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Abstract 

Cell differentiation is the foundation for tissue development and regeneration, 

disease modeling, and cell-based therapies. The differentiation of skeletal myoblasts has 

been well-studied, and expression of the transcription factor myogenin is recognized as 

an early indicator of a cell committed to the myogenic differentiation.  Not as much is 

known regarding how individual cells activate myogenin, the dynamics with which this 

happens, or the genomic regions that regulate this activation beyond the promoter.   

This research tested the following hypotheses: 1) The single-cell expression profile of 

myogenin could reveal distinct subpopulations of myogenic cells and indicate unique 

cell states.  2) The dynamic evolution of myogenin expression can be tracked at the 

single-cell level using a live-cell reporter.  3) There exist other genomic loci beyond the 

immediate promoter of myogenin that regulate the expression of myogenin.  The 

primary conclusions of this dissertation are as follows: 1) Differentiating or 

reprogrammed cells activating myogenin show a bimodal distribution, with cells either 

expressing low or high levels of myogenin, and there is a critical dose of MyoD required 

to transition to differentiate.  2) Myogenic lineage commitment can be delayed but not 

prevented by serum, and myogenic reprogramming can be accelerated by increasing the 

forced expression of MyoD.  3) In addition to the promoter, there are additional 

enhancer sites that regulate the expression of myogenin in differentiating myoblasts.     
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1. Background, significance, specific aims, and 
hypothesis  

Chapter 1 includes modifications on text and figures previously published in the 

April 2013 edition of Biotechnology Journal.  The full citation is Gibson, T. M. and C. A. 

Gersbach (2013). "The role of single-cell analyses in understanding cell lineage 

commitment." Biotechnology Journal 8(4): 397-407.  John Wiley and Sons, Inc. allows 

authors re-use of their published articles. 

1.1. Specific aims and hypothesis 

The processes by which cells transition to a terminal differentiated lineage are 

central to tissue engineering and the regeneration of damaged tissues. Understanding 

these processes can also benefit studies in genetic reprogramming, which uses the 

delivery of transcription factors to control cellular phenotype. Typical studies of 

differentiation in response to transcription factor expression only measure the response 

of the bulk population1. A more nuanced understanding of how individual cells make 

their cell-fate decisions and how multiple genes interact within the cell has only recently 

become elucidated2. These discoveries have demonstrated that genetically homogenous 

cell populations respond to uniform stimuli in a very heterogeneous manner, suggesting 

that stochastic effects may play a significant role in cellular decision-making3. 

Additionally, many interacting genes in large regulatory networks guide both the 
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ultimate cell phenotype as well as the degree of variation among individual cells in a 

population4,5. 

Skeletal myogenesis provides a well-characterized model system for studies of 

mammalian cell differentiation. The objective of this investigation is to interrogate the 

heterogeneous nature of myogenic differentiation and the genetic and epigenetic 

processes that regulate myogenesis. This is accomplished by performing single-cell 

analysis of both naturally differentiating myoblasts and MyoD-induced 

transdifferentiation of non-muscle cells. The rationale is that heterogeneity in cell 

behavior among uniform cell populations can be indicative of the precise regulatory 

networks governing myogenesis. The long-term goal of this research is to develop an 

improved model of myogenesis that will enable the development of more precise and 

effective cell-based regenerative therapies. 

1.1.1. Aim 1: Determine the heterogeneity of lineage-specific gene 
expression during myogenic differentiation. 

The average expression level of a gene in a population of cells may be generated 

in a variety of ways. Individual cells may constitute a uniform population distributed 

around the bulk population average behavior, or they may be divided into distinct sub-

populations that combine to give the macroscopic average. The identification of sub-

populations with unique characteristics can indicate novel regulatory interactions that 

are not observed in the aggregate population data. This aim analyzes individual cell 

behavior during myogenic differentiation using direct in situ detection of mRNA 
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molecules in individual cells. The population-wide profile of myogenin expression, 

which indicates terminal commitment to myogenesis6, provides novel information about 

the regulatory networks governing myogenic commitment. 

Hypothesis 1: The single-cell behavior of differentiating myoblasts is not 

accurately represented by the average population behavior. Single-cell variability can be 

measured quantitatively and used to identify distinct cell states during myogenesis. 

1.1.2. Aim 2: Determine the dynamics of lineage commitment during 
skeletal muscle differentiation and reprogramming. 

Dynamic cell behavior can be generated from a variety of regulatory network 

motifs.  Delayed activation of a gene can emerge from long cascades of sequential 

activation, switch-like behavior can emerge from mutual repression, and a rapid 

transition to a new steady state can be generated from an incoherent feed forward loop7.  

The dynamic behavior of cells activating the expression of genes indicative of 

differentiation can be used to infer the possible underlying network motifs that may be 

regulating these processes.  This aim investigates the dynamics of myogenic 

differentiation at both the population and single-cell levels by generating a fluorescent 

reporter targeted to the myogenin locus in the genome.  This reporter system provides a 

novel tool to use in studying the dynamic evolution of myogenin expression. 

Hypothesis 2:  A non-destructive genetic reporter system for myogenin can be 

used to observe the dynamic evolution of myogenin activation in single cells.  This tool 
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can enable observation of the reversibility of myogenic reprogramming and the 

relationship between the expression levels of MyoD and the rate of reprogramming. 

1.1.3. Aim 3: Identify distal genomic loci that regulate the activation of 
myogenin and of skeletal muscle differentiation. 

In addition to regulation by the binding and interactions of transcription factors 

in the genome, gene expression in higher eukaryotes is regulated by the structure of the 

chromatin and by epigenetic modifications to the chromatin and nucleotide bases.  

Previous studies in the genetic regulatory sequences of myogenin activation may have 

offered an incomplete picture of muscle differentiation by only describing the structure 

of the proximal promoter sequences to the myogenin gene8.   This aim uses the 

genetically-integrated reporter from Aim 2 as a platform to screen for regions of the 

genome that may function as enhancers of myogenin activation.  Inhibition of these 

enhancer regions is accomplished by using an RNA-guided DNA-binding protein fused 

to a chromatin repressor domain to identify regulatory elements distal from the 

myogenin gene. 

Hypothesis 3:  Myogenin activation is controlled by distal regulatory elements in 

addition to the immediate promoter sequence.  These elements can be identified by 

targeting a repressive protein to their sites and inhibiting myogenin activation in 

myoblasts under differentiation conditions.
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1.2. Background and Significance 

The study of cell lineage commitment is critical to improving our understanding 

of tissue development and regeneration and to enhancing stem cell-based therapies and 

engineered tissue replacements.  Recently, the discovery of an unanticipated degree of 

variability in fundamental biological processes, including divergent responses of 

genetically identical cells to various stimuli, has provided mechanistic insight into 

cellular decision making and the collective behavior of cell populations.  Therefore the 

study of lineage commitment with single-cell resolution could provide greater 

knowledge of cellular differentiation mechanisms and the influence of noise on cell 

processes.  This will require the adoption of new technologies for single-cell analysis, in 

contrast to traditional methods that typically measure average values of bulk population 

behavior.  This section discusses the recent development of methods for analyzing the 

behavior of individual cells and how these approaches are leading to deeper 

understanding and better control of cellular decision making. 

1.2.1. Cell lineage commitment 

The goal of regenerative medicine is to develop cell-based approaches to 

restoring the function of diseased or damaged tissues9.  This unique approach to 

repairing tissues is accompanied by a diverse set of challenges.  Regenerative medicine 

strategies often rely on specific lineage-committed cell types that perform all the 
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appropriate functions for target tissue regeneration.  Alternatively, progenitor cells, such 

as stem cells, may be used such that native or external cues guide their differentiation 

into the appropriate cell type10,11. For both approaches, it is essential to have a thorough 

understanding of cell lineage commitment and precise control over this process for these 

cell-based therapies to be safe and effective.  

A large toolkit exists for directed cell lineage commitment in regenerative 

applications.  Soluble growth factors can be used to maintain pluripotency or direct stem 

cells to defined lineages by activating natural signaling pathways.  Additionally, the 

composition and properties of the extracellular matrix and intercellular contact can 

control these pathways12,13.  Various biomaterials have been engineered to serve as 

scaffolds that guide cell fate for both in vitro and in vivo applications14,15.  New therapies 

being released to market show the promise of regenerative medicine using techniques 

such as these16.  The field is being further refined by the development of gene therapies 

and genetic reprogramming, as discussed in more detail below.  An increased 

understanding of cell lineage commitment has the potential to catalyze advances in all of 

these areas. 

Long-term changes in cell behavior, including cell lineage commitment, are 

almost exclusively guided by changes in gene expression. Transcription factors are the 

main components of the cellular machinery that interact with DNA and modulate gene 

expression.  The delivery of specific factors associated with particular cell states can 
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reprogram the cell by activating the corresponding gene networks17-21. The prototypical 

example of transcription factor-driven differentiation in mammalian cells is the 

induction of myogenesis by the muscle-specific transcription factor MyoD22,23.  Forced 

expression of MyoD robustly converts various cell types to a skeletal myoblast-like 

phenotype24,25.  Master transcription factors that induce several other cell lineages have 

also been identified. For example, Runx2 drives osteoblast differentiation and 

skeletogenesis26-30, Sox9 regulates cartilage development and chondrogenic gene 

expression31-33, and Ascl1 in conjunction with other factors induces the development of a 

neuronal phenotype34-38.  Furthermore, the delivery of Pdx1 transdifferentiates liver and 

exocrine cells into an insulin-producing phenotype similar to pancreatic beta-islet cells39-

43 and GATA4 with a cocktail of other factors can drive cells to become functionally 

similar to cardiomyocytes both in vitro44 and in vivo45,46. These are only a few examples 

of the different factors found to induce transdifferentiation.   The landmark discovery 

that the transcription factors Oct4, Sox2, Klf4, and c-Myc can create a pluripotent state in 

terminally-differentiated adult cells47-49 has created numerous possibilities for directing 

cells towards a desired phenotype for applications in regenerative medicine21. 

Importantly, all of these examples of transcription factor-driven genetic 

reprogramming are inefficient processes.  Production of induced pluripotent stem cells 

(iPSCs) results in reprogramming frequencies that range from 0.002-2% of cells50.  Early 

iterations of iPSC production methods were unable to meet some hallmarks of 
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pluripotency such as chimera generation or germline-competency47,51. These results 

suggested that cells can exist in a partially reprogrammed state.  In this state, cells are 

not able to revert to their original phenotype but also are not completely reprogrammed 

to the intended phenotype52.  Similarly, individual cells show variable responses to the 

same reprogramming stimuli, possibly because of stochastic variability in the 

population53.  Furthermore, reprogrammed iPSCs that have not differentiated are 

capable of forming tumors after implantation, and therefore it must be ensured that all 

cells used therapeutically have been completely directed to a nontumorigenic 

phenotype.  A thorough understanding of decision making at the single-cell level is 

necessary to address these issues.  Additionally, the observation of single-cell behavior 

and heterogeneity within a cell population can provide deeper insight into the 

mechanisms of natural differentiation and lineage commitment.  Therefore, cellular 

heterogeneity in the context of cell differentiation and genetic reprogramming offers key 

insight into cellular lineage commitment. The following sections discuss methods for 

analyzing single cell behavior that can expand our understanding of cellular lineage 

commitment and some of the findings they produced. 

1.2.2. Origins of heterogeneity in cell populations 

The value of a biochemical measurement averaged across a large cell population 

does not necessarily describe the value for any one cell within that population (Figure 

1.1). This misrepresentation is exacerbated in data sets that consist of dissimilar binary 
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states, such as distinct cell phenotypes. In these systems, the average does not accurately 

represent either state.  Because traditional biochemical assays of cell activity, such as 

Western blot and RT-PCR, make bulk measurements of the aggregate cellular 

population, there is a clear opportunity to more accurately describe cell behavior with 

assays that quantitatively describe single cells. 

 

Figure 1.1. Bulk population measurements do not always reflect the behavioral 

dynamics of individual cells.  (a) An example of misleading bulk population 

measurements when cells exhibit two distinct states, such as a basal state and a state of 

highly upregulated gene expression.  The average value accounts for both states and 

does not capture the distinct populations.  (b) A schematic representation of a graded 

and a bimodal response to reprogramming induction.  The black dots indicate 

hypothetical measurements of individual cells, while the grey line is the average that 

represents a bulk measurement.  Individual cell behavior is different in the two cases, 

but the bulk average behavior is indistinguishable. 

Genetically identical cell lines can display a wide disparity of cell morphologies 

and behaviors, often due to random fluctuations, or noise, in gene expression54.  Noise in 
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cellular gene expression has been categorized into two classes.  The stochasticity that 

results directly from the biochemical events of gene expression categorized as “intrinsic 

noise”2. This heterogeneity originates from the nature of intracellular chemistry.  

Macroscopic chemical models assume that the reactants are present in large quantities in 

dilute, well-mixed environments.  However, the intracellular environment is nearly the 

opposite: the cell is crowded with macromolecules that can be locally sequestered55.   As 

the number of molecules within a system decreases, the observed noise resulting from 

stochastic fluctuations increases.  Because diploid cells contain only two copies of each 

autosomal gene locus, gene regulation within a cell is particularly sensitive to 

perturbations in the states of individual molecules, which fluctuate stochastically as a 

result of Brownian motion56,57.  In contrast, “extrinsic noise” is the variation in the 

concentrations of molecular components between cells that can globally affect gene 

expression2. Examples of extrinsic noise include changes in cellular microenvironments 

or different levels of a common upstream transcription factor58.   

The observation of large degrees of stochastic behavior in cells has challenged 

conventional wisdom of the cell as a precise and finely tuned machine59.  In particular, 

how are biological processes such as organism development and regeneration 

deterministic and reproducible when the underlying chemical interactions are stochastic 

at the individual cell level?  A variety of investigations of how cells sense and react to 

the intrinsically noisy intracellular environment suggest the answer can be found in the 
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complex topology of the network motifs that govern gene regulation. For example, a 

series of genes that activate one another in a sequential cascade can act as a low-pass 

filter that only responds to a stimulus of sufficient strength and duration, and therefore 

is resistant to small noisy fluctuations60.  Similarly, mutual inhibition of genes can create 

a bistable system where cells stably exist in one of two attractor states to which the 

system will return following transient noisy signals61.  Noise can also influence cell 

decision making by producing a bimodal response to a signaling pathway that does not 

contain bistable regulatory networks62.   In other networks, such as the stress response 

pathway, motifs have been selected to respond more sensitively to noisy signals, and 

thus increase population-wide variability.  This can be advantageous by ensuring some 

cells in the population survive under stress63.  These examples provide evidence that 

nature has adapted to the noisy microenvironment of the cell and that regulatory 

pathways have evolved to control the sensitivity of cellular responses to noisy stimuli. 

1.2.3. Methods for analysis of single cells 

1.2.3.1. Immunofluorescence 

Heterogeneity in a cell population is most easily observed with a microscope.  

Immunofluorescence staining facilitates the observation of biochemical information 

within individual cells (Figure 1.2a).  However, immunofluorescence staining is a 

destructive assay and therefore only discrete time points can be assessed.  This method 

also typically does not report quantitative levels of protein expression, as appropriate 
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quantification and validation requires an extensive set of standards and controls64.  

Several alternative methods have been developed to overcome the shortcomings of these 

techniques. In particular, fluorescent reporter genes in live cells enable continuous, non-

destructive observation of gene expression and single-molecule microscopy provides 

definitive quantification of molecular copy number. 

 

Figure 1.2. Methods for single cell analysis.  (a) Immunofluorescence uses 

antibodies tagged with fluorophores to bind the target protein of interest. The proteins 

can be visualized under a fluorescent microscope or using a flow cytometer.  Scale bar = 

100 μm. (b) Schematic of an example genetic system consisting of an inducible 

reprogramming factor tracked by a red fluorescent protein (RFP) and a promoter-GFP 

construct. Flourescence may be tracked using flow cytometry to measure fluorescence 

levels over a variety of induction levels, as seen in the representative result.  The RFP 

level increases with the induction level of the reprogramming factor.  Cells transition 

into a GFP-high state as the reprogramming increases. Black: unmodified cells; grey: 

reporter-only control. (c) Schematic of single-molecule FISH probes tiled along an 

mRNA molecule.  A representative image of single-molecule mRNA FISH shows the 

locations of mRNA molecules for two different genes involved in cell differentiation.  

Spot-counting algorithms can give quantify the number of mRNA molecules in each 

imaged cell.  Scale bar = 10 μm.  (d) Workflow for microfluidic-assisted single-cell qRT-
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PCR, where cells are manually isolated and RNA is extracted prior to running the qRT-

PCR.  The results from this assay are similar to those of conventional qRT-PCR, although 

often with lower C(t) values.  (e) Single-molecule RNA-Seq involves isolating the target 

cells manually before processing them for high-throughput analysis.  The output 

sequence fragments are computationally  reconstructed to give a comprehensive list of 

the copy number of each member of the cellular transcriptome, which can be visualized 

as shown here, where the height of the peak corresponds with the number of reads at 

the genomic position. 

1.2.3.2. Genetically-encoded fluorescent protein reporters 

The most common method for developing a reporter of gene expression is to 

genetically encode fluorescent proteins under the control of specified promoter elements 

(Figure 1.2b).  Fluorescence is then used as a surrogate for expression levels of the gene 

of interest.  Many fluorescent proteins have been modified from their original forms 

found in nature65,66 to encompass a veritable rainbow of excitation and emission 

wavelengths that range from the violet to the infrared spectrum67,68.  The wide variety of 

distinct spectra enables researchers to track multiple targets at once. 

Regulation of the promoter sequence of a gene of interest can be used to infer 

individual gene expression.  This sequence contains binding sites for transcription 

factors that recruit transcriptional machinery to control mRNA polymerization.  In 

measurements of bulk cell populations, promoter sequences are often used to drive the 

expression of reporter genes such as luciferase.  However, the advent of bright, robust, 

and genetically-encodable fluorescent proteins has enabled the detection of expression 

levels in individual cells2,69.  This allows for live-cell tracking of cell behavior. 
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A limitation of the use of engineered promoter-reporter constructs is their 

inability to reflect the full regulatory environment of the endogenous locus.  Although 

promoter sequences contain many of the necessary transcription factor binding sites, 

they do not contain distal enhancers or reproduce the full chromatin structure at the 

locus of the gene being tracked.  To more fully reflect gene regulation, “mini-loci” have 

been created in transgenic mice.  For example, by including sequences from a 70 kb 

region extending through multiple DNase I hypersensitive sites on both the 5’ and 3’ of 

the human β-globin gene, transgenic mice expressed levels of human globin that were 

independent of the genomic locus of the transgene70.   Similarly, the mapping of DNAse-

sensitive regions flanking the IL-4 gene enabled the construction of an IL-4  mini-locus 

reporter that recapitulated the natural regulation of this gene, in contrast to the isolated 

promoter71.  The importance of the control regions distal to the promoter required to 

generate these mini-loci exemplifies the regulatory complexity of the genome, and the 

perpetual challenge of assuring that reporter behavior is an accurate surrogate for 

expression levels of the target gene.  The effect of distal regulatory elements and 

chromatin structure on gene expression levels may not be measurable by reporters of 

insufficient size and complexity.  Therefore it is imperative to independently verify all 

reporters correlate to endogenous expression levels. 

Exogenous promoter-reporter constructs have been used extensively to track 

individual cell differentiation and reprogramming.  Synthetic constructs combining 
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binding sites for Oct4 and Sox2 driving GFP were virally delivered into both embryonic 

stem cells and iPS cells as a marker for pluripotency72.  An alternative system to track 

reprogramming used GFP targeted to the Nanog gene in a bacterial artificial 

chromosome to identify reprogrammed iPS cells49.  A two-color system was used to 

track different levels of osteoblast differentiation73.  In this system, the promoter for the 

Osteocalcin/Bglap1 gene and the promoter for collagen type 1a1 each drove distinct 

isomers of GFP in transgenic mice and indicated significant heterogeneity of expression 

levels among mature osteoblasts.  In addition to these systems, fluorescence reporter 

systems have been used to monitor chondrogenesis74, cardiogenesis75, and 

neurogenesis76, to name just a few examples. 

