the 5, 3, or both 5 and 3’ termini. From the
deep sequencing result, we observed negligible differences in gene targeting rates amongst
the various donor oligo modifications, suggesting the unmodified HDR donor oligo was not

subject to extensive exonuclease degradation within the cell (Figure 2-16).
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Figure 2-16: Impact of terminal phosphorothioate bonds on gene editing efficiency.

To evaluate the efficiency of introducing varying numbers of mismatches into the
genome through ssODN donor oligos, we designed a set of 70-mer oligos targeting the
AAVST locus, with 1, 2, 3, 5, 10, 20, 30 mismatches stemming from the middle of the oligo
(referred to as mismatch number oligos). Deep sequencing analysis revealed the efficiency of
generating mismatch modifications is dependent on the amount of homologous sequence
between the donor oligo and its genomic target. As the number of mismatches increases to
over 5 bases, the modification efficiency drops greatly, suggesting that ssODNs are most

suitable for introducing small and precise changes to the genome (Figure 2-17a).
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Figure 2-17: Characterization of gene editing efficiency as a function of (a) number of
mismatches (MM) and (b) position of MM relative to the DSB.

Next, we examined the positional effect of mismatches on gene editing rates. To
investigate how mismatch incorporation efficiency varies with the position of the mismatch
relative to the double stranded break (DSB), we designed a set of seven 70-mer ssODN
donor oligos targeting the AAVST locus, with a 2 bp mismatch placed at the -15, -5, 0, +5,
+15, +30 positions relative to the DSB and one donor oligo with 7 pairs of 2 bp mismatches
positioned at -30, -15, -5, 0, +5, +15, +30 positions relative to the DSB (referred to as
mismatch position oligos). From the analysis of deep sequencing data, we discovered a
strong positional effect where the highest gene editing efficiency occurred when the
mismatch was placed right on the DSB and the efficiency tapered off as the distance

between the mismatch and DSB increased to over 5 bp (Figure 2-17b). This result suggests
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that there exists a small and precise window near the DSB where the intended modifications
carried by the HDR donor oligo can be efficiently incorporated, likely dictated by the extent

of DSB repair processing.

Furthermore, we performed a donor competition assay to assess the efficiency of
various donor oligo designs at inducing modifications when competing in a pool of donors.
To this end, we mixed at equal molar ratio the set of seven mismatch number oligos, the set
of seven mismatch position oligos, and the entire set of 13 mismatch number and mismatch
position oligos, and co-transfected each oligo mix with AAVS1 sgRNA into dox-induced
iPS-Cas9 cells. In the mismatch number oligo pool, the mutation incorporation rate were
comparable within 5 mismatches, but was greatly reduced with over 10 mismatches, similar
to earlier observations. The donor competition of mismatch position oligos closely
recapitulated prior results where mutation incorporation was most efficient at the DSB and

dwindled as the distance between the DSB and mutation widened past 5 bp (Figure 2-18).
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Figure 2-18: Donor competition assay with a) 7 mismatch number donor oligos or b) 7
mismatch position donor oligos in one pot.
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Interestingly, the donor competition assay with the pool of 13 total mismatch
number oligos and mismatch position oligos revealed a similar pattern of editing efficiency
within each sub pool, whereas the mismatch number oligos with under 10 mismatches tend
to have outcompeted the mismatch position oligos with mismatches placed greater than 5 bp
away from the DSB (Figure 2-19). The donor competition assay results implied that the
position of mutations relative to the DSB is a critical design parameter for efficient ssODN-
mediated gene editing, whereas the number of mismatches introduced is better tolerated by
the repair system. We also noted the total editing efficiency (HDR+NHE]) for multiple
donor assays were comparable to the total with single donors. This is expected as the total
amount of sgRNA and donor oligos added were kept the same, the level of total editing

should also be similar.
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Figure 2-19: Donor competition assay of all 13 mismatch number and position donor oligos
in one reaction.

In addition, analysis of ssODN donor length and orientation indicated that the 70-

mer donor was more efficient than the 90-mer donor, and that donors in the complementary
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orientation to sgRNA (D,) achieved higher gene editing rates than donors in the non-

complementary orientation (D,) (Figure 2-20), in agreement with earlier findings™.
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Figure 2-20: Effect of donor oligo length and orientation on gene editing efficiency. (D.
symbolizes donor is complementary to sgRNA. D, denotes donor is non-complementary to
sgRINA.

We reasoned that extending the homology arm of the donor oligo beyond a certain point
may cease to promote homologous recombination, due to the increased likelihood of
secondary structure formation that potentially precludes bases on the oligo to hybridize to its
chromosomal target. Moreover, while the kinetics and interactions between the Cas9
components and HDR repair machinery are not yet well-understood, we hypothesize that
the D, donor oligo may achieve better gene editing efficiency due to the fact that it can
interact with the relatively free chromosomal target DNA strand whereas the sgRNA may
still be bound to the other target strand, preventing the D, . donor from accessing it after

cleavage.
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2.3 Experimental Methods

All oligonucleotide sequences used were synthesized by Integrated DNA

Technologies (IDT).

2.3.1.1 Cell Line Construction

PGP1 human induced pluripotent stem (iPS) cell line was obtained from the
Personal Genome Project (http://www.personalgenomes.org)™. The PGP1 iPS cell line with
Cas9 integrated in the genome (iPS-Cas9) was constructed by delivering into PGP1 iPS cells
a piggyBac transposon that expresses the reverse tetracycline-controlled transactivator (rtT'A)
and a human codon-optimized Cas9 under the control of a tet response element (TRE).
Transfected cells were selected with puromycin at a concentration of 2 ug/ml starting 3 days
post transfection. Selected cells were allowed to grow into a colony before verifying Cas9

genomic integration by qPCR and Sanger sequencing.

2.3.1.2 Cell Culture

PGP1 iPS cell line and PGP1 iPS-Cas9 cell line were maintained in feeder-free
conditions on Matrigel (BD Biosciences)-coated plates in mTeSR-1 basal medium (Stemcell
Technologies). Cultures were passaged every 5-7 days with TrypLE Express Enzyme (Life
Technologies) and maintained in 10 uM Y-27632, a Rho-associated kinase (ROCK) inhibitor
(Millipore), for one day after passaging to enhance cell survival®. All cells were maintained in

a humidified incubator at 37°C with 5% CO2.
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2.3.1.3 Design of sgRNA

sgRINA target sites with minimal potential off-targets were identified using sequence
analysis tools such as ZiFit (http://zifit.partners.org/ZiFiT/)** and CRISPR Design Tool
(http://ctispr.mit.edu). After selecting specific sgRNA target sites, we designed sgRNA
templates consisting of a U6 or T7 promoter, followed by the selected guide sequence (in the
form of 5-N19-NGG-3’) and the 3’ ss scaffold sequence (77 nucleotides in length). See

Table 2-5 for a complete list of sgRNA sequences.

2.3.1.4 Design of HDR Donor Oligo

Single-stranded DNA oligonucleotides (ssODNs) have been used to introduce small
modifications within a defined locus with reasonable efficiency. To achieve optimal HDR
efficiencies, ssODNs have been designed with at least 34 bp flanking sequences on each arm
that are homologous to the target region with the intended mutations positioned near the
cutting site. The mutations were also designed to destroy the PAM and/or sgRNA targeting
site, so that once the cells have been edited by HDR with the desired change, it would no
longer be targeted by the CRISPR/Cas9 machinery. See Table 2-6 for a complete list of

HDR donor oligo sequences.

2.3.1.5 Design of MiSeq Primers

Optimal primer sets that amplify 200 to 300 bp around the CRISPR targeting site
were identified using primer design tools such as Primer3

(http:/ /biotools.umassmed.edu/bioapps/primer3_www.cgi). Illumina forward and reverse

adapter sequences were appended to the 5 end of the target site’s forward primer and

reverse primer sequences. See Table 2-7 for a complete list of MiSeq primer sequences.
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2.3.1.6 sgRNA synthesis

sgRNA templates with U6 promoter were synthesized by IDT as gBlock gene
fragments and PCR amplified for use. For transfection experiments directly introducing
sgRNA in the RNA form, sgRNA templates were PCR amplified with T7 forward primer
and sgRNA scaffold reverse primer to construct templates for in vitro transcription (IVT).
PCR reactions were performed with HIFI Hotstart (IKAPA Biosystems) and purified with

QIAquick PCR Purification Kit (Qiagen) following the manufacturer’s instructions.

sgRNAs were transcribed 7z vitro with T7 polymerase (MEGAscript T7 Kit, Ambion), using
1000 ng of purified PCR product as template for each 40 ul reaction. For the various
modified versions of sgRINAs, the custom ribonucleoside mix is made according to Table
2-1 for native RNA,

Table 2-2 for capped native RNA, Table 2-3 for modified RNA, and Table 2-4 for
capped modified RNA. GTP, ATP, CTP, and UTP were provided with MEGAscript T7 Kit,
while 3>-O-Me-m7G Cap structure analog was purchased from NEB (New England Biolabs)

and 5-me-CTP and pseudo-UTP from TriLink (TriLink Biotechnologies).

Table 2-1. Custom native RNA mixture for IVT.

#1 Native RNA Mix [Stock] (mM) [Final] (mM) | Vol/reaction(ul)
GTP 75 7.5 4
ATP 75 7.5 4
CTP 75 7.5 4
UTP 75 7.5 4
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Table 2-2. Custom capped native RNA mixture for IVT.

#2 Capped Native RNA Mix [Stock] (mM) [Final] (nM) | Vol/reaction(ul)
3’-0O-Me-m7G Cap structure analog 60 6 4

GTP 75 1.5 0.8

ATP 75 7.5 4

CTP 75 7.5 4

UTP 75 7.5 4

Table 2-3. Custom modified RNA mixture for IVT.

#3 Modified RNA Mix [Stock] (mM) [Final] (mM) Vol/reaction(ul)
GTP 75 7.5 4

ATP 75 7.5 4
5-Me-CTP 100 7.5 3
Pseudo-UTP 100 7.5 3

Table 2-4. Custom capped modified RNA mixture for IVT.

#4 Capped/Modified RNA Mix [Stock] (mM) [Final] (mM) | Vol/reaction(ul)
3’-0O-Me-m7G Cap structure analog 60 6 4

GTP 75 1.5 0.8

ATP 75 7.5 4
5-Me-CTP 100 7.5 3
Pseudo-UTP 100 7.5 3

Reactions were incubated overnight at 37°C to increase yield. The IVT reactions

were then DNase treated and purified with MEGAclear (Ambion) following manufacturer’s

instructions. Next, sgRNA was treated with Antarctic Phosphatase (New England Biolabs)
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for 30 - 60 min at 37°C to remove residual 5-triphosphates and purified again with
MEGACclear (Ambion). Finally, the concentrations of sgRNA products from IVT reactions
were quantified by Nanodrop (Thermo Scientific) and adjusted to 100 ng/ul working
concentration by adding elution buffer. To check the integrity of the 7z vitro transcribed
sgRNA, small aliquots were run on a 10% denaturing PAGE gel (Life Technologies) with a
low range ssRNA ladder (NEB). After verifying seRNA size and quality, the sgRNAs was

stored in -80°C until use.

2.3.1.7 Nucleofection Experiments

For nucleofection of PGP1 iPS or iPS-Cas9 cell line, 1-2 X 105 cells were seeded per
48-well plate one day before transfection. Nucleofections were performed with the P3
Primary Cell Nucleofector Kit (Lonza) following manufacturer’s procedures. For each 48-
well reaction, Tul of 1 ug/ul sgRNA gene block expressed from the U6 promoter, 1 ug
donor oligo and 1 ul of 1 ug/ul Cas9 plasmid were mixed with 16.4 ul P3 and 3.6 ul
supplement reagent from the Nucleofector kit. Single cell suspensions were generated by
dissociating with TrypLE Express (Invitrogen) and resuspending in mTeSR1 medium.
Count cells and dilute accordingly to have at least 1 x 10° cells/nucleofection reaction to
ensure survival post nucleofection. Cell pellets were collected by centrifuging at 200 x g for 5
minutes at room temperature and aspirating the supernatant. Then, cell pellets were
resuspended in the P3 reagent mastermix and transferred to Nucleocuvette strip. Cells were
nucleofected using the program CB150. Immediately after nucleofection, cells were
recovered by adding pre-warmed mTeSR1 medium containing 2 ul/ml ROCK inhibitor and
plated onto matrigel-coated plates to ensure maximal survival. Plates were centrifuged at 70

x ¢ for 3 minutes at room temperature and placed into 37°C incubator. Twenty four hours
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post nucleofection, ROCK inhibitor supplemented media was replaced with plain mTeSR1

medium. Three days post nucleofection, cells were harvested for MiSeq library preparation.

2.3.1.8 RNA Transfection

For RNA transfection of PGP1 iPS-Cas9 cell line, 1-2 X 105 cells were seeded per
48-well plate one day before transfection. Two hours prior to transfections, change to fresh
media containing 0.5 — 1 ug/ml Doxycycline (Sigma-Aldrich) to induce Cas9 expression.
RNA transfections were performed with RNAIMAX (Invitrogen) cationic lipid delivery
vehicles following manufacturer’s procedures, while specific parameters may be modified
according to our optimization experiments. In general for each 48-well reaction, ~30 pmol
sgRNA and ~80 pmol donor oligo were first diluted in 25ul Opti-MEM basal media
(Invitrogen) while 6ul of RNAIMAX reagent was diluted in 25ul Opti-MEM basal media.
Then, these components were mixed and incubated for 15 minutes at room temperature
before adding to cells. Transfected cells were maintained in 37°C incubator and changed
with mTeSR-1 Basal Medium (STEMCELL technologies) daily until harvest 3 days post-
transfection. In certain experiments, the interferon inhibitor B18R (eBioscience) was added

at 200 ng/ml as a media supplement.

For RNA transfection of PGP1 iPS cell line, the basic procedure outlined above was
employed with some key differences. Instead of adding Dox to the media prior to
transfection, iPS cells were maintained in plain mTeSR-1 Basal Medium. To introduce Cas9
into iPS cells, 0.5 — 1 ug Cas9 mRNA or plasmid was diluted along with sgRNA and donor
oligo in 25ul Opti-MEM basal media. Then, the components were pooled with RNAIMAX
reagent, incubated for 15 minutes at room temperature before dispensing onto cells. iPS cells

were maintained at 37°C and changed with mTeSR-1 Basal Medium daily until harvest 3
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days post-transfection. In certain experiments, the interferon inhibitor B18R (eBioscience)

was added at 200 ng/ml as a media supplement.

2.3.1.9 RNA Transfection with Donor Coupling

General RNA transfection procedures as outlined above were performed, with a
slight modification to pre-anneal sgRNA-docks with HDR donor oligos before mixing with
the transfection reagents. In brief, for each 48-well reaction, ~30 pmol sgRNA and ~80
pmol HDR donor oligo were first diluted in 25ul Opti-MEM basal media. The sgRNA and
donor oligo mixture was then heated to 70°C for 30 sec and cooled gradually at -0.1°C/sec
to 25°C to allow hybridization. The pre-annealed sgRNA and HDR donor oligo mixture was
then mixed with the RNAIMAX reagent and incubated for 15 minutes at room temperature
before dispending onto cells. Transfected cells were maintained in 37°C incubator and
changed with mTeSR-1 Basal Medium (STEMCELL technologies) daily until harvest 3 days

post-transfection.

2.3.1.10 MiSeq Library Preparation

Cells were harvested 3 days post-transfection with TrypLE express after a quick
wash with PBS (Life Technologies). Cell pellets were collected after spinning down at top
speed in a tabletop centrifuge. Genomic DNA was extracted using prepGEM tissue kit
(ZyGEM). For each sample, 0.1 ul of prepGEM tissue protease enzyme and 1 ul of
prepGEM gold buffer were mixed with 8.9 ul of 2-5 X 105 cells and incubated at 75°C for
15 minutes followed by 95°C for 5 minutes. To amplify the genomic region flanking the
CRISPR target site and attach Illumina sequence adapters and unique barcodes for each

sample, two rounds of PCR was performed.
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In the first-round PCR amplifying the genomic region of interest, 2.5 ul of the cell
lysis reaction was added to 22.5 ul of PCR mastermix containing 12.5 ul of 2X KAPA Hifi
Hotstart Readymix and 100 uM of corresponding PCR amplification primer pairs. Reactions
were incubated at 95°C for 5 min followed by 13-15 cycles of 98°C for 20 sec, 60°C for 20

sec and 72°C for 20 sec, and a final extension step of 72°C for 4 min.

A second-round PCR was performed to add Illumina sequence adaptors and unique
index for sample barcoding. For this, 5 ul of PCR round-1 products were added to 20 ul of
PCR mastermix containing 12.5 ul of 2X KAPA HIFI Hotstart Readymix and 100 uM
ScriptSeq Index PCR primers pairs (Illumina). Reactions were incubated at 95°C for 5 min
followed by 25 cycles of 98°C for 20 sec, 60°C for 20 sec and 72°C for 20 sec, and a final
extension step of 72°C for 4 min. PCR products were run on a 2% agarose gel to verify the
correct amplicon length and purified with QIAquick PCR purification kit (QIAGEN). Next,
the concentrations of PCR products were quantified using Nanodrop (Thermo Scientific) or
Qubit (Life Technologies), and pooled in equimolar ratio to ensure equal sequencing
coverage. The mixed barcoded library was then sequenced with an Illumina MiSeq Personal

Sequencer (Life Technologies).

2.3.1.11 Sequencing Data Analysis

MiSeq reads were analyzed with custom scripts from the genome editing assessment
system as previously described”’. The analysis method has also been established as a web

platform for easy access (http://crispr-ga.net)™.

The method presented in the ‘Sequencing Data Analysis” subsection has been published and

adapted from the following paper to fit the format of this dissertation:
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* Yang L, Guell M, Byrne S, Yang, JL, De Los Angelos, A, Mali, P, Aach, J, Kim-
Kiselak, C, Briggs, AW, Rios, X. Huang, P, Daley, G, and Church G. Optimization
of scarless human stem cell genome editing. Nucleic Acids Res. 2013;41:9049-9061.

We wrote a pipeline to analyze the genome engineering data. This pipeline is integrated

in one single Unix module, which uses different tools such as R, BLAT and FASTX Toolkit.

Barcode splitting: Groups of samples were pooled together and sequenced using MiSeq 150
bp paired end (PE150) (Illumina Next Gen Sequencing) and later separated based on DNA

barcodes using FASTX Toolkit.

Quality filtering: We trimmed nucleotides with lower sequence quality (pDed score <20).

After trimming, reads shorter than 80 nt were discarded.

Mapping: We used BLAT to map the paired reads independently to the reference genome

and we generated .psl files as output.

Indel calling: We defined indels as the full-length reads containing two blocks of matches in
the alignment. Only reads following this pattern in both paired end reads were considered.
As a quality control, we required the indel reads to possess minimal 70 nt matching with the
reference genome and both blocks to be at least 20 nt long. Size and position of indels were
calculated by the positions of each block to the reference genome. Non-homologous end
joining (NHEJ) has been estimated as the percentage of reads containing indels (see

Equation 2.1). The majority of NHE] event have been detected at the targeting site vicinity.

Homology-directed recombination (HDR) efficiency: Pattern matching (grep) within a 12 bp
window centering over DSB was used to count specific signatures corresponding to reads
containing the reference sequence, modifications of the reference sequence (2 bp intended
mismatches) and reads containing only 1 bp mutation within the 2 bp intended mismatches

(see Equation 2.1).
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HD . _ o
R efficiency <100XA+B+C+D>/O

. _ o
NHE] efficiency <100X A+B+C+D> %)

A=reads identical to the reference: XXXXXABXXXXX
B =reads containing 2 bp mismatch programed by ssODN: XXXXXabXXXXX

C = reads containing only 1 bp mutation in the target site: such as XXXXXaBXXXXX or
XXXXXAbXXXXX

D = reads containing indels as described above
Equation 2.1. Estimation of HDR and NHE] efficiency.

Table 2-5. sgRNA design sequences.

TGTACAAAAAAGCAGGCTTTAAAGGAACCAATTCAGTCGACTGGATCCGGTACCAA
GGTCGGGCAGGAAGAGGGCCTATTTCCCATGATTCCTTCATATTTGCATATACGAT
ADA ex7 | ACAAGGCTGTTAGAGAGATAATTAGAATTAATTTGACTGTAAACACAAAGATATTA
_Ué6 GTACAAAATACGTGACGTAGAAAGTAATAATTTCTTGGGTAGTTTGCAGTTTTAAA
ATTATGTTTTAAAATGGACTATCATATGCTTACCGTAACTTGAAAGTATTTCGATT
TCTTGGCTTTATATATCTTGTGGAAAGGACGAAACACCGcgtactgteccacgeccgg
ggGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTCCGTTATCAACTTGA
AAAAGTGGCACCGAGTCGGTGCTTTTTTTCTAGACCCAGCTTTCTTGTACAAAGTT
GGCATTA

TGTACAAAAAAGCAGGCTTTAAAGGAACCAATTCAGTCGACTGGATCCGGTACCAA
GGTCGGGCAGGAAGAGGGCCTATTTCCCATGATTCCTTCATATTTGCATATACGAT
ADA exl | ACAAGGCTGTTAGAGAGATAATTAGAATTAATTTGACTGTAAACACAAAGATATTA
0_U6 GTACAAAATACGTGACGTAGAAAGTAATAATTTCTTGGGTAGTTTGCAGTTTTAAA
ATTATGTTTTAAAATGGACTATCATATGCTTACCGTAACTTGAAAGTATTTCGATT
TCTTGGCTTTATATATCTTGTGGAAAGGACGAAACACCGgacatgggctttactga
agGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTCCGTTATCAACTTGA
AAAAGTGGCACCGAGTCGGTGCTTTTTTTCTAGACCCAGCTTTCTTGTACAAAGTT
GGCATTA

TGTACAAAAAAGCAGGCTTTAAAGGAACCAATTCAGTCGACTGGATCCGGTACCAA
GGTCGGGCAGGAAGAGGGCCTATTTCCCATGATTCCTTCATATTTGCATATACGAT
SBDS_IV | ACAAGGCTGTTAGAGAGATAATTAGAATTAATTTGACTGTAAACACAAAGATATTA
2 U6 GTACAAAATACGTGACGTAGAAAGTAATAATTTCTTGGGTAGTTTGCAGTTTTAAA
ATTATGTTTTAAAATGGACTATCATATGCTTACCGTAACTTGAAAGTATTTCGATT
TCTTGGCTTTATATATCTTGTGGAAAGGACGAAACACCGctgaaatctgtaagcag
gtGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTCCGTTATCAACTTGA
AAAAGTGGCACCGAGTCGGTGCTTTTTTTCTAGACCCAGCTTTCTTGTACAAAGTT
GGCATTA
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Table 2-5 (Continued).

SBDS_IV
3-1_U6

TGTACAAAAAAGCAGGCTTTAAAGGAACCAATTCAGTCGACTGGATCCGGTACCAA
GGTCGGGCAGGAAGAGGGCCTATTTCCCATGATTCCTTCATATTTGCATATACGAT
ACAAGGCTGTTAGAGAGATAATTAGAATTAATTTGACTGTAAACACAAAGATATTA
GTACAAAATACGTGACGTAGAAAGTAATAATTTCTTGGGTAGTTTGCAGTTTTAAA
ATTATGTTTTAAAATGGACTATCATATGCTTACCGTAACTTGAAAGTATTTCGATT
TCTTGGCTTTATATATCTTGTGGAAAGGACGAAACACCGttttttagattttgact
aaGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTCCGTTATCAACTTGA
AAAAGTGGCACCGAGTCGGTGCTTTTTTTCTAGACCCAGCTTTCTTGTACAAAGTT
GGCATTA

SBDS_IV
3-2_U6

TGTACAAAAAAGCAGGCTTTAAAGGAACCAATTCAGTCGACTGGATCCGGTACCAA
GGTCGGGCAGGAAGAGGGCCTATTTCCCATGATTCCTTCATATTTGCATATACGAT
ACAAGGCTGTTAGAGAGATAATTAGAATTAATTTGACTGTAAACACAAAGATATTA
GTACAAAATACGTGACGTAGAAAGTAATAATTTCTTGGGTAGTTTGCAGTTTTAAA
ATTATGTTTTAAAATGGACTATCATATGCTTACCGTAACTTGAAAGTATTTCGATT
TCTTGGCTTTATATATCTTGTGGAAAGGACGAAACACCGagtgatttcttaaatgt
gtGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTCCGTTATCAACTTGA
AAAAGTGGCACCGAGTCGGTGCTTTTTTTCTAGACCCAGCTTTCTTGTACAAAGTT
GGCATTA

AAVS_ U6

TGTACAAAAAAGCAGGCTTTAAAGGAACCAATTCAGTCGACTGGATCCGGTACCAA
GGTCGGGCAGGAAGAGGGCCTATTTCCCATGATTCCTTCATATTTGCATATACGAT
ACAAGGCTGTTAGAGAGATAATTAGAATTAATTTGACTGTAAACACAAAGATATTA
GTACAAAATACGTGACGTAGAAAGTAATAATTTCTTGGGTAGTTTGCAGTTTTAAA
ATTATGTTTTAAAATGGACTATCATATGCTTACCGTAACTTGAAAGTATTTCGATT
TCTTGGCTTTATATATCTTGTGGAAAGGACGAAACACCGatecctgtecectagtgge
CccGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTCCGTTATCAACTTG
AAAAAGTGGCACCGAGTCGGTGCTTTTTTTCTAGACCCAGCTTTCTTGTACAAAGT
TGGCATTA

ADA ex7
_T7

TAATACGACTCACTATAGGCgtactgtccacgeccggggGTTTTAGAGCTAGAAATA
GCAAGTTAAAATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGGT
GCT

ADA exl
0_T7

TAATACGACTCACTATAGGgacatgggctttactgaagGTTTTAGAGCTAGAAATA
GCAAGTTAAAATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGGT
GCT

AAVS T7

TAATACGACTCACTATAGGGGGGCCACTAGGGACAGGATGTTTTAGAGCTAGAAAT
AGCAAGTTAAAATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGG
TGCT
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Table 2-6. ssODN HDR donor template sequences.

CCAGGAGGCTGTGAAGAGCGGCATTCACCGTACTGTCCACGCCAGGGAGGTGG

ADA-ex7 GCTCGGCCGAAGTAGTAAAAGAGGTGAGGGCCTGGGC

ADA-ex10 CTGGACACTGATTACCAGATGACCAAACGGGACATGGGCTTTACT<DEL (GAA
GA)>GGAGTTTAAAAGGCTGGTGAGTGGGTGTGAGCCATACTGGCCTTG

SBDS—TV2 CAGTGCGTTTGGAACAGATGACCAAACTGAAATCTGTAAGCAGGCGGGTAACA
GCTGCAGCATAGCTAACCCTAATAACCATTTATAACG

SBDS—TV3 GATAGAGAAAGATAGTGATTTCTTAAATGTGTTGGCATTTTTTTAAATTTTGA
CTAAAGGAGAAGTTCAAGTATCAGATAAAGAAAGACA
ggaggcctaaggatggggcttttctgtcaccaatGGtgtccctagtggeccca

AAVS 70

- ctgtggggtggagggga

ctaggaaggaggaggcctaaggatggggcttttctgtcaccaatGGtgtcecct

AAVS 90

— agtggccccactgtggggtggaggggacagataaaag

i?:iomut ggaggcctaaggatggggcttttctgtcaccaatcGtgtccctagtggeccca

70_1mm ctgtggggtggagggga

i?:iomut ggaggcctaaggatggggcttttctgtcaccaaCGGtgtcecctagtggeccca

70_3mm ctgtggggtggagggga

ﬁ?giomut ggaggcctaaggatggggcttttctgtcaccaTCGGCgtcecctagtggececca

70_5mm ctgtggggtggagggga

ﬁ?giomut ggaggcctaaggatggggcttttctgtcacGTTCGGCACGecctagtggececcceca

70_10mm ctgtggggtggagggga

ﬁ?giomut ggaggcctaaggatggggcttttctACGTGGTTCGGCACGGGCTAtggecccceca

70_20mm ctgtggggtggagggga

ﬁ?:iomut ggaggcctaaggatggggctCCCGCACGTGGTTCGGCACGGGCTACAAGGeca

70_30mm ctgtggggtggagggga

i?:iomgg _ ggaggcctaaggatggggcCCttctgtcaccaatcctgtccctagtggeccca

15 - ctgtggggtggagggga

i?:iomgg _ ggaggcctaaggatggggcttttctgtcaGGaatcctgtcecctagtggeccca

5 - ctgtggggtggagggga
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Table 2-6 (Continued).

ﬁ?:éomut ggaggcctaaggatggggcttttctgtcaccaatcctgtGGetagtggeccca
70 +5 ctgtggggtggagggga

i?:éomut ggaggcctaaggatggggcttttctgtcaccaatcctgtccctagtggeGGea
70 +15 ctgtggggtggagggga

i?:éomut ggaggcctaaggatggggcttttctgtcaccaatcctgtccctagtggeccca
70 +30 ctgtggggtggTAggga

AAVS mut

oligo ggagAGctaaggatggggcCCttctgtcaGGaatGGtgtGGetagtggeGGea
70 7pair ctgtggggtggTAggga

MM

ﬁ?:éomut g*gaggcctaaggatggggcttttctgtcaccaatGGtgtcecctagtggecce
70 5% actgtggggtggagggga

ﬁ?:éomut g*g*aggcctaaggatggggcttttctgtcaccaatGGtgtccctagtggececce
70 5** cactgtggggtggagggga

i?:éomut ggaggcctaaggatggggcttttctgtcaccaatGGtgtccctagtggeccca
70 3% ctgtggggtggagggg*a

i?:éomut ggaggcctaaggatggggcttttctgtcaccaatGGtgtccctagtggeccca
70 3%* ctgtggggtggaggg*g*a

i?:éomut g*gaggcctaaggatggggcttttctgtcaccaatGGtgtcecctagtggeccece
70 5%*3% actgtggggtggagggg*a

i?:éomut g*g*aggcctaaggatggggcttttctgtcaccaatGGtgtccctagtggececce
70 S5**x3x* cactgtggggtggaggg*g*a
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Table 2-7. MiSeq PCR Primers.

ADA 7

F_p;ize; ACACTCTTTCCCTACACGACGCTCTTCCGATCTgtatgggaggaggcagtgag

ADA ex7

R—pEimeE GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTaggcagcatgactaggatgg

ADA ex10

_F- ACACTCTTTCCCTACACGACGCTCTTCCGATCTtgacccgctcatcttcaagt

primer

ADA ex10

_R- GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTgcagactcactccctetete

primer

SBDS_IV2

_F- ACACTCTTTCCCTACACGACGCTCTTCCGATCTaggaagatctcatcagtgcgt

primer

SBDS_IV2

_R- GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTtgatttcaggaggttttggca

primer

SBDS_1IV3

_F- ACACTCTTTCCCTACACGACGCTCTTCCGATCTctgctccagttgtgtgtgtce

primer

SBDS_1IV3

_R- GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTgggcaaagctcaaaccattac

primer

AAVS-F ACACTCTTTCCCTACACGACGCTCTTCCGATCTCGGTTAATGTGGCTCTGGTT

AAVS-R GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTACAGGAGGTGGGGGTTAGAC

Universa | AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGA

1-PCR TCT

ScripSeq

Index CAAGCAGAAGACGGCATACGAGATNIN2N3N4NSN6GTGACTGGAGTTCAGACGT
. GTGCTCTTCCGATCT

Primers
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CHAPTER 3
Applications of Facilitated Human Stem Cell

Genome Editing and Strategies for

Enhancement of HDR Efficiency

3.1 Introduction

The two major DSB DNA repair pathways — HDR and NHE], compete in the repair
of DSBs generated by the Cas9 system. While NHE] occurs throughout the cell cycle®,

1733% Thereby, Cas9-mediated gene knockout

HDR only takes place during S and G2 phase
through NHE] has been reported to work efficiently, reaching 20-60% in mouse embryonic
stem cells and zygotes™”. Since NHE] is error-prone and introduces unpredictable indels, it
is mainly used for inducing small mutations for gene disruption. To achieve precise genome

editing, the DSB must be repaired efficiently through the HDR pathway with the

incorporation of the desired change specified in the exogenous donor template. However,
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the efficiency of HDR for precise genome editing remains low'™”>". In order to isolate
correctly edited cells, a long and labor-intensive screening process is often required. The low
HDR efficiency also poses a significant challenge for generating sufficient numbers of

genome edited animals, and ultimately using the technology in clinical applications.

To demonstrate the utility of the PGP1 iPS-Cas9 system, we first applied the method
to disease gene targeting and showed enhanced efficiency compared to earlier methods. We
then proceeded to investigate the prospect of multiplexed and continuous genome editing
using the RNA transfection system. Finally, we explored various strategies based on the
concept of coupling sgRNA with donor template to enhance HDR over NHE] ratio, and
examined the site to site variability in gene editing efficiency. Overall, we demonstrate the
versatility of the iPS-Cas9 system that can be easily adapted for disease gene targeting, as well
as continuous and multiplexed editing, and provide insights to guide future methods for

further promoting HDR efficiency.

3.2 Results and Discussion

3.2.1 Application of method to disease gene targeting

Recall that we initiated this work with the original goal of achieving efficient genome
editing in human iPS cells without the need for drug selection, targeting genes with potential
applications in disease modeling and gene therapy. Having developed the PGP1 iPS-Cas9
cell line with improved gene editing efficiency as well as the optimized RNA transfection

method, we went on to demonstrate efficient gene editing of disease genes.
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First, we revisited the two loci — ADA exon 7 (ADA7) and ADA exon 10 (ADA10)
— implicated in adenosine deaminase deficiency, which have caused severe combined
immunodeficiency (ADA-SCID) in a patient iPS cell line®. In an effort to induce the disease
genotype in PGP1 iPS-Cas9 cell line, we designed 90-nt HDR donor oligos for each site,
introducing a GGG to AGG transition mutation in ADA7 and a frameshift mutation
Del(GAAGA)) in ADA10, as described earlier (Figure 2-1). To assess gene editing
efficiencies of endogenous disease gene targets, we co-trasnfected the ADA7 or ADA10
sgRNAs along with its corresponding HDR donor oligo into dox-induced PGP1 iPS-Cas9
cells with B18R media supplementation. Three days post-transfection, we harvested the cells
and analyzed the gene targeting efficiency with MiSeq Personal Sequencer. Deep sequencing
of the ADA7 and ADA10 loci displayed indel formation near the predicted cleavage site
with 6.91% NHE] at the ADA7 locus and 19.56% NHE] at the ADA 10 locus (Figure 3-1).
The introduction of disease mutations was also detectable with 4.07% HDR at the ADA7
locus and 5.76% HDR at the ADA10 locus, a 6-fold and 15-fold improvement, respectively,
compared to nucleofection of PGP1 iPS cells.

ADA7 ADA10
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Figure 3-1: NHE] profile of ADA7 and ADA10 gene editing via RNA transfection.
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Concurrently, we re-examined the impact of RNA modifications at the two target sites, and
observed the same pattern of decreased efficiency as sgRNA was capped and modified
(Figure 3-2), confirming our previous finding that sgRNA in the native RNA form

maximized genome editing efficiency.
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Figure 3-2: Gene editing efficiency at ADA7 and ADA10 target sites with various sgRINA
modifications.

In addition, we targeted the T.4AZ gene encoding the protein tafazzin, which is
mutated in patients with Barth syndrome. Barth syndrome is an X-linked condition
characterized by dilated cardiomyopathy, skeletal myopathy, neutropenia, and short stature.
Mutations in the T4AZ gene prevent tafazzin from carrying out its normal function —
acylation of cardiolipin, the main phospholipid of the mitochondrial inner membrane
responsible for maintaining mitochondrial shape and energy production, hence leading to
cardiac and skeletal mitochondrial myopathy””>. As the mechanism of disease phenotype
onset was not well understood, it would be useful to model the disease in a human iPS cell
line with the specified T'AZ mutation to establish a causative role of the mutation in an
otherwise isogenic background. Toward this end, we tested the utility of the PGP1 iPS-Cas9
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transfection system for facilitating gene editing at the T'AZ locus. We designed 3 HDR
donor oligos targeting the T.4Z gene, one introducing a frameshift mutation (517del(G))
known to cause Barth syndrome in a patient cell line”, and two donor oligos each with 1 or

2 mismatch mutations (G to C) as a reference (Figure 3-3).

TAZ locus gRNAtarget ~ PAM

. ggatggacttcattttggagaagctcaaccatggggactgggtgcatatcttcccagaaggtcagcaggg ...
. cctacctgaagtaaaacctcttcgagttggtacccCtgaccCacgtatagaagggtcttccagtcgtcce. ..

><><

Donor1 (70mer) ¢
Donor2 (70mer) G G

Donor3 (70mer) <DEL(C)>

Figure 3-3: Schematic of HDR donor designs targeting the 1:4Z locus. Donors depicted in
the bottom strand orientation.

To evaluate the efficiency of introducing disease mutations into PGP1 iPS-Cas9 cells,
we co-transfected the sgRNA targeting T-4Z gene, along with HDR donor oligos into dox-
induced cells. Three days post-transfection, we harvested the cells and determined the gene
editing rates by next-generation sequencing. Sequencing results showed comparable gene
editing efficiencies across the three donor oligo designs, with NHE] ranging from 10.88% to
13.35%, and HDR ranging from 1.31% to 2.76% (Figure 3-4). Together, these results
demonstrate the efficiency and applicability of the streamlined iPS-Cas9 transfection
platform, where starting from target design, one can expect to obtain edited cells in less than
two weeks, greatly facilitating genome editing studies in the traditionally challenging human

iPS cell line.
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Figure 3-4: Efficiency of introducing disease genotype or other point mutations into 1'AZ
locus.

3.2.2 Potential of multiplexed and continuous gene targeting

A key advantage of the CRISPR-Cas system over zinc finger nucleases (ZFNs) or
Transcription activator-like effector nucleases (TALENS) lies in its potential for multiplexed
genome editing since target recognition is determined by an easily programmable sgRINA.
The ability to perform multiplexed genome targeting will enable efficient generation of cell
lines or model organisms carrying multiple mutations, eliminating the laborious process of
sequential targeting and selection, thus greatly facilitating the genetic dissection of

development, multigenic, or complex diseases.

To evaluate the iPS-Cas9 system for potential of multiplexed gene editing, we first
targeted the ADA7 and ADA10 loci simultaneously as an initial demonstration of efficiency.
We co-trasnfected sgRNAs and HDR donor oligos targeting the ADA7 and ADA10 loci as
described in Chapter 2.2.1, either individually or together, into dox-induced PGP1 iPS-Cas9

cells. Three days after transfection, we harvested the cells and analyzed the gene editing
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efficiency by next-generation sequencing. As with single targeting, simultaneous targeting of
ADA7 and ADAI10 loci produced indels around each predicted cutting site with 4.91%
NHE] observed at ADA7 and 15.27% at ADA10. Likewise, HDR rate was detected at 1.22%

for ADA7 and 3.47% for ADA10 (Figure 3-5).
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Figure 3-5: Multiplex capacity of Cas9-mediated gene targeting.

We showed that multiplex gene editing was feasible with our system, although with slightly
reduced efficiencies compared to single targeting events. Since the maximal total editing
efficiency (Total Edits = HDR + NHE]J) remained similar, we reasoned the decreased
targeting rate observed in each double targeting sites could be attributed to potentially less
efficient delivery of all the necessary components into the cells and saturation of cutting or
repair enzymes. As such, we believe efficient multiplexed targeting can be achieved with

further optimizations of the experimental conditions.
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Having demonstrated the feasibility of multiplexed genome editing of endogenous
genes implicated in ADA disorder, we next pursued the possibility of continuous editing to
further enhance the overall gene targeting efficiency. Initially, we developed the RNA
transfection method with the iPS-Cas9 system precisely for the prospect of repeated
transfections. Given the ease of controlling Cas9 expression simply by the addition of
doxycycline, we reasoned the RNA transfection method would allow repeated delivery of the
gene editing components into the cells, increasing the chances of successful editing events.
To test the notion of continuous editing, we co-transfected the sgRNA, HDR donor oligo
targeting the ADA7 or ADA10 loci into dox-induced PGP1 iPS-Cas9 cells with B18R media
supplementation, repeating the same transfection dose daily up to seven days. Three days
after the final dose of transfection, we harvested the cells and analyzed the gene editing rates
using next-generation sequencing. Deep sequencing of ADA10 loci revealed a 2.6-fold
increase in the absolute value of HDR rates and 2.7-fold increase in NHE] rates comparing
Day 7 versus Day 1, while the overall ratio of HDR to NHE] remained relatively flat (Figure

3-6).
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Figure 3-6: Continuous editing of ADA10 loci. Significance calculated by two-tailed t-test in

comparison to Day 1 values: * P < 0.05, ** P < 0.01.
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Intriguingly, sequencing analysis of the ADA7 loci also showed enhanced gene targeting
rates from repeated transfections, but the effect was more pronounced on HDR events with
a 9.7-fold improvement as opposed to 2-fold increase in NHE] when comparing Day 1 with
Day 7 results. The enhancement of HDR rates tipped the balance towards HDR with a

favorable 4.9-fold increase in HDR to NHE] ratio simply by continuous editing (Figure 3-7).
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Figure 3-7: Continuous editing of ADA7 loci. Significance calculated by two-tailed #test in
comparison to Day 1 values: * P < 0.05.

