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2. Specific Aims
The goal of our proposed Center for the Causal Transcriptional Consequences of Human Genetic
Variation (CTCHGV) is to develop methods that will identify and characterize cause-effect relationships
between human genome sequence variation and transcriptional networks, with specific focus on cis
transcription. Recent genome wide association studies (GWAS) involving many human cohorts have improved
our knowledge of human genetic variation and its relationship to human physiology and disease. Yet these
developments are only early steps towards the detailed causal understanding of how genetic variation relates
to phenotype needed to translate this knowledge to effective clinical practice. This is particularly so for variation
in non protein coding regions which comprise 99% of the genome and which obey few known rules. As of this
writing, 315 GWAS studies have uncovered 1439 SNPs that associate with ~200 human traits with p<1e-5
(59), 95% of which are in non coding regions. Most of these are tag SNPs in linkage disequilibrium with
possibly causative SNPs as yet unidentified or even assayed in their subjects. The tag SNPs are typically
common variations and the contribution to human health and disease of common vs. rarer variations is still
debated. Meanwhile, ongoing sequencing of diverse populations and the growing number of sequenced
individual human genomes yield an ever-increasing number of previously unseen and rare point, indel, and
rearrangment variations. To move from association to cause in a manner that is not complicated by variation
rarity, population sampling, and sequencing depth, CTCHGV will develop and demonstrate innovative
techniques that establish cis variants’ causal status by systematically and precisely varying cis sequences at
single-nucleotide resolution using synthetic biology techniques, so that the effects of these variations on cis
gene transcriptional level can be observed directly (Aim 1). Data generated by these methods will directly
explain many GWAS findings of associations between cis variations and expression levels (40, 132, 165), and
will enable refinement of hypotheses for disease causation where GWAS finds associations between cis
regulatory loci and disease or phenotype. Moreover, to assist such refinement, CTCHGV will extend
application of these new methods to human induced Pluripotent Stem cells (iPS) in order to make its methods
able to explore the impact of cis variations in diverse human cell types representing different tissues (Aim 2).
To achieve scalability in its methods for discerning sequence causality by systematically examining
combinations of variations, CTCHGV will develop methods that operate with small samples of cells, including
methods that assay many individual cells. Here, to determine causal cis variants requires only that the
transcription of one gene—the cis gene—be assayed in small samples and in single cells. To extend beyond
this and observe the systematic effects of variations, CTCHGV will therefore also develop new methods for
obtaining transcriptome level information in single human cells, including both dispersed cells and in-situ
structured tissues (Aim 3). Finally, CTCHGV will develop a number of innovative basic enabling technologies
to achieve the scale and control over DNA synthesis and cell handling required to meet the goals above (Aim
4). As these technologies will have great impact and wide utility in biological research, CTCHGV will develop
them with general usage in mind, in an open-source manner, and in collaboration with our many academic and
business partners.
Aim 1: We will develop and demonstrate novel methods that identify and characterize natural
cis variations that directly affect transcriptional activity in individual humans based on direct
modification and testing of combinations of variants in gene regulatory regions in cell lines, and that
can be applied to thousands of genes.
1.1: We will develop and demonstrate novel, high-efficiency methods to create human cell populations
containing combinations of natural variations in gene regulatory regions, focusing on zinc-finger nuclease
(ZFN)-mediated recombination of externally generated altered insert libraries, and direct modification of human
cells using oligo-based methods.
1.2: We will demonstrate the identification of specific sets of variations that affect cis gene transcription by
engineering many combinations of variations and directly observing their effects on transcription, and also by
novel methods of assaying complex populations of combinatorially modified cells at a single-cell level.
1.3: We will assess the extent to which cis variants identified as causing altered transcript expression may
operate through alternative mechanisms such as differential expression of RNA isoforms, differential transcript
degradation, copy number variations, and epistatic marks.
1.4: We will analyze the relationship between our methods and results and those of Genome Wide Association
Studies and characterize their complementary insights into the effects of variation.
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Aim 2: We will adapt and extend Aim 1 methods to function in human induced Pluripotent Stem
cells (iPS) and then use iPS to characterize the effect of cis regulatory region variations in a variety of
derived cell types that represent different human tissues. We will engineer “marked allele” human iPS
that are heterozygous in all exons of many genes that will enable analysis of allele-specific
transcriptional and splicing effects in diverse cell types.
2.1: We will combine Aim 1 methods with automated techniques for iPS generation and maintenance to enable
exploration of iPS with altered cis regulatory regions.
2.2: We will differentiate iPS generated in Aim 2.1 into diverse cell types that represent distinct human tissues
and characterize the cell type-specific consequences of cis-regulatory variations.
2.3: We will engineer human iPS with “marked alleles” for 10-50 genes and demonstrate their use by
characterizing allele-specific transcription and splicing in multiple tissues.
Aim 3: We will develop novel single-cell in-depth transcriptome assays scalable to millions of
individual cells simultaneously in both structured tissues and dispersed cell samples, subject to
sequencing capacity. These methods will be used to explore systematic transcriptional effects of
genetic variations in different human cell types.
3.1: We will develop and optimize methods that pipeline in-situ single-cell cDNA synthesis to next generation
sequencing in ways that preserve cell identity and that can be applied in parallel to 100s to 1000s of cells. We
will investigate multiple techniques in support of these methods, including cell bar-coding, in-situ cell
sequencing, and single-molecule in-cell sequencing, characterize their performance and limits, and select one
for continued development and application.
3.2: We will use these single cell transcriptomics capabilities to characterize the transcriptional state
differences in cells bearing artificial and natural variant combinations from Aim 1, and from cell types
developed from iPS from different genetic backgrounds.
Aim 4: In support of Aims 1-3, we will develop innovative and widely applicable methods for
high-throughput synthesis of long DNA constructs, highly efficient homologous recombination in
human cells, and highly multiplexed single cell handling that enables sorting based on morphology.
4.1: We will develop a platform that integrates DNA synthesis and sequencing and uses sequence information
to assure synthesis of DNA constructs with extremely low error rates.
4.2: We will improve ZFN–mediated homologous recombination in human cells by engineering a
comprehensive zinc-finger archive, by developing novel methods of delivering ZFNs into cells, and by
developing a “segmental genome replacement” strategy.
4.3: We will develop new high-throughput cell handling and sorting capabilities that can incorporate
morphology information in addition to optical signals generated by markers, and which can operate on live
cells.
Beyond the five years of our Center, we foresee the innovations we develop being applied at large
scale by partner academic research centers such as the Broad Institute, as well as their adoption and further
development by sequencing and synthesis companies with which we have close relationships (see Data and
Materials Dissemination Plan). Our approaches will help biomedical research in general move beyond
population-based associations to causal understanding. Their application to individual humans vs. populations
will be critical for developing the knowledgebase required to promote and evaluate the effectiveness of
personalized medicine.
Our world-class team has expertise in all the areas required for success in this project and has a track
record of impact and innovation. Professor George Church (Harvard Medical School), CTCHGV’s proposed
director, has several times developed innovations that exhibited improvement factors of 10 or more in scale or
power compared to contemporaneous commercial collaborators. Indeed, Professor Church led a prior
Molecular Genomics and Imaging CEGS (MGIC) that consistently developed improved sequencing methods
~2 years ahead of commercial efforts which later adapted many of our innovations: Under him, MGIC
demonstrated his initial polymerase colony (polony) methods in 2003 (116, 117), versions of which are now
widely used commercially (Illumina, ABI), while in 2005 MGIC developed sequencing by ligation (155), which is
now in use in ABI SOLiD. Another example is in DNA synthesis, where he has led the way in synthesis and
use of complex oligo mixtures cleaved from arrays for large construct assembly and targeted sequencing, and
where in the course of four years he has advanced from 4000 90-mer to 54000 150-mer oligo arrays (100,
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174). Dr. J. Keith Joung (Harvard Medical School, Massachusetts General Hospital) is a leading expert on the
development of zinc-finger nucleases for human cell engineering and gene targeting. He is the leader and cofounder of the Zinc Finger Consortium (http://www.zincfingers.org/), which was established to ensure and to
promote continued research and development of engineered zinc finger technology. The Consortium is
committed to developing a zinc finger engineering platform that is robust, user-friendly, and freely available to
the academic scientific community. Dr. George Q. Daley’s (Harvard Medical School, Children’s Hospital,
HHMI) work has transformed the field of stem cell development and differentiation. Recipient of numerous
awards, including the first NIH Director’s Pioneer Award, as well as major awards from the American
Philosophical Society, Society for Pediatric Research, Burroughs Wellcome Fund, and the Leukemia and
Lymphoma Society of America, Dr. Daley’s work focuses on functional hematopoietic and germ cell elements
from ES cells, and the genetic mechanisms that predispose to malignancy. Dr. Daley’s lab was one of the first
three world-wide to derive human iPS cells, and the first to produce a repository of patient-specific iPS cells
(from 10 different disease conditions). Professor Kun Zhang (UCSD) developed innovative methods for long
range haplotyping, single cell genome sequencing, targeted sequencing, and measurement of allele-specific
expression, as a post-doc in the Church Lab, where he was a member of the MGIC team. He is currently
working with Professor Church on methods for targeted exon sequencing in connection with an NHLBI grant
(HLB08-004). In addition to these key personnel, CTCHGV will have additional support from experts in GWAS,
genome wide screens in human cells, and companies offering sequencing support (see Letters of Support from
David Altshuler, Steven McCarroll, Robert Plenge, Steven Elledge, and Complete Genomics, among others).

3. Background and Significance
3.1 Determining the causal consequences of natural human genetic variations: Rapid
developments over the past 8 years led quickly from the completion of draft human genomes (97, 180) to the
identification of common human genetic variations (146) and haplotypes (68), and then to the use of these
variations to identify loci associated with human traits and disorders through Genome Wide Association
Studies (GWAS) (188). GWAS, conceptualized early in the Human Genome Project (144), has become the
leading method for linking genetic variation with human traits: As of this writing, 315 GWAS studies have
uncovered 1439 SNPs that associate with ~200 human traits with p<1e-5 (59), 95% of which are in non coding
regions. By their nature, GWAS do not identify the causal mechanisms linking variations with traits but only the
associated variations themselves, but these may provide important clues about the causal networks underlying
the traits. However, limitations of GWAS are frequently noted (4): The identified variations may not themselves
be in the causal network for a trait but may only be tag SNPs in linkage disequilibrium with causative
variations, and in practice GWAS can only be used to detect common SNPs with moderate effect sizes that
can be cost-effectively genotyped in some few thousands of individuals. As a result, efforts are underway to
make rarer mutations analyzable by GWAS (4, 67, 126), and to expand the GWAS paradigm to identify
variations specifically associated with gene expression level (notably via expression Quantitative Trait Loci
(eQTL) (23, 32, 40, 46, 165) and allele-specific expression (ASE) (152)) and to investigate the effects of Copy
Number Variations (111, 164). These advances will refine our understanding of the causative networks
underlying traits, but in the end they may still fall short of identifying the specific variations that are causal. This
is because GWAS’ power to dissect co-occurring human variations and genetic and environmental
backgrounds is ultimately constrained by the spectra of natural human variation, population structure, and
linkage disequilibrium that have been shaped by human evolutionary history. CTCHGV proposes to develop
and demonstrate technologies that will enable such genetic covariates to be dissected in the specific domain of
variations that affect cis gene expression levels. These technologies will be based on direct engineering of
combinatorial modifications to cis regulatory region genotypes, followed by direct observation of the effects of
these modifications on cis gene transcription levels. While these methods will not dissect direct links between
variations and disease, they will help refine hypotheses concerning disease causation where GWAS finds
associations between disease and regulatory variations. To assist this analysis, CTCHGV will extend its
technologies to human induced Pluripotent Stem cells (iPS) so that the causal impacts of regulatory variation
can be examined in diverse human cell types representing different tissues. In this way, CTCHGV will provide
an essential complement to GWAS: While GWAS take us from phenotype to associated locus by deeply
leveraging natural human variation, CTCHGV methods will dissect the roles of variations that are below its
limen.
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The methods that will be developed by CTCHGV in its five years of operation will specifically focus on
the characterizing the effects of cis variations on transcriptional level (Aim 1) and some of their downstream
consequences (Aim 3). Eventually, follow-on work will require methods that analyze the broad range of other
molecular mechanisms, including effects of variations on RNA splicing, protein expression level and
translational control, as well as the effects of epigenetic variation and imprinting. Here Aim 1.3 will assess a
selection of these effects in specific contexts in an effort to quantify their importance and chart a path forward.
3.2 Single cell transcriptomics: Acquiring detailed information about the transcriptional state of
individual cells is critical for understanding the development of complex organisms and the functions of
structured, differentiated tissues. The leading methods available today involve the isolation of individual cells
by disaggregation/dilution or microdissection, extraction of cell contents by lysing or micropipetting, followed by
synthesis and subsequent amplification of cDNA to levels at which it can be assayed via RT-PCR or
microarray (44, 83, 94). Though these methods have been applied successfully in numerous studies, they are
subject to important limitations: (i) Cell isolation procedures have limited scalability and, where tissue cells
must be disaggregated and diluted, may destroy structural information about a cell’s location in a tissue. (ii)
The need for very high pg-to-μg amplification of single cell mRNA increases the potential for introducing biases
into sample transcript abundances. To enable transcriptomes to be obtained for large numbers of individual
cells will require addressing both of these limitations. In common with most technology development aimed at
increasing throughput, (i) is best addressed by miniaturization and parallelization of operations on single cells.
Microarrays require large amounts of starting material and so exacerbate problem (ii). Researchers are
increasingly turning to next-generation sequencing to supplant microarrays generally, resulting in such
methods as RNA-Seq and PMAGE (84, 185), and this has recently been applied to single cells (169). While
this will partly alleviate (ii), application of these methods in parallel to many single cells as required by (i) will
still require further advances in sequencing technology.
The ideal solution would be one in which cell transcriptomes could be sequenced in-situ; this would
confine and parallelize sequencing within single cell compartments, and also allow structured tissues to remain
intact so that cell locations and relationships are preserved. The challenge to sequencing technology is that, at
present, most next-generation sequencing methods must create and operate with spatially distinct, compactly
localized amplicons of sample sequences dispersed on planar surfaces (154, 156); thus, new methods would
be needed to create and interrogate these amplicons in existing cell volumes. (Note that the localized
amplification needed by sequencers is distinct from the high gain in-solution amplification of cDNA required by
microarrays; for multiplex single-cell sequencing, the latter should be avoided as it not only increases
sequencing costs but may also re-introduce amplification biases.) However, possibilities exist (a) for creation
of localized amplicons in stacks of very thin sections of cells that can be sequenced in-situ, and (b) for
transcripts of individual cells to be labeled in-situ in a way that preserves cell identity so that these transcripts
could be dispersed, locally amplified, and sequenced ex-situ as usual and re-assigned to their cell of origin.
Also (c) single molecule sequencing methods (45, 55) can in principle avoid the need for local amplification,
but interrogating individual transcripts in existing cell volumes is still beyond the reach of these methods as
they are configured today, especially for (45). Aim 3 will explore these possibilities. Aim 3 work on (a) will
greatly scale up prior methods developed in our own and other labs on in-situ localized amplification and
detection of RNAs (163, 202) in the direction of detecting and quantifying many thousands of RNA species in
cells. Assuming cells of ~10μm, a 1 mm2 section of tissue that is one cell thick would contain 1e4 cells. If
each cell is assumed to contain ~2e5 coding transcripts, sequencing 50bp tags of all coding transcripts in
these cells would require 2e9 reads and 1e11 bp. Illumina has recently announced that its Genome Analyzer
will be able to produce ~1e11 bp of sequence per run by the end of 2009 (66). As recent trends of increasing
sequencing throughput per dollar are expected to continue, CTCHGV does not see sequencing capacity and
cost as inherent limitations to the ability to sequence transcriptomes of all cells in a tissue sample of this size
by the end of the five years of our proposed center. However, as the availability of sequencing capacity on this
order is likely to be a practical consideration for many research projects for some time, CTCHGV will develop
options for assaying of targeted transcriptome subsets vs. complete transcriptomes in single cells that will give
researchers the ability to allocate available sequencing capacity as best fits their needs.
3.3 induced Pluripotent Stem Cells (iPS): Full understanding of the effects of natural variations in
humans requires exploration of their impacts in different tissues. Expression Quantitative Trait Loci (eQTL)
found by observing quantitative differences in gene expression in multiple individuals are numerous and highly
heritable (40, 119, 150, 182), but these examine only limited numbers of tissue types, and it requires a large
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number of tissue samples to reach adequate statistical power due to their generally weak individual effect in
addition to measurement noise and other confounding factors (32, 78). Although eQTL mapped from different
tissue types overlap (23, 24, 46, 121, 149), many regulatory pathways are known to be tissue- and cell typespecific. To address these limitations, the Genotype-Tissue Expression Project (125) has been launched to
collect various tissue types from a large number of subjects. However, collection of diverse human tissues
using surgical and tumor specimens is complex and affected by sampling and processing artifacts (32), and
these issues must be overcome for a very large number samples to detect the weak effects of most eQTL.
By contrast, iPS technology (133, 167, 168, 195) allows biomedical researchers to derive cells
representative of numerous tissues and cell-types in vitro from a single common source—a superficial skin
biopsy—making iPS cells a powerful platform for studying individual differences in gene regulation without
limitation of tissue or cell type. Although it is unclear whether conclusions based on iPS-derived tissue cell
types can be generalized to primary tissues, their use offers undeniable practical advantages in terms of ease
of cell type access, controllable purity of cell type vs. the complex composition of primary tissues, and ability to
work directly with human cells vs. other species. Admitedly, this strategy may also face challenges, including
epigenetic alterations in gene expression among iPS clones, heterogeneous cell differentiation, and changes in
genome-wide DNA methylation (108, 113, 114, 161); moreover, there may be random mono-allelic gene
expression in iPS clones, as reported for EBV-transformed lymphoblasts (50, 137). Finally, typical iPS
reprogramming is accompanied by numerous random viral integration events (~20 per clone), possibly
affecting the expression of nearby genes; however, we anticipate eliminating this variable by generating and
studying transgene-free iPS cells (cf. (194)). We will explore use of allele-specific expression (ASE) to assess
cis regulation in iPS-derived cells. This strategy helps control the effect of experimental variations on gene
expression, which function predominantly in trans (102, 159), by using one of the expressed alleles as an
internal control. Using our highly quantitative ASE measures (Preliminary Results, 4.2), we find that ASE is
largely stable over the sources of variation described above. iPS differentiation can thus be expected to yield
additional cell type-specific ASE that is not captured by use of adult somatic cell lines alone. On that basis we
propose to use ASE analysis to observe and map cis-acting regulatory variation using human iPS cells (Aim 2).
3.4 Synthetic technologies in human cells: Decades of research have given us the tools to make
multiple precise changes to the genomes of cells of model organisms, to the point where the synthesis and
assembly of standardized parts for engineering complex pathways has become the defining goal of the new
field of synthetic biology (43, 79, 174). While synthetic biology is spawning many useful applications in lower
organisms, a key goal is to make its technologies operate efficiently in human cells where they can be used to
analytically dissect the mechanisms underlying human traits and disease, and to implement pathway repairs
that modulate disease and deliver them into targeted human cells via gene therapy. Efficient application of
these synthetic technologies to human stem cells and iPS is a particularly important goal because such cells
are self-renewing and therefore have potential for permanent therapeutic effect, and because they can be used
to generate many cell types (cf. (54)). Motivated by these objectives, researchers have made considerable
progress in engineering human cells to the point where gene therapy clinical trials have been performed or are
under consideration for over 20 human disease areas (2, 3). The many key challenges that remain can be
divided into a set that relate to improving the ability to apply synthetic technologies to human cells generally,
and to a set that relate to achieving clinical success. While the latter involves critical problems such as efficient
access and targeting of only specific cell types within the human organism, and identification of the genetic
targets that must be altered to modulate disease, here we focus on the former—specifically, on the technical
challenges of engineering human cells accurately and efficiently without making unwanted changes, assuming
their accessibility. Three related areas can be identified that will receive focus and development by our
proposed Center: (i) Because of the large size and complexity of the human genome, it is necessary either to
create and introduce large fragments of DNA into human cells, or many smaller fragments of DNA into the
cells, to achieve a desired result. This entails that large DNA fragments or many small DNA fragments must
be generated with minimal error either by direct synthesis or by extracting and modifying the relevant regions
of the native cells’ genome. (ii) Efficient delivery systems are needed to introduce these fragments of DNA into
the target cells. Currently, modified viral vectors are the most efficient delivery systems, but they can only
typically package 5-25kbps (31) of DNA, and retroviral systems can randomly integrate DNA into the genome.
While random integration is particularly concerning clinically for gene therapy, and is quite possibly the cause
of development of cancers in the otherwise most successful gene therapy trial (19), it remains a concern in a
general engineering context simply because it creates unwanted modifications in the genome. (iii) Where a
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delivery simply introduces DNA into the cell and relies on native mechanisms to integrate it, such as
electroporation, nucleofection (http://www.amaxa.com/) or lipofection, the efficiency of desirable low-error
replacement of targeted DNA by homologous recombination (HR) and/or gene conversion (GC) is low
compared to error-prone non-homologous end joining (NHEJ) and random integration. Estimates of native
HR:NHEJ efficiencies vary from 1:30 to 1:40000 (191).
The state of the art in these three areas can be summarized. (i) While large DNA constructs can be
synthesized de novo, in part due to developments by the Church Lab (174) whereby DNA oligonucleotides
(oligos) synthesized on arrays can be assembled into units of 1000s of nucleotides, most human genome
engineering will entail making single or multiple small changes precisely in native human DNA. Many labs
have developed methods for making small changes in human DNA directly in human cells using variouslydesigned oligos and small DNA fragments (64, 166), while the Church Lab is nearing completion on a project
that uses oligo-based methods to replace all 314 instances of the TAG stop codon in the E. coli genome with
TAA stop codons (see Preliminary Results 4.4). Both oligo-based methods are relevant for CTCHGV and will
be pursued in Aim 1 (section 5.1.1). Meanwhile, de novo synthesis of large DNA constructs will be relevant to
generation of zinc finger nucleases (see (iii) below and section 5.4.1). (ii) Transfer of BAC-size fragments of
DNA to human cells by modified bacteria has been reported by several labs and presents advantages of
supporting transfer of very large DNA constructs with high integrity compared to viral and chemical/electrical
methods (52, 98, 124, 135). (iii) The Joung Lab within CTCHGV and others have developed methods for
design and use of zinc-finger nucleases (ZFNs) for targeting specific genomic locations for highly efficient HR.
Here, fusion proteins are constructed between sets of three or four zinc-finger DNA binding domains that are
designed to recognize particular nucleotide sequences, plus a type-IIS endonuclease domain (usually FokI) so
that, when introduced into a cell, the fusion proteins dimerize and introduce a double stranded DNA break
(DSB) at a selected unique genome location. The DSB is then repaired with high efficiency by HR vs. NHEJ
using homologous DNA introduced into the cell. Targeted gene replacement efficiencies as high as 29% have
been reported using these methods. A consortium of academic laboratories (The Zinc Finger Consortium;
http://www.zincfingers.org) led by co-investigator Keith Joung has developed “open-source” reagents,
protocols, and software that enable researchers to engineer their own ZFNs (48, 107, 134, 175). A company
(Sangamo Biosciences, http://www.sangamo.com/index.php) has also developed their own platform for
engineering custom zinc-finger proteins and access to this technology is available through Sigma-Aldrich at a
price per zinc finger nuclease pair of $25,000 (115, 134).
Within Aims 1 and 4, CTCHGV plans to both use these methods and make extensive improvements in
them in support of proposed Center goals. The prospect of success is high not only because CTCHGV labs
have already made key contributions to these developments (see above), but because CTCHGV provides a
focus for specifically improving the engineering aspects of human cell synthetic technologies apart from the
clinical aspects of gene therapy: In particular, CTCHGV’s concentration will be on modifying potentially large
(~100kb) human DNA constructs and introducing them into human cells and using ZFNs to efficiently drive HR,
and also on using oligos to make multiple targeted small modifications to human DNA, in a research context
that does not require simultaneously addressing tissue accessibility, cell targeting, or clinical impact. However,
CTCHGV success will be immediately translatable to clinical gene therapy, both via CTCHGV’s improved
engineering methods, generally, and because in Aim 2 CTCHGV also commits to making these methods work
in human iPS (see 3.4 above; also cf. (54)).
3.5 Personalized medicine: The premise of personalized medicine is that genomic information can
identify individuals with different profiles of disease risk, response to treatments, or susceptibility to side
effects, and thus be used to stratify individuals to optimal treatment and surveillance regimes (13). Genetic risk
screening, pharmacogenetics, and expression profile assays are already in use, with 1422 clinical genetic tests
for disease (177) and 23 drugs with pharmacogenetic testing information on their labeling available as of this
writing ((158), Table 5). While translation from research to clinic of such genomic tests depends on many
factors such as education of practitioners and patients and the development of low cost and reliable assays,
the success of personalized medicine will ultimately depend on their efficacy in predicting disease and
improving treatment. The CTCHGV Aims have potential to improve such efficacy in two ways: First, by refining
understanding of the causal consequences of human variation, CTCHGV methods will help identify with
greater precision than GWAS which variations carried by any particular individual have consequences for
disease and treatment, enabling improved accuracy and sensitivity of genomic tests. CTCHGV methods also
have potential to themselves be the basis of new kinds of personalized tests that could directly inform
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decisions about disease monitoring or treatment. For instance, we can envision creating iPS from hair follicles
or skin fibroblasts from an individual with a family history of cancer, developing disease-relevant tissue cells
from the iPS, and then creating populations of cells bearing single gene deletions covering hundreds to
thousands of genes mimicking loss of heterozygosity, to see if phenotypes or transcription profiles related to
the cancer appear; and we could subsequently help prioritize available treatments by identifying those that best
relieve these phenotypes or profiles.