An alternative to delivering exogenous promoter-reporter constructs is to 

directly integrate a reporter into a targeted genomic locus.  Homologous recombination 

is a method of gene targeting that is commonly used to achieve site-specific 

recombination of genomic DNA77,78.  Targeted nucleases, including zinc finger 

nucleases79 and TALE nucleases80, can be used to increase the efficiency of homologous 

recombination and promote targeted integration of DNA constructs81. The recent 

development of efficient methods to custom-design TALE nucleases82-85 offers a 

promising tool for gene targeting with minimal toxicity86.   More recently, the 

CRISPR/Cas9 system has been adapted for its ability to use RNA to guide the nuclease 

to a target sequence87. 
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Engineered nucleases can be used to precisely and reproducibly integrate 

reporter constructs into “safe harbor” sites in mammalian genomes that have been well-

characterized62,88-90. Additionally, this approach of targeted genome editing can insert a 

reporter gene directly into the locus of the gene of interest.   For example, targeted 

homologous recombination was used to replace the Oct4 gene with an eGFP reporter91.  

Because replacing an endogenous gene may not always be the desired outcome, this 

method has also been used to fuse the endogenous Oct4 gene with eGFP, which can also 

be linked by a 2A ‘skipping’ peptide81.  These targeted reporters have the advantage of 

being fully integrated into the genomic locus with fewer regulatory interactions 

disrupted.  

 To measure reporter activity at the single-cell level, either fluorescence 

microscopy or flow cytometry can be used (Figure 1.2b).  Flow cytometry confers the 

advantage of measuring hundreds to thousands of cells per second, rapidly gathering a 

comprehensive look at the population distribution.  This method also enables the use of 

fluorescence-activated cell sorting (FACS) to sort and recover cells by fluorescence 

intensity for further study.  Therefore FACS offers a powerful method to isolate distinct 

cell populations with various levels of biochemical markers. 

1.2.3.3. Single-molecule microscopy 

Recent advances in single-molecule detection strategies offer a quantitative 

alternative to the use of fluorescent reporters.  The visualization of individual molecules 
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gives definite and absolute counts of molecular copy number on a per-cell basis.  

Furthermore, these single-molecule technologies enable researchers to observe the 

spatial distribution of molecules within the cell. 

 The MS2-GFP system has been developed to track single molecules in 

living cells92.  This system takes advantage of a strong binding affinity between the coat 

protein of the MS2 bacteriophage and a 19-nucleotide stem-loop RNA sequence.  By 

genetically fusing a fluorescent protein, such as GFP, to the MS2 coat protein, the 

fluorescent fusion protein will specifically co-localize with target mRNAs that have been 

modified to contain the 19 bp sequence93.  This method only requires delivery of the 

encoding DNA to the cell.  Although it requires the genetically engineering the cells, in 

contrast to IF or FISH, this approach allows the detection of mRNA transcripts in living 

cells.  However, a disadvantage of this method is that the MS2-GFP complexes may 

aggregate to one another, potentially damaging the cell and complicating the mRNA 

quantification92.   

Single-molecule fluorescence in situ hybridization (smFISH) is a method that 

enables the direct fluorescent labeling of mRNA molecules inside a cell (Figure 1.2c)94.  It 

has the advantage of not requiring any genetic modification of the target gene or other 

genetic engineering of the cell.  Unlike conventional FISH, smFISH amplifies the 

fluorescence signal from each mRNA molecule by using multiple complementary 

probes.  The probes are “tiled” along the mRNA molecule, creating a bright fluorescent 
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spot at the location of the single mRNA molecule.  The size of the spots are limited by 

diffraction94.  The spots are typically bright enough to be observed using conventional 

widefield fluorescence microscopy and provide quantitative information regarding the 

number of mRNA molecules present in a cell at a given time95.   

A limitation of smFISH is that only “snapshots” of cell behavior are acquired 

because cells must be fixed for analysis, similar to immunofluorescence staining. 

Therefore it is not possible to track the dynamic behavior of individual cells.  

Additionally, only a limited number of genes can be tracked simultaneously, making it 

difficult to perform a systems-level analysis of many interacting genes.  New advances 

in microscopy and image analysis are beginning to enable the study of multiple genes at 

once.  smFISH has been adapted to monitor multiple genes simultaneously by 

combinatorial labeling—attaching probes with different fluorophores in pre-determined 

sequences.  Super-resolution microscopy facilitates the identification of the 

combinatorial label localized to each spot and the ability to dramatically increase the 

number of measurable genes96.  As fluorescence microscopy and image processing 

technologies continue to improve, the precise number, location, and identity of 

macromolecules inside a cell will become easier to determine. 

1.2.3.4. Single-cell gene expression analysis 

While several methods have been developed to enhance flow cytometry and 

microscopy for single-cell and single-molecule experiments, there have also been 
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advances in conventional biochemical assays to enable measurements in single cells.  For 

example, quantitative reverse transcriptase PCR (qRT-PCR) has been modified to enable 

quantification of gene expression levels in single cell samples (Figure 1.2d)97.   

Advancements in microfluidics have further optimized this process and allowed for 

smaller-scale reactions.  There are now commercially available microfluidic systems and 

chips that can run high-throughput qRT-PCR reactions.  For example, a particular 

commercial microfluidic system allows researchers to load up to 96 wells of single-cell 

lysate and 96 wells of the qRT-PCR reaction mix and primers targeting desired genes.  

The system will then analyze each cell for expression of each gene, and has been used to 

develop extensive transcription profiles of many cell types98.  These assays offer the 

benefit of allowing researchers to measure more genes simultaneously than 

fluorescence-based methods. 

For a more comprehensive analysis of gene expression, next-generation 

sequencing methods such as RNA-Seq offer a powerful tool for analyzing the entire 

transcriptome of cell populations in a variety of studies.  Early iterations of RNA-Seq 

required far more source mRNA than could be obtained from a single cell.   More 

recently, the sensitivity of RNA-Seq has been improved to the point that the 

transcriptome of individual cells can be analyzed (Figure 1.2e)99.  This method originally 

relied on PCR amplification of the starting mRNA material, and later iterations of this 

technology focused on improving the length of the transcript reads and decreasing the 
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bias intrinsic to the PCR steps.  Because PCR amplifies its product exponentially, less 

favorable amplicons can be depleted exponentially100.  More recently, this method was 

adapted by adding in vitro transcription (IVT) steps.  The incorporation of IVT in single-

cell RNA-Seq, termed CEL-Seq, differs from PCR amplification of the starting material 

because it facilitates linear amplification of the material.  This has led to an improvement 

in sensitivity and fidelity101.  The application of high-throughput whole-transcriptome 

sequencing to single-cell studies enables the study of gene expression in a cell with 

unprecedented detail.   

1.2.4. Gene expression noise influences cellular fate decisions 

Gene expression noise can lead to substantial phenotypic differences in cells.  

Stochastic gene expression is a fundamental part of cellular decision making in 

biological processes across a variety of systems, ranging from bacterial stress response to 

stem cell lineage commitment1.   As described above, cell control systems have 

developed regulatory mechanisms to sense and modulate the population-wide response 

to noise60-63.  By studying cell responses at the individual cell level, mechanistic insights 

can reveal potential means to control and modify cell behavior during differentiation.  

Several landmark examples of this approach are covered in the following subsections. 

1.2.4.1. Hematopoietic stem cell differentiation is influenced by stochastic variation 

Noisy gene expression modulates cellular lineage choices. For example, 

expression levels of the stem cell marker Sca-1 randomly fluctuate in hematopoietic stem 
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cells.  Cells isolated from a bulk population with transiently higher levels of Sca-1 

produce myeloid cells after differentiation with a significantly greater rate than cells 

with lower levels of Sca-13.  Conversely, cells that are low in Sca-1 produce erythroid 

cells at a higher rate.  However, if either the Sca-1 low or high population is isolated and 

cultured without being induced to differentiate, they will recapitulate the original 

distribution of Sca-1 expression levels over time (Figure 1.3).   This is evidence of 

random, stochastic fluctuations within a normally distributed unimodal population that 

may be priming cells for different states.  This finding also provides a novel mechanism 

for guiding cell differentiation for therapeutic applications. 



 

22 

 

Figure 1.3. Single-cell distribution of Sca-1 in hematopoetic stem cells. The 

population-wide expression of Sca-1 in hematopoietic stem cells is an approximately 

normal, unimodal distribution.  However, when cells are sorted based on Sca-1 

expression levels into low (dark grey), middle (white), or high (light grey) populations, 

they favor differentiation towards different downstream lineages.  However, if the 

sorted cells are maintained in culture they reconstitute the full population, indicating 

changes in Sca-1 levels are stochastic.   

1.2.4.2. Single-cell analysis reveals a feedback loop in adipocyte differentiation 

Once a stem cell has committed to a specific lineage, there are still several steps 

to becoming a terminally differentiated cell.  For example, the transition from 
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proliferating adipocytes to non-dividing adipocytes is marked by a clear change in cell 

phenotype, but the gene network that regulates this decision is poorly understood.  This 

process is important to maintaining healthy weight balance. To better understand the 

regulation of adipocyte differentiation, single cells were studied using 

immunofluorescence staining for two transcription factors, C/EBPα and C/EBPβ, as well 

as the nuclear receptor PPARγ102.  To obtain sufficiently high cell counts to identify 

distinct populations, automated image analysis software was used to quantify the 

staining intensity levels for these proteins in each nucleus.  At a bulk level, it appeared 

that differentiating adipocytes experienced a transient increase in C/EBPβ expression, 

followed by upregulation of C/EBPα and PPARγ as C/EBPβ levels dropped off.  

However, by analyzing the behavior of the individual cells, a different picture emerged:  

After upregulation of C/EBPβ, cells were making an all-or-nothing commitment to 

adipogenesis.  Cells that became differentiated adipocytes maintained higher expression 

levels of C/EBPβ while upregulating PPARγ, but a separate population of cells emerged 

that did not appear to differentiate as indicated by low C/EBPβ and PPARγ expression 

(Figure 1.4).  The authors determined that adipocyte differentiation took place via the 

activation of three sequential positive feedback loops.  Differentiation started with 

positive feedback between C/EBPα and PPARγ.  A second loop between PPARγ and 

C/EBPβ would activate only after levels of PPARγ reached a critical level.  Finally, a late-

acting positive feedback loop exists between PPARγ and the insulin receptor that further 
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boosts PPARγ expression. This loop is temporally limited by the slower upregulation of 

the insulin receptor during differentiation. The observed delays appeared to be crucial to 

creating an irreversible commitment to adipogenesis.  This observation was further 

supported by the development of a quantitative model of the serial positive feedback 

loops.  The model, like the experimental data, showed an irreversible commitment and 

the emergence of a bimodal cell population102.  Not only did this line of experiments 

demonstrate how single-cell measurements can show distinct trends from the bulk 

population, but they also led to the uncovering of a novel regulation pathway in lineage 

commitment. 

 

Figure 1.4. Single-cell analysis of adipogenesis. Bulk measurements of C/EBPα, 

C/EBPβ, and PPARγ do not completely describe adipocyte differentiation.  Although 

measurements of the bulk population showed a moderate decrease in C/EBPβ levels 

following differentiation, single cells actually either make an all-or-nothing commitment 
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to terminal differentiation and maintain elevated C/EBPβ expression levels, or revert to 

proliferating pre-adipocytes and dramatically decrease C/EBPβ expression. 

1.2.4.3. Systems-level analysis of embryonic specification at the single-cell level 

The single-cell studies of hematopoietic stem cell differentiation and 

adipogenesis focused on lineages that were already partially characterized.  Therefore 

the analysis focused on the few genes known to regulate these processes.  However, 

other studies have investigated developmental systems for which the critical regulatory 

genes are unknown.  In these cases, the studies use high-throughput methods that 

enable a broader, systems biology approach to single-cell analysis. 

These systems-level methods were used to study the developing zygote as it 

divides into a multicellular blastocyst98.  As the monocellular zygote divides, three 

different cell types begin to develop: the trophectoderm (TE) appears first, followed by 

the epiblast (EPI) and primitive endoderm layers (PE) that emerge from the inner cell 

mass.  To determine the genes associated with lineage commitment in the different 

layers, a microarray analysis was performed to measure gene expression within the 

whole blastocyst as well as in the isolated inner cell mass.  48 genes were then selected 

for single-cell analysis.  A commercially available array chip and microfluidic system 

were used to analyze the 48 genes by quantitative RT-PCR in 48 individual cells.  The 

gene expression profiles enabled a clear categorization of the 48 cells into the TE, PE, or 

EPI layers.  Following these findings, the investigators identified Sox2 upregulation as 

one of the first identifiers separating the inner cell mass from the TE.  They also 
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identified differential regulation of the signaling molecule Fgf4 and its receptor Fgfr2 as 

one of the early differences between the PE and EPI layers within the inner cell mass.  

None of these experiments involved blastocysts of more than 64 cells, demonstrating the 

need for single-cell analysis to understand the transcription programs that drive early 

blastocyst differentiation. 

1.2.4.4. Determining a hierarchy of pluripotent stem cell differentiation 

Cellular heterogeneity and stochastic phenotype switching are not confined to 

natural developmental and regulatory pathways.  After the factors Oct4, Sox2, Klf4, and 

c-myc were discovered to be capable of inducing pluripotency in somatic cells47, possible 

explanations for the extremely low efficiency of reprogramming were widely 

postulated103.  A series of experiments demonstrated that genetic reprogramming to a 

pluripotent state was stochastic at the single-cell level, and following sufficient duration 

of reprogramming factor expression most cells could be reprogrammed (Figure 1.5)53.  

Furthermore, increasing the cell division rate by delivering Lin28 showed that the 

reprogramming process could be accelerated. A separate study used live-cell tracking to 

identify cells that would eventually form iPS cell colonies104. These observations showed 

that an average of 3% of fibroblasts converted to iPS cells.  Interestingly, these 

originating fibroblasts underwent an early transition to a faster-dividing and smaller-

sized phenotype that did not occur in fibroblasts that did not reprogram.  These studies 
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demonstrate findings at the single-cell level that offer potential to improve cellular 

reprogramming. 

 

Figure 1.5. Reprogramming somatic cells to pluripotency is a stochastic 

process.  As the time of induction increases, a larger proportion of the population 

express signs of pluripotency, indicating that the reprogramming process may be 

stochastic with variable latency time between cells. 

Buganim et al. used a combination of single-molecule mRNA FISH and single-

cell quantitative RT-PCR to analyze the conversion process from fibroblasts to iPSCs105.  

The quantitative RT-PCR results identified genes that predict whether a cell will 

eventually reprogram into a pluripotent state.  Strikingly, these genes appeared to be 
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more stringent predictors of successfully reprogrammed cells than the previously 

accepted reprogramming markers.  A search for late markers of pluripotency indicated 

that endogenous Sox2 expression was an effective marker for successful 

reprogramming.  This work also revealed a sequential activation of other pluripotency-

related genes beginning with Sox2, suggesting a specific hierarchy of genes activated 

during reprogramming (Figure 1.6).  Identification of this hierarchical pathway led to 

the substitution of the conventional “Yamanaka” cocktail of Oct4, Sox2, Klf4, and c-Myc 

with downstream regulatory factors. iPSCs were successfully produced by this 

approach, although often with lower efficiencies of reprogramming. The activation of 

Sox2 upstream of this well-ordered hierarchy of reprogramming events appears to occur 

stochastically, and therefore this new model is consistent with the previous studies 

indicating that reprogramming is a stochastic process53. The single-cell and single-

molecule experiments in this study facilitated the dissection of the significant 

heterogeneity during genetic reprogramming, leading to new pathways of generating 

iPSCs. 
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Figure 1.6. Single-cell analysis of somatic cells induced to become iPSCs. The 

initial steps of reprogramming are stochastic, leading to endogenous Sox2 upregulation.  

However, the study also revealed that the steps following Sox2 activation follow an 

ordered hierarchy of gene upregulation leading to complete reprogramming. 
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2. Single-Molecule Analysis of Myocyte Differentiation 
Reveals Bimodal Lineage Commitment 

Chapter 2 includes text and figures previously published in the journal 

Integrative Biology in the May edition.  The full citation is Gibson, T.M. and C.A. 

Gersbach (2015).  “Single-molecule analysis of myocyte differentiation reveals bimodal 

lineage commitment.” Integrative Biology 7(6): 663-71.  The Royal Society of Chemistry 

(RSC) allows authors re-use of their publications in dissertations. 

2.1. Chapter synopsis 

This chapter describes the use of direct staining to measure the previously 

uncharacterized single-cell behavior of differentiating myoblasts. To characterize the 

differentiation of single skeletal muscle cells, we used single-molecule mRNA 

fluorescence in situ hybridization (smFISH) to precisely quantify the expression levels of 

the master myogenic regulatory factors MyoD and myogenin in individual myoblasts.  

We identified distinct cell states characterized by the number of myogenin transcripts 

expressed by a cell, with myoblasts stochastically transitioning to a myogenin-high state 

during differentiation.  We also used MyoD overexpression to force the 

transdifferentiation of C3H10T1/2 cells into an induced myoblast phenotype.  These 

reprogrammed cells revealed the presence of a critical threshold of MyoD expression 

required to initiate myogenin expression.  These results provide quantitative single-
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molecule data to support the model of switch-like cell decision making and lineage 

specification.  

2.2. Introduction  

Increasing the resolution of measurements of cell lineage commitment can 

enhance the general understanding of cellular decision making and improve the ability 

to guide cell behavior for regenerative therapies.  In particular, single-cell and single-

molecule measurements can elucidate how cell populations are robust in their decision 

making, despite the intrinsically stochastic intracellular environment2,5,106.  Noise in gene 

expression within a cell population can significantly influence cell lineage commitment3 

and genetic reprogramming53,105.  Cells adapt to stochasticity by developing intricate 

gene regulatory networks that produce either switch-like or graded response to 

stimuli5,107,108.  The regulatory networks that control cell differentiation have been 

generally regarded as an irreversible switch, in contrast to a tunable rheostat109.  

However, reports of direct molecular measurement of mammalian cell switching 

between phenotypes are sparse.  Monitoring cell differentiation with single-molecule 

methods can generate richer information of cell decision making and assist in the 

inference of the underlying gene regulatory networks110.  This, in turn, can lead to the 

characterization of previously unknown hierarchies of gene regulation during 

differentiation105,111.  
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The gene regulatory network governing skeletal myoblast differentiation is 

particularly well-characterized.  Therefore it is an ideal model system for analysis of 

heterogeneity in cell lineage commitment.  The progenitor cells of adult muscle are the 

satellite cells that maintain a quiescent and nondividing state until stimulated to re-enter 

the cell cycle112,113.  Once cells are activated to divide, the master transcription factor 

MyoD is upregulated25,114,115.  MyoD is responsible for inducing genome-wide chromatin 

changes that poise the genome for myogenesis, as well as upregulating expression of 

myogenin, another MRF that drives terminal myogenesis116-119.  Myogenin expression is 

required for cells to fuse into myotubes and to form muscle fibers120. Additionally, 

activation of myogenin expression marks commitment to terminal myogenic 

differentiation, after which cells will upregulate a host of genes specific to mature 

myocytes121.   