Possible reasons for this observation may be that repeated transfections allow higher
possibility of delivering all gene editing components into the same cell as NHE] only
requires the presence of sgRNA but HDR requires both the sgRNA and donor oligo to
function. Additionally, since the HDR donor oligo was designed to disrupt the sgRNA
recognition sequence, once the target site is repaired by the HDR pathway, it should be
insusceptible to further targeting. On the other hand, repair through the NHE] pathway

often comprise of small indels. It is conceivable that as long as the sgRNA recognition site
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and PAM sequence remains intact after NHE] repair, the target site may be subject to
further cutting, and hence another chance for repair through the HDR pathway. Also of
note, the HDR to NHE] ratio at ADA7 appears to be inherently better than the ADA10 loci
perhaps due to differences in sequence compositions or epigenetic states near the target sites,
therefore repeated targeting may further enhance the disparity observed in the HDR to

NHE] ratio.

3.2.3 Strategies for enhancing HDR-mediated repair rate

Strategies for shifting the balance away from NHE]J-mediated indel mutations
toward precise modifications through the HDR pathway remain a major challenge for many
genome editing applications. Although Cas9-mediated gene knockout through indel
mutations introduced by NHE] has demonstrated high efficiency in many systems, accurate
modification of the genome through the HDR pathway continues to show limited
efficiency'”>”. Due to the low efficiency, a long and labor-intensive screening process is
often required to isolate correctly edited cells (see Chapter 2.2.1). It will be particularly
crucial to shift the balance away from competing NHE] pathway for therapeutic applications

dependent on successful HDR.

One of the perceived risk of manipulating the HDR:NHE] ratio by inhibition of
NHE] is that it may not be well tolerated by most cells, as NHE] plays a critical role in
routine DNA repair. Therefore, we began by devising strategies to promote HDR rather
than inhibit NHE]. Given that precise repair through HDR requires a coordinated two-step

process involving cleavage by Cas9 then repair by HDR machinery in the presence of a
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donor template, we reasoned that the likelihood of proceeding with HDR may be promoted

by coupling the donor oligo to the cutting site.

First, we explored the possibility of using single-stranded RNA as template for DSB
repair or DNA as the single-guide sequence for Cas9-mediated cleavage. If either strategy
succeeds, it would facilitate the design of a single construct, fusing the guide sequence with
the single-stranded donor oligo in order to couple the cleavage and repair events. The use of
RNA as DSB repair template was especially promising, as it has been demonstrated to work
in yeast, albeit with lower efficiency than DNA templates™. To evaluate the feasibility of
using RNA as repair template and DNA as single-guide sequence for Cas9, we designed the
same constructs targeting AAVST locus except with RNA as the donor oligo and DNA as
the single-guide sequence. We compared the two variations (sgRNA with ssSRNA donor
template, and sgDNA with ssDNA donor template) against the original setup (sgRNA with
ssDNA donor template) to gauge the gene editing efficiency of each approach. Three days
after co-transfecting the appropriate sgRNA-donor pairs into dox-induced cells, we
harvested the cells and analyzed the gene editing rates with next-generation sequencing.
Deep sequencing results revealed efficient gene editing rates with the original setup as

expected (HDR = 5.54%, NHE] = 10.25%) (Figure 3-8).
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Figure 3-8: Gene editing efficiency of alternative pairings of guide sequence and HDR donor
oligos.

While the NHE] rate for the sgRNA/RNA donor pair was comparable to the original
(NHE] = 13.81%), the HDR rate was virtually undetectable (HDR = 0.17%), suggesting that
while the sgRNA can complex with Cas9 and mediate cleavage reactions, the ssRNA donor
oligo failed to serve as an efficient donor for DNA repair. Meanwhile, we observed minimal
NHE] and HDR using the sgDNA/DNA donor pait, implying that Cas9 could not function
with single-guide sequences in the DNA form, resulting in deficient cutting and essentially
undetectable repair through either pathway. These observations informed us that linking the
guide sequence and donor oligo directly as one molecule with the same nucleotide

composition was not a viable path forward.

Next, we examined the possibility of enhancing HDR efficiency with the coupling
strategy by directly fusing the sgRNA and ssODN donor template together into a
RNA/DNA chimera. We designed an sgRNA targeting the AAVS1 locus fused with a

corresponding ssODN serving as repair template as a single molecule (Figure 3-9a). To test
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the functionality of the sgRNA-ssODN fusion, we transfected the chimera into dox-induced
PGP1 iPS-Cas9 cells and compared its gene editing efficiency with the individual sgRNA
and ssODN co-transfections by MiSeq analysis. Deep sequencing results showed the
functionality of sgRNA-ssODN chimera (HDR = 2.76%, NHE] = 4.6%), although with
approximately 3-fold reduction in efficiency compared to separate sgRNA and ssODN

system (HDR = 8.7%, NHE] = 13.8%) (Figure 3-9, b and c).
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Figure 3-9: Potential of gene editing using single chimera sgRNA-donor molecule. (a)
Design of sgRNA-donor DNA fusion (sgRNA in black, ssODN donor template in orange).
(b) Comparison of gene targeting efficiency between separate sgRNA and donor DNA
constructs, and single sgRNA-donor chimera design. (c) NHE] profile of sgRNA-donor
chimera shows indel formations around the target site.

A few factors may be at play. For one, the current design of sgRNA-ssODN chimera may
not yet be optimal for facilitating coordinated action of Cas9 and HDR machinery. With the
determination of Cas9 crystal structure in complex with sgRNA and target DNA, it was

observed that the 3’ end of the sgRNA protrudes through the back of the Cas9 complex,
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positioning it a fair distance away from the active sites of RuvC and HNH cleavage domains
(Figure 3-10)”. It is conceivable that adding a linker between the sgRNA and ssODN will
further enhance its ability to interact with the DSB by extending its length and flexibility.
Thereby, optimizing the sgRNA-ssODN chimera design with various linker lengths may
further improve its efficiency. Another possibility is that Cas9-mediated cleavage and HDR
repair occur sequentially through time and space. As such, the Cas9 protein needs to first
release the target DNA, likely bringing the sgRNA-ssODN chimera along, before the HDR
machinery can access the DSB for repair. In this scenario, having a covalently linked
sgRNA-ssODN chimera would not provide much benefit, as the ssODN may be secluded

within the Cas9 complex that has fallen off the target DNA.

Figure 3-10: Crystal structure of Cas9 nuclease in complex with sgRNA and target DNA as
solved by Nishimasu et al”’. sgRNA and target DNA are depicted in orange. HNH domain is
illustrated in magenta and RuvC domain in blue. (a) Front view. (b) Side view. (c) Back view.
Structure downloaded from Protein Data Bank (PDBID 4008).

Illuminated by the observations with chimeras and the Cas9 crystal structure, we
next sought to couple the ssODN repair template to sgRNA through non-covalent
interactions. We designed various sgRNAs with an elongated 3’ tail, serving as a docking site

for ssODN hybridization through Watson-Crick base-pairing interactions. By anchoring
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ssODN onto sgRNA through non-covalent interactions, we reasoned that sgRNA and
ssODN can be pre-annealed and both be present at the target DNA site. After the sgRNA
mediates Cas9 cleavage, the ssODN may be recognized as the repair template by the
incoming repair machinery and subsequently released from the sgRNA dock to mediate
HDR repair. To test the docking strategy, we designed a number of sgRNA-docks targeting
the AAVS1 and TAZ loci, varying the linker length between the sgRNA and docking site,
the length of the docking site, as well as the orientation of the free ssODN donor arm

(Figure 3-11).
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Figure 3-11: Schematic of sgRNA-dock designs.

To evaluate the efficiency of the docking strategy, we co-transfected the pre-
hybridized sgRNA-dock and ssODN donor oligo into dox-induced iPS-Cas9 cells and

analyzed the gene editing efficiency by MiSeq three days post-transfection. For both target
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sites, the original sgRNA with free ssODN donor oligos still maintain the highest absolute
percentage of gene editing. The reduced gene editing rates of dock designs may be attributed
to the extended 3’ tail as it can potentially hinder the interaction with Cas9. However, we
noticed most of the docking strategy designs still induced reasonable HDR and NHE] rates.
In particular, dock 3 design achieved slightly better HDR:NHE] ratio compared to the
original system although the increase was not statistically significant (Figure 3-12). Several
factors may come into play in the docking strategy. First, iz vitro experiments have shown
that Cas9- RNA remains bound to cleaved DNA™, implying it will only be displaced by the
incoming repair machinery. Since the mechanism for handing off the DSB from the Cas9
complex to the repair machinery is still unclear, it may be beneficial to protect the docked
oligos with phosphorothioate bonds to prevent it from being degraded or resected by the
repair machinery. In addition, the preliminary version of the sgRINA docks provide landing
site for a single docking oligo, thus localizing only one copy of the donor near the cut. Since
increasing intracellular donor concentration will enhance the HDR frequency up to a
saturation point, the docking strategy may be improved by designing sgRNA docks with a
longer 3’ tail that allows multiple docking donor oligos to anneal and localize to the cleavage
site. Taken together, the result implies that the docking strategy is functional in mediating

gene editing, and may be engineered to further enhance the HDR:NHE] ratio.
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Figure 3-12: Evaluation of docking strategy for promoting HDR over NHE] rate. (a) Gene
targeting efficiency and HDR/NHE] ratio for AAVS sgRNA-dock designs. (b) Gene
targeting efficiency and HDR/NHE] ratio for TAZ sgRNA-dock constructs.

Another approach reported to enhance genome editing specificity was through the
use of double Cas9 D10A mutant nickases (Cas9n), a catalytically inactive version of Cas9
that binds but does not cleave target DNA, and a pair of offset sgRNAs. Studies of Cas9
specificity have shown that while the 20nt sgRNA contributes to target DNA recognition,
mismatches can be tolerated depending on its position, quantity, and base identify**”’. Paired
nickases have been developed to improve specificity by requiring the nicking of both target
DNA strands by a pair of Cas9 nickases to induce site-specific DSB, whereas single nicks are
mainly repaired by the high-fidelity base excision repair pathway (BER)”. As the double

nickase method has been demonstrated to enhance genome editing specificity, we proceeded
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to construct a PGP1 iPS-Cas9n cell line as a resource for nickase-based experiments. As
before, we constructed the PGP1 iPS-Cas9n cell line by inserting a reverse tetracycline-
controlled transactivator (rtT'A) and Cas9n under the control of a tet response element (TRE)
into PGP1 iPS cells via the piggyBac transposon. The system allows Cas9n expression to be
tightly controlled and activated only by the addition of doxycycline into the culture media.
The transfected cells were selected with puromycin and Cas9n integration was confirmed by
qPCR. We envision the iPS-Cas9n cell line to be a useful research tool for further

developments aimed at improving genome editing specificity.

3.2.4 Investigation of site-to-site variability in genome editing efficiency

Given that we have observed variability in HR:INHE] ratio at different target loci, we
next explored the impact of chromatin state on genome editing efficiency. We first analyzed
the DNasel hypersensitivity (HS) signal from an ENCODE iPS cell line (NIHi7)” for three
sgRNA targets of interest — AAVS, ADA7, ADA10 — given that they have been used
extensively in our experimental system. Interestingly, we observed a positive correlation (R
= 0.83, P = 0.27) between DNasel HS signal and HR:NHE] ratio, implying that more open
chromatin is more prone to repair through the HDR pathway (Figure 3-13). Although the
initial dataset was too small to be of significance, it revealed a potential role of chromatin

state in regulating gene editing efficiency.
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Figure 3-13: Cortelation of DNasel hypersensitivity (HS) signal with the HDR/NHE] ratio
at AAVS1, ADA7, and ADA10 genomic loci. (R* = 0.83, P = 0.27).

To further explore the effect of chromatin state on gene editing rate, we designed
16 sgRNAs and corresponding HDR donor oligos tiling from ADA exon 7 to exon 10 to

better understand the landscape (Figure 3-14).

ADA genomic locus

Exon 7 Ex 8 Ex 9 Ex 10

mrerroor o ! AR

Relative sgRNA target sites (bp)

Figure 3-14: Design of tiling sgRNAs spanning ADA exon 7 to exon 10. sgRINA target sites
indicated by arrow, numbers represent relative position in the genome. Note: scale for target
sites <100bp has been enlarged for clarity.

We co-transfected each pair of sgRNA and HDR donor oligos into dox-induced PGP1 iPS-
Cas9 cells and harvested the cells three days post-transfection for MiSeq analysis. Then, we
assessed the gene editing rates from deep sequencing data and compared it against the
DNasel HS signal from the NIHi7 cell line. Intriguingly, the HDR/NHE] ratio cortelated
poorly with DNase HS signal (R* = 0.15, P =0.14) as opposed to our earlier findings (Figure

3-15).
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Figure 3-15: Comparison of gene targeting efficiency relative to DNase hypersensitivity (HS)
landscape across ADA exon 7 and exon 10. The panels show (a) HDR frequency (b) NHE]
frequency (c) HDR/NHE] ratio and (d) DNase HS signal across the ADA sgRNA target
sites. Note: scale for target sites <100bp has been enlarged for clarity.

We reasoned the discrepancy may be due to the proximity of the sites targeted in the ADA
landscape investigation, thus making it more difficult to pinpoint defined DNasel HS signal
across various sites. Additionally, it is possible that the chromatin status of the iPS cells
continues to shift while in culture, potentially contributing to the variable HR:NHE] ratio we
have observed. Also of note, the NIHi7 iPS cell line used for DNasel HS signal analysis is
different from the PGP1 iPS-Cas9 cell line used for gene editing and only served as an initial
reference point for comparison. Since cell lines derived from different sources have distinct
genetic and epigenetic features, it would be ideal to compare the DNasel HS signal and gene

editing efficiency in the same cell line.
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Figure 3-16: Comparison of gene targeting efficiency relative to donor DNA and sgRNA
parameters. The panels show (a) HDR frequency (b) NHE] frequency (¢) HDR/NHE] ratio
(d) donor GC content (e) sgRNA GC content (f) sgRNA G content and (g) sgRNA melting
temperature across the ADA sgRNA target sites. Note: scale for target sites <100bp has
been enlarged for clarity.

In addition, we investigated various donor DNA and sgRNA parameters including
GC content, G percentage, and melting temperature, but found no significant correlations to
HDR and NHE] frequency (Figure 3-16). Given the considerable range of possible variables,

future studies investigating a wider spectrum of genomic targets and their corresponding
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DNasel HS signals across different time points will help elucidate the role of chromatin state
in impacting gene editing ratios. It will also be interesting to examine other factors that may
come into play, including positional effects, target sequence contexts, sgRNA and donor
parameters, and transcriptional level of target genes. A deeper understanding of the critical
parameters governing the HDR to NHE] ratio will enable better strategies to engineer Cas9-

based tools to further shift the DSB repair pathway choice towards HDR.

3.3 Experimental Methods

All oligonucleotide sequences used were synthesized by Integrated DNA Technologies

aDT).

3.3.1.1 Cell Line and Cell Culture

PGP1 iPS cell line and PGP1 iPS-Cas9 cell line were obtained and maintained with

the same methods described in 2.3 Experimental Methods.

3.3.1.2 Design of sgRNA, HDR Donor Oligo, MiSeq Primers

sgRNA, HDR donor oligo, and MiSeq primers for each new target was designed and
synthesized using the same principles outlined in described in 2.3 Experimental Methods.

See Table 3-1, Table 3-2, Table 3-3, and Table 3-4 for a complete list of sequences.

3.3.1.3 RNA Transfection

For one-day single-target RNA transfections of PGP1 iPS-Cas9 cells, the procedures
were similar to those outlined in Chapter 2.3. Briefly, 1-2 x 10° cells were seeded per 48-well
plate one day before transfection and changed to media containing 0.5 — 1 ug/ml

Doxycycline (Sigma-Aldrich) two hours prior to transfections to induce Cas9 expression.
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RNA transfections were performed with RNAIMAX (Invitrogen) cationic lipid delivery
vehicles following manufacturer’s procedures, while specific parameters may be modified
according to our optimization experiments. In general for each 48-well reaction, ~30 pmol
sgRNA and ~70 pmol donor oligo were first diluted in 25ul Opti-MEM basal media
(Invitrogen) while 6ul of RNAIMAX reagent was diluted in 25ul Opti-MEM basal media.
Then, these components were mixed and incubated for 15 minutes at room temperature
before adding to cells. Transfected cells were maintained in 37°C incubator and changed
with mTeSR-1 Basal Medium (STEMCELL technologies) daily until harvest 3 days post-
transfection. In certain experiments, the interferon inhibitor B18R (eBioscience) was added

at 200 ng/ml as a media supplement.

For one-day double targeting of ADA7 and ADAI10 experiments, the same
procedures described above were employed with the difference of each sample receiving

twice the amount of sgRNA, HDR donor oligio, and Dox.

For one-day multiple-donor competition experiments, the method outlined for one-
day single-target conditions was performed with the difference that each sample received

~30 pmol sgRNA and ~80 pmol of pooled HDR donor oligos at equimolar ratio.

For continuous editing experiments, the same procedure for single-target RNA
transfections was carried out, but repeated daily for 7 — 14 days. Cells were harvested 3 days

post transfection as before.
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3.3.1.4 MiSeq Library Preparation

MiSeq library was prepared using the same method as described in 2.3 Experimental

Methods.

3.3.1.5 Sequencing Data Analysis

MiSeq reads were analyzed using the same platform as described in 2.3 Experimental

Methods.

3.3.1.6 Isolation of Edited iPS Cell Clones

Human iPS cells grown on feeder-free conditions were treated with mTeSr-1 media
supplemented with SMC4 (5 uM thiazovivin, 1 uM CHIR99021, 0.4 uM PD0325901, 2 uM
SB431542)'" for at least 2 h before fluorescence-activated cell sorting (FACS) sorting.
Single-cell suspensions were generated by adding Accutase (Millipore) and resuspending in
mTeSr-1 media supplemented with SMC4 and 0.5 ul of the viability dye ToPro-3
(Invitrogen). Next, live human iPS cells were single-cell sorted using a BD FACSAria 11
SORP UV (BD Biosciences) with 100 pm nozzle under sterile conditions to minimize stress
on the hiPSCs. The cells were sorted into 96-well plates coated with irradiated CF-1 mouse
embryonic fibroblasts (Global Stem) and hES cell medium'”' supplemented with 100 ng/ml
recombinant human basic Fibroblast Growth Factor (Millipore), SMC4, and 5 pg/ml
fibronectin (Sigma). After sorting, plates were centrifuged at 70g for 3 min and incubated in
37°C incubator. Colony formation was observed 4 — 7 days post sorting, and culture media
was changed to cell medium with SMC4. Eight days after sorting, media was replaced with

hES cell medium without supplements.
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A few thousand cells were harvested 1 — 2 weeks after FACS. To extract genomic
DNA, 0.1 pl of prepGEM tissue protease enzyme (ZyGEM) and 1 ul of prepGEM gold
buffer (ZyGEM) were added to 8.9 ul of cells in the medium. The reactions were then added
to 25 ul of PCR mix containing 12.5 ul of 2X KAPA Hifi Hotstart Readymix and 100 uM of
forward and reverse primers. Reactions were incubated at 95°C for 5 min followed by 30
cycles of 98°C for 20 sec, 60°C for 20 sec, and 72°C for 20 sec. Products were Sanger

sequenced, and sequences were analyzed with Lasergene (DNASTAR).

3.3.1.7 Analysis of DNasel Hypersensitivity (HS) Sites

The DNasel HS Overlap signal of the NIHi7 iPS cell line was downloaded from

UCSC ENCODE dataset (https://genome.ucsc.edu/ ENCODE/). The DNasel HS signals

for the regions of interest were obtained by running the bigWigAverageOverBed command
on the base overlap signals. The resulting data for each target region were compiled for

further analysis with MiSeq data.

Table 3-1. sgRNA design sequences.

TAATACGACTCACTATAGGcgtactgtccacgccggggGTTTTAGAGCTAGAAATA
GCAAGTTAAAATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGGT
GCT

ADA ex7
_T7

TAATACGACTCACTATAGGgacatgggctttactgaagGTTTTAGAGCTAGAAATA
GCAAGTTAAAATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGGT
GCT

ADA exl
0_T7

TAATACGACTCACTATAGGGGGGCCACTAGGGACAGGATGTTTTAGAGCTAGAAAT
AAVS T7 | AGCAAGTTAAAATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGG
TGCT

TAATACGACTCACTATAGGGaagctcaaccatggggactGTTTTAGAGCTAGAAAT
TAZ T7 | AGCAAGTTAAAATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGG
TGCT
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Table 3-1 (Continued).

AAVS-
SgRNA-
donor-
chimera

rGrGrGrCrCrArCrUrArGrGrGrArCrArGrGrArUrGrUrUrUrUrArGrArG
rCrUrArGrArArArUrArGrCrArArGrUrUrArArArArUrArArGrGrCrUrA
rGrUrCrCrGrUrUrArUrCrArArCrUrUrGrArArArArArGrUrGrGrCrAxrC
rCrGrArGrUrCrGrGrUrGrCrUrGGGAGGCCTAAGGATGGGGCTTTTCTGTCAC
CAATggTGTCCCTAGTGGCCCCACTGTGGGGTGGAGGGGA

Red: RNA bases. Black: DNA bases.

Dock U6
_gblock

TGTACAAAAAAGCAGGCTTTAAAGGAACCAATTCAGTCGACTGGATCCGGTACCAA
GGTCGGGCAGGAAGAGGGCCTATTTCCCATGATTCCTTCATATTTGCATATACGAT
ACAAGGCTGTTAGAGAGATAATTAGAATTAATTTGACTGTAAACACAAAGATATTA
GTACAAAATACGTGACGTAGAAAGTAATAATTTCTTGGGTAGTTTGCAGTTTTAAA
ATTATGTTTTAAAATGGACTATCATATGCTTACCGTAACTTGAAAGTATTTCGATT
TCTTGGCTTTATATATCTTGTGGAAAGGACGAAACACCGGGGGCCACTAGGGACAG
GATGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTCCGTTATCAACTTG
AAAAAGTGGCACCGAGTCGGTGCTTTTTTTATCcttttatctgtcececcteccacccece

ADA7
gRNA-2
(-3)

TAATACGACTCACTATAGGGcaccgtactgtccacgccgGTTTTAGAGCTAGAAAT
AGCAAGTTAAAATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGG
TGCT

ADA7
gRNA-3
(+3)

TAATACGACTCACTATAGGGactgtccacgccggggaggGTTTTAGAGCTAGAAAT
AGCAAGTTAAAATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGG
TGCT

ADA7
gRNA-4
bottom
(+13)

TAATACGACTCACTATAGGGtcggccgagcccacctcccGTTTTAGAGCTAGAAAT
AGCAAGTTAAAATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGG
TGCT

ADA7
gRNA-5
(+9)

TAATACGACTCACTATAGGGcacgccggggaggtgggctGTTTTAGAGCTAGAAAT
AGCAAGTTAAAATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGG
TGCT

ADA7
gRNA-6
(+32)

TAATACGACTCACTATAGGGcgaagtagtaaaagaggtgGTTTTAGAGCTAGAAAT
AGCAAGTTAAAATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGG
TGCT

ADA
gRNA-7
(+49)

TAATACGACTCACTATAGGGtgagggcctgggetggeccaGTTTTAGAGCTAGAAAT
AGCAAGTTAAAATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGG
TGCT

ADA
gRNA-8
(+81)

TAATACGACTCACTATAGGGcactgcctecctecccatactGTTTTAGAGCTAGAAAT
AGCAAGTTAAAATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGG
TGCT

ADA
gRNA-9
(+241)

TAATACGACTCACTATAGGGagtggggaggaaccatcccGTTTTAGAGCTAGAAAT
AGCAAGTTAAAATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGG
TGCT
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Table 3-1 (Continued).

ADA TAATACGACTCACTATAGGGgttccaggaaggccaaagaGTTTTAGAGCTAGAAAT
gRNA-10 | AGCAAGTTAAAATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGG
(+500) TGCT
ADA TAATACGACTCACTATAGGGagccgcecctteccccaagacaGTTTTAGAGCTAGAAAT
gRNA-11 | AGCAAGTTAAAATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGG
(+1000) | TGCT
ADA TAATACGACTCACTATAGGGtggagtagccagctcccagGTTTTAGAGCTAGAAAT
gRNA-12 | AGCAAGTTAAAATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGG
(+1511) | TGCT
ADA1O0

RNA-13 TAATACGACTCACTATAGGGgggtggacttgaagatgagGTTTTAGAGCTAGAAAT
gottom AGCAAGTTAAAATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGG
(+1950) | T6CT
ADA1O TAATACGACTCACTATAGGGgattaccagatgaccaaacGTTTTAGAGCTAGAAAT
gRNA-14 | AGCAAGTTAAAATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGG
(+1980) | TGCT
ADA1O0 TAATACGACTCACTATAGGGagtttaaaaggctggtgagGTTTTAGAGCTAGAAAT
gRNA-15 | AGCAAGTTAAAATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGG
(+2023) | TGCT

Table 3-2. PCR Primers for constructing dock sgRNAs.

AAVS dock_F

TAATACGACTCACTATAGGGGGCCACTAGGGACAGGATGTTTTAGAGCT
AGAAATAGCA

Dockl PCR-R
(3'_Long 90don

or)

ggggtggaggggacagataaaagGATAAAAAAAGCACCGACTCGGTGCC
ACTTTTTCAAGTTG

Dock2 PCR-R
(3'_Short 90do

nor)

ggaggggacagataaaagGATAAAAAAAGCACCGACTCGGTGCCACTTT
TTCAAGTTG

Dock3_PCR-R
(mid Long 90do

nor)

gtcaccaatGGtgtccctagGATAAAAAAAGCACCGACTCGGTGCCACT
TTTTCAAGTTG

Dock4 PCR-R
(mid_Short_90d

onor)

tGGtgtccctagGATAAAAAAAGCACCGACTCGGTGCCACTTTTTCAAG
TTG
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Table 3-2 (Continued).

Dock5_ PCR-R
(5' _Long 90
donor)

ctaggaaggaggaggcctaagGATAAAAAAAGCACCGACTCGGTGCCACTTT
TTCAAGTTG

Dock5R_PCR-
R

(5' _Long 90
donor)

gaatccggaggaggaaggatcGATAAAAAAAGCACCGACTCGGTGCCACTTT
TTCAAGTTG

Dock6_PCR-R
(5'_Short 9
Odonor)

gaggaggcctaagGATAAAAAAAGCACCGACTCGGTGCCACTTTTTCAAGTT
G

Dock6R_PCR-
R
(5'_Short 9
Odonor)

GAATCCGGAGGAGGATAAAAAAAGCACCGACTCGGTGCCACTTTTTCAAGTT
G

Dock7_PCR-R
(3'_Long 18
Odonor)

cggccctgggaatataaggtggGATAAAAAAAGCACCGACTCGGTGCCACTT
TTTCAAGTTG

Dock8_ PCR-R
(3'_Short_1
80donor)

ctgggaatataaggtggGATAAAAAAAGCACCGACTCGGTGCCACTTTTTCA
AGTTG

Dock9R_PCR-
R
(5'_Long 18
Odonor)

gggtggaggacaatccgtctaGATAAAAAAAGCACCGACTCGGTGCCACTTT
TTCAAGTTG

Dock1l0R_PCR
-R
(5'_Short_1
80donor)

gggtggaggacaatcGATAAAAAAAGCACCGACTCGGTGCCACTTTTTCAAG
TTG

Dock1l1lR_PCR
-R

(5' _polyT 9
Odonor)

gaatccggaggaggaaggatcAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAG
ATAAAAAAAGCACCGACTCGGTGCCACTTTTTCAAGTTG

Dock12R_PCR
-R (5'_stem
loop 90dono
r)

gaatccggaggaggaaggatcGATAACGGACTAGCCTTAAAAAGCACCGACT
CGGTGCCACTTTTTCAAGTTG

TAZ T7_ PCR-
F

TAATACGACTCACTATAGGGaagctcaaccatggggactGTTTTAGAGCTAG
AAATAGCA

78




Table 3-2 (Continued).

ggz Eofg}' CTCCAAAATGAAGTCCATCCGATAAAAAAAGCACCGACTCGGTGCCACTTTTT
CAAGTTG

Long)

Taz Dock2-

PCR R (3' tgaagtccatccGATAAAAAAAGCACCGACTCGGTGCCACTTTTTCAAGTTG

Short)

Taz Dock

3- PCR R acccagtGececcatggttgGATAAAAAAAGCACCGACTCGGTGCCACTTTTTCA
. AGTTG

(mid Long)

Taz Dock

4- PCR R

(mid tGcccatggttgGATAAAAAAAGCACCGACTCGGTGCCACTTTTTCAAGTTG

Short)

Taz Dock

5_ PCR R ccctgctgaccttctgggaaGATAAAAAAAGCACCGACTCGGTGCCACTTTTT
. CAAGTTG

(5" Long)

Taz Dock

5R— PCR R aagggtcttccagtcgtcccGATAAAAAAAGCACCGACTCGGTGCCACTTTTT
. CAAGTTG

(5" Long)

Taz Dock

6- PCR R ccctgectgacctGATAAAAAAAGCACCGACTCGGTGCCACTTTTTCAAGTTG

(5' Short)

Taz Dock

6R- PCR R TCCAGTCGTCCCGATAAAAAAAGCACCGACTCGGTGCCACTTTTTCAAGTTG

(5' Short)

Taz Dock

11R— PCR R aagggtcttccagtcgtcccAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAGAT
\ AAAAAAAGCACCGACTCGGTGCCACTTTTTCAAGTTG

(5" polyT)

Taz Dock

12R- PCR R | aagggtcttccagtcgtcccGATAACGGACTAGCCTTAAAAAGCACCGACTCG

(5' Stem GTGCCACTTTTTCAAGTTG

Loop)
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Table 3-3. ssODN HDR donor template sequences.

CCAGGAGGCTGTGAAGAGCGGCATTCACCGTACTGTCCACGCCAGGGAGGTGGG

ADA-ex7 CTCGGCCGAAGTAGTAAAAGAGGTGAGGGCCTGGGC

ADA-ex10 CTGGACACTGATTACCAGATGACCAAACGGGACATGGGCTTTACT<DEL (GAAG
A)>GGAGTTTAAAAGGCTGGTGAGTGGGTGTGAGCCATACTGGCCTTG

SBDS—TV2 CAGTGCGTTTGGAACAGATGACCAAACTGAAATCTGTAAGCAGGCGGGTAACAG
CTGCAGCATAGCTAACCCTAATAACCATTTATAACG

SBDS—TV3 GATAGAGAAAGATAGTGATTTCTTAAATGTGTTGGCATTTTTTTAAATTTTGAC
TAAAGGAGAAGTTCAAGTATCAGATAAAGAAAGACA
ggaggcctaaggatggggcttttctgtcaccaatGGtgteccctagtggececccac

AAVS 70

- tgtggggtggagggga

ctaggaaggaggaggcctaaggatggggcttttctgtcaccaatGGtgtceccta

AAVS 90

— gtggccccactgtggggtggaggggacagataaaag

TAZ mut ccctgctgaccttectgggaagatatgcacccagtGeccatggttgagettetece

oligo 1 aaaatgaagtccatcc

TAZ mut ccctgctgaccttectgggaagatatgcaGecagtGeccatggttgagettetece

oligo 2 aaaatgaagtccatcc

TAZ mut ccctgctgaccttctgggaagatatgcacccagt<DEL (G)>

oligo 3 cccatggttgagcttctccaaaatgaagtccatcecce

g??7o¥;t ccttccaggaggctgtgaagagcggcattcaccgtactgtccacAccggggagg

(_3? tgggctcggccgaagtagtaaaagaggtgagggect

é??7o¥gt aggaggctgtgaagagcggcattcaccgtactgtccacgeccggghaggtggget

(+3? cggccgaagtagtaaaagaggtgagggcctgggectg

ADA7 Mut

Oligo-4 cagcccaggccctcacctcttttactacttecggecgagecccacctTcececggegt

bottom ggacagtacggtgaatgccgctcttcacagecctect

(+13)

g??7o¥gt ctgtgaagagcggcattcaccgtactgtccacgccggggaggtgAgctcggecg

(+9? aagtagtaaaagaggtgagggcctgggctggccatg

AD%7 Mut actgtccacgccggggaggtgggctcggccgaagtagtaaaagaAgtgagggcec

Oligo-6

(+32) tgggctggccatggggtccctecctcactgectecte
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Table 3-3 (Continued).

AD% Mut ggtgggctcggccgaagtagtaaaagaggtgagggecctgggectgAccatggggt
Oligo-7
(+49) ccctcctcactgecctectecccatacttggetectatt
ADA Mut gggcctgggctggccatggggtccctectcactgectecteccaCacttggete
Oligo-8
(+81) tattctgcttctctacaggctgtggacatactcaag
ADA Mut
01igo-9 acatgcacttcgaggtaagcgggccagggagtggggaggaaccaCccccggcectg
(+241) tcccaacttecctgtatagagaggcagaaagcagggce
ADA Mut
0ligo-10 gctctgttccecctgggecctgttcaattttgttccaggaaggeccaTagagggaag
(+500) aaactttagggattgggcatcagcccatgccgegtce
g?? gle cacaggagcagtatcaggccttaggaaaaagccgccttccccaalAacaaggaca

g gcaagaactcagggtgaccatggtcaggccagcact
(+1000)
ADA Mut
0ligo—12 tcgtgccaagaacagcttccatggtatgttggagtagecageteGeagtgggac
(+1gll) tgaggaacaagcagggtagggtgcagaggggaaggc
ADA10 Mut
Oligo-13 ccgtttggtcatctggtaatcagtgtccagggtggacttgaagaCgagcgggte
Bottom atctgtgttgagcgagtagttagcctggtcattttt
(+1933)
ADAlO Mut cgctcatcttcaagtccaccctggacactgattaccagatgaccTaacgggaca
Oligo-14
(+1980) tgggctttactgaagaggagtttaaaaggctggtga
ADAlO Mut caaacgggacatgggctttactgaagaggagtttaaaaggctggCgagtgggtg
0ligo-15

tgagccatactggccttgactcgggtttgggagtat

(+2022)
ADA10 Mut | tggacactgattaccagatgaccaaacgggacatgggctttactAaagaggagt
Oligo-16 ttaaaaggctggtgagtgggtgtgagccatactgge
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Table 3-4. MiSeq PCR primer sequences.

ADA ex7 F- ACACTCTTTCCCTACACGACGCTCTTCCGATCTgtatgggaggaggcagt
primer gag
ADA ex7 R- GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTaggcagcatgactagg
primer atgg

ADA ex10 F-
primer

ACACTCTTTCCCTACACGACGCTCTTCCGATCTtgacccgctcatcttceca
agt

ADA ex10 R-

GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTgcagactcactcccte

primer tctc
SBDS_IV2 F- ACACTCTTTCCCTACACGACGCTCTTCCGATCTaggaagatctcatcagt
primer gcgt

SBDS_IV2 R-

GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTtgatttcaggaggttt

primer tggca
SBDS_IV3 F- ACACTCTTTCCCTACACGACGCTCTTCCGATCTctgctccagttgtgtgt
primer gtc

SBDS_IV3 R-

GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTgggcaaagctcaaacc

primer attac
ACACTCTTTCCCTACACGACGCTCTTCCGATCTCGGTTAATGTGGCTCTG
AAVS-F
GTT
GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTACAGGAGGTGGGGGTT
AAVS-R
AGAC
ADA Miseq ACACTCTTTCCCTACACGACGCTCTTCCGATCT

Primer F-6

ttccaggaggctgtgaagag

ADA Miseq
Primer R-6

GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTggtgtggtagcegtgt
ccC

ADA Miseq
Primer F-9

ACACTCTTTCCCTACACGACGCTCTTCCGATCTgctaccacaccctggaa
gac

ADA Miseq
Primer R-9

GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTgccacccctcgagttce
ct

ADA Miseq
Primer F-10

ACACTCTTTCCCTACACGACGCTCTTCCGATCTggtccagctacctcact
ggt

ADA Miseq
Primer R-10

GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTcccagggtgtcgaaga
gat
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Table 3-4 (Continued).

ADA Miseq
Primer F-11

ACACTCTTTCCCTACACGACGCTCTTCCGATCTcccatcctggagtctaa
cca

ADA Miseq
Primer R-11

GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTcagaacatcagagccg
aagc

ADA Miseq
Primer F-12

ACACTCTTTCCCTACACGACGCTCTTCCGATCTtggtcagagctaggaaa
gatcc

ADA Miseq
Primer R-12

GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTgagccaagaaagcaac
atcc

ADA ex10 F
Primer-2

ACACTCTTTCCCTACACGACGCTCTTCCGATCTgctgattctctecctecet
ccc

ADA ex10 R
Primer-2

GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTaccatactcccaaacc
cgag

TAZ Miseq F

ACACTCTTTCCCTACACGACGCTCTTCCGATCTccccgagaatggttact
gat

TAZ Miseq R

GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTccatcececgctcatact
g9
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CHAPTER 4 Conclusion and Outlook

In summary, we describe the development of a versatile and efficient genome
engineering platform in human iPS cells in part I of the thesis. The system was built by the
integration of Cas9 into the PGP1 iPS cell genome via a piggyBac transposon system. We
have further optimized and characterized the system to achieve simple, efficient, continuous
and multiplexable gene targeting in human iPS cells. In addition, we have explored various
coupling strategies to enhance the HDR over NHE] rate, paving way for future method
developments to further shift the balance toward precise HDR repair. We anticipate the
versatile platform to be a valuable resource for rapid generation of mutant human iPS cells
for the study of gene functions and causal disease variants in an isogenic background that is
scalable for high-throughput analysis. The high efficiency of the system allows rapid creation
of disease models with greatly reduced screening complexity and without the need for drug
selection, facilitating the functional study of genetic variations in development and disease.
The ease of multiplexing will also advance the study of complex multigenic diseases and
epistatic relationship of multiple genes. A similar approach may also be applied for

constructing alternative Cas9-effector variants to repurpose the platform for investigation of

84



transcriptional regulation, epigenetic control, and live cell DNA imaging. The knowledge
gained from genetic studies in the facilitated iPS-Cas9 genome editing system will ultimately
provide valuable insights for future applications in clinical medicine, as genome engineering
of patient iPS cells to correct genetic mutations via the HDR pathway may open the door to

the future of hiPSC-based autologous transplantation therapy.

The pace of developments in Cas9 based genome engineering technology over the
past couple of years has been phenomenal, however, several challenges remain to be
addressed before clinical applications can be realized. The specificity of Cas9 targeting will
need to be significantly improved before reaching the clinic. Toward this end, development

102

of unbiased methods to globally assess off-target activity such as GUIDE-seq ™~ will paint a
more complete picture of the off-target effects of different genome editing platforms and
help identify the safest route forward. Having a better understanding of Cas9 activity in the
context of chromatin accessibility will also guide computational design of sgRNA targets
with increased on-target efficiency and minimized off-target effects. Furthermore, methods
for efficient delivery of Cas9 and sgRNA to specific cell types and tissues or developmental
stages will be especially important for human gene therapy. Deeper structural and
biochemical understanding of the CRISPR-Cas9 system may enable further engineering to
identify Cas9 variants with increased specificity and broader targeting range that are also
smaller and easier to deliver. Finally, strategies to shift the DSB repair pathway balance to

enhance HDR will be critical for achieving therapeutic efficacy in a broad range of genetic

disorders.

Given the unprecedented progress and power of Cas9-mediated genome editing
technology, the scientific community recently raised the issue of ethical concerns regarding

genome editing of the human germ line. Although the Cas9 system has been demonstrated
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to facilitate genomic modifications in differentiated somatic cells, pluripotent stem cells, and
animal eggs or embryos, a comprehensive analysis of safety is lacking as it may be impossible
to fully comprehend the spectrum of potential problems arising from genetic modifications
in an embryo until years after birth. Our limited knowledge of human evolutionary biology
and disease, as well as gene-environment interactions makes consequences of heritable
germline modifications hard to predict. Even assuming the safety and efficacy of genome
editing technologies, the ethical issue of whether and when the use of this technology to
modify the human germ line would be ethically justifiable remains a philosophical dilemma
for humanity. As George Q. Daley, a professor of biological chemistry and molecular
pharmacology at Harvard Medical School, sums up the issue in a recent New York Times
article, “It raises the most fundamental of issues about how we are going to view our
humanity in the future and whether we are going to take the dramatic step of modifying our
own germline and in a sense take control of our genetic destiny, which raises enormous peril

551

for humanity”'”. The recent call by leading scientists within the genome editing community
for a voluntary moratorium on human germline modification experiments and for the
creation of open dialogue involving experts in science, bioethics, law, governmental agencies,
as well as the public will initiate the process for educating, debating, and together

formulating a responsible path forward for genome editing applications, taking all the risks

and benefits into consideration.

The discovery and development of the powerful CRISPR-Cas9 genome engineering
technology from the bacterial immune defense system underscores the importance of basic
science research, attesting to the notion that science and technology together drives the
advancement of human knowledge. The simplicity, efficiency, and versatility of the Cas9

system have revolutionized basic and biomedical research. Great strides made by the
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scientific community and those to come will undoubtedly lead to future avenues for

innovation in basic science, biotechnology, and clinical medicine.

87



Part 1I:

in sitn Sequencing Technology
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CHAPTER 5 Introduction

Each cell in a multicellular organism holds the same genetic code, yet the intricate
regulatory mechanisms encoded by the genome leads to substantial spatial heterogeneity and
complexity in different tissues, largely as a result of the differentially regulated intermediate
gene expression pathway. As the first step in the gene expression pathway, transcriptional
activity is tightly regulated in order to execute distinct developmental programs by expressing
or repressing target genes whose expression is important to cellular fate. Therefore, the
ability to detect and quantify mRNA levels is of significant importance in order to dissect

biological and developmental questions of interest.