4. Preliminary Results
As CTCHGV research will apply and significantly extend methods and expertise developed by our
former Molecular and Genomic Imaging CEGS (MGIC), we begin our discussion of preliminary results by
mentioning MGIC areas of achievement that will be relevant to CTCHGV goals. MGIC made important
contributions to development of targeted DNA (10, 100, 139) and RNA (101) sequencing, single cell genomics
(200), long range haplotyping (176, 201), image analysis (7, 8, 83), instrumentation design for automation
(172), stem cells (including induced Pluripotent Stem cells (iPS); see 4.2 below), and RNA splicing (203), RNA
editing (101), microRNA (181), and methylation analysis (10). CTCHGV will also leverage MGIC’s
considerable achievements in next generation sequencing, which not only included the development and
release of the open-source, commercially available Polonator instrument (172), but in numerous methods and
reagents that have been incorporated into other commercial instruments (see Data and Materials
Dissemination Plan for companies with which the Church Lab within MGIC established close collaborative
relationships). While selected aspects of these MGIC-related developments will be described below, we will
focus mostly on preliminary results regarding other developments relevant to CTCHGV; however, see
References for a list of the 45 published or pending articles produced by MGIC. We also note that MGIC’s
track record in training and education is relevant to CTCHGV (see Training and Minority Action Plans).
4.1 Targeted sequencing of DNA and RNA: The Church and Zhang Labs have been leaders in
development of targeted sequencing based on Molecular Inversion Probes (MIPs) or padlock probes. In these
methods, padlock probe oligos that can be synthesized on an array are designed with ends that hybridize
specifically to regions flanking thousands of target sequences of interest. In a single reaction including the
template DNA, the oligos, and both polymerase and ligase, the polymerase extends the oligo 3’ ends across
the target sequences until the 5’ end of the oligo is reached, at which point the polymerase-extended oligo is
circularized. The circles are purified and common sequences built into the oligos are used to amplify the
targets and as sequencing primers. The method can be applied equally well to genomic DNA or cDNA; an
illustration of the application of the method to cDNA is shown below in Figure 4.2-1.
The goal of targeted sequencing is to reduce sequencing requirements by restricting sequence feature
creation and coverage to only the targeted subset of the initial sequences provided, which could be as large as
an entire genome or transcriptome. Since their initial development during the MGIC Center (139), the Church
and Zhang labs have carried on development of padlock probe methods as part of NHLBI grant HL08-004 with
Jon Seidman of Harvard Med School, the goal of which is to develop targeted sequencing of human exomes of
Personal Genome Project (136) (see 4.9 below) and Framingham Heart Study subjects. In addition to padlock
probe-based methods, the HL08-004 project is also developing hybridization-based enrichment of exonic
targets from fragmented genomic DNA. Ongoing optimization of padlock probes has improved their efficiency
by 10,000-fold (100). Other than the NHLBI exomes, the Church and Zhang labs have developed and
demonstrated targeted capture and sequencing via padlock probes of many thousands of targets in parallel for
assays of several biologically important phenomena, including measurement of allele-specific expression of
transcripts (see 4.2 below), measurement of variation rates in CpG dinucleotides (100), genome-wide
assessment of CpG methylation levels (10), and detection of RNAs subject to RNA editing (101).
While padlock probe-based sequencing is a strong interest of the Church and Zhang labs, CTCHGV
will not hesitate to employ or combine their use with other methods where this is advantageous. For instance,
one advantage of padlock probes is that they can help equalize coverage of targets of different abundance. In
this way, measurements of allele-specific expression (ASE, see 4.2 below) of low abundance RNA targets can
be made more precise than those based directly on non-targeted sequencing of transcripts. However, this
same feature of padlock probes may be a source of bias when the object is to compare the relative expression
levels of different transcripts. Therefore, CTCHGV may use RNA-Seq or P-MAGE (84), or gene expression
microarrays in conjunction with padlock probes, where both relative transcript abundance and ASE must be
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Figure 4.2-1. RNA allelotyping. (a) A schematic diagram for MIP capture and single-molecule sequencing. (b)
Detection of allele-specific gene expression. (c) Comparison of allelic ratios measured by RNA allelotyping and
quantitative Sanger sequencing. (d) Comparison of allelic ratios between technical replicates.

assessed (see, e.g., Specific Aim 1.3).
4.2 Allele specific expression (ASE) and longa
b
range haplotyping: ASE: We recently adapted molecular
inversion probes (MIPs) for digital quantification of RNA
allelic ratios. To do this, we designed a library of 27,000
probes, each targeting a common SNP in a transcribed
region (Figure 4.2-1a). All 27,000 SNPs were captured
from both genomic DNA and cDNA in single-tube
reactions, and the allelic ratios were determined by ultradeep sequencing (Figure 4.2-1b). The capturing and
sequencing protocols have been extensively optimized,
c
d
such that the allelic ratios could be measured accurately
3 pg
30 pg
(Figure 4.2-1c) and consistently (Figure 4.2-1d)
Haplotyping: (i) Amplification of single human
30 pg
Blank
3 pg
chromosome molecules. We have extended the
Blank
polymerase cloning method to amplification and
sequencing of single human chromosomes. To do this, we
trapped lymphocytes at the metaphase and extracted
e
intact human chromosome molecules. The chromosome
solution was then diluted to ~0.5 chromosome/reaction
and amplified. The amplicons were then labeled and
hybridized with a regular chromosome spread. The
specific FISH signals indicated that large single
chromosome fragments or intact chromosomes could be
specifically amplified (Figure 4.2-2a,b). (ii) Improvement of
Multiple Displacement Amplification (MDA) for single
molecule amplification. Our original polymerase cloning
method relies on MDA, which has an inherent limitation in Figure 4.2-2. Polymerase cloning of human
the representation bias. Recently, it was reported that chromosome molecules. (a) MDA is performed on limited
MDA using longer randomized primers (N9) in the dilutions of human metaphase chromosome molecules. (b)
hybridization confirmed that one amplicon (purple)
presence of trehalose provides more even genome FISH
was from chromosome 6 and another amplicon (green) was
coverage (131). We have confirmed the reduced bias of from chromosome 19. (c, d) Real-time amplification curves
this method by performing MDA on single human with the N9 and LN9 primers. (e) Reduction of
lymphocytes followed by genotyping with Illumina Infinium representation bias with post-amplification normalization.
chips. The N9 primer exhibited slower amplification kinetics than the conventional N6 primer, probably due to
lower priming efficiency. We found that a new LN9 primer containing partial locked nucleic acids has higher
amplification efficiency and a lower level of background amplification (Figure 4.2-2c,d). We are currently
assessing LN9-based genome coverage using Illumina genotyping and next-gen shotgun sequencing. (iii)
Post-normalization protocol. Amplification bias on single template DNA molecules is unavoidable and leads to
requirements for increased sequencing. We recently found that biased sequencing libraries can be normalized
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prior to sequencing. The normalization procedure involves denaturing and slowly annealing the libraries,
digestion of annealed sequences with a double-strand specific DNA nuclease, and enrichment of the singlestranded species with PCR. The percentage of sequences that have at least half of the average sequencing
coverage was increased from 41% to 61% (Figure 4.2-2e).
4.3 Stem cells: The Daley Lab within CTCHGV is a world leader in stem cell research in all aspects of
stem cell and iPS generation, differentiation, and analysis described in this proposal. Here we focus on
Church Lab experience that is relevant to analysis of allele specific expression (ASE) in iPS and derived cells
and the automation of iPS generation and maintenance procedures. In order to explore whether iPS cells and
their derivatives can be used for cis-regulatory mapping, we derived iPS cells and performed allele-specific
expression (ASE) analysis on pluripotent and differentiated cells. We captured 27,000 expressed exonic SNPs
on 10,345 human genes using padlock probes (10, 100, 101, 139). Differential allele expression is then
measured as a ratio between the numbers of the reads mapped to the two alterative alleles (reference vs.
alternative allele). We found ASE patterns in iPS biological replicates to be highly reproducible. When each of
these replicates was treated with trans-retinoic acid for 12 hours to induce differentiation, we observed
significant changes in ASE, which we likewise observed in differentiating embryoid bodies (EBs). Despite large
changes in epigenetics during iPS reprogramming (10), we find that ASE differences from primary fibroblasts
are relatively small. Despite these variations, the overall ASE signature (up to 50%) was invariant among
different cell types, culture conditions and cell batches (Figure 4.3-1).
We estimate that 5-15% of genes may show differentiation-specific
changes in ASE. Our results show conclusively that random allelic-bias
and epigenetic influences are relatively small for iPS and iPS-derived
cell lines, which can thus be used for reliable mapping of individualspecific cis-regulatory variants.
Because iPS-derived cell differentiation most closely mimicks
embryonic development, the iPS transcriptome may not reflect the
relevant expression signatures in adult tissues due to aging, tissue
damage, and other factors. To trigger a diverse set of trans-acting
regulators capable of teasing out cis-acting variants in adult processes,
we partially reprogrammed primary fibroblasts using adenoviral
pluripotency factors (pAdeno-OCT4, pAdeno-KLF4, qAdeno-MYC,
qAdeno-SOX2). We found that many developmental trans-acting
regulators were upregulated, particularly those for mesodermal (e.g., Figure 4.3-1. Hierarchical clustering of
lymphocyte and muscle/skeletal) development. We also found that statistically significant allele-specific
innate inflammation induced by adenoviral infection caused expression (ASE) in reprogrammed
transcriptional changes consistent with immune system activation. cells, showing that ~50% of overall ASE
Using this system, we were able to detect cis-variants that are relevant signature was invariant among different
to adult medical disorders such as HIV-1 Rev binding protein, INFGR2 cell types, culture conditions and cell
and SWAP-70, as well as developmental ASE information also obtained batches.
from iPS cells. Our results revealed that using adenoviral reprogramming may be informative for common adult
medical disorders associated with tissue inflammation.
In our first steps to optimize and automate the reprogramming process, we have begun using retroviral
mono-vectors to deliver the reprogramming factors and have begun adapting iPS cell culture on microcarriers
in collaboration with Global Cell Solutions, Inc. Preliminary data suggests that iPS cells and hES can be
maintained independently of feeder layers while retaining pluripotency for at least 2-3 passages. We are
currently attempting nucleofection (Amaxa) and retroviral reprogramming on magnetic microcarrier beads in
mini-bioreactors. Preliminary results using primary fibroblasts indicate that this method may be superior to
normal electroporation using trypsinized and/or suspended cells. We have been adapting the bioreactor
overflow for iPS reprogramming in a high-throughput manner, which will facilitate genome-wide engineering of
pluripotent cell lines used in Aim 2.
4.4 Genome engineering, synthesis of large DNA fragments and combinatorial libraries: The
genome engineering and synthesis needs of CTCHGV can be achieved through three main strategies: 1. de
novo DNA synthesis, 2. Multiplex Automated Genome Engineering (MAGE) in E. coli or 3. Direct Multiplex
Automated Genome Engineering in Human cell lines. Importantly, each strategy is rooted in technology that
was recently developed or in development in the Church laboratory, uniquely positioning us to generate
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combinatorial libraries of upstream cis variants.
4.4.1. de novo DNA
synthesis: In prior work, we
developed an inexpensive
and
high-throughput
technology for large-scale
DNA synthesis (174).
In
Figure 4.4.1-1 Multiplex DNA Synthesis or large DNA fragments (174)
these
experiments,
we
synthesized all 21 genes that
encode the proteins of the E .coli 30S ribosomal subunit and mutated their DNA sequence to optimize their
translation efficiency (Figure 4.4.1-1). In related work, we employed a circular assembly amplification method
that significantly reduces DNA error to construct genes encoding a thermostable DNA polymerase (11). We
maintain ongoing efforts to improve the fidelity and scale of DNA synthesis which will be further developed in
CTCHGV Aim 4.1 and used to generate zinc finger nucleases (ZFNs) for Aim 1. Using a single 244,000 feature
programmable DNA microchip, CTCHGV could generate all the ZFNs required to analyze 1000 genes in one
subject (1000 genes x 5 loci/gene x 2 alleles/locus x 20 oligos/ZFN (see Overviews, sections 5 and 5.4)).
4.4.2. Multiplex Automated Genome Engineering (MAGE).
The Church Lab has pioneered the development of MAGE for largescale programming of cells. MAGE simultaneously targets many
locations on the chromosome for modification in a single cell or
across a population of E. coli cells, thus producing combinatorial
genomic diversity (Figure 4.4.2-1). In ongoing work in the Church
Lab under the auspices of the Church Lab’s Department of Energy
Genomes-to-Life Center, we have been replacing all 314 instances of
the TAG stop codon in the E. coli genome by TAA stop codons,
thereby freeing up TAG for other possible uses. In this project, we
divided the E. coli genome up into 32 ~145kbps segments and used
MAGE to replace all coding TAGs with TAAs in each segment. At
this time all segments have been completed and we are now in the
process of joining them to generate a complete functioning E. coli
genome that lacks the TAG codon.
Genome construction is
proceeding via a hierarchical series of conjugations of segmentbearing strains supplemented by suitable markers and selections that
ensure that entire and not just partial segments are recombined.
Figure 4.4.2-1 Multiplex Automated
These techniques have direct relevance to methods we propose to
Genome Engineering (MAGE)
apply in Aims 1.1 and 4.2 (see sections 5.1.1 and 5.4.2).
In another recent application, we used MAGE for large-scale
programming and evolution of cells in vivo (184) to optimize the 1-deoxy-D-xylulose-5-phosphate (DXP)
biosynthesis pathway in E. coli to overproduce the industrially important isoprenoid lycopene. As many as 24
genetic components in the DXP pathway were modified simultaneously using a complex pool of synthetic DNA,
creating over 4.3 billion combinatorial genomic variants per day. We isolated variants with more than five-fold
increase in lycopene production in less than 3 days, a significant improvement over existing metabolic
engineering techniques. Since the process is cyclical and scalable, we constructed prototype devices that
automate the MAGE technology to facilitate rapid and continuous generation of a diverse set of genetic
changes (mismatches, insertions, deletions).
4.5 ZInc-finger nucleases (ZFNs) for improved homologous recombination (HR): OPEN
(Oligomerized Pool ENgineering) is a rapid, publicly available zinc finger engineering method that was
developed by the Joung lab (107) which has led academic efforts to advance engineered zinc finger
technology ((134), also http://www.zincfingers.org). Like other combinatorial selection-based methods, OPEN
identifies combinations of fingers that effectively deal with context-dependent DNA-binding effects. However,
OPEN is simpler than other methods because it uses an archive of pre-selected zinc finger pools constructed
to bind a variety of different 3 bp target “subsites”. With the current set of zinc finger pools targeted to 66
subsites, OPEN can be used to target a sequence once every ~200 bp of random sequence. In addition, a
large number of OPEN selections can be performed very rapidly – at present, two technicians in the Joung lab
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can perform 48 selections in less than two months (M. Maeder, J. Foley, and J.K. Joung, unpublished data).
OPEN is the only publicly available method which has been successfully used to create ZFNs that modify
endogenous genes in human cells: Specifically, using OPEN ZFNs, the Joung lab and collaborators have
used OPEN ZFN pairs to modify target sites in four endogenous human genes (VEGF-A, HoxB13, CFTR, and
PIG-A) ((107) and unpublished research). Gene targeting/HR
Nhe I Bgl II
Xba I
BamH I
induced by OPEN ZFNs was so efficient that as many as four
PCMV
copies of VEGF-A could be modified in a single cell. In
addition, the Joung lab (working with the Peterson lab at
pZFN-T2A
Massachusetts General Hospital) also successfully used
OPEN in recent unpublished work to generate ZFN pairs for
additional target sites in various endogenous zebrafish (TfR2,
Figure 4.5-1. pZFN-T2A – dual ZFN
dopamine transporter, telomerase, HIF, and gridlock) and
expression vector
plant (SuRB) genes (48).
Direct comparisons in human cell-based assays show that OPEN is more effective and yields higher
quality ZFNs than previously described
“modular assembly” approaches (see Figure 2
in (107)). The higher success rate of OPEN is
likely attributable to its greater sensitivity to
context-dependent effects on DNA-binding
among neighboring zinc-fingers that are
largely ignored by modular assembly. In
addition, three-finger ZFNs made by OPEN
exhibit minimal toxicities in human cells
compared to fully optimized four-finger ZFNs
made using the complete algorithm-driven
Sangamo platform (115). These findings are
consistent with another recent report which
demonstrated that a pair of three-finger ZFNs
(made using a strategy similar to OPEN) was
also no more toxic than fully optimized fourfinger Sangamo ZFNs (140). Dimers of our
three-finger OPEN ZFNs and Sangamo’s fourfinger ZFNs should recognize 18 and 24 base
pair target sequences, respectively, and,
assuming full specificity, these ZFNs should
be capable of recognizing genome-unique
sites.
Figure 4.5-2. Dual cleavage of an endogenous HoxB13 allele
In CTCHGV Aim 4 (see section 5.4.2)
leads to deletion of intervening sequence. A. Map of human
we propose to improve the replacement of
HoxB13 exon 1 with sites targeted by ZFNs. B. Limited-cycle
large segments of DNA required in Aim 1
PCR assay of genomic DNA from cells treated with ZFN
(section 5.1.1) by using pairs of ZFNs that cut
combinations of ZFNs that cut at the HX587 and HX761 sites
double stranded breaks (DSBs) at the flanks
(107). C. DNA sequences of deletion alleles cloned from genomic
of the targeted segment, a strategy that
DNA of cells treated with two ZFN pairs that cleave at the HX587
should
improve
genome
engineering
(blue) and HX761 (pink) sites. ZFN half-sites are highlighted for
each full ZFN site: left (L), right (R). Deletions indicated in grey.
capabilities generally. The Joung lab has
designed and constructed a mammalian
expression vector that efficiently co-expresses two ZFN monomers from a single coding transcript. In this
vector, a strong CMV promoter drives expression of a single open reading frame encoding two ZFNs joined by
a self-cleaving picornavirus T2A peptide (Figure 4.5-1). Previous work has shown that expression of two ZFNs
joined in this way leads to efficient stoichiometric expression of the two ZFN monomers that are cleaved apart
during translation at and by the intervening T2A peptide (42). In our version, the two FokI cleavage domain
coding sequences also harbor obligate heterodimer mutations which have been shown to reduce the toxicity of
ZFNs due to their significant reduction of unwanted homodimer formation (115). To reduce recombination
between the two FokI sequences, we re-coded one FokI monomer to make it as dissimilar to the other as
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possible at the nucleotide level. Zinc finger arrays selected using OPEN can be excised and cloned in-frame
into pZFN-T2A using the sites indicated in Figure 4.5-1. We tested the pZFN-T2A vector in human cells by
using it to express a pair of ZFNs targeted to a site in the human VEGF-A locus (VF2468). Using a limitedcycle PCR/CEL-I enzyme mismatch detection assay that we and others have previously used to assess
mutations introduced by ZFNs, we found that our vector could be used to efficiently express two ZFNs from a
single vector (C. Ramirez & J.K. Joung, unpublished data).
Based on our success in simultaneously introducing two ZFN monomers into a cell, we reasoned that
our pZFN-T2A vector should also enable introduction of two pairs of ZFNs (i.e., four ZFN monomers) into
human cells. To demonstrate this, we used ZFN pairs targeted to two different sites in the endogenous human
HoxB13 gene—HX587 and HX761, for which the Joung lab had previously engineered pairs of ZFNs using
OPEN selection (107) that each induced highly efficient non-homologous end joining (NHEJ)-mediated
mutations at their respective target sites in human HEK293 cells. HX587 and HX761 are both present in
human HoxB13 exon 1 and are separated by ~180 bps (Figure 4.5-2A). We tested the hypothesis that the two
pairs of ZFNs could both cleave a single HoxB13 allele with the result that the intervening sequence might be
deleted via rejoining of the two ends by NHEJ. After simultaneously transfecting cells with two pZFN-T2A
vectors encoding pairs of HX587 and HX761 ZFNs and harvesting genomic DNA three days post-transfection,
we performed limited-cycle PCR with primers flanking the two sites and found a PCR product from the doublytransfected cells that was ~180 bp smaller than that from the wild-type allele (Figure 4.6-2B). Quantification
suggests that the deletion occurs at a frequency of ~1 to 2%, although this may be an overestimate because
smaller size deletion product might amplify more efficiently than the larger wild-type product. The deletion
product was not visible in control experiments performed with cells transfected with only one of the two ZFN
pairs or with no ZFNs (Figure 4.6-2B). Cloning and sequencing eight instances of the smaller size product
revealed that they all harbored deletions of HoxB13 sequence between the centers of the HX587 and HX761
ZFN sites, and many also exhibited additional variable length deletions on either side of each cleavage site,
consistent with the hypothesis that rejoining of the two DSBs might occur via NHEJ (Figure 4.5-2C). Notably,
we observed that all but one of the eight sequenced alleles should be capable of being re-cleaved with a ZFN
pair comprising a LEFT HX587 and a RIGHT HX761 ZFN. Based on these results, we conclude that two
OPEN ZFN pairs can efficiently cleave the same allele in human cells. In Aim 4 we will pursue the strategy of
providing template DNA along with pairs of OPEN ZFNs to drive HR vs. NHEJ.
The Joung Lab (working with Bradley Bernstein at the MGH
and the Broad Institute) has begun work on a method for unbiased
genome-wide determination of off-target alterations to genomic
DNA caused by of use of ZFNs. We have proposed a very similar
method in Aim 1.2 (see section 5.1.2(iv)). In this method, Chip-Seq
is used to identify all binding sites in the genome of a catalytically
inactive version of a ZFN. Subsequently, the corresponding
catalytically active ZFN is used and targeted sequencing
(Prelminary Results 4.1, above) is used to look for actual DNA
alterations at these sites (for details, see 5.1.2(iv)). At this time, the
Joung and Bernstein Labs have taken their procedures to the point
Figure 4.5-3. Enrichment of an OPEN
of verifying highly specific binding of catalytically inactive FLAGZFN VEGF-A target site in genomic
tagged OPEN ZFNs targeted to site VF2468 in the human VEGF-A
DNA extracted via ChIP with anti-FLAG
antibody (see text for details)
promoter. The inactive ZFNs included a previously described
mutated version of FokI (14). The inactive ZFNs were expressed as
obligate heterodimers using pZFN-T2A (see Figure 4.5-1). Human K562 cells (3x107) were nucleofected
(Amaxa) with this vector and genomic DNA harvested 24-hours post-transfection for ChIP with FLAG antibody
(M2, Sigma). Initial qPCR results indicated 36-fold enrichment of the VF2468 site in the DNA from the ChIP
compared with whole cell extract. ChIP DNA was then prepared for Illumina sequencing and qPCR repeated
on the library DNA demonstrated 143-fold enrichment of the VEGF-A ZFN target site in ChIP DNA versus
whole cell extract (Figure 4.5-3). The Joung Lab is awaiting results from actual Illumina sequencing.
4.6 Polonator instrument: The Polonator instrument (Figure 4.6-1) was developed as a low-cost, open
source sequencing platform in our MGIC CEGS, but will not be developed as such in CTCHGV. For routine
high-throughput sequencing, CTCHGV will employ available commercial platforms such as the Illumina
Genome Analyzer or the Roche 454 sequencer, or look to our collaborators (see Letter of Support from
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Complete Genomics, Inc). However, CTCHGV Aims 1, 3, and 4 involve design and optimization of
instrumentation for parallel single
cell assays and for integrated
(a)
(b)
DNA sequencing and synthesis.
These can be usefully developed
on the Polonator, which serves as
a very general foundation for
integrating flow cell-based cell
handling,
automated
reagent
(c)
handling,
and
integrated
microscopy and image analysis.
The Polonator may be used for
sequencing when this needs to be
integrated
with
new
instrumentation. Here, we report
that we have been developing
four-color
Sequencing
by
Synthesis
(SBS)
reversible
terminator strategies to increase
Figure 4.6-1. (a) Polonator instrument.
(b) Flow cell designed and
Polonator read lengths, as well as
incorporated
into
Polonator
to
increase
throughput
and reduce runs costs by
the capability to attach an ordered
reducing reagent volumes and expenses. Overall dimensions: 150 X 70 X 8
pattern of Rolling Circle Amplified
(mm); lanes’ "active area": 70 X 3.3 X 0.1 (mm) (.025 mm in testing). When
sequences on the Polonator to
loaded, the flow cell contains 0.5-1e9 1μm beads. (c) Polonies created by
increase
sequencing
feature
Rolling Circle Amplification (RCA) instead of on 1μm beads, deposited on a
density and throughput. A cyclic
grid with 600 nm spot diameter and center to center spacing of 1700 nm. The
ligation strategy for increasing
grid was etched on a silicon wafer using standard photolithography. The
read length to 48 bases (24 from
image was obtained after a single Sequencing by Synthesis cycle on the
each of 5’ and 3’ ends) is also
Polonator using fluorescent reversible terminators (112, 190). Different colors
represent the different bases incorporated during the cycle. Note that
under development. We expect
CTCHGV proposes to develop single cell transcriptomics using RCA polonies
most of these improvements to be
in Aim 3.
in place by the time CTCHGV
funding becomes available. Our
work on the Polonator, as well as on MAGE (see 4.4.2), has given us considerable expertise in instrumentation
development, generally.
4.7 Single cell sequencing: The sequencing of a genome of an individual prokaryotic cell was
accomplished by Kun Zhang while a member of the Church Lab (200), and comparable methods are used for
long range haployting by the Zhang Lab (see section 4.2). Professor Zhang also has an R01 from NHGRI
(R01HG004876) to develop a lab-on-chip device for single cell sequencing. These successes demonstrate
CTCHGV capabilities applicable to single cell transcriptomics and other single cell assays (Aims 1.2, 3, 4.3).
4.8 Splice variant and methylation analysis: CTCHGV Aim 1.3 will validate the causality of cis
variants identified as causing differential allelic transcription in part by exploring alternative explanations,
including such phenomena as differential splicing and methylation. Church Lab experience in performing such
analyses includes the following: In (203), comprehensive identification and quantification of alternative splicing
for selected transcripts was performed in a single molecule gel polony framework, while (10) analyzes
genome-wide methylation levels via two methods, sequencing of genomes cut by methylation-sensitive
restriction enzymes, and targeted bisulfite sequencing of methylation sites (see section 4.1). Methylation is
accurately measured by both measures. Versions of these procedures will be used to assess selected sets of
potentially causative cis variants identified in Aim 1. RNA-Seq may be used to assess RNA splicing more
globally via exon junction fragments; our development of the PMAGE (84) RNA sequencing procedure puts
this within easy reach.
4.9 Personal Genome Project (PGP): The purpose of the PGP is to promote and organize the
development of a set of human genome sequences and cell lines supplemented by phenotype information that
can be used as research resources by the scientific community, as well as to increase public awareness of and
participation in the shaping of personal genomics (28, 136). As comprehensive genomic and phenotypic
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information is inherently identifying, a central aspect of the PGP has been the development of informed
consent protocols and resources by which volunteers can educate themselves about the risks of making their
data available and, at their option, consent to this (106). Towards this end, the PGP has worked closely with
the Harvard Institutional Review Board (IRB) since 2004. Starting from initial approval for one participant to
make available his data, the IRB has recently (February 2009) approved informed consent protocols that will
enable up to 100,000 participants to volunteer their data. In the meantime, with the help of 10 initial participants
(56, 60), preliminary exome and SNP data were released with phenotype information and cell lines made
available through Coriell. Research community interest in the PGP has been high, with the consequence that
many additional resources have been donated to the PGP, including computer equipment and software for
managing the large data sets and automated processing that will be generated by the Project, as well as
genomic services. Of particular interest, Complete Genomics, Inc. (http://www.completegenomics.com/) has
committed to sequencing and making available up to 10 PGP diploid genomes (see Letters of Support).
4.10 Image and computational analysis: CTCHGV research will require sophisticated computational
analysis in several key areas, including (i) image analysis, (ii) next-generation resequencing and sequence
variant identification, (iii) RNA expression and ASE measurement, (iv) systems management and support for
maintenance and computational analysis of large sequence and expression data sets, (v) instrumentation
support, and (vi) algorithm development. The CTCHGV has substantial experience in all of these areas. (i)
The Church Lab has developed sophisticated algorithms for feature calculation, morphological analysis, and
classification of individual cells and cell samples (7, 8, 83). Image analysis tools have also been developed in
support of gel (201, 203) and bead polonies (29, 155). (ii) The Church and Zhang labs are not only
experienced with standard tools such as MAQ (99) for mapping sequence reads to target sequences and
calling variants (10, 136), but have developed their own algorithms for mapping and variant calling (100), as
well as for calling RNA editing sites (101). (iii) See section 4.2 for examples of CTCHGV work on ASE and
RNA expression analysis. (iv) Sophisticated infrastructure and data management tools have been developed
in support of the PGP (197); these tools will be available for CTCHGV. (v) Considerable software development
for controlling instrumentation was built into the Polonator and will be directly usable where the Polonator is
used as a framework for new CTCHGV instrumentation (see section 4.6). (vi) Initial frameworks for the
algorithms that will identify causative cis variants and models of differential allelic expression are described in
the Research Design Overview (section 5) and in Aim 1.2 (section 5.1.2).