Although the general mechanism of myogenic differentiation is well-

characterized, our understanding of single-cell behavior within this mechanism is much 

more rudimentary.  Early experiments identified that a subpopulation of myoblast cell 

lines would not differentiate or activate myogenin, suggesting they may be “reserve 

cells” for later differentiation122.  More recently, single-cell RNA-seq revealed switch-like 

activation of key regulatory factors111.  In this study, we applied single-molecule mRNA 

fluorescence in situ hybridization (smFISH) to test the hypothesis that cell commitment 

to terminal myogenic differentiation is bimodal, with a particular focus on the activation 
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of myogenin expression as the indicator of commitment to myogenic differentiation. 

smFISH provides a quantitative and sensitive method to measure gene expression in 

individual cells94.  Because this method visualizes individual mRNA transcripts, it 

provides exceptional sensitivity of gene expression levels and resolution of the spatial 

distribution of mRNA transcripts in single cells106. We observed a stochastic transition by 

myoblasts from their undifferentiated myogenin-low phenotype to a lineage-committed 

myogenin-high phenotype.   By controlling the dose of exogenous MyoD expression, we 

demonstrated that activation of myogenin expression occurs only above a critical 

threshold of MyoD levels.  Our findings provide direct molecular evidence that the 

upregulation of myogenin by MyoD, which drives cells to differentiate into a terminal 

myocyte phenotype, is a switch-like process. These observations provide strong 

molecular-level support for the current models of cellular decision making and lineage 

determination. 

2.3. Materials and methods 

2.3.1. Plasmid cloning 

The self-inactivating lentiviral transfer vector TMPrtTA123 was modified to 

remove the murine SEAP gene by MluI digest.  A BstXI restriction site was removed 

from the multiple cloning site by inserting a point mutation.  The IRES-Puro(r) sequence 

from Addgene plasmid 2131372 was amplified by PCR and inserted into the modified 

TMPrtTA at the remaining BstXI site to create TPriP.  An NsiI site and DNA sequence 
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encoding the T2A ribosomal skipping peptide were added upstream of the coding 

sequence for DsRed-Express2 (Addgene plasmid 21770) by PCR, and the resultant 

amplicon was inserted into TPriP using the MluI and NheI restriction sites to produce 

TDPriP.  The MyoD sequence from EMSV-MyoD124 was amplified without the stop 

codon by PCR and inserted into TDPriP at the MluI and NsiI sites to produce T-MyoD-

DPriP (Addgene plasmid #60624).  In order to generate a longer mRNA sequence for the 

purposes of increased smFISH labeling, a stop codon was placed at the beginning of a 

LacZ coding sequence from pFRT/lacZeo (Invitrogen V6015) via PCR, which was 

inserted in place of the DsRed-Express2 sequence between the NsiI and NheI restriction 

sites to produce T-MyoD-ZPriP (Addgene plasmid #61441). All new plasmids have been 

deposited to the Addgene plasmid repository (plasmid #60623-4). 

2.3.2. Cell culture 

C2C12 cells were maintained in growth medium consisting of Dulbecco’s 

Modified Eagle Medium (DMEM) supplemented with 20% Fetal Bovine Serum (FBS).  

Primary mouse myoblasts were maintained on collagen-coated plates in a growth 

medium consisting of F-10 medium supplemented with 20% FBS.  Differentiation 

conditions for both of these sources of myoblasts involved substituting 2% Horse Serum 

(HS) in place of the FBS, and all cells were seeded at a density of 1,050 cells/cm2 24 hours 

prior to inducing differentiation.  Primary myoblasts were differentiated on coverslips 

coated in 20 μg/mL ECL matrix (Millipore).  C3H10T1/2 mouse multipotent 
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mesenchymal progenitor cells were maintained in DMEM with 10% heat-inactivated 

FBS.  HEK293T and NIH3T3 cells were maintained in a growth medium consisting of 

DMEM with 10% FBS. 

2.3.3. Lentiviral transduction 

The production of lentivirus and transduction of cells was performed based on a 

previously established protocol125.  Briefly, 2 million HEK293T cells were seeded in 10 

cm tissue culture dishes.  Each dish was transfected with 10 μg of the transfer vector T-

MyoD-DPriP or T-MyoD-ZPriP with 8 μg psPAX2 and 3 μg pMD2G using calcium 

chloride precipitation.  After 24 hours incubation, viral supernatant was harvested daily 

and purified by passing through a 0.45 μm filter.  Viral supernatant was flash-frozen in 

liquid nitrogen and stored at -80 ºC.  C3H10T1/2 cells were transduced by adding the 

viral supernatant to the cell culture for 24 hours with 4 μg/mL polybrene.  Transduced 

cells were selected with 2 μg/mL puromycin for at least 3 days.  Expression of the MyoD 

transgene was induced by adding doxycycline to DMEM with 1% FBS in concentrations 

ranging from 10 ng/mL to 3,000 ng/mL. 

2.3.4. Quantitative reverse transcriptase polymerase chain reaction 
(qRT-PCR) 

RNA was extracted from cell samples using the RNEasy Plus Mini kit (QIAgen).  

Reverse transcription was performed using the SuperScript VILO cDNA Synthesis kit 

(Life Technologies).  Quantitative PCR was performed by mixing the cDNA and 

appropriate primers with the Ssofast EvaGreen supermix (Bio-Rad). PCR reactions were 
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performed with a CFX96 Real-Time PCR Detection System (Bio-Rad).   The primer 

sequences used were optimized to give 90-110% amplification efficiency per cycle (Table 

2.1).  qRT-PCR results were quantified using the 2-ΔΔCt method to indicate the change of 

expression of each gene relative to the GAPDH housekeeping gene126. 

Table 2.1. qRT-PCR primers used in study. 

Target Gene Forward Primer Reverse Primer 
GAPDH 
NM_001289726 

5' - CCTCGTCCCGTAGACAAAATG 5' - TGAAGGGGTCGTTGATGGC 

MyoD  
NM_010866 

5' - GGCTACGACACCGCCTACTA 5' - GTGGAGATGCGCTCCACTAT 

Myogenin  
NM_031189 

5' - AGTGAATGCAACTCCCACAG 5' - ACGATGGACGTAAGGGAGTG 

MEF2c  
NM_001170537 

5' - CCCTCAGTCAGTTGGGAGCTTGC 5' - GTGGCGCGTGGTGTGTTGTG 

Desmin 
NM_010043 

5' - GTGAAGATGGCCTTGGATGT 5' - GTAGCCTCGCTGACAACCTC 

 

2.3.5. Single molecule mRNA fluorescence in situ hybridization 

smFISH staining was based on previously published protocols95.  Probes were 

designed using the first version of the Stellaris Designer (Biosearch Technologies) to 

recognize the full MyoD-LacZ mRNA fusion (Appendix A).  Probe sets were stored in 

12.5 μM stocks in TE buffer. Cells were grown on coated #1 glass coverslips and fixed in 

3.7% formaldehyde in PBS for 10 minutes.  The cultures were washed with PBS, then 

stored in 70% ethanol at 4 ºC for at least an hour and for no longer than one week.  To 

hybridize the probes to the target mRNA, the slides were washed once in a 10% 

formamide, 2x saline-sodium citrate (SSC) buffer.  Hybridization buffer was made of 100 



 

37 

mg/mL dextran sulfate and 10% formamide in 2x SSC.  smFISH probes were added to 

the hybridization buffer to a final concentration of 50 nM for the MyoD and LacZ probes 

conjugated to Quasar 670 and 250 nM for the myogenin probes conjugated to CAL Fluor 

Red 610.  Cells were incubated in the hybridization buffer at 37 ºC for at least four hours 

and washed twice in wash buffer.  Finally, the cover slips were mounted on slides and 

imaged using a DeltaVision Elite microscope (Applied Precision).    

Deconvolution and image stitching was performed using the softWoRx Suite 

(Applied Precision).  Images were analyzed using Imaris (Bitplane) and smFISH spots 

were identified and quantified using the Spot Detection feature of the program.  The 

spot detection was performed by thresholding based on quality score and maximum 

spot intensity such that the values were set at a local minimum of the first derivative of 

the spot counts relative to the thresholding values94.   Multimodality of data was verified 

using the diptest package in R to perform Hartigan’s Dip Test of Unimodality127. 

2.3.6. Immunofluorescence staining 

The primary antibodies used were anti-myogenin at a 1:50 dilution (F5D, Santa 

Cruz Biotech sc-12732) and anti-myosin heavy chain conjugated to Alexa Fluor (AF) 488 

at a 1:200 dilution, (MF-20, Affymetrix 53-6503-80).  The secondary antibody used was 

goat anti-mouse IgG conjugated to AF647 at a 1:1000 dilution (Invitrogen A21236).  

Nuclei were stained with DAPI.  Cells were grown on glass coverslips coated with either 

gelatin or ECL. For myogenin staining, cells were fixed in methanol at -20 ºC. For 
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myosin heavy chain staining, cells were fixed in 5% formaldehyde and 8% acetic acid in 

70% ethanol.  Cells were incubated in a blocking buffer made up of 5% bovine serum 

albumin (BSA), 5% goat serum, and 0.1% Triton X-100 and incubated with primary 

antibodies for 3 hours at room temperature or at 4 ºC overnight.  Cover slips were then 

rinsed in PBS, incubated with the secondary antibody for 1 hour at room temperature, 

and then rinsed and mounted on glass slides with Prolong Gold antifade reagent (Life 

Tech., P36934).  Immunofluorescence images were quantified using a custom macro in 

ImageJ. Briefly, acquired images were auto-thresholded for both DAPI and myogenin 

staining. The Particle Analyzer tool in ImageJ was used to count the nuclei.  A nucleus 

was counted as positive if the DAPI particle was identified over the Otsu threshold and 

the myogenin particle was identified visually.  A nucleus was counted as positive for the 

MF20 stain if the DAPI particle had over a 90% overlap with a MinError threshold on 

the MF20 stain. 

2.3.7. Statistical analysis 

Least-squares linear regressions of the data were performed using the MATLAB 

Curve Fitting Toolbox (Mathworks).  The Curve Fitting Toolbox was also used to 

produce 95% confidence intervals for the fit parameters, and the residual plots of linear 

regressions were checked to verify the validity of the linear fit.  Additionally, Pearson 

correlation coefficients were calculated for the linear regression samples. 
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K-means clustering was performed in MATLAB.  Briefly, the algorithm 

randomly assigns data points to clusters and iteratively optimizes clustering by re-

assigning data points to the cluster with the nearest centroid to minimize the sum of the 

absolute distance between the data points, subsequently re-calculating the centroids of 

the clusters until an optimum has been reached. 

2.4. Results and discussion 

2.4.1. Myogenin activation predicts upregulation of markers of 
terminal differentiation 

We used three systems to model myoblast differentiation. The first two included 

the differentiation of the immortalized C2C12 mouse skeletal myoblast cell line and 

primary mouse skeletal myoblasts by withdrawal of growth factor-containing serum 

(Figure 2.1a).  The final model consisted of forced overexpression of MyoD in the mouse 

C3H10T1/2 mesenchymal progenitor cell line. This strategy used a lentiviral vector 

encoding MyoD under the control of doxycycline such that the dose of differentiation 

stimulus could be tightly controlled (Figure 2.1b).  The C3H10T1/2 cell line is a 

multipotent line derived from whole mouse embryos and is able to produce contractile 

myotubes in response to MyoD expression128.  Following differentiation by serum 

withdrawal or doxycycline induction, mRNA expression in the bulk cell population was 

assayed by qRT-PCR, including MyoD, myogenin, and the downstream myogenic 

markers MEF2C and desmin (Figure 2.1c).  All differentiation protocols led to an 

upregulation of myogenin as well as downstream markers.  Because the C2C12 cells and 
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primary myoblasts are already committed to the myoblast fate, MyoD levels were high 

at the initiation of the experiment and did not substantially change during 

differentiation122,129. In contrast, MyoD levels in the transduced C3H10T1/2 cells were 

quickly upregulated in response to doxycycline. To visualize myogenin protein levels in 

single cells, we used immunofluorescence staining of the C2C12 myoblasts and 

C3H10T1/2 cells at each day over seven days of differentiation (Figure 2.1d).  The 

frequency of myogenin-positive nuclei was as high as 40-50% of cells in both the C2C12 

and C3H10T1/2 cell lines (Figure 2.1e-f).  Myogenin levels in C2C12 cells reached a 

maximum at day five.  In contrast, the C3H10T1/2 cells reached a maximum myogenin 

level at days two and three, and then decreased over the next four days.  Myogenin is 

broadly accepted as a marker of terminal differentiation that initiates expression of 

markers of terminally-differentiated myocytes130-132.  Consistent with this model, co-

staining for the late marker myosin heavy chain and myogenin showed that 

approximately 80% of myogenin-positive nuclei were also positive for myosin heavy 

chain after seven days of differentiation (Figure 2.1g).  These observations support 

myogenin expression as an accurate marker of terminal myogenic commitment. 
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Figure 2.1. Induction of myogenesis.  (A) C2C12 or primary myoblasts are 

maintained under high serum conditions and are stimulated to differentiate by serum 

withdrawal.  (B) MyoD is delivered to C3H10T1/2 cells using a tetracycline-inducible 

lentiviral vector.  The phosphoglycerate kinase promoter (PGK) constitutively expresses 

a variant of the reverse tetracycline transactivator (rtTA2S-M2) as well as the puromycin 

resistance gene, separated by an internal ribosomal entry site (IRES).  In the presence of 

doxycycline (dox), rtTA2S-M2 binds to the tetracycline response element (TRE) and 

activates expression of murine MyoD.  This MyoD transcript includes a non-translated 

sequence for the LacZ gene following the stop codon (TGA).  The LacZ sequence serves 

as an mRNA tag that enables visualization of the viral mRNA using smFISH.  (C) 

Changes in gene expression of MyoD, myogenin, MEF2C, and desmin during myogenic 

differentiation. Gene expression was determined by qRT-PCR and normalized to 

GAPDH levels.  (D) Representative image of immunofluorescence staining for myogenin 
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and myosin heavy chain (MHC) in C2C12 cells.  Scale bar = 100 microns. (E-F) 

Percentage of nuclei that stain positive for myogenin in C2C12 myoblasts and 

C3H10T1/2 cells reprogrammed by MyoD.  (G) Percentage of the myogenin-positive 

cells that are also positive for co-staining of the terminal marker of myogenic 

differentiation, myosin heavy chain (MyHC) after seven days. 

2.4.2. Myogenin expression in differentiating cells follows a bimodal 
population distribution 

Although it is well-understood that myogenin is upregulated in differentiating 

muscle tissue and coincides with a commitment to terminal myogenic differentiation, 

this transition has not been studied in detail at the single-cell level. In particular, the 

degree of variability in the decision to activate myogenin between cells under otherwise 

uniform differentiation conditions is unknown. Furthermore, the extent to which this 

decision depends on expression levels of the upstream myogenic regulatory factor 

MyoD is unclear. Therefore we used smFISH to determine the exact copy numbers of 

MyoD and myogenin mRNAs in individual differentiating cells. Consistent with 

measurements of mRNA expression in myoblasts at the bulk level (Figure 2.1c), we 

found that MyoD mRNA levels did not change significantly after serum withdrawal 

(Figure 2.2a-b). In contrast, only background levels of MyoD mRNA signal were 

observed in the C3H10T1/2 cells, and these levels increased more than 10-fold after 

induction with 3,000 ng/ml doxycycline that saturated the induction of expression in the 

bulk population. This transition occurred with the same kinetics as the bulk qRT-PCR 

measurements (Figure 2.1c), and was strikingly consistent with a uniform distribution 

across the cell population.   
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In response to differentiation signals, myogenin expression in most individual 

cells dramatically increased, including an approximately 100-fold increase in transcript 

levels (Figure 2.2a-b).  We observed similar trends of myogenin activation in all three 

models of myogenic differentiation, consisting of a mean expression of myogenin 

mRNA reaching a steady state level of approximately 1000 molecules per cell in five 

days.    The C3H10T1/2 cells quickly upregulated myogenin expression in response to 

the MyoD stimulus, with 72% of cells expressing at least 100 myogenin transcripts after 

one day and 91% after three days, compared to background levels in the uninduced state 

of less than 10 transcripts per cell. 
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Figure 2.2. Single-molecule quantification of MyoD and myogenin mRNA 

levels during differentiation.  (A) Expression levels of MyoD and myogenin in 

individual cells over seven days of differentiation. Red lines indicate population 

average.  (B) Representative images of smFISH staining (blue = DAPI, red = MyoD, green 

= myogenin).  Scale bar = 10 μm. (C) The coefficient of variation in myogenin expression 

levels across the cell population. 

The response in C3H10T1/2 cells was particularly homogeneous, as indicated by 

the rapid decrease in the variation of myogenin expression following the first day of dox 

induction (Figure 2.2c).  Conversely, the population distribution of myogenin expression 
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in the immortalized and primary myoblasts took longer to stabilize. This is particularly 

interesting since these cells already express MyoD, and may be indicative of the time 

necessary for myoblast-specific decay of inhibitors of myogenin activation.  A significant 

subset of C2C12 cells did not activate myogenin.  These may be similar to the “reserve 

cells” observed in prior studies23 or they may simply be cells that have lost 

differentiation potential.  Notably, the frequency of myogenin-negative cells is smaller in 

the primary myoblasts compared to the C2C12 cell line. 

To determine whether there was a direct correlation in individual cells between 

levels of MyoD transcripts and activation of the myogenin gene, we plotted MyoD 

versus myogenin expression in each cell over the course of seven days of dox induction 

(Figure 2.3a). Interestingly, for the subpopulation of cells that transitioned to the 

activated myogenin state with more than 100 mRNAs per cell by day 5, there was a 

strong positive correlation between MyoD levels and myogenin levels in all cell lines, 

with correlation coefficients ≥ 0.65 (Figure 2.3b).  This relationship emerged earlier in the 

C3H10T1/2 cells, consistent with faster differentiation kinetics.   Fitting these MyoD- and 

myogenin-high cells to a linear regression showed that, in all cases, the slope of the line 

was significantly greater than zero (α < 0.05, tested over multiple hypotheses using the 

Bonferroni correction) (Figure 2.3c).  The strong correlation and nonzero linear slope 

supports a model in which the level of myogenin expression is proportional to the level 

of MyoD expression in individual differentiated cells. This observation may be the result 
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of a direct effect of MyoD transactivation of the myogenin promoter, or could also be 

caused by factors that were not measured here, such as global gene expression levels or 

cell size. 

 

Figure 2.3. The relationship between MyoD and myogenin expression in 

single cells.  (A) The data from Figure 2 is plotted showing myogenin levels as a 

function of MyoD levels in single cells.  Dashed lines in the day 5 and 7 plots illustrate a 

threshold of 100 mRNA molecules per cell.  (B) The data in (A) is plotted showing only 

the cells with MyoD and myogenin levels greater than 100 mRNA molecules/cell.  Gray 

lines show a linear regression fit to the data for this cell subpopulation.  (C) Slopes of the 

linear regressions obtained in B.   Error bars indicate the 95% confidence intervals.  The 

values are all significantly greater than a slope of zero (α<0.05, Bonferroni correction). 
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2.4.3. A critical amount of MyoD is required to transition to the 
myogenin-high cell state 

The time course of MyoD reprogramming in C3H10T1/2 cells used a saturating 

amount of doxycycline to drive MyoD expression.  However, these MyoD levels were 

greater, on average, than natural MyoD expression levels in the immortalized and 

primary myoblasts (Figure 2.2a).  To examine how varying amounts of MyoD expression 

influence myogenic differentiation, we induced the C3H10T1/2 cells with varying 

concentrations of doxycycline for three days.  We observed a unimodal population-wide 

response in the induction of MyoD expression that was proportional to doxycycline 

concentration, with only few cells that did not respond (Figure 2.4a).  In contrast, at low 

concentrations of doxycycline, we observed a bimodal population distribution of 

myogenin expression levels, whereas at high doxycycline concentrations there were 

much fewer cells with low myogenin levels.  The aggregate myogenin data produced a 

multimodal distribution (Hartigan’s Dip Statistic = 0.567, p < 1e-10). To determine the 

level of MyoD expression required for commitment to myogenic differentiation, we 

plotted the number of myogenin transcripts as a function of the number of MyoD 

transcripts for all concentrations of doxycycline (Figure 2.4b).  We found that the 

majority of cells with activated myogenin expression (>100 transcripts/cell) also 

expressed at least 100 viral MyoD transcripts per cell.  Furthermore, the cells with high 

levels of myogenin showed a strong correlation between MyoD and myogenin 

expression levels similar to what was observed at individual time points (Figure 2.3). 
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This suggests that there is a critical threshold of MyoD required to activate commitment 

to myogenic differentiation.  To visualize the transition between these two states, we 

performed K-means clustering on the data (Figure 2.4c), which strongly indicates there 

are two distinct states in this population. 
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Figure 2.4. Correlation of myogenin upregulation to MyoD levels.  A) MyoD 

and myogenin mRNA levels in the transduced C3H10T1/2 cells are quantified in single 

cells three days after MyoD induction with various concentrations of doxycycline. Red 

dashes indicate population mean.  B) Same data as in (A), plotted as the relationship 

between MyoD and myogenin.   C) Same as in (B), but recolored based on which cluster 

each cell is assigned to by K-means clustering.  The centroids of each cluster are marked 

with an X.  D) Representative images of immunofluorescence and smFISH co-staining in 

MyoD-reprogrammed C3H10T1/2 cells.  Red = anti-myogenin protein stain, green = 

myogenin smFISH mRNA stain, blue = DAPI nuclear stain.  E) Immunofluorescence and 

smFISH co-staining for myogenin protein and mRNA, respectively, at zero, three, and 

seven days after 1000 ng/mL doxycycline induction.  Cells that had visible anti-

myogenin protein stain were categorized as “IF+”.  F) Same as in (E), but for C2C12 cells 

induced to differentiate by serum withdrawal. 