Traditionally, most gene expression analysis methods such as RT-PCR, microarray,
and nanostring make ensemble measurements of averaged expression levels. Most of these
methods require disaggregating and lysing cell populations, while certain methods also
involve synthesis and amplification of cDNA which are then subject to quantitative

1019 " One limitation of these methods is the requirement for large numbers of cells

analysis
to isolate sufficient material to perform an experiment. Yet perhaps the most critical

shortcoming of these techniques is the lack of single-cell resolution as it is becoming
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increasingly apparent that gene expression in individual cells may deviate significantly from
the average behavior of cell populations. This is of particular importance when investigating
a heterogeneous mixture of cells whose expression profile may differ largely due to
regulatory programs in distinct developmental stages. The developing embryo, solid tumors,
and brain tissue all represent examples of inherently heterogeneous biological samples.
Furthermore, single cell analysis allows noise from stochastic biological fluctuations to be
observed"”. As a result, several new techniques have been developed such as single-cell
RNA-Seq and microfluidic-based single-cell gene expression analysis'™'”. Although
achieving single-cell resolution, these methods are still limited by the need for cell lysis, thus
leading to the partial degradation of RNA as well as the loss of spatial information. As steps
along the gene expression pathway take place in distinct cellular compartments, the ability to
maintain structural information is critical in obtaining a sharper picture of cellular processes.
Therefore, to study the localization and fluctuation of expressed genes, single cell methods

with single molecule sensitivity while preserving spatial orientation are essential.

5.1 Brief overview of iz sit# RINA profiling technologies

To satisty the need for single-cell mRNA analysis with spatial information, methods
including MS2 mRINA detection and in vivo hybridization of target mRNAs with molecular

110
. However, the need to

beacons have been developed with real-time imaging capability
create transgenes with long untranslated regions may affect normal mRNA dynamics and be
unsuitable for multiplexing. A traditional technique that enables 7# situ single-cell mRNA

analysis is fluorescent zz situ hybridization (FISH) developed by Robert Singer and

colleagues'''. The method involves hybridizing five oligonucleotide probes, each conjugated
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with five fluorophore moieties, to the mRINA target to create high-intensity signals that can
be imaged and quantified. Although FISH showed single molecule sensitivity, it was also
estimated that over 30% of the transcripts hybridized to zero or only one of the probes.
Since a single probe binding event cannot be definitively discriminated between targeted

binding and merely nonspecific binding, the specificity of the assay is limited.

More recently, several novel methods have been developed to address the issue of
sitn mRNA detection from different standpoints. The first of which modified the Singer
protocol by probing target mRNAs with more (> 30) and shorter oligonucleotides (20 bases),
each hybridizing to a different region of the target mRNA'”. The rationale is to label each
oligonucleotide with a single fluorophore at its 3” end. Upon hybridization, many fluors are
brought near the target and generate a diffraction-limited spot detectable by wide-field
fluorescence microscope. This clever approach achieves 7 situ single mRINA detection with

single-cell resolution.

Another interesting strategy employs orthogonal amplification with hybridization
chain reactions (HCR) that function independently in the same sample to achieve detection
of five mRNA targets simultaneously'”. Once a specific RNA initiator is detected, the
metastable fluorescent RNA hairpins self-assemble into polymers while recreating the
initiator sequence for further signal amplification. This technique has been applied to  situ

imaging of target mRNAs in fixed whole-mount and sectioned zebrafish embryos.

Lastly, the padlock probe (PLP) technology originally developed for detecting DNA
molecules has been shown to be applicable for detecting and genotyping individual mRNA

4

molecules iz situ'. The strategy involves first converting the mRNA into localized

complementary DNA (cDNA) molecules that are then hybridized by PLP and undergoes
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target-primed rolling circle amplification (RCA), the signal of which are ultimately detected

by fluorescently labeled detection probes.

Although several of the abovementioned technologies enable 77 sit# detection of
mRNA molecules in single cells, they are not highly scalable beyond detecting three to five
transcripts, as the number of spectrally distinguishable fluorophores available becomes the
limiting factor. Ideally, to fully appreciate the complexity of different transcriptional states in
heterogeneous cell mixtures or even structured tissues, we would need to develop a novel

method for highly multiplexed 7 sitn sequencing of individual mRNA targets in single cells.

5.2 Thesis Outline — Part I1

In CHAPTER 6, we describe the development of iz situ sequencing method building
upon the padlock probe (PLP) technology in collaboration with the Mats Nilsson group
from Uppsala University in Sweden and investigate the specificity and scalability of the
platform. We conclude that while the PLP method demonstrates high specificity, it is limited
in terms of scalability, thus most suitable for the interrogation of few transcripts requiring
high specificity. In CHAPTER 7, we describe the development of fluorescent u situ
sequencing (FISSEQ) from our laboratory, an alternative and potentially complementary
method with high multiplex capacity, providing a transcriptome-wide sampling method for
RNA expression 7z sitn. Overall, we demonstrate a highly multiplexed 7z situ sequencing
technology that will enable systems level understanding of transcriptional profiles in various

stages of biological development and disease.
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CHAPTER 6 Development of iz sitw RNA

sequencing with padlock probes (PLP)

6.1 Introduction

Gene expression level is tightly regulated by complex mechanisms and executes
distinct developmental programs in a cell-type specific manner. Several methods have been
developed over the past few decades to address the important challenge of detecting and
quantifying mRNA levels for the study of gene expression and its biological consequences.
However, most current methods suffer from various limitations such as the averaging of
ensemble measurements in population-based assays when single cell resolution is needed,
loss of spatial information, insufficient specificity, and low multiplex capacity. Therefore, we
aim to develop a novel technology for highly multiplexed 7z sit# sequencing of individual
mRNA targets in single cells in order to obtain a better grasp of the complex transcriptional

states in heterogeneous cell populations.

Considering the recent developments in zz sitn RNA profiling methods described in

CHAPTER 5, the PLP technology is most readily adaptable to our ambitions. It is
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conceivable to insert an anchor primer sequence into the backbone of the PLP followed by
unique sequencing barcodes in the variable region of the PLP to detect the presence of
target cDNAs with great specificity via sequencing by ligation. This strategy is also highly
multiplexible as the number of transcripts sequenced equals 4" where “n” is the number of
bases sequenced. Therefore, we initially set out to develop an zz sitn RNA sequencing
technology building upon the PLP approach. In this chapter, we first established a robust
procedure for iz sitn mRNA detection for single targets and then extended the method for 7
sitn sequencing. In addition, we assessed the specificity and scalability of the method and
noted the high specificity of the system but relative difficulty to scale up. Therefore, we
concluded that this method is best suited for applications interrogating few transcripts that
require high specificity. The PLP method development described in this chapter has been

performed in collaboration with the Mats Nilsson group from Uppsala University.

6.2 Results and Discussion

6.2.1 Establishment of /# sit4 single mRNA detection

To develop a novel technology for zz situ sequencing, we first set out to achieve
sitn mRNA detection with currently available methods as a foundation to build upon. With
the increasing importance of examining single cell gene expression iz situ, various methods
have been developed and modified. Two of the protocols that we have tested include the 7
sitn reverse transcription (RT)-PCR method'"” and the 77 sitn single mRNA detection method
using PLPs'"". The procedure for in sitn RT-PCR involves fixing cells onto a slide, treating

with proteinase K to partially permeabilize the cell membrane and with DNAse to eliminate
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endogenous DNA, performing a one step RT-PCR amplification, and lastly detecting the
signal by 7z situ hybridization with a fluorescently labeled probe. To test the efficacy of this
protocol, we first attempted to detect B-actin and GAPDH transcripts in Hela cells with the
rationale that housekeeping genes should be robustly detectable. After preliminary
optimizations of specific steps in the protocol however, we observed only a low level of

diffused signals (Figure 6-1).

A

Figure 6-1: Preliminary results from zz sitn RT-PCR detection of B-actin transcript. RT-PCR
for B-actin was performed and cells were probed both with (A) B-actin probes (Cy5, Green)
for signal detection, and (B) GAPDH probes (Cy3, Red) as control for nonspecific probe
binding. (C) shows the overlay of Cy3 and Cy5 channels.

Subsequently, we investigated the 7z sitzn PLP system in Hela cells probing for B-actin
and ¢-Mye transcripts individually. The PLP protocol required first fixing cells onto the glass
slide and partially permeabilizing the membrane, then converting the mRNA into localized
cDNA molecules by reverse transcriptase. After padlock probe hybridization and target-
primed rolling circle amplification (RCA), the signal was detected with fluorescently labeled
detection probes. The preliminary images generated with the PLP method appeared more
promising as we observed the corresponding Cy3 signal from B-actin detection and Cy5
signal from ¢-Mye detection (Figure 6-2). However, the fluorescent signal was diffuse, unlike

the single molecule resolution that has been previously demonstrated. We reasoned that the
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initial fixation and permeabilization steps may be critical parameters to optimize since RNA

can be easily degraded or leaked out of the cells once the cell membranes are permeabilized.

Figure 6-2: Preliminary investigation of zz situ mRNA detection using PLP method. (A) B-
actin mRNA (Cy3, Red). (B) e-Myc mRNA (Cy5, Green).

Given that several lab members have expressed similar problems with successfully
reproducing the PLP method, we decided to reach out to the Mats Nilsson group, the
developers of the PLP mRNA detection technology, for their expertise. After contacting the
Nilsson group to express our vision for this project, we were fortunate to have established a
collaboration with the ultimate goal of achieving highly multiplexed 7z sitn sequencing of
mRNA transcripts by combining their method for zz situ detection and quantification of
mRNA transcripts with our multiplex and automation powers on the Polonator. With their
guidance, we have been able to generate beautiful single-molecule resolution images of

individual B-actin transcripts detected iz situ in human BJ fibroblast cells (Figure 6-3). The
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PLP approach proved to be superior to the RT-PCR protocol for our purposes as the
former yields much higher specificity attributed to PLP technology with localized signals
resulting from target-primed RCA, not to mention the overall steps are simpler and less

time-consuming to conduct.

A

Figure 6-3: in situ detection of individual B-actin transcripts with PLP method. (A) B-actin
(Cy3, red). Nuclei (Dapi, blue). (B) Negative control without RT.

To further validate the selectivity of the PLP, we reproduced the detection of a single
nucleotide difference in the B-actin transcripts of co-cultured human fibroblast and mouse
embryonic fibroblast cells (Figure 6-4). These results confirmed that the PLP method is

sensitive for detecting single mRNA molecules, highly specific, and relatively simple to setup.
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20X Human + Mouse 20X Human

20X Mouse

Figure 6-4: Demonstration of PLP specificity as it distinguishes a single nucleotide difference
in B-actin transcripts in co-cultured human fibroblast and mouse embryonic fibroblast cells.
For all three images, PLPs targeting both the human and mouse transcripts were added.
Labels indicate the specific detection probes hybridized before imaging.

To assess the applicability of the PLP method, we performed 77 situ detection of B-
actin in the PGP1 iPS cell line and observed robust rolony formation, indicating the ease of

adapting this method for use in different systems (Figure 6-5).

Figure 6-5: in situ detection of single mRNA molecule in PGP1 iPS cell line. (B-actin: red,
Nuclei: blue).
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In addition, we investigated the compatibility of the PLP detection method with a
micropattern array chip from Cytoo. The 2 cm by 2cm, 170um thick chips are organized into
a grid of 144 micropattern arrays that allow cells to morph into the customized patterns
specified on the chip, standardizing cell position, shape, and polarity. To assess the
possibility of studying how cell shape affects gene expression, we next sought to adapt the
PLP method for cells grown on the micropatterned chips. Human BJ fibroblasts were
cultured on the standard micropattern chip at a density to allow one cell per pattern. After
the cells settle into the shapes, we proceed with the PLP method as described earlier.
Imaging analysis revealed that the PLP method is readily adaptable for cells grown on
micropatterned chips, while further optimizations may increase the number of cells attached
to the grids and the number of rolonies detected (Figure 6-6). The combination of i situ
mRNA detection on micropatterned chips offers the potential to study the interplay between

internal cell organization and gene expression patterns, particularly valuable for cells

displaying high polarity such as neurons and epithelial cells.

Figure 6-6: 7n situ detection of single mRNA molecules in human BJ fibroblast cell line on
Cytoo micropattern arrays. (B-actin: red, Nuclei: blue).
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6.2.2 Establishment of /# sit# sequencing of single mRNA molecules

After achieving in situ detection of individual mRNA molecules by probing, the next
logical step was to develop 7 sitn sequencing techniques for one transcript by manual
sequencing. Preliminary testing indicated that sequencing by ligation method was more
feasible compared to other sequencing chemistries for this system. Thus for the initial
development, we investigated the potential of /# situ sequencing by ligation, targeting the B-

actin transcript in human BJ fibroblasts (Figure 6-7).

a
Detection Probe Tag
Padlock Probe
cDNA target IIIIIIII” EIIIIIIIII
Sequence of Interest )
b Sequencing Sequencing
Anchor Primer Probes

—*
I
_’"{

(e —

Figure 6-7: Schematic of padlock probe design for manual sequencing by ligation. (a) PLP
design in the context of the cDNA target. Blue: 5> and 3’ arms of PLP complementary to
cDNA target. Green: Common PLP backbone. Yellow: Tag sequence for detection probe
hybridization. Red: Sequence of interest to be captured by PLP. (b) Sequencing schematic:
Sequencing anchor primer is first hybridized to the RCA product (black). Then, sequencing
by ligation cycles are performed with all combinations of sequencing probes.

In addition to the modified probe design, several adjustments to the detection by

probing protocol have been made to accommodate the later sequencing steps (Figure 6-8).
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Q Hybridization of padlock probes to cDNA
\-—-—-—_
\Q Polymerization and ligation to form a DNA circle

Rolling circle amplification

Hybridization of anchor primer and
then ligation of the interrogatory
detection oligo

Figure 6-8: Overview of i sitn sequencing by ligation procedure. (Figure courtesy of the
Mats Nilsson group).

As before, the cells were fixed, permeabilized with ethanol washes, and reverse
transcribed with a specific RT primer. In the second enzymatic reaction, stoffel fragment
was added to fill in the 4-nucleotide gap between the two arms of the PLP, along with
ampligase and Rnase H in the original reaction. Then, RCA and detection probe
hybridization was performed as usual to check the outcome of the molecular reactions. If
RCA signals can be successfully detected by probing, then we proceed to manually sequence
the transcript by ligation. For the sequencing reactions, we first stripped off the probes with
65% formamide washes. Next, we hybridized the anchor primers, which in this case
recognize the region corresponding to the 3’ arm of the PLP. Subsequently, we added T4
ligase along with the 4 sequencing probes for interrogating the first base, each tagged with a
different fluorophore, to allow the correct probe to be ligated to the anchor primer. After

visualizing the results of 1% base sequencing under the microscope, the sample was incubated
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with UNG enzyme to digest the U bases incorporated into the anchor primer to yield
smaller fragments that can be easily washed off by formamide. From this point on,
subsequent bases of interest can be sequenced by repeating the procedures outlined above.
As demonstrated in Figure 6-9, the initial attempt at zz situ sequencing of B-actin transcripts in
human fibroblasts appeared promising as the fluorescence signal from each sequencing cycle
corresponded to the target sequence TGCA. In summary, it was feasible to manually
sequence at least four bases 7z situ by combining the previously developed PLP technology

with sequencing by ligation method.

Figure 6-9: Preliminary data for iz sitn manual sequencing of four bases of the B-actin
transcript in human BJ fibroblasts. The target sequence is TGCA. First base: T (FITC,
green), second base: G (Cy3, red), third base: C (TexasRed, yellow), fourth base: A (Cy5,
aqua). (Figure courtesy of the Mats Nilsson group).
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6.2.3 Assessment of multiplex potential of PLP-based in situ

sequencing technology

After achieving 7# situ sequencing for one transcript, we next sought to take a step
further towards developing 7z situ sequencing technology for transcriptomic assays in single
cells by highly multiplexing the method. With the recent remarkable progress in next
generation DNA sequencing technologies, it is now imaginable to apply certain concepts like
miniaturizing, localizing, and parallelizing to 7z situ transcript detection and bring 2 situ
transcriptome sequencing into reality. For initial proof of concept experiments, we took a
targeted sequencing approach that aims to detect and quantify a specific subset of transcripts
in individual cells. Specifically, we first designed and tested PLPs for ~10 transcripts to

investigate the multiplex capacity and efficiency of the method.

To begin, we designed PLPs and RT primers targeting a set of 10 transcripts with
allele-specific expression (ASE) from a well-studied network in which the expression levels

116

are known . As illustrated in Figure 6-10, the PLP consisted of a 5> arm that hybridizes to
the cDNA followed by an anchor primer sequence, a unique sequencing tag of 4 bases, a
linker sequence to increase the backbone length and improve hybridization efficiency, and a
3> arm that binds to the cDNA on the other end and specifies the allele under question. In
general, besides the 5" and 3> cDNA hybridization sequences and the sequencing tag used to

identify each transcript, the backbone of all PLPs are designed to be identical to minimize

variations.
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ASE of interest

Figure 6-10: PLP design for multiplexed 7 situ sequencing of ASE transcripts.

For the design of RT primers, we followed the basic principles laid out in the original
PLP method'". For instance, the RT primers are found to be most efficient when they target
a region as close to the PLP hybridization site as possible, incorporate at least 5 locked
nucleic acid (LNA) modified bases to increase hybridization efficiency, and exclude LNA

bases from the stem of a hairpin as well as in the PLP hybridization site.

In terms of the sequencing detection probe design, we employed 9-mers each
specifying the base in question followed by degenerate bases and tagged with a different
fluorophore as shown in Figure 6-11. To sequence the first base, a pool of 4 different probes
(ANNNNNNNN, TNNNNNNNN, CNNNNNNNN, GNNNNNNNN) were added and
the complementary probe would be ligated onto the anchor primer and give off a
fluorescent signal detected by an epifluorescent microscope. For sequencing of subsequent
bases, the corresponding sequencing probes would be added to the reaction. A method to
reduce the complexity of the pool will be to fix the last 5 bases of the sequencing oligo since
the sequences can be purposely made identical in the PLP design. This will be sufficient for
our initial test, as unique 4 base barcodes will theoretically enable the detection of 256 (4%

transcripts. The advantage of this approach is that while reducing pool complexity, we
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increase the concentration of the perfectly matching sequencing probe and thus may

potentially increase the specificity and reduce the background of the sequencing reactions.

Sequencing Sequencing
Anchor Primer Probes
: %
( *
* * *_

Figure 6-11: Overview of sequencing by ligation using PLP targeting ASE transcripts.

Given that the designs are based on theoretical assumptions and prior empirical data,
each PLP and RT primer would have to be tested to ensure their functionality and efficiency.
We began by testing the efficiency of MRFAP1 and TBL1X designs in the PGP1 fibroblast
and iPS cell lines. We observed that while the initial PLP design for each target yielded
detectable rolonies, the number of transcripts detected was very low in both the fibroblast

and iPS cell lines (Figure 6-12).
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a PGP1 Fib PGP1 iPS

b PGP1 Fib PGP1 iPS

G

Figure 6-12: Validation of probe designs by 7 sit# detection of ASE transcripts targeting the
(a) MRFAP1 transcript and (b) TBL1X transcript. Letter in the upper left hand corner
denotes the specific allele being probed in the image.

For the MRFAP1 transcript, both alleles showed relatively equal representation while the
TBL1X transcript revealed allele specific expression favoring the A allele. The biased
expression in TBL1X gene was expected, as the gene is located on the X chromosome of a

male donor cell line, only the maternal copy would be expressed (Figure 6-13).
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Figure 6-13: Quantification of ASE transcripts detected by PLP in PGP1 fibroblast and iPS
cell lines.

Upon closer inspection of the gene expression data for the ASE transcripts we have
initially selected, we noted that most of the targets exhibit low or moderate gene expression
levels compared to the reference B-actin. Based on the B-actin reference and assuming
similar PLP detection efficiency for all the transcripts, the number of expected rolonies per
cell would be 71 for MRFAP1 and 22 for TBL1X (Table 6-1). Given variations in sequence
contexts and PLP efficiencies, the actual number of detectable rolonies would likely be even

smaller, thus explaining the low number of rolonies detected in our preliminary studies.
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Table 6-1. Gene expression profile of the selected ASE targets and the expected PLP
detection efficiency.

Gene [llumina Gene Expression Expected # of rolonies/ fibroblast
MRFAP1 5698 71
TBL1X 1783 22
HNRNPAO 4020 50
VANGL1 119 15
ARL15 202 2.5
PLCB3 92 1
RCL1 379 4.7
FBX042 142 1.8
REEP5 4958 62
AKAP12 172 2
GBAS 1188 14.8
B-actin (ref) 48,000 600

Given this result and our experience with optimizing the PLP method for
multiplexed transcript detection, we noticed the following limitations. First, while the
sensitivity for detecting abundant transcripts like B-aczin is more than sufficient, it becomes
very difficult to probe low or even moderately expressed genes. In addition, although PLP
are highly specific, they exhibit inherent bias and variability, thus needs to be optimized and
validated individually. This may be a deterrent for the high multiplex capacity we would like
to achieve. With increased number of targets, we anticipate the detection efficiency to be
further reduced. Also, while the ASE detection relies on simple PLP ligation, the earlier de
novo sequencing of four bases in B-actin required an additional polymerase fill in step to
complete the gapped PLP for ligation. Although it has been demonstrated to work on B-

actin, the additional molecular reaction greatly reduces the detection efficiency and would
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likely require highly abundant transcripts and optimized PLP designs to function efficiently.
Due to the inefficient polymerase gap-fill in step, the read length of the de novo sequencing by
ligation would also be limited. Lastly, the use of LNA RT primers would also be
prohibitively expensive for highly multiplexed applications. Given the technical limitations,
we conclude that the PLP technology is best suited for detecting fewer transcripts with high
specificity, but may not be the ideal platform for developing highly multiplexed 77 situ RNA
sequencing. Although we did not proceed further to develop the PLP technology for highly
multiplexed 7z situ RNA sequencing, the experience gained through working with i situ PLP
detection still proved to be informative and contributed to design principles in the

alternative FISSEQ) strategy that will be presented in the following chapter.

6.3 Experimental Methods

6.3.1.1  Cell culture and sample preparation

The human BJ fibroblast cell line was cultured in DMEM (Gibco) supplemented
with 10% FBS (Sigma) and penicillin-stretomycin (Life Technologies). Cells were incubated

at 37°C, 5% CO,,.

To prepare cells for 7z situ detection, confluent cells were dissociated with TrypLE
Express Enzyme (Life Technologies) and resuspended in culturing medium. Three milliliters
of cells were then seeded onto five Superfrost Plus slides (Thermo) in a 150 150 mm x 25
mm petri dish (Corning) with 25 ml final culture medium. Cells were incubated and allowed
to attach for 12-24 hours. Slides with co-cultured cell lines were prepared similarly except
with a mixture of different cell lines. Next, cells were washed in PBS two times and fixed in

3% (w/v) paraformaldehyde (Sigma) in DEPC-treated PBS for 30 min at RT. After fixation,
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slides were washed twice in DEPC-treated PBS and dehydrated in a series of 70%, 85%, and

100% ethanol washes for 5 min each.

6.3.1.2  Sequence Designs

See Table 6-2 for a list of RT primer, PLP, detection probe, anchor primer, and
sequencing oligo designs. All oligonucleotide sequences used were synthesized by Integrated

DNA Technologies (IDT). All LNA sequences were synthesized by Exiqon.

6.3.1.3 Reverse transcription

All subsequent molecular reactions were performed in Secure-Seal hybridization
chambers (Invitrogen). First, cells were washed with DEPC-PBS-Tween (DEPC-PBS-T)
followed by incubation in 0.1 M HCl in DEPC water for 5 min and two washes with DEPC-
PBS-T. Next, reverse transcription reaction containing 1 uM LNA-modified cDNA primer,
20 U/ul of reverse transcriptase (Fermentas), 500 uM dNTPs (Fermentas), 0.2 ug/ul BSA
(NEB) and 1 U/ul RiboLock RNase Inhibitor (Fermentas) were mixed in the reverse
transcription buffer and added to the reaction chamber. The reverse transcription reaction
was incubated at 37°C for 1 h. Slides were washed twice with PBS-T followed by a
postfixation step in 3% (w/v) paraformaldehyde in DEPC-PBS for 10 min at RT and two

more washes in DEPC-PBS-T.

6.3.1.4 PLP hvybridization and ligation

All padlock probes were 5 phosphorylated to allow ligation. After reverse
transcription, the next reaction simultaneously degrades RNA, hybridizes the PLP, ligates the

barcode PLP or fills in the gap for gapped PLP, and forms a complete DNA circle.
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For the barcoded PLP, ligation reaction containing a mix of 100 nM of padlock
probe, 0.5 U/ul Ampligase, 0.4 U/ul RNaseH (Fermentas), 1 U/ul RiboLock Rnase
Inhibitor, 50 mM KCI and 20% formamide was mixed in 1x Ampligase buffer, and added to
the reaction chamber. The slides were incubated at 37°C for 30 min and 45°C for 45 min,

followed by two washes in 1x DEPC-PBS-T.

For the gapped PLP, the reaction containing 0.2 U/ul Stoffel fragment (Applied
Biosystems), 0.5 U/ul Ampligase, 0.4 U/ul RNase H (Fermentas), 100 aM PLP, 50 uM
dN'TPs, 1 U/ul RiboLock RNase Inhibitor, 50 mM KCI and 20% formamide were mixed in
1x Ampligase buffer (20 mM Tris-HCI, pH 8.3, 25 mM KCIl, 10 mM MgCl,, 0.5 mM NAD
and 0.01% Triton X-100). The slides were incubated at 37°C for 30 min and 45°C for 45

min, followed by two washes in 1x DEPC-PBS-T.

6.3.1.5 Rolling Circle Amplification (RCA) and signal detection

For RCA, a reaction containing 1 U/ul phi29 polymerase (Fermentas), 0.25 mM
dNTPs, 0.2 ug/ul BSA, 5% glycerol in DEPC water were mixed in 1x phi29 polymerase
buffer and added to the reaction chamber. The slides were incubated for 2 h at 37°C.
Following the incubation, the slides were washed three times in DEPC-PBS-T. For signal
detection, 100nM of detection probe in 2x SSC and 20% formamide was added to the
reaction chamber and incubated at 37°C for 30 min to allow hybridization. Excess detection
probes were washed away with three DEPC-PBS-T washes. Next, the secure seal chambers
were removed and slides were dehydrated through an ethanol series. The slides were then
prepared in Vectashield mouting medium (Vector) containing 100ng/ml DAPI (4°, 6’-
diamidino-2-phenylindole) for nuclei counterstaining and fluorescence signal were analyzed

using an epifluorescence microscope (Leica).
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6.3.1.6  Sequencing by ligation

Prior to the sequencing reaction, detection probes from signal detection were first
stripped off. The slides were washed in an ethanol series to remove the mounting medium
and allowed to dry at RT. For detection probes without uracils, the samples were washed
with DEPC-PBS-T, incubated in 65% formamide three times for 30 s, then washed twice
with DEPC-PBS-T. For detection probes that contained uracils, samples were first treated
with  UNG treating buffer (0.02 U/ul UNG (Fermentas), 0.2ug/ul BSA, 1x phi29
polymerase buffer (Fermentas)) for 10 min, then washed twice with DEPC-PBS-T before

formamide incubation.

Next, a mix of 500 nM anchor primers in 2x SSC and 20% formamide were added to
the sample and incubated at RT for 30 min followed by two washes in DEPC-PBS-T. A
ligation mix containing the 100 nM of each interrogation probe, 0.1 U/ul T4 ligase
(Fermentas), 1mM ATP (Fermentas) were mixed in 1x T4 ligase buffer (Fermentas). The
ligation mixture was added to the samples and incubated for 30 min at RT. Unligated probes
were washed away with three 1 min incubations in DEPC-PBS-T. The slides were mounted
in Vectashield mounting medium with 100 ng/ml DAPI. After imaging, the sequencing cycle
was repeated by stripping the probes, hybridizing the next set of anchor primers, ligating

corresponding interrogation probes, and imaging.

6.3.1.7 Image acquisition and analysis

Fluorescence images were acquired using an epifluorescence microscope (Leica).
Subsequent image analysis was performed with CellProfiler cell image analysis software

(v.2.0) available at http://www.cellprofiler.org/examples.shtml.
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Table 6-2. Sequence designs of RT primers, PLP, detection oligos, anchor primers, and
sequencing oligos.

Seq Type Target sequence

LNA RT Actin 5' - ATCATCCATGGTGAGCTGGCGGCGG —- 3'

Primer Positions 2,4,6,8,10,12,14 = LNA bases

oLp Actin AGCCTCGCCTTTGCCTTCCTTTTACGACCTCAATGCTGCTGCTGTACTAC

TCTTCGCCCCGCGAGCACAG

Actin 4 5°-

Gapped PLP | U"7"—" | AGGCCGGCTTCGCGGGCGACGGCGACTATGATTACTGACTGCGTCTATTT

AGTGGAGCCCTATCTTCTTTCAACCGCTCCGGCATG — 3

Detection ACtin P | 51 _1GCGTCTATTTAGTGGAGCC-3 '

Oligo LP

Detection | ACtiN G | ((1cAATGCTGCTGCTGTACTAC

Oligo apPLP

LNA RT PLNA_MR | o AGTTTAGGGTCCAATGCAGACA

Primer FAP1

oLp Pd_MRFP | AGTATGGAACTGTCTGCACCTCAATGCTGCTGCTGTACTACGATA
1c GGGCTTGGGGATGAC

oLp Pd_MRFP | AGTATGGAACTGTCTGCACCTCAATGCTGCTGCTGTACTACCATA
1G GGGCTTGGGGATGAG

LNA RT pLNA_HN

rimor NPAD TTGAAGTAAATTGTCATAGAAATGA

i Pd_HNRN | TTGTTTATCATCTTGACATGCCTCAATGCTGCTGCTGTACTACGGTA
PAO_A ATCTCTTGTACTAAGCGAA

i Pd_HNRN | TTGTTTATCATCTTGACATGCCTCAATGCTGCTGCTGTACTACCGTA
PAO_G ATCTCTTGTACTAAGCGAG

LNA RT PLNA_TB | 7 AACTGGTCTTTGAACCTCCTTTG

Primer L1X

oLp Pd_TBL1 | ATTGCTCTCACAAAGGAGCCTCAATGCTGCTGCTGTACTACGACA
X A CTAACAATTTGGACACTACA

oLp Pd_TBL1 | ATTGCTCTCACAAAGGAGCCTCAATGCTGCTGCTGTACTACCACA
X G CTAACAATTTGGACACTACG
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Table 6-2 (Continued).

LN% RT PLNA_VA AATCTTTTAAATGTCATTTACATTG

Primer NGL1

PLP Pd_VANG | TGCAGTGGGAACAATGTCCTCAATGCTGCTGCTGTACTACGAAA
Ll_T TTTATAGCTTGAGTTACTTT

PLP Pd_VANG | TGCAGTGGGAACAATGTCCTCAATGCTGCTGCTGTACTACCAAA
Ll_G TTTATAGCTTGAGTTACTTG

LN% RT PLNA_AR CAGATAATCCATGTACAGAAACGCC

Primer L15

PLP Pd_ARL1 | ATAACTGAGGCGTTTCTGCCTCAATGCTGCTGCTGTACTACGTTA
5 A GGATGTCTGATCTCCGA

PLP Pd_ARL1 | ATAACTGAGGCGTTTCTGCCTCAATGCTGCTGCTGTACTACCTTA
5 G GGATGTCTGATCTCCGG

LN% RT PLNA_PL GTTCTCGAAGGAGAGGATGACGGGG

Primer CB3

PLP Pd_PILCB | CCCTACCCCGTCATCCCTCAATGCTGCTGCTGTACTACGGAA
3_G TGCCTTCAAGACCTCG

PLP Pd_PILCB | CCCTACCCCGTCATCCCTCAATGCTGCTGCTGTACTACCGAA
3_A TGCCTTCAAGACCTCA

LNA RT PLNA_RC GTGTCCGTGGCAGCTTCTGCTTTGT

Primer L1

PLP Pd_RCL1 | TGCCTACAGACAAAGCAGCCTCAATGCTGCTGCTGTACTACGTAA
_A CACAAGATAAGGCCCCAA

PLP Pd_RCL1 | TGCCTACAGACAAAGCAGCCTCAATGCTGCTGCTGTACTACCTAA
_G CACAAGATAAGGCCCCAG

LNA RT PLNA_FB AGCACAGTTTCTTCCTGGTCCACAG

Primer X042

PLP Pd_FBXO | GACAGTGAAGATGACAGTCCTCAATGCTGCTGCTGTACTACGCAA
42 A CATGGCCAGCTCCTCA

PLP Pd_FBXO | GACAGTGAAGATGACAGTCCTCAATGCTGCTGCTGTACTACCCAA
42 G CATGGCCAGCTCCTCG

LN% RT PLNA_RE TAAAGCTATCCTGGTATTCATATGC

Primer EP5
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Table 6-2 (Continued).

PLP Pd_REEP | TAGTATATGGCATATGAATACCCTCAATGCTGCTGCTGTACTACGCTA
5 G GGCCTGGTTGTTTCCG

PLP Pd_REEP | TAGTATATGGCATATGAATACCCTCAATGCTGCTGCTGTACTACCCTA
5 C GGCCTGGTTGTTTCCC

LNA RT PLNA_AK ACACGTTTCTTTGAGCTTCACCAGC

Primer AP12

PLP Pd_AKAP | GAACCTGCCAAGGAGCCCTCAATGCTGCTGCTGTACTACGAGA
12 T CAGAACCTCAGGAAGCT

PLP Pd_AKAP | GAACCTGCCAAGGAGCCCTCAATGCTGCTGCTGTACTACCAGA
12 C CAGAACCTCAGGAAGCC

LNA RT PLNA_GB ATTCAACGTGGACCCCTTCTGGAGG

Primer AS

PLP Pd_GBAS | AGCCACTTCTCCCCACCCTCAATGCTGCTGCTGTACTACGTGA
_G CAGTATACCTTATAACACTG

PLP Pd_GBAS | AGCCACTTCTCCCCACCCTCAATGCTGCTGCTGTACTACCTGA
_T CAGTATACCTTATAACACTT

Anchor

. AP ASE CCUCAAUGCUGCUGCUGUACUAC

Primer -

Seq Oligo Cy50A ANNAAGTCG

Seq 0Oligo Cy30G GNNAAGTCG

Seq Oligo TROC CNNAAGTCG

Seq 0Oligo FITCOT TNNAAGTCG

Seq 0Oligo Cy51A NANAAGTCG

Seq Oligo Cy31G NGNAAGTCG

Seq Oligo TR1C NCNAAGTCG

Seq Oligo FITC1T NTNAAGTCG

Seq 0Oligo Cy52A NNAAAGTCG

Seq 0Oligo Cy32G NNGAAGTCG

Seq Oligo TR2C NNCAAGTCG

Seq 0Oligo FITC2T NNTAAGTCG

115




6.4 Acknowledgments

I thank Francois Vigneault for guidance on the initial setup of this project. The
Nilsson group has published the PLP detection method''* and developed a working protocol
for in sitn sequencing by ligation. I thank the Mats Nilsson group, particularly Rongqin Ke
and Marco Mignardi, for hosting me and sharing their expertise on the PLP detection and
sequencing method, which was instrumental for us to successfully setup the system in our
lab. I initiated the efforts to develop 7 situ sequencing, setup a working PLP system within
our lab and repeated the Nilsson group’s findings on mRNA detection and sequencing. I
also designed the ASE experiments with the Nilsson group and validated the initial targets. I
thank Frederick Vigneault for advice on the use of Polonator flow cells for sequencing
automation. I thank Jay Lee for providing the ASE target sites. I thank John Aach for
helpful discussions. I thank George M. Church for guidance and support throughout the

project.

116



CHAPTER 7 Development of fluorescent 77

situ sequencing (FISSEQ)

17,
7ol

The work presented in this chapter has been published in the following pape

* From [Lee JH*, Daugharthy ER*, Scheiman J, Kalhor R, Yang JL, Ferrante TC,
Terry R, Jeanty SSF, Li C, Amamoto R, Peters DT, Turczyk BM, Marblestone AH,
Inverso SA, Bernard A, Mali P, Rios X, Aach J, Church GM. Highly multiplexed
subcellular RNA sequencing in situ. Secience. 2014;343(6177):1360-1363.] Reprinted
with permission from AAAS.

Given the observation that the PLP approach was limited in scalability, we explored
alternative strategies to achieve transcriptome-wide RNA profiling and developed the
method termed fluorescent 7z situ sequencing (FISSEQ). The work of several lab members
over many years was integral to the initial demonstration of FISSEQ. The author
contributions will be listed in the acknowledgment section at the end of the chapter. Here
we present the progress in FISSEQ development as published in the paper cited above with

text and figures modified to fit the format of this dissertation.
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7.1 Introduction

Understanding the spatial organization of gene expression with single-nucleotide
resolution requires localizing the sequences of expressed RNA transcripts within a cell in situ.
Here, we describe fluorescent in situ RNA sequencing (FISSEQ), in which stably cross-
linked complementary DNA (cDNA) amplicons are sequenced within a biological sample.
Using 30-base reads from 8102 genes in situ, we examined RNA expression and localization
in human primary fibroblasts with a simulated wound-healing assay. FISSEQ is compatible
with tissue sections and whole-mount embryos and reduces the limitations of optical
resolution and noisy signals on single-molecule detection. Our platform enables massively
parallel detection of genetic elements, including gene transcripts and molecular barcodes,

and can be used to investigate cellular phenotype, gene regulation, and environment in situ.

7.2 Results and Discussion

The spatial organization of gene expression can be observed within a single cell,
tissue, and organism, but the existing RNA localization methods are limited to a handful of

genes per specimen, making it costly and laborious to localize RNA transcriptome-wide '

" We originally proposed fluorescent in situ sequencing (FISSEQ) in 2003 and
subsequently developed methods to sequence DNA amplicons on a solid substrate for
genome and transcriptome sequencing *'"'**; however, sequencing the cellular RNA in situ

for gene expression profiling requires a spatially structured sequencing library and an

imaging method capable of resolving the amplicons.
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We report here the next generation of FISSEQ. To generate cDNA amplicons
within the cell (Figure 7-1), RNA was reverse-transcribed in fixed cells with tagged random

hexamers (Figure 7-2A).
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Figure 7-1: Fluorescent in situ sequencing (FISSEQ) library construction. (1) A tagged
random hexamer primer is used to prime M-MuLV reverse transcriptase to generate
aminoallyl dUTP- modified cDNA fragments in fixed cells or tissues. (2) BS(PEG)9
permanently cross-links the modified cDNA and the cellular protein matrix. (3) After cDNA
circularization, (4) Phi29 DNA polymerase generates cDNA amplicons (5) cross-linked to
form (6) the 3D in situ RNA sequencing library within the cell.

From [Lee JH*, Daugharthy ER*, Scheiman J, Kalhor R, Yang JL, Ferrante TC, Terry R,
Jeanty SSF, Li C, Amamoto R, Peters DT, Turczyk BM, Marblestone AH, Inverso SA,
Bernard A, Mali P, Rios X, Aach J, Church GM. Highly multiplexed subcellular RNA
sequencing in situ. Seience. 2014;343(6177):1360-1363.] Reprinted with permission from
AAAS.
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We incorporated aminoallyl deoxyuridine 5'-triphosphate (dUTP) during reverse
transcription (RT) (Figure 7-2B) and refixed the cells using BS(PEG)9, an amine-reactive
linker with a 4-nm spacer. The cDNA fragments were then circularized before rolling circle
amplification (RCA) (Figure 7-2C), and BS (PEG)9 was used to cross-link the RCA

amplicons containing aminoallyl dUTP (Figure 7-2, D and E).
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Figure 7-2: Spatial stabilization of the RNA-seq library in situ. (A) A short RT primer (24-
mer) cannot circularize and amplify in situ, unlike the cDNA (>40-bases). (B) Aminoallyl
dUTP can be incorporated during RT, providing the reactive group for BS(PEG)9. Without
cross-linking, formamide removes much of the cDNA in iPS cells, reducing the number of
amplicons (bar: 10 um). (C) With cross-linking, a formamide wash does not reduce the
number of amplicons in iPS cells. (D) A circular template covalently linked to the protein
matrix amplifies efficiently in sifu. Here an anti-actin antibody is conjugated to the synthetic
DNA, purified using ion exchange chromatography, and used to label primary fibroblasts
prior to RCA (bar: 10 um). (E) RCA amplicons on an aminosilane-treated glass surface are
washed aggressively, stretching >95% of unfixed amplicons vs. ~25% of fixed amplicons
(bar: 3 um).

From [Lee JH*, Daugharthy ER*, Scheiman J, Kalhor R, Yang JL, Ferrante TC, Terry R,
Jeanty SSF, Li C, Amamoto R, Peters DT, Turczyk BM, Marblestone AH, Inverso SA,
Bernard A, Mali P, Rios X, Aach J, Church GM. Highly multiplexed subcellular RNA
sequencing in situ. Seience. 2014;343(6177):1360-1363.] Reprinted with permission from
AAAS.
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We found that random hexamer-primed RT was inefficient (Figure 7-3A), but ¢cDNA

circularization was complete within hours (Figure 7-3, B to D).
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Figure 7-3: Improving the amplicon density in situ. (A) The cDNA yield is typically low
when random hexamers are used to prime reverse transcription, even in solution. (B) The
resulting single-stranded cDNA fragments do not circularize efficiently (upward mobility
shift) unless the residual RNA is degraded using RNase A (* denotes exonuclease-
contamination). (C) Using real-time qPCR, the amount of circular GAPDH cDNA was
estimated in the random hexamer-primed cDNA library with and without 1 hour CircLigase
(CL) or RNase A (RA) after Exonuclease I treatment. (D) Without RNases, the density of
cDNA amplicons in situ is variable and typically low in iPS cells.

