


 

 

Abstract 

Biological regeneration has long been explored as a breakthrough modality for 

human therapy. Degenerative diseases, a majority of which are a related to ageing, 

manifest as a wide variety of pathologies: cardiovascular diseases, diabetes and 

Alzheimer to name a few. Consequently, the idea of a panacea in the form of a 

biological therapeutic that can grow and restore a debilitated bodily function has 

been much investigated. Outwardly, the premise has seemed remarkably simple. 

Scientists have long observed lizards growing back whole tails after decapitation and 

studied the remarkable regeneration potential of Planaria. Yet increasing work 

suggests processes including complex cellular growth dynamics, patterns of gene 

expression and clonal expansion of cells drives regeneration and analogously, 

biological tissue development. Improved understanding of developmental biology 

can thus improve the function and persistence of regenerative therapies. Our lab has 

previously developed in-vitro tools that allow the study of biological development. 

This work extends on that body by developing two distinct tool sets. Firstly, we 

develop a scheme for tracing large-scale clonal dynamics conveniently using a 

scalable lineage tracing method. We demonstrate the capacity of this system to 

accurately detect cell lineages based on a system of inheritable genetic barcoding. 

Our system can deconvolute lineage mixtures, track growth dynamics and 

consequently probe biological phenomena. Importantly, our process preserves 

spatial integrity of the sample and thus quantifies both lineage dynamics and 

captures their positional information.  



 

 

Since differential patterns of gene expression is another important component of 

regeneration and development, we develop a method to measure gene expression 

non-destructively, with the capacity to allow multiplexed monitoring of multiple 

targets even while in-vivo. As cellular and regenerative therapies move through 

primate and clinical trials, such a tool can serve the critical role of augmenting 

available biomarkers for monitoring therapy and predicting clinical outcomes 

thereby improving regulatory clearance. Taken together, our work adds to the body 

of knowledge that seeks to better understand tissue genesis and its re-engineering to 

create new therapeutic modalities.  
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    Chapter 1 

 

Introduction of motivation 

 In 1938, aviation pioneer Charles Lindbergh and Nobel Prize winner Alexis 

Carrell published a book titled “The culture of new organs”, detailing their work on an 

artificial perfusion pump to keep alive organs outside the body during surgery1. In 1957, 

Donnall Thomas of the Fred Hutchinson Cancer Research Center, Seattle performed the 

first human bone marrow transplantation2. Bone marrow transplants would go on to 

become the earliest regenerative therapy inspired standard of care for a human malady. 

Despite the advances in isolating more pluripotent human cell-types in the 1990s3, 

progress in regenerative medicine was driven primarily by scaffold-based technologies 

that served structural functions in the human body. These included the first bio-skin4, 

urine conduits5 and engineered trachea6. In 1993, Langer and Vacanti’s seminal review 



 

 

on tissue engineering identified cell-based therapies that could replace entire organ 

failures as an opportunity within reach7. Yet by 1999 the challenges to translation was 

obvious8; as of 2015, the list of FDA approved therapies only include solutions for 

would healing and structural regeneration. One key challenge in the successful 

regulatory clearance of regenerative cell-based therapies has been our limited capability 

to monitor the spatio-temporal development of a therapeutic organoid from stem cells. 

Another cause of this protracted timeline as identified by the California Institute of 

Regenerative Medicine (CIRM) is the inability to study the maintenance and function of 

stem-cell based therapeutics inside a living organism9. Numerous regulatory and 

advisory bodies have stressed the importance of characterizing cell lineages of a 

therapeutic product and a biomarker driven strategy for assessment of tissue function 

prior to regulatory approval9,10.  

 Lineage tracing as a tool has its genesis in the field of developmental biology. 

Lineage tracing is a method of identifying relationships between sister cells over the 

course of cell division, normally through the incorporation of a genetic tag in the 

original mother cell. Critically, lineage tracing tools allow us to study the capacity of 

stem cells to self-sustain and develop into useful tissues and through that engineer 

longer sustaining therapies. Lineage tracing has been responsible for the identification 

of structure and locations of “niches” for intestinal11 and hematopoietic stem cells12,13. 

The isolation and culture of these cells in-vitro has resulted in the creation of 

biomimicking organoids such as intestinal crypts. Lineage tracing tools have also been 

utilized in neural connectome studies to ascertain pathogenesis of developmental 

maladies such as early onset schizophrenia and bipolar disorder14,15. While spatially 
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informative lineage tracing techniques are largely used in-vitro, the utilization of 

transparent model organisms such as zebrafish allows in-vivo cell-mapping. A new 

method, SkinBow recently utilized zebrafish with lineage tracing and live-cell reporter 

monitoring to identify novel mechanisms of wound healing and epidermal maintenance 

under ROS mediated injury16. Lineage tracing at the scale of zebrafish or even an 

organoid requires the ability to create a vast library of unique barcodes to track multiple 

cell families. Moreover, the example from skinbow demonstrates the utility of pairing 

lineage tracing with other functional readouts, such as the monitoring of reporter genes. 