We performed co-immunofluorescence staining with smFISH staining to 

simultaneously assess myogenin mRNA levels and protein expression (Figure 2.4d-f).  

In general, most cells that have high myogenin mRNA levels by smFISH are also 

positive for myogenin protein by immunofluorescence staining.  However, some cells 

have high myogenin mRNA levels but are negative for myogenin protein staining, 

particularly at day 7 in the MyoD-transduced C3H10T1/2 cells.  This lack of protein 

detection may indicate post-transcriptional regulation of the myogenin protein or 

simply insufficient sensitivity of immunostaining. 

2.5. Conclusions 

The results presented in this chapter support a model of commitment to 

myogenesis that occurs in a switch-like fashion at the single-cell level.  This work also 

supports earlier studies showing myogenin expression is a strong early indicator of cells 

that commit to terminal myocyte differentiation116-119. Cells generally exist in a state with 
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few to no myogenin transcripts or a state of highly expressed myogenin, but they do not 

express intermediate levels at steady state, even when induced to expression 

intermediate levels of the upstream master myogenic regulatory factor MyoD.  

Therefore, myogenin upregulation does not occur proportionally to the expression of 

MyoD, but is induced uniformly above a critical threshold level of MyoD expression.  

For the multipotent C3H10T1/2 cell line, this level is achieved when cells have 

approximately 100 MyoD mRNA transcripts; however, this number may be dependent 

on the cell type in which MyoD is overexpressed.  Interestingly, there is a positive 

relationship between MyoD and myogenin levels above this threshold. These results 

underscore the tight control of the gene regulatory network underlying myogenesis and 

highlight the ability of single-molecule detection technologies to provide novel insights 

into the dynamics of this network. This type of molecular analysis complements the 

study of other chemical and mechanical stimuli that control cell fate decisions, such as 

growth factors, matrix elasticity, and surface topography133-135. Continued enhancement 

of the resolution at which cell decisions are studied can ultimately lead to improvements 

in therapies for myogenic disorders and well-defined models for lineage commitment 

and cell fate specification. 
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3. Dynamic activation of myogenesis 

3.1. Chapter synopsis 

This chapter describes the development of a live-cell fluorescent reporter 

targeted to the genomic locus of myogenin to enable non-destructive single-cell 

measurement of myogenic differentiation and reprogramming.   This tool was 

developed by using CRISPR/Cas9 genome editing techniques to integrate the gene to 

express a nuclear-localized mCherry signal in place of the myogenin stop codon.  This 

chapter demonstrates that the cell lines engineered in this fashion provide reliable 

measurements of myogenin and goes on to elucidate the temporal dynamics of 

myogenic differentiation and reprogramming in vitro. 

3.2. Introduction to Dynamic Reporters 

A thorough understanding of cell behavior is essential for the development of 

effective cell-based therapies.  Although the biochemical reactions that take place inside 

a cell are dynamic processes, not much is known about the quantitative dynamics of 

these reactions, with conventional analysis tools often resorting to a Boolean model in 

which a cell is either on or off.  While this method has value in determining the 

progression in simple biochemical pathways, it overlooks crucial information about the 

dynamic behavior of cells.  For example, cells can produce oscillatory responses to 

changes in the concentration of a signaling molecule136, and signaling pathways can 

detect and produce different responses for different frequencies of input signal pulses137.  
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To study the dynamic behavior of cells, it is useful to longitudinally observe the 

expression of a target gene with a non-destructive reporter in live cells.  

Genome editing tools, such as CRISPR/Cas9, have enabled the development of 

precise, non-destructive reporters of gene activation87,138.  The coding sequence of a 

fluorescent protein can be fused to a gene of interest and provide a non-destructive 

proxy observation of the expression of the gene91.  This tool offers advantages over 

previous methods of driving expression of reporters with promoters by being regulated 

by the full genomic context of the cell.    

In this study, we use CRISPR/Cas9 to create a fluorescent reporter for the 

transcription of myogenin in murine myoblasts and fibroblasts.  We show that the 

expression of the reporter is well-correlated to conventional biochemical measurement 

methods of myogenin expression, and use the reporter lines to measure the dynamics of 

skeletal muscle differentiation and reprogramming.  Finally, we show that this system 

can enable longitudinal analysis of myogenin expression in single cells. 

3.3. Materials and methods 

3.3.1. Plasmid construction 

The plasmid expressing Cas9 from S. pyogenes was used as previously 

described139.  Target sequences for single guide RNAs (sgRNA) were selected by using 

the MIT CRISPR design tool140, ordered as ssDNA oligonucleotides (Integrated DNA 
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Technology), annealed together, and ligated into the expression plasmid digested by 

BbsI.   

The fluorescent donor plasmids were constructed by modifying the OCT4-2A-

eGFP-PGK-Puro plasmid81. Homology arms for the C terminal end of myogenin were 

obtained by PCR on genomic DNA isolated from C2C12 cells, and were cloned into the 

targeting vector using restriction digest and ligation at the BamHI/NheI sites for the 5’ 

homology arm and the AscI/NotI sites for the 3’ homology arm.  The eGFP was removed 

by NheI/BsiWI restriction digest and 2A-mCherry-2xNLS was generated by PCR and 

ligated in its place.  To prevent the sgRNA from targeting Cas9 to the donor construct, 

the PAM was mutated by PCR and ligated to replace the guide RNA target from the 

genomic PCR to produce Myog’-2A-mCherryNLS-PGK-Puro.  The PGK-PuroΔtk 

sequence was isolated by PCR from pPB-CAG.OSKM-puDtk141 and inserted at the 

AgeI/AscI restriction sites to produce Myog’-2A-mCherryNLS-PGK-PuΔtk. 

Delivery of MyoD was accomplished using a lentiviral vector.  A T2A skipping 

peptide and 2x NLS repeats were fused to eGFP by PCR.   The resulting product was 

cloned using NsiI/NheI restriction digests into LV-TRE-WT mouse MyoD-T2A-

dsRedExpress2 (Addgene #60624)142 to produce the viral transfer vector TRE-MyoD-

eGFPnls-PGK-rtTA-Puro.   To create a fluorescent nuclear tag, H2B-GFP was isolated by 

PCR from pBABE-H2BGFP (Addgene #26790)143 and cloned into FUGW (Addgene 

#14883)144 with an XbaI/EcoRI restriction digest.  IRES-Puro was cloned by PCR from 
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TRE-MyoD-eGFPnls-PGK-rtTA-Puro and cloned into the FUGW/H2B-GFP vector at the 

MfeI and EcoRI restriction sites to produce FU-H2B-GFP-Puro.  All PCR primers used 

are listed in Appendix B. 

3.3.2. Cell culture 

Primary myoblasts derived from H-2Kb-tsA58 transgenic mice were used as an 

in vitro model of myogenesis145. In this transgenic mouse, the simian virus 40 (SV40) 

large tumor antigen tsA58 is driven by the H-2Kb promoter, which can be stimulated 

with interferon gamma (IFNγ, Gibco).  Cell cultures including the primary myoblasts 

are conditionally immortal in their growth, depending on the levels of tsA58 induced 

from interferon signaling146.  These conditionally immortalized myoblasts were 

maintained on plates coated in 0.1% gelatin in a growth medium consisting of 20% FBS, 

2% chick embryo extract (US Biological), 1% GlutaMAX (Sigma), and 1% 

penicillin/streptomycin in DMEM.  The growth medium was supplemented with IFNγ 

at a final concentration of 20 U / mL and the cells were maintained at 33 ºC.  For live-cell 

imaging experiments, cells were treated with the FU-H2B-GFP-Puro lentivirus and 

selected in 2 μg/mL puromycin to obtain a population of cells with nuclear-localized 

fluorescent labels for cell identification.  Nuclear labeled cells were maintained in 1 

μg/mL puromycin prior to seeding for myogenic induction.  To induce myogenic 

differentiation, myoblasts were seeded at a cell density of 4,200 cells/cm2 a day before 
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myogenic induction.  The cells were subsequently treated with differentiation medium 

consisting of DMEM supplemented with 5% HS.  

Primary mouse embryonic fibroblasts (PMEF-HL, Millipore) were generously 

donated from Kam Leong38.  PMEFs were maintained in DMEM supplemented with 

10% FBS.  To induce myogenesis, PMEFs were transduced with the tet-inducible and 

puro-selectable TRE-MyoD-eGFPnls-PGK-rtTA-Puro lentivirus and selected in 2 μg/mL 

puromycin.  MyoD expression was induced by the addition of 1,000 ng/mL doxycycline 

into cell culture medium consisting of 2% FBS in DMEM. 

3.3.3. Plasmid transfection and reporter line derivation 

 To deliver the Cas9 and donor plasmids into cells, 8 μg of the Cas9 plasmid, 12 

μg of the sgRNA plasmid, and 20 μg of the donor plasmid were electroporated in 1x 

DPBS into 3 million cells.  Cells were electroporated in cuvettes with a 2 mm gap at 220 

V and 950 μF.  To deliver Cre recombinase, 10 μg of the Cre-encoding plasmid were 

electroporated using the same protocol.   

 Primary myoblasts were electroporated with the Myog’-2A-mCherry-PGK-Puro 

donor.  PMEFs were electroporated with the Myog’-2A-mCherry-PGK-Purodtk vector.  

After a three day recovery period, the cell cultures were selected in 2 μg/mL puromycin 

to enrich the population for cells that had successfully integrated the donor plasmid.  

After 5-7 days in puromycin, the cell cultures were then electroporated with the Cre 

plasmid and allowed to recover for two days.  Reporter lines were then generated by 
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performing a limiting dilution to obtain cell cultures originating from individual 

dividing cells. 

 Reporter lines were screened for expression of mCherry in response to myogenic 

induction, for PCR bands consistent with a targeted integration, and for puromycin 

sensitivity.  Lines that passed these screening criteria were used for further experiments. 

3.3.4. Flow cytometry and cell sorting 

To perform flow cytometry, cells were put into suspension and washed in PBS.  

Cells were loaded into a MACSQuant VYB flow cytometer (Miltenyi Biosciences).  GFP 

signal was measured using a blue 488 nm laser with a 525/50 nm filter.  mCherry signal 

was measured with a yellow 561 nm laser and a 615/20 nm filter.  FACS was performed 

using an Astrios cell sorter (Beckman-Coulter) and comparable lasers and filters to those 

used on the MACSQuant.  Cells were sorted based on mCherry signal.  All flow 

cytometry and FACS data was analyzed using Flowjo X (Flowjo, LLC). 

3.3.5. Immunofluorescence analysis 

Immunofluorescence staining was performed as described previously147.  Briefly, 

cells grown on TCPS were fixed in 5% formaldehyde and 8% acetic acid in 70% ethanol.  

Cells were incubated in a blocking buffer made up of 5% bovine serum albumin (BSA), 

5% goat serum, and 0.1% Triton X-100.  Cells were then incubated with the primary anti-

myogenin antibody at a 1:50 dilution (F5D, Santa Cruz Biotech sc-12732).  They were 

then rinsed in PBS and incubated with the secondary anti-mouse IgG antibody 
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conjugated to AF647 at a 1:1000 dilution (Invitrogen A21236).  Nuclei were stained with 

DAPI.   Images were acquired with an inverted fluorescence microscope (Leica).   

To quantify image intensity, a custom Jython script was run in ImageJ (Appendix 

C). The script identifies nuclear regions in the DAPI stain and measures the fluorescence 

intensity of these regions for all other channels.  It also determines the local background 

fluorescence by measuring a six-micron ring surrounding the nucleus, exclusive of other 

nearby nuclei.  Relative intensities are determined by subtracting the surrounding 

background from the nuclear intensity. 

3.3.6. Live-cell imaging 

Reporter myoblasts were seeded as described in section 3.3.2 onto 35 mm plastic 

dishes (Ibidi) coated in 0.1% gelatin.  Culture medium was prepared as described in 

section 3.3.2 using DMEM without phenol red.  The plates were loaded into a Vivaview 

FL incubator microscope (Olympus) and images were acquired every 30 minutes for five 

days.  The resulting image stacks were analyzed in ImageJ using the LineageTracker 

plugin148 to segment and track individual nuclei.  Quantitative data for each nuclear 

trace was loaded into MATLAB (Mathworks) and analyzed. 

3.4. Results and discussion 

3.4.1. Derivation of functional myogenin reporters 

To generate the reporter lines, we electroporated the donor construct shown in 

Figure 3.1.  The donor contained a silent mutation in the PAM of the targeted sequence 
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to prevent Cas9 from binding to the donor plasmid and replaces the stop codon of the 

endogenous myogenin sequence with the mCherry reporter.  Individual clones were 

validated by PCR primers as indicated in Figure 3.1 to verify site-specific integration at 

both the 5’ and 3’ ends of the donor construct.  Sequencing of the PCR products 

confirmed that the donor was correctly inserted and that the sequence was the same as 

intended (Appendix D). 

 

Figure 3.1. Schematic of donor system used to develop reporter cell lines. The 

2A skipping peptide enables the mCherry and myogenin to be co-transcriptionally 

expressed as spatially independent proteins, and the nuclear localization sequence 

(NLS) aggregates the fluorescent mCherry in the nucleus of the cell.  The puromycin 

resistance gene Puro(r) is used to enable purification of the cells that did not obtain the 

integration.  Cre recombinase excises the resistance casette after excision leaving only 

the loxP scar.  The insert replaces the stop codon (TGA) from the chromosomal locus.  

The sgRNA target sequence (red) is mutated at the PAM in the donor (blue) to prevent 

Cas9-mediated clevage of the donor construct. 

To validate that the integrated lines accurately report on the expression of 

myogenin, we performed fluorescence-activated cell sorting (FACS) to separate the 
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mCherry-high cells from the mCherry-low cells (Figure 3.2).  In both of the primary 

muscle cell lines derived, we found that there was significantly greater expression of 

myogenin in the mCherry-high cells compared to the mCherry-low cells (Figure 3.2). 

 

Figure 3.2. Sorting validation of myoblast reporters.   A) Representative 

histogram indicating the mCherry-high and mCherry-low gates used for sorting the 

cells.  B) qRT-PCR measurement of myogenin expression in the mCherry-high and 

mCherry-low populations for two independent reporter lines show that sorting enriches 

for cells expressing a higher amount of myogenin. * p ≤ 0.05 

To affirm that the reporter is consistent at the single-cell level, myoblasts were 

differentiated, fixed, and immunostained for the myogenin protein.  Fluorescent 

intensities for the mCherry reporter and the myogenin protein were measured for each 

individual nucleus and found to have a clear positive correlation, indicating that an 

increase in mCherry intensity does correspond to higher myogenin expression in an 

individual cell (Figure 3.3).   
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Figure 3.3.  Validation of mCherry reporter in myoblasts by 

immunofluorescence staining.  A) Representative images of myogenin 

immunofluorescence staining and mCherry visualization in wild-type myoblasts and 

two clonal reporter lines that have the integration in one of their alleles (wt/Ch).  Scale 

bar = 100 μm.  B) Quantification of the myogenin IF and mCherry signal intensities for 
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each nucleus imaged.  The black lines show an outlier-insensitive regression indicating a 

clear positive correlation between the mCherry intensity and the immunofluorescent 

staining intensity.    

To provide single-cell measurements of reprogramming, a similar reporter was 

delivered into PMEFs the conventional puromycin resistance gene was replaced with a 

Puro-Δtk fusion that enables both positive and negative selection149.  However, the 

excision of the floxed cassette was sufficiently efficient that we never identified a clonal 

cell population that had failed to excise the selectable marker.  Therefore, we did not use 

the negative selection.  After excision, the reporter construct is functionally the same as 

the one delivered into myoblasts.  PMEF reporter cells were transduced with a virus 

containing the MyoD sequence.  Expression of the viral transgene was induced for three 

weeks by addition of dox.  The cells were immunostained in the same fashion as the 

myoblasts and the fluorescent signal at the nucleus of each cell was quantified (Figure 

3.4).  Similar to the myoblast lines, the PMEF lines showed a strong positive correlation 

between mCherry expression and the intensity of the anti-myogenin stain. 
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Figure 3.4. Validation of the mCherry reporter by immunofluorescence 

staining in PMEFs.  A) Representative image showing anti-myogenin IF and mCherry 

signals in two clonal reporter lines.  Scale bar = 100 μm.  B) Quantification of IF and 

mCherry signals for individual nuclei. There is a strong positive correlation between the 

expression of mCherry and the presence of a positive mCherry stain. 

3.4.2. Reporter cells enable measurement of dynamics of myogenesis 

To study the dynamics of myogenin activation, we differentiated both integrated 

reporter myoblast lines for the course of seven days and analyzed the proportion of the 

culture that differentiated by flow cytometry.  Expression of the mCherry reporter 

showed a sharp increase in expression by day 3 and a lesser increase in expression up to 
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day 7 of differentiation, consistent with direct qRT-PCR measurements of myogenin 

expression (Figure 3.5).   

 

Figure 3.5. Time course of myogenic differentiation.   A) Reporter lines were 

induced by serum withdrawal for a week.  Both reporter lines showed an increase in 

mCherry fluorescence over time.  The unmodified lines did not display any measurable 

change in fluorescence, indicating that the fluorescence change was due to expression of 

the reporter.  B) qRT-PCR measurements of the expression of myogenin in the same cell 

lines over the same time span as in (A).  The second cell line is indistinguishable in 

myogenin levels from the wild type parental cell line.  Expression is measured relative to 

GAPDH. 

Serum withdrawal is a common method to induce differentiation in myoblast 

cells in vitro.  To determine if changes in serum concentration impact the dynamic trends 

of differentiation or just the final level of differentiation in culture, we treated the knock-

in reporter line #2, which had an expression profile of myogenin more similar to the 

unmodified parent cell line (Figure 3.5B), with varying concentrations of horse serum 

and analyzed the population daily (Figure 3.6).  In the first 24 hours and after 5 days, 

there was no discernable difference between the high-serum and low-serum 

populations.  However, at days 2 and 3, there were more differentiated cells in 1-2% 
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serum compared to 5-20% serum.  This indicates that serum withdrawal accelerates 

differentiation, but that high-serum culture medium does not prevent differentiation nor 

limit the number of cells that can differentiate. 
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Figure 3.6. Changing serum produces different dynamics of differentiation. 

wt/Ch #2 reporter line was treated with varying concentrations of horse serum in the 

differentiation medium.  While the proportion of the population that has differentiated 

is approximately the same in high-serum and low-serum conditions by day 5, there is a 

clear increase in differentiation at days 2 and 3 in low serum conditions relative to high 

serum conditions. 