From [Lee JH*, Daugharthy ER*, Scheiman J, Kalhor R, Yang JL, Ferrante TC, Terry R,
Jeanty SSF, Li C, Amamoto R, Peters DT, Turczyk BM, Marblestone AH, Inverso SA,
Bernard A, Mali P, Rios X, Aach J, Church GM. Highly multiplexed subcellular RNA
sequencing in situ. Seience. 2014;343(6177):1360-1363.] Reprinted with permission from
AAAS.
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The result was single-stranded DNA nanoballs 200 to 400 nm in diameter (Figure 7-4A),
consisting of numerous tandem repeats of the cDNA sequence. BS(PEG)9 reduced
nonspecific probe binding (Figure 7-4B), and amplicons were highly fluorescent after probe
hybridization (Figure 7-4C). As a result, the amplicons could be rehybridized many times,

with minimal changes in their signal-to-noise ratio or position (Figure 7-4, D and E).
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Figure 7-4: Characterization of the cDNA amplicons. (A) A standard RCA amplicon
generated in solution is a negatively charged DNA molecule containing a large number of
the template sequence (AFM bar: 1 um, TEM bar: 100 nm). (B) BS(PEG)9 renders the
surrounding area less prone to non-specific probe binding. (C) Compared to single molecule
RNA FISH (20 probes to human GAPDH), FISSEQ amplicons retain their signal-to-ratio
even after a prolonged exposure to an excitation laser. (D) The amplicons can be re-
hybridized 60 or more cycles without a reduction in the signal-to-noise ratio. (E) The
average centroid drift during sequencing in iPS cells. (F) An average amplicon in fibroblasts
(overlay of 14,960 centroid-aligned amplicons with 27 nt reads). On average, signals from 27
sequencing cycles overlap by ~36 pixels (600 nm diameter) using a 20x objective (N.A. 0.75).

From [Lee JH*, Daugharthy ER*, Scheiman J, Kalhor R, Yang JL, Ferrante TC, Terry R,
Jeanty SSF, Li C, Amamoto R, Peters DT, Turczyk BM, Marblestone AH, Inverso SA,
Bernard A, Mali P, Rios X, Aach J, Church GM. Highly multiplexed subcellular RNA
sequencing in situ. Seience. 2014;343(6177):1360-1363.] Reprinted with permission from
AAAS.
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Using SOLID sequencing by ligation (Figure 7-5), the signal overlap over 27 consecutive
sequencing reactions was ~ 600 nm in diameter (Figure 7-4F).
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Figure 7-5: Sequencing reaction cycles and imaging. (A) Modified SOLID sequencing-by-
ligation for FISSEQ in a primary fibroblast, and deconvolved images for the first 15 cycles.
(B) Laser excitation power and gain settings over the thirty imaging cycles.

From [Lee JH*, Daugharthy ER*, Scheiman J, Kalhor R, Yang JL, Ferrante TC, Terry R,
Jeanty SSF, Li C, Amamoto R, Peters DT, Turczyk BM, Marblestone AH, Inverso SA,
Bernard A, Mali P, Rios X, Aach ], Church GM. Highly multiplexed subcellular RNA
sequencing in situ. Seience. 2014;343(6177):1360-1363.] Reprinted with permission from
AAAS.
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In induced pluripotent stem (iPS) cells, the amplicons counterstained subcellular structures,
such as the plasma membrane, the nuclear membrane, the nucleolus, and the chromatin
(Figure 7-6A, Figure 7-7). We were able to generate RNA sequencing libraries in different
cell types, tissue sections, and whole-mount embryos for three-dimensional (3D)

visualization that spanned multiple resolution scales (Figure 7-6, B and C).
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Figure 7-6: Construction of 3D RNA-seq libraries in situ. After RT using random hexamers
with an adapter sequence in fixed cells, the cDNA is amplified and cross-linked in situ. (A) A
fluorescent probe is hybridized to the adapter sequence and imaged by confocal microscopy
in human iPS cells (hiPSC) (scale bar: 10 mm) and fibroblasts (scale bar: 25 mm). (B)
FISSEQ can localize the total RNA transcriptome in mouse embryo and adult brain sections
(scale bar: 1 mm) and whole-mount Drosophila embryos (scale bar: 5 mm), although we
have not sequenced these samples. (C) 3D rendering of gene-specific or adapter-specific
probes hybridized to cDNA amplicons. FISH, fluorescence in situ hybridization.
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Figure 7-6 (Continued): From [Lee JH*, Daugharthy ER*, Scheiman J, Kalhor R, Yang JL,
Ferrante TC, Terry R, Jeanty SSF, Li C, Amamoto R, Peters DT, Turczyk BM, Marblestone
AH, Inverso SA, Bernard A, Mali P, Rios X, Aach J, Church GM. Highly multiplexed
subcellular RNA sequencing in situ. Science. 2014;343(6177):1360-1363.] Reprinted with
permission from AAAS.
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Figure 7-7: The high amplicon density enables visualization of the RNA-rich subcellular
compartments in iPS cells. (A) In some iPS cell populations, cDNA amplicons are entiched
in the cytoplasm and the nucleolus, but not the nucleus. (B) In other iPS cell populations,
the cDNA amplicons are enriched in the nucleus, counter-staining the nucleolus or
condensed chromatin bodies. Amplicon-free speckles are frequently observed in the nucleus
and the cytoplasm, potentially indicating regions without RNA or not accessible to FISSEQ.

From [Lee JH*, Daugharthy ER*, Scheiman J, Kalhor R, Yang JL, Ferrante TC, Terry R,
Jeanty SSF, Li C, Amamoto R, Peters DT, Turczyk BM, Marblestone AH, Inverso SA,
Bernard A, Mali P, Rios X, Aach ], Church GM. Highly multiplexed subcellular RNA
sequencing in situ. Seience. 2014;343(6177):1360-1363.] Reprinted with permission from
AAAS.

High numerical aperture and magnification are essential for imaging RNA molecules

: : 111,112,12 : : :
in single cells """""*'** but many gene expression patterns are most efficiently detected in a
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low-magnification and wide-field mode, where it typically becomes difficult to distinguish
single molecules because of the optical diffraction limit and low sensitivity *°. To obtain a
spot density that is high enough to yield statistically significant RNA localization, and yet
sufficiently low for discerning individual molecules, we developed partition sequencing, in
which pre-extended sequencing primers are used to reduce the number of molecular
sequencing reactions through random mismatches at the ligation site (Figure 7-8A).
Progressively longer sequencing primers result in exponential reduction of the observed

density, and the sequencing primer can be changed during imaging to detect amplicon pools

of different density.
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Figure 7-8: Overcoming resolution limitations and enhancing the signal-to-noise ratio. (A)
Ligation of fluorescent oligonucleotides occurs when the sequencing primer ends are
perfectly complementary to the template. Extending sequencing primers by one or more
bases, one can randomly sample amplicons at 1/4th, 1/16th, and 1/256th of the original
density in fibroblasts (scale bar: 5 mm). N, nucleus; C, cytoplasm. (B) Rather than using an
arbitrary intensity threshold, color sequences at each pixel are used to identify objects. For

sequences of L bases, the error rate is approximately n/4" per pixel, where n is the size of
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Figure 7-8 (Continued): the reference. By removing unaligned pixels, the nuclear background
noise is reduced in fibroblasts (scale bar: 20 mm).

From [Lee JH*, Daugharthy ER*, Scheiman J, Kalhor R, Yang JL, Ferrante TC, Terry R,
Jeanty SSF, Li C, Amamoto R, Peters DT, Turczyk BM, Marblestone AH, Inverso SA,
Bernard A, Mali P, Rios X, Aach J, Church GM. Highly multiplexed subcellular RNA
sequencing in situ. Seience. 2014;343(6177):1360-1363.] Reprinted with permission from
AAAS.

Fluorescence microscopy can be accompanied by tissue-specific artifacts and
autofluorescence, which impede accurate identification of objects. If objects are nucleic acids,
however, discrete sequences, rather than the analog signal intensity, can be used to analyze
the image. For FISSEQ), putative nucleic acid sequences are determined for all pixels. The
sequencing reads are then compared with reference sequences, and a null value is assigned to
unaligned pixels. With a suitably long read length (L), a large number of unique sequences (n)
can be used to identify transcripts or any other objects with a false-positive rate of
approximately n/4" per pixel. Because the intensity threshold is not used, even faint objects
are registered on the basis of their sequence, whereas background noise, autofluorescence,

and debris are eliminated (Figure 7-8B).

We applied these concepts to sequence the transcription start site of inducible
mCherry mRNA in situ, analogous to 5" rapid amplification of cDNA ends—polymerase
chain reaction (RACE-PCR) '’ After RT and molecular amplification of the 5" end followed
by fluorescent probe hybridization (Figure 7-9A), we quantified the concentration- and time-
dependent mCherry gene expression in situ (Figure 7-9B). Using sequencing-by-ligation, we
then determined the identity of 15 contiguous bases from each amplicon in situ,
corresponding to the transcription start site (Figure 7-9C). When the sequencing reads were

mapped to the vector sequence, 7472 (98.7%) amplicons aligned to the positive strand of
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mCherry, and 3967 (52.4%) amplicons mapped within two bases of the predicted

transcription start site (Figure 7-9D).
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Figure 7-9: Single gene capture and sequencing in situ in Hela cells. (A) The doxycycline-
inducible mCherry transcripts are reverse transcribed using a series of RT primers along the
5’ region in order to assess the effect of cDNA length on the sensitivity. (B) Upon
doxycycline treatment, the mCherry cDNA amplicons are detected in a concentration- and
time-dependent manner (each point is a replicate experiment of ~300 cells). (C) The 3” end
of the cDNA corresponds to the transcription start site (T'SS), which abuts the 5’ end of the
adapter sequence when circularized. (D) When the amplicons are sequenced in situ, 3,967
out of 7,492 (52.4%) amplicons map to the four base window spanning the predicted TSS.

From [Lee JH*, Daugharthy ER*, Scheiman J, Kalhor R, Yang JL, Ferrante TC, Terry R,
Jeanty SSF, Li C, Amamoto R, Peters DT, Turczyk BM, Marblestone AH, Inverso SA,
Bernard A, Mali P, Rios X, Aach ], Church GM. Highly multiplexed subcellular RNA
sequencing in situ. Seience. 2014;343(6177):1360-1363.] Reprinted with permission from
AAAS.
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We then sequenced the transcriptome in human primary fibroblasts in situ (Figure
7-10A) and generated sequencing reads of 27 bases with a median per-base error rate of
0.64% (Figure 7-11).
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Figure 7-10: Whole-transcriptome in situ RNA-seq in primary fibroblasts. (A) From
deconvolved confocal images, 27-base reads are aligned to the reference, and alignments are
spatially clustered into objects. (B) Of the amplicons, 90.6% align to the annotated (+)
strand. (C) mRNA and non- coding RNA make up 43.6% and 6.9% of the amplicons,
respectively. (D) GO term clustering for the top 90 ranked genes. (E) FISSEQ of 2710 genes
from fibroblasts compared with RNA-seq for fibroblast, B cell, and iPS cells. Pearson’s
correlation is plotted as a function of the gene expression level. (F) Subcellular localization
enrichment compared to the whole transcriptome distribution. (G) Of the amplicons, 481
map to the FN1 mRNA, showing an alternatively spliced transcript variant and a single-
nucleotide polymorphism (arrow).

From [Lee JH*, Daugharthy ER*, Scheiman J, Kalhor R, Yang JL, Ferrante TC, Terry R,
Jeanty SSF, Li C, Amamoto R, Peters DT, Turczyk BM, Marblestone AH, Inverso SA,
Bernard A, Mali P, Rios X, Aach J, Church GM. Highly multiplexed subcellular RNA
sequencing in situ. Seience. 2014;343(6177):1360-1363.] Reprinted with permission from
AAAS.
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Figure 7-11: Imaging and base calling statistics. (A) 3D deconvolution enhances the signal-
to-noise ratio and decreases dephasing of the base-specific fluorescence over multiple
sequencing cycles in a fibroblast (bar: 5 um). The high background represents the nucleus.
(B) The number of amplicons associated with specific fluorescence is plotted as a function
of sequencing cycles. (C) A Satay plot of amplicon fluorescence from all 27 sequencing
cycles. The radius is the intensity of the signal, and the angle is the separation between the
signal and the axis of the called base. (D) The basecall quality over 27 sequencing cycles. (E)
The median per-base error rate from the whole transcriptome FISSEQ as a function of
cluster size.

From [Lee JH*, Daugharthy ER*, Scheiman J, Kalhor R, Yang JL, Ferrante TC, Terry R,
Jeanty SSF, Li C, Amamoto R, Peters DT, Turczyk BM, Marblestone AH, Inverso SA,
Bernard A, Mali P, Rios X, Aach ], Church GM. Highly multiplexed subcellular RNA
sequencing in situ. Seience. 2014;343(6177):1360-1363.] Reprinted with permission from
AAAS.
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Using an automated analysis pipeline (Figure 7-12), we identified 14,960 amplicons with size
>5 pixels, representing 4171 genes, of which 13,558 (90.6%) amplicons mapped to the

correct annotated strand (Figure 7-10B, Figure 7-13, and Table 7-1).
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Figure 7-12: FISSEQ image and data analysis pipeline. Confocal image stacks deconvoluted
to reduce dephasing of base calls. Depending on the sample thickness and the amplicon
density, the number of z-slices are reduced to minimize the processing time. Images were
corrected for chromatic shifts and registered to one another using a block-based algorithm
prior to applying sequenced-based quality filters. The remaining pixels are spatially clustered
to identify specific sequence-associated amplicons of size >5 pixels.

From [Lee JH*, Daugharthy ER*, Scheiman J, Kalhor R, Yang JL, Ferrante TC, Terry R,
Jeanty SSF, Li C, Amamoto R, Peters DT, Turczyk BM, Marblestone AH, Inverso SA,
Bernard A, Mali P, Rios X, Aach ], Church GM. Highly multiplexed subcellular RNA
sequencing in situ. Seience. 2014;343(6177):1360-1363.] Reprinted with permission from
AAAS.
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Figure 7-13: Basecall and alignment quality in primary fibroblasts. (A) The distribution of the
base quality as a function of the amplicon pixel cluster size. (B) The centroid of aligned
amplicons is plotted as a function of the basecall quality. (C) The alignment quality and (D)
the amplicon size (or the number of pixels per amplicon) are relatively uniform throughout
the whole image and within the cell.

From [Lee JH*, Daugharthy ER*, Scheiman J, Kalhor R, Yang JL, Ferrante TC, Terry R,
Jeanty SSF, Li C, Amamoto R, Peters DT, Turczyk BM, Marblestone AH, Inverso SA,
Bernard A, Mali P, Rios X, Aach ], Church GM. Highly multiplexed subcellular RNA
sequencing in situ. Seience. 2014;343(6177):1360-1363.] Reprinted with permission from
AAAS.
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Table 7-1. FISSEQ summary statistics from human primary fibroblasts in FBS media.

From [Lee JH*, Daugharthy ER*, Scheiman J, Kalhor R, Yang JL, Ferrante TC, Terry R,
Jeanty SSF, Li C, Amamoto R, Peters DT, Turczyk BM, Marblestone AH, Inverso SA,
Bernard A, Mali P, Rios X, Aach ], Church GM. Highly multiplexed subcellular RNA
sequencing in situ. Science. 2014;343(6177):1360-1363.] Reprinted with permission from
AAAS.

Total bases from aligned amplicons (>5 pixels) 420,714 nt
Amplicons with >5 pixels 15,582 (100%)
Belongs to an annotated RNA class 15,126 (97.1%)
Maps to a single gene 14,960 (96.0%)
Unique gene names 4,171

Mean per-base error % 1.74%

Median per-base error % 0.64%

We found that mRNA (43.6%) was relatively abundant even though random hexamers were
used for RT (Figure 7-10C). Ninety genes with the highest expression counts included
fibroblast markers '*°, such as fibronectin (FN1); collagens (COL1A1, COL1A2, COL3A1);
matrix metallopeptidases and inhibitors (MMP14, MMP2, TIMP1); osteonectin (SPARC);
stanniocalcin (STC1); and the bone morphogenesis—associated transforming growth factor

(TGF)—induced protein (TGIFBI), representing extracellular matrix, bone development, and

skin development [Benjamini-Hochberg false discovery rate (FDR) <10 ", 10, and 10,

129

respectively| (Figure 7-10D) . We made Illumina sequencing libraries to compare FISSEQ
to RNA-seq. Pearson’s r correlation coefficient between RNA-seq and FISSEQ) ranged from
0.52 to 0.69 (P < 10", excluding one outlier (FN1). For 854 genes with more than one

obsetvation, Pearson’s r was 0.57 (P < 107'%), 0.47 (P < 10, and 0.23 (P < 107 between
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FISSEQ and RNA-seq from fibroblasts, lymphocytes, and iPS cells, respectively (Figure
7-10E). When FISSEQ was compared with gene expression arrays, Pearson’s r was as high

as 0.73 (P < 10 ') among moderately expressed genes, whereas genes with low or high

expression levels correlated poorly (r < 0.4) (Figure 7-14).
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Figure 7-14: Comparison of the gene expression data from expression arrays and FISSEQ.
(A) The top 100 ranked genes from microarrays are shown. (B) The top 90 ranked genes
from FISSEQ are enriched in genes known to be markers of the fibroblast activity. (C) The
correlation between the array and FISSEQ dataset among genes with different expression
array levels. Pearson’s correlation is plotted as a function of the expression array level. The
number of genes used for correlation is indicated on the right. (D) Compared to the
expression array, FISSEQ) has a false positive rate of 6% and detects fewer genes related to
RNA processing and splicing (FDR<10™).

From [Lee JH*, Daugharthy ER*, Scheiman J, Kalhor R, Yang JL, Ferrante TC, Terry R,
Jeanty SSF, Li C, Amamoto R, Peters DT, Turczyk BM, Marblestone AH, Inverso SA,
Bernard A, Mali P, Rios X, Aach ], Church GM. Highly multiplexed subcellular RNA
sequencing in situ. Seience. 2014;343(6177):1360-1363.] Reprinted with permission from
AAAS.
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Highly abundant genes in RNA-seq and gene expression arrays were involved in
translation and splicing (Figure 7-14 and Figure 7-15), whereas such genes were
underrepresented in FISSEQ. We examined 12,427 (83.1%) and 2533 (16.9%) amplicons in
the cytoplasm and nuclei, respectively, and found that nuclear RNA was 2.1 [95%
confidence interval (CI) 1.9 to 2.3] times more likely to be non-coding (P < 10'%), and
antisense mRNA was 1.8 [95% CI 1.7 to 2.0] times more likely to be nuclear (P < 107'%). We
confirmed nuclear enrichment of MALAT1 and NEAT1 by comparing their relative
distribution against all RNAs (Figure 7-10F) or mitochondrial 16S ribosomal RNA (rRNA)
(Table 7-2), whereas mRNA, such as COL1A1, COL1A2, and THBSI1, localized to the
cytoplasm (Table 7-3). We also examined splicing junctions of FN1, given its high read

coverage (481 reads over 8.9 kilobases).
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Figure 7-15: Comparison of the functional term enrichment between RNA-seq and FISSEQ.
Despite a much deeper coverage and read depth, the top 1,000 ranked genes from RNA-seq
do not form cell type-specific functional clusters. The top 90 ranked genes from FISSEQ are
related to the bone and skin development (Figure 7-10), while the top 1,000 ranked genes
from FISSEQ are associated with wound healing and skeletal development.

From [Lee JH*, Daugharthy ER*, Scheiman J, Kalhor R, Yang JL, Ferrante TC, Terry R,
Jeanty SSF, Li C, Amamoto R, Peters DT, Turczyk BM, Marblestone AH, Inverso SA,
Bernard A, Mali P, Rios X, Aach ], Church GM. Highly multiplexed subcellular RNA
sequencing in situ. Seience. 2014;343(6177):1360-1363.] Reprinted with permission from
AAAS.
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Table 7-2. The RNA localization likelihood compared to 16S mitochondrial rRINA.
Amplicons, 12,427 (83.1%) cytoplasmic and 2,533 (16.9%) nuclear, are compared against 16S
rRINA localization. 164 genes with more than five observations are chosen for Fisher’s exact
test. All genes were more likely to be found in the nucleus compared to 16S mitochondrial
rRINA, given their nuclear origin (odds ratio < 1). But non-coding RNA (MALATT, NEAT,
KCNQ10TT), small nuclear RNA (RN7SK, RNUZ2-7), and pre-ribosomal RNA (RN.A4555)
were notably more enriched in the nucleus.

From [Lee JH*, Daugharthy ER*, Scheiman J, Kalhor R, Yang JL, Ferrante TC, Terry R,
Jeanty SSF, Li C, Amamoto R, Peters DT, Turczyk BM, Marblestone AH, Inverso SA,
Bernard A, Mali P, Rios X, Aach J, Church GM. Highly multiplexed subcellular RNA
sequencing in situ. Seience. 2014;343(6177):1360-1363.] Reprinted with permission from
AAAS.

Gene Cytoplasmic | Nuclear | P-value | OR | 95% CImin | 95% CImax
MALATI 295 164 | 1.2E-64 | 0.10 0.08 0.12
RIBO28S 1774 319 | 5.7E-29  0.31 0.25 0.37
RIBO18S 1493 258 | 9.0E-25  0.32 0.26 0.39

NEATI1 51 33 3.1E-19 | 0.09 0.05 0.12
RNA45S5 193 48 2.1E-13 | 0.23 0.15 0.30
RN7SK 75 19 1.0E-06 | 0.22 0.13 031
RNU2-1 18 9 8.3E-06 | 0.11 0.05 0.18
KCNQI1OTI 19 8 6.8E-05 | 0.13 0.05 0.21
GLS 7 5 2.7E-04 | 0.08 0.02 0.14
MYO10 5 4 8.5E-04 | 0.07 0.01 0.13
THBS1 186 23 1.7E-03 | 0.45 0.28 0.62
FNDCI1 3 3 2.7E-03 | 0.06 0.01 0.10
MAP3K4 3 3 2.7E-03 | 0.06 0.01 0.10

VIM 22 6 3.4E-03 | 0.21 0.08 0.33

SIPAILI 4 3 4.6E-03 | 0.07 0.01 0.14

VPS13C 4 3 4.6E-03 | 0.07 0.01 0.14
HNRNPA2B1 5 3 7.1E-03 | 0.09 0.02 0.17
SNORDS0A 5 3 7.1E-03 | 0.09 0.02 0.17
DST 12 4 9.1E-03 | 0.17 0.05 0.29
CHDI 7 3 1.4E-02 | 0.13 0.03 0.23
IGFBP4 7 3 1.4E-02 | 0.13 0.03 0.23
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Table 7-3. The RNA localization likelihood compared to MALLAT]1, a non-coding
RNA known to localize to the nuclear speckles. Amplicons, 12,427 (83.1%) cytoplasmic
and 2,533 (16.9%) nuclear, are compared against MALAT1 localization. Also, 164 genes with
more than five observations are chosen for Fisher’s exact test. Most genes were more likely
to be found in the cytoplasm compared to MALAT1 (odds ratio > 1).

From [Lee JH*, Daugharthy ER*, Scheiman J, Kalhor R, Yang JL, Ferrante TC, Terry R,
Jeanty SSF, Li C, Amamoto R, Peters DT, Turczyk BM, Marblestone AH, Inverso SA,
Bernard A, Mali P, Rios X, Aach J, Church GM. Highly multiplexed subcellular RNA
sequencing in situ. Seience. 2014;343(6177):1360-1363.] Reprinted with permission from
AAAS.

. Gene Cytoplasmic | Nuclear | P-value | OR | 95% Cimin | 95% Cimax
RIBO16S 2271 127 | 1.2E-64 | 9.93 7.58 12.28
RIBO12S 844 66 |3.5E-38 | 7.10 5.14 9.06

FNI1 481 29 1.9E-33 | 9.20 5.99 12.41
RIBO18S 1493 258 | 6.3E-22 | 3.22 2.53 3.90
RIBO28S 1774 319 | 2.1E-21 | 3.09 245 3.73
COL1A2 138 6 3.5E-16 | 12.75 5.53 19.97
COLIALI 160 14 1.4E-13 | 6.34 3.52 9.15

. THBSI 186 23 SA4E-12  4.49 2.77 6.21
COLG6A3 50 B 5.6E-06 | 6.93 248 11.38
COL6ALI 29 0 6.4E-06 | Inf 4.02 Inf
RNA45S5 193 48 1.4E-05 | 2.23 1.53 2.94

TGFBI 42 3 2.0E-05 | 7.76 2.42 13.11
SPARC 30 1 4.6E-05 | 16.63 2.71 30.54
ITGBI 38 3 9.2E-05 | 7.02 2.18 11.87
COL12A1 26 1 2.3E-04 | 1441 232 26.50
COL3Al 28 2 5.4E-04 | 7.76 1.92 13.61
RNY3 18 0 5.9E-04 | Inf 2.40 Inf

FBN1 35 < 7.0E-04 | 4.85 1.69 8.01

EEF1Al 30 3 1.0E-03 | 5.55 1.68 9.41

FNT7 has three variable domains referred to as EDA, EDB, and ITICS, which are
alternatively spliced . We did not observe development-associated EDB, but observed

adult tissue-associated EDA and IIICS (Figure 7-10G).

We also sequenced primary fibroblasts in situ after simulating a response to injury,
obtaining 156,762 reads (>5 pixels), representing 8102 annotated genes (Figure 7-16A and
Figure 7-17, A to D). Pearson’s r was 0.99 and 0.91 between different wound sites and

growth conditions, respectively (Figure 7-16B and Figure 7-17, E and F).
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Figure 7-16: Functional analysis of fibroblasts during simulated wound healing. (A) In EGF
medium, rRNA makes up 82.7% of the amplicons. (B) EGF medium 147,610 reads
compared with 13,045 reads from FBS medium (different colors denote genes). (C) The top
100 ranked genes from FBS versus EGF FISSEQ) clustered for functional annotation. (D)
An in vitro wound-healing assay allows cells to migrate (mig) into the wound gap. inh,
contact-inhibited cells. The image segments are based on the cell morphology. (E)
Comparison of 4533 genes from migrating and contact-inhibited cells. (FF) Twelve genes are
differentially expressed (Fisher’s exact test P < 0.05 and >fivefold; 180 genes). (See Table
7-4.) (G) The top 100 genes in fibroblasts are enriched for terms associated with ECM-
receptor interaction and focal adhesion kinase complex (bold letters). During cell migration,
genes involved in ECM-receptor-cytoskeleton signaling and remodeling are differentially
expressed (red letters). THBS, thrombospodin; COMP, cartilage oligomeric matrix protein;
CHAD, chondroadherin; IBSP, integrin-binding sialoprotein; PKC, protein kinase C; FAK,
focal adhesion kinase; PI3K, phos- phatidylinositol 3-kinase; MLC, myosin light chain; PAK,
p21-activated protein kinase; WASP, Wiskott- Aldrich syndrome protein.
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Figure 7-16 (Continued): From [Lee JH*, Daugharthy ER*, Scheiman J, Kalhor R, Yang JL,
Ferrante TC, Terry R, Jeanty SSF, Li C, Amamoto R, Peters DT, Turczyk BM, Marblestone
AH, Inverso SA, Bernard A, Mali P, Rios X, Aach J, Church GM. Highly multiplexed
subcellular RNA sequencing in situ. Science. 2014;343(6177):1360-1363.] Reprinted with
permission from AAAS.
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Figure 7-17: Wound healing FISSEQ across five different regions. (A) Basecall quality as a
function of the amplicon size (in pixels). (B) Alignhment quality as a function of the amplicon
size. (C) Sequence complexity as a function of the amplicon size. (D) Gene categories as a
function of the amplicon size. (E) Gene expression comparison between wound regions
(n=0658 genes). Pearson’s r is >0.999 for all genes, 0.91 for genes with 10-100 counts, and
0.41 for genes with 0-10 counts. (F) Gene expression comparison between slow and fast
growing fibroblasts in separate experiments (7=2,309 all genes; n=1,621 mRNA).

From [Lee JH*, Daugharthy ER*, Scheiman J, Kalhor R, Yang JL, Ferrante TC, Terry R,
Jeanty SSF, Li C, Amamoto R, Peters DT, Turczyk BM, Marblestone AH, Inverso SA,
Bernard A, Mali P, Rios X, Aach J, Church GM. Highly multiplexed subcellular RNA
sequencing in situ. Seience. 2014;343(6177):1360-1363.] Reprinted with permission from
AAAS.
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In medium with epidermal growth factor (EGF), 82.7% of the amplicons were rRNA
compared to 42.7% in fetal bovine serum (FBS) medium. When the 100 highest ranked
genes were clustered, cells in FBS medium were enriched for fibroblast-associated GO terms,
whereas rapidly dividing cells in EGF medium were less fibroblast-like (Figure 7-16C) with

alternative splicing of FN1 (Figure 7-18).
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Figure 7-18: Analysis of alternative splicing of FNI in situ. (A) Approximately 500 FNI
reads from the cells grown in FBS media and EGF media are compared. Reads aligned to
Exon 25 (EDB) are enriched in fibroblasts from EGF media. (B) Retention of Exon 25
(EDB) is 90-fold higher in EGF media, compared to slower growing fibroblasts in FBS
media; however, no statistical enrichment of EDB retention is seen between migrating and
contact inhibited fibroblasts. Error bars indicate a 95% confidence interval of the estimated
odds ratio (Fisher’s exact test).

From [Lee JH*, Daugharthy ER*, Scheiman J, Kalhor R, Yang JL, Ferrante TC, Terry R,
Jeanty SSF, Li C, Amamoto R, Peters DT, Turczyk BM, Marblestone AH, Inverso SA,
Bernard A, Mali P, Rios X, Aach J, Church GM. Highly multiplexed subcellular RNA

sequencing in situ. Seience. 2014;343(6177):1360-1363.] Reprinted with permission from
AAAS.
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In regions containing migrating cells versus contact-inhibited cells, 12 genes showed
differences in relative gene expression (Fisher’s exact test P < 0.05 and >fivefold change)
(Figure 7-16, D to F, and Table 7-4), eight of which were associated with the extracellular
matrix (ECM)-receptor—cytoskeleton interaction, including GID4, FHDC1, PRPF40A,

LMO7, and WNKI1 (Figure 7-16G and Table 7-4).

Table 7-4. The likelihood table of differentially expressed genes (180 genes with >5
observations) reveals biological pathway enrichment in migrating vs. stationary
fibroblasts. For the purpose of generating fold-change plots (Figure 7-16F), a small
positive value (0.01) was added to normalized mRNA counts. Fisher’s exact test used
28S rRNA counts in migrating cells vs. contact inhibited cells for comparison.

From [Lee JH*, Daugharthy ER*, Scheiman J, Kalhor R, Yang JL, Ferrante TC, Terry R,
Jeanty SSF, Li C, Amamoto R, Peters DT, Turczyk BM, Marblestone AH, Inverso SA,
Bernard A, Mali P, Rios X, Aach ], Church GM. Highly multiplexed subcellular RNA
sequencing in situ. Seience. 2014;343(6177):1360-1363.] Reprinted with permission from
AAAS.

Gene  |Migrating|Stationary| P-value Pubmed ID
GID4 35 0 5.41E-10 | PMID17467196, PMID18215130
CD300E 1 15 4.48E-03 PMC3009906
FHDC1 1 15 4.48E-03 PMID11779461
COL3Al 7 26 8.92E-03
SSR1 12 2 1.79E-02 PMID22314232
LMO7 6 0 2.44E-02 PMC3147800
PRPF40A 6 0 2.44E-02 PMC3201212
WNK1 6 0 2.44E-02 PMID10660600
EEF2 0 8 2.58E-02
ASPM 7 1 3.89E-02 PMID15972725
SLIT3 7 1 3.89E-02 PMID9813312
COL1A2 47 28 4.57E-02

In summary, we present a platform for transcriptome-wide RNA sequencing in situ
and demonstrate imaging and analytic approaches across multiple specimen types and spatial
scales. FISSEQ correlates well with RNA-seq, except for genes involved in RNA and protein
processing, possibly because some cellular structures or classes of RNA are less accessible to
FISSEQ. It is notable that FISSEQ generates far fewer reads than RNA-seq but

predominantly detects genes characterizing cell type and function. If this finding can be
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generalized, FISSEQ may be used to identify cell types based on gene expression profiles in
situ. Using partition sequencing to control the signal density, it may even be possible to
combine transcriptome profiling and in situ mutation detection in a high-throughput manner
1652 Using RNA barcodes from expression vectors, one can label up to 4™ (N = barcode
length) cells uniquely, much more than is possible using a combination of fluorescent
proteins . Similar to next-generation sequencing, we expect advances in read length,
sequencing depth and coverage, and library preparation (i.e., fragmentation, rRNA depletion,
targeted sequencing). Such advances may lead to improved stratification of diseased tissues

in clinical medicine. Although more work remains, our present demonstration is an

important first step toward a new era in biology and medicine.

7.3 Experimental Methods

7.3.1.1 Cell Lines

An openly consented and IRB-approved Personal Genome Project (PGP) iPS cell
line can be obtained from Coriell (GM23338). The donor primary fibroblast is GM23248.
The doxycycline-inducible mCherry Hela cell line is constructed by combining the TetON-
3G system (Clontech) and the Piggybac transposon (Systems Bioscience) into a single

doxycycline- inducible transposable vector.

7.3.1.2 Cell Culture

iPS cells are grown in mTeSR1 media (Stem Cell Technologies) on ES cell- qualified
Matrigel-coated plates (EMD Millipore). Primary fibroblasts are grown in 10% fetal bovine

sertum D-MEM or 15% newborn calf serum D-MEM/F12 with 10 ng/ml human EGF, 1X
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L-glutamine, pen/strep, and nonessential amino acid (Life Technologies). HeLa cells are
grown in 10% FBS DMEM with GlutaMAX, sodium pyruvate, pen/strep, and 10 ug/mL
puromycin (Life Technologies). All cells are grown on glass bottom Petri dishes (Mattek dish

part No. P35GC-1.5-14-C).

7.3.1.3 Wound closure assay

Human primary fibroblasts are grown to 100 percent confluency in EGF-
supplemented media on a glass bottom Petri dish. Using the corner of a glass cover slip,
multiple scratches (~200-um wide) are made on the cell monolayer. Eight to twelve hours

after the first scratch, the cells are fixed for analysis.

7.3.1.4 Amplicon stretching on glass assay

RCA amplicons are generated in vitro using a synthetic DNA template under
FISSEQ RCA conditions. Aminosilane-treated glass is prepared by incubating cleaned #1.5
glass coverslips for 10 minutes in 1% (3-Aminopropyl)triethoxysilane (Sigma) in acetone.
RCA amplicons are bound to the glass in PBS and fixed under FISSEQ fixation conditions.

Amplicons were counted using Image].

7.3.1.5 Cell fixation and permeabilization

Cells are fixed with 4% formaldehyde (Sigma) for 15 minutes. iPS cells are
permeabilized using 0.25% Triton-X100 (Calbiochem) for 15 minutes, and primary
fibroblasts are permeabilized using 70% ethanol for 5 minutes. Samples are then incubated
with 0.1 N hydrochloric acid for 2 minutes. For tissue sections, 0.01% of pepsin (Roche) in
0.1 N hydrochloric acid is used for permeabilization, followed by three PBS washes to

neutralize pepsin.
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7.3.1.6  In situ reverse transcription and amplification

A 200 uLL mixture containing 4,000 U M-MuLV reverse transcriptase (Enzymatics),
250 uM dNTP (Enzymatics), 40 uM aminoallyl dUTP (Anaspec), 50 U RNase inhibitor
(Enzymatics), and 100 pmol tagged random hexamers
(/5Phos/ TCTCGGGAACGCTGAAGANNNNNN), prepared on ice is added to cells at
25°C for 10 minutes. The concentration of aminoallyl dUTP can vary depending the cell
type and the application. Generally, a high incorporation rate of aminoallyl dUTP results in
better cross- linking and reduced cDNA diffusion but a lower amplicon density. The sample
is then incubated overnight in a humidified 37°C chamber. The sample is washed using 1x
PBS and cross-linked using BS(PEG)9 (Thermo Scientific), diluted to 50 mM in PBS, for 1
hour at 25°C. 1 M Tris (G Biosciences) is added to quench the reaction for 30 minutes at
25°C. A mixture of DNase-free RNases (Roche Diagnostics) and RNase H (Enzymatics) is
added to degrade residual RNA for 1 hour at 37°C. A 100 uL circularization reaction
mixture (Ix reaction buffer, 2.5 mM MnClp, 1 M Betaine and 5 ulL CircLigase II from
Hlumina/Epicentre) is then added to the sample well and incubated at 60°C for 2 houts.
After circularization, the sample is washed using H20 and incubated with a 200 ul. mixture
containing 0.1 uM RCA primer (TCTTCAGCGTTCCCGA*G*A from IDT) in 2x SSC and
30% formamide for 15 minutes at 60°C. The sample is washed using 2x SSC, and a 200 ul.
amplification mixture containing 500 U Phi29 DNA polymerase (Enzymatics), 250 uM
dNTP, 40 uM, and aminoallyl dUTP is added. The sample is incubated in a dry 30°C
chamber overnight and cross-linked using BS(PEG)9 diluted to 50 mM in PBS for 1 hour at
25°C. After a rinse with PBS, 1 M Tris is added to quench the reaction for 30 minutes. At

this point, the sample can be stored in nuclease-free 1x PBS at 4°C.
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7.3.1.7  SOLID dinucleotide sequencing

We designed five sequencing primers specific to our universal adaptor (N, N-1, N-2,
N-3, N-4, where N-x is recessed at the 5 end by x-nt). These sequencing primers are
annealed to the sample sequentially, and k ligation reactions are performed for each primer
(k+1 ligation reactions for primers N-2, N-3, and N-4). Each sequencing primer is annealed
to the sample at 2.5 uM in 200 uL. 80°C 5X SASC (0.75 M sodium acetate and 75 mM tri-
sodium citrate, pH 7.5), incubating for 10 minutes at 25°C. The sample is washed twice for
one minute each with 1 mL 1x Instrument Buffer (SOLID Instrument Buffer Kit, Applied
Biosystems Cat# 4389784). 200 uL. sequencing mix is freshly prepared on ice using 165 uL
nuclease-free Hp0, 20 ul. T4 DNA ligase buffer, 10 ul. T4 DNA Ligase (Enzymatics), and 5
ulL SOLIiD sequencing oligos (the dark purple tubes from the SOLID ToP Sequencing Kit
Fragment Library I3 Tag MM50 Cat# 4449388). After aspirating the Instrument Buffer, the
sequencing mix is added to the sample and incubated at 250C for 45 minutes. The
sequencing mix is aspirated, and the sample is washed with 1x Instrument Buffer (four 1 mL
washes for 5 minutes each). Imaging is done in 1 mL 1x Instrument Buffer. After aspirating
the Instrument Buffer, the fluorophore is cleaved to allow for subsequent ligation. The
sample is incubated twice for 5 minutes each in 200 uLL 1x Cleave Solution 1 (SOLiD ToP
Instrument Buffer Kit Component 4406489), followed by two incubations for five minutes
each in 200 uLL 1X Cleave Mix 2.1 (SOLiD ToP Instrument Buffer Kit Component 4445677,
prepared fresh with 106.7 ulL Cleave Solution 2.1 Part 1 and 293.3 uLL Cleave Solution Part
2). After the second incubation with Cleave Mix 2.1, the sample is washed three times for 5
minutes each with 1x Instrument Buffer. After repeating the cyclic ligation process k (or k+1)

times, the ligated strands are stripped by four 5 minute washes in 800C strip buffer (80%
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formamide, 0.01% Triton-X100). Another sequencing primer is annealed, and the cyclic

ligation process is repeated.

7.3.1.8  Partition Sequencing.

Fundamentally, any set of orthogonal primers can selectively sequence the amplicons
for improved spatial resolution, provided that RT primers contain complementary adapter
sequences. Our method uses sequencing primers that extend into the cDNA sequence by
several nucleotides. The orthogonality defined by single nucleotide differences is based on
the high specificity of T4 DNA ligase near the ligation junction (<6 bases away). With the

template 3’-Adapter-NNN...-5°, the sequencing primer can be one of 5-Adapter (reverse

h
complement)-A/G/C/T-3". N is degenerate, so ligation occurs on 1/ 4t of the amplicons
that start with a defined base (T/C/G/A). The sequencing primer can also be one of 5’-

Adapter (reverse complement)-(A/G/C/T)y -3 or 5-Adapter (reverse complement)-

(A/G/C/T)3 -3for detecting 1/ 16th or1/ 256th of the amplicons. Sequencing reads from
multiple primers can be combined, increasing spatial resolution, sequencing time, and cost.
Partition sequencing can be useful for short barcode sequencing and in sifu quantitation by
effective serial dilution. Because SOLID sequencing uses recessed primers itself, partition
sequencing using SOLID requires synthesis of specific bridge oligonucleotides. Instead, we

use sequencing-by-lication detailed in http://openwetware.ore/wiki/Church_TLab "',
q g-by-lig p p g

7.3.1.9  Image acquisition.

The sample is firmly clamped to the stage of a confocal microscope. Imaging is done

on a Zeiss Axio Observer with LSM 710 scanning laser confocal system, using the following

excitation and emission profile. FITC: 25 mW Atrgon laser (458/488/514 nm) and 490-560
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nm emission filter. Cy3: 20 mW DPSS laser (561 nm) and 563-593 nm emission filter. Texas
Red: 2 mW HeNe laser (594 nm) and 597-647 nm emission filter. Cy5: 5 mW HeNe laser
(633 nm) and 637-758 nm emission filter. Typically, we choose pixel resolution and optical

slice thickness close to the Nyquist sampling rate (http://www.svi.nl/NyquistCalculator).