 While lineage tracing tools open the potential of bio-inspired engineering of 

sustainable and homeostasis restoring therapies, there remains a need to monitor gene 

expression of cell therapies for persistence and proper function. Proper development and 

function of tissue is orchestrated by a complex conduction of gene expression within a 

single cell and across the multicellular milieu that composes the therapeutic product. For 

example, induced pluripotent stem cells (iPSCs), a critical building block of 

regenerative therapies is itself created by the over-expression of four genes, OCT4, 

KLF4, SOX2 and C-MYC17. The case for gene expression monitoring in-vivo can be 

made both for the study of basic biology as well as regenerative therapy monitoring. For 

example, gene expression studies helped identify distinct clusters of activity that allow 

regeneration of zebrafish heart but not mammalian ones18,19. Interestingly, planaria 

regeneration originates from the formation of an expression gradient of proliferative 

genes with progenitor cells maintained at gradient midpoint20. During medically 

regenerative osteogenesis, ossification of adipose derived stromal cell to mineralized 

bone is accompanied by a well-defined sequence of expression changes21. However, 



 

 

deviation from this pattern can result in incomplete mineralization and potentially weak 

bones22 or even formation of unwanted pockets of cartilaginous chondrocytes. While in 

many instances’ gene expression can be monitored via assaying for secreting functional 

factors such as insulin, others such as observing the effective function of transplanted 

organs lack a secreted factor. Biopsy based gene expression-based biomarkers are also 

increasingly used as predictive for expensive immunotherapy regimes, prognostic for 

combination therapies and monitoring marker for pharmacogenomic response. Yet 

despite these advances, there is a dearth of solutions for tracking the maintenance and 

function of tissue via a non-invasive biomarker. Examples could include cardiac 

patches, regenerated liver organoids or nerve grafts. An important step towards for the 

discovery of such biomarkers is the recent policy stance by the FDA under the 21st 

Century Cures Act23 to quantify therapy efficacy using a marker centric approach. As 

increasing number of regenerative companies enter the regulatory pipeline, a universal 

solution for non-invasive, easily detectable marker, especially for gene expressed will 

become critical to regulatory success.  

Overview of Lineage Tracing 

1.1 Strategies for lineage tracing using endogenous tags 

Tracing a cell lineage using a cell’s endogenous property is one of the earliest forms 

known to science. Principally, this has relied on three different methods: 

1. Direct observation of cell 

2. Tracing via xenotransplantation 

3. Tracing via mutational clock 
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1.1.1 Direct Observation of Cell: 

Temporal observation of a growing sample was one of the earliest motivators for the 

growth of lineage tracing technology. Charles Whitman and his students deduced from 

direct observation that new cells were successors of existing ones and did not arise from 

spontaneous generation24. Early study of cleavages in invertebrate embryos using light 

microscopy, allowed for the tracking of a small subset of cell lineages. Building on this 

technique, future studies of leech development by Whitman25, spanning all the way from 

the uncleaved egg to embryonic germ layer formation included several firsts, such as the 

observation of invariant cell division (Figure 1a). This early observation also laid the 

hypothesis that succeeding cell lineages committed to distinct developmental function 

and over time, spanned the continuum of functional need of the developing organism. 

This functional relationship amongst lineage was fully exploited during the direct 

observation of C. elegans26 with its fewer number of somatic divisions and thus 

allowing for the creation of a complete cell fate map. The present generation of 

automated microscopy, particle tracking, and classifier-based analysis has allowed for 

the scaled direct lineage observation of 10s of cells over 5-10 doubling periods. 

However direct observation is at the end limited by the capacity of the observer human 

or machine, to retain existing lineage information and scale to accommodate a greater 

number of initial observations and greater doubling cycles.  