5. Research Design and Methods
The goal of the CTCHGV is to develop new methods to identify cause-effect relationships between
natural human genetic variations and the transcriptional states of cells, with focus on cis gene transcription.
CTCHGV will do so by using synthetic biology methods to directly modify natural variations systematically in
human cells to identify those combinations that result in changes in transcriptional state. We aim to develop
scalable techniques that will allow combinations of variants to be analyzed for thousands of genes, and to use
human induced Pluripotent Stem Cells (iPS) to generate a diverse set of cell-types. We will also develop
techniques for assaying transcriptomes in many individual cells. Achieving these aims will require significant
improvements to synthetic methods for generating DNA constructs for modifying human cell populations, to
genetic engineering techniques for introducing and integrating these constructs into human cells efficiently, to
analytic methods for simultaneously determining genetic and transcriptional state in individual human cells, and
to the cell handling techniques that will integrate and automate these assays across thousands to millions of
individual cells. Because CTCHGV aims only to develop and demonstrate our new technologies within our
area of focus, but not to comprehensively apply them to large human populations, we plan to work with
samples from a limited set of human individuals. We will use pre-existing, publicly available tissues and cell
lines with potential to be transformed into iPS from HapMap, the PGP, the Framingham Heart Study, or other
sources, with preference for samples for which comprehensive genome sequence is available. It will be
important to start with clonal populations of cells from whatever source we use for reasons noted in Aim 1.2
(section 5.1.2(i)), and also to obtain diploid genome sequences of a large number of genes and their regulatory
regions. Here, we will have support from our collaborator Complete Genomics, Inc (see Letter of Support).
Overview of CTCHGV Research Strategy, Numerical Targets, and Scope: The problem of
identifying which natural cis variations causally affect cis gene transcription levels is important in two ways.
First, knowing which specific variants causally affect transcription is important in itself (see Background and
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Significance 3.1), as this information will be relevant to understanding specific gene functions in relation to
specific phenotypes. Second, the methods needed to address the problem must effectively meet several
general challenges in human biological research, so that these methods will immediately have important
application elsewhere. Among these issues are: (i) To identify cis causal relationships in human cells requires
accurate and efficient ways of engineering them. (ii) The human organism has hundreds of identifiably different
tissues, and within them, many thousands of cell types. To properly characterize cis variation requires being
able to assess the spectrum of human tissue types and the complex populations of individual cells within them.
(iii) The immediate transcriptional effects of causally relevant cis variations only require consideration of a
single gene – the cis gene – but these may have complex and cascading downstream transcriptional effects.
The biological implications of
cis variation thus require being
able to track these effects in
these complex populations of
individual cells.
(iv) To
achieve these goals requires
advances in technology that
will enable accurate, highthroughput
handling,
manipulation, and observation
of small cell populations and
single
cells.
Broadly
speaking, CTCHGV’s four
Specific Aims follow out these
four imperatives, with Aim 1
simultaneously carrying out (i)
and yielding the direct payoff
of
identifying
specific
causative cis variations for
thousands of genes, while
Aims 2-4 address (ii)-(iv),
respectively. This overview of
CTCHGV’s research strategy
thus starts with a careful look
at Aim 1 and how it connects
with Aims 2-4.
Aim 1’s strategy for
identifying
variations
that
causally affect transcription
levels is depicted in Figure 51. We start by identifying
genes in subject cell lines that
exhibit
allele-specific
expression
(ASE)
as
measured
by
differential
expression of indicator alleles
x and y in gene coding
regions (sub-Aim 1.2, section
5.1.2(i)). We then identify cis
variations
in
putative
regulatory regions of the
genes, considering not only SNPs but also small indels and other sequence variations. Assuming ~1 variation
/ 1000 bp, a regulatory region such as a 100kb upstream region may contain ~100 variants. Our starting
assumption is that some of these variations may actually be causes of ASE, while many of the rest are
associated with it by dint of being in the same haplotype block. Our task is to identify variants that are actually
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causal. As a first cut, we will use information on conservation and transcription factor binding sites to reduce
the number of variants we will analyze to ~5 or less (sub-Aim 1.2, section 5.1.2(i)). We will then use
engineering techniques developed in sub-Aim 1.1 (section 5.1.1) to, in effect, break down the haplotype block
so that the transcriptional effects of these variations can be observed independently, revealing which are
causal. Specifically, we will generate subject cell lines in which these five variant loci are modified to at least
individually assume all haplotypic states. For instance, if one of the loci is A|a, with A cis to the x coding
indicator allele, and a cis to the y indicator allele, we will generate cells which are AA, aa, and Aa in both
haplotypes, and we will similarly alter the other four variant loci. To engineer these changes, we will (1) extract
gene regulatory region genomic sequences from the subject cell lines, (2) alter them in E. coli using MAGE
techniques (see Preliminary Results, 4.4), and (3) re-introduce the altered regions back into the subject lines
and induce homologous recombination to replace the native regulatory region alleles using Zinc Finger
Nucleases (ZFNs) that are targeted to the regions (18, 107, 115). However, we will also develop oligo-based
methods which will greatly simplify and expedite altered cell line generation (sub-Aim 1.1, section 5.1.1). To
generate and optimize the many ZFNs that will be needed to analyze many genes, which may include allelespecific ZFNs, we will develop high-throughput synthesis and ZFN targeting optimization methods in Aim 4
(section 5.4).
Generating cell lines with the four haplotypes per locus for each of five loci individually will entail
generating 20 altered cell lines. These altered lines can be made with ZFNs one locus at a time. However,
with the MAGE- and oligo-based methods we will develop (sub-Aim 1.1, section 5.1.1), we can easily generate
combinatorially altered cell populations that contain all 45=1024 haplotypes at once. Both strategies have
advantages. If we work one locus at a time, we can identify individual loci that affect differential allele
expression by themselves, and then investigate interactions systematically by manipulating specific pairs or
triplets (etc.) of these loci. On the other hand, fewer ZFNs are needed to create combinatorially altered
populations, and by presenting all possible combinations of the alleles at once, they also put us in position to
acquire maximal information on possible interactions between the cis loci immediately—if they can be assayed
efficiently (see below). A third strategy will be to create combinatorial populations and isolate sets of
individually altered cells for clonal outgrowth to get a random sample of isogenic altered cell populations. We
will develop each of these strategies and apply them as they best fit circumstances.

Having created the cis-locus altered cell lines, the next step is to assay them to see how specific
alterations affect cis gene or allele expression. The most basic tests involve growing clonal populations from
individual cells from the variously altered cell lines and identifying situations in which increased expression
follows a particular allele of a particular locus (e.g., where gene expression is highest in AA lines, intermediate
in Aa lines, and lowest in aa lines), or where ASE is abolished in cell lines homozygous for the locus (AA and
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aa) but not in those in which the locus is heterozygous (Aa). Simulations (see Figure 5-2) show that with as
few as 60 clonal populations grown from randomly selected individual cells from a combinatorially altered
population, we should be able to identify which one of five cis loci cause two-fold differential allelic expression
with confidence p<.001, with a sensitivity ≥ 97.5% and false positive rate < 1%, even if homologous
recombination efficiency is assumed to be 30%, a value that has been achieved with current ZFN technology
(18, 107, 115). We will pursue this strategy in Aim 1.2 (section 5.1.2), but we will also seek to go beyond it by
looking for interactions between the cis loci. Here many models can be considered. e.g., cis loci can be
additive, or upregulation might depend on specific allele phasing. These models can be distinguished by
looking at the average profiles of differential expression over the various combinations of genotypes (see Table
5-1). We can acquire information on
these profiles by using clonal isolates
from combinatorially altered populations.
However, these operations may become
cumbersome when dealing not only with
larger numbers of cells, but also with the
large number of genes we wish to
examine. As a longer term strategy, we
will therefore develop an assay that
enables the combinatorially altered
population for a gene to be examined as a
population, wherein genotypes and ASE
levels will be assayed together in millions
of altered individual cells, obviating the
need for isolating and growing up many
single cells (details in section 5.1.2 (ii)).
The assays we perform will
identify many cis variants that determine
gene
expression
levels.
These
identifications will automatically have gone deeper than associations because their participation in the causeeffect chain has been directly interrogated in cell lines with constant genetic background save for precise
engineering of a few variations. However, further analysis will be needed to determine the nature of the
causation. A cis variant might cause a change of expression level by altering a transcription factor binding site
(170), or it might alter the methylation or histone modification profile of the regulatory region. Or, the cis variant
might not actually regulate expression level but, rather, alter the splice isoform profile of the cis gene (95), so
that the changes in abundance of the coding region indicator alleles x and y by which ASE is measured might
be due to differential splicing of the exon containing them. In Aim 1.3 (section 5.1.3) we will assess the
prevalence of a variety of such phenomena in a representative set of original and altered CTCHGV cell lines.
As noted in Specific Aims and Background and Significance (section 3.1), our proposed strategy has a
close relationship with GWAS. Our methods will go beyond GWAS by identifying variants that actually cause
vs. associate with phenotypes, and will also avoid GWAS constraints on effect size and allele frequency.
However, our methods will themselves be limited to finding variants that specifically cause changes in
expression level, compared to GWAS which finds associations with disease and phenotype. However,
because GWAS frequenty identify associations in non-coding regions, variations found by our methods to be
causative of differential expression will generate and refine hypotheses stemming from GWAS associations. In
this proposal, we make these relationships with GWAS explicit in two ways. First we use GWAS to help
prioritize genes and variants that will be analyzed by our methods. Second, in Aim 1.4 we close the loop by
assessing what it would take for GWAS to discover the effects we find without our methods. This analysis
must, by its nature, focus on GWAS that examine expression levels vs. phenotypes, but these comparisons will
illuminate how GWAS and the techniques we develop will complement each other.
The analysis of cis variants provided by Aim 1 will be constrained in several dimensions. While some
scope limitations are described below, others will be addressed in other Aims. Because of the large amount of
engineering that will be performed on cell lines in Aim 1, we will employ tractable cell lines that tolerate the
conditions of engineering, and this constraint will limit the universe of expression profiles (including ASE
profiles) under study. However, in Aim 2 (section 5.2), we will generate induced Pluripotent Stem Cells (iPS)
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with alterations developed in Aim 1, which will enable us to explore their impact in iPS-derived cell types
representing diverse human tissues. The alterations generated in Aim 1 will also be developed and analyzed
one gene at a time (but are scalable to many genes). In Aim 2, we will apply Aim 1 techniques to develop
complexly altered iPS in which many genes are altered at once. In its focus on cis variant causation, Aim 1 will
mainly look at expression levels of one gene in relation to the variants it manipulates—the cis gene. In Aim 3
we will develop tools to examine transcriptome-level information in the individual cells of complex tissues and
cell populations. These methods will put CTCHGV in position to examine downstream effects of of the cis
variations we study. The need for Aim 4 developments in support of Aims 1-3 has already been noted, and
Aim 4 projects will have wide applicability to biomedical research. These observations illustrate the high
degree of integration and innovation in the CTCHGV proposal.
Numerical Targets and Scope Clarifications: The number of genes (Aim 1), cell types (Aim 2), and
transcripts (Aim 3), we will actually analyze will depend on the success of our methods and cannot be
predicted with certainty. However, based on our track record of innovating high-throughput methods (see
Specfic Aims) and our experience with the relevant technologies, we prefer setting ambitious goals that may
seem risky vs. more secure and unambitious goals, with the understanding that we will review goals and
renegotiate them with NHGRI at the end of year 2 of the Center in the light of our own progress, that of our
collaborators, and advances in the field generally. We also feel that only ambitious goals will allow us to
adequately evaluate and demonstrate the scalability of our methods, and we believe scalability will be essential
to follow-on application of our methods outside of the Center. With this general statement in mind, our intitial
targets for main Aim initiatives are: 1000 genes analyzed for cis causality (Aim 1), 50 genes in three iPSderived cell types (Aim 2), and 1000 transcripts per single cell (Aim 3, both directed and untargeted
sequencing; see Aim 3, section 5.3); for Aim 4, see the end of section 5.4. Final and intermediate goals are
discussed at the end of each Aim’s Research Design section. The targets described here apply to “main” Aim
directions but not necessarily to all sub-Aims, some of which deal with analysis of statistical or representative
subsets of genes or variants, or demonstrations of related methods or phenomena. For instance, sub-Aim
1.3’s analysis of mechanisms by which cis variants control expression is not intended to be performed for all
1000 targeted genes and variants, but only to a small representative subset of genes and variants.
Finally, having described our goals, here we clarify the scope of our Center by identifying several items
that we specifically consider to be out of our scope: (a) We emphasize again that the ‘causation’ that we study
is causation by genetic variants of differential cis gene expression, not causation of disease or organismal
phenotype. (b) Nor do we attempt to systematically identify variants that cause differential expression in trans,
although Aim 3 will allow us to track some downstream consequences of cis causal variants. (c) While ideally
we should like to study actual primary human tissues, we will focus on iPS-derived cell types representing
human tissues for the reasons indicated in Background and Significance, section 3.1. However, Aim 3 will
feature a comparison between one iPS-derived cell type and primary tissue. Nor will we study effects in
tissues in non-human animal models. (d) Although in Aim 1.4 we explore how GWAS can relate to our findings,
we ourselves will not perform GWAS nor any large scale population analysis.
5.1: Aim 1: We will develop and demonstrate novel methods that identify and characterize
natural cis variations that directly affect transcriptional activity in individual humans based on direct
modification and testing of combinations of variants in gene regulatory regions in cell lines, and that
can be applied to thousands of genes.
5.1.1: Aim 1.1: We will develop and demonstrate novel, high-efficiency methods to create human
cell populations containing combinations of natural variations in gene regulatory regions, focusing on
zinc-finger nuclease (ZFN)-mediated recombination of externally generated altered insert libraries, and
direct modification of human cells using oligo-based methods.
We will develop two main methods for generation of combinatorially altered cells, both of which will use
our oligo-based MAGE technology (see Preliminary Results, 4.4). Our principal strategy will be to use MAGE
to alter regulatory regions in human BACs in E. coli, after which these altered regions will be re-introduced into
human cells. The second will develop and apply a version of MAGE that operates directly in human cells.
Both of these strategies will involve development of significant technology that will have wide applicability
outside of CTCHGV. While the first will leverage a MAGE technology that works efficiently in E. coli (see
Preliminary Results, 4.4), it will need to be integrated with substantially improved methods for transferring DNA
fragments between human and E. coli cells (including entire altered regulatory regions of ~100kb), and for
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efficiently inducing homologous recombination in human cells, in order to replace native with altered regulatory
regions. Here we will focus on improving direct transfer by modified bacteria of BAC fragments to human cells,
and on use of zinc-finger nucleases (ZFNs) to induce efficient recombination. For the second, we will adapt
our MAGE method so that it works directly and efficiently in human cells (including, eventually, induced
Pluripotent Stem cells (iPS); see Aim 5.2), taking into account other oligo-based methods for engineering
human cells (see Background and Significance, 3.4, and 5.1.1 (ii) below). We will refer to the first strategy as
MAGE-BAC/ZFN and the second as MAGE-human. The MAGE-BAC/ZFN strategy is illustrated in Figure
5.1.1-1. In terms of structure, we divide our research plan into four sections, putting the two MAGE sections
first: (i) MAGE-BAC (the MAGE and human/E.coli transfer aspects of MAGE-BAC/ZFN; with plans for ZFN
improvement in (iii)), (ii) MAGE-human, (iii) improvement of ZFN-mediated recombination, (iv) performance
evaluations.
As noted in the Research Design Overview above,
depending on circumstances, we will sometimes generate altered
cells with specific sets of genotypes or haplotypes, and
sometimes generate cell populations with combinatorially
randomized genotypes or haplotypes.
In general, MAGEBAC/ZFN will enable all of these (see (i) below), while MAGEoligo will be better suited to generation of specific or
combinatorially randomized genotypes than haplotypes as it will
not always be straightforward to target oligos to specific alleles.
5.1.1(i) MAGE-BAC: To create libraries of altered cis loci
in regulatory regions of a gene, the regulatory fragments on
which MAGE will be applied will first be isolated from our
CTCHGV subject cell lines and moved into E. coli on BACs. After
alteration, parts or wholes of regions altered for specific loci, or
entire combinatorial libraries, will be transferred back to the
original human cells to form cis-altered populations of cells. We
describe the MAGE and transfer phases of this work here, while
in 5.1.1(iii) below we describe how we will induce recombination
of the re-introduced varied regions in the human cells.
5.1.1(i.a) Isolation of Specific Upstream Cis elements via
TAR Cloning. We will clone the targeted regulatory region
genomic DNA fragments from the subject cell lines onto shuttle
YAC-BAC vectors using current methods of TransformationAssociated Recombination (TAR) cloning (88-90).
Recent
studies have shown that TAR cloning has been used successfully
to isolate specific human DNA onto yeast artificial chromosomes
(YACs) from human and mouse cell lines (87, 88, 91). Building
on these methods (89), we plan to selectively clone all target cis
elements by using shuttle YAC-BAC vectors with a 5’ targetingFigure 5.1.1-1: Illustration of MAGEsequence (hook) and a common repeat (e.g., Alu) as a second
BAC/ZFN
strategy
for
generating
targeting sequence. Thus, a library of all target cis elements will
combinatorially modified human cells
be constructed at the end of the TAR cloning process.
Importantly, our YAC vectors generated by in vivo recombination
in yeast will contain the F-factor origin of replication, permitting their propagation as BACs in E. coli.
5.1.1(i.b) MAGE-generated altered BAC Libraries. Having isolated cis elements on BACs via TAR
cloning in E. coli, we will use our recently developed automated genome engineering methods ((184) and
Preliminary Results, 4.4) to create alterations. Using MAGE, specific single-stranded DNA oligonucleotides
(oligos), or pools of oligos, are introduced into an E. coli strain which initially contain an isogenic cis fragment
derived from the human cell line, and this step may be performed repeatedly on E. coli strains derived from
previous steps to eventually obtain an E. coli strain that contains cis elements with all the desired
modifications. We will design oligos that specifically mutate targeted loci within the cis elements contained on
the BACs. If we wish to change only a single locus, we introduce only the oligos corresponding to that locus; a
small number of altered E. coli clones may need to be generated and assayed to identify one that contains the
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desired alteration on the desired cis element allele. This strategy can then be serially iterated to make specific
multi-locus alterations in the cis element. To simultaneously create combinatorial libraries of each cis element
on each cis element allele, all we need do is introduce oligos that modify all loci at once. Upon completion of
the MAGE process, the mutated E. coli population will have been altered to sample all possible combinations
of the targeted cis loci. After transfer and recombination of the altered regions back into human cells, we will
assess the performance of our methods as described below in 5.1.2 (iv). This information will allow us to tune
the MAGE process so as to improve the efficiency of targeted alteration and the uniformity of combinatorial
alterations.
5.1.1(i.c) Delivery of mutated DNA from altered BAC libraries of upstream cis elements into human
cells. We plan to optimize the re-introduction of the mutated cis regions generated in (b) into human cells
using a number of recently developed delivery and recombination methods: (c.1) Bacteria have been long
been known to have the capacity to conjugally transfer genomic DNA to other bacteria (171), but more recently
bacterial transfer to eukaryotes (58), including mammalian cells (186) has been reported. We will optimize this
process for delivery of our altered BAC DNA from E. coli to human cells by strategic placement of the oriT
sequence and selectable markers that flank the region of transfer, factors we have found to be important in our
recent work on re-engineering the E. coli genome (Preliminary Results, 4.4). (c.2) In a second approach, we
will utilize the GET recombination inducible homologous recombination system for the delivery of human
genomic BAC clones into mammalian cells (124). The E. coli strain DH10B will be used as the host. We plan
to introduce four genetic modifications: The λ-prophage from strain DY330 (193) and the mutS− gene deletion
(33) will enable efficient oligo-mediated λ Red recombination to generate the desired mutations; while asd−
gene deletion (52, 124) and expression of the Yersinia pseudotuberculosis invasin gene will enable DNA
transfer. Expression of invasin renders E. coli competent to invade HeLa, COS-a and CHO cells by allowing
the bacteria to bind to mammalian integrin receptors and trigger their internalization into primary vesicles.
Once inside the cells, the asd− mutation causes diaminopimelic acid auxotrophy, leading to defective cell wall
synthesis and death of the bacteria, making their DNA available to the human host cell (52, 124). (c.3) As an
alternative approach to the bacterially-mediated transfer methods above, we will consider use of the HSV
family of viruses for the infectious delivery of large BACs. Prior work has shown the successful viral packaging
of 150 kb BACs with efficiency of delivery ranging from 25 to 100% into human MRC-5V2 and fibroblast cell
lines (105, 183). Importantly, the high-capacity HSV-1 amplicon system permits the rapid transfer of mutated
BAC libraries into an appropriate human cell line.
Finally, selectable markers will be used to select human cells to which modified DNA fragments have
been delivered. However, these markers cannot be used to ensure integration of the modified fragments
because that would require the markers to be integrated as well, and this would confound our objective of
changing nothing but the ≤ 5 targeted cis variant loci per gene. Instead we will flank the modified within the
modified sequence with the markers so that they will not be integrated during homologous recombination. This
strategy has proved successful in our assembly of the E. coli genome out of ~145kbps modified fragments
described in Preliminary Results, section 4.4.
Potential problems and alternatives: We do not anticipate problems for Tar cloning of regulatory
regions (5.1.1(i.a)) as this is a well documented and widely used procedure, nor with performing MAGE on
BAC fragments in E. coli (5.1.1(i.b)), as we have successfully applied MAGE techniques very effectively (see
Preliminary Results 4.4). However, the introduction and homologous recombination of altered regulatory
regions into human cells represent new ground and these processes may be inefficient. In that case: (1) It
may prove difficult to re-introduce the very large altered BAC fragments intact into human cells. In that case
we can break the fragments into smaller pieces and introduce them one at a time. This will likely require a
ZFN to be designed for each piece of each fragment. (2) We can use a combination of selectable and
counterselectable markers in such a way as to make seamless modifications, a strategy which works well in
prokaryotes (104) and which was partially developed for E. coli by the Church Lab. This strategy has potential
to improve both delivery and integration of large DNA fragments simultaneously. (3) Through our collaboration
with the Elledge Lab (see Letter of Support), we can perform genome-wide RNAi and overexpression screens
to identify factors that improve the efficiency of human cell delivery of DNA, and then use cell lines modified
with the appropriate factors. (4) Finally, note that Aim 4.2 (section 5.4.2(iv)) lays out our plans to develop a
segmental genome replacement strategy based on simultaneous use of two ZFNs per regulatory region.
5.1.1(ii) MAGE-human: The second strategy to generate human cells with modified gene regulatory
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elements will be to develop a MAGE method that works directly in human cells (184). Site-specific gene
modification can be achieved by targeting oligos or DNA fragments to the homologous genomic DNA
sequence using chimeric RNA-DNA oligonucleotides (RDO), single-stranded oligodeoxynucleotide (ODN),
small fragment homologous replacement (SFHR) and triple-helix forming oligonucleotides (TFO) (64).
Efficiency of oligo recombination is the key metric in implementing a seamless and selection-free
recombination system. This metric, combined with our expertise in achieving highly efficient oligo
recombination in E. coli, directs our efforts towards similar oligo-directed recombination strategies directly in
human cells. In E. coli, oligo recombination is mediated by the β protein of the λ Red recombination system, in
which the oligo has been proposed to chromosomally integrate at lagging strand synthesis of DNA replication
at 25% efficiency (33). Our MAGE technology improved this efficiency to greater than 30% with an ability to
introduce multiple modifications simultaneously targeting many chromosomal loci (184). The MAGE technique
iterates oligo-based changes through successive populations of cells, and can be used to both generate
populations that are 100% modified at particular sites, or to generate combinatorial populations.
Oligonucleotide-mediated recombination has already been used to induce site-specific genetic
modifications in select mammalian cell lines, including HEK-293, CHO and embryonic stem (ES) cells (36, 64,
128, 143), with efficiencies of ~0.03-5%. While the mechanisms of oligo recombination in mammalian cells are
not known, these studies have revealed important design criteria that we propose to implement and enhance,
including: (a) Similar to E. coli, the mismatch repair (MMR) pathway negatively affects oligo-directed
recombination in human cells (36, 129). (b) Preferentially enhanced gene repair activity of antisense over
sense oligos was observed in human cells, suggesting a link to transcription-coupled repair where gene repair
by oligos occurs more efficiently when the target gene is actively transcribed (64). Moreover, (c) it has also
been shown that chromosomal positioning effects have little or no influence on observed strand bias of oligos
and that unmodified (e.g., no phosphorothioate bonds) antisense oligos exhibit 16-45-fold higher rates of
modification than sense oligonucleotides (128, 129). (d) The Rad52 protein, mechanistically similar to the
single-stranded DNA binding protein β from λ Red, can also be utilized to enhance the recombination of oligos
during replication in mammalian cells (64). Given that heterologous ssDNA-binding protein homologs have
been shown to function in E. coli (34), we also plan to test if these homologs (and others) can enhance oligodirected recombination in human cells. To complement these efforts, we will also investigate enzymes and
factors that are implicated in homologous recombination (HR) and MMR. For example, Rad51, a central
enzyme of HR that polymerizes on ssDNA and assembles into helical nucleoprotein filaments, promotes both
homology searches in dsDNA and exchange of DNA strands between ssDNA bound with the filament and the
homologous dsDNA. Also, the Msh2 protein, a central factor in MMR, is involved in the inhibition of
recombination between mismatched sequences, and only upon its deletion can oligos introduce mutation in
mouse ES cells (36).
Finally, key to the success of MAGE in E. coli was optimization of the electroporation conditions used to
deliver the oligos into the cells, and development of automation that iteratively cycled E. coli populations
through periods of electroporation and recovery, so that modest initial per-cycle modification rates could be
amplified significantly. We will develop similar optimization and automation for DNA delivery (see 5.1.1(i.c)
above) and human cells.
Potential problems and alternatives: It is possible that oligo-based HR will remain inefficient even after
exploring the options above. In that case, (1) we can perform genome-wide RNAi and overexpression screen
to identify additional factors that will enhance efficiency with the help of our collaborators in the Elledge Lab
(see Letters of Support). (2) We will also explore whether ZFNs can improve oligo-based HR. The latter has
been reported to be enhanced by the presence of double stranded DNA breaks induced by I-SceI
meganuclease (143). Use of ZFNs with oligos would represent an HR strategy that would allow us to eliminate
the Tar cloning and MAGE-BAC components above. However, if oligo-based HR remains intractable, we will
pursue MAGE-BAC/ZFN as our exclusive strategy.
5.1.1 (iii) Zinc-finger nuclease (ZFN) mediated recombination: Engineered ZFNs present an attractive
direction for recombining the sequences of MAGE-BAC-generated constructs and libraries into the regulatory
regions of Aim 1 target genes. ZFNs function as dimers with each monomer composed of an engineered zinc
finger array (typically consisting of three or four fingers) fused to a non-specific cleavage domain from the FokI
endonuclease (Figure 5.1.1-2a). The zinc finger arrays in ZFNs can be engineered to bind target DNA
sequences of interest. Each individual zinc finger binds a 3 bp “subsite” and therefore a ZFN dimer can in
principle recognize 18 or 24 bp target sites, depending on the number of fingers in each ZFN monomer. Each
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ZFN monomer binds to a DNA “half-site” in the full target sequence and introduces a double-strand DNA break
(DSB) in a “spacer” sequence between the half-sites. Repair of a ZFN-induced DSB by homologous
recombination (HR) with an appropriately designed exogenous “donor template” can be used to introduce a
Figure 5.1.1-2. Engineered zinc-finger nucleases (ZFNs). (a)
Architecture and application of ZFNs. A ZFN designed to create a
DNA double-strand break (DSB) in the target locus comprises two
monomer subunits. Each subunit contains three zinc-fingers (1-23), which recognize 9 base pairs within the full target site, and the
FokI endonuclease domain (green). Dimerization activates the
nuclease, cutting the DNA in the spacer sequence separating the
target halfsites (L) and (R). ZFN subunits comprising four zincfingers that recognize 12 base pairs have also been developed.
(b) ZFN-mediated gene disruption and correction by homologous
recombination (HR). A DSB (yellow flash) is introduced by the
mut
of a gene. The presence of donor
ZFN into mutant allele A
wild-type DNA drives DSB repair through HR vs. error-prone nonhomologous end joining, yielding a functional wild-type allele
WT
geneA . Rather than repair genes, CTCHGV will use ZFNs to
mutate cis gene regulatory regions in order to determine their
causal role in allele-specific expression. Figure adapted from
Cathomen, 2008 (see References).