3.4.3. Myogenic reprogramming can be accelerated with increasing 
MyoD expression 

To measure the dynamics of reprogramming, we delivered a MyoD to the PMEF 

reporter lines in a dox-inducible, puro-selectable, GFP-expressing lentiviral construct 

(Figure 3.7A).  Cells were maintained in culture medium with puromycin and either 0, 
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100, or 1000 ng/mL doxycycline for three weeks and expression of the fluorescent 

protein reporters was measured by flow cytometry.  The population became enriched in 

mCherry-expressing cells, with more mCherry-positive cells present in the 1,000 ng/mL 

condition than in the 100 ng/mL condition at all measured timepoints (Figure 3.7B-D).   

The higher rates of reprogramming in the 1,000 ng/mL condition are consistent with a 

chemical reaction cascade where higher levels of induction stimulus correspond with a 

faster reaction rate.  The GFP signal attenuated over time, which may be due to silencing 

of the viral element. 
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Figure 3.7.  Time course of myogenic reprogramming in PMEFs.  A) Schematic 

of the lentivirus used to deliver MyoD to cells.  B) Percentage of cells expressing GFP as 

a marker of MyoD induction over a three-week time course. C) Percentage of cells 

expressing the mCherry reporter over the same three-week window.  The rate of 

reprogramming is highly dependent on the dose of MyoD.  D) Representative dot plots 

show individual cell measurements from flow cytometry.   

To assess the reversibility of myogenic reprogramming, we activated MyoD 

expression through the delivery of doxycycline and then removed the doxycycline after 
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one, two, or three weeks (Figure 3.8).  Expression of the GFP marker as an indicator of 

viral MyoD expression decreased rapidly after dox withdrawal.  Similarly, mCherry 

expression also decreased after dox withdrawal, but at a slower rate than that of GFP.  

This suggests that there may be partial reprogramming in the population that has some 

temporary stability.  Because reprogramming is associated with cell cycle arrest, it is 

uncertain whether the decrease in mCherry expression over time is due to 

reprogrammed cells losing myogenin expression.  It is fully possible that mCherry-

positive cells are maintaining their reprogrammed state while non-reprogrammed cells 

continue to divide, leading to a smaller percentage of the population being 

reprogrammed.  This ambiguity in the results can be resolved by using these reporters 

with live-cell fluorescent microscopy, enabling longitudinal studies of individual cells. 

 

Figure 3.8.  Reversibility of myogenic reprogramming in MEFs.  A) The GFP-

positive population in transduced cells after delivery of doxycycline.  There was 

observable attenuation of the GFP signal over time, but removal of dox drove a rapid 

loss of GFP expression.  B) Percentage of cells expressing mCherry over time.  

Withdrawal of dox led to a decrease in mCherry expression at a much slower rate than 

the decrease of GFP expression. 
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3.4.4. Reporter cells enable single-cell tracking of myogenin 
expression 

To demonstrate that the reporter system enables longitudinal measurement of 

individual cells over time, we performed live-cell microscopy on reporter myoblasts in 

differentiation medium over the course of five days (Figure 3.9).  Cell nuclei were tagged 

by a lentiviral transduction of H2B-GFP.  GFP-tagged nuclei were computationally 

segmented and individual nuclei were tracked over the five-day run of the experiment.  

The intensity of the mCherry signal in the tracked nuclei over time indicated the level of 

myogenin transcription.  Single-cell tracking of myogenin expression levels showed that 

41 of 152 (27% of all observed cells) differentiated, most of them after 60 hours in culture 

had elapsed.   This figure is likely an under-estimate of the rates of differentiation, 

because due to cell migration several cells were only present in the imaging frame for a 

short period of time.  Of the cells that were imaged over at least half of the total 

acquisition time, 14 of 31 cells (45%) differentiated by the same measure.  This is 

consistent with the findings in Figure 3.5 and Figure 3.6, showing that 40-50% of the 

reporter cells are mCherry positive by day 5. 
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Figure 3.9. Live-cell imaging of the myogenin reporter.  A) Representative 

images of live-cell acquisition showing the H2B-GFP nuclear tag and a cell expressing 

mCherry.  The outlined nuclear regions show the computationally-identified nuclei.  B) 

Live-cell traces of mCherry intensity over five days of differentiation.  Traces in red 

indicate cells that were in the viewing frame for at least half of the imaging time.  27% of 

the population differentiated as determined by having an mCherry value over 35 RFU.  

Blue dots indicate cell divisions. 
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3.5. Conclusions 

The results presented in this chapter detail the generation and use of a 

fluorescent reporter of myogenic differentiation targeted to the myogenin locus.  The 

reporter was shown to work in multiple cell types and be an accurate indicator of 

myogenesis at the single-cell level.  The reporter in myoblasts was able to demonstrate 

how serum concentrations impact the rate at which cells differentiate to a myogenin-

positive state, with lower concentrations accelerating the process.   Delivering MyoD to 

fibroblasts containing the reporter demonstrated that myogenic reprogramming can be 

accelerated by increasing the concentration of MyoD in the target cell.  Additionally, 

while the data did not clearly show that myogenic reprogramming is completely 

irreversible, the fluorescent signal of the mCherry reporter decreased slower than the 

eGFP reporter of virally-induced MyoD.  Further studies are needed to verify that 

MyoD-induced myogenic reprogramming is stable in fibroblasts. 

Continued study of the dynamic process of myogenic lineage commitment will 

further improve methods to direct cell differentiation towards a myogenic lineage ex 

vivo and may ultimately lead to the use of cell-based regenerative therapies to treat 

muscular damage or disease.
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4. Genomic regulation of myogenesis 

4.1. Chapter synopsis 

This chapter discusses the application of the myogenin reporter designed in 

chapter 3 as a tool to investigate genomic regulatory elements that act on the myogenin 

gene.  By delivering targeted epigenome editing tools to genomic loci of interest, we are 

able to identify regions that play regulatory roles on the expression of myogenin that 

were not previously identified. 

4.2. Introduction to genomic regulation 

 While the fundamental biochemical instructions for life are encoded within the 

genome, it is not well understood which genomic regions and sequences play clear 

functional roles.  Protein coding genes are estimated to constitute 3% of the human 

genome, but nearly 80% of the human genome is annotated as having elements that may 

indicate function by assays that detect RNA transcription, protein translation, protein-

DNA interactions, DNA methylation, and chromatin structure150.  Similarly, large 

portions of the mouse genome were also found to have potential function, with 12.6% of 

the genome bearing marks indicative of regulatory regions and 46% of the genome 

producing mRNA151.  How many of these annotated regions are directly functional, and 

the degree of functional significance they have, is still a question under active 

investigation152-154.  In part, the challenge in determining whether a given region has a 

clear function is due to the majority of this genome-wide data only measuring 
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biochemical marks.  There is still a need to perform mechanistic perturbations on these 

elements to verify that the biochemical marks are reliable indicators of function. 

 Enhancer sequences operate in conjunction with gene promoters to regulate 

RNA transcription.  Notably, the positioning of an enhancer can vary dramatically, 

ranging from being near the promoter or in a nearby intronic region to being several 

thousand bases away from the promoter and its regulated gene155.   Enhancers can be 

identified by the presence of particular marks on histone H3 that are highly correlated 

with enhancer activity.  The presence of H3K4 monomethylation is indicative of the 

presence of an enhancer element156.  The presence of H3K27 acetylation distinguishes 

active enhancer elements from the inactive or “poised” elements157.  In addition, active 

enhancers can be identified indirectly by analyzing DNAse hypersensitive sites, which 

indicate locations where the genomic DNA is more readily accessible for enzyme 

binding158,159.  While these epigenetic marks are indicative, it is still not known which 

marks are functional nor what genes they act on.  Recently, it has become possible to use 

programmable DNA-binding enzymes fused to epigenome-modifying protein domains 

to perform targeted epigenetic modification160-164.  These molecular tools are enabling 

direct interrogation of these annotated sites to determine the precise function of these 

regions. 

The proximal promoter element that regulates the expression of myogenin 

contains necessary binding sites for MEF2 transcription factors, E-box binding proteins 
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including MyoD, and a TATA box for TFIID expression, all within 143 bases of the 

transcription start site8,117.  Mutation of these three binding sites is sufficient to inhibit 

expression from the myogenin promoter8.  The MEF2 binding site and E box play 

complementary roles, as mutation of these sites inhibits myogenesis in different regions 

of the somites and limb buds during embryogenesis165.   While the proximal promoter is 

well characterized, it is not yet known whether other regulatory elements more distal to 

the gene can impact its expression.  MyoD binds in about 26,000 unique locations in 

skeletal myoblasts, and shows multiple binding peaks upstream of the known myogenin 

promoter118,166.  It is not yet known whether these upstream peaks indicate MyoD 

binding events that impact the transcription of myogenin. 

In this study, we use an RNA-guided KRAB targeting system based on 

CRISPR/Cas9167 to identify MyoD-bound regions distal to the myogenin gene that confer 

the ability to repress myogenin expression in differentiating myoblasts.  We show that 

this repression is due to the induction of a repressive epigenetic state.  Taken together, 

this study indicates regions that are putative enhancers activated by MyoD binding that 

play a role in the expression of myogenin and the induction of differentiation in primary 

muscle cells. 
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4.3. Materials and methods 

4.3.1. Plasmids 

Guide RNA sequences were designed as described in section 3.3.1.  FUGW-

dCas9-KRAB-2A-Puro was donated by Pratiksha Thakore and was constructed as 

described previously167. 

4.3.2. dCas9-KRAB delivery and targeting 

H2K reporter myoblasts were cultured as described in section 3.3.2.  Reporter 

cells were transduced with FUGW-dCas9-KRAB-2A-Puro in culture media 

supplemented with 4 μg/mL polybrene. After three days in lentiviral medium, the cells 

were selected in growth medium supplemented with 2 μg/mL puromycin for a week.  

Cells were maintained in growth medium supplemented with 1 μg/mL puromycin 

thereafter.  

To deliver the plasmid encoding the guide RNA, 2 million cells were 

electroporated with 10 μg of plasmid in DPBS at 220 V, 950 μF in 2 mm cuvettes.  

Immediately after electroporation, cells were transferred into puromycin-free growth 

medium.  The day after electroporation, cells were seeded at a density of 4,200 cells per 

square centimeter.  24 hours later, the cells were induced to differentiate by changing the 

culture medium to differentiation medium and returning the cells to 37 ºC.   After 5 days 

of differentiation, cells were measured either by flow cytometry as described in section 

3.3.4 or qRT-PCR as described in section 2.3.4. 
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4.3.3. ATAC qPCR 

ATAC preparation was done as previously described168.  Briefly, suspended cells 

were spun down at 500g for 5 minutes at 4 ºC, washed once with cold PBS and 

centrifuged again, and lysed in cold lysis buffer (10 mM Tris-HCl, pH 7.4, 10 mM NaCl, 

3 mM MgCl2 and 0.1% IGEPAL CA-630).  Lysed cells were spun down again at 500g for 

10 minutes.  Pelleted nuclei were treated with transposase (Illumina) for 1 hour at 37 ºC 

at a concentration of 2.5 μL transposase per 50 μL reaction.  The resulting DNA was 

purified using Ampure beads.  Libraries were amplified by PCR using custom Nextera 

PCR primers168 for 5 cycles and purified. 

The amplified libraries were then measured by quantitative PCR (qPCR).  qPCR 

was performed by mixing the DNA and appropriate primers (Table 4.1) with the Quanta 

PerfeCTa FastMix. qPCR reactions were run on a CFX96 Real-Time PCR Detection 

System (Bio-Rad).   qRT-PCR results were quantified using the 2-ΔΔCt method to indicate 

the change of expression of each gene relative to the first intron of the GAPDH gene126. 

Table 4.1. List of qPCR primers used for ATAC-qPCR. 

Target region Forward primer  Reverse primer 
GAPDH intron 1 TCAGGAGCCCCATTTCCCTA GCAGGGCATCCTGACCTATG 
Myogenin exon 1 TCCACCTTCAGGGCTTCGAG ACACCTTACATGCCCACGG 
sgRNA #17 CCTAGAAGCAAGCACAGCCA AGTCTCTTCCCCAAGCCTCT 
sgRNA #18 CTGGGAAGGGGTTACTGTCG CCACTCCCCAAACTGCTTCT 
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4.4. Results and discussion 

4.4.1. Identification of putative guide RNAs to repress myogenesis 

In the 60 kb region surrounding and including the myogenin gene on 

chromosome 1 of the mouse genome, skeletal muscle cells contain several regions of 

open chromatin as indicated by DNase hypersensitivity (Figure 4.1, brown)169.  Only a 

few of these peaks align with the proximal promoter or the gene itself, suggesting 

several additional regions that may serve a regulatory function.   ChIP-seq data show 

several MyoD binding sites across this region as well, some of which co-localize to the 

DNAse-hypersensitive regions (Figure 4.1, grey and black)118.   Finally, markers for 

H3K27ac show a dramatic increase in acetylation in myotubes compared to 

undifferentiated myoblasts, with the H3K27ac peaks overlapping with the MyoD 

binding peaks (Figure 4.1, cyan). 

To identify which MyoD binding sites modulate expression of myogenin, we 

transduced dCas9-KRAB167 into conditionally immortalized primary myoblasts and 

produced a cell line stably expressing dCas9-KRAB.  The primary myoblasts were 

previously engineered to contain a monoallelic 2A-mCherry reporter integrated at the C 

terminus of myogenin.   To target the dCas9-KRAB to specific loci in the murine 

genome, plasmids encoding individual sgRNA sequences were transfected into the 

myoblasts.  A total of thirty-four sgRNA sequences targeting seven distinct MyoD 

binding peaks near the myogenin gene (Figure 4.1, bright red)  were screened for their 
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ability to repress the activation of the mCherry reporter by flow cytometry.  An sgRNA 

targeted to the first exon of the myogenin gene served as a positive control for the assay 

(Figure 4.1, bright green).  To verify that the observations were dependent on the 

genomic locus, an sgRNA sequence targeted to the ROSA26 locus was delivered into the 

cells as a negative control. 

 

Figure 4.1. MyoD binding near the myogenin gene.  There are 471 canonical 

CANNTG E-box motifs (green) in the shown 80 kb region surrounding the Myog gene 

(dark red)170-173.  ChIP-seq identification of MyoD binding sites in C2C12 cells from two 

independent studies (black166, grey from GSM915183 produced by Barbara Wold) show 

binding peaks over this region in both undifferentiated myoblasts and in differentiating 

myotubes.  The DNAse hypersensitivity peaks (brown, GSM1014189 from John 

Stamatoyannopoulous of the ENCODE Consortium) show regions of open chromatin, 

some of which align with the regions of MyoD binding.  ChIP-seq for H3K27ac in C2C12 

cells (cyan) shows an increase in H3K27ac peaks in myotubes compared to myoblasts, 

with H3K27ac speaks overlapping most of the MyoD peaks174.  The sgRNAs used to 

target KRAB to possible regulatory regions are shown in bright red.  As a positive 

control for the studies, guides were targeted directly to the myogenin gene (bright 

green).  Yellow highlights indicate regions shown in higher detail in Figure 4.2 and 

Figure 4.3. 
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Expressing sgRNAs targeted to the MyoD peaks around base 136,142,000 

(sgRNA #1-5) or base 136,162,000 (sgRNA #6-9) in chromosome 1 (mm9 assembly) did 

not reveal any clear signs of regulating myogenin expression (Figure 4.2A-D).  However, 

sgRNA #17, targeted to an E-box near base 136,172,800, and sgRNA #18, targeted to an 

E-box near base 136,180,000, appeared to inhibit mCherry expression (Figure 4.2E-G).  

The MyoD binding site surrounding base 136,182,500 was an interesting feature, as it did 

not overlap well with any CANNTG E-box motifs (Figure 4.3A).  However, sgRNAs 

targeted both to the neighboring E-box motifs and directly on the ChIP-seq peak 

appeared to modestly inhibit myogenin expression, with sgRNA #25 and #26 showing 

the most repression (Figure 4.3B).  Finally, sgRNA #31 near base 136,199,300 (Figure 

4.3C-D) and sgRNA #34 near base 136,204,000 (Figure 4.3E-F) appeared to give the best 

inhibition of myogenin for their respective regions.  The aforementioned sgRNAs were 

selected for further experiments and validation. 
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Figure 4.2. Screen of guide RNA targets for myogenin repression. A)  Genome 

browser showing guide RNA targets (red) relative to the E-box motifs (green) in region 1 

from Figure 4.1.  ChIP-seq peaks from two independent sources (black, grey) show 

MyoD binding sites in C2C12 cells at different times of differentiation.  B) Percent of 

cells that express mCherry after five days differentiation when transfected either with 

guide RNA plasmid, the myogenin-targeted guides in region 1, or the ROSA26-targeted 

negative control.  This region did not yield any indication of regulation of myogenin.  C-

D) Same as A-B, region 2.  This region also did not yield any clear indication of 
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regulation.  E-F) Same as A-B for region 3.  sgRNA #17 shows a clear inhibition of 

myogenin expression.  G-H) Same, for region 4. sgRNA #18 appears to have the 

strongest inhibition over this region. 

 

 

Figure 4.3.  Continued screen of guide RNA targets. A) Genome browser tracks 

showing guide RNA targets (red) and CANNTG E-box motifs (green) for region 5 in 

Figure 4.1.  ChIP-seq peaks from two independent sources (black, grey) indicate MyoD 

binding.  B) Percent of cells expressing the mCherry reporter of myogenin after 

transfection with either the indicated guide RNA plasmids in region 5, the myogenin-

targeted positive control, or the ROSA26-targeted negative control.  C-D) Same as A-B, 

for region 6.  Blue lines indicate intronic regions of other genes that overlap with the 

MyoD binding peak.  E-F) Same as C-D, for region 7. 
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4.4.2. Genomic elements distal to the myogenin gene and promoter 
impact myogenin expression 

sgRNAs that were selected from the screen as possibly having inhibitory 

behavior on myogenic differentiation were delivered to reporter myoblasts (Figure 4.4).  

Based on flow cytometry measurements of inhibition of the mCherry reporter, sgRNAs 

17, 18, 15, and 31 all produced statistically discernable inhibition relative to the ROSA26-

targeted control (Figure 4.4B).  These sgRNAs all target different MyoD binding peaks, 

indicating that each of these regions may play a role in regulating myogenin expression.  

Direct measurement of mRNA levels using qRT-PCR corroborated these findings for 

sgRNAs 18 and 25, but sgRNAs 17 and 31were not statistically discernable from the 

negative control (Figure 4.4C).  This discrepancy may be related to the transient 

transfection used to deliver the sgRNA plasmids.  Because the mCherry signal takes 

longer to accumulate than direct expression of the myogenin-mCherry mRNA (Figure 

3.5), it is possible that the flow cytometry measurements may be reflecting more potent 

inhibition present immediately after transfection.  If the strength of repression is 

attenuating over time, then the qRT-PCR signal would more rapidly recover.  To test this 

hypothesis, future work will use methods that produce a stable integration into the 

genome of the sgRNAs. 
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Figure 4.4.  KRAB-mediated silencing of myogenin expression.  A) Schematic 

indicating the location of the guide RNA targets (red) relative to the Myog gene (dark 

red) and E-box consensus motifs (green).  MyoD ChIP-seq peaks from two independent 

sources (black, grey) indicate genomic regions where MyoD binds in C2C12 cells.  

DNAse hypersensitivity signal from skeletal muscle (brown) indicates regions of open 

chromatin.  H3K27ac peaks (cyan) show the presence of histone marks indicative of 

enhancers.  B) Flow cytometry data showing proportion of cells that are mCherry 

positive after guide RNA transfection and differentiation.  Targeting dCas9-KRAB to 

different genomic loci resulted in a statistically significant difference between groups 

(one-way ANOVA, F(8,17)=11.92, p = 1.32*10-5).  C) qRT-PCR shows a statistically 

measurable decrease in levels of myogenin mRNA in cells treated with sgRNA targeting 

the Myog gene or putative enhancers (one-way ANOVA, F(7,16)=33.83,  = 1.98*10-8). 

*Sample significantly different from the ROSA26-targeted negative control, α < 0.05 by 

Tukey’s HSD post-hoc test.  Error bars indicate 1 s.e.m. 