7.3.1.10 Image processing

The raw images are first deconvolved using Huygens Professional 4.3 running on a
Windows 7 Intel Xeon workstation (typically less than five iterations) to increase the signal
to noise ratio and reduce dephasing over sequencing cycles. For relatively flat cells such as
fibroblasts, maximum intensity projection (MIP) is created from multiple optical slices in
order to compensate for z-drift over time and to reduce the computational time required for
image alignment. The separate images from different sequencing cycles form a time series
(up to 30 time points) containing four colors. Using custom Matlab and Python scripts,
individual images are corrected for chromatic shifts and registered locally (using a brick-
based algorithm with 100 bricks per image). Software can be downloaded from

www.arep.med.harvard.edu.

7.3.1.11 Base calling and spatial clustering

In order to identify the amplicon sequences, as well as their alighment to the
reference sequence library, amplicons are treated as a set of spatially connected pixels with
the similar color transitions over the sequencing run. Pixels at the amplicon border can have
missing base calls due to reduced quality or misalignment, but short-read aligners can
tolerate small mismatches. To cluster pixels with a shared alighment to the reference into

objects, we first import the Tiff images and use the vector of fluorescent intensities to
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2 2 2 21/2
calculate a component vector for each pixel: Cy =1Ix/ (I] + 12 +13 +14) / , where I
indicates the intensity for channel x, and Cy represents the component value for channel x.

The base call is determined by the largest component value at each pixel. Pixels without a
largest component value are masked as not having a base call. The quality of the base call is
determined as the geometric distance between the unit component vector and the unit
vector in the direction of the base call. Another measure of quality, used for Satay plots, is
the angle between the unit component vector and the unit vector in the direction of the base

call, calculated as arccos(1-0), where 8 = Cy for the component value corresponding to the

base call. Reads are generated for all pixels with less than 3-6 missing bases per read. Reads
are then written to the csfasta format (0 = FAM, 1 = CY3, 2 = TXR, 3 = CY5, ” = no base
call) for alignment using the SOLiD color space-compatible short-read aligner Bowtie v1.
The alignment output file from Bowtie is loaded back into the custom Python program,
where alignments are re-assigned to the corresponding pixels using the read ID. For each
alignment class (defined as having a particular reference sequence, strand, and position of
alignment), all pixels with mapped reads are spatially clustered with a user-specified kernel.
(We defined connectedness as being separated by no more than one pixel.) Clusters are
redefined as amplicons occupying a set of pixels and having various statistics such as
centroid, consensus mismatches (>50% of the pixels in the amplicon share a particular
Bowtie mismatch), mean per-base quality, etc. Amplicons can have additional alignhment
classes if more than 1/2 of the pixels are shared between an existing amplicon and a new
cluster generated from a different alignment class. This allows an amplicon to have multiple
alignments, such as when a read aligns identically to several variants of a transcript. For each

amplicon, a best alignhment class is defined as the set of alignments with the highest strata of
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mean alignment quality over all bases and pixels. The best alignhment class is exclusively used
for filtering and in downstream analysis. Amplicons are then filtered by size and summary
statistics are written to file. Per-base sequencing error rate is calculated as the total number
of consensus mismatches at each base divided by the total number of consensus reads (e.g.
Base 1 Error Rate = (# Amplicons w/Consensus Mismatch at Base 1) / (Total #

Amplicons). The mean and median per-base error statistics are generated using these values.

7.3.1.12 Bowtie read alignment.

Reads are aligned separately to several references to allow granularity in the Bowtie
settings: Human RefSeq RNA (containing all RefSeq NM and NR class annotations), human
ribosomal RNA reference (including mitochondrial rRNAs not found in the human RefSeq
reference), and human tRNA reference. For the first experiment, the 27 sequenced bases
correspond to nucleotides 1-25, plus nucleotides 28 and 29, after the sequencing primer.
Since base calls are missing for nucleotides 26 and 27, we allow up to 3 mismatches of any
base call quality value in the seed region (Bowtie flag: -n 3 —1 15 —e 240). In both cases, all
alignments in the best strata (Bowtie flags: --best --strata) are reported for reads with less
than 20 alignments (Bowtie flag: -m 20). All statistics are calculated using a read length value
reflecting the number of bases actually sequenced. In plots and figures, any statistics for the
missing bases are excluded but can be understood to be zero, since no sequencing data are

acquired for these bases.

7.3.1.13 Expression array and RNA-Seq

The total RNA is isolated from ~500,000 PGP1 primary fibroblasts, immortalized B-
cells, and iPS cells (RNeasy, Qiagen) for BeadChip HuRef-8 v3 expression arrays (Illumina)

and RNA-seq. For RNA-seq, the cDNA library is generated using random hexamers and
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poly dT reverse transcription primers for linear displacement amplification (Ovation RNA-
seq System, NuGEN). After size selection, the sequencing library is prepared using
SPRIworks Fragment Library System (Beckman Coulter) and sequenced on HiSeq2000
(lumina) for 75-base paired-end reads (Partners HealthCare Center for Personalized
Genetic Medicine, Harvard). We use fastq-mcf, BWA, and eXpress 1.4.0 for read processing,
alignment (Human RNA RefSeq), and gene quantification. The total number of paired-end
reads mapped to the transcriptome from primary fibroblasts, B-cells, and iPS cells are 27.2

million, 14.1 million, and 12.4 million, respectively.

7.3.1.14 Subcellular transcript localization & differential expression

Since the nuclei are brighter in our images than the rest of the sample, we use the
MATLAB image processing toolbox and manual annotation to generate nuclear masks, and
determine whether the centroid of each amplicon is located inside or outside of the nuclear
mask. For each gene, the cytoplasmic to nuclear ratio is compared to that of other genes
with a known subcellular localization profile using Fisher’s exact test in R to generate p-
values, odds ratios, and 95% confidence intervals. In most cases, we are comparing <200
genes, so our p-values are not multiple hypotheses corrected. For differential expression we
used genes with >5 total observations to calculate Fisher’s exact test p-values, odds ratios,

and 95% confidence intervals.

7.3.1.15 Data visualization & plots

We use Bitplane Imaris 7.6 for visualizing 3D images during the sequencing run and
for creating movies. Gene expression data visualization is done using ggplot2 in R. In cases
where multiple genes have the same expression counts, we add random noise (fitter plot’) to
avoid over-plotting and use multiple colors to denote different genes.
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7.3.1.16 Statistics

For gene ontology analysis, a default setting in DAVID 6.7 is used. For comparing
FISSEQ to RNA-seq, Pearson’s correlation is generated between the datasets after applying
various minimum and maximum count thresholds to the FISSEQ dataset. Increasing the
minimum count threshold increases the correlation between FISSEQ and RNA-seq.
Reducing the maximum count threshold initially improves the correlation by excluding FNI
(>500 counts; most genes are under 200 counts). A further reduction of the maximum count
threshold leads to a lower correlation. Thus, we treat FNI as an outlier for expression level

analysis.
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CHAPTER 8 Conclusion and Outlook

In summary, we present a platform for zz situ transcriptome-wide RNA profiling to
quantitatively unravel gene regulation of single cells in heterogeneous biological samples
within the spatial context. While DNA stores a constant set of genetic instructions, the
dynamic regulation of gene expression, inferred from RNA and protein levels in response to
developmental cues and external stimuli, leads to differential cellular fate. As biological
samples are inherently heterogeneous, understanding gene expression programs with single-
cell resolution while preserving the spatial context is of great importance for the dissection

of cellular and tissue function during development in disease.

A few challenges remain to be improved with the FISSEQ technology. Currently, the
protocol requires manual sequencing over the course of 2-3 weeks which can be difficult to
coordinate and labor-intensive. Efforts are being made to automate the sequencing process
to streamline the ease of performing FISSEQ. In addition, the current protocol lacks rRNA
depletion, detecting 40-80% rRINA within primary fibroblasts. The ability to deplete rRNA
from the transcriptome will greatly enrich the number of mRNA reads per cell. Finally, we

have a limited understanding of the inherent bias in FISSEQ. We have observed that
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FISSEQ enriches for biologically active genes, yet the parameters governing such
enrichment is unclear. We speculate that active RNA molecules may be more accessible, thus

enriched in detection by FISSEQ.

Transcriptome-wide RNA profiling iz situ reveal cellular and tissue heterogeneity at
the molecular level. Having explored two approaches to achieve highly multiplexed RNA
profiling #n situ, we observed that the PLP method offers higher specificity'*"', but is
difficult for scaling up given the use of expensive LNA primers and the need for calibrating
individual PLPs. On the other hand, FISSEQ provides a transcriptome-wide approach for
visualizing RNA 7z situ. In certain applications, the two methods may work synergistically
where FISSEQ discovers enriched genes and pathways de 7ovo, and PLP further validates and
investigates the underlying interplay between biomarkers of a particular cellular phenotype or
gene regulation pathway. Given sufficient sensitivity and specificity, it is conceivable to
identify different cell types based on their gene expression profile, enabling basic research in
complex tissues such as the differentiation process of the developing embryo as well as
clinical applications with the detection of cancer cells within heterogeneous solid tumors as
an example. We are hopeful that with further technical improvements, iz sitn RNA
sequencing technologies will paint a more complete picture of the transcriptional landscape
within the spatial context of complex biological samples and open the doors for the study of

transcriptional regulation in biology and medicine.
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ABSTRACT

Human genome engineering has been transformed by the introduction of the CRISPR
(clustered regularly interspaced short palindromic repeats)/Cas (CRISPR-associated)
system found in most bacteria and archaea. Type II CRISPR/Cas systems have been
engineered to induce RNA-guided genome editing in human cells, where small RNAs
function together with Cas9 nucleases for sequence-specific cleavage of target sequences.
Here we describe the protocol for Cas9-mediated human genome engineering, including
construct building and transfection methods necessary for delivering Cas9 and guide
RNA (gRNA) into human-induced pluripotent stem cells (hiPSCs) and HEK293 cells.
Following genome editing, we also describe methods to assess genome editing effi-
ciency using next-generation sequencing and isolate monoclonal hiPSCs with the desired
modifications for downstream applications. Curr. Protoc. Mol. Biol. 107:31.1.1-31.1.17.
© 2014 by John Wiley & Sons, Inc.

Keywords: genome engineering « CRISPR e human stem cells

INTRODUCTION

Targeted human genome editing enables functional studies of genetic variation in biol-
ogy and disease, and holds tremendous potential for clinical applications. To facilitate
genome engineering, technologies such as Zinc-Finger Nucleases (ZFNs) and Transcrip-
tion Activator-Like Effector Nucleases (TALENSs) have been developed to enable targeted
and programmable modification of endogenous genomic sequences (Miller et al., 2007;
Hockemeyer et al., 2011). However, the need to design new complex nucleases for each
target site limits the utility of these methods, particularly in multiplexed gene targeting
applications.

Recently, the type II bacterial CRISPR (clustered regularly interspaced short palindromic
repeats)/Cas (CRISPR-associated) system has been developed as an efficient and versatile
technology for genome editing in eukaryotic cells and whole organisms (Jinek et al., 2012,
2013; Cong et al., 2013; DiCarlo et al., 2013; Friedland et al., 2013; Gratz et al., 2013;
Hwang et al., 2013; Mali et al., 2013a; Wang et al., 2013). The CRISPR/Cas system was
first identified in bacteria and archaea as an RNA-mediated adaptive defense system that
safeguards organisms from invading viruses and plasmids (Ishino et al., 1987; Horvath
and Barrangou, 2010; Wiedenheft et al., 2012). The hallmark of the CRISPR/Cas system
consists of CRISPR arrays composed of spacers interspersed with direct repeats and cas
genes present in the operons (Bhaya et al., 2011; Terns and Terns, 2011). In CRISPR/Cas-
mediated immunity, bacteria and archaea react to viral or plasmid attack in the adaptive
phase by first integrating short fragments of foreign nucleic acid (protospacers) into the
host chromosome at the proximal end of the CRISPR array. In the expression phase,
CRISPR loci are transcribed into precursor CRISPR RNA (pre-crRNA) and further
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Experimental workflow

Basic Protocol 1 Basic Protocol 2 Basic Protocol 3 Basic Protocol 4

Prepare Nucleofect Assess genome Isolate genome-
Cas9 and gRNA HiPSCs editing efficiency edited cells
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Experimental timeline
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Figure 31.1.1  Workflow and timeline for hiPSC genome engineering. In the complete workflow,
the Cas9 and gRNA plasmid constructs are built and subsequently transfected into cells. Genome
editing efficiency is assessed using deep sequencing. Finally, monoclonal hiPSC colonies with
desired genotype can be isolated using cell sorting. The entire workflow takes 3 weeks to perform.

processed into a library of short CRISPR RNAs (crRNAs) that can recognize and pair
with complementary sequences from invading viral or plasmid targets (Carte et al., 2008;
Haurwitz et al., 2010; Deltcheva et al., 2011; Gesner et al., 2011; Sashital et al., 2011;
Wang et al., 2011). In the final interference phase, crRNAs are packaged with trans-
activating crRNA (tracrRNA) and Cas proteins to form ribonucleoprotein complexes that
together detect and destroy foreign sequences (Brouns et al., 2008; Hale et al., 2008; Jore
et al., 2011; Lintner et al., 2011; Wiedenheft et al., 2011a,b).

It has been recently demonstrated that the type II CRISPR system from Streptococcus
pyrogenes can be engineered to induce Cas9-mediated double-stranded breaks (DSBs)
in a sequence-specific manner in vitro by providing a synthetic guide RNA (gRNA)
composed of crRNA fused to tracrRNA (Jinek et al., 2012). Moreover, the system has
been successfully adapted to function in human cells with the use of human codon-
optimized Cas9 and customizable 20-nt gRNAs (Cho et al., 2013; Cong et al., 2013;
Jinek et al., 2013; Mali et al., 2013a). Once the gRNA identifies its 20-bp target followed
by a PAM (protospacer-adjacent motif) sequence-NGG, Cas9 nuclease then cleaves
the target sequence, creating a DSB (Jinek et al., 2012). The resulting DSB will either
generate nonspecific mutations knocking out a gene through the error-prone NHEJ (non-
homologous end joining) pathway, or produce specific modifications dictated by an
exogenous repair template through the HDR (homology-directed repair) pathway (Saleh-
Gohari and Helleday, 2004; Urnov et al., 2010; Chen et al., 2011). This system greatly
enhances the ease of genome engineering through the creation of desired DSBs targeted
by RNA sequences that are easy to design, synthesize, and deliver, holding great promise
for multiplexed genome editing.

With the advent of human induced pluripotent stem cells (hiPSCs) that can be re-
programmed from fibroblasts to a human embryonic stem cell (hESC)-like state with
maintained pluripotency, self-renewal, and differentiation capacity, a better understand-
ing of human biology and potential clinical applications is now possible (Takahashi and
Yamanaka, 2006; Maherali et al., 2007; Takahashi et al., 2007; Wernig et al., 2007; Yu
etal., 2007; Park et al., 2008). hiPSC technology presents a promising tool for supplying
various cell types for transplantation therapy, regenerative medicine, drug testing, and
developmental biology experiments. The potential of hiPSCs can be further enhanced

Current Protocols in Molecular Biology

169



by genome engineering, which may be used to study human gene function, track cells
or endogenous proteins with a knock-in reporter, and correct genetic defects for gene
therapy.

To harness the full potential of hiPSC technology, this unit provides a streamlined method
for conducting genome editing in hiPSCs (Fig. 31.1.1). Basic Protocol 1 describes
the construction of Cas9 and gRNA plasmids, including the purification of the Cas9
plasmid from stab cultures obtained from Addgene, bioinformatic analysis to determine
an appropriate target sequence, and construction of gRNA plasmid from IDT gBlocks.
Basic Protocol 2 describes the transfection of hiPSCs, while the Alternate Protocol
outlines the same process for HEK293 cells. Basic Protocol 3 describes the assessment
of genome editing efficiency in successfully transfected cells. Finally, Basic Protocol 4
describes a method to isolate monoclonal hiPSC colonies with desired genotype.

PREPARATION OF Cas9 AND gRNA PLASMIDS

Plasmids containing Cas9 and the guide RNA are necessary for Cas9-mediated genome
editing. This basic protocol outlines the steps necessary to prepare both plasmids for
transfection.

Materials

Cas9 plasmid (Addgene, plasmid ID 41815) as bacterial stab in agar

LB agar plate containing 100 pg/ml ampicillin (uniT 1.1)

LB liquid medium containing 100 pg/ml ampicillin (unir 1.1)

HiSpeed Plasmid Maxi Kit (Qiagen)

PCR-grade sterile deionized water

PCR-Blunt II-Topo kit (Invitrogen, cat. no. K2800-20) including One Shot Top10
Chemically Competent E. coli cells (other competent cells for cloning may also
be used)

Sterilized glass beads (EMD Millipore, cat. no. 71013-3)

LB agar plate containing 50 pg/ml kanamycin (unIT 1.1)

M13 Forward (5-GTTTTCCCAGTCACGACG-3') and M13 Reverse
(5-AACAGCTATGACCATG-3') universal sequencing primers

LB liquid medium containing 50 pg/ml kanamycin (UNIT 1.1)

Qiagen plasmid Mini Kit (Qiagen)

Sterile pipet tips or toothpicks for picking colonies from agar plates

37°C incubator-shaker

Nanodrop microspectrophotometer (http://www.nanodrop.cont)

Sequence analysis software (e.g., NCBI BLAST, UCSC Genome Browser BLAT,
LaserGene)

DNA synthesis facility

42°C incubator for heat-shocking cells

10-ml bacterial culture tubes

Access to Sanger sequencing facility

Additional reagents and equipment for DNA synthesis (unir2.11) and Sanger
sequencing (UNIT 7.1)

Prepare Cas9 plasmid
1. Obtain plasmid from Addgene.

2. Use a sterile pipet tip or toothpick to scrape the bacterial stock from the Addgene
bacterial stab, and streak it onto an LB agar plate containing 100 pg/ml ampicillin.
Incubate plate at 37°C for 10 hr or overnight.
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3. Once colonies are formed, pick a single colony from the plate to inoculate 200 ml of
LB liquid medium containing 100 pg/ml ampicillin. Grow overnight at 37°C with
shaking at 200 rpm.

4. Tsolate plasmid DNA using a plasmid Maxiprep kit. Use Nanodrop microspectropho-
tometer to measure DNA concentration. Resuspend DNA at ~1 pg/pl in water. Use
this product for transfection.

Identify appropriate gRNA targeting sequence
5. Using sequence analysis software, identify all 22-bp regions within 50 bp of the
intended genomic target in the form of 5'-N19-NGG-3'.

These 22-bp regions may be located on either strand and should ideally overlap the target
sequence.

The selected target sequence must follow the standard sequence structure of 5'-G-N19-
NGG-3'. The 5' G is necessary for the U6 promoter used on the gRNA plasmid, while the
3’ NGG is the protospacer adjacent motif (PAM) that is necessary for Cas9 recognition.
It must also be unique to the genomic target site and have minimal alternate targets on
the genome.

6. For each candidate sequence, query for alternate binding sites in the reference
genome. Because of the higher tolerance of mismatches in the first 7 bp of the target
sequence, search the reference genome for the last 13 bp of the target sequence with
the NGG protospacer adjacent motif (S;3NGG). Use NCBI BLASTN or other online
software to choose the one with minimal off-target sites at region of interest. Finalize
the design of the customized gRNA expression fragment (455 bp) by including the
selected target sequence (N19) in the gRNA expression fragment below.

This final sequence will contain everything necessary for gRNA expression, including
the U6 promoter, customized target sequence, gRNA scaffold, and termination signal, as
annotated in Figure 31.1.2.

Create gRNA plasmid construct from IDT gBlock

7. Synthesize the final gRNA expression fragment (455 bp) as a standard gBlock
without any 5" modifications from gene synthesis companies.

incorporate 19 bp of the selected target sequence (red N1g)
5-NNNN NNNNN NNNNN NNNNN NGG-3

into the DNA fragment as indicated below:

oporae | NG oAb sopo

GTACAAAAAAGCAGGCTTTAAAGGAACCAATTCAGTCGACTGGATCCGGTACCAAGGT
CGGGCAGGAAGAGGGCCTATTTCCCATGATTCCTTCATATTTGCATATACGATACAAGG
CTGTTAGAGAGATAATTAGAATTAATTTGACTGTARACACAAAGATATTAGTACAAAAT

CGTGACGTAGAAAGTAATAATTTCTTGGGTAGTTTGCAGTTTTAAAATTATGTTTTAA
AATGGACTATCATATGCTTACCGTAACTTGAAAGTATTTCGATTTCTTGGCTTTATATA
TCTTGTGGAAAGGACGAAACACCG!

Figure 31.1.2 Overview of customized gRNA expression fragment. The chosen selected tar-
get sequence is inserted in the red region of the construct above. Of note, G in green
CRISPR/Cas9 indicates the start of the U6-driven transcript. For the color version of this figure, go to

Genome Editing http://www.currentprotocols.com/protocol/mb3101.
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11.

14.

. Resuspend the gBlock (delivered at 200 ng) in 20 i1 of water for a final concentration

of 10 ng/pLl.

. Pipet 1 pl gBlock, 1 pl pCRII-Blunt-TOPO vector, and 4 pl salt solution (from

PCR-Blunt II-Topo kit) in a 1.5-ml microcentrifuge tube, mixing gently. Incubate at
room temperature for at least 5 min.

. To transform 5 pl of product into Top10 Chemically Competent E. coli cells, thaw

one aliquot of Top10 cells in ice for 10 min, add 5 1 of the TOPO cloning reaction
from the previous step, and incubate on ice for 30 min. Heat-shock the cells at 42°C,
then return to ice for 2 min. Add 250 pl of room temperature SOC medium (from
PCR-Blunt II-Topo kit) and incubate at 37°C with shaking for 1 hr.

Spread 100 pl of the transformation mixture using sterilized glass beads onto a
prewarmed LB agar plate containing 50 pg/ml kanamycin by gently swirling the
plate or, alternatively, using an inoculating loop for spreading. Incubate overnight at
37°C.

Expect 10 to 100 colonies, with the majority containing the desired insert.

. After incubation, pick ~5 colonies for Sanger sequencing (unI7 7.7) using the M13

Forward and M13 Reverse universal sequencing primers.

. After identifying the colonies with the correct sequence, grow a maxiprep culture of

the correct transformant by inoculating 200 ml of LB medium containing 50 pg/ml
kanamycin with 100 w1 of the original culture (step 11). Grow overnight at 37°C
with shaking at 200 rpm.

Isolate plasmid DNA using a plasmid maxiprep kit. Resuspend plasmid DNA at ~1
pg/ml in water. Use this product for transfection (see Basic Protocol 2 and Alternate
Protocol).

TRANSFECTION OF hiPSCs

Genome editing in hiPSCs holds great potential for gene therapy as well as the functional
study of genetic variation when hiPSCs differentiate into relevant cell types. While
the Cas9 and gRNA plasmids are being prepared, initiate hiPSC culture to prepare for
transfection. The proper procedure for genome editing on tissue-cultured hiPSCs is
described in this protocol.

NOTE: All culture incubations should be performed in a humidified 37°C, 5% CO;
incubator unless otherwise specified.

NOTE: All reagents and equipment coming into contact with live cells must be sterile,
and aseptic technique should be used accordingly.

Materials

PGP1 hiPSC cells adapted for growth on Matrigel (see personal genome project
Web site: hitp://www.personalgenomes.org/)

Matrigel (hESC-qualified; BD Sciences, cat. no. 354277)

DMEM/F12 medium (Invitrogen)

mTeSR1 medium (StemCell Technologies, cat. no. 05850)

InSolution Rho kinase (ROCK) inhibitor (Calbiochem, cat. no. Y-27632)

P3 Primary Cell 4D-Nucleofector X kit containing P3 and Supplement 1 solutions
in addition to 16-well Nucleocuvette Strips (Lonza, cat. no. V4XP-4032)

Cas9 plasmid DNA (see Basic Protocol 1)

gRNAexpression vector (see Basic Protocol 1)
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Phosphate-buffered saline (PBS; Life Technologies, cat. no. 20012-050)
TrypLE Express (Invitrogen, cat. no. 12604-013)

6- and 48-well tissue culture—treated plates

15- and 50-ml conical centrifuge tubes (e.g., BD Falcon)
Countess automated cell counter (Invitrogen)

Tabletop centrifuge and plate adapter

Amaxa 4D-Nucleofector System (Lonza, cat. no. CD-MN025)

Additional reagents and equipment for culture of hiPSC in mTeSR medium (see
Technical Manual Version 3.0.0 from Stem Cell Technologies;
http://www.stemcell.com//media/Technical%20Resources/B/C/A/2/B/29106 MAN
_3_0_0.pdf)

Prepare for transfection

1. Culture PGP1 hiPSCs using standard protocol for hiPSC in mTeSR1 medium (in
6-well Matrigel-coated plates, until the cells are 40% confluent.

To coat plates with Matrigel, do the following:
a. Thaw a vial of 300 1 Matrigel on ice.
b. Transfer 24 ml cold DMEM/F12 into a 50-ml conical polypropylene tube.
c. Transfer 300 il Matrigel into the tube. Invert to mix.
d. Add 1 ml of this mixture per well of a 6-well plate, then leave the plate at
room temperature for 1 hr.
e. Aspirate Matrigel and replace with 2 ml cells/medium.

2. At atime point 2 hr before electroporation, replace the medium of the hiPSCs with
2 ml prewarmed mTeSR1 medium containing 2 l/ml ROCK inhibitor.

3. Atatime point 1 hr before electroporation, prepare destination wells for transfected

cells:

a. Thaw a vial of 300 .1 Matrigel on ice

b. Transfer 24 ml cold DMEM/F12 into a 50-ml conical polypropylene tube.

c¢. Transfer 300 w1 Matrigel into the tube. Invert to mix.

d. Add 500 pl of this mixture per well of 48-well plate (one well will be needed per
transfection), then leave the plate at room temperature for 1 hr.

e. Aspirate Matrigel and replace with prewarmed 500 wl mTeSR1 medium with
2 ul/ml ROCK inhibitor.

The small surface area of the wells of 48-well plates promotes high cell density and
healthy growth after transfection.
4. Prepare a transfection master mix (scale appropriately):
16.4 11 P3 and 3.6 pl Supplement 1 from Nucleofactor X kit
1l 1 g/l Cas9 plasmid
1l 1 pg/nl gRNA plasmid
22 .l per reaction, total.
Transfect hiPSCs

5. Aspirate the ROCK inhibitor—containing medium from the wells containing hiPSCs
and wash each well with 2 ml room temperature PBS.

6. Aspirate PBS, add 1 ml TrypLE Express, and incubate the plate at 37°C for 5 min.

7. Resuspend cells with 3 ml mTeSR1 medium and gently pipet up and down several
times to generate a single-cell suspension. Transfer disassociated cells into a 15-ml
centrifuge tube containing 10 ml mTeSR1 medium.
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8. Count cells with cell counter and calculate total volume required for 1 X
10cells/transfection, scaling as needed.
Given the toxicity of transfection, the minimum number of cells per transfection required
to isolate transfectants is 200,000. However, higher cell counts decrease the efficiency of
transfection by increasing the number of targets. A titration of cell counts ranging from
200,000 to 1 x 10°may help find the optimal balance.
9. Place desired quantity of cells (in this case 1 x 10°) in 15-ml centrifuge tube,
centrifuge at 200 x g for 5 min at room temperature, and aspirate supernatant.

10. Resuspend each unit of 1 x 10° cells in 22 w1 of the transfection master mix prepared
in step 4.

11. Quickly transfer cells into the central chamber of one well of a Nucleocuvette strip.
Place the strip into 4-D Nucleofector device.

12. Nucleofect cells using program CB150.

13. Quickly add 80 pl of prewarmed mTESR1 medium containing 2 pl/ml ROCK
inhibitor to each well of electroporated cells. Pipet up and down once or twice to
mix.

14. Transfer cells from the strip to wells of the Matrigel-coated plate containing mTeSR1
medium with 2 ul/ml ROCK inhibitor prepared in step 3.

15. Centrifuge the plate 3 min at 70 x g, room temperature. Place cells into 37°C
incubator.

16. After 24 hr, change to fresh mTeSR1 medium without ROCK inhibitor.

17. Harvest cells 3 days after electroporation. Follow protocol for assessing targeting
efficiency in Basic Protocol 3.

TRANSFECTION OF HUMAN HEK293 CELLS

Genome editing in HEK293 cells is efficient and convenient, thus serving as an ideal
system to test and optimize reagent before moving to hiPSCs. Here, we describe the
transfection procedure on HEK293 cells with the Cas9/gRNA plasmids.

NOTE: All culture incubations should be performed in a humidified 37°C, 5% CO,
incubator unless otherwise specified.

NOTE: All reagents and equipment coming into contact with live cells must be sterile,
and aseptic technique should be used accordingly.

Additional Materials (also see Basic Protocol 2)

HEK 293 cells (Invitrogen)

Complete DMEM medium (see recipe)
Lipofectamine 20000 (Invitrogen, cat. no. 11668027)
Opti-MEM medium (Invitrogen, cat. no. 31985062)
Cas9 plasmid DNA (see Basic Protocol 1)
gRNAexpression vector (see Basic Protocol 1)
12-well tissue culture treated plates

Plate 293 cells for transfection

1. Culture HEK 293 cells in complete DMEM medium in 6-well plates until the cells
are ~70% confluent.

2. Aspirate medium and wash cells with 2 ml room temperature PBS.
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3. Aspirate PBS, add 1 ml TrypLE Express, and incubate at 37°C for 2 min.
4. Resuspend cells with 5 ml prewarmed complete DMEM medium

5. Count cells using an automated cell counter and calculate volume required for
200,000 cells per transfection.

6. Place desired volume of cells into 15-ml centrifuge tube. Centrifuge 5 min at 200 x
g, room temperature, and aspirate supernatant.

7. Resuspend cell pellet in 1 ml complete DMEM medium.
8. Plate cells in a 12-well tissue culture plate and return to incubator.

Transfect 293 cells
9. After a day of incubation, replace medium on cells with 1 ml fresh prewarmed
complete DMEM medium. Return to incubator and allow to incubate while preparing
DNA mix.

10. Add 5 pl Lipofectamine 2000 to 50 1 Opti-MEM in a 1.5-ml microcentrifuge tube.
Invert several times to mix. Incubate the mixture at room temperature for 5 min.

11. Add 1 pg Cas9 plasmid and 1 pg gRNA to 50 plOpti-MEM in a 1.5-ml microcen-
trifuge tube.

12. Add diluted DNA from step 11 to diluted Lipofectamine mixture from step 10,
flicking the tube several times to mix.

13. Incubate the mixture 15 min at room temperature.
14. Add 100 pl of the mixture dropwise to the cells.
15. Replace medium after 24 hr with fresh prewarmed complete DMEM medium.

High concentrations of Lipofectamine can be toxic. Monitor cell conditions. If high cell
toxicity is observed, change to fresh DMEM medium after 8 hr.

16. Harvest cells 3 days after transfection.

GENOTYPING TRANSFECTED CELLS USING NEXT-GENERATION
SEQUENCING

After transfection, the targeting efficiency needs to be assessed to determine whether
isolation of genome-targeted cells from a heterogeneous population is feasible. Normally,
targeting efficiency on the order of 1% is expected for hiPSCs using Cas9-gRNA system
without selection. This basic protocol describes the assessment of the targeting efficiency
using next-generation sequencing techniques that can yield high read depths on the
targeted site from a population of nucleofected cells.

Materials

Illumina forward sequence (ACACTCTTTCCCTACACGACGCTCTTCCGATCT)

Illumina reverse sequence
(GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT)

Transfected hiPSCs (Basic Protocol 1 or Alternate Protocol) growing in culture

Phosphate-buffered saline (PBS; Life Technologies, cat. no. 20012-050)

mTeSR1 medium (StemCell Technologies, cat. no. 05850)

prepGEM gold buffer (ZyGEM)

prepGEM tissue protease enzyme (ZyGEM)

KAPA Hifi Hotstart Readymix (KAPA Biosystems)

Illumina amplification primers (see step 3)
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Illumina index primers (ScriptSeq Index PCR Primers)

Illumina PCR primer (AATGATACGGCGACCACCGAGATCTACACTCTTTCC-
CTACACGACGCTCTTCCGATCT)

2-log DNA ladder (New England Biolabs)

QIAquick PCR purification kit (Qiagen)

Computer running Primer3 software (http://primer3.sourceforge.net/) for primer
identification

15-ml conical tubes (BD Falcon)

Tabletop centrifuge

Thermal cycler

Access to MiSeq sequencer

Additional reagents and equipment for agarose gel electrophoresis (UNIT 20.54) and
measuring DNA concentration (APPENDIX 3D)

Design Illumina amplification primers for the targeting region

1.
2.

Select a ~500-bp region around the targeting site.

Use Primer3 to identify optimal targeting primer sets that amplify 200 to 300 bp
around the targeting site.

. Finalize the design of and order the customized Illumina amplification primers:

a. Append the Illumina forward sequence (ACACTCTTTCCCTACAC-
GACGCTCTTCCGATCT) to the 5’ end of the forward primer from step 2.

b. Append the Illumina reverse sequence (GTGACTGGAGTTCAGACGTGT-
GCTCTTCCGATCT) to the 5" end of the reverse primer from step 2.

The Illumina amplification scheme is ized in Figure 31.1.3.

Harvest cells and create sequencing library

4.

11.

Aspirate the mTeSR1 medium from the cultured, transfected hiPSCs and wash the
cells gently with PBS.

. Aspirate PBS, add 1 ml TrypLE Express, and incubate the plate at 37°C for 5 min.

. Transfer disassociated cells into a 15-ml conical tube containing 10 ml mTeSR1

medium and centrifuge 5 min at 200 x g, room temperature.

. Aspirate supernatant and resuspend the cell pellet with the residual medium left in

the conical tube.

. Prepare a 10-pl cell lysis reaction with the following reagents in a PCR strip:

8.9 pl cell pellet suspension
1 pl prepGEM gold buffer (ZyGEM)
0.1 pl of prepGEM tissue protease enzyme (ZyGEM)

. Incubate the reaction in a thermal cycler:

75°C for 15 min
95°C for 5 min.

. Prepare a 20-pl PCR reaction to obtain the amplicon of the targeting region.

1 1 of the reaction from step 9

10 nl 2 x KAPA Hifi Hotstart Readymix

0.2 u1 100 mM each Illumina amplification primer (see step 3)
Water to 20 pl.

Perform PCR with the following parameters:
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lllumina amplification forward primer lllumina amplification reverse primer

chromosome —

round 1 PCR
PCR product |
= — —
lllumina PCR primer lllumina index primer
round 2 PCR

—-

lllumina targeting region index  lllumina
adaptor adaptor

PCR product Il

Figure 31.1.3 Schematic of lllumina sequencing library preparation. The first round of PCR
amplifies the targeting region with the universal forward and reverse sequences necessary to
anneal to the lllumina proprietary primers. The second round of PCR adds an index primer
necessary for deconvoluting separate sequencing pools, as well as the adaptor necessary for
attachment to the sequencing flow cell.

1 cycle: 5min  95°C (initial denaturation)
15to 25 cycles: 20sec 98°C  (denaturation)
20sec  65°C  (annealing)
20sec  72°C  (extension).

If you do not get clear product bands, try more cycles to amplify desired product.

12. Prepare the second round of PCR reaction to add the Illumina sequence adaptor.
5 wl of the reaction from step 11
10 n1 KAPA Hifi Hotstart Readymix
1 pl Ilumina index primer
0.1 1 of 100mM Illumina PCR primer
Water to 20 pl.

There are 48 orthogonal Illumina index primers from the ScriptSeq Index PCR Primers
kit. Choose independent index primers for different reactions.

13. Perform the second round of PCR with the following parameters:

1 cycle: Smin  95°C (initial denaturation)
15to 25 cycles: 20sec  98°C  (denaturation)
20sec  65°C  (annealing)
20sec 72°C  (extension)
1 cycle: 4min  72°C (final extension).

If you do not get clear product bands, try more cycles to amplify desired product.

14. Run PCR product on a 2% agarose gel (UNIT 20.54) against a 2-log DNA ladder and
verify the correct amplicon length.
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16.

The Illumina sequencing adapter adds 160 bp to the genomic amplicon.

. PCR purify the product with QIAquick PCR purification kit. Measure concentration

of each sample (ApPENDIX 3D) and pool each sample at the same concentration to
ensure equal sequencing coverage. Submit for sequencing with MiSeq Personal
Sequencer.

After the sequencing results arrive, analyze the results using the bioinformatics
platform of choice.

The authors recommend the CRISPR genome analyzer: http://54.80.152.219/.

The incorporation frequency is defined by the percentage of sequences that have mutated
away from the wild-type sequence from the original sample. An incorporation frequency
of 1% or more is ideal for the downstream protocols.

SINGLE-CELL ISOLATION OF GENOME-TARGETED MONOCLONAL
hiPSCs

After a successful round of Cas9-mediated genome engineering, the next step is to
isolate monoclonal hiPSC colonies with the desired genotype. This can be accomplished
by fluorescence-activated cell sorting (FACS) and genotyping of single cell-derived
colonies. Once genome-edited monoclonal hiPSC colonies have been isolated, they can
be utilized for downstream applications—e.g., differentiating into relevant tissue types
to interrogate functionality in biology and disease.

Materials

—_

0.1% (w/v) gelatin (StemCell Technologies, cat. no. 07903)

Irradiated CF-1 mouse embryonic fibroblasts (Michalska, 2007)

hES cell medium (see recipe)

Recombinant fibroblast growth factor (Millipore)

SMC4 (BD Biosciences; for 1x SMC4, supplement 500 ml of medium with one
vial of SMC4 purchased from BD)

Fibronectin (StemCell Technologies)

Heterogenous pool of edited hiPSC (Basic Protocol 2)

mTeSR1 medium (StemCell Technologies, cat. no. 05850) supplemented with
SMC4 (BD Biosciences) at final concentration of 1x (one vial per 500 ml
medium)

mTeSR1 medium (StemCell Technologies, cat. no. 05850), unsupplemented

Phosphate-buffered saline (PBS; Invitrogen, cat. no. 20012-050)

Accutase (Millipore)

ToPro-3 viability dye (Invitrogen)

Matrigel (hESC-qualified; BD Sciences, cat. no. 354277)

96-well plates

BD FACSAria II SORP UV (BD Biosciences) with 100-mm nozzle
Centrifuge for 96-well plates

Access to Sanger sequencing facility

Additional reagents and equipment for obtaining amplicons of the targeting region
(see Basic Protocol 3, steps 4 to 11)

. One day before the experiment, prepare 96-well plates with CF-1 mouse embryonic

fibroblast (MEF) as follows:
a. Coat the plate by incubating 15 min with 50 pl/well of 0.1% (w/v) gelatin at
room temperature, and wash with PBS.

Current Protocols in Molecular Biology

178

BASIC
PROTOCOL 4

Genome Editing
—

31.1.11

Supplement 107



CRISPR/Cas9
Genome Editing
——

31.1.12

Supplement 107

b. Thaw and plate MEF in the gelatin-coated 96-well at a concentration of 1 x 10°
cells/well in complete DMEM medium.
. Incubate the MEF plate in the 37°C incubator overnight.
d. Following the overnight incubation, change the medium to hES cell medium
supplemented with 100 ng/ml fibroblast growth factor, 1 x SMC4 (one vial per
500 ml medium), and 5 mg/ml fibronectin.

o

. Replace the medium on the hiPSCs in a 48-well plate from Basic Protocol 2 with

mTeSR1 medium supplemented with 1 x SMC4 (one vial per 500 ml medium) for
at least 2 hr before FACS analysis is to be performed.

. Aspirate the medium from the cultured hiPSCs, then wash the cells gently with PBS.

. Aspirate PBS, add 200 pl/well Accutase (or enough to cover the well), and incubate

at 37° for 5 to 10 min.

. Generate the single-cell suspension by adding 1 ml mTeSR1 (unsupplemented) to

each well and pipetting up and down gently several times.

. Place cell suspension in a 15-ml conical tube, then centrifuge 5 min at 200 x g,

room temperature. Aspirale supernatant.

. Resuspend the cells with | ml mTeSR1 and add 0.5 1 of the viability dye ToPro-3.
. Using a BD FACSAria II SORP UV with 100-mm nozzle under sterile conditions,

sort single cells into individual wells of the 96-well plates prepared in step 1.

The 100-mm nozzle is critical for the FACS experiment, to minimize the stress on hiPSCs.

. After collection, centrifuge plates 3 min at 70 x g, room temperature. and place the

plate into the tissue culture incubator

. Four days after sorting, colony formation should be apparent; at this point replace

the culture medium with hES cell medium supplemented with 1 x SMC4.

. Eight days after sorting, replace medium with hES medium (unsupplemented).

SMC4 is beneficial for cell viability post sorting. However, long-duration exposure of
cells to SMC4 may lead to cell differentiation. We recommend removing SMC4 from the
culture medium once the colony formation is stable.

. Passage the monoclonal hiPSC cells into Matrigel-coated 96-well plate and save

half of the cells for genotyping.

To coat wells with Matrigel, do the following:
a. Thaw a vial of 300 1 Matrigel on ice.
b. Transfer 24 ml cold DMEM/F12 into a 50-ml conical polypropylene tube.
c. Transfer 300 il Matrigel into the tube. Invert to mix.
d. Add 100 pl of this mixture per well of a 96-well plate, then leave the plate
at room temperature for 1 hr.
e. Aspirate Matrigel and replace with 200 1 cells/medium.

. Perform steps 4 to 11 in Basic Protocol 3 to obtain amplicons of the targeting region.

The amplicon produced in the first round of Illlumina PCR is sufficient for Sanger se-
quencing. Either the forward or the reverse primer can be used as the sequencing primer.

. Perform Sanger sequencing to check the genotype of the targeting region.

15.