specific mutation or insertion with very high efficiency near the break (Figure 5.1.1-2b). This method, known as
ZFN-induced gene targeting, has been used successfully to alter endogenous genes in human cells with
absolute efficiencies ranging from 1-50% (107, 118, 178). However, these performance levels are not
consistent across all genes and cell lines tested to date, and many additional avenues for increasing efficiency
remain to be explored. We will pursue several strategies for improvement that are close at hand in the context
of this Aim (1.1). We note that longer-term improvements employing more advanced technologies will also be
developed in Aim 4.2 (section 5.4.2 below).
One of the current challenges of targeted genome modifications in human cells is the low rate of native
homologous recombination. Although this is greatly improved with ZFNs, error-prone non-homologus end
joining (NHEJ) is still a relevant competing pathway of DNA repair which can introduce unwanted insertions
and deletions at the break site. We will pursue multiple strategies to enhance homologous recombination and
to minimize undesired NHEJ:
5.1.1(iii.a) siRNAs and overexpression cDNAs. The Elledge Lab at Harvard Medical School has already
performed a screen which has identified siRNAs that can enhance double-strand DNA break-induced HR of a
GFP reporter gene. With them (see Letters of Support), we will test whether siRNAs discovered in this screen
can also improve ZFN-induced HR at endogenous human genes. The Joung Lab has validated ZFN pairs that
can induce targeted, highly efficient HR events at the endogenous human VEGF-A (107) and PIG-A genes and
also has plasmids encoding ZFNs targeted to the endogenous human IL2Rγ gene (178). siRNAs from the
Elledge Lab screen will be tested at these three loci in a variety of different cell types including iPS cells. Cells
will first be transfected with siRNAs and then will be transfected three days later with ZFN-encoding plasmids
and donor template DNAs which introduce a restriction site. Four days post-transfection of the ZFN-encoding
and donor template DNAs, the frequency of HR in the absence and presence of various siRNAs will be
determined using quantitative restriction digest/limited-cycle PCR assays as previously described by the Joung
lab (107). All PCR-based results will be confirmed by quantitative Southern blot assay as previously described
(107). A screen similar to the one performed by the Elledge Lab could also be performed using cDNA
overexpression libraries instead of collections of siRNAs. cDNAs identified by this approach could also be
tested using the endogenous human gene HR assays described above.
In addition, we can also design a screen which identifies siRNAs or cDNA overexpression clones that
inhibit mutagenic NHEJ. To set up this screen, we will construct a cell line which stably expresses a luciferase
gene from a single integrated construct. In addition, we will use OPEN selections to engineer ZFN pairs
targeted to sequences in the first quarter of the luciferase gene. To validate these ZFNs, we would
demonstrate that they can be used to inactivate the luciferase gene in the cell line we create. These reagents
could then be used to screen for either siRNA or cDNA clones that inhibit NHEJ. Specifically, we would first
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transfect the luciferase-expressing cell line with siRNA or cDNA clone libraries and then introduce plasmids
encoding the luciferase-specific ZFN pair. If an siRNA or cDNA clone inhibits NHEJ in the cell, this should
result in less inactivation of the luciferase gene and therefore greater luciferase activity.
All factors identified from these screens would effectively transiently reprogram cells to become more
“recombination competent”, thereby increasing the efficiency of the targeted genome modifications and
improving the specificity by limiting unwanted NHEJ-associated mutations.
5.1.1(iii.b) Small molecules. HR is most active in S-G2 and cell cycle arrest with vinblastine has
enabled the highest rates of HR reported to date (107, 178). However, this drug also induces over 95% cell
death when used in conjunction with ZFNs (M. Maeder et al., unpublished data). We will explore whether other
agents that induce cell cycle arrest such as indirubin or hydroxyurea can also induce higher levels of ZFNenhanced HR without the higher toxicity observed with vinblastine. In addition, we will also test whether small
molecular inhibitors of NHEJ-specific components (e.g., the DNA-PK inhibitor NU7441) might reduce the
mutation frequency due to NHEJ and enhance HR events. We will test the effects of these various small
molecules using ZFNs and donor templates which introduce restriction sites at the endogenous human VEGFA (107), PIG-A, and IL2Rγ (178) genes. Initially, we will use a restriction digest/limited-cycle PCR assay
(previously validated by the Joung Lab) to quantify HR frequencies at these loci. For those compounds that
show increased HR, we will also use limited-cycle PCR/sequencing assays to assess both HR and mutagenic
NHEJ frequencies simultaneously. Our expectation is to identify compounds that increase HR and diminish
mutagenic NHEJ. If these targeted approaches do not yield results, we can also perform unbiased screens of
small molecule libraries to identify compounds that enhance ZFN-induced HR or diminish ZFN-induced NHEJ
in cell-based screens similar to those described above for siRNAs or cDNA libraries. In the unlikely event that
these screens are non-productive, we will explore inhibitor-free methods that use FACS to synchronize cell
populations in S-G2 phase prior to introduction of ZFNs and donor templates.
5.1.1(iii.c) Longer donor DNA templates produced with MAGE. To date, ZFN-induced HR performed
by the Joung Lab and others have used donor templates with relatively short homology arms (typically ~1.5 kb
of total sequence). Studies of gene targeting in mouse and other organisms have used donor templates with
significantly longer homology arms. Our expectation is that the use of donors with longer arms should lead to
increased frequencies of ZFN-induced HR. We will explore whether 100kbps-sized donor DNA from YACs or
BACs (introduced via conjugation) can improve the efficiency of HR. These longer donor DNAs will be made
using MAGE technology (see section (i) above).
Potential problems and alternatives: Based on our extensive experience with ZFNs we expect
considerable success using them to induce HR of altered gene regulatory regions. If the above steps do not
lead to sufficient consistent improvements in HR efficiency, we will pursue the following additional methods
(recalling that in Aim 4.2 we will also be exploring more advanced methods for achieving improvements): (d)
Tethering of donor DNA templates. To stimulate faster kinetics of repair, we will create protein-based tethers
comprising two zinc finger domains - one that binds the endogenous targeted allele and one that binds the
donor DNA template. This approach may both enhance HR and permit use of lower levels of donor DNA,
thereby potentially reducing the frequency of random integration of the donor template. (e) Recombination “hot
spots”. At present, it remains unknown whether chromatin state can affect the ability of ZFNs to enhance HR.
Experiments at the human HoxB13 gene performed by the Joung Lab suggest that an expressed, openchromatin state may positively influence the efficiency of HR (107). To explore the hypothesis suggested by
this observation, we will design ZFNs that target regions adjacent to DNaseI hypersensitive sites identified
from genome-wide surveys. Our expectation is that such sites might serve as potential recombination hot
spots for ZFN-induced HR. An understanding of the relationship between chromatin state and HR frequency
will enable better choice of target selection to maximize gene targeting efficiencies.
5.1.1 (iv) Performance evaluations: For each method we develop above, we will measure
recombination efficiencies and also recombination biases using subsets of samples and cell lines generated for
a number of genes. It will be especially important to measure these for combinatorial cell populations, as
knowledge of efficiencies and biases will be important for accurate simulations and statistical analysis that will
guide our isolation of sets of clonally altered cells (e.g., see Figure 5-2 above), as well as the single cell
genotyping / ASE assay we will develop in Aim 1.2 (section 5.1.2 below). When analyzing populations of cells
in which multiple loci have been modified, we will use our published single molecule gel-polony method for
long-range haplotyping (201), which will allow us to identify and phase modified loci for the cis regulatory
region and coding regions up to the indicator SNPs. This method is ideally suited to giving us complete
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information on the distribution of modifications across the regions.
For MAGE-BAC/ZFN, we will characterize the relative rate of random insertions and off-target
modifications vs. targeted regulatory region replacements. Because our methods in section 5.1.2 look at many
independently altered cells, random insertions and off-target events are not expected to have significant impact
on our ability to analyze causality unless they occur with high incidence or operate with high bias on specific
regions of the genome. Random insertions can be gauged easily by performing in-situ hybridizations with
labeled probes from the regulatory regions: multiple integration events should be easily detectable as cells with
more than two spots representing instances of the regions. We will characterize off-target events in a
representative set of ZFNs by the following method: (a) For each ZFN, we will construct an inactivated version
of ZFN (iZFN) that contains the same zinc finger arrays as the active one, but where these arrays are joined to
a version of FokI whose catalytic domain is inactive. Each iZFN should bind the same locations as its
corresponding active ZFN (aZFN) but will not cut the DNA at these locations. (b) We will introduce each iZFN
into one or more CTCHGV cell lines and then use Chip-Seq (74, 82, 179) to identify all locations in the genome
to which the iZFN binds and to estimate the percent occupancy of the iZFN at these locations. (c) After
identifying all target locations with significant iZFN binding, we will design padlock probes that target these
locations using procedures in use in the Church Lab (see Preliminary Results, 4.1). (d) Finally, we will
introduce the corresponding aZFNs into the CTCHGV cell lines used in (b) and perform targeted sequencing
using the padlock probes designed in (c) to obtain actual genomic DNA sequences of locations likely occupied
by the aZFN. We will examine these sequences for evidence of non-homologous end joining (NHEJ) events
(see Preliminary Results, 4.5, and Figure 4.5-2) and to estimate the frequency of these events at each location.
To estimate the frequency of off-target recombinations and NHEJ events relative to on-target recombinations,
we will modify (d) by introducing template DNA into the cells along with the aZFN, where the template has a
shorter region of homology with the aZFN’s genomic target than the genomic sequences targeted by the
padlock probe arms. This will ensure that, during the padlock probe capture reactions (Preliminary Results,
4.1), the probes will copy genomic DNA that contains junctions between the template and genomic site of
template integration. These junctions will uniquely specify the locations of all template integrations. Note also
that the Joung Lab is planning to submit an R01 grant for development of this method and has already
obtained preliminary results for steps (a) and (b) (see Preliminary Results, section 4.5).
Potential problems and alternatives: Based on our experience with and Preliminary Results for the
methods indicated, we do not anticipate significant problems gathering the performance data described above.
5.1.2: Aim 1.2: We will demonstrate the identification of specific sets of variations that affect cis
gene transcription by engineering many combinations of variations and directly observing their effects
on transcription, and also by novel methods of assaying complex populations of combinatorially
modified cells at a single-cell level.
As described in the Research Design Overview, the basic idea for identifying which cis loci differentially
affect transcription is simply to examine transcription levels of cis genes or alleles among cell lines with altered
cis variants: those loci for which changes in the cis alleles have no effect can be eliminated from consideration,
while those which do have an effect have causal relevance and can be analyzed for interactions with other loci.
As noted in the Overview and in Figure 5-1, we will develop two methods for performing this analysis, a simple
one based on clonal altered cell populations (the left branch in Figure 5-1), and a potentially more efficient and
scalable method that analyzes entire combinatorial cell populations at once at a single cell level (the right
branch). We describe these in turn in (ii) and (iii), after describing initial analyses we will perform to identify the
sets of genes and cis variants we will consider for the course of the project.
5.1.2(i) Initial identification of genes and cis variations. The purpose of this component is to identify the
genes and regulatory regions to be analyzed in all Aim 1.1-1.2 work and to develop associated resources. As
already noted (see Research Design introduction), we will use pre-existing, publicly available tissues and cell
lines with potential to be transformed into iPS from HapMap, the PGP, the Framingham Heart Study, or other
sources. We will give preference to samples for which comprehensive genome sequence is available,
particularly if the sequence is diploid. If diploid sequences are unavailable, we will obtain diploid sequences of
a large number of genes and their regulatory regions, either by applying the long-range haplotyping methods
described in Preliminary Results 4.2, or through our collaborator Complete Genomics, Inc (see Letter of
Support). It will be important to use clonal populations of cells from these subjects as our methods depend
extensively on analysis of differences in ASE, and different clones of the same cells have been observed to be
PHS 398/2590 (Rev. 11/07)

Page

77

Continuation Format Page

Program Director/Principal Investigator (Last, First, Middle):

Church, George M.