 

85 

4.4.3. Targeting dCas9-KRAB to enhancers does not measurably 
decrease transposase-accessible chromatin features. 

To determine if the changes in myogenin expression were caused by changing of 

the chromatin structure at the targeted loci, we performed ATAC qPCR on samples 

transfected with sgRNA 17, 18, or the myogenin or ROSA26-targeted controls (Figure 

4.5).  However, qPCR showed no reduced enrichment of the sgRNA target sites by 

ATAC when transfected with the targeting sgRNA plasmid.  

 

Figure 4.5. ATAC qPCR measurement of chromatin accessibility.  A) ATAC did 

not reveal any statistically measurable loss of chromatin accessibility at the myogenin 

locus when sgRNAs were targeted to the same locus or to enhancer loci.  B-C) ATAC 

similarly did not reveal any statistically significant loss of chromatin accessibility at the 

genomic target for sgRNA 17 in cells transfected with sgRNA 17, nor at the genomic 

target for sgRNA 18 in cells transfected with sgRNA 18. 

4.5. Conclusions 

By targeting dCas9-KRAB to various genomic loci that are characterized by 

MyoD binding, H3K27ac presence, and DNAse hypersensitivity, we were able to 

achieve partial inhibition of the expression of myogenin.  These genomic loci are likely 

enhancer elements that act on myogenin expression, as they exist several thousand bases 
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away from the myogenin promoter.  Inhibition of expression by dCas9-KRAB was not 

accompanied by changes in transposase accessibility of the targeted genomic loci.  

Ongoing work aims to examine how these enhancer regions interact by combinatorially 

inhibiting multiple loci with the dCas9-KRAB.  To demonstrate changes of functional 

marks in the genome, ChIP-qPCR for inhibitory histone marks like H3K9me3 can be 

performed. 
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5. Dissertation summary and future work 

5.1. Dissertation summary 

This research was motivated by the need for technologies that facilitate the 

analysis of decision making by single cells. In particular, our model system was chosen 

to better understand the process of myogenic lineage commitment.   This understanding 

can lead to improvements in cell and gene therapies for muscular diseases and damage.  

As discussed in chapter 1, conventional biochemical analysis of bulk cells is limited in its 

ability to obtain a clear understanding of single-cell behavior and its limited ability to 

track the dynamic behavior of cells.  Therefore, the hypotheses tested were as follows: 1) 

The single-cell expression profile of myogenin could reveal distinct subpopulations of 

myogenic cells and indicate the cell states that exist in a differentiating population.  2) 

The dynamic evolution of myogenin expression can be tracked at the single-cell level 

using a live-cell reporter.  3) There exist other genomic loci beyond the immediate 

promoter of myogenin that regulate the expression of myogenin.   The aims of this 

research were to address each of the above hypotheses by 1) performing single-molecule 

quantification of myogenin mRNA expression; 2) creating a non-destructive genomic 

reporter of myogenin expression to track the dynamics of myogenin activation; and 3) 

delivering a repressive signal to various MyoD binding sites in the genome near the 

Myog gene to inhibit differentiation.   
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Chapter 2 described the use of single molecule in situ hybridization as a method 

to quantify the myogenin expression in individual cells.   Tracking the population-wide 

distribution of myoblasts over time showed no clear relationship between MyoD 

expression and myogenin expression levels, with the cells transitioning to a myogenin-

high state in 5-7 days.  In C3H10T1/2 cells with MyoD forced expression, the cells 

jumped to a myogenin-high state almost immediately, and the expression of MyoD and 

myogenin in the cells was well-correlated.  By modulating the dose of MyoD forced 

expression, we found that there appears to be a critical dose required to activate 

myogenin expression by reprogramming.  Below this dose, which we approximate at 

around 100 molecules of MyoD for the C3H10T1/2 cells, almost no cells were 

reprogrammed.  Finally, we are able to see that myogenin protein expression is 

predicted by the mRNA expression levels. 

Live-cell reporters of myogenin expression in myoblast and fibroblast cell lines 

were developed in Chapter 3.  These cell lines were engineered using CRISPR/Cas9 

genome editing techniques to have a 2A-mCherry sequence inserted in place of the stop 

codon of myogenin.  We verified by FACS that the mCherry-expressing cells expressed 

higher levels of myogenin mRNA than the cells with little or no mCherry signal, and 

showed by quantitative immunofluorescence staining that the mCherry signal was well-

correlated with the presence of the myogenin protein.  These cell lines were used to 

examine the dynamics of myogenin upregulation.  In myoblasts, it was found that the 
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amount of serum or bFGF in the medium produced a notable lag in the upregulation of 

myogenin in a cell population at early timepoints, but not at later timepoints in a 

confluent culture.  Forcing expression of MyoD in fibroblasts showed that myogenic 

reprogramming could be accelerated based on the dose of MyoD overexpression.  

The studies performed in Chapter 4 examined the role of distal genomic 

regulatory elements on the expression of myogenin.  A repressive dCas9-KRAB complex 

was targeted to various genomic regions to find regions that could be repressed by 

delivery of this complex.  A broad screen over multiple genomic loci identified guide 

RNA sequences in specific regions that appeared to decrease myogenin expression.  

Analyzing the guides with the most apparent activity confirmed two genomic loci that 

could repress myogenin expression when targeted with KRAB.  The degree of 

repression was only partial, suggesting that the enhancers may each only play a small 

role in the overall expression of myogenin. 

Taken as a whole, these results are indicative of the conditions required for the 

activation of myogenin in cells and commitment to the myogenic lineage.  Specifically, 

the data show the requirement of a critical amount of MyoD expression to initiate 

myogenin expression in a cell, the acceleration of reprogramming and myogenin 

upregulation with increased MyoD induction, and the presence of enhancer elements 

that modulate the expression of myogenin.   
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5.2. Future work 

The results from Chapter 2 and Chapter 3, taken together, show that myogenin 

expression exists in a bimodal state and that myogenin upregulation in a reprogrammed 

cell persists longer than the reprogramming stimulus.    However, these results fall short 

of conclusively determining the presence of hysteresis in myogenin activation and an 

irreversible single-cell commitment to a myogenic lineage.  To further address this 

question, future work could move the reporter system from Chapter 3 into a cell type 

that is capable of more rapid myogenic reprogramming, such as the widely used 

multipotent C3H10T1/2 mesenchymal cell line.  Alternatively, using methods to 

accelerate and increase the efficiency of MyoD-mediated reprogramming could enable 

the fibroblast cell line to reprogram more rapidly.  One such method is to use MyoD 

fused to a transactivation domain which was shown to accelerate differentiation 

kinetics142.  A more rapid and more efficient myogenic reprogramming will make direct 

experiments that test for hysteresis of myogenin expression in reprogrammed cells 

feasible using live-cell microscopy.   

The results from Chapter 4 identify several genomic regions that have functional 

implications for myogenin expression level.  However, it is not yet certain whether these 

enhancers act synergistically.  To determine the relationship between the enhancers, we 

can co-deliver multiple guides to the various genomic loci and see whether the co-

delivery is able to improve the repression of myogenin expression to a greater 
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magnitude than only targeting an individual enhancer locus. Furthermore, measuring 

the change in histone methylation marks would indicate the degree that the KRAB is 

remodeling the specific chromatin marks associated with active enhancers.    It is 

possible that the enhancers are active at different times during differentiation.   

Combining the live-cell tracking from Chapter 3 with inhibition of enhancer activity 

from Chapter 4 can provide information regarding the dynamic behavior of the 

chromosome near the myogenin gene during myoblast differentiation.
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Appendix A 

List of smFISH probe sequences used in Chapter 2. 

MyoD (NM_010866) Myogenin (NM_031189.2) LacZ 
gtcctgtgctgacgaaagaa     
tgaggagactgtcctgtcct      
taaggttgggtgtcttggaa   
agtaacatgacaaccccaag   
ctcaccgtctttcaattctg      
ttgaccctatacctcgaaga          
tgaggccctgtatctgaact    
gagagagacgaggaaactct   
cgtctgctgaagatactact     
acaaagctgagtggtctgga   
cgaaaaaactcctggacctg   
tgtaccctcgggaggacttt        
tcgtgcgtgtgaagggatga     
cgagcactcctactcgtaca                                            
acgttcgcgttctggtggtt  
tcgtttcacttactccggaa  
gatgggttccacctctagga 
taggcgatgtagcttccaga      
tgatgtcaccgctgagtcta                  
ttgacgagactaccgtacta      
ttaccgatgctgtggcggat      
agctgacggacaggtcgtat    
acgaaaaccgtctacgtggt     
gtagggattcgctgtgtctt                                   
agtcacaggacgtccgagtt   
gggttacgctaaatagtcca   
aaactctctagctgacgtcg                                
cctaccacagggaccaagaa     
gcgggttttctacttcgaat       
tgagaagggttgacaggaaa         
aagaaggtctcccttccctt 
tcttcagacaggatctaggt   
gggtttctttcctgtatcag      
acaacaacaacaacatcagg       
acaaaaaagtacgccgagtg     
cggtctcgactaggaactca  
gagaaggaaaggagtatcgt     
ccactcggaacgtgtggatt      
gggaggtgtaggaaaacaaa 
tgggtgaaaaggggtgtcga          
gtgagtccagagtccacatt    
cacattggtatggggtgaga 
gccaagtcctggtgaataaa      
ttattctcaacgaaccggtc       
tcggggaacccgatataaat          
gtacgacacatcacgttgtt       
tacaaataaggagttcgccc 
agcgagtccacaacctttat  

tcaccgtccttgttcggaaa    
ctggactacctcgacatact   
gtagggggataaagatggtc  
ggtgaagatactaccccttt   
atggaaggacaggtggaagt  
gatactcgcctgactcgagt  
ggggaccttcttttccctga  
actcgtaacaggtccggtca 
cacccgtacattccacacat   
tccttcagacacagccacct  
cgtccgagttctttcactta   
ttctcctcgtgggacgagtt   
gacggatttcacctctagga   
tcgcggtaggtcatgtaact   
aacgagtcgagggagttggt   
taccacgggtcacttacgtt   
accccgttacgtgacctcaa  
ttgggtcctctagtaaacga   
tgggatgtctgcgggtgtta    
gtgagggaatgcaggtagca    
tcgtagtgccacctcctata    
acaacggaagggtctgcttt   
tacgggttgactctaacaga    
acgtacactcgggggttcaa   
acagttttcggtagtgaaga   
tcgtcccccgaaaattcacc  
gacaggactacaggtctttt    
aggggtaagtgtattccgat    
gtcgctcccttaaatcgact    
gaatttcgtctctcgtagga   
agactcctctctttctacct    
ggaacaattacagggagtca    
cgtttgagtcctcgaagaaa     
ttatacggagcttaaggtgg   
tgggggttttactttggcaa   
tctctgtactcacgggactg    
ctgttcacacgtgtagacaa   
tcagagaaggacttcggtca     
acgggactcaactctctctt  
tcctcgataggccaaggttt  
gttcgtaaacgtcacctaga 
ttggaaggtcacgaaacaca   
cacaacaaacatttcgacgg   
ttccagaggacacgactact   
gagaaccccactgaagaaaa     
ttcgtaacacaccaaaacgg   
cgattgaataaacctaaagg   
ttacttatttctgaccaacg    

ggcagcaaaatgttgcagca 
gacccttttgggaccgcaat 
gttgaattagcggaacgtcg 
gtcgaccgcattatcgcttc 
ttgtcaacgcgtcggactta 
gaccaaaggccgtggtcttc 
ctagaaggactccggctatg 
ggagtttgaccgtctacgtg 
aatgctacgcgggtagatgt 
actggatagggtaatgccag 
caaacaagggtgcctcttag 
ccaacaatgagcgagtgtaa 
aactactttcgaccgatgtc 
cggtctgcgcttaataaaaa 
aattgagccgcaaagtagac  
aatgccggtcctgtcagcaa 
ggcagacttaaactggactc 
taaaaatgcgcggcctcttt 
gccgtcaatagaccttctag 
ccgtaaaaggcactgcagag 
cgacgtatttggctgatgtg 
tagtcgctaaaggtacaacg 
attactactaaagtcggcgc 
atgacctccgacttcaagtc 
ctcaacgcactgatggatgc 
ttgtcaaagaaataccgtcc 
gccactttaatagctactcg 
gcagtgtgatgcagacttgc 
cttttgggctttgacacctc 
ttagggcttagagatagcac 
caccaacttgacgtgtggcg 
gactaacttcgtcttcggac 
aacgactaagctccgcaatt 
gtagtaggagacgtaccagt 
agtacctactcgtctgctac 
gtcctataggacgactactt 
tcttgttgaaattgcggcac 
caagcgtaataggcttggta 
ctggcgatgccggacataca 
ttataactttgggtgccgta 
gttacttagcagactggcta 
gctactcgcttgcgcattgc 
ccacgtcgcgctagcattag 
ggctcacactagtagaccag 
accccttacttagtccggtg 
attagtgctgcgcgacatag 
acctagtttagacagctagg 
gtgccggtggctataataaa 
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Appendix B 

PCR primers used in Chapter 3, section 3.3.1. 

Primer name Sequence Function 
5' BamHI Myog 
5' arm 

CACCAC GGATCC 
gtgcccagtgaatgcaactcc 

Obtain myogenin homology 
arms from genomic DNA 
and clone into targeting 
vector 

3' NheI Myog 5' 
arm 

CACCCAC GCTAGC 
gttgggcatggtttcgtctgg 

5' AscI Myog 3' 
arm 

CACCAC GGCGCGCC 
gattgtctgtcaggctgggtg 

3' NotI Myog 3' 
arm 

CACCAC GCGGCCGC 
gcaaaaccacacaatgcttag 

5' NheI 2A 
mCherry 

CACCAC gctagc 
gccactaacttctccctgttgaaacaagcaggggatg
tcgaagagaatcccgggcca 
ATGGTGAGCAAGGGCGAGGAG 

Fuse T2A and NLS 
sequences onto mCherry and 
clone into targeting vector 

3' BsiWI stop 
2xNLS mCherry 

CACCAC cgtacg tca 
CACCTTTCTCTTTTTCTTAGGgcca
ccCACCTTCCTCTTCTTCTTGGG 
CTTGTACAGCTCGTCCATGCC 

5' BamHI Myog 
ex2 

caccac GGATCC 
gtgcccagtgaatgcaactcccac 

Mutate the PAM sequence in 
the targeting vector 3' NheI Myog-

mutV205V 

caccac GCTAGC 
gttgggcatggtttcgtctgggaaggcaacagacata
tcctccaccgtgatgctgtcG 
acgatggacgtaagggagt 

5' AgeI mPGK 
CACCAC ACCGGT 
AGGCGCCAACCGGCTCCGTTCTT
T 

Clone Puro∆tk into targeting 
vector 

3' AscI LoxP 
Pudtk 

CACCAC GGCGCGCC 
ataacttcgtatagcatacattatacgaagttat 
TCAGTTAGCCTCCCCCATCTCCC
G 

5' NsiI T2A eGFP 

CACCAC AtgcaT 
GAGGGCAGAGGAAGTCTTCTAA
CATGCGGTGACGTGGAGGAGAA
TCCCGGCCCT 
atgGTGAGCAAGGGCGAGGAGCT
G 

Fuse T2A and NLS to eGFP 
and clone into MyoD viral 
vector 

3' NheI stop 
2xNLS eGFP 

CACCAC GCTAGC tca 
CACCTTTCTCTTTTTCTTAGGgcca
ccCACCTTCCTCTTCTTCTTGGG 
CTTGTACAGCTCGTCCATGCCGA
G 
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5' UbC XbaI H2B 
tgttagacGAAGCTTGGGCTGCAGGT
CGAC tctaga 
gccaccATGCCAGAGCCAGCGAAG Clone H2B-GFP into nuclear 

tagging vector 
3' IRES EcoRI 
eGFP 

TAACGTTAggggggggggAGGGAGA
GGGGC gaattc tta 
CTTGTACAGCTCGTCCATGCC 

5' Venus-MfeI-
NheI-IRES 

cactctcGGCATGGACGAGCTGTAC
AAG caattg gctagc 
GCCCCTCTCCCTCCCCCCCC 

Clone IRES-Puro into 
nuclear tagging vector 

3' WPRE-EcoRI-
Puro(r) 

CAGAGGTTGATTATCGATAAGCT
TGATATC Gaattc 
TCAGGCACCGGGCTTGCGGGTCA
T 

 



 

95 

Appendix C 

Jython script used to analyze immunofluorescence images as described in Chapter 3. 

Notes for use:  Open the following code in the ImageJ Script Editor. Manually edit 

variable “fileroot” in function “get_files.” Run the code. 

from ij import * 
from ij.gui import WaitForUserDialog 
from ij.process import * 
from ij.measure import * 
from ij.util import * 
from ij.plugin import Thresholder, RoiEnlarger, Sel ection 
from ij.plugin.filter import BackgroundSubtracter 
from ij.plugin.frame import RoiManager 
from ij.io import * 
from loci.formats import * 
from string import Template 
import os, time 
import javax.swing as swing 
import csv 
 
### 
###GLOBAL CONSTANTS 
### 
 
MAG_VAL = 20 
 
### 
### FUNCTION DEFINITIONS 
### 
 
### WARNING: Pixel width is currently only calibrat ed for a 20x objective (MAG_VAL global 
variable) 
 
def main(): 
    """ 
    Run the main program, which should output a ser ies of data for the grey intensity 
values of each nucleus in the cell. 
    """ 
    start = time.clock() 
    IJ.freeMemory() 
    IJ.run("Close All") 
    f = open('output.csv','w') 
    [filedata, filelist] = get_files() 
    filedatahead = ['Line','Well','Image No.'] 
    datahead = ['Centroid X','Centroid Y','Nucleus Area','mCherry Intensity','mCherry 
Background','IF Intensity','IF Background'] 
    outputter = csv.writer(f,lineterminator='\n') 
    outputter.writerow(filedatahead + datahead) 
    for ii,filename in enumerate(filelist): 
        (x, y, a, md, md_b, mg, mg_b) = measure_fil e(filename) 
        for i in range(0, len(x)): 
         outputter.writerow(filedata[ii] + [x[i]] +  [y[i]] + [a[i]] + [md[i]] + 
[md_b[i]] + [mg[i]] + [mg_b[i]]) 
    f.close() 
    print ('Analysis complete. Runtime', time.clock ()-start) 
 
def get_files(): 
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 """ 
 -> (listof (listof X)) (listof String) 
  
 Outputs a list of the filenames needing to be open ed. 
 """ 
 fileroot = '[Insert folder directory here]' 
 data_out = [] 
 files_out = [] 
 for j in range(0,1): 
  if j == 0: 
   ln = '3' 
  elif j == 1: 
   ln = '22' 
  for i in range(1,4): 
   for k in range(1,10): 
    filename = ln + ' ' + str(i) + '  ' + str(k) + ' p.tif' 
    data_out.append([ln,i,k]) 
    files_out.append(fileroot + filename) 
 return data_out, files_out 
 
def measure_file(filename): 
    """ 
    String -> 7x (listof Number)  
 
    Identifies and measures all the nuclei in the i nput file. 
    The parameters measured are: 
       - Area and location of nucleus (found by DAP I stain) 
       - Threshold values used to identify nuclear stain 
       - Intensity of IF stain of nucleus (in MyoD/ Myog stain) 
       - Intensity of corresponding background surr ounding nucleus 
    """ 
    (w,nuc,c1,c2) = get_file(filename) 
    (lo, hi, rt, rm) = get_user_threshold(w,nuc) 
    start = time.clock() 
    (x, y, a) = measure_particle_results(rt) 
    (c1_int, c1_bg, c2_int, c2_bg) = measureIF(rm, w, c1, c2, x, y) 
    if (len(x)==len(y)) and (len(y)==len(a)) and (l en(a)==len(c1_int)) and 
(len(c1_int)==len(c2_int)): #All data should be of same length! 
 st = Template('Measurement time: $t     Measuremen t speed: $n nuclei/second') 
 stat = st.substitute(t = IJ.d2s(time.clock()-start ,3), n = 
IJ.d2s(len(x)/(time.clock()-start),1)) 
 IJ.showStatus(stat) 
     return x, y, a, c1_int, c1_bg, c2_int, c2_bg 
    else: 
     raise Exception('Something went wrong in the d ata gathering: Data lists are not of 
consistent length!') 
 