Choose a colony containing the correct mutation for downstream differentiation or
processing.
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Table 31.1.1 Troubleshooting Common Problems with the CRISPR/Cas9 System

Problem

Possible cause

Solution

Low hiPSC viability after
electroporation

Low genome targeting

efficiency

Unable to obtain amplicon
of the targeting region

DNA plasmid purity is low

Too much DNA

Cell density is too high before
electroporation

Cell number is not sufficient

Delay of cell recovery after
electroporation

Cell is sensitive to trypsin
treatment

gRNA off-target effect is
prevalent and toxic to the cell

DNA transfection efficiency
is low, or cell viability is low
after transfection

The targeting site is not
accessible/targetable

Primer design is not optimal

Insufficient cell number

Lysis reaction is not sufficient

Too much lysis reaction in the
PCR reaction

Use maxiprep kit to generate
high-quality DNA

Reduce the amount of DNA

Transfect cells under
exponential growth phase

Use a minimum of 300,000
cells per transfection

Speed the recovery after
electroporation by preparing all
the necessary plates and pipets
in advance and recovering the
cells as soon as the
electroporation is complete
Use nonenzymatic method to
generate single-cell
suspension, such as EDTA
treatment

Try alternative gRNA targeting
site

Use Cas9-GFP construct
followed by FACS to enrich
transfected cell

There is no systematic
knowledge yet regarding the
impact of the targeting
sequence on the targeting
efficiency. We recommend that
users design/generate/test
multiple gRNAs near the
region of interest.

Use Primer3 or other primer
design software to optimize the
design of primer on the
targeting region

Start with at least >1000 cells

Elongate the prepGEM
digestion time

Use no more than 1/10 volume
of lysis reaction in the final
PCR reaction

REAGENTS AND SOLUTIONS
Use deionized, distilled water in all recipes and protocol steps. For common stock solutions, see
APPENDIX 2; for suppliers, see APPENDIX 4.

Complete medium for HEK 293 cells

High-glucose DMEM medium (Invitrogen) supplemented with:
10% fetal bovine serum (FBS)
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Table 31.1.2 Time Considerations for CRISPR/Cas9 Protocols

Procedure Substep Hands-on time Total experiment time Stopping point
Basic Protocol 1— Shr ~ 4 days Yes
Preparation of hCas9 and
gRNA plasmids
Prepare hCas9 plasmid 2 hr 2hr Yes
Identify appropriate gRNA 1 hr ~3 days Yes
targeting sequence
Plasmid construction of 2 hr 1 day Yes
gRNA construct from IDT
gBlock
Basic Protocol 2— 3 hr ~3 days (recovery after No
Transfection of Human transfection)
iPS cells
Basic Protocol 3— 4 hr ~2 days Yes
Genotyping transfected
cells using next generation
sequencing
Harvest cells and create 3hr 3 br + 1 day (sequencing)  Yes

sequencing library

Basic Protocol 4—Isolate
genome-edited hiPSCs

FACS sorting 3 hr

Harvest cells and create 3hr
sequencing amplicon

~12 days

1 day (prepare MEF plate) Yes
+1 day (FACS) + 8 days
(colony growth)

3 br + 1 day (Sanger Yes
sequencing)

Store up to 3 to 6 months at 4°C
hES cell medium

5 to 10 ng/ml bFGF

1 mM L-glutamine

100 wM nonessential amino acids
100 wM 2-mercaptoethanol

Store up to 3 to 6 months at 4°C

COMMENTARY

Background Information

Cas9 is a tool for easily editing the genome
of human cells. Compared with other genome
editing methods, such as ZFNs and TALENS,
the RNA-guided Cas9 system has certain ad-
vantages.

First, the simplicity of its design and con-

CRISPR/Cas9 struction make the tool more accessible. Sec-
Genome Editing ond, the mere requirement of small RNAs
31.1.14
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1x nonessential amino acids (NEAA)
1x penicillin/streptomycin solution (pen/strep)

DMEM/F12 medium (e.g., Invitrogen) containing:
20% (v/v) knockout serum replacement (KOSR)

1 x penicillin/streptomycin solution (pen/strep)

for each new target allows for multiplexible
genome targeting. Third, independent studies
indicate that the Cas9 system is more effi-
cient than other tools targeting the same region
(Hwang et al., 2013; Mali et al., 2013a). How-
ever, the specificity of Cas9-mediated genome
targeting is still under investigation. Judicious
selection of the targeting site is necessary to
minimize off-target effects.
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Critical Parameters

As with any transfection, the quality of the
DNA plasmid is paramount. We recommend
plasmid maxiprep kits providing transfection-
level DNA, especially for hiPSCs. The amount
of DNA used in the transfection is also an
important parameter, since higher transfec-
tion efficiency and dosage usually yield higher
genome-targeting efficiency. When a new cell
line is used for the first time, the amount
of DNA needed for optimal transfection ef-
ficiency should be determined by titration. Fi-
nally, the concentration of DNA used in trans-
fection is another important parameter, since
the DNA volume used for hiPSC electropora-
tion should be less than 1/10 of the total reac-
tion volume to achieve effective transfection
without incurring significant cell death. If the
concentration is too low to satisfy this require-
ment, use a Speedvac evaporator to evaporate
some of the water in the DNA solution, thereby
increasing concentration.

The hiPSC density before transfection is
important, as we have observed that genome
editing on cells at exponential growth phase
yields higher efficiency. We recommend that
users conduct transfection on cells that have
reached 30% to 40% confluence.

Finally, when assessing the efficiency of
genome editing, the number of cells used in
genotyping is critical for successful genotyp-
ing following this protocol. We tested the sen-
sitivity of genotyping and found that a min-
imum of four cells is required to enable the
amplification reaction. However, empirically,
robust target region amplification occurs with
>1000 cells.

Troubleshooting

Table 31.1.1 describes some problems com-
monly encountered with the protocols de-
scribed in this unit, along with accompanying
solutions.

Anticipated Results

‘We can achieve ~2% genome targeting effi-
ciency in hiPSCs and ~30% genome targeting
efficiency in HEK293 cells using the meth-
ods described above. The efficiency in hiPSCs
varies with the targeting sites and locations.
We detected 0.2% to 15% targeting efficiency
in hiPSCs and 1% to >50% targeting effi-
ciency in HEK 293 cells without any transfec-
tion enrichment and selection. We recommend
that a transfection-enrichment strategy be used
to maximize the efficiency.

Double-nickases represent an alternative
approach for genome editing with mitigated
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off-targeted effects. It has been shown that
the efficiency achieved by double-nickases is
comparable to that of nuclease in HEK293
(Mali et al., 2013b; Ran et al., 2013). How-
ever, it is still under investigation whether the
double-nickase strategy would work in hiP-
SCs.

Time Considerations

See Table 31.1.2 for a description of the
time required for the protocols described in
this unit.
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Appendix 9.B: Optimization of Scarless Human Stem
Cell Genome Editing
The work presented in this chapter has been published in the following paper””:
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ABSTRACT INTRODUCTION g
Efficient strategies for precise genome editing in  Precise genome editing in human-induced pluripotent cells
human-induced pluripotent cells (hiPSCs) will (hiPSCs) will enable functional studies of human genetic 3
enable sophisticated genome engineering for  Variation and enhance the potential use of hiPSCs for re- =
research and clinical purposes. The development  Senerative medicine. Currently, genome editing via z
of programmable sequence-specific nucleases sequence-specific 11ucleases represents the most efficient g
i : way to precisely edit human cell genomes (1 3). A 5
such as Transcription Activator-Like Effectors nuclease-mediated ~ double-stranded DNA (dsDNA) 8
NUCIE_ases _‘TAL_ENS) and Cas9-gRNA _a_llows break in the genome can be repaired by two main mech-
genetic modifications to be made more efficiently anisms (4): non-homologous end joining (NHEJ), which
at targeted sites of interest. However, many frequently results in the introduction of non-specific inser-
opportunities remain to optimize these tools and tions and deletions (indels), or homology-directed repair

to enlarge their spheres of application. We
present several improvements: First, we developed
functional re-coded TALEs (reTALEs), which not
only enable simple one-pot TALE synthesis but
also allow TALE-based applications to be per-
formed using lentiviral vectors. We then
compared genome-editing efficiencies in hiPSCs
mediated by 15 pairs of reTALENs and Cas9-
gRNA targeting CCR5 and optimized ssODN
design in conjunction with both methods for
introducing specific mutations. We found Cas9-
gRNA achieved 7-8x higher non-homologous end
joining efficiencies (3%) than reTALENs (0.4%) and
moderately superior homology-directed repair
efficiencies (1.0 versus 0.6%) when combined with
ssODN donors in hiPSCs. Using the optimal design,
we demonstrated a streamlined process to
generated seamlessly genome corrected hiPSCs
within 3 weeks.

(HDR), which incorporates a homologous strand as a
repair template. When a sequence-specific nuclease is de-
livered along with a homologous donor DNA construct
containing the desired mutations, gene targeting
efficiencies are increased by 1000-fold compared with
just the donor construct alone (5). Thus, the development
of programmable nucleases has greatly facilitated the
practice of targeted genome engineering.

Despite large advances in gene editing tools, many chal-
lenges and questions remain regarding the use of custom-
engineered nucleases in hiPSC engineering. First, despite
their design simplicity, Transcription Activator-Like
Effectors Nucleases (TALENS) target particular DNA se-
quences with tandem copies of Repeat Variable Diresidue
(RVD) domains (6). Although the modular nature of
RVDs simplifies TALEN design, their repetitive sequences
complicate methods for synthesizing their DNA constructs
(7 10) and also impair their use with lentiviral gene delivery
vehicles, most likely by causing sequence instabilities (11).

Next, we sought to improve the ease and sensitivity of
current detection methods for assessing genome editing. In
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current practice, NHEJ and HDR are frequently
evaluated using separate assays. Mismatch-sensitive endo-
nuclease assays (12) are often used for assessing NHEJ,
but the quantitative accuracy of this method is variable,
and the sensitivity is limited to NHEJ frequencies greater
than ~3% (12). Meanwhile, HDR is frequently assessed
by cloning and sequencing, a completely different and
often cumbersome procedure. Sensitivity is still an issue
because, although high editing frequencies on the order of
50% are frequently reported for some cell types, such as
U20S and K562 (10,13), frequencies are generally lower in
hiPSCs (14). Recently, high editing frequencies have been
reported in hiPSC and hESC using TALENS (15) and even
higher frequencies with the CRISPR Cas9-gRNA system
(16 19). However, editing rates at different sites appear to
vary widely (17), and editing is sometimes not detectable
at all at some sites (20). Moreover, although the recent
successes in editing hiPSC genomes with TALENs and
Cas9 are striking, genome editing using these tools has
not yet been systematically explored and compared. To
come to a fuller understanding of these issues and
optimize inefficiencies will require simple and efficient col-
lection and analysis of NHEJ and HDR rates at large
numbers of sites using tools that accurately capture low
as well as high rates. To this end, we developed a robust
and user-friendly package wusing next generation
sequencing to screen HR and NHEJ events in hiPSCs
together.

As a demonstration of how our improved synthesis
method for TALEs, and our genome editing assessment
tool, can expedite data gathering, analysis and optimiza-
tion, we used these tools to compare reTALEN and Cas9
efficiencies in hiPSCs at 15 sites near the CCRS5 locus. As
with TALEN and Cas9 editing of hiPSCs, generally, use
of ssODNs as DNA donors has been reported (21,22), but
the optimal design and scope of ssODNs for this purpose
have not been systematically explored. We then used our
tools to optimize the design of ssODNs used as donors for
scarless genome engineering.

Another area for improvement in editing procedures for
hiPSC relates to the clonal isolation of the hiPSCs them-
selves, an operation that is difficult in part because hiPSC
are difficult to grow out from isolated single cells because
in the absence of appropriate cell-to-cell contacts with
other hiPSCs or feeder cells. However, procedures that
improve clonal hiPSC isolation have recently been
reported (23), and we adapted these to integrate with the
other procedures we report here. Taken all together, we
demonstrate that it is possible to obtain clonal, precisely
genome-edited hiPSCs within 3 weeks, including within
this the amount of time required to synthesize optimal
reagents and perform rapid prospective screening of
target events.

MATERIALS AND METHODS
gRNA assembly

We incorporated 19 bp of the selected target sequence (i.e.
5-Njg of 5-N;o-NGG-3') into two complementary 100
mer oligonucleotides (TTCTTGGCTTTATATATCTTG

TGGAAAGGACGAAACACCGNISGTTTTAGAGCT
AGAAATAGCAAGTTAAAATAAGGCTAGTCC).

Each 100 mer oligonucleotide was suspended at 100 mM
in water, mixed with equal volume and annealed in
thermocycle machine (95°C, Smin; Ramp to 4°C, 0.1°C/
s). To prepare the destination vector, we linearized the
¢gRNA cloning vector (Addgene plasmid ID 41824,
Supplementary Sequence S3) using AfIIl and purified
the vector through purification. We carried out the
(10ul) gRNA assembly reaction with 10ng annealed
100bp fragment, 100ng destination backbone, 1x
Gibson assembly reaction mix (New England Biolabs) at
50°C for 30 min, and reaction can be processed directly for
bacterial transformation to colonize individual assemblies.

re-TALEs design and assembly

re-TALEs were optimized at different levels to facilitate
assembly and improve expression. re-TALE DNA se-
quences were first co-optimized for a human codon-
usage and low mRNA folding energy at the 5 end
(GeneGA, Bioconductor). The obtained sequence was
evolved through several cycles to eliminate repeats
(direct or inverted) longer than 11bp (Supplementary
Figure S8). In each cycle, synonymous sequences for
each repeat are evaluated. Those with the largest
hamming distance to the evolving DNA are selected.
The sequence of one of re-TALE possessing 16.5
monomers is listed in Supplementary Sequence S1.

re-TALE dimer blocks encoding two RVDs
(Supplementary Figure S2A) were generated by two
rounds of PCR under standard Kapa HIFI (KPAP)
PCR conditions, in which the first round of PCR
introduced the RVD coding sequence and the second
round of PCR generated the entire dimer blocks with
36 bp overlaps with the adjacent blocks. PCR products
were purified using QIAquick 96 PCR Purification Kit
(QIAGEN), and the concentrations were measured by
Nano-drop. The primer and template sequences are
listed in Supplementary Tables S1 and S2.

re-TALENs and re-TALE-TF destination vectors were
constructed by medifying the TALE-TF and TALEN
cloning backbones (24). We re-coded the 0.5 RVD
regions on the vectors and also incorporated Sapl
cutting site at the designated re-TALE cloning site. The
sequences of re-TALENs and re-TALE-TF backbones are
listed in Supplementary Sequence S2. Plasmids can be pre-
treated with Sapl (New England Biolabs) with manufac-
turer recommended conditions and purified with
QIAquick PCR purification kit (QIAGEN).

We carried out the (10ul) one-pot TALE Single-
incubation Assembly (TASA) assembly reaction with
200ng of each block, 500ng of destination backbone,
1x TASA enzyme mixture [2U Sapl, 100 U Ampligase
(Epicentre), 10mU T5 exonuclease (Epicentre), 2.5U
Phusion DNA polymerase (New England Biolabs)] and
1x isothermal assembly reaction buffer as described
before (25) [5% PEG-8000, 100mM Tris HCI (pH 7.5),
10mM MgCI2, 10mM DTT, 0.2mM each of the four
dNTPs and 1 mM NAD]. Incubations were performed at
37°C for 5min and 50°C for 30min. TASA assembly

186

€107 ‘£ 18n8ny uo 13903 £q /S10'sewnolpioxo reuy: dyy wolj papeojumoq



reaction can be processed directly for bacterial transform-
ation to colonize individual assemblies. The efficiency of
obtaining full-length construct is ~20% with this
approach. Alternatively, >90% efficiency can be
achieved by three-steps assembly. First, 10pl of re-
TALE assembly reactions were performed with 200ng of
each block, 1x re-TALE enzyme mixture (100U
Ampligase, 12.5mU T5 exonuclease, 2.5U Phusion
DNA polymerase) and 1x isothermal assembly buffer at
50°C for 30min, followed by standardized Kapa HIFI
PCR reaction, agarose gel electrophoresis and QIAquick
Gel extraction (Qiagen) to enrich the full-length re-
TALEs. In all, 200ng of re-TALE amplicons can then
be mixed with 500ng of Sapl-pre-treated destination
backbone, 1x re-TALE assembly mixture and 1x isother-
mal assembly reaction buffer and incubated at 50°C for
30min. The re-TALE final assembly reaction can be pro-
cessed directly for bacterial transformation to colonize in-
dividual assemblies. Additional notes of the assembly
methods can be found in Supplementary Note S1.

Cell line and cell culture

PGP1 iPS cells were maintained on Matrigel (BD
Biosciences)-coated plates in mTeSR1  (Stemcell
Technologies). Cultures were passaged every 5 7 days
with TrypLE Express (Invitrogen). The 293 T and 293FT
cells were grown and maintained in Dulbecco’s modified
Eagle’s medium (DMEM, Invitrogen) high glucose
supplemented with 10% fetal bovine serum (Invitrogen),
penicillin/streptomycin (pen/strep, Invitrogen) and non-
essential amino acids (Invitrogen). K562 cells were
grown and maintained in RPMI (Invitrogen) supple-
mented with 10% fetal bovine serum (Invitrogen 15%)
and penicillin/streptomycin (pen/strep, Invitrogen). All
cells were maintained at 37°C and 5% CO2 in a
humidified incubator.

We established a stable 293T cell line for detecting
HDR efficiency as described before (26). Specifically, the
reporter cell lines bear genomically integrated GFP-coding
sequences disrupted by the insertion of a stop codon and a
68 bp genomic fragment derived from the AAVS] locus.

Test of reTALENS activity

We seeded 293 T reporter cells at densities of 2 x 105 cells
per well in 24-well plate and transfected them with 1 ug of
each re-TALENs plasmid and 2 pg DNA donor plasmid
using Lipofectamine 2000 following the manufacturer’s
protocols. Cells were harvested using TrypLE Express
(Invitrogen) ~18h after transfection and resuspended in
200l of media for flow cytometry analysis using an
LSRFortessa cell analyzer (BD Biosciences). The flow
cytometry data were analyzed using FlowJo (FlowJo).
At least 25000 events were analyzed for each transfection
sample. For endogenous AAVSI locus targeting experi-
ment in 293 T, the transfection procedures were identical
as described earlier in the text, and we conducted puro-
mycin selection with drug concentration at 3 pg/ml1 week
after transfection.
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Functional lentivirus generation assessment

The lentiviral vectors were created by standard PCR and
cloning techniques. The lentiviral plasmids were trans-
fected by Lipofectamine 2000 with Lentiviral Packaging
Mix (Invitrogen) into cultured 293FT cells (Invitrogen) to
produce lentivirus. Supernatant was collected 48 and 72h
post-transfection, sterile filtered and 100pl of filtered
supernatant was added to 5x 10° fresh 293 T cells with
polybrene. Lentivirus titration was calculated based on
the following formula: virus titration = (percentage of
GFP+ 293 T cell x initial cell numbers under transduc-
tion)/(the volume of original virus collecting supernatant
used in the transduction experiment). To test the function-
ality of lentivirus, 3 days after transduction, we trans-
fected lentivirus transduced 293 T cells with 30ng of
plasmids carrying mCherry reporter and 500ng of
pUCI19 plasmids using Lipofectamine 2000 (Invitrogen).
Cell images were analyzed using Axio Observer Z.1 (Zeiss)
18h after transfection and harvested using TrypLE
Express (Invitrogen) and resuspended in 200 pl of media
for flow cytometry analysis using LSRFortessa cell
analyzer (BD Biosciences). The flow cytometry data
were analyzed using BD FACSDiva (BD Biosciences).

Test of re-TALENs and Cas9-gRNA genome editing
efficiency

PGP1 iPSCs were cultured in Rho kinase (ROCK) inhibi-
tor Y-27632 (Calbiochem) 2h before nucleofection.
Transfections were done using P3 Primary Cell 4D-
Nucleofector X Kit (Lonza). Specifically, cells were har-
vested using TrypLE Express (Invitrogen), and 2 x 10°
cells were resuspended in 20 ul of nucleofection mixture
containing 16.4 ul of P3 Nucleofector solution, 3.6 ul of
supplement, 1 ug of each re-TALENs plasmid or 1 pg of
Cas9 and 1 pg of gRNA construct, 2 pl of 100 uM ssODN.
Subsequently, we transferred the mixtures to 20pl of
Nucleocuvette strips and conducted nucleofection using
CB150 program. Cells were plated on Matrigel-coated
plates in mTeSR1 medium supplemented with ROCK in-
hibitor for the first 24 h. For endogenous AAVS] locus-
targeting experiment with dsDNA donor, we used the
identical procedure except we used 2pg of dsDNA
donor, and we supplement the mTeSR 1 media with puro-
mycin at the concentration of 0.5pug/ml 1 week after
transfection.

The information of reTALENs, gRNA and ssODNs
used in this study are listed in Supplementary Tables S3
and S6.

Amplicon library preparation of the targeting regions

Cells were harvested 6 days after nucleofection and 0.1 pl
of prepGEM tissue protease enzyme (ZyGEM) and 1 pl of
prepGEM gold buffer (ZyGEM) were added to 8.9 ul of
the 2 5 x 107 cells in the medium. In all, 1 pul of the reac-
tions were then added to 9 ul of PCR mix containing 5 pl
2 x KAPA Hifi Hotstart Readymix (KAPA Biosystems)
and 100nM corresponding amplification primer pairs.
Reactions were incubated at 95°C for 5min followed by
15 cycles of 98°C, 20s; 65°C, 20s and 72°C, 20s. To add
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the Illumina sequence adaptor, 5 ul of reaction products
were then added to 20 pl of PCR mix containing 12.5 pl of
2 x KAPA HIFI Hotstart Readymix (KAPA Biosystems)
and 200 nM primers carrying Illumina sequence adaptors.
Reactions were incubated at 95°C for 5min followed by 25
cycles of 98°C, 20s; 65°C, 20s and 72°C, 20s. PCR
products were purified by QIAquick PCR purification
kit, mixed at roughly the same concentration and
sequenced with MiSeq Personal Sequencer. All the PCR
primers can be found in the Supplementary Table S5.

G editing

t system

We wrote a pipeline to analyze the genome engineering
data. This pipeline is integrated in one single Unix
module, which uses different tools such as R, BLAT and
FASTX Toolkit.

Barcode splitting: Groups of samples were pooled
together and sequenced using MiSeq 150 bp paired end
(PE150) (Illumina Next Gen Sequencing) and later
separated based on DNA barcodes using FASTX Toolkit.

Quality filtering: We trimmed nucleotides with lower
sequence quality (phred score <20). After trimming,
reads shorter than 80nt were discarded.

Mapping: We used BLAT to map the paired reads in-
dependently to the reference genome and we generated .psl
files as output.

Indel calling: We defined indels as the full-length reads
containing two blocks of matches in the alignment. Only
reads following this pattern in both paired end reads were
considered. As a quality control, we required the indel reads
to possess minimal 70nt matching with the reference
genome and both blocks to be at least 20 nt long. Size and
position of indels were calculated by the positions of each
block to the reference genome. Non-homologous end
joining (NHEJ) has been estimated as the percentage of
reads containing indels [see Equation (1)]. The majority of
NHEJ event have been detected at the targeting site vicinity.

Homology-directed recombination (HDR) efficiency:
Pattern matching (grep) within a 12bp window centering
over DSB was used to count specific signatures corres-
ponding to reads containing the reference sequence, modi-
fications of the reference sequence (2bp intended
mismatches) and reads containing only 1bp mutation
within the 2bp intended mismatches [see Equation (1)].

Equation 1. Estimation of NHEJ and HDR

A=reads identical to the reference: XXXXXABX
XXXX

B =reads containing 2bp mismatch programed by
sSODN: XXXXXabXXXXX

C = reads containing only 1 bp mutation in the target
site: such as XXXXXaBXXXXX or XXXXXAbBXXXXX

D = reads containing indels as described above

. _ D [)
NHEJ efficiency = (100 X m) %o

- _ B 9
HDR efficiency = (100 xm> %

The statistic analysis of the GEAS can be found in
Supplementary Note S2.

Genotype screening of colonized hiPSCs

Human iPS cells on feeder-free cultures were pre-treated
with mTesr-1 media supplemented with SMC4 (5uM
thiazovivin, 1uM CHIR99021, 0.4uM PD0325901, 2uM
SB431542) (23) for at least 2 h before fluorescence-activated
cell sorting (FACS) sorting. Cultures were dissociated using
Accutase (Millipore) and resuspended in mTesr-1 media
supplemented with SMC4 and the viability dye ToPro-3
(Invitrogen) at concentration of 1 2 x 107 /ml. Live hiPS
cells were single-cell sorted using a BD FACSAria IT SORP
UV (BD Biosciences) with 100 um nozzle under sterile con-
ditions into 96-well plates coated with irradiated CF-1
mouse embryonic fibroblasts (Global Stem). Each well con-
tained hES cell medium (27) with 100ng/ml recombinant
human basic Fibroblast Growth Factor (Millipore) supple-
mented with SMC4 and 5 pg/ml fibronectin (Sigma). After
sorting, plates were centrifuged at 70g for 3 min. Colony
formation was seen 4 days post sorting, and the culture
media was replaced with hES cell medium with SMC4.
SMC4 can be removed from hES cell medium 8 days
after sorting.

A few thousand cells were harvested 8 days after FACS
and 0.1 pl of prepGEM tissue protease enzyme (ZyGEM)
and 1 pl of prepGEM gold buffer (ZyGEM) were added to
8.9 ul of cells in the medium. The reactions were then added
to 40 ul of PCR mix containing 35.5ml of platinum 1.1x
Supermix (Invitrogen), 250 nM of each dNTP and 400 nM
primers. Reactions were incubated at 95°C for 3min
followed by 30 cycles of 95°C, 20s; 65°C, 30s and 72°C,
20s. Products were Sanger sequenced using either one of
the PCR primers (Supplementary Table S5), and sequences
were analyzed using DNASTAR (DNASTAR).

Immunostaining and teratoma assays of hiPSCs

Cells were incubated in the KnockOut DMEM/F-12
medium at 37°C for 60min using the following
antibody: Anti-SSEA-4 PE (Millipore) (1: 500 diluted);
Tra-1-60 (BD Pharmingen) (1:100 diluted). After the in-
cubation, cells were washed three times with KnockOut
DMEM/F-12 and imaged on the Axio Observer Z.1
(ZIESS).

To conduct teratoma formation analysis, we harvested
human iPSCs using collagenase type IV (Invitrogen) and
resuspended the cells into 200 pl of Matrigel and injected
intramuscularly into the hind limbs of Rag2gamma
knockout mice. Teratomas were isolated and fixed in
formalin between 4 and 8 weeks after the injection. The
teratomas were subsequently analyzed by hematoxylin
and eosin staining.

RESULTS

ReTALENS target genomic loci effectively in human
somatic and stem cells

TALEs have proven to be a powerful and easy-to-design
tool for targeted genome manipulation in multiple cell
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the Illumina sequence adaptor, 5 ul of reaction products
were then added to 20 pl of PCR mix containing 12.5 pl of
2 x KAPA HIFI Hotstart Readymix (KAPA Biosystems)
and 200 nM primers carrying Illumina sequence adaptors.
Reactions were incubated at 95°C for 5min followed by 25
cycles of 98°C, 20s; 65°C, 20s and 72°C, 20s. PCR
products were purified by QIAquick PCR purification
kit, mixed at roughly the same concentration and
sequenced with MiSeq Personal Sequencer. All the PCR
primers can be found in the Supplementary Table S5.

G editing

t system

We wrote a pipeline to analyze the genome engineering
data. This pipeline is integrated in one single Unix
module, which uses different tools such as R, BLAT and
FASTX Toolkit.

Barcode splitting: Groups of samples were pooled
together and sequenced using MiSeq 150 bp paired end
(PE150) (Illumina Next Gen Sequencing) and later
separated based on DNA barcodes using FASTX Toolkit.

Quality filtering: We trimmed nucleotides with lower
sequence quality (phred score <20). After trimming,
reads shorter than 80nt were discarded.

Mapping: We used BLAT to map the paired reads in-
dependently to the reference genome and we generated .psl
files as output.

Indel calling: We defined indels as the full-length reads
containing two blocks of matches in the alignment. Only
reads following this pattern in both paired end reads were
considered. As a quality control, we required the indel reads
to possess minimal 70nt matching with the reference
genome and both blocks to be at least 20 nt long. Size and
position of indels were calculated by the positions of each
block to the reference genome. Non-homologous end
joining (NHEJ) has been estimated as the percentage of
reads containing indels [see Equation (1)]. The majority of
NHEJ event have been detected at the targeting site vicinity.

Homology-directed recombination (HDR) efficiency:
Pattern matching (grep) within a 12bp window centering
over DSB was used to count specific signatures corres-
ponding to reads containing the reference sequence, modi-
fications of the reference sequence (2bp intended
mismatches) and reads containing only 1bp mutation
within the 2bp intended mismatches [see Equation (1)].

Equation 1. Estimation of NHEJ and HDR

A=reads identical to the reference: XXXXXABX
XXXX

B =reads containing 2bp mismatch programed by
sSODN: XXXXXabXXXXX

C = reads containing only 1 bp mutation in the target
site: such as XXXXXaBXXXXX or XXXXXAbBXXXXX

D = reads containing indels as described above

. _ D [)
NHEJ efficiency = (100 X m) %o

- _ B 9
HDR efficiency = (100 xm> %

The statistic analysis of the GEAS can be found in
Supplementary Note S2.

Genotype screening of colonized hiPSCs

Human iPS cells on feeder-free cultures were pre-treated
with mTesr-1 media supplemented with SMC4 (5uM
thiazovivin, 1uM CHIR99021, 0.4uM PD0325901, 2uM
SB431542) (23) for at least 2 h before fluorescence-activated
cell sorting (FACS) sorting. Cultures were dissociated using
Accutase (Millipore) and resuspended in mTesr-1 media
supplemented with SMC4 and the viability dye ToPro-3
(Invitrogen) at concentration of 1 2 x 107 /ml. Live hiPS
cells were single-cell sorted using a BD FACSAria IT SORP
UV (BD Biosciences) with 100 um nozzle under sterile con-
ditions into 96-well plates coated with irradiated CF-1
mouse embryonic fibroblasts (Global Stem). Each well con-
tained hES cell medium (27) with 100ng/ml recombinant
human basic Fibroblast Growth Factor (Millipore) supple-
mented with SMC4 and 5 pg/ml fibronectin (Sigma). After
sorting, plates were centrifuged at 70g for 3 min. Colony
formation was seen 4 days post sorting, and the culture
media was replaced with hES cell medium with SMC4.
SMC4 can be removed from hES cell medium 8 days
after sorting.

A few thousand cells were harvested 8 days after FACS
and 0.1 pl of prepGEM tissue protease enzyme (ZyGEM)
and 1 pl of prepGEM gold buffer (ZyGEM) were added to
8.9 ul of cells in the medium. The reactions were then added
to 40 ul of PCR mix containing 35.5ml of platinum 1.1x
Supermix (Invitrogen), 250 nM of each dNTP and 400 nM
primers. Reactions were incubated at 95°C for 3min
followed by 30 cycles of 95°C, 20s; 65°C, 30s and 72°C,
20s. Products were Sanger sequenced using either one of
the PCR primers (Supplementary Table S5), and sequences
were analyzed using DNASTAR (DNASTAR).

Immunostaining and teratoma assays of hiPSCs

Cells were incubated in the KnockOut DMEM/F-12
medium at 37°C for 60min using the following
antibody: Anti-SSEA-4 PE (Millipore) (1: 500 diluted);
Tra-1-60 (BD Pharmingen) (1:100 diluted). After the in-
cubation, cells were washed three times with KnockOut
DMEM/F-12 and imaged on the Axio Observer Z.1
(ZIESS).

To conduct teratoma formation analysis, we harvested
human iPSCs using collagenase type IV (Invitrogen) and
resuspended the cells into 200 pl of Matrigel and injected
intramuscularly into the hind limbs of Rag2gamma
knockout mice. Teratomas were isolated and fixed in
formalin between 4 and 8 weeks after the injection. The
teratomas were subsequently analyzed by hematoxylin
and eosin staining.

RESULTS

ReTALENS target genomic loci effectively in human
somatic and stem cells

TALEs have proven to be a powerful and easy-to-design
tool for targeted genome manipulation in multiple cell
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lines and organisms (2,13 15, 28 30). Several strategies
have been developed to assemble the repetitive TALE
RVD array sequences (7 10). However, once assembled,
the TALE sequence repeats remain unstable, which limits
the wide utility of this tool, especially for viral gene
delivery vehicles (11,31). We thus thought that complete
elimination of repeats would not only enable faster and
simple synthesis of extended TALE RVD arrays but also
address this important post-synthesis problem.

To eliminate repeats, we computationally evolved the
nucleotides sequence of TALE RVD arrays to minimize
the number of sequence repeats while maintaining the
amino acid composition. Re-coded TALE (Re-TALEs)
encoding 16 tandem RVD DNA recognition monomers,
plus the final half RVD repeat, are devoid of any 12 bp
repeats (Supplementary Figure Sla). Notably, this level of
recoding is sufficient to allow PCR amplification of any
specific monomer or sub-section from a full-length re-
TALE construct (Supplementary Figure S1b). The
improved design of re-TALEs makes it possible to order
them directly from gene synthesis companies using
standard DNA synthesis technology (32), without
incurring the additional costs or procedures associated
with repeat-heavy sequences. Furthermore, the recoded
sequence design also enabled us to efficiently assemble
re-TALE constructs using a modified isothermal
assembly reaction (‘Materials and Methods® section,
Supplementary Note S1, Supplementary Figure S2).

We next sought to test the function of reTALEN in
comparison with the corresponding non-recoded
TALEN in human cells. To this end, we used a HEK
293 cell line containing a GFP reporter cassette carrying
a frame-shifting insertion as previously described (33)
(Figure 1a). Delivery of TALENS or reTALENS targeting
the insertion sequence, together with a promoter-less GFP
donor construct, leads to DSB-induced HDR repair of the
GFP cassette so that GFP repair efficiency can be used to
evaluate the nuclease cutting efficiency (34). We found
that reTALENSs induced GFP repair in 1.4% of the trans-
fected cells, similar to that achieved by TALENS (1.2%)
(Figure 1b). We further tested the activity of reTALENSs at
the AAVSI1 locus in PGP1 hiPSCs (Figure 1c) and suc-
cessfully recovered cell clones containing specific inser-
tions (Figure 1d and e), confirming that reTALENSs are
active in both somatic and pluripotent human cells.

We then confirmed that the elimination of repeats
would enable us to generate functional lentivirus with a
re-TALE cargo. Specifically, we packaged lentiviral par-
ticles encoding re-TALE-2 A-GFP and obtained lentiviral
particles with tittering of 1.3 x 10° We then tested the
activity of the re-TALE-TF encoded by viral particles by
transfecting a mCherry reporter into a pool of lenti-
reTALE-2 A-GFP-infected 293 T cells. The 293 T cells
transduced by lenti-re-TALE-TF showed 36x reporter ex-
pression activation compared with the reporter only
negative (Supplementary Figure S3a c). We further
checked the sequence integrity of the re-TALE-TF in
the lentiviral infected cells and detected full-length
reTALEs in all 10 of the clones tested (Supplementary
Figure S3d).
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Comparison of ReTALEs and Cas9-gRNA efficiency in
hiPSCs with GEAS

To compare the editing efficiencies of re-TALENs versus
Cas9-gRNA in hiPSCs, we developed a next-generation
sequencing platform to precisely pinpoint and quantify
both NHEJ and HDR gene-editing events, which we
refer to as Genome Editing Assessment System (GEAS).
First, we designed and constructed a re-TALEN pair and
a Cas9-gRNA, both targeting the upstream region of
CCR5  (re-TALEN, Cas9-gRNA pair #3 in
Supplementary Table S3), along with a 90nt ssODN
donor identical to the target site except for a 2bp
mismatch (Figure 2a). We then transfected the nuclease
constructs and donor ssODN into hiPSCs. To precisely
quantitate the gene-editing efficiency, we conducted
paired-end deep sequencing on the target genomic region
3 days after transfection. HDR efficiency was measured by
the percentage of reads containing the precise 2bp
mismatch. NHEJ efficiency was measured by the percent-
age of reads carrying indels.

Delivery of the ssODN alone into hiPSCs resulted in
minimal HDR and NHEJ rates, whereas delivery of the
re-TALENs and the ssODN led to efficiencies of 1.7%
HDR and 1.2% NHEJ (Figure 2b). The introduction of
the Cas9-gRNA with the ssODN led to 1.2% HDR and
3.4% NHEJ efficiencies. Notably, the rate of genomic de-
letions and insertions peaked in the middle of the spacer
region between the two reTALENs binding site, but
peaked 3 4bp upstream of the protospacer associated
motif (PAM) sequence of Cas9-gRNA-targeting site
(Figure 2b) as would be expected from the fact that
DSBs take place in these regions. We observed a median
genomic deletion size of 6 bp and insertion size of 3 bp
generated by the re-TALENs and a median deletion size
of 7bp and insertion of 1bp by the Cas9-gRNA (Figure
2b), consistent with DNA lesion patterns usually
generated by NHEJ (4). Several analyses of our next-gen-
eration sequencing platform revealed that GEAS can
detect HDR detection rates as low as 0.007%, which is
both highly reproducible (coefficient of variation between
replicates = + 15% x measured efficiency) and 400x
more sensitive than most commonly used mismatch sensi-
tive endonuclease assays (Supplementary Figure S4).

After confirming the reliability of GEAS, we next
sought to test the scalability of our tools by building
and assessing re-TALEN pairs and Cas9-gRNAs
targeted to 15 sites at the CCRS genomic locus
(Figure 2c, Supplementary Table S3). Anticipating that
editing efficiency might depend on chromatin state, these
sites were selected to represent a wide range of DNasel
sensitivities (35). The nuclease constructs were transfected
with the corresponding ssODNs donors (Supplementary
Table S3) into PGP1 hiPSCs. Six days after transfection,
we profiled the genome-editing efficiencies at these sites
(Supplementary Table S4). For 13 of 15 re-TALEN
pairs with ssODN donors, we detected NHEJ and HDR
at levels above our statistical detection thresholds, with an
average NHEJ efficiency of 0.4% and an average HDR
efficiency of 0.6% (Figure 2c). In addition, a statistically
significant positive correlation (+*= 0.81) was found
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Figure 1. Functional tests of re-TALENSs in human somatic and stem cells. (a) Schematic representation of experimental design for testing genome
targeting efficiency. A genomically integrated GFP-coding sequence is disrupted by the insertion of a stop codon and a 68 bp genomic fragment
derived from the AAVSI locus (bottom). Restoration of the GFP sequence by nuclease-mediated homologous recombination with tGFP donor (top)
results in GFP+ cells that can be quantitated by FACS. Re-TALENs and TALENSs target identical sequences within AAVSI fragments. (b) Bar
graph depicting GFP+ cell percentage introduced by tGFP donor alone, TALENs with tGFP donor and re-TALENs with tGFP donor at the target
locus, as measured by FACS (N = 3, error bar = SD). Representative FACS plots are shown later in the text. (¢) Schematic overview depicting the
targeting strategy for the native AAVSI locus. The donor plasmid, containing splicing acceptor (SA)- 2 A (self-cleaving peptides), puromycin resistant
gene (PURO) and GFP were described before (14). The locations of PCR primers used to detect successful editing events are depicted as blue arrows.
(d) Successfully targeted clones of PGP1 hiPSCs were selected with puromycin (0.5 pg/ml) for 2 weeks. Microscopy images of three representative
GFP+ clones are shown. Cells were also stained for the pluripotency markers TRA-1-60. Scale bar: 200 um. (e) PCR assays performed on these the
monoclonal GFP+ hiPSC clones demonstrated successful insertions of the donor cassettes at the AAVSI site (lanes 1-3), whereas plain hiPSCs show
no evidence of successful insertion (lane C). (f) Sanger sequencing of the PCR amplicon from the three targeted hiPSC colonies confirmed that the
expected DNA bases at the genome-insertion boundary is present.

between HR and NHEJ efficiency at the same targeting
loci (P <1 x 10™%) (Supplementary Figure S5a), suggest-
ing that DSB generation, the common upstream step of
both HDR and NHEJ, is a rate-limiting step for
reTALEN-mediated genome editing.

In contrast, all 15 Cas9-gRNA pairs showed significant
levels of NHEJ and HR, with an average NHEJ efficiency
of 3% and an average HDR efficiency of 1.0%
(Figure 2c). In addition, a positive correlation was also
detected between the NHEJ and HDR efficiency
introduced by Cas9-gRNA (Supplementary Figure S5b)
(¥ =0.52, P =0.003), consistent with what we had
observed with our reTALENs. The NHEJ efficiency
achieved by Cas9-gRNA was significantly higher than
that achieved by reTALENs (r-test, paired-end,

P = 0.02). Interestingly, we observed a moderate but stat-
istically significant correlation between NHEJ efficiency
and the melting temperature of the gRNA targeting
sequence  (Supplementary  Figure S5¢) (% = 0.28,
P = 0.04), suggesting that the strength of base pairing
between the gRNA and its genomic target could explain
as much as 28% of the variation in the efficiency of Cas9-
gRNA-mediated DSB generation. Even though Cas9-
gRNA produced NHEJ levels at an average of seven
times higher than the corresponding reTALEN, Cas9-
gRNA only achieved HDR levels (average = 1.0%)
similar to that of the corresponding reTALENSs (aver-
age = 0.6%), suggesting either that the ssODN concentra-
tion at the DSB is the limiting factor for HDR or that the
genomic break structure created by the Cas9-gRNA is not
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Figure 2. Comparison of reTALENs and Cas9-gRNAs genome targeting efficiency on CCRS5 in iPSCs. (a) Schematic representation of genome
engineering experimental design. At the re-TALEN pair or Cas9-gRNA targeting site, a 90 mer ssODN carrying a 2 bp mismatch against the genomic
DNA was delivered along with the reTALEN or Cas9-gRNA constructs into PGP1 hiPSCs. The cutting sites of the nucleases are depicted as red
arrows in the figure. (b) Deep-sequencing analysis of HDR and NHETJ efficiencies for re-TALEN pairs (CCR5 #3) and ssODN, or the Cas9-gRNA
and ssODN. Alterations in the genome of hiPSCs were analyzed from high-throughput sequence data by GEAS. Top: HDR was quantified from the
fraction of reads that contained a 2bp point mutation built into the center of the ssODN (blue), and NHET activity was quantified from the fraction
of deletions (gray)/Insertions (red) at each specific position in the genome. For the reTALEN and ssODN graphs, we plot green dashed lines to mark

(continued)
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favorable for effective HDR (see ‘Discussion’ section). Of
note, within our data, we did not observe any correlation
between DNasel HS and the genome targeting efficiencies
achieved by either method (Supplementary Figure S6).