subject to high levels of random allele inactivation (50). The replicates we use should be separate cell lines
cloned from the same subject so that they likely represent different clones. In Aim 1.3 we will compare these
replicates to assess the impact of random allele inactivation may have on our results, generally. From the
diploid genome sequences it will be straightforward to identify indicator alleles for all genes with heterozygous
coding regions, and to identify all SNPs and other non-reference sequences in regulatory regions. Our
selection of regulatory regions will be from among 100kbps regions upstream of the transcription start site,
introns plus segments of adjacent exons, 100kbps downstream regions of documented transcription
termination sites, or documented enhancer regions cis to but outside of these distance bounds. From the ~100
variants that might be expected by chance to be in any 100kb regulatory regions, we will use available
information (e.g., from the USCS Genome Browser (81, 93)) on known transcription factor binding sites,
conservation, GWAS associations, and other data, to prioritize variations and pick ~5 or less for follow-up
analysis. In selecting genes, regulatory regions, and indicator alleles, we will attempt to leverage resources
already developed in (199) where possible. We will likely pick one regulatory region for most genes, and will
prioritize genes and regions that are known to be associated with human diseases or traits (taking into account
cell types and GWAS that will be considered in Aim 2.2, section 5.2.2), which have little repetitive sequence,
and for which unique priming sites with good hybridization properties can be designed for cis variants and
indicator alleles.
Potential problems and alternatives: The only potential problem we can foresee is if delays arise in
obtaining diploid sequences for our subject cell lines. In that case we would develop a provisional prioritized
list of genes and variations based on imputed haplotypes, and refine this list as diploid sequences become
available. As we have only targeted analysis of 50 genes by the end of year 2 (see Intermediate Goals below),
there will be ample time to refine the list. Also, in 5.1.2(ii) below, it will be seen that considerable analysis can
be done with knowledge only of genotypes vs. haplotypes of variant loci in regulatory regions.
5.1.2 (ii) Assay via clonal altered cell populations. The key elements of this strategy have already been
described in the Research Design Overview; here we give only some additional details. The first step is to
develop, for the gene at hand, a set of altered cell populations that are clonal for a sufficient set of
combinations of cis locus modifications to be able to identify causation and interaction. If cell lines are altered
for individual cis loci one at a time, one of the strategies described in Aim 1.1 (section 5.1.1), clonal populations
for each combination will either be the direct outcomes of the modification procedure or will be easily created
from them. For instance, if we use MAGE-BAC/ZFN to make a single variant A|a locus homozygous AA, the
resulting population will be clonal, while if we use MAGE-human and supply A and a oligos together, we will
get all four possible cis regulatory alleles: A and a on the allele with indicator SNP x, and similarly for indicator
SNP y. Clonal populations for each set of haplotypes can be easily isolated. However, if instead of altering loci
one at a time, we generate a population combinatorially modified for all loci, Figure 5-2 above and the
surrounding discussion show that by isolating and growing out modest numbers of single cells (~60) from the
population, we can get a sufficient set of populations to identify simple causality with near statistical certainty.
The great advantage of the clonal altered cell population strategy is the simplicity of the assays
performed on each clonal population. All that is required is that the cis regulatory genotype of each clonal
population be identified along with the expression levels of the cis gene. Given that at most five loci will be
modified in any gene regulatory region, the genotypes can be identified by five allele-specific genomic DNA
PCRs. Expression level can be analyzed either at the overall gene level, or at the allele-specific level; we will
investigate both options. When considering overall gene expression relative to a locus A|a, significant
correlation between overall gene expression for AA vs Aa vs aa genotypes identifies the locus as one in which
the allele has causative significance for expression. When considering allele-specific expression levels (ASE),
the test is to see whether ASE disappears in homozygous AA or aa genotypes but is present in Aa genotypes.
In the simulation of Figure 5-2, the correlation strategy exhibited better sensitivity than a t-test comparing ASE
levels between homozygous and heterozygous genotypes. However, this outcome may be dependent on
assay variance and other factors, so both overall and ASE measures will be considered. Both may be
measured by simple RT-PCRs, with ASE requiring PCRs that are specific to the indicator alleles in the coding
regions. Notice that all of these statistical tests require knowledge of only cis region genotypes vs. haplotypes.
This relieves us from having to do additional assays to learn the phasing of the various modifications.
Potential problems and alternatives: We anticipate no significant problems with the approach above,
except that assessment of interactions between loci may require large numbers of isolated single cells. The
approach developed in section 5.1.2(ii) below will be our principal effort for dealing with this possibility.
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5.1.2 (ii) whole population assay: In Aim 4.3 (section 5.4.3) we describe plans to develop advanced
cell-handling capabilities which will enable millions of cells to be arrayed on the surface of a flow cell, where
they can be both assayed biochemically and morphologically via image analysis. Our plan is to use this
capability to array a population that has been combinatorially modified for all five targeted cis loci and assay
each cell individually for genotype and allele-specific expression (ASE). The rationale for this proposal is that,
although the single cell assays may exhibit high error individually, this error can be overcome by aggregating
measurements for millions of cells.
Specifically, after arraying the cells on the flow cell surface, fixing, and permeabilizing them, we will add
reagents and oligos required to intracellularly amplify each of the n ≤ 5 cis regulatory sites modified for the
gene at hand and perform the multiplex amplification for all cells simultaneously. This step is then followed
either by probing or small scale in-situ sequencing that identifies the alleles present at each regulatory site.
Several methods will be examined and evaluated for sensitivity, sensitivity, complexity, and cost. The simplest
method is to introduce 2n primers that amplify the n sites in situ, and then perform sequential one-base primer
extensions using labeled bases, a method that was successfully applied in gel polonies (203). Another class of
methods involves allele-specific amplifications within the cells using two allele-specific primers and a common
second primer, where the 3’ ends of the allele-specific primers correspond to the alleles and a distinct
sequence barcode is affixed to the 5’ ends of this primer. The sequence barcodes for each allele can then be
interrogated by appropriate small scale sequencing as above, or by in situ hybridizations with labeled probes.
Several forms of allele-specific amplification can be evaluated, including ordinary allele-specific PCR, padlock
probes with nested common and allele-specific PCR primer sequences together, or padlock probes followed by
rolling circle amplifications. In developing this protocol, consideration will be given to methods that make the
DNA accessible, such as proteases, detergents, and, possibly fragmentation of genomic DNA (27). The read
outs obtained from this step are used to classify the cell for the presence of an allele. If only one allele is
detected, that allele will be considered to be present with copy number 2 and the other allele to be present with
copy number 0. If both alleles are detected, copy numbers of 1 will be assumed for each. Duplicated or
repetitive sequences will have been filtered out in initial selection of the genes of interest (see (i) above) and
copy number variation is considered in section 5.1.3.
At this point, interrogation of the
loci under consideration
cis regulatory genotypes is complete, parameters P-value
1
2
3
4
5
and the next step is to assay ASE for the
α=0.3
0.01
6710
24906
85122
282274 921708
gene transcript.
The cells are now
δ=0.2
0.001
10972
38378
127448
414995 1337470
treated with DNAse to destroy the
σ=5
0.0001
15353
52143
170587 550051 1760090
genomic DNA corresponding to the
α
0.01
445
1148
2729
6293
14291
=0.8
indicator alleles. Methods akin to those
δ
0.001
727
1767
4080
9240
20715
=0.1
used above are now applied to amplify
σ=2.5
0.0001
1016
2398
5457
12240
27244
and interrogate the indicator SNPs
present in the transcript coding regions Table 5.1.2-1: Numbers of single cells (N) that must be analyzed for
that identify the transcript alleles, except ASE and genotype from a combinatorially altered cell population
that the amplification must begin with using the single cell assay proposed in Aim 1.2 to identify, with
reverse transcription. Because the cis various P‐values, that one of up to five modified loci is responsible
region loci have been randomly re- for ASE, assuming completely random haplotypes among cells that
assigned, a genotype heterozygous in a were successfully modified, that only one of five modified loci
locus A|a may be present in both controls ASE, that all loci are independent, and two sets of
haplotypes, such that the A allele may be
performance parameters (see text for discussion and comparison).
cis to indicator SNP allele x in one cell
but cis to the other indicator SNP allele y in another. Because we are not resolving the haplotypes in this
assay, ASE must be measured in a symmetrical fashion such as abs(log(Ix/Iy)), where Iu represents signal for
the transcript with indicator allele u.
Three factors will control the performance of this population assay: the efficiency of altered cell
generation (α), the standard deviation of the error of single cell ASE measurements (σ), and the probability of
single cell genotyping misreading a genotype (δ). We assume that the predominant genotype misreading error
will be failure to detect one allele. This type of error is important because it potentially has a large impact on
the statistics of comparing ASE differences between genotypes, for a locus should cause ASE only when it is
heterozygous, not when it is homozygous, and this error makes heterozygous loci appear homozygous. Table
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5.2.1-1 provides an estimate of the numbers of cells that must be evaluated to detect which of up to 5 loci may
be causative of ASE with P-values ranging from 0.01 to 0.0001, given two sets of performance parameters:
Table 5.2.1-1 (top rows) considers a conservative set of performance targets—an α of 30% that has already
been achieved in some cases (see Research Design Overview and section 5.1.1), with high error single cell
assessment (δ = 20% and σ = 5x maximum normalized ASE), while Table 5.2.1-1 (bottom rows) represents
concerted improvement whereby α is improved to 80% while the error rates are cut in half. While the numbers
of cells required to detect cis loci interacting according to models considered in Table 5-1 has not been
specifically modeled, the low numbers indicated in Table 5.2.1-1 suggest that good statistics for such
interactions are indeed achievable.
The computational analysis required by this assay is as follows: Images of single cells arrayed in the
flow cell will be acquired and intensities, obtained in each cell for the various cis loci and allele-specific
transcript labeled mini-sequencings or in-situ hybridizations, will be calculated as image analysis features using
standard methods already in use in the Church Lab (e.g., (7)). Various additional features based on additional
stains such as DAPI may be obtained to determine cell integrity, cell cycle state (which could alter ploidy), or
flow cell position occupancy by other than a single cell. If images are acquired for cells arrayed in random
positions (e.g., for cells arrayed randomly on slides), these other stains will be used to segment the image into
cells and to exclude any segment that is not an isolated single cell. The multiple images acquired will be
registered, and genotypes and ASE measures will be computed for each cell as described above and in
section 5.1 Overview. Evaluation of genotypes and ASE will employ intensity (for genotypes) and intensity
ratio (for ASE) thresholds developed from original CTCHGV subject cell lines that are clonal with respect to
genotype. Meanwhile, estimations of α and the distributions of haplotypes generated in combinatorially
modified populations will come from Aim 1.1 (section 5.1.1 (iv)), which will also provide information on random
integrations vs. replacements of native cis regulatory regions. If random integrations are too common,
additional steps will be taken to filter out cell segments that have excessive intensities from genotype images,
or more than two genotype intensity maxima. Parameters δ and σ will be estimated from images acquired of
non-modified original CTCHGV subject cell lines. Simulations using these parameters will be used to estimate
the numbers of cells needed to distinguish between different cis interaction models (exemplified in Table 5-1).
Potential problems and alternatives: The intracellular assays present the key challenge. However,
given that only a maximum of 6 loci (5 regulatory DNA and one transcript) need to be interrogated per cell, and
that methods similar to what we require have already been developed (163, 202), we believe prospects for
success are high, especially given that we will be developing more powerful in situ intracellular Rolling Circle
Amplification methods in Aim 3 (section 5.3.1.2). The simultaneous querying of genotype and coding transcript
will be a new element. Here we can explore modifications to the protocols described above that can eliminate
possible complications. For instance, suitably designed ZFNs may be used to cut the genomic loci
corresponding to indicator SNP alleles vs destroying all DNA via DNAse: Then, RT-PCR can be performed on
the gene transcripts without incurring contaminating signal from the corresponding genomic sites, and without
destruction of the amplicons created from the cis regulatory loci. Finally, image analysis can be exploited at
many levels additional to those described above to filter out any cells for which signals representing genotype
content and transcript level cannot be interpreted. For instance, if the readout of cis regulatory locus genotype
described above based on detection of the presence of each allele proves error prone, we can add additional
conditions such as requiring that, where only one allele has been detected in a cell, the intensity must be ~2x
the intensity found for that allele in cells where both alleles have been detected.
5.1.3: Aim 1.3: We will assess the extent to which cis variants identified as causing altered
transcript expression may operate through alternative mechanisms such as differential expression of
RNA isoforms, differential transcript degradation, copy number variations, and epistatic marks.
Cis variants detected as causing allelic expression bias could actually operate through other
mechanisms. It is also possible that observed ratio differences in allelic expression only arise in certain
biological contexts. To address these issues we propose using a variety of established techniques to check for
the contribution of each of these aspects to our data. These will include splice variants, copy number variants,
epigenetic context and allele specific epigenetic differences, and possibly other factors. These phenomena
could potentially affect both our measures and our conclusions. For instance, regarding measurement,
apparent allele-specific expression (ASE) based on padlock capture of indicator SNPs in the two alleles of a
gene could actually be caused by differential splicing vs. differential expression whereby one allele contains
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more isoforms carrying its indicator SNP exon than the other (170) (see also (203)). Regarding conclusions, it
could be that our identification of a regulatory region cis variant as a cause of differential allelic expression
might actually be artifactual and instead, that the construct with which we introduced altered cis sequence
disrupted normal methylation patterns. Our primary objective is to assay these phenomena in a subset of our
samples to quantify the extent to which they may affect our measurements and our identification of causative
cis variants, not to comprehensively assess their impact. This subset will include original, unaltered CTCHGV
subject cell lines and a selection of altered samples cloned from our combinatorially modified populations for a
small set of genes. We will consult with the Center for the Epigenetics of Common Human Disease CEGS
regarding our investigations of epigenetic impacts.
To assess the extent to which measured ASE may be due to differential splicing, we will use RNA-seq
(185) or the Affymetrix Human Exon Array (http://www.affymetrix.com/products_services/arrays/specific
exon.affx#1_1) to detect splicing variants. More targeted and cost effective approaches, such as custom exon
arrays, PCR or the padlock probe-based capture (100, 139), could be used for a selected number of genes. If
alternative splicing contributes to the apparent ASE, we will expect to observe the exon (or part of the exon)
carrying the SNP marker more frequently in the apparently more highly expressed allele than the other, and to
observe more alternative splicing junctions that skip the exon in the less highly expressed allele. These
experiments performed on altered sample clones will also reveal the extent to which cis variants we have
identified as causative may actually alter splicing vs. expression. Measurements of ASE may also be
perturbed by random allelic inactivation that differs between clones (50). We will assess this by comparing
unaltered replicate CTCHGV sample cell lines, which should not represent the same clones.
Copy number variations (CNVs) in which gene and regulatory region alleles may be amplified or
deleted may complicate inferences of causality based on statistical models such as illustrated in Tables 5-1
and 5.1.2-1. By contrast, our measures of ASE should be normalized for CNV. We will use comparative
genomic hybridization (CGH) arrays (such as http://www.nimblegen.com/products/cgh/) or massively parallel
sequencing (25) to detect copy number variation in a selected number of samples before and after
recombination.
To assess for allelic bias due to differences in allele methylation or histone modification, we propose to
detect epigenetic state in an allele specific manner. This can be done with targeted sequencing capturing
locations that contain a heterozygous site of variation (e.g., a SNP). To detect DNA methylation, similar to our
recently published methods (10, 37, 199), we will target ~200-bp regions in bisulfite-treated DNA containing an
altered site, an unaltered variation site (see section 5.1.2(i)), and a CpG site. The target size of ~200-bp is
chosen because it is within both the capability of padlock probes (139, 199), and the read length of the current
Illumina paired-end sequencing platform. Allele specific differences in histone modification will be detected in a
similar manner by applying padlock probes encompassing variation sites to chromatin immunoprecipitated
(ChIP) DNA produced with an antibody to the histone modification of interest (e.g., H3K4 methylation or H3
acetylation). Allele-specific detection of ChIP DNA has already been successfully performed in a microarray
context (110) and should be readily translated to sequencing-based methods. If only a very few such regions
can be targeted in this manner, we will need to apply our haplotyping methods based on sequencing of dilute
DNA preparations (see Preliminary Results and section 5.1.2) to bisulfite treated DNA to obtain the allelespecific methylation profiles. The regions of interest can be targeted by tiled padlock probes to reduce overall
haplotype sequencing requirements. In our original, unaltered cell lines, these experiments will be informative
as to whether initially measured ASE may have been due to different allelic methylation patterns. We can also
trap high molecular weight genomic DNA in polyacrylamide gels, perform in situ bisulfite conversion and polony
amplification, and then identify alleles and quantitate methylation levels using single base extensions, using the
method of (203). It is also possible that causal cis variants only contribute to differences in expression in
certain epigenetic contexts; for example, a relevant transcription factor may only bind in the context of
particular histone modifications (53). In our altered sample clones, allele specific epigenetic measurements
may identify cases where cis variants affect expression level by means of altering local methylation, or cases
where recombination or MAGE oligos (see section 5.1.1) used to create the altered cell have locally disrupted
epigenetic state in an incidental manner that is unrelated to introduced sequence variants. To distinguish
between these alternatives, we must assess whether altered methylation travels with the introduced DNA or
the cis variant.
Potential problems and alternatives: We anticipate no significant problems as the techniques described
are well-established or methods with which CTCHGV investigators have considerable experience.
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5.1.4: Aim 1.4 We will analyze the relationship between our methods and results and those of
Genome Wide Association Studies and characterize their complementary insights into the effects of
variation.
GWAS and other studies have identified associations between SNPs and gene expression levels (40,
121, 149, 150, 165, 182), and some of these findings will be used to prioritize genes we will analyze for causal
regulatory variants (section 5.1.2 (i)). Here we will examine our findings from the GWAS side and ask what it
would take for GWAS to be able to identify cis causal regulatory variants that we have identified. This analysis
will clarify the sensitivities, specificities, and amounts of effort required for GWAS vs. the engineering methods
developed here to discover and characterize cis regulatory variants controlling gene expression. Once
CTCHGV has discovered a set of causative cis variants, we will attempt to estimate the population frequency
of the variant, its haplotype block, and its effect size. For any variant that happens to be assayed on platforms
designed for GWAS, its frequency should be easily assessed from available GWAS data, but most variants will
likely not have been assayed. For these, we will examine HapMap samples. If sufficient sequence data are
available (67) we will estimate the allele frequency from the sequences; otherwise we will measure the
frequency from HapMap cell lines. To estimate effect size we must consider the tissue from which the variant
was identified in the CTCHGV subject. If matching tissue data is available from genotyped samples from the
CTCHGV subject’s population (125), we will use it to estimate effect sizes and variances. Otherwise we will
approximate the effect size based on the degree of differential expression by which the variant was identified
by CTCHGV and apply available information to estimate variances (26). Finally, we will consider two models
for GWAS. In the common variant model, we will assume that GWAS is performed with tag SNPS from
commonly used array platforms. We will characterize the haplotype block containing the variant, idenfity the
tag SNP in greatest linkage disequilibrium (LD) with it, and estimate the population sizes that would be needed
to find an association between expression level and the tag SNP given the LD and effect size, using standard
statistics and tools (9, 21, 35, 80, 85, 123, 142, 204, 205) for partial and for whole genome searches for cis
effects (165). For the rare variant model, we will use the frequency of the variant itself, the effect size, and
make comparable computations, this time considering corrections for limited candidate gene sets (126) in
addition to partial and whole genome searches for cis effects.
As a second related analysis, we will consider that the expression level change identified for the variant
is itself associated with a disorder with one of a fixed range of penetrances, and estimate the population sizes
that would be needed to associate the variant with the disorder by the GWAS models above.
Finally, as noted above (Research Design Overview), CTCHGV will not itself conduct GWAS or
population studies. However, CTCHGV will communicate with partner Centers and collaborators who do
conduct GWAS (such as the Broad Institute) concerning cis variants found to causally impact gene expression
level. Our partners will then be able to explore refined hypotheses for the phenotypes studied by the GWAS,
and in turn may be able to assess population frequencies for the variant, furthering the analyses above.
Potential problems and alternatives: We anticipate no significant problems with this sub-Aim. It
involves applying standard GWAS tools and methods to parameters determined by CTCHGV experiments.
Aim 1 Goals: Final goals: As noted in Research Design Overview, our final goal is the identification of
single and/or combinations of natural variations in regulatory region sequence that control differential cis gene
expression using the methods described above for 1000 genes. The survey of causal mechanisms in Aim 1.3,
and the analysis of relationship between new methods and GWAS in Aim 1.4, will consider representative
subsets of genes and variants. Intermediate goals: Again as noted in our Research Design Overview, we will
evaluate progress at the end of year 2 of the Center and renegotiate goals as appropriate. We expect we will
have processed ~50 genes by that time. Impacts: In addition to increasing biological knowledge about the
regulation of any specific genes we have analyzed by identification of causal cis variants, CTCHGV will have
developed methods for precise engineering of human cells through ZFN-mediated homologous recombination
and oligo-mediated recombination that will have general and impactful application to the understanding of
human disease, gene therapy, and personalized medicine.
5.2: Aim 2: We will adapt and extend Aim 1 methods to function in human induced Pluripotent
Stem cells (iPS) and then use iPS to characterize the effect of cis regulatory region variations in a
variety of derived cell types that represent different human tissues. We will engineer “marked allele”
human iPS that are heterozygous in all exons of many genes that will enable analysis of allele-specific
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transcriptional and splicing effects in diverse cell types.
Overview: The work of Aim 1 depends on the ability to engineer alterations into human cell lines
efficiently. Thus, to achieve the goals of Aim 1, CTCHGV will use robust human cell types that tolerate the
protocols that implement these engineering steps. To extend these methods to other human cell types via iPS,
either these protocols will need to be modified for iPS, or modified Aim 1 cell lines will need to be transformed
into iPS. Once CTCHGV develops methods for generating these iPS, we will use them to explore the effects
of cis regulatory variants in different derived cell types. The justification for CTCHGV use of iPS-derived cell
types vs. primary tissues from humans or other animal model organisms has been provided in Background and
Significance 3.3 and the Research Design Overview above. These goals both imply a strong need for
automating methods for generation, maintenance, and control of multiple populations of iPS, and efficient
methods for differentiating them. This will be the focus of Aim 2.1, while Aim 2.2 will then fulfill the goal of
exploring the effects of variations in different cell types. In Aim 2.3, we will use Aim 1 methods to make
complex modifications of iPS and develop a potentially highly useful resource for the research community – the
“marked allele” iPS. Through this we will both expand and discern the limits of how far one can engineer iPS.
5.2.1: Aim 2.1: We will combine Aim 1 methods with automated techniques for iPS generation
and maintenance to enable exploration of iPS with altered cis regulatory regions.
While iPS reprogramming is now widely practiced and becoming more routine, high throughput and
rapid generation of iPS cells for large functional studies will require improvements in efficiency and cost
reductions. In the present case, we will utilize a retroviral “monovector” that expresses all four factors
necessary for efficient iPS reprogramming from one polycistronic expression cassette (77, 153, 189). We are
also incorporating small molecules to enhance iPS reprogramming, as reported, thereby enabling even higher
reprogramming efficiency from hair, skin, blood (1, 30, 62, 157, 192). We will grow human keratinocytes or
fibroblasts directly on 77 micron algae-based microcarriers containing magnetic beads (Global Cell Solutions).
These microcarriers are controlled using a magnetic field during media changes, aeration, and stirring. We will
develop instrumentation to couple the delivery of viral and small molecules to automated high-density cell
culture for iPS reprogramming on the microcarriers. We will use Complex Object Parametric Analysis and
Sorting (Union Biometrica) along with Tra 1-60 and Tra 1-81 cell surface markers to identify reprogrammed
cells and sort them into microtiter plates. Note that, with reference to Aim 4.3 (section 5.4.3), iPS cells can be
made flat for morphology-based selection by eliminating the alginate complex via transient chelation of Ca++
and Mg++. Importantly, we have observed that hES cells and iPS cells load and proliferate on the alginate
complexes without differentiation, and that iPS colonies growing on alginate-based microcarriers can be frozen
down without further manipulation. We will develop methods to automate primary cell isolation, iPS cell
derivation, and iPS cell freezing and storage. This will enable rapid and affordable distribution of individualized
iPS to researchers world-wide. As a proof-of-concept, we will take our original CTCHGV subject samples and a
selection of samples modified by Aim 1 and reprogram, derive, and expand iPS cells simultaneously. This will
also enable multiplexed exposure of iPS cells to a combinatorial library of differentiation factors (growth factors,
genetic factors, small molecules) for directed in vitro differentiation and sorting, all directly on microcarriers. By
the end of two years, we expect to have a highly efficient, automated platform for generating functional iPS
cells and their derivatives, ready for distribution to the research community.
The foregoing will generate iPS with Aim 1 modifications from primary cell samples engineered in Aim
1. We will also attempt to apply Aim 1 techniques directly on iPS developed from original, non-modified,
CTCHGV sample cell lines. This will involve testing and optimizing MAGE-BAC/ZFN techniques decribed in
section 5.1.1(i.c) and 5.1.1(iii), and also MAGE-human techniques from 5.1.1(ii), on iPS cell lines.
Potential problems and alternatives: (a) While our collaborators have expanded and cultured hES cells
on microcarriers for up to 2 weeks while maintaining pluripotency (see Preliminary Results 4.3), in vitro
manipulations such as transfection, homologous recombination, and selection may affect their ability to
maintain pluripotency. These operations may also result in chromosomal abnormalities. To control for this we
will routinely sample for human pluripotency surface markers and karyotype clones, and only propagate those
with intact pluripotency and normal karyotype. (b) Currently iPS and hES pluripotency is most effectively
checked by 2D visualization under the microscope. A 3D culture system may make it difficult to image pure
iPS colonies during culture. If so, we will maintain cells in the 3D system during reprogramming and move to
ordinary 2D culture after reprogramming or when high definition imaging is necessary. We and our
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collaborators will then explore traditional automation and robotics for analysis of the 2D cultures (e.g., using
CompacT CellBase at http://www.automationpartnership.com/cb_ibcss/CBsystem_overview.htm).
5.2.2: Aim 2.2: We will differentiate iPS generated in Aim 2.1 into diverse cell types that
represent distinct human tissues and characterize the cell type-specific consequences of cisregulatory variations.
We will proceed on two tracks: (i) We will identify a limited number of genes and cis variant
combinations from our Aim 1.1-1.4 set that are implicated in tissue-specific function and, using the methods of
Aim 2.1 (section 5.2.1), create iPS populations from subject samples that were engineered in Aim 1 to contain
these identified combinations of cis variants for these genes, and observe the effects of variations on cis gene
transcription in iPS-derived cell types corresponding to these tissues. In selecting genes and variants for cell
type analysis, we will consider the emerging data from large GWAS and ASE studies that identify regions and
alleles associated with specific disease phenotypes, with the thought that CTCHGV findings indicating that
particular variants cause changes in cis gene allele expression levels may have relevance to research into the
corresponding diseases. Cardiovascular diseases, insulin resistance, and obesity are of particular interest not
only because numerous associations have been reported (38, 49, 122, 173, 187), but also because methods
for in vitro differentiation of human embryonic stem cells and iPS into corresponding cell types
(cardiomyocytes, endothelial cells, adipocytes, and beta-islet cells) are well characterized. To ensure that
CTCHGV can pursue these studies, genes and variants implicated by these studies will be prioritized in the
initial selection of genes for which CTCHGV will engineer variations in Aim 1.2 (see section 5.1.1(i)). Once
iPS cell populations engineered for combinations of variants for these genes are in hand, we will create clonal
isolates of these cells and measure ASE of the corresponding cis genes as in Aim 1.2, and we will do this
again after differentiation of the clones into our target cell types. We will compare these ASE profiles with each
other and with the profiles already developed from the somatic cell-based populations assayed in Aim 1.2, and
we will identify each clone and gene that shows reproducible changes in ASE after differentiation compared to
its original unengineered or corresponding engineered original subject cell lines. These changes in ASE for
the cis genes will be indicative of upstream regulation that depends on both regulatory region allele and cell
type, against the genetic background of our original CTCHGV samples. For these genes we will attempt to
identify transcription factors that bind to the engineered sites (170), look for evidence in the literature that they
are differentially expressed in corresponding primary tissues, and assay for corresponding changes in
expression in our differentiated and undifferentiated cell lines. If a biological effect is documented for the cis
genes or the upstream factors, we will test for the biological consequences, including alterations in signaling
pathways known to play a role in disease pathophysiology. (ii) Using the single cell ASE / genotyping analysis
developed in Aim 1.2, supplemented with transcriptional assays for tissue-specific expression markers, we will
attempt to simultaneously identify causative cis alleles in multiple cell types developed from the combinatorial
iPS populations developed in (i), thus multiplexing Aim 1.2 over both cis variant combinations and cell types.
Potential problems and alternatives: We do not anticipate significant difficulties with (i) as these
methods have been generally extensively tested using iPS and human and mammalian embryonic stem cell
lines. (ii) If reliable cell type-specific expression markers are available, this will generate few difficulties
additional to Aim 1.2(ii) (section 5.1.2(ii)).
5.2.3: Aim 2.3: We will engineer human iPS with “marked alleles” for 10-50 genes and
demonstrate their use by characterizing allele-specific transcription and splicing in multiple tissues.
While GWAS/eQTL are currently used to identify genomic loci controlling RNA expression level, the
methods of Aims 1.1-1.2 will enable dissection of cis regulatory control down to the nucleotide level, and Aims
2.1-2.2 will make these methods applicable to iPS cells and multiple cell types. Here we will further engineer
human iPS cell lines using Aim 1.1-1.2 and develop additional methods that will enable measurement of the
effects of sequence variations on RNA transcript structure, function, and cellular phenotype. Finding subtle
ASE and expression profile variants with specific changes in allele-specific isoforms and/or function in
multicellular environments will be important in itself and will greatly aid in identifying the causal ASE and
ultimately the causal nucleotides. As a proof of concept, we propose creating a systematically marked allelespecific genome for a set of 10-50 genes in a subset of our CTCHGV iPS lines. For each gene, an indicator
SNP distinguishing each allele will be engineered into a degenerate codon position in each exon where natural
SNPs are not already present. Thus, every exon in both transcripts from these trait-associated loci will now be
amenable to interrogation in an allele-specific manner. These changes will enable the exon distribution of
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each transcript allele to be characterized, revealing the presence of allele-specific splicing regulation. These
capabilities will enable us to investigate whether allele-specific RNA is cell type-dependent, which could
provide many insights into the functional consequences of human variation. In conjunction with Aim 2.2
(section 5.2.2 above), we will incorporate cis variants relevant to cell type into these marked iPS cell lines to
assess both ASE and isoform profile in cell lines differentiated into particular cell types. We will compare these
results with isoform profile information obtained in Aim 1.3 from original CTCHGV sample tissues, to identify
cell type specific isoform profile changes in our marked genes. Additionally, we will produce marked allele iPS
lines for multiple CTCHGV samples and analyze these for differences in cell type-specific isoform profiles and
ASE among individuals.
Potential problems and alternatives: Since “marked allele” cell lines can generated by successively
engineering one gene at a time, there is no problem in principle to achieving this goal using the methods of
sections 5.1.1 and 5.2.2. Marked exons may potentially affect mRNA secondary structure and, through this,
mRNA processing (92). To limit this possibility we will computationally screen possible “marks” in each exon
and implement only those that are predicted to have minimal impact on secondary structure (39, 109, 206).
Aim 2 goals: Final goals As noted in our Research Design Overview, we intend to analyze allelespecific expression using engineered iPS cell lines in 50 genes in three iPS-derived cell types. For sub-Aim
2.3, we will generate iPS lines with marked alleles for a collection of 50 genes in 3 subject cell lines.
Intermediate goals Again, as noted in our Research Design Overview, we will evaluate progress at the end of
year 2 of the Center and renegotiate goals as appropriate. We expect we will have engineered marked alleles
in 5 genes in one subject iPS cell line at that time. Impacts Aside from the direct biological knowledge gained
from our analyses of specific genes and subjects, CTCHGV-developed methods for automation of
maintenance and differentiation of iPS lines, and for engineering iPS with precise genetic changes, will
establish broadly enabling technology for research into disease processes in diverse tissues, and into gene
therapy and personalized medicine. We foresee that the creation of useful “marked allele” iPS cell lines for all
genes (vs. 50 demonstrated in CTCHGV) has high potential to become a research community goal, akin to the
creation of yeast deletion strains for every yeast gene.
5.3: Aim 3: We will develop novel single-cell in-depth transcriptome assays that are scalable to
millions of individual cells in both structured tissues and dispersed cell samples, subject to
sequencing capacity. These methods will be used to explore systematic transcriptional effects of
genetic variations in different human cell types.
Overview: While single cell technologies are available for gene expression and transcriptome analysis,
they are limited by the need to isolate single cells and greatly amplify their minute DNA and RNA content.
Laser capture microdissection has greatly improved single cell isolation, and microfluidics improves
management of the extremely low concentrations of biological material, but it is still impractical and expensive
to isolate and analyze more than a few cells at a time. Here, recent tremendous progress in “next generation”
DNA sequencing technology presents significant opportunities, as these technologies have overcome similar
limitations by miniaturizing, localizing, and parallelizing operations of DNA capture, DNA amplification, and
signal detection. An attractive path forward is to truly integrate DNA sequencing with single cell methods by
performing as many of these operations as possible within individual cells rather than in sequencing and
preparatory instrumentation. As many different “next generation” methods are available, we will explore
multiple approaches for integration. There are also two distinct possible objectives for single cell
transcriptomics: (i) undirected sequencing, by which one hopes to sequence as many transcripts as possible in
every cell in a completely unbiased way, and (ii) targeted sequencing, by which one seeks to detect and
quantitate large, specific sets of transcripts in every cell, e.g., mRNAs associated with specific biological
functions or transcriptional networks. These objectives are complementary, and the choice will depend on the
biological problem at hand. We will attempt to develop methods that enable both objectives. The approaches
that we will explore are illustrated in Figure 5.3-1, while our strategy is detailed in section 5.3.1. One set of
approaches will integrate cDNA synthesis with the introduction of bar codes into cells with single cell
resolution, so that the cDNAs bear a sequence tag identifying the cell of origin (see section 5.3.1.1). The
cDNAs can be sequenced via normal next-gen sequencing. These bar coding approaches will be useful for
undirected sequencing of small numbers of cells or targeted sequencing of up to millions of cells. Where
structured tissues are under study, we will investigate methods for associating bar codes with cell location prior
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to destruction of the tissue. A second approach will develop in situ cell sequencing using rolling circle
amplification (RCA) of cDNA in either dispersed cells bound to a surface, or in thin tissue sections (see section
5.3.1.2). Finally, to alleviate potential limitations in in situ sequencing arising from amplification bias, molecular
crowding, and RNA sub-localization, we will explore in situ single molecule sequencing (see section 5.3.1.3) by
configuring high resolution optical capability into our current Polonator platform (see Preliminary Results, 4.6).
As noted in Background and Significance 3.2, while sequencing capacity is not an inherent limitation to
single cell transcriptomes, it may be a practical consideration. Our strategy will be to develop methods by
which researchers can control the sizes of the transcriptome subsets that they wish to interrogate, enabling
them to use available sequencing capacity to assay large subsets in smaller numbers of cells, or small subsets
in larger numbers of cells, as best suits their needs. The technical means for selecting transcriptome subsets
will be the choice of the oligos that are used to capture and prime intra-cellular first strand cDNA synthesis.
For undirected sequencing, the capture oligos will be based on polyT sequences. The 3’ degenerate oligo
polyT-V (V=A,C,G) will capture all mRNAs and and thus yield complete single cell transcriptomes, but smaller
transcriptome subsets can be specified simply using more extended and specific 3’ ends. For instance, use of
polyT-AA, or of polyT-ACG, will yield ~1/12 and ~1/48 transcriptomes, respectively. By this means, smaller but
still unbiased transcriptome subsets can be obtained from each cell, with the choice of transcriptome size and
number of cells left for the researcher to decide based on available sequencing capacity. For targeted
sequencing, capture oligos will be equimolar mixtures of specific sequences designed to target specific sets of
transcripts. For such transcript sets, capture sequences will be chosen based on standard criteria such as
uniqueness across transcripts, uniformity of Tm, and secondary structure, with attention to exon boundaries
and alternative splicing profiles. The methods whereby capture oligos are created and the oligo mixtures that
may be used will differ for the three sequencing approaches we will develop. In developing our sequencing
(d)
100