def measureIF(rm, w, ch1, ch2, x, y): 
 """  
 ROI Manager, ImagePlus, Natural, ImagePlus, ShapeR oi -> 4x (listof Number) 
 
 For each ROI in rm, measures the grey intensity in  ImagePlus w for channels ch1 
and ch2, 
 then measures the local background intensity (defi ned by taking a 3 um donut 
around the ROI, excluding 
 other ROIs in rm--which should be represented by t he mask in nucroi). 
 """ 
 y1 = [] 
 bg1 = [] 
 y2 = [] 
 bg2 = [] 
 rlist = rm.getRoisAsArray() 
 n = len(rlist) 
  
 #Measure intensity value in each nucleus 
 i = 0 
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 imp1 = extractChannel(w, ch1) 
 imp2 = extractChannel(w, ch2) 
 st = Template('Processing nuclei ($n total)...') 
 stat = st.substitute(n = str(n)) 
 IJ.showStatus(stat) 
 for i, roi in enumerate(rlist): 
  start = time.clock() 
  IJ.showProgress(i,n) 
  x1 = mean_grey(imp1,roi) 
  y1.append(x1) 
  x2 = mean_grey(imp2,roi) 
  y2.append(x2) 
  ln = identify_local_nuclei(imp1,x,y,rlist,i) 
  r2 = get_local_bg(imp1, roi, ln) 
  z1 = mean_grey(imp1,r2) 
  bg1.append(z1) 
  z2 = mean_grey(imp2,r2) 
  bg2.append(z2) 
#  st = Template('Processing nuclei ($n total) at a  rate of $t seconds per 
nucleus...') 
#  tt = time.clock()-start 
#  stat = st.substitute(n = str(n), t = str(round(t t,3))) 
#  IJ.showStatus(stat) 
 if len(y1)==len(bg1) and len(bg1)==len(bg2) and le n(bg2)==len(y2): 
  return y1, bg1, y2, bg2 
 else: 
  raise Exception('Exception in measureIF: Data lis ts of inconsistent 
length.') 
 
def identify_local_nuclei(imp,x,y,rois,idx): 
 """ 
 (listof Number) x2, (listof Roi), Integer -> Shape Roi 
 
 Produce a ShapeRoi consisting of all nuclei in a d efined square region centered on 
nucleus idx in rois. 
 """ 
 enlarge_radius_microns = 6 
 px = imp.getCalibration() 
 px = px.pixelWidth 
 r = enlarge_radius_microns * 4 / px 
 x_i = x[idx] 
 y_i = y[idx] 
 locals = [re for i,re in enumerate(rois) if (x[i] <= x_i + r and x[i] >= x_i - r 
and y[i] <= y_i + r and y[i] >= y_i - r)] 
 sr = ShapeRoi(locals[0]) 
 if len(locals) > 1: 
  for roi in locals: 
   sr.or(ShapeRoi(roi)) 
 return sr 
 
def mean_grey(imp, roi): 
 """ 
 ImagePlus, (Roi OR ShapeRoi) -> Number 
 
 Return the mean grey value of pixels in ImagePlus object imp that are within 
region roi. 
 """ 
 ip = imp.getProcessor() 
 ip.setRoi(roi) 
 stats = ImageStatistics.getStatistics(ip, Measurem ents.MEAN,imp.getCalibration()) 
 return stats.mean  
 
def get_local_bg(imp, roi, nuclei): 
 """  
 ImagePlus, ROI, ShapeRoi -> ShapeRoi 
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 Produce a ROI that defines local background by exp anding input region roi a set 
distance based on scale in imp 
 and is exclusive from all other regions in masked imp. 
 """ 
 #Duplicate roi and enlarge it 
 enlarge_radius_microns = 6 
 dupe = roi.clone() 
 px = imp.getCalibration() 
 px = px.pixelWidth 
 r = enlarge_radius_microns/px 
 big = RoiEnlarger.enlarge(dupe,r) 
  
 #Get the roi with all the nuclear regions removed.  
 sr = ShapeRoi(big) 
 sr.not(nuclei) 
 
 return sr  
  
def measure_particle_results(rt): 
 """  
 ResultsTable -> 3x (listof Number) 
 
 Record the centroid X and Y coordinates and the ar ea contained in the ResultsTable 
in three separate lists. 
 Index values should be consistent across lists. 
 """ 
 xcol = rt.getColumnIndex('X') 
 ycol = rt.getColumnIndex('Y') 
 acol = rt.getColumnIndex('Area') 
 x = rt.getColumn(xcol) 
 y = rt.getColumn(ycol) 
 a = rt.getColumn(acol) 
 return x, y, a 
 
def get_auto_threshold(w,ch): 
 """ 
 ImagePlus, Natural -> Natural, Natural, ResultsTab le, ROIManager, ImagePlus, 
ShapeRoi 
 
 Uses auto-threshold 'Otsu' to identify nuclei. 
 """ 
 m = extractChannel(w,ch) 
 n = m.duplicate() 
 bs = BackgroundSubtracter() 
 bs.run(m.getProcessor()) 
 return [] #stub 
         
def get_user_threshold(w,ch): 
 """ 
 ImagePlus, Natural -> Natural, Natural, ResultsTab le, ROIManager, ImagePlus, 
ShapeRoi 
 
 Provide an interface for the user to threshold cha nnel 'ch' of image window 'w' 
 and return the low/high threshold levels and an im age of the thresholded mask. 
 """ 
 m = extractChannel(w,ch).duplicate() 
 n = m.duplicate() 
 bs = BackgroundSubtracter() 
 r = 50 #Rolling ball radius 
 bs.rollingBallBackground(m.getProcessor(),r,False, False,False,False,False) 
 m.show() 
 ta = ThresholdAdjuster() 
 win = WaitForUserDialog('Set Threshold, then press  OK in this window.\nDo NOT push 
"Apply" in the Thresholding window.') 
 win.show() 
 ta.close() 
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 ip = m.getProcessor() 
 hi = ip.getMaxThreshold() 
 lo = ip.getMinThreshold() 
 m.hide() 
 ovr, rt, rm = get_particles(m.duplicate(),lo,hi) 
 n.setOverlay(ovr) 
 n.show() 
 userinput = ask_threshold_qual() 
 n.hide() 
 if userinput == swing.JOptionPane.YES_OPTION: 
  return lo,hi,rt,rm 
 elif userinput == swing.JOptionPane.NO_OPTION: 
  return get_user_threshold(w, ch) 
 else: 
  raise Exception("Program cancelled by user.") 
 
def ask_threshold_qual(): 
 """  
 -> Integer 
 
 Returns numeric value of user's choice for dialog box. 
 """ 
 msg = 'Please examine the identified nuclei.\nPres s "Yes" to analyze the outlined 
regions.\nPress "No" to change the threshold.\nPres s "Cancel" to abort measurements.' 
 ans = 
swing.JOptionPane.showConfirmDialog(None,msg,'Confi rmation',swing.JOptionPane.YES_NO_CANC
EL_OPTION) 
 return ans 
  
def get_particles(imp,l,h): 
 """ 
 ImagePlus, Natural, Natural -> Overlay, Results ta ble, ROI Manager, ShapeRoi 
 
 Using the input thresholding parameters, get a thr esholded mask and count the 
particles in the image. 
 Return the list of particles as ROIs and the image . 
 """ 
 ip = imp.getProcessor() 
 #Apply Threshold on image in preparation for Parti cle Analyzer 
 ip.setThreshold(l,h,3) 
 IJ.run(imp, "Convert to Mask", "") 
 IJ.run(imp, "Watershed", "") 
 IJ.run("Clear Results", ""); 
 rt=ResultsTable() 
 rm = clear_roi_manager() 
 px = imp.getCalibration() 
 px = px.pixelWidth 
 #Parameters for Particle Analyzer 
 opt = 
ParticleAnalyzer.ADD_TO_MANAGER+ParticleAnalyzer.EX CLUDE_EDGE_PARTICLES+ParticleAnalyzer.
SHOW_OVERLAY_OUTLINES 
 meas = Measurements.AREA+Measurements.CENTROID 
 minsize = 40/(px*px) 
 maxsize = 500/(px*px) 
 mincirc = 0.4 
 maxcirc = 1 
 analyser=ParticleAnalyzer(opt, meas, rt, minsize, maxsize, mincirc, maxcirc);  
 analyser.setHideOutputImage(True) 
 analyser.analyze(imp) 
 return imp.getOverlay(),rt,rm 
 
def extractChannel(imp, nChannel): 
 """  
 ImagePlus, Natural -> ImagePlus 
 Extract a stack for a specific color channel from an image with only one timepoint 
 Modified from source fiji.sc/Jython_Scripting  
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 """ 
 if imp.getNChannels() > 1 and imp.getNSlices() == 1: 
   stack = imp.getImageStack() 
   ch = ImageStack(imp.width, imp.height) 
   for i in range(1, imp.getNSlices() + 1): 
      index = imp.getStackIndex(nChannel, i, 1) 
      ch.addSlice(str(i), stack.getProcessor(index) ) 
 elif imp.getNChannels() == 1 and imp.getNSlices() > 1: 
  stack = imp.getImageStack() 
   ch = ImageStack(imp.width, imp.height) 
   ch.addSlice(str(nChannel), stack.getProcessor(nC hannel)) 
    ic = imp.getCalibration() 
  output = ImagePlus("Channel " + str(nChannel), ch ) 
  cal = output.getCalibration() 
  cal.pixelWidth = ic.pixelWidth 
  cal.pixelHeight = ic.pixelHeight 
  cal.pixelDepth = ic.pixelDepth 
  cal.setUnit(ic.getUnit()) 
  return output 
  
def clear_roi_manager(): 
 """ 
 -> Handle for ROI Manager 
 
 Returns a handle for the ROI Manager and clears al l ROIs within. 
 """ 
 rm = RoiManager.getInstance() 
 if not rm: 
  RoiManager() 
  rm = RoiManager.getInstance() 
 if rm.getCount() > 0: 
  rm.runCommand('select all') 
  rm.runCommand('Delete') 
 return rm 
 
def get_file(filename): 
    """ 
    String -> ImagePlus, Natural, Natural, Natural or False 
 
    Checks that input filename/file unit exists, th en opens it according to file type. 
    Currently requires files to contain all relevan t channels. 
    Returns indices of channels based on which chan nel corresponds to which color. 
    """ 
    if os.path.isfile(filename): 
        if filename[-3:] == '.dv': 
   w = open_dv(filename) 
   return w,1,3,2 #DAPI, MyoD, Myogenin 
        elif filename[-4:] == '.tif': 
         if filename[-5] == 'p': #Check if tif is s plit into files for each color.  
          w = open_mult_tifs(filename,['b','r','ir' ]) 
          return w,2,3,4 #DAPI, mCherry, F5D (let m Cherry replace MyoD) 
         else: 
          w = open_tif(filename,['b','r','ir']) 
          return w,1,2,3 #DAPI, mCherry, F5D (let m Cherry replace MyoD) 
    else: 
        raise Exception(str(['File not found:',file name])) 
 
def open_tif(name,suffixes): 
 """ 
 String (listof String) -> ImagePlus 
 
 Parses the different color letters in 'suffixes' a nd combines them into one 
ImagePlus file for analysis. 
 """ 
 filename = name.split('.') 
 ip = ImagePlus(name).getProcessor() 
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 imstk = ImageStack(ip.getWidth(),ip.getHeight()) 
 #imstk.addSlice('Phase Contrast',ip) 
 for suffix in suffixes: 
  target =  filename[0] + ' ' + suffix + '.' + file name[1] 
  if not os.path.isfile(target): 
   raise Exception(str(['File not found:',target]))  
  ip = ImagePlus(target).getProcessor() 
  imstk.addSlice(suffix,ip) 
 imp = ImagePlus(name,imstk) 
 imp.setDimensions(len(suffixes)+1,1,1) 
 imp.show() 
 return imp 
 
def open_mult_tifs(name,suffixes): 
 """ 
 String (listof String) -> ImagePlus 
 
 Parses the different color letters in 'suffixes' a nd combines them into one 
ImagePlus file for analysis. 
 """ 
 filename = name.split(' p.') 
 ip = ImagePlus(name).getProcessor() 
 imstk = ImageStack(ip.getWidth(),ip.getHeight()) 
 imstk.addSlice('Phase Contrast',ip) 
 for suffix in suffixes: 
  target =  filename[0] + ' ' + suffix + '.' + file name[1] 
  if not os.path.isfile(target): 
   raise Exception(str(['File not found:',target]))  
  ip = ImagePlus(target).getProcessor() 
  imstk.addSlice(suffix,ip) 
 imp = ImagePlus(name,imstk) 
 imp.setDimensions(len(suffixes)+1,1,1) 
 cal = imp.getCalibration() 
 cal.setUnit("micron") 
 if MAG_VAL == 20: 
  cal.pixelWidth = 0.3225 #Hard coded for 20x objec tive 
  cal.pixelHeight = cal.pixelWidth 
 return imp 
     
def open_dv(n): 
    """ 
    String -> ImagePlus 
 
    Opens a DeltaVision-formatted file and returns window titles. 
    Idea: read the metadata from the .dv file to de termine which channel is which 
wavelength 
    """ 
    from loci.plugins import BF 
    #from loci.formats import IFormatReader, Format Reader, FormatHandler #only if I can 
figure out how to call it 
    img = BF.openImagePlus(n)  #to show image: for imp in img: imp.show() 
    if len(img) == 1: #I have no idea what to do if  this check fails... 
     for imp in img: 
      return imp 
    raise Exception('Failure in open_dv!') 
 
### 
### RUN SCRIPT 
### 
 
main() 
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Appendix D 

Sequencing results of genome editing in reporter cell lines.  Dots indicate a match to the 

intended sequence. 

H2K myoblast lines 7 and 8 

Sequencing primer 274: ATGTCTGTTGCCTTCCCAGA 
Sequencing primer 275: GGAAAGGTGCAGAGTTTTGG 
Sequencing primer 320: CCTGTAACCCAGGCAGAGAG 
Sequencing primer 326: AAGCGCATGAACTCCTTGAT 
 
Wild-type allele sequence: 

                                         STOP CODON  (insertion site) 
Query  1753  TATGTCTGTTGCCTTCCCAGACGAAACCATGCCCAACTGAGATTGTCTGTCAGGCTGGGT  1812 
7-274  1                                                .................  17 
7-275  794                ......................... ......................  748 
8-274  1                                                 ................  16 
8-275  789                   ...................... ......................  746 
 
Query  1813  GTGCATGTGAGCCCCCAAGTTGGTGTCAAAAGCCATCACTTCTGTAGCAGGGGGCTTTTA  1872 
7-274  18    ...................................... ......................  77 
7-275  747   ...................................... ......................  688 
8-274  17    ...................................... ......................  76 
8-275  745   ...................................... ......................  686 
 
Query  1873  AGTGGGGCTGTCCTGATGTCCAGAAAACAGCCCTGGGCTGCCACAAGCCAGACTCCCCAC  1932 
7-274  78    ...................................... ......................  137 
7-275  687   ...................................... ......................  628 
8-274  77    ...................................... ......................  136 
8-275  685   ...................................... ......................  626 
 
Query  1933  TCCCCATTCACATAAGGCTAACACCCAGCCCAGCGAGGGAATTTAGCTGACTCCTTAAAG  1992 
7-274  138   ...................................... ......................  197 
7-275  627   ...................................... ......................  568 
8-274  137   ...................................... ......................  196 
8-275  625   ...................................... ......................  566 
 
Query  1993  CAGAGAGCATCCTCTTCTGAGGAGAGAAAGATGGAGTCCAGAGAGCCCCCTTGTTAATGT  2052 
7-274  198   ...................................... ......................  257 
7-275  567   ...................................... ......................  508 
8-274  197   ...................................... ......................  256 
8-275  565   ...................................... ......................  506 
 
Query  2053  CCCTCAGTGGGGCAAACTCAGGAGCTTCTTTTTTGTTTATCATAATATGCCTCGAATTCC  2112 
7-274  258   ...................................... ......................  317 
7-275  507   ...................................... ......................  448 
8-274  257   ...................................... ......................  316 
8-275  505   ...................................... ......................  446 
 
Query  2113  A ccccccaccccc AAAATGAAACCGTTTGAGAGACATGAGTGCCCTGACCTGGACAAGTG  2172 
7-274  318   ...................................... ......................  377 
7-275  447   ...................................... ......................  388 
8-274  317   ...................................... ......................  376 
8-275  445   ...................................... ......................  386 
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Query  2173  TGCACATCTGTTCTAGTCTCTTCCTGAAGCCAGTGGCTGGGCTGGGCCTGCCCTGAGTTG  2232 
7-274  378   ...................................... ......................  437 
7-275  387   ...................................... ......................  328 
8-274  377   ...................................... ......................  436 
8-275  385   ...................................... ......................  326 
 
Query  2233  AGAGAGAAGGGGGAGGAGCTATCCGGTTCCAAAGCCTCTGGGGGCCAAGCATTTGCAGTG  2292 
7-274  438   ...................................... ......................  497 
7-275  327   ...................................... ......................  268 
8-274  437   ...................................... ......................  496 
8-275  325   ...................................... ......................  266 
 
Query  2293  GATCTTGGGAACCTTCCAGTGCtttgtgtattgtttattgttttgtgtgttgtttgt AAA  2352 
7-274  498   ...................................... ......................  557 
7-275  267   ...................................... ......................  208 
8-274  497   ...................................... ......................  556 
8-275  265   ...................................... ......................  206 
 
Query  2353  GCTGCCGTCTGACCAAGGTCTCCTGTGCTGATGATACCGGGAACAGGCAGGGAAGGGGGT  2412 
7-274  558   ...................................... ......................  617 
7-275  207   ...................................... ......................  148 
8-274  557   ...................................... ......................  616 
8-275  205   ...................................... ......................  146 
 
Query  2413  GGGGGCTCTTGGGGTGACTTCTTTTGTTAACTAAGCATTGTGTGGttttgccaatttttt   2472 
7-274  618   ...................................... ......................  677 
7-275  147   ...................................... ......................  88 
8-274  617   ...................................... ......................  676 
8-275  145   ...................................... ......................  86 
 
Query  2473  ttcttttgtaattcttttgctaacttatttggatttcctttttt AAAAAATGAATAAAGA  2532 
7-274  678   ...................................... ......................  737 
7-275  87    ...................................... ......................  28 
8-274  677   ...................................... ......................  736 
8-275  85    ...................................... ......................  26 

 
Query  2533  CTGGTTGCTATCAGAGCATCTGCAATGATATTATCAAGAGGGGAGCCACCAAAACTCTGC  2592 
7-274  738   ...................................... ......................  797 
7-275  27    ...........................                                   1 
8-274  737   ...................................... ......................  796 
8-275  25    .........................                                     1 
 
Query  2593  ACCTTTCC  2600 
8-274  797   ........  804 

 

Knock-in allele sequence: 

Query  1013  CTGTAACCCAGGCAGAGAGAAATACCTGAGACTGGCAGTAGACTTGACCTTGGACCTTGG  1072 
7-320  1                                                .................  17 
7-326  839              ..............-N........... ......................  792 
8-320  1                                                     ............  12 
8-326  845   ...................................... ......................  785 
                    \                                                     
                    |                                                     
                    N 
 
Query  1073  CCTTGTCTTGCATGCAGGTGCCCAGTGAATGCAACTCCCACAGCGCCTCCTGCAGTCCGG  1132 
7-320  18    ...................................... ......................  77 
7-326  791   ...................................... ......................  732 
8-320  13    ..........NNN......................... ......................  72 
8-326  784   ....................NT................ ......................  725 
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Query  1133  AGTGGGGCAATGCACTGGAGTTCGGTCCCAACCCAGGAGGTAAGTGAATCCTGACCCTGG  1192 
7-320  78    ...................................... ......................  137 
7-326  731   ...................................... ......................  672 
8-320  73    ...................................... ......................  132 
8-326  724   ...................................... ......................  665 
 