Optimization of ssODN donor design for HDR

Although ssODNs have been found to be effective as
donor DNA in genome editing [see earlier in the text,
(21,22)], many questions remain regarding how to
optimize their design. Having compared the efficiencies
of reTALEN and Cas9-gRNA nucleases, we next de-
veloped strategies for the design of highly performing
ssODNs in hiPSCs.

We first designed a set of ssODNs donors of different
lengths (50 170 nt), all carrying the same 2 bp mismatch in
the middle of the spacer region of the CCR5 re-TALEN
pair #3 target sites. HDR efficiency was observed to vary
with ssODN length, and an optimal HDR efficiency of
~1.8% was observed with a 90nt ssODN, whereas
longer ssODNs decreased HDR efficiency (Figure 3a).
As longer homology regions improve HDR rates when
dsDNA donors are used with nucleases (36), possible
reasons for this result may be that ssODNs are used in
an alternative genome repair process; longer ssODNs are
less available to the genome repair apparatus or that
longer ssODNs incur negative effects that offset any im-
provements gained by longer homology, compared with
dsDNA donors (37). Yet, if either of the first two reasons
were the case, then NHEJ rates should either be un-
affected or would increase with longer ssODNs because
NHEJ repair does not involve the ssODN donor.
However, NHEJ rates were observed to decline along
with HDR (Figure 3a), suggesting that the longer
ssODNs present offsetting effects. Possible hypotheses
would be that longer ssODNs are toxic to the cell (38)
or that transfection of longer ssODNs saturates the
DNA processing machinery, thereby causing decreased
molar DNA uptake and reducing the capacity of the
cells to take up or express re-TALEN plasmids.

Next, we examined how rate of incorporation of a
mismatch carried by the ssODN donor varies with its
distance to the DSB. To this end, we designed a series of
90 nt ssODNSs all possessing the same 2 bp mismatch (A) in
the center of the spacer region of re-TALEN pair #3. Each
ssODN also contained a second 2bp mismatch (B) at
varying distances from the center (Figure 3b). An

ssODN possessing only the center 2bp mismatch was
used as a control. Each of these ssODNs was introduced
individually with re-TALEN pair #3, and the outcomes
were analyzed with GEAS. We found that overall
HDR as measured by the rate at which the A
mismatch was incorporated (A only or A+ B) decreased
as the B mismatches became farther from the center
(Figure 3b, Supplementary Figure S7a). The higher
overall HDR rate observed when B is only 10 bp away
from A may reflect a lesser need for annealing of the
ssODN against genomic DNA immediately proximal to
the dsDNA break.

For each distance of B from A, a fraction of HDR
events only incorporated the A mismatch, whereas
another fraction incorporated both A and B mismatches
[Figure 3b (A only and A + B)], These two outcomes may
be due to gene conversion tracts (39) along the length of
the ssDNA oligo, whereby incoporation of A+B
mismatches resulted from long conversion tracts that
extended beyond the B mismatch, and incorporation of
the A-only mismatch resulted from shorter tracts that
did not reach B. Under this interpretation, we estimated
a distribution of gene conversion lengths in both direc-
tions along the ssODN (Supplementary Figure S7b). The
estimated distribution implies that gene conversion tracts
progressively become less frequent as their lengths
increase, a result similar to gene conversion tract distribu-
tions seen with dsDNA donors (39), but on a highly com-
pressed distance scale of tens of bases for the ssDNA
donor versus hundreds of bases for dsDNA donors.
Consistent with this result, an experiment with a ssODN
containing three pairs of 2 bp mismatches spaced at inter-
vals of 10nt on either side of the central 2bp mismatch
‘A’s gave rise to a pattern in which A alone was
incorporated 86% of the time, with multiple B mismatches
incorporated at other times (Supplementary Figure S7c).
Although the numbers of B only incorporation events
were too low to estimate a distribution of tract lengths
<10bp, it is clear that the short tract region within
10bp of the nuclease site predominates (Supplementary
Figure S7b). Finally, in all of our experiments with
single B mismatches, we see a small fraction of B-only
incorporation events (0.04 0.12%) that is roughly
constant across all B distances from A. The nature of
these events is unclear.

Furthermore, we tested how far the ssODN donor can
be placed from the re-TALEN-induced dsDNA break and

Figure 2. Continued

the outer boundary of the re-TALEN pair’s binding sites, which are at positions —26bp and +26 bp relative to the center of the two re-TALEN-
binding sites. For Cas9-gRNA and ssODN graphs, the green dashed lines mark the outer boundary of the gRNA targeting site, which are at
positions —20 and —1 bp relative to the Protospacer Associated Motif sequence. Bottom: Deletion/Insertion size distribution in hiPSCs analyzed from
the entire NHET population with treatments indicated earlier in the text. (¢) The genome-editing efficiency of re-TALENs and Cas9-gRNAs targeting
CCR5 in PGP1 hiPSCs. Top: schematic representation of the targeted genome-editing sites in CCR5. The 15 targeting sites are illustrated by blue
arrows later in the text. For each site, cells were co-transfected with a pair of re-TALENs and their corresponding ssODN donor carrying 2 bp
mismatches against the genomic DNA. Genome-editing efficiencies were assayed 6 days after transfection. Similarly, we transfected 15 Cas9-gRNAs
with their corresponding ssODNs individually into PGP1-hiPSCs to target the same 15 sites and analyzed the efficiency 6 days after transfection.
Bottom: the genome-editing efficiency of re-TALENSs and Cas9-gRNAs targeting CCRS5 in PGP1 hiPSCs. Panels 1 and 2 indicate NHEJ and HDR
efficiencies mediated by reTALENSs. Panels 3 and 4 indicate NHEJ and HDR efficiencies mediated by Cas9-gRNAs. NHEJ rates were calculated by
the frequency of genomic alleles carrying deletions or insertions at the targeting region; HDR rates were calculated by the frequency of genomic
alleles carrying 2 bp mismatches. Panel 5, the DNasel HS profile of a hiPSC cell Ime from ENCODE database (Duke DNase HS, iPS NIHi7 DS). Of

note, the scales of different panels are different.
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Figure 3. Study of functional parameters governing ssODN-mediated HDR with re-TALENs or Cas9-gRNAs in PGP1 hiPSCs. (a) PGP1 hiPSCs
were co-transfected with re-TALENS pair (#3) and ssODNs of different lengths (50, 70, 90, 110, 130, 150 and 170nt). All ssODNs possessed an
identical 2 bp mismatch against the genomic DNA in the middle of their sequence. A 90 mer ssODN achieved optimal HDR in the targeted genome.
The assessment of HDR, NHEJ-incurred deletion and insertion efficiency is described in the ‘Materials and Methods” section. (b) 90 mer ssODNs
corresponding to re-TALEN pair #3 each containing a 2 bp mismatch (A) in the center and an additional 2bp mismatch (B) at different positions
offset from A (where offsets varied from —30 to 30 bp) were used to test the effects of deviations from homology along the ssODN. Genome-editing
efficiency of each ssODN was assessed in PGP1 hiPSCs. The bottom bar graph shows the incorporation frequency of A only, B only and A+B in
the targeted genome. HDR rates decrease as the distance of homology deviations from the center increase (see text and Supplementary Figure S7a
and b). (¢) ssODNs targeted to sites with varying distances (—620~480 bp) away from the target site of re-TALEN pair #3 were tested to assess the
maximum distance within which we can place ssODNSs to introduce mutations. All ssODNs carried a 2 bp mismatch in the middle of their sequences.
We observed minimal HDR efficiency (<0.06%) when the ssODN mismatch was positioned 40 bp away from the middle of re-TALEN pair’s binding
site. (d) PGP1 hiPSCs were co-transfected with Cas9-gRNA (AAVSI) and ssODNs of different orentation (O, complement to gRNA; O, non-
complement to gRNA) and different lengths (30, 50, 70, 90 and 110nt). All ssODNs possessed an identical 2 bp mismatch against the genomic DNA
in the middle of their sequence. A 70 mer O, achieved optimal HDR in the targeted genome.
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still observe incorporation. A set of 90nt ssODNs with
central 2bp mismatches targeting a range of larger dis-
tances (—600 to +400bp) away from the re-TALEN-
induced dsDNA break site were tested. When the
ssODNs matched >40bp away, we observed >30x
lower HDR efficiencies compared with the control
ssODN positioned centrally over the cut region
(Figure 3c). The low level of incorporation that was
observed may be due to processes unrelated to the
dsDNA cut, as seen in experiments in which genomes
are altered by a ssDNA donor alone (38). Meanwhile,
the low level of HDR present when the ssODN is
~40 bp away may be due to a combination of weakened
homology on the mismatch-containing side of the dSDNA
cut along with insufficient ssODN oligo length on the
other side of the dsSDNA break.

We similarly tested the ssODNs DNA donor design for
Cas9-gRNA-mediated targeting. First, we constructed
Cas9-gRNA (C,) targeting the AAVS1 locus and
designed ssODN donors of variable orientations (O.: com-
plementary to the gRNA and O,: non-complementary to
the gRNA) and lengths (30, 50, 70, 90 and 110 nt). We
found O, achieved better efficiency than Oy, with a 70 mer
O, achieving an optimal HDR rate of 1.5%. (Figure 3d)
The same ssODN strand bias was detected using a Cas9-
derived nickase (C.: Cas9_D10A), despite the fact that the
HDR efficiencies mediated by C, with ssODN were sig-
nificantly less than C, (stest, paired-end, P = 0.02)
(Supplementary Figure S8). Future investigation will
further elucidate the factors that may contribute to this
bias, including sequence bias, direction of transcription
and replication.

hiPSC clonal isolation of corrected cells

GEAS revealed that re-TALEN pair #3 achieved precise
genome editing with an efficiency of ~1% in hiPSCs, a
level at which correctly edited cells can usually be isolated
by screening clones. HiPSCs have poor viability as single
cells, but recent advances in culture conditions have
facilitated outgrowth of hiPSCs from single cells (23).
We optimized these protocols along with a single-cell
FACS sorting procedure to establish a robust platform
for single hiPSCs sorting and maintenance, where hiPSC
clones can be recovered with survival rates of >25% (see
‘Materials and Methods’ section). We combined this
method with a rapid and efficient genotyping system
where we can conduct chromosomal DNA extraction
and targeted genome amplification in 1-h single tube re-
actions, enabling large-scale genotyping of edited hiPSCs.
Together, these methods comprise a pipeline for robustly
obtaining genome-edited hiPSCs without selection.

To demonstrate this system (Figure 4a), we first trans-
fected PGP1 hiPSCs with a pair of re-TALENs and an
ssODN targeting CCRS at site #3 (Supplementary Table
S3), and we performed GEAS with a portion of the trans-
fected cells, finding an HDR frequency of 1.7%
(Figure 4b). This information, along with the 25%
recovery of sorted single-cell clones, allowed us to
estimate that we could obtain at least one correctly
edited clone from five 96-well plates with Poisson

probability 98% (assuming p = 0.017 x 0.25 x 96 x 5 x 2).
Six days after transfection, hiPSCs were FACS sorted and
8 days after sorting, 100 hiPSC clones were screened.
Sanger sequencing revealed that 2 of 100 of these un-
selected hiPSC colonies contained a heterozygous
genotype possessing the 2 bp mutation introduced by the
ssODN donor (Figure 4c). The targeting efficiency of 1%
(1% = 2/2 x 100, 2 mono-allelic corrected clones out of
100 cell screened) was consistent with the next-generation
sequencing analysis (1.7%) (Figure 4b). The pluripotency
of the resulting hiPSCs was confirmed with
immunostaining for SSEA4 and TRA-1-60 (Figure 4d).
The successfully targeted hiPSCs clones were able to
generate mature teratomas with features of all three
germ layers (Figure 4e).

DISCUSSION

Here, we developed and demonstrated several improve-
ments to the design and assessment of genome-editing
reagents and demonstrated a streamlined method for effi-
cient human stem cell editing. We first developed
reTALENs, which simplify TALEN construction and
enables the generation of functional lenti-viruses, which
are important tools for delivering the reagents into many
cell types and animals (33).

We then built a highly sensitive GEAS assay system to
easily and precisely pinpoint and quantify HDR and
NHEJ events in hiPSCs. In comparison with other
methods of assessing design parameters for genome-
editing, our genome-editing assessment tool provides sim-
ultaneous information on rates of HDR, NHEJ and other
mutagenic processes through a single experimental and
statistical analysis method versus performing different ex-
periments and applying separate statistical methods for
each individually. In the course of this study, we routinely
pooled ~50 barcoded samples together and used the
Tlumina MiSeq system to obtain the sequence data,
which was analyzed with our genome-editing assessment
software. Currently, MiSeq can deliver ~20 Million
paired-end 150bp reads within 27h so that up to 200
sample-barcoded targeting regions can be covered with
~100K reads each at a cost of approximately $5 per
sample. If desired, sample throughput can be traded off
for higher sensitivity by allotting more reads per sample
and processing fewer samples. Software and documenta-
tion for our genome-editing assessment system is available
to provide researchers with the means to improve and
standardize their genome-editing methods and extend
them to additional cell lines and types.

Using our developed reTALENs, Cas9-gRNAs and
GEAS method, we compared HDR and NHEJ efficiencies
across 15 pairs of reTALENs and Cas9-gRNA
(Supplementary Table S3 and S4) on the CCRS locus.
We found 13/15 of reTALEN pairs and all 15 Cas9-
gRNAs exhibited detectable activities in hiPSCs, suggest-
ing that both nuclease platforms serve as robust tools for
genome editing. We confirmed the activity of the two
failed reTALEN pairs in K562 cells and found 4 and
3% cutting efficiency, respectively, suggesting some
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Figure 4. Using re-TALENs and ssODNs to obtain monoclonal genome-edited hiPSC without selection. (a) Timeline of the experiment. (b) Genome
engineering efficiency of re-TALENs pair and ssODN (#3) assessed by the NGS platform described in Figure 2b. (¢) Sanger sequencing results
of monoclonal hiPSC colonies after genome editing. Of note, the 2bp heterogeneous genotype (CT/CT—TA/CT) was successfully introduced
into the genome of PGP1-iPS-3-11, PGP1-iPS-3-13 colonies. (d) Immunofluorescence staining of targeted PGP1-iPS-3-11. Cells were stained for
the pluripotency markers Tra-1-60 and SSEA4. (e) Hematoxylin and eosin staining of teratoma sections generated from monoclonal PGP1-iPS-3-11
cells.
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pertinent factors in hiPSCs, such as heterochromatin of
methylation at the targeting regions make them resistant
to reTALEN activity. In addition, we found that Cas9-
gRNA induced on average 7 8x greater NHEJ rates than
reTALEN, similar to recent reports (15). The effective
concentration of Cas9-gRNA complexes or the intrinsic
enzyme kinetics may contribute to this difference.
Surprisingly, we did not see an equivalent increase of
HDR with Cas9-gRNA and ssODN. Although ssODN
concentration may reach saturating levels during con-
struct delivery, ssODN availability at the DSB might be
the limiting factor for HDR. Future studies using Cas9-
gRNA nickases to generate defined DSB resections more
favorable for HDR (36) can be conducted to test this hy-
pothesis and further increase HDR efficiencies. Although
we have compared the genome-targeting efficiencies
achieved by reTALENs and Cas9-gRNA, a critical issue
will also be to determine the generation of off-target mu-
tations. It will be imperative to address the specificity of
both targeting tools to improve the potential of hiPSCs
genome engineering.

Finally, we demonstrated a streamlined pipeline for ob-
taining scarlessly edited human stem cells using our
reagents. The pipeline comprises of the following: (i)
reTALEN or Cas9-gRNA synthesis; (ii) prospective
screening of reagents using GEAS; and (iii) high-through-
putisolation of hiPSC clones. We note that with 1% HDR
efficiency, it is feasible to generate isogeneic hiPSCs with
mono-allelic mutations, which will facilitate hiPSC-based
modeling of dominant alleles, allele-specific expression or
X-linked mutations. However, targeting efficiencies must
be improved to generate of homozygous mutations in
hiPSCs. Other strategies such as transfection enrichment
(15,17), or transient hypothermia (40), can be used
together with our tools to achieve this goal. Last, we
emphasize the versatility of our tools in that re-TALEs/
Cas-gRNA can be engineered and used for other genomic-
targeting technologies such as customized transcrip-
tional factors and epigenetic modifiers, whereas GEAS
can be applied to other gene-editing techniques, such
as ZFNs, targeted nickases and meganucleases. We
envision that our pipeline of efficiently generating
scarlessly engineered human stem cells will allow the
research community to resolve the causal underpinnings
of numerous important biological problems, as well as to
precisely engineer hiPSCs and other cell lines for autolo-
gous cell therapy.
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Supplementary Data are available at NAR Online.
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RNA-sequencing (RNA-seq) measures the quantitative change in gene expression over the whole transcriptome, but it lacks spatial
context. In contrast, in situ hybridization provides the location of gene expression, but only for a small number of genes. Here
we detail a protocol for genome-wide profiling of gene expression in situ in fixed cells and tissues, in which RNA is converted

into c linked cDNA i and

manually on a confocal microscope. Unlike traditional RNA-seq, our method

enriches for context-specific transcripts over housekeeping and/or structural RNA, and it preserves the tissue architecture for RNA
localization studies. Our protocol is written for researchers experienced in cell microscopy with minimal computing skills. Library

and can be

INTRODUCTION

Background

Cell type and function in tissues can be inferred from RNA or
protein markers!:2, but this approach to functional classifica-
tion requires well-characterized biomarkers. Ideally, it would be
preferable to define cell or tissue types using high-throughput
molecular profiling in situ with high-resolution imaging. Indeed,
several studies have surveyed global gene expression in situ,
in which hundreds of organ tissue slices from multiple animals
were individually interrogated using gene-specific probes’-;
however, such approaches represent a massive experimental
undertaking, and they produce only an average view of tissue-
specific gene expression.

In theory, multiplexed in situ RNA detection demands fewer
samples, but so far this approach is limited by the number of
spectrally distinct fluorophores and the optical diffraction limit
of microscopy?-11. Alternatively, padlock probes!2-16 can cap-
ture specific RNA sequences from dozens of genes in parallel for
targeted sequencing in situ'2; however, padlock probes can have a
substantial amount of probe-specific bias!?, and the approach can-
not easily be scaled to the transcriptome. Given these challenges,
in situ RNA profiling is typically restricted to a small number of
well-annotated genes, and they can miss differences arising from
unexpected signaling pathways or noncoding RNAs. In contrast, we
wanted to develop an unbiased and transcriptome-wide sampling
method for quantitative visualization of RNA in situ, preferably
using direct molecular sequencing!®!° for the detection of tissue-
specific gene expression, RNA splicing and post-transcriptional
modifications while preserving their spatial context; we call our
method fluorescence in situ sequencing of RNA (FISSEQ).

Overview of the FISSEQ procedure

FISSEQ begins with fixing cells on a glass slide and performing
reverse transcription (RT) in situ. After RT, the residual RNA is
degraded to prevent it from competitively inhibiting CircLigase,
and cDNA fragments are circularized at 60 °C. To prevent cDNA
fragments from diffusing away, primary amines are incorporated
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within 14 d, with image analysis requiring an additional 2 d.

into cDNA fragments during RT via aminoallyl-dUTP, and the
primary amines are then cross-linked using BS(PEG)9. Each
cDNA circle is linearly amplified using rolling-circle amplification
(RCA) into a single molecule containing multiple copies of the
original cDNA sequence, and the amine-modified RCA amplicons
are cross-linked to create a highly porous and 3D nucleic acid
matrix inside the cell (Fig. 1a).

In SOLID sequencing by ligation, crucial enzymatic steps can be
performed directly on a standard microscope at room tempera-
ture (25 °C). First, a sequencing primer is hybridized to multiple
copies of the adapter sequence in RCA amplicons, followed by
ligation of dinucleotide-specific fluorescent oligonucleotides.
After imaging, the fluorophores are cleaved from the ligation
complex, and ligation of fluorescent oligonucleotides is repeated
six more times to interrogate dinucleotide pairs at every fifth
position (Fig. 1b). To fill in the gaps between dinucleotide pairs,
the whole ligation complex is stripped off, and four additional
sequencing primers with a single base offset are used to repeat
dinucleotide interrogation starting from positions N-1, N-2, N-3
and N—4, generating up to 35 raw 3D image stacks representing
dinucleotide compositions at all base positions over time.

The raw images are enhanced using standard 3D deconvolution
techniques to reduce the background noise, and our freely available
MATLAB script performs image alignment to produce TIFF
images that are then used for base calling using a separate python
script (http://arep.med.harvard.edu/FISSEQ_Nature_Protocols_
2014/). The base calls from individual pixels are then aligned to
the reference transcriptome using Bowtie, and neighboring pixels
with highly similar sequences are grouped into a single object
generating a consensus sequence. The final data set includes
the number of individual pixels per object, gene ID, consensus
sequence, xand y centroid positions, number of mismatches, base
call quality and alignment quality.

One of the key considerations early in the development of FISSEQ
was imaging. Biological patterns, including RNA localization, occur
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Figure 1 | Schematic overview of FISSEQ library construction and
sequencing. (a) Fixed cells or tissues are permeabilized and reverse-
transcribed in situ in the presence of aminoallyl-dUTP and adapter
sequence-tagged random hexamers. The cDNA fragments are fixed to

the cellular protein matrix using a nonreversible amine cross-linker and
circularized after degrading the RNA. The circular templates are amplified
using RCA primers complementary to the adapter sequence in the presence
of aminoallyl-dUTP and stably cross-linked. The nucleic acid amplicons in
cells are then ready for sequencing and imaging (fibroblast shown).

(b) Each amplicon contains numerous tandem copies of the cDNA template
and adapter sequence. A sequencing primer hybridizes to the adapter
sequences in individual amplicons, and fluorescent eight-base probes
interrogate the adjacent dinucleotide pair. After imaging, the three bases
attached to a fluorophore are cleaved, generating a phosphorylated 5" end
at the ligation complex suitable for additional ligation cycles interrogating
every fifth dinucleotide pairs. The whole process is repeated using four other
sequencing primers with an offset to interrogate intervening base positions.

in a scale-dependent manner, in which some patterns are visible
at one scale but disappear at another. Therefore, we developed our
sequencing method specifically for confocal microscopy using
a wide range of objectives, magnification, numerical apertures
(NAs), scanning speed and depth. In addition, autofluorescence,
cell debris and background noise are common in cell imaging,
unlike in standard next-generation sequencing. Therefore, we
developed an approach to classify individual pixels on the basis
of their specific color transitions to detect true signals even in the
noisy and/or low-intensity environment. Finally, we also devel-
oped a way to control the imaging density of single molecules,
which enables the sequencing of a large number of molecules in
single cells regardless of the microscopy resolution.

Comparisons with single-cell RNA-seq

More than one million mRNA reads per cell can be obtained from
a single-cell RNA-seq experiment20, but typically <100,000 reads
per cell are from unique cDNA fragments, and PCR amplifica-
tion accounts for the remainder20-22. In one study, the detection
sensitivity of single-cell RNA-seq was estimated as ~10% or ~3%
compared with single-molecule fluorescence in situ hybridization
(FISH) or spiked-in controls, respectively20. This means that only
~300 genes are expected to have a coefficient of variation of <23%
based on Poisson distribution; however, such genes are generally
uninformative, and they include many housekeeping genes such
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as ribosomal subunit proteins (Fig. 2a), requiring that reads from
multiple cells are combined to detect biologically meaningful gene
expression differences between groups of single cells.

In FISSEQ, only ~200 mRNA reads per cell are obtained
without rRNA depletion?? (versus ~40,000 in single-cell
RNA-seq); however, functionally important transcripts are
enriched in FISSEQ by more than tenfold compared with
single-cell RNA-seq (Fig. 2b). When examining a single spatial
region of ~40 cells (~8,000 mRNA reads), the top-ranked genes lie
substantially above the detection threshold, and they form highly
reproducible cell type-specific annotation clusters?3. Because of
the relative absence of housekeeping genes, the high correlation
(Pearson’s r >0.9) between biological replicates in FISSEQ is
driven by cell type— and/or function-specific genes rather than
housekeeping genes.

To attain truly single-cell gene expression profiling that is
biologically meaningful, FISSEQ may require a read depth
per cell that is ~40 times deeper (~8,000 amplicons per cell).

Figure 2 | Comparing single-cell RNA-seq with FISSEQ. (a) A typical
single-cell RNA-seq?? can generate more than one million reads per cell,
but <10% represent unique reads from cDNAs, and they are composed
largely of structural and/or | ing genes (i.e., rib -related).
Many genes of interest are found near the detection limit with a large
coefficient of variation, and the high correlation reported for single-cell
RNA-seq is typically due to housekeeping genes. (b) The current version
of FISSEQ combines mRNA reads from ~40 cells to obtain a comparable
result, but the high correlation between biological replicates in FISSEQ
results from mostly cell type-specific expression markers.
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Figure 3 | Counting resolution-limited amplicons using partition
sequencing. (a) The cDNA or padlock probe template can include three
random nucleotides in equal proportions. By controlling the length of the
complementary portion of the sequencing primer to the random bases,
one can ligate fluorescent probes to different amplicon pools of varying
sizes (fibroblasts; scale bars, 1 um). This scheme works for single-base
sequencing-by-ligation, and the SOLiD sequencing chemistry requires
additional modifications to the bridge oligonucleotide. C, cytoplasm;

N, nucleus. (b) Serial ligation reactions using the sequencing primers with
0-3 complementary bases to the random partitioning bases are analogous
to doing a serial dilution experiment. The average count from each primer
category can be used to extrapolate and estimate the actual amplicon count,
regardless of the limitations in optical microscopy.

As the rRNAs comprise >80% of the reads in FISSEQ?3, it may
be possible to increase the read depth by about fivefold by sim-
ply depleting rRNA in situ?*. We expect another fivefold increase
in the amplicon density by optimizing our reaction conditions,
and a read depth of ~5,000 non-rRNA reads per cell may soon
be possible. As individual amplicons of any density can be dis-
criminated using partition sequencing?? (Fig. 3), the actual size
of each amplicon now becomes a limiting factor in the number
of reads generated per cell.

Single-cell RNA-seq and FISSEQ are fundamentally limited by
the efficiency of mRNA to cDNA conversion. In single-cell RNA-
seq, this is estimated to be ~10% compared with single-molecule
FISH20, with a detection threshold of ~5-10 mRNA molecules
per cell2!. This means that most low-abundance genes are not
detected in single-cell RNA-seq for a given cell. For FISSEQ, this
value is harder to determine because not all genes are enriched in
the same manner, but we estimate the current detection thresh-
old at ~200-400 mRNA molecules per cell. After rRNA depletion
and other improvements, the detection threshold may improve
to ~10—20 mRNA molecules per cell; however, a large fraction of
low-abundance genes will still remain undetected.

Comparisons with other approaches

Compared with microdissection?526 or photo-activated mRNA
capture-based?” single-cell RNA-seq?!28-31, FISSEQ scales to
large tissues more efficiently?2, and it can compare multiple RNA
localization patterns in a nondestructive manner23. In addition,
other methods require RNA isolation and PCR that can intro-
duce a substantial amount of technical variability20-22, assuming
a Poisson distribution model of transcript abundance. In contrast,
all samples can be processed together in a single well from cell
culture to sequencing in FISSEQ.

Single-molecule FISH remains the gold standard for high-
sensitivity detection of RNA in single cells’-%33-37; however,
spectral discrimination of hybridized probes can be difficult to
multiplex, and it requires high-resolution microscopy. Recently,
highly scalable FISH was demonstrated in single cells, in which
sequential hybridization is used to barcode a color sequence for
each transcript!?. In theory, only seven hybridization cycles are
required to interrogate 47 or >16,000 genes using four colors;
however, this approach is limited by the sheer number of probes
needed, and the optical diffraction limit prevents accurate quan-
tification of highly abundant or aggregated transcripts.

The sensitivity of padlock probes is two orders of magnitude
higher than FISSEQ for a given gene!213, but the use of locked
nucleic acid makes this approach prohibitively expensive for
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multiplexing, and individual probes must be calibrated for
measuring the relative RNA abundance. For certain appli-
cations, it may be possible to combine FISSEQ and padlock
probes to interrogate a large number of loci in situ. In a recent
study, sequencing was limited to short barcodes from dozens of
gene-specific padlock probes!2, but now hundreds of thousands
of padlock probes!7-38-41 can be discriminated using a 20-base
barcode. In the same study, the microscopy resolution limited
the number of targeted genes!?, but our partition sequencing??
bypasses such limitations for highly multiplexed amplicon
discrimination in situ.

Limitations

On a practical level, equipping a microscope for four-color
imaging can currently cost up to $20,000 for a new filter set and a
laser. Most users will need to reserve the microscope for 2—3 weeks
so that sequencing can proceed uninterrupted. We have used
laser-scanning confocal, wide-field epifluorescence and spinning-
disk confocal microscopes and obtained comparable sequencing
data that differ mainly in the read density. With the laser-scanning
confocal microscope, imaging can take over 30 min per stack, but
wide-field or spinning-disk confocal microscopes can image the
same volume in 1-2 min. Reagent exchanges are done manually
in the current protocol, but FISSEQ samples can remain on the
microscope and be sequenced over 2-3 weeks.
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On a technical level, a major limitation of our current proto-
col is the lack of rRNA depletion. Initially, we used rRNA as an
internal control for library construction, sequencing and bioin-
formatics; however, this reduced the number of mRNA reads per
cell. In primary fibroblasts, the rRNA reads comprised 40-80%
of the total (ref. 23); therefore, if one were to deplete the rRNA24,
it might be possible to increase the number of mRNA reads per
cell by about fivefold.

Another limitation is the lack of information on biases in our
method. FISSEQ enriches for biologically active genes, enabling
discrimination of cell type—specific processes with a small number
of reads?3; however, it is not clear how such enrichment occurs.
We hypothesize that active RNA molecules are more accessible to
FISSEQ, whereas RNA molecules involved in ribosome biogenesis,
RNA splicing or heat-shock responses are trapped in ribonucleo-
proteins, spliceosomes or stress granules. It is now important to
investigate and understand the molecular basis of such enrich-
ment across multiple cell types and conditions and to correlate
the result with the observed cellular phenotype.

Applications

The current FISSEQ protocol is suitable for most cultured cells and
tissue sections, including formalin-fixed and paraffin-embedded
(FFPE) tissue sections. Whole-mount Drosophila embryos,
induced pluripotent stem cell (iPSC)-derived embryo bodies
(EBs) and organoids are also compatible (Table 1). In FISSEQ,
each sequencing read has a spatial coordinate, and the reads are
binned according to the cellular morphology, subcellular location,
protein localization or GFP fluorescence. A statistical test is then
applied to identify enriched genes and pathways de novo and to
discover possible biomarkers of the cellular phenotype23. This
approach may be combined with padlock probes to detect evolv-
ing mutations and RNA biomarkers in cancers!213 or to compare
gene expression in asymmetric cells or tissues.

FISSEQ may also sequence molecular barcodes in individual
cells and transcripts, where expression or reporter (i.e., cDNA,
promoter-GFP) libraries are examined in a pool of single cells
for massively parallel functional assays and cell-lineage tracing.

TABLE 1 | Specimens tested for FISSEQ library construction.

PROTOCOL |

In essence, a practically unlimited number of DNA-associated
cellular features may now be imaged, enumerated and analyzed
across multiple spatial scales using the DNA sequence as a tem-
poral barcode.

Experimental design

General considerations. This protocol details the method
described in our original report?3, in which endogenous RNAs
in cultured fibroblasts were sequenced on a confocal microscope.
The availability of a microscope and computational resources will
guide the general experimental approach (Table 2). We provide
basic computational tools along with a sample data set, but a
background in python, MATLAB, Image] and/or R is helpful for
analyzing a large number of images. If such expertise is not avail-
able, we recommend focusing on a few regions of interest with
well-demarcated features for comparing gene expression using
our custom scripts?3. After outlining the experiment, one should
download our sample image, software and data set and become
familiar with image and data analysis (http://arep.med.harvard.
edu/FISSEQ_Nature_Protocols_2014/). One should then finalize
the experimental design and define the imaging parameters (i.e.,
area, thickness, resolution and magnification).

Cell and tissue fixation. We have been able to fix and generate
in situ sequencing libraries in a wide number of biological speci-
mens (Table 1). The only case in which we failed was a hard piece
of bone marrow embedded in Matrigel, which detached from the
glass surface after several wash steps. Fixation artifacts can include
changes in subcellular RNA localization, cell swelling, incomplete
permeabilization and RNA leakage. Certain primary cell types are
also sensitive to cold42, whereas transformed cell lines or stem
cells appear to be less sensitive (Supplementary Fig. 1). If you are
using FISSEQ to study subcellular localization, we recommend
fixing cells by adding warm formalin directly into the growth
medium to a final concentration of 10% (vol/vol).

Cell and tissue sample mounting. For high-resolution imaging,
we recommend poly lysine— or Matrigel-coated glass-bottom

Types Fixation Mounting substrate

Permeabilization Notes

Hela, 293A, C0S1, U20S,
iPSC, primary fibroblasts
and bipolar neurons

10% (vol/vol)
formalin or
4% (vol/vol) PFA

Poly lysine-coated

iPSCs)

Mouse embryo FFPE Already fixed

section (20 um)

Mouse brain fresh-frozen
section (20 um)

10% (vol/vol)
formalin

Poly lysine-coated
coverslip

10% (vol/vol)
formalin

iPS-derived 3D organoids Poly lysine-coated

and fix with 4% PFA)

Dechorionated 10% (vol/vol) Poly lysine-coated coverslip
whole-mount Drosophila formalin (embed in Matrigel
embryos and fix with 4% PFA)

coverslip (Matrigel for

Superfrost Plus glass slide

coverslip (embed in Matrigel

70% (vol/vol) ethanol
or 0.25% (vol/vol) Triton X-100
(0.1 N HCL optional)

Changes in temperature
can cause altered mRNA
localization

Use silicone isolators
(Grace Bio-Labs)

0.1% (wt/vol) pepsin
in 0.1 N HCL

Use silicone isolators
(Grace Bio-Labs)

0.1% (wt/vol) pepsin
in 0.1 N HCL

10% (vol/vol) formalin
is less effective
for fixing Matrigel

0.25% (vol/vol) Triton
X-100 and 0.1 N HCL

100% (vol/vol) methanol then
PBS with 0.2%

(vol/vol) Triton X-100 and
0.2% (vol/vol) Tween-20

10% (vol/vol) formalin
is less effective
for fixing Matrigel
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TABLE 2 | Comparison of the microscopy platforms tested for FISSEQ.

Cons Uses

Model Pros
Wide-field Nikon TE-2000 Fast imaging
epifluorescence Simple setup

Zeiss LSM 710 confocal
Leica TCS SP5
Confocal

Scanning confocal
Scanning zoom

Spinning-disk Fast imaging

confocal

Yokogawa CSU-W1

Good axial resolution

Poor axial resolution Thin cells and tissue sections

Low signal-to-noise ratio ~ Whole-cell barcode labeling

Lower read depth

High-resolution FISSEQ of a
single region

Slow imaging

Flexible pixel density

Fixed pixel density All purpose

Good axial resolution

dishes, but 96-well plastic-bottom plates can be used for simple
protocol optimization. Tissue sections can be mounted using a
standard mounting procedure, and we advise inexperienced users
to consult those who have experience in the art of tissue mount-
ing. For nonadherent cell types and whole-mount specimens,
we recommend fixing samples embedded in Matrigel using
4% (vol/vol) paraformaldehyde (PFA) on a glass-bottom dish.

RT in situ. The length of RT primers should be <25 bases to
prevent self-circularization. We perform RT overnight for
most samples, but 1 h is often sufficient for cell monolayers.
A negative control without RT should be included to rule out
self-circularization of the primer. A positive control primer with
the adapter sequence plus a synthetic sequence (~30 additional
bases) can be used to check RCA and imaging parameters. Other
than the 5 region of highly abundant mCherry transcripts??, we
have not had consistent results with targeted RT; we typically see
very few amplicons regardless of the primer design. In contrast,
random hexamers (24 bases) and poly-dT primers (33 bases)
work well across all conditions. Some of the possible reasons
for failure may include poor target accessibility and competitive
inhibition of CircLigase by nonspecifically bound sequence-
specific RT primers that are capable of self-circularization.
Possible solutions include the use of locked nucleic acid (LNA)-
based RT primers for high-temperature hybridization!3, ligation
of the adapter sequence after RT and tiling multiple RT probes
across a gene target. We have yet to try these alternatives.

Box 1 | SOLiD sequencing chemistry

Generation of amplicon matrix. Aminoallyl-dUTP is a dTTP
analog commonly used in fluorescence labeling of cDNA%3, which
we use for cross-linking nucleic acids; however, the efficiency
of RT and RCA is inversely correlated with the concentration
of aminoallyl-dUTP23. The cross-linker, bis(succinimidyl)-
nona-(ethylene glycol) or BS(PEG)9, is functionalized with
N-hydroxysuccinimide (NHS) ester groups at both ends%4,
and it forms a stable covalent bond with primary amine groups
provided by aminoallyl-dUTP at pH 7-9. The cross-linking
density can be enhanced by increasing the concentration of
aminoallyl-dUTP or BS(PEG)9, or by increasing the pH. Cross-
linking after RT is optional, but cross-linking of RCA amplicons
is essential for high-quality sequencing reads.

Sequencing. We use sequencing-by-ligation!81945 (SOLiD*6:47)
because it works well at room temperature, and so a heated stage
is not required. SOLID uses a dinucleotide detection scheme in
which a base position is interrogated twice per sequencing run47,
and this can reduce the base calling error rate; however, convert-
ing the color sequence to the base sequence is not straightforward
because of its propensity to propagate errors, and sequence analysis
must remain in the color space (Box 1 and Fig. 4). In comparison,
sequencing-by-synthesis (Illumina) works at 65 °C for primer exten-
sion and cleavage, and it uses proprietary fluorophores that require
a heated flow-cell and a custom imaging setup. As sequencing-
by-synthesis can generally yield a much longer read length, we are
currently investigating its compatibility with FISSEQ.

The SOLiD sequencing chemistry consists of multiple reaction cycles in which a sequencing primer is extended using fluorescent eight-
base probes via sequential DNA ligation. The fluorescent amplicons are then imaged, and the last three bases and the fluorophore are
cleaved, followed by the ligation of another eight-base probe. These steps are repeated using four additional sliding primers to record
the dinucleotide color values from starting positions 1-6-11-16-20-26-31 (primer N), 0-5-10-15-20-25-30 (primer N-1), 4-9-14-19-24-
29-34 (primer N-2), 3-8-13-18-23-28-33 (primer N-3) and 2-7-12-16-22-27-32 (primer N-4; Fig. 4a). Most bases are represented by
two sequential colors, and although each color represents up to four possible dinucleotide combinations the exact nucleotide sequence
can be determined if the identity of any one base is known (i.e., the base identity in the sequencing primer). For example, AAGCAGTCA
is equivalent to BORGOGOG (B: blue, O: orange, R: red and G: green; Fig. 4b); however, the conversion table alone cannot assign

the base identity from color codes. However, if one base is known (i.e., first base is A in BORGOGOG), assigning the base identity is
relatively straightforward (Fig. 4c). One disadvantage is that any missing or wrong base calls can affect the whole read, and it makes
sequence-to-sequence comparisons impossible. Therefore, the SOLiD sequencing reads and the reference database must remain in the
color space for sequence alignment, and the user should keep this in mind when designing a custom sequence analysis pipeline.
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Figure 4 | Schematic overview of the a ‘ Adapter sequence . HLg ‘H g cyc\?‘no. for eac‘?‘v ; primer .
SOLiD color-coding and decoding scheme. Primer N 1 2 3 4 5 6 7
(a) The base position within the template 2 Primer N-1_ A2 7. 2 LD 22 4D LD
; ite ci e8 Primer N-2 1 6 1L Tief 21, 1Dy 1§
sequence is enclosed by white circles and 5 < mmaie § 5 ) [5; ) (D) (D
should be used for naming the image files, ’% °| e 0 o Tia} o) 1D [ D}
and the actual sequencing cycle numbers are 3 8 sy 18 1D} 1D}
noted on both sides. Each ligation extension S t e
is shown in different colors, and cycles 15, d\r:vﬁg\gg:jes 1}  Baseffile name order
22 and 29 are shown in gray, as no images b A
are acquired for these cycles. The red box 3 5,7 (2_;;':52"55;;‘"9) € Input color sequence with a known base in red
at cycle 8 denotes a known base identity. nonzzz _y Tomplate 2nd Base .
(b) SOLiD dinucleotide coding scheme. ¥ 5, 7% ACGT AAAG AT AC AG AC AG AC
(c) SOLiD color space decoding scheme. As long LLLiILY 000 A,
as any one of the base identities are known , , .. cé CC GA\TA CA GA\CA GA CA
(here in red), the color space sequence can be S T—s [ 1] G§ GG CT GC GT CT GT, CT/GT
converted to the nucleotide sequence. Image » """"; 7"—/. T° TT TC CG TG TC TG 'T¢ TG
reproduced from Life Technologies (ref. 47).
© 2014 Thermo Fisher Scientific, Inc. Used n"""ZH L\’J LVJ LVJ L\’J LVJ L\’J LVJ
under permission. / T[ AGCAGTOC
Cleavage site
oz, AAGCAGTCA

Template first base

Partition sequencing. T4 DNA ligase

has a single-base specificity at the liga-

tion junction!8, and sequencing primers differing by one
base can recognize different sets of amplicons?3. By dividing
imaging over multiple separate runs, spatially overlapping
amplicons can be enumerated using multiple sequencing
primers even on a low-resolution microscope; however, this
requires full automation for the increased number of sequenc-
ing runs per sample. Without automation, partition sequencing
is better suited for quantifying short barcode sequences rather
than full RNA sequences in situ!2 (Fig. 3).