1e4 single cell complete transcriptomes

Gbp (40bp cDNA + 10bp barcode @ 200K transrcripts / cell)
run 1.8e5 single cell 1000 gene transcript sets
(40bp cDNA + 15bp barcode @ 20K genes/genome)

Figure
5.3-1.
Overview
of
single
cell
transcriptomics approaches explored in Aim 3. (a)
Barcoding: RT primers and unique sequence
barcodes are created on microbeads that are
implanted in single cells. cDNA is synthesized on
the beads, and the beads are extracted. The
barcoded cDNAs are cleaved off the beads and
sequenced directly on a next generation
sequencer. (b) In-situ RCA sequencing: Reagents
and primers are introduced into permeabilized cell
sections in order to perform RT and rolling circle
amplification of cDNA fragments, forming ‘RCA
colonies’ or “rolonies”. Cell debris is removed and
rolonies are directly sequenced in cell sections.
(c) Single molecule: As in (b) cell sections are
permeabilized, but first strand cDNA is created
directly on surface-anchored primers and
sequenced directly without amplification using
single molecule techniques.
(d) Sequencing
capacity considerations (illustration): Given
100Gbp run (2009 Illumina goal (66)), approach
(a) could yield ~1e4 single cell transcriptomes or
~1.8e5 single cell sub-transcriptomes covering
1000 specific genes. Sequencing: (a) can be performed on any current next gen sequencer, but (b) and (c) will require
modified technology. We will develop on the Polonator and migrate to other instrumentation.