Query  1193  TAACATGGCTCAAATCCCTTAGTCCCTACCTAGGCTGGGCTTGTACCCTTACCATAAGCC  1252 
7-320  138   ...................................... ......................  197 
7-326  671   ...................................... ......................  612 
8-320  133   ...................................... ......................  192 
8-326  664   ...................................... ......................  605 
 
Query  1253  CTGTCCCAATCACCCTTCAGCAGCTTTTCTAGGAACTTGCTGACCTGAGGGCCCCAAATG  1312 
 
7-320  198   ...................................... ......................  257 
7-326  611   ...................................... ......................  552 
8-320  193   ...................................... ......................  252 
8-326  604   ...................................... ......................  545 
 
Query  1313  GTGGGCTGGAGACCCTGTGCCTCCCGGTAGCCTTGACCAGCTAAAGAGTAGTCAGAGCCT  1372 
7-320  258   ...................................... ......................  317 
7-326  551   ...................................... ......................  492 
8-320  253   ...................................... ......................  312 
8-326  544   ...................................... ......................  485 
 
Query  1373  CCAGCAACTTCCCTGCTGGTCTCTGACCTCAGAGAGAAGAGCCTGCTCCTGCCCCAGGGG  1432 
7-320  318   ...................................... ......................  377 
7-326  491   ...................................... ......................  432 
8-320  313   ...................................... ......................  372 
8-326  484   ...................................... ......................  425 
 
Query  1433  TCCCTGGGGATCACTCAGTCAGTGTTGTAAAACTGTGCCCTGTGCCCTAGGATATCCTGG  1492 
7-320  378   ...................................... ......................  437 
7-326  431   ...................................... ......................  372 
8-320  373   ...................................... ......................  432 
8-326  424   ...................................... ......................  365 
 
Query  1493  CTTCACCTAGGGATAGCCACTTTTAAAACCCCACAAGCACACACACAGCATGGGGAGTAC  1552 
7-320  438   ...................................... ......................  497 
7-326  371   ...................................... ......................  312 
8-320  433   ...................................... ......................  492 
8-326  364   ...................................... ......................  305 
 
Query  1553  TAGTGTCCTGGGGGCGGGGAACACTCCTGAGTCTTCCTTACCCATTTTGTCCTGGAAAAT  1612 
7-320  498   ...................................... ......................  557 
7-326  311   ...................................... ......................  252 
8-320  493   ...................................... ......................  552 
8-326  304   ...................................... ......................  245 
 
Query  1613  CTGTGTCAAGGGTCCCATACCAGTTGCCCAGGAAACATTCTCCCACTTTTTCTTGCAGAT  1672 
7-320  558   ...................................... ......................  617 
7-326  251   ...................................... ......................  192 
8-320  553   ...................................... ......................  612 
8-326  244   ...................................... ......................  185 
                                                  g RNA binding site PAM 
Query  1673  CATTTGCTCGCGGCTGACCCTACAGACGCCCACAATCTGCACTCCCTTACGTCCATCGTC  1732 
7-320  618   ...................................... ......................  677 
7-326  191   ...................................... ......................  132 
8-320  613   ...................................... ......................  672 
8-326  184   ...................................... ......................  125 
 
 



 

105 

Query  1733  GACAGCATCACGGTGGAGGATATGTCTGTTGCCTTCCCAGACGAAACCATGCCCAACGCT  1792 
7-320  678   ...................................... ......................  737 
7-326  131   ...................................... ......................  72 
8-320  673   ...................................... ......................  732 
8-326  124   ...................................... ......................  65 
                 2A motif 
Query  1793  AGCGCCACTAACTTCTCCCTGTTGAAACAAGCAGGGGATGTCGAAGAGAATCCCGGGCCA  1852 
7-320  738   ...................................... ......................  797 
7-326  71    .......N.............................. ......................  12 
8-320  733   ...................................... ......................  793 
                                  \                                       
                                  |                                       
                                  N 
8-326  64    ...................................... ......................  5 
              mCherry 
Query  1853  ATGGTGAGCAAGGGCGAGGAGGATAACATGGCCATCATCAAGGA  1896 
7-320  798   ...................................... ...     838 
7-326  11    ...........                                   1 
8-320  794   ...................................... ......  837 
8-326  4     ....                                          1 
 

MEF reporter lines 3 and 22 (numbered as 1 and 2 in Chapter 3) 

Wild-type allele sequence 

                                     Stop codon 
Query  1765  CTTCCCAGACGAAACCATGCCCAACTGAGATTGTCTGTCAGGCTGGGTGTGCATGTGAGC  1824 
03rev  808   ...................................... ......................  749 
03fwd  6                            ............... ......................  42 
22fwd  6                            .......-....... ......................  41 
 
Query  1825  CCCCAAGTTGGTGTCAAAAGCCATCACTTCTGTAGCAGGGGGCTTTTAAGTGGGGCTGTC  1884 
03rev  748   ...................................... ......................  689 
03fwd  43    ...................................... ......................  102 
22fwd  42    ...................................... ......................  101 
 
Query  1885  CTGATGTCCAGAAAACAGCCCTGGGCTGCCACAAGCCAGACTCCCCACTCCCCATTCACA  1944 
03rev  688   ...................................... ......................  629 
03fwd  103   ...................................... ......................  162 
22rev  664                        ......C.......... ......................  626 
22fwd  102   ...................................... ......................  161 
 
Query  1945  TAAGGCTAACACCCAGCCCAGCGAGGGAATTTAGCTGACTCCTTAAAGCAGAGAGCATCC  2004 
03rev  628   ...................................... ......................  569 
03fwd  163   ...................................... ......................  222 
22rev  625   ...................................... ......................  566 
22fwd  162   ...................................... ......................  221 
 
Query  2005  TCTTCTGAGGAGAGAAAGATGGAGTCCAGAGAGCCCCCTTGTTAATGTCCCTCAGTGGGG  2064 
03rev  568   ...................................... ......................  509 
03fwd  223   ...................................... ......................  282 
22rev  565   ...................................... ......................  506 
22fwd  222   ...................................... ......................  281 
 
Query  2065  CAAACTCAGGAGCTTCTTTTTTGTTTATCATAATATGCCTCGAATTCCAccccccacccc   2124 
03rev  508   ...................................... ......................  449 
03fwd  283   ...................................... ......................  342 
22rev  505   ...................................... ......................  446 
22fwd  282   ...................................... ......................  341 
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Query  2125  cAAAATGAAACCGTTTGAGAGACATGAGTGCCCTGACCTGGACAAGTGTGCACATCTGTT  2184 
03rev  448   ...................................... ......................  389 
03fwd  343   ...................................... ......................  402 
22rev  445   ...................................... ......................  386 
22fwd  342   ...................................... ......................  401 
 
Query  2185  CTAGTCTCTTCCTGAAGCCAGTGGCTGGGCTGGGCCTGCCCTGAGTTGAGAGAGAAGGGG  2244 
03rev  388   ...................................... ......................  329 
03fwd  403   ...................................... ......................  462 
22rev  385   ...................................... ......................  326 
22fwd  402   ...................................... ......................  461 
 
Query  2245  GAGGAGCTATCCGGTTCCAAAGCCTCTGGGGGCCAAGCATTTGCAGTGGATCTTGGGAAC  2304 
03rev  328   ...................................... ......................  269 
03fwd  463   ...................................... ......................  522 
22rev  325   ...................................... ......................  266 
22fwd  462   ...................................... ......................  521 
 
Query  2305  CTTCCAGTGC tttgtgtattgtttattgttttgtgtgttgtttgt AAAGCTGCCGTCTGA  2364 
03rev  268   ...................................... ......................  209 
03fwd  523   ...................................... ......................  582 
22rev  265   ...................................... ......................  206 
22fwd  522   ...................................... ......................  581 
 
Query  2365  CCAAGGTCTCCTGTGCTGATGATACCGGGAACAGGCA-GGGAAGGGGGTG-GGGGCTCTT  2422 
03rev  208   .....................................- ............-.........  151 
03fwd  583   .....................................- ............-.........  640 
22rev  205   .....................................- ............-.........  148 
22fwd  582   ...............................G....TT .......A....A....GGA.G  641 

 
Query  2423  GGGGTGACTTCTTTTGTT-AACTA-AG--CATTGTG-T GGttttgccaattttttttctt   2477 
03rev  150   ..................-.....-..--.......-. ......................  96 
03fwd  641   ..................-.....-..--.......-. ......................  695 
22rev  147   ..................-.....-..--.......-. ......................  93 
22fwd  642   ....-...C.GG.....GC...CCC..GG.T..T.TC. ..ACA.CA...CCCCC.A....  700 
 
Query  2478  ttgtaa-ttc-ttttgctaacttatttggatttcctttttt AAAAAAT-GAATAAAGACT  2534 
03rev  95    ......-...-........................... ..........-...........  39 
03fwd  696   ......-...-...............A........... ..........-......G....  752 
22rev  92    ......-...-........................... ..........-...........  36 
22fwd  701   .A.GGCC...T........................... C.A......GG.........G.  760 
 
Query  2535  GGTTGCTATCAGAGCATCTGCAATGATATTATCAAGAGGGGAGCCACCAAAACTCTGCAC  2594 
03rev  38    ..........................                                    13 
03fwd  753   .................................T.... .........G...G.....-..  811 
22rev  35    ..........................                                    10 
22fwd  761   .....................C...T.T.....                             793 
 
Query  2595  C  2595 
03fwd  812   .  812 

 
Sequence at 5’ homology arm integration  
 
Query  1025  CAGAGAGAAATACCTGAGACTGGCAGTAGACTTGACCTTGGACCTTGGCCTTGTCTTGCA  1084 
03fwd  9                         ....-............. ......................  47 
03rev  852   .............G........................ ......................  793 
22fwd  8                          ...-............. ......................  45 
22rev  852    ...........-......................... ......................  795 
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Query  1085  TGCAGGTGCCCAGTGAATGCAACTCCCACAGCGCCTCCTGCAGTCCGGAGTGGGGCAATG  1144 
03fwd  48    ...................................... ......................  107 
03rev  792   ...................................... ......................  733 
22fwd  46    ...................................... ......................  105 
22rev  794   ...................................... ......................  735 
 
Query  1145  CACTGGAGTTCGGTCCCAACCCAGGAGGTAAGTGAATCCTGACCCTGGTAACATGGCTCA  1204 
03fwd  108   ...................................... ......................  167 
03rev  732   ...................................... ......................  673 
22fwd  106   ...................................... ......................  165 
22rev  734   ...................................... ......................  675 
 
Query  1205  AATCCCTTAGTCCCTACCTAGGCTGGGCTTGTACCCTTACCATAAGCCCTGTCCCAATCA  1264 
03fwd  168   ...................................... ......................  227 
03rev  672   ...................................... ......................  613 
22fwd  166   ...................................... ......................  225 
22rev  674   ...................................... ......................  615 
 
Query  1265  CCCTTCAGCAGCTTTTCTAGGAACTTGCTGACCTGAGGGCCCCAAATGGTGGGCTGGAGA  1324 
03fwd  228   ...................................... ......................  287 
03rev  612   ...................................... ......................  553 
22fwd  226   ...................................... ......................  285 
22rev  614   ......................T............... ......................  555 
 
Query  1325  CCCTGTGCCTCCCGGTAGCCTTGACCAGCTAAAGAGTAGTCAGAGCCTCCAGCAACTTCC  1384 
03fwd  288   ...................................... ......................  347 
03rev  552   ...................................... ......................  493 
22fwd  286   ...................................... ......................  345 
22rev  554   ...................................... ......................  495 
 
Query  1385  CTGCTGGTCTCTGACCTCAGAGAGAAGAGCCTGCTCCTGCCCCAGGGGTCCCTGGGGATC  1444 
03fwd  348   ...................................... ......................  407 
03rev  492   ...................................... ......................  433 
22fwd  346   ...................................... ......................  405 
22rev  494   ...................................... ......................  435 
 
Query  1445  ACTCAGTCAGTGTTGTAAAACTGTGCCCTGTGCCCTAGGATATCCTGGCTTCACCTAGGG  1504 
03fwd  408   ...................................... ......................  467 
03rev  432   ...................................... ......................  373 
22fwd  406   ...................................... ......................  465 
22rev  434   ...................................... ......................  375 
 
Query  1505  ATAGCCACTTTTAAAACCCCACAAGCACACACACAGCATGGGGAGTACTAGTGTCCTGGG  1564 
03fwd  468   ...................................... ......................  527 
03rev  372   ...................................... ......................  313 
22fwd  466   ...................................... ......................  525 
22rev  374   ...................................... ......................  315 
 
Query  1565  GGCGGGGAACACTCCTGAGTCTTCCTTACCCATTTTGTCCTGGAAAATCTGTGTCAAGGG  1624 
03fwd  528   ...................................... ......................  587 
03rev  312   ...................................... ......................  253 
22fwd  526   ...................................... ......................  585 
22rev  314   ...................................... ......................  255 
 
Query  1625  TCCCATACCAGTTGCCCAGGAAACATTCTCCCACTTTTTCTTGCAGATCATTTGCTCGCG  1684 
03fwd  588   ...................................... ......................  647 
03rev  252   ...................................... ......................  193 
22fwd  586   ...................................... ......................  645 
22rev  254   ...................................... ......................  195 
 
                                        Guide RNA s equence PAM 
Query  1685  GCTGACCCTACAGACGCCCACAATCTGCACTCCCTTACGTCCATCGTCGACAGC-ATCAC  1743 
03fwd  648   .......G.........A...C........G.A..... .......C..--...GA.....  705 
03rev  192   ...................................... ................-.....  134 
22fwd  646   ...................................... ................-.....  704 
22rev  194   ...................................... ................-.....  136 
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Query  1744  GGTGGAGGATATGTCTGTTG----CCT-TCCCAGACGAAACCATGCCCAACGCTAGCGCC  1798 
03fwd  706   AT....T.............GATT..CA.....A..CG ....CC.....-..G......A  764 
03rev  133   ....................----...-.......... ......................  79 
22fwd  705   ....................----...-.......... ......................  759 
22rev  135   ....................----...-.......... ......................  81 
                               2A motif 
Query  1799  ACTAACTTCTCCCT--GTTGAAACAAGCAGGGGATG-TCGAAGAGAATCCCGGGCCAA-T  1854 
03fwd  765   GG.GG...-.GGTGGA.......T........C...G. GC....A..A..........G.  823 
03rev  78    ..............--....................-. ....................-.  23 
22fwd  760   ..............--....................-. ....................-.  815 
22rev  80    ..............--....................-. ....................-.  25 
                     mCherry 
Query  1855  GGTGAG-CAAGGGCGAGGAGGATAACATGGCCATCATCA  1892 
03fwd  824   .C....G......AC.AT........C...G...       857 
03rev  22    ..-...-....                              14 
22fwd  816   ......-............................... .  853 
22rev  24    ..-...-.....-....                        11 

 
3’ homology arm integration sequence 
 
Sequencing primer fwd = GGGTGGCCCTAAGAAAAAGA 
Sequencing primer rev = GGAAATCCAAATAAGTTAGCAAAA 
 
Query  2583  GTGGCCC-TAAGAAAAAGAGAAAGGTGTGACGTACAAGTAAGAATTCCGATCATATTCAA  2641 
03fwd  18                                               .................  34 
03rev  803   .......N.............................. ......................  744 
22fwd  17                                               .................  33 
61151  802   ......N-N............................. ......................  744 
 
Query  2642  TAACCCTTAATATAACTTCGTATAATGTATGCTATACGAAGTTATGGCGCGCCGATTGTC  2701 
03fwd  35    ...................................... ......................  94 
03rev  743   ...................................... ......................  684 
22fwd  34    ...................................... ......................  93 
61151  743   ...................................... ......................  684 
 
Query  2702  TGTCAGGCTGGGTGTGCATGTGAGCCCCCAAGTTGGTGTCAAAAGCCATCACTTCTGTAG  2761 
03fwd  95    ...................................... ......................  154 
03rev  683   ...................................... ......................  624 
22fwd  94    ...................................... ......................  153 
61151  683   ...................................... ......................  624 
 
Query  2762  CAGGGGGCTTTTAAGTGGGGCTGTCCTGATGTCCAGAAAACAGCCCTGGGCTGCCACAAG  2821 
03fwd  155   ...................................... ......................  214 
03rev  623   ...................................... ......................  564 
22fwd  154   ...................................... ......................  213 
61151  623   ...................................... ......................  564 
 
Query  2822  CCAGACTCCCCACTCCCCATTCACATAAGGCTAACACCCAGCCCAGCGAGGGAATTTAGC  2881 
03fwd  215   ...................................... ......................  274 
03rev  563   ...................................... ......................  504 
22fwd  214   ...................................... ......................  273 
61151  563   ...................................... ......................  504 
 
Query  2882  TGACTCCTTAAAGCAGAGAGCATCCTCTTCTGAGGAGAGAAAGATGGAGTCCAGAGAGCC  2941 
03fwd  275   ...................................... ......................  334 
03rev  503   ...................................... ......................  444 
22fwd  274   ...................................... ......................  333 
61151  503   ...................................... ......................  444 
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Query  2942  CCCTTGTTAATGTCCCTCAGTGGGGCAAACTCAGGAGCTTCTTTTTTGTTTATCATAATA  3001 
03fwd  335   ...................................... ......................  394 
03rev  443   ...................................... ......................  384 
22fwd  334   ...................................... ......................  393 
61151  443   ...................................... ......................  384 
 
Query  3002  TGCCTCGAATTCCA ccccccaccccc AAAATGAAACCGTTTGAGAGACATGAGTGCCCTG  3061 
03fwd  395   ...................................... ......................  454 
03rev  383   ...................................... ......................  324 
22fwd  394   ...................................... ......................  453 
61151  383   ...................................... ......................  324 
 
Query  3062  ACCTGGACAAGTGTGCACATCTGTTCTAGTCTCTTCCTGAAGCCAGTGGCTGGGCTGGGC  3121 
03fwd  455   ...................................... ......................  514 
03rev  323   ...................................... ......................  264 
22fwd  454   ...................................... ......................  513 
61151  323   ...................................... ......................  264 
 
Query  3122  CTGCCCTGAGTTGAGAGAGAAGGGGGAGGAGCTATCCGGTTCCAAAGCCTCTGGGGGCCA  3181 
03fwd  515   ...................................... ......................  574 
03rev  263   ...................................... ......................  204 
22fwd  514   ...................................... ......................  573 
61151  263   ...................................... ......................  204 
 
Query  3182  AGCATTTGCAGTGGATCTTGGGAACCTTCCAGTGCtttgtgtattgtttattgttttgtg   3241 
03fwd  575   ...................................... ......................  634 
03rev  203   ...................................... ......................  144 
22fwd  574   ...................................... ......................  633 
61151  203   ...................................... ......................  144 
 
Query  3242  tgttgtttgt AAAGCTGCCGTCTGACCAAGGTCTCCTGTGCTGATGATACCGGGAACAGG  3301 
03fwd  635   ...................................... ......................  694 
03rev  143   ...................................... ......................  84 
22fwd  634   ...................................... ......................  693 
61151  143   ...................................... ......................  84 
 
Query  3302  CAGGGAAGGGGGTGGGGGCTCTTGGGGTGACTTCTTTTGTTAACTAAGCATTGTGTGGtt   3361 
03fwd  695   ...................................... ......................  754 
03rev  83    ...................................... ......................  24 
22fwd  694   ...................................... ......................  753 
61151  83    ...................................... ......................  24 
 
Query  3362  ttgccaattttttttcttttgtaattcttttgctaacttatttgga-ttt   3410 
03fwd  755   ...................................... ....          796 
03rev  23    .-.N...N.....                                       12 
22fwd  754   ...................................... ....G...A...  803 
61151  23    .                                                   23 
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