Imaging. Epifluorescence microscopy can generate a reason-
able number of alignable reads from relatively thin specimens
(<5 um), such as HeLa cells?3, but thicker samples require

a Raw confocal 3D render  Deconvolved 3D render

Unaligned Time point alignment Chromatic correction

(maximum projection —— (maximum projection —— (maximum projection
of all channels)

of all channels) of all channels)

ArRLO®
PARAREP
©

Connected pixel clustering by RefSeq alignment relationship

Output sequence

confocal microscopy to obtain high-density reads. Spinning-disk
confocal microscopy is markedly faster than laser-scanning confo-
cal microscopy, and it has a good balance of imaging speed and
axial resolution. An automated stage capable of finding a z-stack
across multiple x-y tiles is highly desirable (Table 2).

In FISSEQ, individual amplicons can be detected using objec-
tives with a NA of 0.4 or greater. The magnification required is
determined by the biological question and the amplicon den-
sity*8. Typically, we use a 20x NA 0.75 objective to examine tissue
sections and cultured cell monolayers, whereas 40x NA 0.8 and 63x
NA 1.2 water-immersion objectives are used for high-resolution
imaging of single cells. We have observed noticeable chromatic
aberration in our experiments, depending on the objectives used.
The degree of chromatic aberration should be measured using
image calibration beads (i.e., FocalCheck fluorescence microscope
test slide) before sequencing, and they should be calibrated by
the microscope vendor if necessary.

For each imaging setup, the user should determine the ideal
Nyquist rate. This value can be calculated using http://www.svi.
nl/NyquistCalculator. The x-y pixel and z-step sizes should not
be >1.7 times the Nyquist value for image deconvolution. Four-
color imaging should proceed from the longest to the shortest
wavelength (i.e., Cy5, Texas Red, Cy3 and FAM), and an intensity
histogram should be used to adjust the laser power to prevent
saturated pixels. The intensity histogram should be consistent
across fluorescence channels and sequencing cycles. To use our
software, the image file name must be standardized: <Position>_
<Primer #>_ <Ligation #>_<Date_Time>.extension (e.g.,
06_N1_2_2013_10_25_11_57_18.czi).

Figure 5 | Example of image analysis, registration and sequence clustering.
(a) A four-color confocal image stack is deconvolved using a CLME
algorithm with ten iterations and a signal-to-noise ratio of two (scale bars,
1 um). (b) Sequencing images for base 1 and base 4 (left) are aligned using
a composite channel across various time points (middle) and then using a
composite time projection across various channels (right; scale bars,

5 um). (c) Individual nonzero pixels are aligned to the reference sequence
database (i.e., human RefSeq). Highly related sequences connected to the
neighboring pixels are then grouped into a single cluster.
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Image analysis tools. In practice, the extent
of image processing and analysis is dictated

Cell fixation

Fixed tissue
section mounting

‘Adapter-specific

3D deconvolution

fluorescent probe

by the available imaging tools and comput- B 7 !

. 4 . .

ing resources®. We use Bltpllane Imarls for - VATLAB command
data visualization and movie creation and i @+ (2D image registration)
Scientific Volume Imaging (SVI) Huygens Probe st and wash !

. r it

for 3D deconvolution. Although they are ”Slf v

Cross-linking

v

easy to use, scalable and relatively fast, their
cost may be out of reach for small labora-
tories; however, free and/or open-source
alternatives are also available#9-51.
Steps
2-16
Image deconvolution. We use 3D decon-
volution3? to reduce the out-of-focus back-
ground and to improve the quality of base
calls (Fig. 5a). High-quality 3D deconvo- }
lution requires sampling near the Nyquist L
rate, but this increases the image acquisition 23d
and deconvolution time, as well as the file
size. We generally recommend using high-

sequencing-by-ligation.

Python command
(base calling)

Wount sample on
the microscope l

Library validation

v
Steps
Step 23 (SBL (cycle 1 Bowtie 1.0 command
’ (iyce ) (sequence alignment)) ~ |44-51

'

Python command
(spatial clustering)

l

fmaging parameter and
FOV optimization
s v
8PS (SBL (cycle 2-35)

25-33

v
Bright-field imaging
DAPI staining

10d

1-3d

Figure 6 | Schematic overview of FISSEQ experimental and analysis steps. FOV, field of view; SBL, SOLiD

quality confocal imaging and minimal 3D
deconvolution for FISSEQ. The use of 3D
deconvolution to compensate for low-quality imaging will not nec-
essarily improve the quality or the number of sequencing reads. We
provide a sample data set containing raw and deconvolved image
stacks from a successful 30-base sequencing experiment for practice
(http://arep.med.harvard.edu/FISSEQ_Nature_Protocols_2014/).

Image registration, base calling and sequence alignment. As
long as the input image files are correctly named, our software will
generate the maximum intensity projection, register the images
and correct for chromatic shifts?3 (Fig. 5b). The resulting images
are used for base calling and sequence alignment to human RefSeq
(Fig. 5¢), but our software does not generate z-coordinates for
sequencing reads, as it uses maximum intensity projection for
base calling. We provide a sample data output and screen logs for
troubleshooting our bioinformatics software (http://arep.med.
harvard.edu/FISSEQ_Nature_Protocols_2014/).

Data analysis. Our software generates a tab delimited text file that
contains 10,000-50,000 aligned reads per field of view. We recom-
mend RStudio with the latest version of R installed for plotting
reads by RNA classes, position, cluster size, quality, gene name,
strand and so on. We provide a sample R session file that is used
for FISSEQ data analysis as an introduction to statistical comput-
ing and for assessing the quality of FISSEQ data set (http://arep.
med.harvard.edu/FISSEQ_Nature_Protocols_2014/).

Level of expertise required for the protocol. FISSEQ is at the
intersection of cell imaging and functional genomics, and it
has generated much interest from cell biologists who are not
familiar with RNA-seq. Our protocol is aimed at such researchers,
who are familiar with cell image analysis but have few computing
skills (Fig. 6). FISSEQ library construction can be performed by
anyone with basic molecular biology skills, but image acquisi-
tion is best done with help from an imaging core specialist for
the initial setup. Once the equipment, software, imaging and
deconvolution parameters are finalized, a capable technician,
graduate student or post-doc can perform manual sequencing
on a microscope with some training and practice. Image and
sequence analysis using our software can be performed by anyone
familiar with the Unix environment, but statistical data analy-
sis requires either a graduate student or post-doc familiar with
statistical tools and concepts.

Considerations about the laboratory facilities. All steps in
FISSEQ library construction can be carried out in a stand-
ard laboratory setting. A vacuum line facilitates solution
aspiration and reagent exchanges, and we do not find RNA
degradation or PCR contamination to be a notable prob-
lem in our method. We advise having a dedicated microscope
with proper excitation and emission filters on a vibration
isolation table in a low-traffic area.

MATERIALS

REAGENTS

« Starting material of interest. The PROCEDURE is written for cultured
cells in glass-bottom dishes or for tissue sections on glass-bottom dishes
or coverslips. However, it can be adapted for use on a range of starting
materials (Table 1)

+ Acetone (for detaching a Petri dish glued to the microscope stage)
¥ CAUTION Acetone is highly flammable. Work in a well-ventilated area.

+ Aminoallyl-dUTP, 4 mM (AnaSpec, cat. no. 83203)

* Betaine, 5 M (included in CircLigase II kit, Epicentre, cat. no. CL9025K)
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* BS(PEG)9, 100 mg (Thermo Scientific, cat. no. 21582)
A CRITICAL BS(PEG)9 loses its effectiveness 1 month after reconstitution
in DMSO. Prepare a fresh batch every month, especially if it has been frozen
and thawed repeatedly.

« CircLigase IT kit (Epicentre, cat. no. CL9025K)

« Cleave solution 1 (Applied Biosystems, cat. no. 4406489)

* Cleave solution 2.1 kit (Applied Biosystems, cat. no. 4445677)
¥ CAUTION Contains toxic organoamine. Wear gloves and work in
a well-ventilated area.
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+ Cyanoacrylate adhesive, optical grade (VWR International,
cat. no. 19806-00-1)

« Diethylpyrocarbonate (DEPC)-treated water (Santa Cruz Biotechnology,
cat. no. sc-204391)

» DMSO (Sigma-Aldrich, cat. no. D8418)

+ dNTP, 25 mM (Enzymatics, cat. no. N2050L)

« Ethanol, 70% (vol/vol) (in DEPC-treated water)

+ Formalin, 10% (vol/vol) (Electron Microscopy Sciences, cat. no. 15740)
¥ CAUTION Wear gloves and work in a well-ventilated area.

Dispose of waste per institutional guideline.

+ Formamide (Sigma-Aldrich, cat. no. 221198)

+HCI, 0.1 N (in DEPC-treated water)

+ Immersol W 2010 (ne = 1.33) for water-immersion lens (Carl Zeiss
Microscopy, cat. no. 444969-0000-000)

« Instrument buffer, 10x (Applied Biosystems, cat. no. 4389784)

* Moloney-murine leukemia virus (M-MulV) reverse transcriptase
(Enzymatics, cat. no. P7040L)

* Mineral oil (Sigma-Aldrich, M5904)

* MnCl, (included in CircLigase II kit, Epicentre, cat. no. CL9025K)

* Nuclease-free water, not DEPC-treated (Life Technologies, cat. no. AM9932)

* Pepsin, 1 g (dissolve in 10 ml of H,O and store it at —20 °C; Affymetrix,
cat. no. 20010)

+ $29 DNA polymerase (Enzymatics, cat. no. P7020-HC-L)

« PBS (Life Technologies, cat. no. 10010023)

* RNase, DNase-free (Roche Applied Science, cat. no. 11579681001)

* RNase H (Enzymatics, cat. no. Y9220F)

* RNase inhibitor (Enzymatics, cat. no. P9240L)

* RNaseZap (Life Technologies, cat. no. P9780)

icone isolator (Grace Bio-Labs, cat. no. 664304)

+ Sodium acetate, 3 M (pH 7.5)

+ SOLID ToP sequencing kit fragment library F3 tag MM50
(Applied Biosystems, cat. no. 4449388)

+ Saline sodium citrate (SSC), 20x (Roche Applied Science,
cat. no. 11666681001)

« Streptavidin—Alexa Fluor 647 (Life Technologies, cat. no. $32357)

T4 DNA ligase (Enzymatics, cat. no. L6030-LC-L)

« Tris solution, 1 M (G-Biosciences, cat. no. R002)

« Trisodium citrate dihydrate (Sigma-Aldrich, cat. no. C8532)

« Triton X-100, 10% (vol/vol) solution (Sigma-Aldrich, cat. no. 93443)

RT, RCA and sequencing primers (all are in 5'~3’ orientation)_

+ Random hexamer RT primer, 100 uM in nuclease-free H,0
(/5phos/TCTCGGGAACGCTGAAGANNNNNN; hand-mixed,
Integrated Data Technologies (IDT))

* RCA primer, 100 uM (TCTTCAGCGTTCCCGA*G*A; * is
phosphorothioate)

* Sequencing primer N: /5phos/TCTCGGGAACGCTGAAGA
(HPLC purified)

* Sequencing primer N-1: /5phos/CTCG
(HPLC purified)

* Sequencing primer N-2: /5phos/TCGGGAACGCTGAAGA
(HPLC purified)

+ Sequencing primer N-3: /5phos/ CGGGAACGCTGAAGA
(HPLC purified)

+ Sequencing primer N—4: /5phos/ GGGAACGCTGAAGA
(HPLC purified)

Control primers (5'-3")_

« Adapter-specific probes, 100 uM (/56-FAM/TCTCGGGAACGCTGAAGA)

+ Adapter-specific probes, 100 UM (/5TYE563/TCTCGGGAACGCTGAAGA)

* Adapter-specific probes, 100 uM (/5TEX615/TCTCGGGAACGCTGAAGA)

+ Adapter-specific probes, 100 uM (/5TYE665TCTCGGGAACGCTGAAGA)

+ 185 rRNA detection primerl: /5biotin/
GCTACTGGCAGGATCAACCAGGTA

+ 185 rRNA detection primer2: /Sbiotin/
TACGCTATTGGAGCTGGAATTACC

* 18S rRNA detection primer3: /5biotin/
GTTGAGTCAAATTAAGCCGCAGGC

* 18S rRNA detection primer4: /5biotin/
TTGCAATCCCCGATCCCCATCACG

* 285 rRNA detection primerl: /5biotin/
CCACGTCTGATCTGAGGTCGCG

+28S rRNA detection primer2: /5biotin/
CACGCCCTCTTGAACTCTCTCTTC

GAACGCTGAAGA

PROTOCOL |

« 285 rRNA detection primer3: /5biotin/
CTCCACCAGAGTTTCCTCTGGCT

* 285 rRNA detection primer4: /5biotin/
TGAGTTGTTACACACTCCTTAGCG

* 285 rRNA detection primer5: /5biotin/
CGACCCAGCCCTTAGAGCCAATC

« 28S rRNA detection primer6: /5Sbiotin/
GACAGTGGGAATCTCGTTCATCCA

« 28S rRNA detection primer7: /Sbiotin/
GCACATACACCAAATGTCTGAACC

EQUIPMENT

*+4°Cand —20 °C storage units

« Centrifuge for 1.5- and 2-ml tubes

* Dry-block heater for microtubes at 80 °C

« Falcon conical centrifuge tubes (15 and 50 ml; Fisher Scientific,
cat. nos. 14-959-49B and 14-432-22)

* Flexible plastic i.v. catheter for reagent aspiration (Terumo, cat. no. SR*FF2419)
¥ CAUTION The catheter comes with a plastic outer sheath and a sharp
needle in the middle. The needle must be carefully removed and discarded
into a sharps container.

« FocalCheck fluorescence microscope test slide (Life Technologies,
cat. no. F36909)

« Glass bottom MatTek dish (Poly lysine-treated: cat. no. P35GC-1.5-14-C,
Poly lysine-treated 96-well plate: cat. no. P96GC-1.5-5-F)

« Glass Pasteur pipettes (autoclaved)

« Incubators at 30 °C, 37 °C (humidified) and 60 °C

« Inverted confocal microscope, PC and image acquisition software
(see Equipment Setup)

* Microscope stage insert, metal (for securely gluing the specimen holder)

« Nonsterile syringes, 10 ml (BD Biosciences, cat. no. 301029)

* RNase-free microtubes (Eppendorf, cat. no. 0030 121.589)

* Sealable plastic container or Ziploc bags (for CircLigase reaction at 60 °C)

« Vacuum flask, trap and tubing

PC and software requirements

* Access to a high-performance computing cluster (remote host)

* Bowtie 1.0 or earlier (http://bowtie-bio.sourceforge.net) on the remote host
A CRITICAL Bowtie 2.0 or higher does not work with SOLIiD sequencing.

« Fiji/lmage] (http://fiji.sc/Fiji) on a PC

* MATLAB (http://www.mathworks.com) on the remote host

« Python 2.7 (https://www.enthought.com/products/canopy/) on the
remote host A CRITICAL Other versions of python lack the required
modules for running our script.

* R (http://www.r-project.org) and RStudio (http://www.rstudio.com)
onaPC

* Windows PC or Mac with 16 GB RAM minimum

« Optional: SVI Huygens 3D deconvolution software (commercial),
Bitplane Imaris 3D rendering software (commercial)

REAGENT SETUP

Triton X-100, 0.25% (vol/vol) Dilute 0.25 ml of 10% (vol/vol) Triton

X-100 in DEPC-treated H,O to a total volume of 10 ml. Store it at room

temperature for up to 6 months.

$SC, 2x Dilute 20x SSC in H,0 and adjust the final volume to 50 ml.

Store it at room temperature for up to 6 months.

8SC, 1x Dilute 20x SSC in H,0 and adjust the final volume to 50 ml.

Store it at room temperature for up to 6 months.

SASC, 5x Make 0.75 M sodium acetate, 75 mM tri-sodium citrate, and

then adjust the pH to 7.5 using acetic acid in H,O to a final volume of 50 ml.

Store it at room temperature for up to 6 months.

RCA primer hybridization buffer Dilute 20x SSC, 2x SASC and

30% (vol/vol) formamide in H,O. Store the buffer at room temperature

for up to 6 months.

Strip buffer Strip buffer is 80% (vol/vol) formamide in H,O and 0.01%

(vol/vol) Triton X-100 in a final volume of 50 ml. Store the buffer at room

temperature for up to 6 months.

Cleave solution 2.1, reconstituted Mix 1 ml of cleave solution 2.1 Part 1 with

2.75 ml of cleave solution 2.1 Part 2. Store it at 4 °C in the dark for up to 24 h.

EQUIPMENT SETUP

Microscope setup Configure a four-channel microscope with appropriate

excitation light sources and emission filters: FITC-488 excitation,

490-560-nm emission; Cy3-561-nm excitation, 563-593-nm emission;
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Texas Red-594-nm excitation, 597-647-nm emission; and Cy5-633-nm academic version of Canopy Python 2.7 in the home directory on the
excitation, 637-758-nm emission. Suggested microscope objectives are remote host, and follow the installation instructions (http://docs.enthought.
plan-Apochromat dry 20x NA 0.75, dry 40x NA 0.8 and water-immersion com/canopy/quick-start/install_linux.html). Canopy Python 2.7 is easy

63x NA 1.3, to install, and it has all the required packages for our FISSEQ

Software installation Verify that Bio-Formats (http:/loci.wisc.edu/software/  software. Install the latest version of the ggplot2 and data.table packages
bio-formats) plug-ins are available for Fiji/Image]. Download a free in RStudio.

PROCEDURE

FISSEQ library construction in cultured cells or tissue sections ® TIMING 2-3 d
A CRITICAL All reagents and washes are at room temperature unless indicated otherwise.
1| To construct Libraries for FISSEQ, follow option A for cultured adherent cells or follow option B for tissue sections.
(A) Cultured adherent cells on a glass-bottom dish ® TIMING 30 min
(i) Fix the cells using 2 ml of 10% formalin in PBS for 15 min at 25 °C.
(if) Wash the cells with 2 ml of PBS three times.
(iii) Add 2 ml of 0.25% (vol/vol) Triton X-100 in DEPC-PBS for 10 min, or 70% (vol/vol) ethanol for 2 min.
Triton X-100 tends to maintain the subcellular structures better than 70% (vol/vol) ethanol.
(iv) Wash the cells with 2 ml of PBS three times.
(v) (Optional) Some cell types may require acid treatment for improved permeabilization: add 0.1 N HCL in DEPC-treated
H,0 for 10 min, followed by three PBS washes (Supplementary Fig. 2).
? TROUBLESHOOTING
(B) Tissue sections on a glass-bottom dish ® TIMING 1 h
(i) Mount 10-20-pm-thick formalin-fixed tissue sections onto an RNase-free glass coverslip using a standard
mounting procedure.
(ii) Remove the glass coverslip attached to a MatTek glass-bottom dish by gently pressing around the coverslip
with a razor blade.
(iii) Attach the glass coverslip with a mounted tissue section to the MatTek dish using double-sided adhesive tape.
(iv) Wash the tissue section twice using DEPC-treated H,0 for 5 min each.
(v) Add 0.25% (vol/vol) Triton X-100 in DEPC-treated H,0 for 15 min, and aspirate.
(vi) Wash the sample with DEPC-treated H,0 twice.
(vii) Add 200 ul of 0.1% (wt/vol) pepsin in 0.1 N HCL for up to 10-30 min. Most tissue sections are permeabilized
after 10-15 min. We recommend optimizing the permeabilization conditions for each tissue type.
(viii) Wash the tissue sections with 2 ml of PBS three times to inactivate pepsin.
? TROUBLESHOOTING

2| Prepare an RT mixture on ice, as indicated below, with and without reverse transcriptase.
A CRITICAL STEP Chilling the assembled mix to 4 °C before RT improves the efficiency of primer annealing.

Component Amount (pl) Final
DEPC-H,0 159

M-MulV RT buffer, 10x 20 1x
dNTP, 25 mM 2 250 uM
Aminoallyl-dUTP, 4 mM 2 40 uM
RT primer, 100 uM (/5Phos/TCTCGGGAACGCTGAAGANNNNNN) 5 2.5 UM
RNase inhibitor (40 U ul?) 2 0.4 U pl-t
M-MuLV reverse transcriptase (100 U ul-1) 10 5U ul-t
Total 200

3| Incubate the specimen with the reaction mixture for 10 min at 4 °C, and then transfer it to 37 °C overnight.
Typically, 1-2 h is sufficient, but more time may be required for thicker samples. Aspirate and wash the specimen
with PBS once.
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4| To cross-link cDNA molecules containing aminoallyl-dUTP, add 20 ul of reconstituted BS(PEG)9 in 980 ul of PBS
to the sample for 1 h at room temperature.

5| Aspirate and wash the sample with PBS and quench it with 1 M Tris (pH 8.0) for 30 min.
W PAUSE POINT The sample can be stored in PBS for up to 1 week at 4 °C.

6| Aspirate and add 10 ul of DNase-free RNase and 5 ul of RNase H in 1x RNase H buffer for 1 h at 37 °C
(Supplementary Fig. 3).
A CRITICAL STEP Skipping this step results in few amplicons.

7| Rinse the sample with 2 ml of nuclease-free H,0 twice to remove traces of phosphate.

8| Prepare a CircLigase reaction mixture on ice, as tabulated below, and add it to the glass-bottom dish containing
the sample.

Component Amount (pl) Final
Nuclease-free H,0 128

CircLigase buffer, 10x 20 1x
MnCl,, 50 mM 10 2.5 mM
Betaine, 5 M 40 0.5M
CircLigase II (100 U pul-1) 2 10t
Total 200

9| Place the glass-bottom dish in a tightly sealed plastic container or in a Ziploc bag with moist wipes, and incubate
it at 60 °C for 1 h. If a longer reaction time is desired, 1 ml of mineral oil can be layered on top of the sample.

10| Aspirate the reaction mixture, and wash with PBS. Mineral oil can be removed using PBS with 0.1% (vol/vol)
Triton X-100.
M PAUSE POINT The sample can be stored in PBS at 4 °C indefinitely.

11| Add 200 pl of RCA primer hybridization buffer containing 500 nM RCA primer to the glass-bottom dish and incubate
at 60 °C for 1 h.

12| Aspirate and wash the sample with RCA hybridization buffer at 60 °C for 10 min.

13| Aspirate and wash the sample with 2x SSC, 1x SSC and PBS once each.

14| Prepare an RCA reaction mixture on ice, as tabulated below. Add this mixture to the sample and incubate it
overnight at 30 °C. Additional dNTP (up to 10 ul) and $29 DNA polymerase (up to 10 pl) can enhance the fluorescence

signal from DNA amplicons.
A CRITICAL STEP Aminoallyl-dUTP is required for cross-linking and should not be omitted.

Component Amount (pl) Final
Nuclease-free H,0 174

29 buffer, 10x 20 1x
dNTP, 25 mM 2 250 UM
Aminoallyl-dUTP, 4 mM 2 40 uM
»29 DNA polymerase (100 U pul-1) 2 10t
Total 200
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15| To cross-link cDNA molecules containing aminoallyl-dUTP, wash them gently with PBS, add 20 pl of reconstituted
BS(PEG)9 in 980 pl of PBS to the sample and incubate the mixture for 1 h at room temperature.

A CRITICAL STEP BS(PEG)9 expires after 2-3 weeks with multiple freeze-thaw cycles, and using expired BS(PEG)9 can lead
to unstable amplicons and poor sequencing results.

16| Wash the sample with PBS, aspirate and add 1 M Tris, pH 8.0, for 30 min.
W PAUSE POINT Store the sample in PBS at 4 °C for up to 4 weeks.

17| Aspirate and add 2.5 uM control probe in 200 il of 5x SASC, preheated to 80 °C, to the sample and incubate the
mixture for 10 min at room temperature. Use the adapter- or rRNA-specific probes as positive controls to image all
amplicons or rRNA amplicons, respectively. RT-negative controls should not produce any amplicons.

18| Wash the sample two times for 1 min each with 1 ml of 1x instrument buffer. If you are using adapter sequence-specific
probe, proceed directly to Step 19 for imaging. If you are using the biotinylated rRNA probes, incubate in 2 ug ml-!
streptavidin-Alexa Fluor in PBS for 5 min, followed by three 2-ml PBS washes before continuing with Step 19.

19| Image on a microscope and inspect the amplicon density and distribution. Amplicons should be distributed uniformly
throughout the sample across the glass-bottom dish. Obtain an axial view, and check to see whether the amplicon density is
similar between regions near the glass and cell surface.

A CRITICAL STEP The sample can be imaged while immersed in 1x instrument buffer. If an alternative immersion liquid is
used, do not add Tris-EDTA or other chelating agents.

? TROUBLESHOOTING

20| Aspirate and incubate the sample twice for 5 min each in 1 ml of strip buffer at room temperature, preheated
to 80 °C.

21| Wash the sample twice for 5 min each with 1 ml of 1x instrument buffer at room temperature.
W PAUSE POINT We have kept samples in 1x instrument buffer at 4 °C for up to several months without suffering a
substantial loss in the fluorescence signal.

SOLiD sequencing-by-ligation ® TIMING 10 d for 30 cycles

22| Clamp the sample firmly to the microscope stage, and use cyanoacrylate adhesive to secure any potential sources
of movement, such as adjustable stage inserts. Cyanoacrylate adhesive can be applied directly to metal components,

and it can be removed with acetone after sequencing.

A CRITICAL STEP Use only optical-grade cyanoacrylate adhesive, as standard cyanoacrylate adhesives degas and ruin
nearby objectives.

23| Add 2.5 pM sequencing primer N in 200 il of 5x SASC, preheated to 80 °C, to the sample and incubate the mixture for 10 min
at room temperature. Aspiration can be performed using a vacuum aspirator or a flexible plastic catheter attached to a syringe.

24| Wash the sample two times for 1 min each with 1 ml of 1x instrument buffer at room temperature.

25| Sequence the sample by adding a freshly prepared T4 DNA ligation mixture and incubating it for 45 min at
room temperature.

Component Amount (pl) Final
Nuclease-free H,0 165

T4 DNA ligase buffer, 10x 20 1x
T4 DNA ligase, 120 U pul-t 10 6U -t

SOLiD sequencing oligos
(dark purple tube from the SOLiD ToP sequencing kit) 5

Total 200
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26| Wash the sample four times for 5 min each with 1 ml of 1x instrument buffer at room temperature.

27| Acquire images.

A CRITICAL STEP The first ligation cycle for recessed primers N-2, N-3 and N-4 produces a fluorescence signal in just one
channel. These images should not be included in the final data set.

? TROUBLESHOOTING

28| Aspirate and cleave the fluorophore by incubating the sample two times for 5 min each in cleave solution 1,
and then two times for 5 min each in reconstituted cleave solution 2.1.
? TROUBLESHOOTING

29| Aspirate and wash the sample three times for 5 min each with 1 ml of 1x instrument buffer.
M PAUSE POINT The sample is stable for 2-3 d in 1x instrument buffer at room temperature.

30| Repeat Steps 25-29 up to a total of seven cycles.
31| Incubate the sample four times for 5 min each in 1 ml of strip buffer, preheated to 80 °C.

32| Wash the sample two times for 1 min each with 1 ml of 1x instrument buffer.
B PAUSE POINT The sample is stable for 2-3 d in 1x instrument buffer at room temperature.

33| Repeat Steps 23-32 using different sequencing primers (N-1, N-2, N-3 and N-4).
? TROUBLESHOOTING

Image pre-processing ® TIMING 6-12 h
34| If necessary, use ImageJ to crop image stacks for faster 3D deconvolution.

35| Determine the optimal 3D deconvolution parameters using a smaller cropped test image from the experiment.
In Huygens Professional, we typically use a Nyquist sampling rate of 1.7, CMLE mode, 5-10 iterations and a signal-to-noise
ratio of 2-5.

36| Deconvolve all sequencing images, and save images as .ics/.ids files with the following names in a folder named
‘decon_images’ (Supplementary Fig. 4). Filename: <Position>_<Primer #>_<Ligation #>_<Date__Time>.<ext>; Position:
dinucleotide position as two-digit integers 01 to 30; Primer number: N followed by one-digit integers NO to N4; Cycle
number: ligation cycle per primer from 1 to 7; Date/time: An alphanumeric string using underscores; and

File extension: .ics and .ids.

? TROUBLESHOOTING

Image analysis ® TIMING 6-12 h

A CRITICAL Some users of our method may have little or no background in bioinformatics. Here we introduce common
computational environments and tools, but novice users should obtain additional help from experienced users,
network administrators and online resources (i.e., http://www.ee.surrey.ac.uk/Teaching/Unix/).

37| Download fisseq.zip (http://arep.med.harvard.edu/FISSEQ_Nature_Protocols_2014/) and copy it to a remote host
using a command-line terminal on a PC.

local:~$ scp fisseq.zip <user@remote_host_name:~/>

A CRITICAL STEP One must have an account to a designated remote host. Ask the network administrator at your institution.
38| Download and unzip decon_images.zip (http://arep.med.harvard.edu/FISSEQ_Nature_Protocols_2014/).

Copy the decon_images folder (Step 36) to a scratch space on the remote host.

local:~$ scp -r ~/decon_images/ <user@remote_host_name:scratch_space/>

A CRITICAL STEP Analysis of multiple high-resolution image stacks requires a large amount of disk space. Contact your
network administrator for the location of a temporary scratch space.
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39| Log on to the remote host and submit a job request to work on a high-memory queue interactively. We recommend at
least 100 GB (memory below is in MB).

local:~$ ssh <user@remote_host_name>

remote:~$ bsub -R “rusage[mem=100000]"” -g <queue_name> -Is bash

A CRITICAL STEP Running CPU or memory-intensive tasks incorrectly can bring down the remote host. Make sure that you
are working on a designated node. Contact your network administrator for more information before proceeding.

40| Unzip fisseq.zip and change the working directory to fisseq.
remote:~$ unzip fisseq.zip
remote:~$ cd fisseq

A CRITICAL STEP Working from folders other than ~/fisseq results in missing file errors when entering our commands as
written below.

41| Download and decompress the RefSeq-to-Gene ID conversion table.
remote:~/fisseq$ wget ftp://ftp.ncbi.nih.gov/gene/DATA/gene2refseq.gz

remote:~/fisseq$ gzip -d genelrefseq.gz

42| Download the organism-specific RefSeq RNA FASTA file and unzip the file.

remote:~/fisseg$ wget
ftp://ftp.ncbi.nlm.nih.gov/refseq/H_sapiens/mRNA_Prot/human.rna.fna.gz
remote:~/fisseg$ gzip -d human.rna.fna.gz

## Use the following address for mouse or rat:

## ftp.ncbi.nlm.nih.gov/refseq/M _musculus/mRNA_Prot/mouse.rna.fna.gz
## ftp.ncbi.nlm.nih.gov/refseq/R_norvegicus/mRNA_Prot/rat.rna.fna.gz

43| Build the reference index of [ref_name] in color space. Here [ref_name] is refseq_human. This process can take
several hours.

remote:~/fisseq$ bowtie-build -C -f human.rna.fna refseg human
? TROUBLESHOOTING

44| Start MATLAB and add a search path:

remote:~/fisseg$ matlab

>> addpath('~/fisseq’, ‘'~/fisseqg/bfmatlab’)

45| Define the input and output directories and run image registration (Supplementary Fig. 5).
>> input_dir=‘<scratch_space>/decon_images/’

>> output_dir=‘registered_images/’

>> register_ FISSEQ_images (input_dir,output_dir,10,0.1,1)

>> quit ()
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Set the mumber of blocks per axis for local registration (default = 10); set the fraction overlap between neighboring
blocks (default = 0.1); and adjust the alignment precision, where 10 will register images to 1/10 of a pixel (default = 1).
? TROUBLESHOOTING

46| Copy files in ~/fisseq/registered_images/ to a PC. Use Imaged to open TIFF files (File > Import > Bio-Formats)

as a time series, and check alignment in channel 4 by scrolling through the timeline (Supplementary Videos 1-4).
Maximum-projected TIFF files (channel 4 is a composite of channels 0-3); Routput.mat file: block-wise registration offsets
between bases; Rchadj.mat file: block-wise chromatics shifts as a matrix; and Rtadj.mat file: registration offsets over time for
the whole image (not block-wise).

? TROUBLESHOOTING

47| Start python, and write base calls to read_data_*.csfasta. The maximum number of missing base calls allowed
per read is 6 by default. * denotes an automatically generated time stamp.

remote:~/fisseq$ python
>>> import FISSEQ
>>> FISSEQ.ImageData(‘registered_images’,’.’,6)

>>> quit()
? TROUBLESHOOTING

48| Align reads to refseq_human (Step 43) using Bowtie 1.0 or earlier, and write mapped reads to bowtie_output.txt.
The exact name of read_data_*.csfasta can be determined by listing files in the directory (ls -l).

remote:~/fisseg$ bowtie -C -n 3 -1 15 -e 240 -a -p 12 -m 20 --chunkmbs 200 -f --best
--strata --refidx refseqg human read_data_*.csfasta bowtie_output.txt

? TROUBLESHOOTING

49| Spatially cluster the Bowtie reads (Step 48), annotate clusters using gene2refseq (Step 41) and write to results.tsv.
The default kernel size of 3 performs a 3 x 3 dilation before clustering.

remote:~/fisseq$ python

>>> import FISSEQ

>>> G = FISSEQ.ImageData(‘'registered_images’, None, 6)

>>> FISSEQ.AlignmentData (‘bowtie_output.txt’,3,G, 'results.tsv’,
‘human.rna.fna’, 'gene2refseq’, '9606")

>>> quit ()

## Use the following command for mouse or rat:

>>> FISSEQ.AlignmentData (‘bowtie_output.txt’,3,G, ‘'results.tsv’,
‘mouse.rna.fna’, ‘gene2refseq’, '10090")

>>> FISSEQ.AlignmentData (‘bowtie_output.txt’,3,G, 'results.tsv’,

‘rat.rna.fna’, 'gene2refseq’, '10116")
Data analysis @ TIMING 1d
A CRITICAL Data analysis can be done on any software package, but R is convenient for interactive analysis
and high-quality graphs23. Novice users may find RStudio more intuitive than the command-line interface.

We provide a sample R session containing a sample data set and a list of commands (http://arep.med.harvard.edu/FISSEQ_
Nature_Protocols_2014/).
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50| Open the FISSEQ RStudio project file (Menu — File — Open project...).

51| Find the HISTORY tab on the upper right console window, and double-click on individual commands in order to
re-execute the previous R session (Supplementary Fig. 6) and learn how to: import and filter data using a specific
criterion (i.e., cluster size); plot a distribution of reads by a specific criterion (i.e., RNA classes and strands); convert a
table of reads into a table of gene expression level; correlate gene expression from different images; and find statistically

enriched genes in different regions.
? TROUBLESHOOTING

? TROUBLESHOOTING

Troubleshooting advice can be found in Table 3.

TABLE 3 | Troubleshooting table.

Step  Problem Possible reason Solution
1 Cells wash away during PBS Cell attachment dependent on Ca** Use PBS with Ca**, or add formalin directly
washes or fixation to the growth medium
Membrane blebs Diluting formalin using 1x PBS makes it ~ Use 10x PBS and water to dilute the formalin
hypotonic
Tissue sections falling apart Pepsin overdigestion and/or small Shorter pepsin digestion; embed in Matrigel
or off slide contact area between sample and glass  and re-fix
19 Few amplicons limited to the Poor cell permeabilization Use 0.1 N HCL after Triton or ethanol-based
cell surface cell permeabilization
Amplicons in no-RT control RT primer is too long Use shorter RT primers
High background Excess RCA primer More stringent washes at Step 13
Dim amplicons Low template copy number More dNTP and ¢29 enzyme at Step 14
per amplicon
19,27  Dim, fuzzy or stretched amplicons  Poor cross-linking Fresh BS(PEG)9 at Step 15

28 White precipitate buildup

33 Progressive loss of signal

36 Deconvolution takes too
much time

43 Bowtie command is not found

45 MATLAB out of memory error

Input or output folders are not
found

46 ImageJ does not open TIFF files
correctly

47 Cannot find input images

Extension error messages

Silver reacts with chloride
Photodamage to amplicons

Large images

Bowtie v1.0 environment is
not set up

Low RAM
Low heap space for Java virtual
memory (VM)

Incorrect slash use with
folder name

Image dimensions are not
correctly read

Undefined path

Missing package

Eliminate chloride-containing buffers
Low laser exposure

Crop unused areas
Smaller images
Fewer iterations

Check Bowtie version (which bowtie);
ask administrator for assistance

Allocate >100 GB RAM
Increase Java VM in java.opts

No slash before and one slash after

Check ‘Group files...", ‘Swap dim..." and
‘Concatenate...” when importing

Registered image directory must be in ~/fisseq

Use Canopy Python 2.7
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TABLE 3 | Troubleshooting table (continued).

Step  Problem Possible reason Solution

48 Bowtie is not found Bowtie 1.0 is not loaded Check available versions and load
Bowtie 1.0 or earlier versions

Extra parameter(s) error Typo, or option flags are not in the Copy and paste the command from Step 48
correct order

51 Unexpectedly high number of Noisy image, many missing or Obtain better images, use deconvolution
anti-sense mRNA reads incorrect base calls at the 3" end to reduce noise, sequence longer reads, trim
reads or increase the cluster size threshold

@ TIMING

Steps 1-21, FISSEQ library construction: 2-3 d
Steps 22-33, sequencing and imaging: 10 d
Steps 34-36, image pre-processing: 6-12 h
Steps 37-49, image analysis: 6-12 h

Steps 50 and 51, data analysis: 1 d

ANTICIPATED RESULTS

The size of subcellular cDNA amplicons is slightly larger than the diffraction limit after 3D deconvolution. At 20x NA 0.75,
the diameter of cDNA amplicons is ~400-800 nm after image deconvolution. A typical amplicon contains hundreds of
fluorescent probe-binding sites, and this results in images that are 20-50 times brighter and that have a markedly
improved signal-to-noise ratio than single-molecule FISH. A good FISSEQ library should yield many intensely bright
amplicons that are distinct from cell debris and spurious amplification products. If long exposure time and high gain have
to be used to visualize objects, it is likely that they represent contamination, reaction precipitates or cell debris.

When fluorescent probes are stripped, nearly all of the fluorescence is completely removed, except possibly in the nucleus.
Stripping is a good way to distinguish a DNA amplicon from fluorescent debris, and we recommend alternately hybridizing
the sample with FAM, Cy3 or Cy5 probes while the sample is still on the microscope. If the fluorescent object is a DNA
amplicon, it should fluoresce in distinct colors sequentially with little or no cross-talk. The amplicon density varies
depending on the cell size, but we typically see several hundreds of amplicons per cell in cultured cell lines (i.e., iPSCs,
fibroblasts, Hela cells and bipolar neurons). We have detected up to 4,000 amplicons using synthetic DNA per cell in
fibroblasts, suggesting that the RT efficiency may be a limiting factor.

The signal-to-noise ratio from SOLiD sequencing-by-ligation is high, especially for early ligation cycles. The quality
drops after the fourth re-ligation cycle for each primer, and the image quality degrades significantly after 25 total cycles.
Much of the image degradation results from the laser-induced damage during imaging. Typically, unimaged regions
remain pristine even after 30 cycles of sequencing, and it may be possible to obtain a longer read length with appropriate
free-radical scavengers in the imaging buffer, but we have not attempted this yet.

Depending on the camera sensor size, density and bit depth, one image stack containing multiple optical planes
across four channels can be 800 MB-2 GB per field of view. Our image registration software then creates a separate
folder containing TIFF images (five channels per base) of 20-50 M in size. Once our software processes and analyzes
the images, it generates a tab-delimited file containing the gene ID, name, cluster size, strand, class, base quality,
alignment quality, color space sequence and x-y position. We recommend performing a quick data check by selecting a
gene cluster size of >5 to compare the number of sense and anti-sense reads, and we also recommend comparing the
number of reads from different RNA classes. Typically, >90% of all reads should map to the positive sense strand.

The rRNA read should comprise 50-80% of the total number of reads. We typically get 15,000-40,000 reads per image
containing 30-50 cells. Regional or subcellular localization is measured in statistically significant enrichment scores,
rather than absolute counts, owing to a small number of reads distributed over a large area. We recommend making
B&W image masks on the basis of the cell morphology, DAPI stains, immunohistochemistry and other types of spatial
masks, and measuring the relative enrichment of individual genes using Fisher’s exact test or other similar tests?3.
With a high read density, it may be possible to use unsupervised local clustering of reads for regional identification of
biological processes2.
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Note: Any Supplementary Information and Source Data files are available in the
online version of the paper.
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