approaches, we will focus on undirected sequencing first, and then proceed to targeted sequencing. This will
allow us to address the common problem of compartmentalizing mRNA capture in single cells first with simple
capture oligos before proceding to more complex mixtures of targeted capture sequences. An illustration of
how sequencing capacity might be allocated in different ways is given in Figure 5.3-1d.
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Finally, we will develop single cell sequencing approaches for both dispersed single cells and for
structured tissues. Here the different methods will differ with respect to how these sample types can be
accommodated. We will generally begin testing and development with dispersed cells and move on to
structured tissues, where, for convenience, we will do initial work on dispersed cells with human blood cell lines
or disaggregated fibroblast cell lines, and initial work with structured tissues using convenient cultured cell lines
that have been grown to confluence. As development proceeds, we will switch to using cell types and samples
used in Aim 1 (section 5.1) and by Aim 3.2 (section 5.3.2 below).
We expect to develop the three approaches described in Figure 5.3-1 during the first 2 ½ years of our
CEGS, and then to determine which to develop further (see Evaluation of the three approaches below). The
selected approaches will be applied to biological problems under study in CTCHGV Aim 3 (section 5.3.2):
Specifically, we will track transcriptome development of cells undergoing de-differentiation to iPS, or
differentiation to distinct cell types from iPS. Single cell resolution is important here because only a small and
unpredictable subset of cells achieve iPS de-differentiation, and iPS differentiation, likewise, exhibits a strong
stochastic component. Examining individual cells may thus reveal molecular transitions that precede and
predict these outcomes that may be hard to observe in any other way. Such observations may lead to new
methods for efficient control of de-differentiation and differentiation pathways. Additionally, we will test these
methods on structured tissues, comparing in-situ transcriptomes from primary human skin (a complex tissue
with many cell types) with iPS cells differentiated into fibroblasts.
Evaluation of the three approaches: We expect all single cell transcriptomics approaches to exhibit
trade offs between detection vs. accurate and precise quantitation of transcripts within individual cells. During
our development of each approach, we will use common samples and measures that will allow us to compare
performance according to these parameters. If a single method has superior performance for both detection
and accuracy/precision, it alone will be picked for further development. If no one method is best, or if one
works best for undirected sequencing while another works better for targeted sequencing, we may continue
development with two methods. To gather the required detection and accuracy data, we will use a common
dispersed cell line, and we will assay the transcriptome of this sample as an aggregate population using RNAseq (84, 185). Using these data, we will define a set of transcripts (“measurement set”) consistent with our
capture primers that exhibit a range of expression levels expressible as copies/cell, including many with copy
numbers of 1 or less. We will then conduct single cell transcriptome assays for both undirected and targeted
sequencing on 50-100 cells of this population using each of our three methods. For each transcript in the
measurement set, the number of cells in which it appears should approximate a Poisson distribution. We will
measure the sensitivity of detection of our methods by assessing the extent to which low copy number
transcripts appear as often as they should according to this distribution. We will measure the accuracy and
precision of our methods by examining regressions between mean transcript levels across the 50-100 cells
and their expression levels measured from the aggregate population, using transcripts in the measurement set
with medium to high expression levels. The unexplained variance from these regressions will include
contributions from actual stochastic differences between the individual cells and the imprecision of our single
cell transcriptome methods. Assuming that actual stochastic differences will be similar for all samples, the
method that exhibits the lowest unexplained variance will be the most precise. We will also assay
transcriptomes of a number of single cells using microarrays using standard methods (44, 83, 94) and compare
the average level of the transcripts observed in these microarrays against the average expression levels seen
by our methods. Because both the amplification procedures used to obtain these microarray assays and our
own single cell methods may each be subject to systematic biases, we will not use these to judge the fidelity of
these approaches but, rather, to assess the presence and degree of any differential biases. We will also
perform RNA-seq on individual cells using the technique of (169) and compare with the results of our methods.
5.3.1: Aim 3.1: We will develop and optimize methods that pipeline in-situ single-cell cDNA
synthesis to next generation sequencing in ways that preserve cell identity and that can be applied in
parallel to 100s to 1000s of cells. We will investigate multiple techniques in support of these methods,
including cell bar-coding, in-situ cell sequencing, and single-molecule in-cell sequencing, characterize
their performance and limits, and select one for continued development and application.
5.3.1.1 Single cell sequencing via bar coding: Bar coding is chiefly attractive because it can be used
with any current next-generation sequencing capability. The main technical issues for bar coding are the
generation and placement of unique bar codes in the individual cells to be sequenced. Our initial bar coding
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approach will use emulsions to encapsulate millions of individual cells with single 1 μm beads displaying
approximately one million bar-coded oligonucleotides bearing mRNA capture sequences. This method will be
applicable to blood and
to
disaggregated
tissues; a variant of the
method applicable to
structured tissues will be
considered below in (v).
Concentrations of beads Figure 5.3.1.1-1. single cell mRNA capture and barcoding in emulsion. a) A water droplet
and cells will be chosen containing a single cell and bead. The cell is lysed by heat, bound capture oligos bind to
mRNA target sequences, reverse transcriptase is introduced and places the cDNA onto
such that there is an
the bead, the emulsion is broken, and the cDNAs collected and sequenced. b) depiction
average of 1 bead and < of a bead-bound oligo. 5’ primer region (black) allows subsequent amplification of
1 cell per compartment. captured cDNA, a bar-code (red) identifies transcripts belonging to the same cell, and the
Following
emulsion capture oligo (blue) captures the mRNA.
preparation, the cells will
be lysed with heat and the mRNAs will hybridize to the bead-bound oligonucleotides. After mRNAs have been
captured, reverse transcriptase (RT) will be introduced to generate first-strand cDNAs, coating the beads with
cDNAs (see Figure 5.3.1.1-1) To introduce RT, the beads will either be extracted and re-emulsified in a
solution containing RT, or bead-containing droplets will be fused with droplets containing RT. The emulsion will
be broken, the beads collected, and the cDNA will be processed and sequenced by RNA-seq or PMAGE (84,
185).
5.3.1.1 (i) Split pooled DNA synthesis on beads: To generate populations of 1 micron beads where
each bead has a unique bar-code sequence that differs from others in the population, we will employ splitpooled
oligonucleotide
synthesis
(Figure
5.3.1.1-2)
(16).
Synthesis
will
proceed on the bead
Figure 5.3.1.1-2. Split pooled synthesis of bar-coded oligonucleotides. 5’ fixed sequence
surface rather than in
is grown on the beads. To apply the bar-code, beads are split into four pots and a reagent
controlled
pore
(single nucleotide or nucleotide triplet) is added to each. The beads are mixed and the
glass, thus ensuring
process repeated. After addition of the bar-code, beads are pooled and poly-T or capture
that
the
oligos are added.
oligonucleotides are
displayed on the bead. As bead wetting and swelling properties in organic and aqueous media are important
for oligo synthesis and mRNA capture, respectively, we will explore multiple bead surfaces; the swelling
properties of polystyrene beads make them ideal for this application, but we will also explore mono-dispersed
glass beads, and gold nanoparticles (see below). Oligonucleotides will be synthesized in the 5’ to 3’ direction
on the bead surface, as opposed to the canonical 3’ to 5’ direction, thus allowing the bead-bound oligo to serve
as a primer for reverse transcriptase. As bar-codes must be synthesized error free, we will develop a method
for purification of the oligos while on the beads that will result in purities rivaling that of trityl-on RP-HPLC
purification. This method exploits the exonuclease resistance of achiral phosphorodithioate linkages. By
incorporating this linkage at only the 3’ base of the oligonucleotide, lambda exonuclease treatment of the
deprotected DNA will degrade incomplete oligos.
We will explore high density and low density barcoding strategies, for readout via sequencing and
hybridization, respectively. High density bar-codes comprise ordinary sequences to be decoded by standard
sequencing and provide 2 bits of information for every base pair in the bar code. Low density bar codes will
encode 2 bits of information per 3 base pair “codon” and are decoded by hybridization. Thus, each three
nucleotide codon will have 4 variants. To enable 1000 cells to be addressed uniquely with p<0.001 requires
high density barcodes of at least 5 bp and low density barcodes of at least 15 bp (five 3bp “codons”). Although
low density barcodes are longer, they are not read during sequencing and so their decoding does not
contribute to sequencing overhead. By contrast, high density barcodes must be sequenced and so yield 5 bp
of overhead for each of potentially many millions of sequence reads. Use of low density barcodes is illustrated
in Figure 5.3.1.1-3. The hybridization probes used against low density barcodes can be made by combinatorial
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synthesis of labeled oligonucleotides from triplet phosphoramidites.
5.3.1.1 (ii)
Figure 5.3.1.1-3. Illustration of low
directed
and
density barcodes. (a) Barcode codons.
undirected
(b) Barcoded cDNA captured from single
sequencing
cell using undirected sequencing capture
capture
oligos.
sequence polyT-AC. All cDNAs with this
For
undirected
barcode (“B”) come from the same cell.
sequencing,
(c) Hybridization rounds used to decode
capture oligos will
barcodes. Starred primers correspond to
be polyT with
barcode B. (d) Assignment of cDNA to
appropriate
3’
cell using barcodes followed by
sequencing of cDNAs. Local amplicons
suffixes
as
of the cDNAs are generated for
described above.
sequencing. Barcode probing as in (c)
For
targted
assigns amplicons to cells. Sequencing
sequencing,
from capture sequence or adaptor
specific
capture
identifies cDNA. In this illustration, 3
oligos must be
features are assigned to barcode B, and
synthesized and
two cDNAs have sequence of cDNA in
then affixed to the
(b), one of which is in cell B.
beads
after
barcode generation. To do this, an equimolar mixture of the capture oligos will be prepared and this mixture
will be ligated to the bead sequences using appropriate sets of splint oligos. To allow bead sequences that do
not become extended by capture oligos to be degraded, achiral phosphorodithioates at the 3’ ends of the
capture oligos may be used in a manner similar to (i) above. In developing this approach, we will pay close
attention to ligation efficiency and bias, as these factors will limit the size of the target transcript set and the
accuracy of quantification. We will optimize these factors initially with commercially available mRNAs that we
will mix in different proportions, and then move on to sets of transcripts that are parts of well studied
transcriptional networks that are expressed in our samples, with particular attention to networks we expect will
be relevant to our intended application in Aim 3.2 (section 5.3.2).
5.3.1.1 (iii) mRNA capture and barcoding. Using our emulsion PCR procedure (138), we will place cells
and beads in a buffer containing reverse transcriptase, RNAse inhibitors, and dNTPs. Emulsions will be formed
using the appropriate sets of oils in a single tube by controlled vortexing. Conditions will be optimized such that
the average compartment size will be large enough to contain a single cell and bead. The cells will be lysed by
heating the emulsion to 95 °C for 10 minutes, after which RT will be added as described above. To capture the
mRNA’s onto beads we will explore both isothermal reverse and thermocycling transcription. The former is
preferred, as it ensures that each mRNA is captured once. However, thermocycling may be necessary to
capture all mRNA’s in a sample. Following mRNA capture, the emulsion will be broken and the beads collected
and pooled for either whole or targeted transcriptome digital analysis.
5.3.1.1 (iv)Transcriptome digital analysis: To analyze the captured mRNAs in each cell, the cDNA will
be cleaved using a frequent cutter such as NlaIII similarly to previous work (84), keeping only the fragments
attached to the beads. We will ligate a double stranded adapter to the other extremity of the cDNA, and use it
as a common priming site for very limited PCR amplification in pairs with the corresponding common primer
synthesized directly upstream of the bar-code. The library will be size selected and sequenced on Illumina GAII
next generation platform. Sequencing of one end will convey transcript identity and expression levels. Low
density barcodes will be decoded by hybridization (see (i) and Figure 5.3.1.1-3 above), while high density
barcodes will be revealed by sequencing from the other end. Transcript abundances can then be obtained
simply by counting numbers of sequence features per cell that map to the same gene. For undirected
sequencing, transcripts will be mapped to the closest gene whose stop codon is 5’ of the sequence read from
the transcript in the orientation determined by cDNA capture and preparation protocols.
5.3.1.1 (v) Structured tissue bar-coding: To apply these barcoding methods to structured tissues
requires a method of delivering the bar-coded capture oligos to cells that have not been disaggregated. Two
possible methods are to use ligand-printed surfaces such as those that can be prepared with the use of a
device such as the BioForce Nano eNabler (http://www.bioforcenano.com/index.php?id=295), or by shooting
beads prepared as above into the tissue using a biolistics device. A biolistics approach would only label a
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small fraction of cells, but the bar codes of these cells could be identified by using the hybridization strategy of
(i) above. We will explore these options up to the point of developing an initial proof-of-concept experiment
whose execution will depend on whether an appropriate device is available (as these devices have not been
budgeted). A simple initial experiment would be to synthesize an array of barcodes on a microarray and
attempt to create cDNAs from a permeabilized tissue section that is laid down on the array. As microarray
features are typically larger than human cells, this would not support single cell transcriptomics, but could
enable transcriptomics of small tissue regions.
Potential problems and alternatives: The greatest potential for difficulty is that coupling efficiency for
5'→3' oligonucleotide synthesis tends to be lower than for canonical 3'→5' synthesis. If these problems prove
significant, we will explore polarity switching on solid surfaces, wherein the oligonucleotides are synthesized on
the beads in the 3'→5' direction and then inverted in situ (96). Another strategy is to synthesize polymer
phosphoramidites for all non-variable regions. This is widely practiced with triplet phosphoramidites and
decreases the number of couplings required, resulting in higher synthesis fidelity.
5.3.1.2 In situ cell sequencing of rolling circle amplified cDNAs: By dint of its covalent linkage of
amplified product, rolling circle amplification in various forms has been used to generate extremely compact
amplicons primed off of specific genomic and mRNA sequences within individual cells, that can be used for
both in situ genotyping and digital quantification of transcript abundances (163, 202). However, these
applications have only considered very small numbers of loci at a time. Here we propose to greatly increase
the scale and generality of these techniques to the point where transcriptome-level information can be obtained
from large numbers of individual cells, and we will develop this approach both for dispersed cells and
structured tissues. By combining microscopy and image analysis with suitable non-destructive tissue staining
prior to in situ sequencing, this approach will enable integrated collection of data on cell morphology, protein
content and localization, and transcriptome, as well as cell location in structured tissues. We will do our initial
development with dispersed cells and move on to structured tissues (see (iii) below).
5.3.1.2 (i) In situ library preparation in dispersed cells: Using technology developed for binding cells to a
surface described in section 5.4.3, we will capture cells in a dispersed fashion into our flow cell. We will then
permeabilize the cells sufficiently to introduce capture primers and reverse transcription reagent, where
capture primers are as described above. When specific capture oligos are used, it will be necessary to design
them with a common sequence appended 5’ to the specific capture sequence to serve as a sequencing primer;
for undirected sequencing this is unnecessary as sequencing can be primed off the polyT sequence that is
incorporated into each cDNA. Following annealing of the capture primers, we will conduct reverse transcription
in situ, and then flow in RNase H to degrade the RNA component of the RNA/cDNA hybrids. The cDNAs will
then be circularized inside the cells using T4 DNA ligase and short splint oligonucleotides to anneal to both
ends of the cDNA, where the splint oligos are designed to hybridize to the common sequence part of the
capture oligos at one end while they are degenerate at the other end. Non circularized material will then be
digested using exonuclease I and III. The remaining circles will be ready for in situ rolling circle amplification
(RCA) using phi29 DNA polymerase primed using polyA oligonucleotide. Molecular crowding of rolling circleamplififed mRNA is expected to be a consideration of this approach and will be addressed in the following
ways: (a) With dispersed, separated cells, the cells may be lysed to enable localized diffusion of the cDNAs
prior to RCA. (b) Capture primers will be redesigned to capture fewer transcripts. (c) Where crowding is not
extreme, different sets of sequencing primers may be introduced in the RCA step so that the effects of
crowding can be overcome in the sequencing step by initiating sequencing based on one primer at a time (i.e,,
instead of resolving the crowding on a spatial level, it is resolved by serializing it over time). An issue related to
molecular crowding is that localized concentrations of mRNAs may exist in the cell, e.g., in RNA stress
granules and P-bodies (5, 6, 47). Very concentrated RNA bodies may be difficult to resolve by these methods;
however, detecting and counting them in many individual cells may be an important biological application of in
situ transcriptome sequencing in its own right.
5.3.1.2 (ii) In situ sequencing and digital transcriptomics: Cells will be sequenced using our current
single base extension or ligation chemistry on the Polonator platform (Preliminary Results, 4.6) using the
common sequence incorporated into specific capture oligos, or polyT for undirected sequencing. Serial
sequencing runs on the same cells using different sequencing primers may be required as just described in
5.2.1.2 (i). Transcript abundances can then be obtained by the mapping and counting methods described
above in 5.3.1.1 (iv), and tested by application to mixtures of cell lines also described there.
5.3.1.2 (iii) In situ analysis of structured tissues: Since in situ cDNA library preparation in a tissue
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section and in dispersed cells (see 5.3.1.2 (i) above) are similar from a technical point of view, we will test our
procedures above on a complex tissue to study the various interactions between various cell types and their
difference in gene expression. The methodology remains the same with tissue sections, except that we cannot
lyse cells as a way or relieving molecular crowding as described in 5.3.1.2 (i). However, with tissue sections
there is the option of creating stacks of thin sections of the tissue and sequencing them individually,
reconstructing the full cells’ transcriptomes by adding together the transcriptomes of the individual layers.
Potential problems and alternatives: It is possible that the splinting strategy for circularizing cDNAs
described in 5.3.1.2(i) will not be efficient in situ. If so we will focus on padlock probe-based or similar
strategies that have been used widely by the Church Lab in other contexts and demonstrated in situ at small
scales by other groups (163, 202). This approach may complicate capture primer design.
5.3.1.3 Single-molecule in situ sequencing: The in situ sequencing method of 5.3.1.2 could be
improved if the cDNA amplification step of 5.3.1.2 (i) could be avoided, as this would reduce the issue of
molecular crowding (5.3.1.2 (i)) as well as reduce the potential for amplification bias. To explore this option,
we will test single molecule sequencing of transcripts in cells. A single molecule sequencing instrument, the
Heliscope, has been commercialized by Helicos (http://www.helicosbio.com/) (55) and another is in
development by Pacific Biosciences (http://www.pacificbiosciences.com/index.php) (45). Both systems gather
sequence information by tracking extensions by single labeled nucleotides of individual transcript molecules
that have been captured on a surface, but neither has been developed for single molecule sequencing within
cells. However, of the two platforms, the Heliscope is more amenable to this development because it does not
require transcripts to be captured within Zero Mode Waveguides arrayed with special geometry on the surface.
A Heliscope is available at Harvard. However, because changes in sequencer operation and software will
likely be required, we will plan to outfit our Polonator system (see Preliminary Results, 4.6) with optics capable
of detecting single molecule signals rather than work on a Heliscope itself. The open-source design of the
Polonator will make it much easier to adjust components and software on the Polonator vs. the Heliscope.
5.3.1.3 (i) Biological preparation and sequencing overview: Briefly, our approach will be to layer a thin
tissue section or dispersed cells in the flow cell from section 5.4.3 (also used above in section 5.3.1.2 (i)).
Initial development will entail sequencing purified single molecules of RNA attached to the flow cell on the
Polonator, followed by RNA populations that are anchored by hybridization to polyT-V oligonucleotides.
Sequencing reactions will be primed directly off of the polyT-V oligonucleotides and proceed with reverse
transcription using single base extension with fluorescent reversible terminator nucleotide technology (see
Preliminary Results, 4.6). Targeted sequencing will be tested by capturing RNA molecules on polyT primers
that are dideoxy-terminated and subsequent annealing with transcript-specific primers. Each nucleotide will be
incorporated directly onto the growing cDNA primed off of the mRNA, incorporated nucleotides will be imaged
at every cycle, and the fluorophore and terminator cleaved off to ready the molecule for the next nucleotide
incorporation. Once capability is achieved, we will move into attaching dispersed cells on our flow cells, to be
followed by 2 micron thin tissue sections as described in section 5.3.1.2. Sequencing of permeabilized cells will
be performed similarly to what was previously described in 5.3.1.2. A key issue in sequencing captured
transcripts in situ is to reduce background that may be caused by cell debris autofluorescence and labeled
nucleotide adsorption. To reduce the impact of these factors, we will treat the cells with proteases and
detergents after transcript capture to wash away debris, and avoid use of fluorescent labels on nucleotides
whose emission wavelengths coincide with cell autofluorescence. Restriction of fluorescent labels on
nucleotides will require increasing the number of sequencing cycles, as nucleotides can only be included in the
same cycle if they have distinct labels. Heliscope sequencing employs a protocol by which a molecule can be
sequenced twice (once in a forward and again in a reverse direction) to reduce sequencing error (55), and we
will modify this technique as required to operate in our in situ conditions.
5.3.1.3 (ii) Technological requirement of single molecule sequencing: The fundamental requirement for
single molecule sequencing is to use optics that enable single molecule resolution. To adapt the Polonator to
the technological level necessary, we will redesign our current optical configuration from EPI-Fluorescence to
exploit TIRF (Total Internal Reflection Fluorescence). The required hardware modifications needed to retrofit a
Polonator for through objective TIRF are: (a) Replacement of the standard 20x Leica objective with 100x high
numerical aperture objective, PL APO 100x 1.4NA or similar. The high NA is needed so that the angle of
incidence is greater than or equal to the critical angle. (b) Insertion of opaque disk in the illumination path postcollimation pre-camera path so as to only permit fringe light rays from reaching the back aperture of the
objective. c) Flowcell skirt addition via adhesive gasket to hold immersion fluid. Outside of the optics, other
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components such as the optical train, stage motion, fluidics delivery, scanning capture, and algorithms will only
need minor tuning to adapt to chemistry in cells. Software changes needed for implementation of single
molecule sequencing should be minimal, although this depends on the ability to use reversible terminator
nucleotides (vs (55)). If reversible terminator nucleotides are not successful, we will proceed with unterminated
nucleotides and make software modifications required to analyze homopolymer additions, as in (55).
Potential problems and alternatives: Detection of base incorporation at a single molecule level in the
presense of cell debris will be very challenging technically. If we cannot detect incorporation reliably after
efforts to clean up cell debris, we will not pursue this strategy and focus exclusively on the approaches of
section 5.3.1(i) and (ii).
5.3.2: Aim 3.2: We will use these single cell transcriptomics capabilities to characterize the
transcriptional state differences in cells bearing artificial and natural variant combinations from Aim 1,
and from cell types developed from iPS from different genetic backgrounds.
As noted in the Aim 3 overview (section 5.3), our strategy will be to develop and evaluate three single
cell transcriptomics approaches in the first half of our CEGS, and proceed to further development in the context
of demonstrations of the best approach(es) in the second half. This sub-Aim describes our plans for these
demonstrations and their integration with CTCHGV Aims 1 and 2. We will proceed through four series of
experiments that start with single cell transcriptome sequencing of dispersed cells and mixtures whose results
can be confirmed easily by other means, and proceed to in situ transcriptomics on structured tissues.
5.3.2 (i) Preliminary experiments on cell mixtures We will create mixtures of CTCHGV cell lines that are
expected to exhibit transcriptional differences in different fixed proportions, and gauge the extent to which we
can observe single cell transcriptomes that bear these differences in approximately the same proportions.
These experiments will both test the performance of our approaches, and will also help define optimal identities
and sizes of the transcriptome subsets interrogated by our targeted and undirected sequencing methods.
Among the mixtures we will consider are: (a) Original, unaltered CTCHGV cell lines corresponding to different
tissues (if available). (b) Mixtures of original, unaltered CTCHGV cell lines from different subjects, if in the
course of Aim 1 (especially Aim 1.3, section 5.1.3) we have observed transcriptional signatures that differ
between samples. (c) An original, unaltered CTCHGV cell line, and the same cell line which has been
modified (by techniques of Aim 1.1, section 5.1.1) to contain an integrated GFP gene. (d) The two cell lines
from (c) where the GFP-containing cell line has additionally been modified by deletion of both copies of a major
transcription factor. Here it will be of interest to see how well presence or absence of GFP correlates with
expected changes in the transcriptional network controlled by the transcription factor. (e) An original, unaltered
CTCHGV cell line grown in two conditions, e.g., CTCHGV fibroblast cell lines grown in the presence of vs. the
absence of serum (70).
5.3.2(ii) Downstream consequences of cis regulatory variations We expect Aim 1 to identify cis
variations that control key transcription factors. We will take original CTCHGV cell lines and/or versions of
these cell lines altered in Aim 1 to maximize differences in expression of these factors, and first assess clonal
outgrowths of these cells for mean expression levels over the entire transcriptome by normal array or RNA
sequencing methods. From these data we will then identify a small number of transcripts that exhibit
significantly different average expression levels, and assess a large number of cells of each population by in
situ hybridizations targeted to these transcripts to characterize the distribution of expression levels in individual
cells vs. the mean expression levels captured initially. Finally, we will perform single cell transcriptomic
sequencing of these cell lines by our Aim 3.1 methods and assess the extent to which transcripts found to
differ at a mean level over the population are also found to differ in mean level across the individual cells, and
whether the distributions of individual cell transcript levels found within these cells correlates with the
distribution found by in situ hybridization. Notice that these experiments will be performed on the individual cell
lines separately, not on mixtures as in (i) above.
5.3.2(iii) Differentiation and de-differentiation of iPS Here we integrate our single cell transcriptomics
methods with Aim 2. We will take a subset of the CTCHGV iPS cell lines that are being differentiated into cell
types representing different tissues in Aim 2.2 (section 5.2.2), extract and preserve aliquots at different time
points, and perform single cell transcriptome sequencing on these time point samples. We will also take
original (or Aim 1-modified) CTCHGV cell lines that are being de-differentiated into iPS, similarly preserve
aliquots at different time points, and perform transcriptome sequencing on these samples. The first set of
these experiments should exhibit a progression of subpopulations of cells that ultimately assume
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transcriptional characteristics of target cell types, but in view of the stochastic nature of differentiation, it may
also exhibit subpopulations that do not. A key interest will be to look for any transcriptional characteristics that
appear to anticipate the assumption of target cell type identity, as these may give insights into better ways of
controlling differentiation. Similar considerations will apply to the de-differentiation experiments.
5.3.2(iv) in situ structured tissue In our main demonstration of in situ single cell transcriptomics of
structured tissue, we will perform in situ transcriptome sequencing of primary human skin cells from a
CTCHGV subject, and compare the results with single cell transcriptome sequencing of iPS cells from the
same subject that have been differentiated so as to yield fibroblasts. As human skin is a very complex
structured tissue, we will expect to see a range of distinct transcriptomes in the primary cells, only some of
which correspond to the iPS-derived fibroblast transcriptomes. This experiment will be of interest because it
will reveal the extent to which single cell transcriptomes vary across a primary sample, how much
transcriptomes within a cell type within the sample may vary according to the locations of the cells in the
sample, and how much iPS-derived cells of a type within the sample resemble their primary cell counterparts.
Our ability to proceed with this experiment will depend on the availability of an appropriate tissue sample (see
Research Design Overview and Aim 1.2(i), section 5.1.2(i)).
Potential problems and alternatives: Success on Aim 3.2 above will depend on our success in Aim 3.1,
and we have therefore designed the applications above as a series of tests of Aim 3.1 methods that are graded
in difficulty. We will take this series as far as we can and use any points of failure to inform further Aim 3.1 work
on methods development, and thus move between Aims 3.1 and 3.2 iteratively.
Aim 3 goals: Final goals As noted in our Research Design Overview, we intend to demonstrate single
cell transcriptomes (both targeted and undirected sequencing) for 1000 transcripts per cell.
This
demonstration will be on whichever of the three approaches we deem to be most promising half way through
the CTCHGV five year period (see Evaluation of the three approaches above). Intermediate goals Again, as
noted in our Research Design Overview, we will evaluate progress at the end of year 2 of the Center and
renegotiate goals as appropriate. We expect we will have succeeded in interrogating 100 transcripts per single
cell at that time by at least one of our approaches. Impacts CTCHGV-developed methods for obtaining single
cell transcriptomic data will greatly broaden the ability to understand the distinct roles of the different cell types
that participate in complex organisms in their actual, structured tissue contexts. Although single cell
transcriptome-level information is obtainable today, current methods are not scalable to large numbers of cells
and do not take advantage of the greatly increased throughput of next-generation sequencing. Additionally,
CTCHGV’s development of both targeted and undirected transcriptome sequencing methods will enable
considerable flexibility in application and optimal utilization of sequencing capacity.
5.4: Aim 4: In support of Aims 1-3, we will develop innovative and widely applicable methods for
high-throughput synthesis of long DNA constructs, highly efficient homologous recombination in
human cells, and highly multiplexed single cell handling that enables sorting based on morphology.
Overview: Central to CTCHGV strategy for Aim 1 is the use of Zinc-Finger Nucleases (ZFNs) to
support the engineering of regulatory sequences in human cells. As noted in Background and Significance
section 3.4 and Research Design section 5.1.1(iii), the ability to engineer ZFNs targeted to specific genomic
sites has matured to the point where both academic research consortia and companies are now generating
customized ZFNs (134). CTCHGV will make use of these capabilities with efficiency improvements described
in Aim 1.1 (section 5.1.1(iii)), but in support of its broader Aim 1 goal of making these techniques scalable to
thousands of genes, here in Aim 4 we will apply our expertise in synthetic biology and zinc finger engineering
to two projects (Aims 4.1 and 4.2) that will improve both scalability of synthesis and the targeting range of
ZFNs generally. Meanwhile, Aim 4.3 will use elements of the system proposed in Aim 4.1 to improve cell
handling that is needed in Aims 1.2 (section 5.1.2(ii)) and Aim 3, in a way that will enable a new form of cell
sorting that expands the capabilities of FACS. All three of these projects involve development of highly
innovative technology that will have very wide application in biomedical research generally in addition to their
supporting roles in CTCHGV.
Aim 4.1 (section 5.4.1) will address scalability and accuracy of synthesis of ZFNs. ZFNs comprise two
subunits, each of which is a fusion of three to four tandem Zinc-Finger domains (ZF domains) that enable
specific recognition of a DNA sequence with an endonuclease FokI (section 5.1.1(iii)). Individual Cys2-His2 ZF
domains are each about 30 residues long, with specificity mainly conferred by six residues in or adjacent to the
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domain’s α-helix (72, 130). DNA that codes for these 30 residue domains can be synthesized as single DNA
oligonucleotides (oligos), so that, in the simplest scenario, to synthesize genes coding for a ZFN subunit
targeted to a specific site would require synthesis of three to four site-specific oligos and a small set of splice
oligos, followed by enzymatic assembly with common DNA scaffold components that code for the rest of the
subunit. Since two subunits are required for a ZFN, synthesis of 1000 specific ZFNs entails ~2000 such
operations, each requiring ~10 site-specific oligos (including splice oligos). We (see (174)) and others have
recently turned to release and enzymatic assembly of oligos from oligo chips as a low cost method of
implementing such synthesis tasks. Currently these methods experience yield and accuracy limitations due to
the considerable crosstalk during annealing (and ligase or polymerase) assembly reactions that arises from the
release of massive mumbers of oligos into small numbers of pools. In the context of ZFN synthesis, we will
develop technology for massively parallel hierarchical synthesis that, in stages, sequesters oligos and
subsequently assembled DNA fragments that correspond to thousands of individual target DNA constructs into
separate compartments, so that assembly of these constructs is not hindered by crosstalk. This technology
will innovatively integrate on-chip oligo synthesis and assembly, DNA sequencing, and light-directed release of
arrayed fragments.
Aim 4.2 (section 5.4.2) will address the comprehensiveness, specificity, and efficiency of ZFNs. Each
ZF domain of a ZFN subunit recognizes 3 base pairs, and specificities for recognition are subtlely different for
each of the ZF domains linked in tandem in a ZFN subunit. To be able to specifically target any half site in the
genome, we need libraries that cover all 49=262,144 possible 9 bp sites. To achieve this, we will use ribosome
display methods (196) to sample all possibilities from very large combinatorial libraries engineered to cover this
target sequence space.
One of the technological elements in Aim 4.1 is that we will array micron sized features (polony beads)
in a flow cell with a light-labile chemical anchor, analyze them (specifically, sequence the DNA on them), and
then, based on the results of analysis, release specific sets of beads together by directing light on them. With
suitable modifications, these methods can be applied to cells as well as microbeads, and Aim 4.3 will develop
these modifications. The cell arraying component will have immediate application in Aim 1.2 (section 5.1.2(ii)),
where it will improve image analysis of cells, and also Aim 3.1 (5.3.1.2(i)). Meanwhile, the extra modification of
using light-labile chemical anchors for the cells will enable a novel FACS alternative that will allow cells to be
sorted not only by markers and general optical properties, but also by morphological features revealed by
image analysis. We will demonstrate this capability on an application that integrates other CTCHGV Aims.
Aspects of Aims 4.1-3 will be developed on the Polonator (see Preliminary Results, 4.6), which
provides the microscopy and image analysis, sequencing, flow cell control, programming, and open source
access and compatibility that allow us to modify and integrate the new elements quickly and easily. However,
we will make any modifications open source and use our close collaborations with companies (see Data and
Materials Dissemination) to encourage incorporation of our innovations into commercial products.
5.4.1: Aim 4.1: We will develop a platform that integrates DNA synthesis and sequencing and
uses sequence information to assure synthesis of DNA constructs with extremely low error rates.
A high level view of one version of the platform we propose is given in Figure 5.4.1-1. As is done today
(e.g., (174)), the sequences of the large DNA constructs to be generated are first analyzed to determine a set
of construction oligos with appropriate size, overlaps, common primer sequences, and Tms for correct
amplification and self-assembly (Figure 5.4.1-1(a)), and these oligos are chemically synthesized on a single
stranded DNA oligonucleotide array (as in (174)). The assembly process is illustrated in Figure 5.4.1-1(b).
The construction oligos are cleaved from the array and amplified clonally on microbeads using emulsion PCR
(155). The microbeads are then arrayed on a flow cell for sequencing, but here the beads are attached to the
surface using light-labile linkers so that particular microbeads can be subsequently released by direction of
narrow beams of light on them. The beads are then sequenced to simultaneously locate oligos that are part of
the same large DNA construct, and to verify that the oligo sequences are error free. For each large construct,
light is then directed to its sequence-verified oligo beads so that these can be flowed out of the flow cell and
captured into an independent compartment for subsequent multiplex assembly. In place of the microbeads
used for illustration in Figure 5.4.1-1, oligos or assembly products could be covalently immobized (e.g. using
EDC/NHS chemistry) and amplified from single molecules using polymerase (or ligase) chain reactions –
thermal
cycling
(PCR)
or
isothermally
(e.g.
RCA,
hRCA,
SDA,
HDA,
PWGA
(http://www.biohelix.com/technology.asp)) using zero, one or two immobilized specific or general primers or no
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primers at all (as in PWGA). The resulting polymerase colonies (polonies) can be sequenced by any of the
“next-generation” DNA sequencing chemistries -- e.g. polymerase with FL-dNTPs (117) or ligase with 5-mers
to 9-mers (155), MPSS (15),
Figure 5.4.1-1. Schematic for
SBH, etc. Instead of release
one way of integrating DNA
of polonies with correct
sequencing and synthesis for
sequence for subsequent
high-throughput
reduced-error
assembly, polonies which
synthesis of large constructs. (a)
have the incorrect sequence
Large DNA construct is analyzed
could also be selectively
into oligos with appropriate
overlaps, uniqueness, Tms, as
destroyed or released -- e.g.
needed. (b) Processing pathway
via photo-caged nitrobenzyl
from synthesis of oligos on array
linkages. For very large
for
multiple
constructs
constructs, the process is
(represented by different colors)
amenable to iteration in that
to
multiplex
synthesis.
oligos
can
first
be
Amplfication in (2) is illustrated
assembled into construct
as emulsion PCR as in (155).
fragments,
and
the
Microbeads are loaded onto flow
fragments then combined for
cell using light-labile chemical
subsequent assembly. We
attachments (see text) and
sequenced on the flow cell (3).
will do initial development on
For each construct, light is
the Polonator to simplify
directed to microbeads with
integration of sequencing
sequence-validated oligos for the
and light direction (see
construct for release and capture
5.4.1(iii) below), but will
(4). Assembly of all constructs
consult with commercial
then proceeds in parallel (5).
providers
of
compatible
instrumentation
to
abet
technology transfer.
These steps overcome crosstalk between masses of oligos by separately collecting and assembling
oligos and fragments that are part of the same construct. The sequencing step also overcomes the high rate
of error incurred during chemical synthesis of oligos on the array, which, at ~0.5% error per addition (12) can
be ~33% for synthesized 80-mers. While current methods, such as mismatch-sensitive hybridization (174),
mutS binding (17), MutHSL cleavage near mismatches (160), and direct cleavage at mismatches (11) allow
synthesis and assembly errors to be incorporated and then allow them to be filtered out, the method outlined in
Figure 5.4.1-1 avoids their incorporation in the first place.
Development of this method will involve small modifications to the Polonator bead and flow-cell
preparation prototocols to support loading the beads to the flow cell with light-labile chemistry. Towards this
end, phosphoramidites containing the photo-labile nitrobenzyl group will be incorporated into the
oligonucleotides that are used to "cap" the bead-teathered DNA with the appropriate attachment chemistry.
The Polonator may also need minor modification to prevent entry of stray light that could inadvertently release
beads. More substantial modifications must be made to support the release of sequences by light directon.
Suitable control of light direction can be achieved either by using a Digital Micro-mirror Device (DMD) or a
Liquid Crystal Display (LCD). For simplicity, cost, and attainability, we will focus on the DMD approach with
initial testing on the Polonator. The array will be used in conjunction with the standard Polonator illuminator
and an appropriate photo cleavable (360nm) linker (see Figure 5.4.1-2). For this approach to work, the
illumination path must be modified to allow the image of the DMD to be projected on the substrate. The optical
path is modified as follows: a) Assemble a Polonator filter block consisting of a standard 50/50 beamspliter and
360nm excitation filter. The 50/50 beamsplitter is used instead of a 100% mirror facilitating focus and
alignment of the DMD to the camera CCD array. b) Place the filter cube in the Polonator filter wheel to allow
patterned illumination on the substrate, and c) Insert a tube lens before the 360nm excitation filter allowing the
image of the DMD array to be collimated. d) Place the DMD at the focal plane of the tube lens and illuminate
the array at an angle with the current 300 watt xenon source. The light reflects off the DMD and is collimated
by the tube lens: collimated light then reflects off the 50/50 beam splitter onto the specimen and back up to the
camera. The shutter and motion axis allow this selective release to be accomplished over the full area of the
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substrate.
Use
of
this
technology to generate large
numbers of ZFNs required
for other CTCHGV Aims
After the DNA sequencing
and
bead
release
components
have
been
successfully integrated, we
will implement additional
automation to manage the
synthesis of large numbers
Figure 5.4.1-2: Integration of
of ZFN proteins, particularly
Digital
Micro-mirror
Device
for Aim 1. We will attach an
(DMD) array with the Polonator
autosampler which will take
optical
components.
Left:
beads that are released into
Schematization of the optical
path of light for DMD array
the flow-cell volume and
control
allowing
selective
feed them into 384 well
release of cells from the
plates.
The
same
Polonator flow cell. Right:
autosampler can then be
Scanning Electron Microscope
used as the platform for
image of DMD mirrors and
hierarchical synthesis. The
pivoting
structure
(Texas
main issue is that the liquid
Instruments).
volume after flushing the
flow cell will be about 300μL, more than will fit in the well. To accommodate this we can use filtration and
apply vacuum while dispensing into the well to remove excess liquid. An alternative would be to use magnetic
separation, which would require design of a concentrating chamber. This could be developed using
microfluidics. Once automation has been developed, we will design and order the oligonucleotide arrays
required for building the ZFNs and proceed with actual synthesis.
Potential problems and alternatives: As the DNA sequencing, DNA synthesis, and DMD technologies
are already individually well developed, the main issues that will arise are with integration, and we have laid out
our key approaches above. As ZFNs are very simply structured, the problem of synthesis is particularly
simple, as construction of each ZFN can be accomplished by the addition of a small set of oligos to standard
fragments encoding the rest of the protein. The only other novel component to be integrated is new bead
attachment chemistry. Here the main issue is likely to be amount of non-specific absorption to the surface, and
we expect we can reduce this easily with different coatings.
5.4.2: Aim 4.2:
We will improve zinc-finger nuclease (ZFN)–mediated homologous
recombination in human cells by engineering a comprehensive zinc-finger archive, by developing
novel methods of delivering ZFNs into cells, and by developing a “segmental genome replacement”
strategy.
5.4.2.i: Engineering a comprehensive zinc finger archive: As noted in Preliminary Studies, section 4.5,
ZFNs are dimers, the monomers of which each contain tandem arrays of three zinc fingers, which, at full
specificity, would be enough to uniquely specify sites in the human genome; however, to date, OPEN zinc
finger pools (see Preliminary Studies, 4.5) have been constructed for all three bp subsites of the form 5’GNN at
all positions in a three-finger domain (48 pools) and for a smaller number of the 5’TNN subsites (18 pools)
((107) and M. Maeder, J. Foley, & J.K. Joung, unpublished). This limits the targeting range of OPEN to finding
potential ZFN sites on average only once every 200 bp, the same range that is available commercially via the
CompoZrTM zinc finger engineering service from Sigma (http://www.editforthebetter.com/FAQs.aspx). As gene
targeting efficiency drops off with increased distance between ZFN-induced double stranded breaks (DSBs)
and the desired alteration in mammalian cells (41, 162), improved targeting capability will be needed if ZFNs
are to be used widely for homologous recombination (HR)-mediated targeting of gene cis regulatory regions in
Aim 1 (section 5.1.1) and many other needs of the research community. We propose to complete the archive
of OPEN zinc finger pools and to perform a comprehensive series of selection experiments to identify threePHS 398/2590 (Rev. 11/07)
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finger arrays for every possible 9 bp target site. Our overall strategy is described in Figure 5.4.2-1. Completion
of this library will result in a very substantial advance in the ability of the academic community to engineer and
use ZFNs by providing a publicly available source of pre-engineered zinc finger arrays. Currently, even in the
Joung lab, where OPEN was developed, it requires 1.5 FTEs about eight weeks to perform selections for 48
ZFN half-site targets, while the cost of CompoZrTM service is high at $25,000 per pair.
5.4.2 i.A Construction of a comprehensive set of OPEN pools: In addition to the 48 GNN and 18 TNN
subsites already supported (see above), the Joung lab has already begun to construct pools for all 48 ANN
subsites (16 x 3 finger positions) in collaboration with the lab of Daniel Voytas at the University of Minnesota.
For Aim 4.2, we will therefore undertake construction of all 48 CNN subsites and the remaining 20 TNN
Figure 5.4.2-1. Strategy for ZFN improvement. (a)
Completion of OPEN pools for all 3bp DNA sites.
Each colored, dashed line represents a coding
sequence specifying a zinc finger domain that
recognizes a DNA triplet. Stacks of domains in
parenthesis remain to be completed (section 5.4.2
i.A). (b) The pools of (a) will be combined into a
library that codes all possible three zinc-finger
OPEN pool combinations (section 5.4.2 i.B). (c)
Ribosome display is used on the library of (b) to
express all three zinc finger domains (left), and the
RNA/Ribosome/ zinc finger triplet complexes are
then exposed to microbeads coated with all double
stranded DNA (dsDNA) 10mers (center). RNA
extracted from beads will be used to generate the
enriched library (bottom), while complexes that do
not attach to beads will be washed away (right).
(section 5.4.2 i.B) (d)
Ribosome display is
performed on the enriched library from (c) (box on
right), and the RNA/Ribosome/zinc finger triplets
exposed
again
to
all
dsDNA
10mers.
RNA/Ribosome/zinc finger triplet/dsDNA
complexes are purified, and an emulsion is created
that contains 1 complex per compartment along
with primers and enzymes (left circle of dashed
box) for RT and PCR. RT, and then short overlap
extension PCR (see section 5.4.2 i.C) are
conducted in the emulsion (right circle of dashed
box) to conjoin the bound dsDNA with cDNA from
the complex. The conjoined DNA is extracted and sequenced (bottom). Each sequence specifies a zinc finger
triplet and a dsDNA bound by its corresponding protein.

subsites. Together these additional pools will enable engineering of three-finger proteins for all possible 9 bp
target sites, a substantial improvement over the current OPEN targeting range of one site every ~200 bp.
Selections for the additional OPEN finger pools will proceed in a staged fashion, six at a time. Based on
previous experience, we anticipate that one technician can obtain six new pools in approximately 4 weeks and
therefore perform 68 selections in approximately one year. We will identify new OPEN zinc finger pools using
the same randomized libraries and protocols we used to isolate the original pools (107). The existing master
randomized zinc finger libraries are in a standard framework consisting of three tandem repeats of the middle
finger of the murine transcription factor Zif268 in which the recognition helix residues have been altered. For
each library, recognition helix residues –1, 1, 2, 3, 5, and 6 in one of the three fingers were randomized using
24 codons (degenerate sequence 5’VNS3’; V=G, A, or C; S=G or C) encoding 16 amino acids (excluding
cysteine and the aromatics). The theoretical complexity of each library is therefore 246= ~2 x 108 members.
Each library has already been converted into infectious M13 phage particles as previously described (63). For
each selection that yields surviving colonies, we will pick 10 clones, isolate plasmid DNA, and determine the
amino acid sequences of their recognition helices. A finger pool selection will be deemed successful if the
recognition helix sequences of the 10 clones resemble each other but reveal few if any identical sequences.
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We will archive successful pools of 95 clones each as previously described (107). Following successful
completion of all GNN, ANN, TNN, and CNN pools, we will determine the sequences of all zinc fingers in these
collections using high throughput sequencing.
Potential problems and alternative approaches: We do not anticipate significant difficulties performing
selections for the 68 additional 5’TNN and 3’CNN pools because the Joung lab is the inventor of the protocol
and has already successfully isolated 76 pools for 5’GNN and 5’TNN subsites. We have previously described
how we handle failed selections which yield ony a small number of highly similar sequences (107). If some
selections for 5’TNN or 5’CNN target subsites fail to yield surviving colonies at all, we can consider: (a) Using
different randomized zinc finger libraries with stronger binding “anchor” fingers (M. Maeder & J.K. Joung,
unpublished observations). (b) Constructing more diverse libraries. Our current 8 year old library used 24
codons to code 16 amino acids and does not contain all possible zinc finger variants. We can now use triplet
phosphoramidites (Glen Research) encoding specific codons for amino acids to make libraries with all 20
possible amino acids using only 20 codons. Not only would this library be more diverse but it would be smaller
in size (206=6.4 x 107 vs. 246=~1.9 x 108). These libraries would be constructed using the Joung Lab’s ABI
DNA synthesizer. (c) Using different zinc finger frameworks. Instead of using the middle finger from the
murine Zif268 protein as a framework for the randomized finger, we will consider alternative framework fingers
from other naturally occurring proteins.
5.4.1 i.B Ribosome display to create a rarified/enriched zinc finger library (Figure 5.4.2-1 b and c): We
will use ribosome display to interrogate a very large library of zinc finger variants constructed from the
comprehensive set of OPEN finger pools isolated in section 5.4.2 i.A above. This large library will be
constructed by randomly recombining the 64 pools for each finger position into all possible three-finger array
combinations using PCR-based methods previously described by the Joung lab (63, 107). The maximum
theoretical complexity of this library will be (64 pools x 95 members/pool)3 = 2.25 x 1011, a size that could be
reasonably constructed using standard ribosome display techniques (196). This large combinatorial library will
be interrogated to identify members that possess specific DNA-binding activity. To do this, we will incubate the
ribosome display library of zinc finger arrays with a randomized library of all possible 10 bp DNA sequences
fused to magnetic beads. This randomized library will include ~1.05 x 105 DNA sequences. Following
equilibration for 1 hour under conditions similar to those used in phage display (69), the beads with bound zinc
finger arrays will be harvested and washed with buffer to remove residual unbound proteins. RNA will be
eluted from the beads, reverse transcribed into DNA, amplified by PCR, and a portion sent for high-throughput
sequencing to verify that enrichment for sequences has occurred such that there are on average only 10 zinc
finger arrays (vs. the original 953 = 8.6 x 105) derived from each of the possible 643=262,144 possible
combinations of finger pools. Assignment of a given zinc finger array to a particular combination of zinc finger
pools will be based on the sequence information of pool clones determined in section 5.4.2 i.A above. If
necessary, this selected pool of finger arrays will be converted again into a ribosome display library and
interrogated with the randomized DNA site library for additional enrichment.
Potential problems and alternative approaches: We do not anticipate any difficulties constructing the
large multiple pool library because the Joung lab will possess all of the required zinc finger pools and has
extensive experience in building large combinatorial libraries (63, 75, 107). If the ribosome display approach
described does not work, we will use the bacterial two-hybrid (B2H) selection system developed by co-I Joung
as an alternative approach. This system can interrogate libraries with an upper limit of ~109 in size, requiring
that we build and perform selections on 225 libraries composed of combinations of finger pools targeted to
~1200 different 9 bp sites. For each target site, we will isolate 10 zinc finger arrays from the selection.
Pooling these 10 x 262,144 candidates will construct the equivalent of the rarified/enriched zinc finger library
proposed above.
5.4.1 i.C Determining the DNA binding specificities of arrays from the rarified/enriched library (Figure
5.4.2-1d): To determine the DNA-binding specificities of the ~2.6 x 106 zinc finger arrays in the rarified/enriched
library, we will again perform ribosome display using the enriched library from B above. A purified solution of
the RNA/ribosome/zinc finger array complexes will be created, and a mixture of all possible double stranded
DNA 10mers will be added, allowing the zinc finger array complexes to bind to their DNA targets. The
complexes of RNA/ribosome/zinc finger array/bound dsDNA will then be extracted. Next, we will use a variant
of our emulsion PCR procedures (138) in combination with a published Short Overlap Extension (SOE) PCR
protocol (57) to conjoin the RNA sequence in each complex with the dsDNA bound by the zinc finger array. In
brief, an oil-water emulsion containing the purified complexes will be created such that most compartments
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contain at most one complex. The complexes will be denatured and reverse transcriptase added to synthesize
cDNA from the RNA (using procedures similar to those in section 5.3.1.1), and RNase H will be added to
degrade the RNA. Primers and polymerase will then be added to enable a limited PCR reaction that, with
overlaps built into the dsDNA and into the enriched library from section 5.4.1 i.B (now represented in the
cDNA), will create DNA fragments in which the target dsDNA and the cDNA sequence coding for the zinc
finger array are joined. The fragments will be extracted and sequenced on a next generation sequencer. Each
fragment will describe a zinc finger array and a dsDNA sequence to which the array bound.
As an alternative to ribosome display, we can use an in vitro compartmentalization approach and next
generation sequencing. In vitro compartmentalization will be used to couple ~2.6 x 107 zinc finger arrays (to
ensure 10-fold oversampling of the total sequence space) from the rarified/enriched library in section 5.4.1 i.B
to 1 μm beads, using an adaptation of the published method of (51): Specifically, DNA fragments that encode
fusions of finger arrays to an HA epitope tag, will be coupled to beads such that either only one or no DNA
molecule is attached to each bead. These beads will also be coupled, via a protein A linkage, to a monoclonal
antibody against the HA epitope tag. An emulsion will then be created where each droplet contains no more
than a single bead, and in vitro transcription and translation will be performed, resulting in beads coated with
both the DNA and the protein corresponding to a zinc finger array, The beads will be loaded into a Polonator
machine (Preliminary Results, 4.6) flow cell and the DNA will be sequenced to identify the zinc finger arrays on
each bead. The beads will then be serially interrogated with labeled clonal DNA fragments, each bearing a
single 10 bp binding site, revealing the zinc finger arrays that bind the sites. While means exist to partially
parallelize fragments, this system will not have the high throughput of our ribosome display technique. Another
alternative is to use B2H as developed in the Joung laboratory. This is again low throughput compared to
ribosome display, but we estimate that in a single selection we can fully characterize the DNA-binding
specificities of 1000 zinc finger arrays, and by performing ~7500 such selections we can comprehensively
probe the DNA-binding specificities of a very large percentage of zinc finger arrays in the rarified/enriched
library.
Potential problems and alternative approaches: Variants of both ribosome display and in vitro
compartmentalization have been tried in the context of zinc finger selections (65, 151). Among issues raised
by these studies are: (a) Non-specific binding of zinc finger arrays: We are not overly concerned about nonspecific binding because the fingers in the pools have already come through B2H selection and therefore have
reasonable specificity. The enrichment step in 5.4.1 i.B can also be iterated to ensure better specificity. (b)
Non-specific binding of mRNAs to ribosomes, microbeads, dsDNAs: We can use reverse transcriptase to
double strand mRNA that is not bound to ribosomes to reduce the occurrence of RNA secondary structures
that encourage non-specific mRNA binding. Studies (65, 151) each involve selection of zinc finger arrays for a
single target site; thus a potential issue for our approach is (c) Cross talk between 49 target sequences and
2.6x106 zinc finger arrays: If cross talk proves to be an issue, we can divide the 49 target sequences into N
pools P1, P2, … PN, and the zinc finger arrays into pools A1, A2, …, AN whose predicted targets are in P1, P2, …
PN, respectively. We can then reduce cross talk between pools Pi by using microbeads coated with double
stranded DNA from the other N-1 pools to filter out ribosome display complexes generated from Ai. The
methods of 5.4.1 i.C could then be applied within each of the N pools individually. Pools can be combined
during the sequencing phase. For instance, we could create 1024 pools Pi of the form F1F2F3F4F5NNNN where
each of the Fj is fixed as A, C, G, or T in a pool. To completely identify a zinc finger array and its bound target
requires sequencing at most 63 bp (18bp for each of three zinc fingers + 9bp for the target) across 4-7 distinct
sequence stretches.
5.4.2.ii Development of novel ZFN delivery methods: The use of ZFNs to improve engineering of
human cells requires careful control of the activity of the ZFNs in the cells. Enough ZFN must be present to
effect replacement of the targeted genomic element by the provided DNA template, but too much ZFN activity
is cytotoxic (18). Achieving adequate control over ZFN activity can be difficult when ZFNs are generated by
transfected or integrated expression constructs, as these at best enable control over timing and quantity of
protein induction vs actual level or activity. An attractive alternative is to deliver calibrated quantities of
externally provided ZFN proteins directly into the cells instead of trying to control their intracellular production.
This can be achieved by the use of protein transduction domains (PTDs) that can penetrate directly into cells.
PTDs harbor a high density of basic amino acid residues (arginine and lysine), which are critical for their
transduction function (22, 76). Proteins as large as 110 kDa coupled to a PTD have been transduced into a
variety of different cell types and systemic injection of such fusion proteins has demonstrated the effectiveness
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PTD-mediated protein delivery in vivo. Numerous active PTDs have been described including Penetratin,
polylysine, polyarginine, Tat, VP22, Syn B1, FGF-4, anthrax toxin derivative 254-amino acids (aa) peptide
segment, diphtheria toxin‘R’ binding domain, MPG (HIV gp41/SV40 Tag NLS), pep-1, WR peptide, and
exotoxin A (see references in (22, 76)).
The use of PTDs to successfully improve delivery of functional Cre recombinase into mammalian cells,
both in vitro and in vivo, has already been demonstrated (73, 103), including into human embryonic stem cells
(127), in which recombination efficiencies of 90-100% have been reported (103, 127). We propose to adapt
the procedures of (103) to determine a set of PTDs that efficiently transduce ZFNs we generate in Aims 1 and
4.1-4.2 into CTCHGV cell lines. In (103), eleven combinations of PTD domains fused to Cre were tested, and
efficiency was measured by reconstitution of an inactive integrated GFP construct, after taking into account
factors such as protein yield from recombinant E. coli, solubility, fusion protein size and charge, and the
conditions and concentrations in which the fusion proteins were provided. Different PTD combinations
reportedly varied by factors of as much as 8 in performance. We will apply similar procedures to a set of 5-10
ZFNs, considering as additional variables the quantity and method of delivery of template DNA provided (a
component not required by Cre recombinase), using disrupted GFP reporter elements that can be repaired by
the template as in section 5.1.1(iii.a).
We will also consider targeted proteolysis as a strategy for controlling intracellular ZFN levels. While
PTDs control entry of ZFNs into cells, these methods control their elimination. It has recently been reported
that a ZFN fused with an N-terminal degradation tag (based on ubiquitin or the FKBP12 protein) can exhibit
equivalent gene targeting efficiency but less toxicity than the corresponding untagged ZFN (141). In this
strategy inhibitors are used initially to suppress tag-induced degradation and open a window for ZFN operation.
Potential problems and alternatives: We do not anticipate problems testing these techniques as the
methods of (103) and (141) are well documented and accessible. For targeted degradation, PROTACs
(PROteolysis TArgeting Chimeras) (147, 198) offer an alternative strategy. Here small molecules or peptides
are used to cause a bait domain on a target protein to localize to an E3 enzyme for protein ubiquitination and
degradation, an approach similar to one developed in the Church Lab whereby small molecules are used to
target proteins directly to proteosome subunits (71). If consistent improvements cannot be achieved, we will
rely on existing methods for ZFN expression and accept the lower efficiency that results from ZFN toxicity.
5.4.2.iii. Development of a ZFN-induced “segmental genome replacement” strategy: We propose to
develop a novel sequence replacement strategy which will use two ZFN pairs to introduce a pair of DSBs
flanking a region of genomic DNA to be altered. Our hypothesis is that this doubly broken stretch of genomic
sequence can be repaired by a “donor template” which harbors the desired altered sequence flanked by
homology arms composed of sequence adjacent to the two DSBs (Figure 5.4.2-1) We envision that if both
ZFN-induced DSBs are introduced into the same allele, the cell might repair the two ends with the donor
template as if they came from a single DSB, thereby replacing the original sequence between the two DSBs
with the altered sequence from the donor template (Figure 5.4.2-1). In principle, this strategy will allow
researchers to completely alter the sequence
between the two ZFN-induced DSBs, thereby Chromosome
Gene X
enabling more complex gene targeting alterations
Introduce dual DSBs
such as exon replacement, and to perform gene
and donor template
targeting even when it is not possible to design ZFNs
for a target site close enough to the desired alteration Chromosome
Gene X
site to achieve high efficiency HR.
A key requirement of this strategy is that it
Donor template
mutant
Gene seq
X
requires efficient introduction of plasmids encoding
two ZFN pairs (four ZFN monomers) into a single cell.
HR-mediated
This can be accomplished by using vectors which
repair
express pairs of obligate heterodimeric ZFNs as a
mutated
Gene
Gene
X X
single peptide joined by a self-cleaving picornavirus Chromosome
T2A peptide. As noted in Preliminary Studies, section
Figure 5.4.2-1 Segmental replacement of genomic
4.5, we have built a version of such a T2A plasmid
sequence by ZFN “dual cut” gene targeting.
that permits rapid and easy shuttling of zinc finger
arrays into this vector by simple restriction digest, and have confirmed that our vector can successfully express
a functional ZFN dimer. The success of our proposed approach will depend on the efficiency with which the
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two ZFN-induced DSBs can be created on the same allele. In this regard, we note that the results cited in
Preliminary Results, 4.5 show that co-expression of two pairs of ZFNs targeted to two different sites in the
HoxB13 gene led to deletion of the intervening ~180 bp sequence in ~1% to 2% of the alleles, with evidence
that the deletion event is caused by NHEJ-mediated repair of the two DSB ends. This result strongly suggests
that a significant percentage of alleles can be “double-cleaved” when two pairs of ZFNs are expressed in the
same cell. It is likely that the efficiency of “dual cut” gene targeting will be lower than that observed with
existing standard “single-cut” ZFN strategies. Here we will explore whether the long homology arms that will
be generated in Aim 1 (section 5.1.1) can boost the rate of HR-mediated segment replacement.
Although the studies described in Preliminary Results, 4.5 suggest that two pairs of heterodimeric ZFNs
can be expressed in a single cell, a high degree of cell death was observed in these experiments. This toxicity
may be due to the formation of unwanted heterodimer species because the pair of ZFNs are not orthologous in
their dimerization specificities. An important requirement for successfully developing the segmental genome
replacement approach will therefore be the identification of FokI nuclease domains with orthologous, obligate
heterodimeric interaction specificities. To create such domains, we will use a combination of iterative
structure-guided design and functional testing as recently described by Miller and colleagues at Sangamo
Biosciences (115).
Potential problems and alternatives: Our testing strategy is clear and unproblematic. If this segmental
strategy cannot be made to work efficiently, we will rely on the improvements in ZFN HR developed in Aim 1.1.
We note that the Church Lab has been developing a successful segmental genome replacement strategy in E.
coli using selectable markers positioned near the flanks of the template DNA regions to be integrated as part of
the work described in Preliminary Results, 4.4.2.
5.4.3: Aim 4.3: We will develop new high-throughput cell handling and sorting capabilities that
can incorporate morphology information in addition to optical signals generated by markers, and
which can operate on live cells.
In Aims 1.2 and in Aim 3 we propose to develop assays for analyzing up to millions of individual cells
for genotype and allele-specific expression (ASE) information, and for in situ transcriptome analysis (see
sections 5.1.2(ii) and 5.3.1.2). These assays require means of arraying and probing or sequencing within
individual cells that are similar in nature to sequencing that is currently performed on arrayed microbeads such
as in (155). The main difference is in the need to attach cells vs. microbeads to a flow cell surface and to
incorporate treatments (e.g. permeabilization) to the cells that allow these targets to be accessed. Here we
develop a system that supports these methods, but also extend it to incorporate aspects of the capability
developed in Aim 4.1 (section 5.4.1) above, by which cells may be anchored and selectively released by lightlabile chemistry and analysis-based light direction. The result will be a general purpose system for analyzing
and sorting cells that enables analysis of morphology in addition to both surface and intracellular molecular
content, and for selective release of cells based on morphology and content. The ability of sort cells based on
morphology as well as molecular content will be significant expansion of the capabilities of FACS. Here we
describe plans for: (i) arraying of cells in a flow cell for image analysis for Aims 1.2 and 3 above, which require
neither selective release of cells nor that the cells be maintained alive, (ii) changes needed to support selective
release, (iii) considerations needed to support live cells. Then we will describe (iv) demonstrations we will
perform of these capabilities.
5.4.3 (i) arraying of cells for sections 5.1.2(ii) and 5.3.1.2: Key requirements are set by the need to use
image analysis to analyze cells for sequence-related signals. This requires that the cells be present in a
monolayer on a planar surface to ensure uniform focus, and that they be sufficiently well separated that image
features can be assigned without error to the proper cells. While these requirements can be met minimally by
immobilizing a dilute, disaggregated suspension of cells on a glass slide, our preferred approach is to array
cells in a pattern on a flow cell in order to reduce incidental contacts and overlaps between cells. Techniques
must be chosen carefully such that cell density and spacing are easily controlled, chemical structures (e.g.
DNA and RNA) are not damaged, and attachment chemistries can withstand the forces and time (possibly 3-7
days) required for analysis. To this end, we propose to explore multiple capture and fixation techniques.
Development will begin with the construction of a flow-cell suitable for cell capture. As in Aim 4.1
(section 5.4.1), we will use our Polonator system (see Preliminary Results, 4.6) as a test instrument for
development, with expansion to commercial providers of compatible instrumentation to abet technology
transfer. Our current flow cell design has 8, 3.3 mm by 70 mm lanes, giving a total surface area of 1848 mm2
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(1.848e9 μm2). The glass surface of our flow cell will be patterned in the appropriate attachment chemistry
using standard photoresist-based lithographic methods such that the attachment chemistry will appear as 5 –
10 μm2 areas with a centerto-center spacing distance of
15 μm. Assuming a 10 μm
cell diameter, this design will
achieve
a
density
of
1,026,666 cells per lane (> 8
million/flowcell) with 5 μm
spacing between features.
We
will
explore
multiple
chemistries
to
anchor the cells to the flow
cell, including both covalent
Figure 5.4.3-1. “click” chemistry capture of cells. Cells are grown in the presence of
and noncovalent attachment
the azido sugar, which is displayed on the surface of cells. Azide groups undergo
regimes. Each attachment
Huisgen cycloadditions or Staudinger ligations (148) to hetero-bifunctional linkers
chemistry
has
inherent
or solid surfaces. Table 5.4.3-1 describes combinations of hetero-bifunctional
advantages
and
linkers with various functional groups (R1), surface coatings, and crosslinking
disadvantages. We will test
agents.
a subset of options by
arraying and fixing cells, followed by a single round of probing/sequencing and simulation of a full 4 – 7 day
run, and ending with a subsequent round of probing/sequencing. Those methods that prove viable will display
accurate readouts and sufficient signal intensity for both the first and last probe/sequence run with minimal loss
of cells throughout the simulated run. Our preferred embodiment Glass
R1
Reagent
uses covalent attachment chemistry as they are often stronger than streptavidine biotin
None
Amine
BS3
noncovalent interactions. The Bertozzi group recently developed a Amine
aldehyde NaBH4
cell arraying technique that uses an azide functionalized sugar Amine
Amine
NaBH4
derivative displayed in polysaccharides on the cellular surface and Aldehyde
Alkynal
none
Huisgen
resulted in minimal alterations to cell morphology and proliferation
Phosphine
none
Staudinger
compared to antibody and ligand bound cells (61). The azide
ssDNA
ssDNA
None
functionality can be used with multiple “click” chemistries to
Table 5.4.3-1. Attachment chemistries
functionalize the cell surface with various attachment chemistries
including ssDNA. biotin, amines, aldehydes, or direct linkage to
alkynal or phosphine derivatized surfaces (Figure 5.4.3-1, Table 5.4.3-1). (86)
Many of the proposed crosslinking chemistries have been shown to be adequate attachment
chemistries for multiplexed DNA sequencing, including streptavidine/biotin, amine/amine with a homobifunctional NHS-ester crosslinking reagent, amine/aldehyde reductive aminations, and dsDNA formation (61,
155). While noncovalent, the hybridization of ssDNA displayed on the cell surface with that arrayed in the
flowcell adds the advantage that cells can be targeted to specific portions of the array, thus allowing for
multiple samples to be probed or sequenced on the same flowcell (20).
In addition to the azide-based cell capture strategies, various noncovalent attachments between
arrayed antibodies or ligands have been used (e.g. concanavalin A, laminin, fibronectin) (120). These proteins
can be arrayed to an aldehyde derivatized surface via reductive amination (145). However, it may be found
that these molecular structures do not hold their native conformation, and thus their binding affinity, throughout
the multiple heating and cooling cycles associated with high-throughput DNA sequencing (61). In addition, the
high cost associated with antibodies favors click chemistry based approaches.
5.4.3 (ii) selective release of cells: To enable selective release, we functionalize the cell surface for
ssDNA attachment, and use a flow cell to which complementary DNA has been attached to the surface via
nitrobenzyl or other photo-labile chemistry. Release of desired cells can then be accomplished by directing
360nm light to cells, as in section 5.4.1 above.
5.4.3 (iii) considerations for use with live cells: The key requirements are: (a) Cells must be anchored
to the flow cell and assayed so that the morphology or phenotype that is to be observed is not altered prior to
the point of observation. (b) The conditions and duration of the assay must be sufficiently mild that the cells
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will survive through the point of release. These requirements exclude use of stains or hybridizations that fix or
significantly perturb the cell, including many that are often used for morphological analysis of such as labeled
phalloidin or anti-tubulin antibodies, which allow visualization of the actin microskeleton and microtubules;
however, internal structures can be visualized by use of cells containing constructs for fluorescent-protein
fusions with these or other structural proteins. The ability to sort cells based on such features goes beyond
FACS, which is restricted to analyzing optical properties of cells and surface-bound labels (which, of course,
can also be employed by the proposed system). To constrain the times needed for analysis of potentially
millions of cell images, morphological features should also be easily computable. Finally, downstream
processing of live cells released and captured off the array must analyze aspects of the cell that influenced
morphology at the time of observation and which will survive the subsequent process of sorting; these could be
genotypes, or they could be transcriptional states that survive or regenerate after the assay. These
considerations are taken into account in our proposed demonstrations:
5.4.3 (iv) proposed demonstrations: For (i) above, use of cell array and assay capabilities in support of
Aims 1.2 and 3.1 (sections 5.1.2(ii) and 5.3.2.1) will comprise an actual application vs. a demonstration. For
analysis and sorting of live cells (iii), we propose: (a) We will use a cell line with fluorescently labeled histone
proteins and a labeled translocatable protein such as NF-κB, and sort cells based on degree of localization of
the translocatable protein. Determining the degree of translocation to the nucleus is simple from an image
analysis point of view, which will shorten the duration of the assay. We will test cell sorting in two ways. (a.i)
We will use cells of two different genotypes, one of which constitutively changes the level of localization of the
translocatable protein, apply a mixed population to the array, sort based on localization level, and verify that
sorting has successfully segregated cells by the genotypes. (a.ii) We will use cells of a single genotype and
instead localize a ligand to part of the array that stimulates translocation. Here we will verify that morphologybased sorting successfully segregates cells based on the locations in which the ligand was present in the
array. (b) We will attempt to recapitulate (a.i) at the level of RNA vs. genotype by using a cell population that is
clonal except that a subpopulation overexpresses a factor that changes localization levels. The test will be to
see if sorting successfully segregates the subset of cells that overexpress the factor, and that the RNA levels
of this factor are stable through of recover from the conditions of the assay.
Potential problems and alternatives: A key issue for live cells is that they must be allowed to attach via
their native mechanisms to suitable ligands to avoid anoikis. This is accomplished above by use of native
ligands attached to the surface via a photocleavable substrate (preferably DNA, but also alternatives given in
5.4.2 (ii)). However, once live cells are on the surface, they may begin to migrate and attach to each other.
To avoid this, we will lay down the ligand in grids. If this is insufficient, we will explore ways of generating
direct cross-links between cell surface proteins and the surface, in effect “leashing” the cells to their locations.
Aim 4 goals: Final goals Our targets are: For Aim 4.1, we will synthesize 1000 complete ZFN proteins
using the platform we develop. For Aim 4.2, we will complete the OPEN zinc finger pools and characterize the
binding specificity of 10,000 triplet zinc finger arrays from the rarified library using the described ribosome
display system. For Aim 4.3, we will build the image analysis and cell arraying required for Aims 1.2 and 3 on
the Polonator, and demonstrate cell sorting by morphology. Intermediate goals As noted in our Research
Design Overview, we will evaluate progress at the end of year 2 of the Center and renegotiate goals as
appropriate. By that time we expect that: Aim 4.1: We will have demonstrated the ability to selectively release
and capture microbeads based on DNA sequences on them required of the system in Aim 4.1. Aim 4.2: We
expect to have completed all of the OPEN pool selections, and to have successfully tested the
compartmentalized SOE-PCR that conjoins RNA bound to ribosomes with target DNA of zinc finger triplets, for
simple mixtures of triplets vs the full combinatorial library. Aim 4.3: Cell handling for Aim 1.3 and 3 will have
been completed. Impacts: The integrated DNA sequencing and synthesis platform will greatly improve the
ability to create complex libraries of large DNA constructs and will likely be adopted commercially. Completion
of the OPEN zinc finger pools and development of improved ZFN targeting and delivery techniques will put
effective human cell genetic engineering in the hands of the research community, where it will broadly support
biomedical research generally, and gene therapy in particular. The ribosome display experiments of Aim 4.2
will generate an extremely large data base of zinc finger array specificities and will provide unparalleled
opportunities to develop new computational methods for designing arrays with new binding specificities.
Extending cell sorting technology to incorporate cell morphology along with cell staining characteristics will be
the basis of a new form of high-throughput screening that will have broad application in research.
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