 

 

 

Figure 1. Different strategies for lineage tracing adapted from Watt and 

Kretzscmar27  

a, Direct observation, as pioneered by Whitman and colleagues24. b, Schematic showing agar chips with 

vital dyes applied onto the surface of an early stage amphibian embryo (top). These dyes label regions 

within later stage embryos (bottom). c, Use of soluble carbocyanine dyes to fate map chick neural crest. d, 

Whole-mount of mouse epidermis showing DNA label-retaining stem cells in the hair follicle bulge. Red: 

keratin 14; green: BrdU. Scale bar: 100 μm. e, LacZ retroviral vector introduced into rat retinal cells 

(upper panel) and subsequently tracked in the reconstituted retina. f, Schematic showing Spemann and 

Mangold's organizer experiment28, which was performed by grafting tissues between amphibian embryos. 

g, Adult mouse chimeras from GFP-positive and -negative mice. h, Histology of skin tumor from GFP-

positive region is brown. 
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1.1.2 Tracing via Xenotransplantation: 

Xenotransplantion based lineage tracing seeks to overcome the limits of direct 

observation methods by tracing the unique cross-species genetic code instead of 

repetitive imaging. An early example was the experiment by Spemann and Mangold 

who transplanted the blastopore lip of an unpigmented newt under the ectoderm of a 

pigmented newt. The differential coloring allowed for the lineage tracing of cells from 

each organism and demonstrated that the transplanted mesoderm organized the host 

ectoderm into a neural plate, eventually resulting in two embryos conjoined at the gut 

(Figure 1f). Another method of chimeric lineage tracing between two organisms of same 

species is by introducing a tag such as GFP29,30. In such a case, tracing can be conducted 

by dissection of the chimeric tissue followed by either microscopy or histology (Figure 

1g, h). A critical advantage of a molecular method over a phenotype-based lineage 

differentiator is the higher resolution (close to single cell) at which lineages can be 

traced. Recent work in xenografts for the purposes of disease modelling as well as 

therapeutic organ engineering has resulted in an increased work on tracing the 

contribution of transplanted lineages. Wu et. al. demonstrated the capacity of human 

transplanted cells in pigs to integrate and develop into functional chimeric livers31. 

While xenotransplantation presents notable advantages, it is limited by the possibility of 

introducing unintended changes from regular biology via cross-species transplant. 

Moreover, analysis of sample often requires substantial disruption of tissue which can 

significantly alter the course of normal biology under study.  

1.1.3 Tracing via mutational clock 

An extension of the xenotransplantation method of lineage tracing is the use of SNPs 



 

 

accumulated during cell cycle as a unique barcode means to track cell lineages. 

Historically these have included regions of high mutational instability including 

microsatellite repeats32, retrotransposons33 and copy number variants34. While capable 

of resolving lineages at the cellular level, these methods have difficulty in 

simultaneously providing cell fate information. A newer method utilizing ATAC-Seq 

captures mutational relationships in mitochondrial DNA while preserving nuclear DNA 

for epigenomic profiling and consequent fate analysis35. Besides the resolution, 

mutational clock-based tracing also provides a chronology of lineage evolution over 

time. Since mutations accumulate over duration, the mutational burden largely correlates 

with more recent offshoots from the family tree while fewer mutations are indicative of 

an older branch. Since the cells themselves are not transplanted in, this method 

maintains concordance with normal biology and allows for minimally altered lineage 

study. A principal challenge of this method is the dependence on natural error rates to 

generate the variational diversity required for accurate tracing. Secondly, the very 

method of tracing via sequencing is disruptive towards the sample and destroys 

information regarding the spatial position of lineages. Several of these challenges were 

overcome by newer processes that involve cellular modification with the express goal of 

accurately tracking lineages.  

1.2 Lineage tracing by incorporating fluorescent tags 

Fluorescence has been a long-used modality of imaging biological processes, including 

at the cellular level. Some of its key advantages include the wide range of available 

spectral signatures for multiplexing as well as the high signal to noise ratio afforded by 

fluorescent signals both in terms of sensitivity and contrast. The two principal methods 
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are: 

1. Dye-based labelling 

2. Fluorescent protein labelling 

1.2.1 Dye-based labelling 

The earliest incorporation of fluorescence into genetic lineage tracing involved the use 

of agar-linked (Figure 1b) or oligosaccharide conjugated fluorescent dyes. These 

polymers were commonly used to label cell membranes and were divided between 

daughter cells after division. This “inheritance” provided an observable, albeit short-

duration tracer of cell lineage trees. Recently, lipid-soluble carbocyanine dyes enabled 

the labelling of membranes and several octadecyl indo or oxo carbocyanines (DiI, DiO) 

have been utilized such as for lineage tracing in the neural plate of frogs36 and the neural 

crest of chicken embryos (Figure 1c). While vital dyes are water-soluble, presenting the 

possibility of marking nearby cells through mere diffusion, carbocyanine with their 

conjugated high molecular weight pegylation can only bel labelled by membrane 

division. Dyes have made critical contributions towards locating stem cells in hair 

follicles (Figure 1d) and the fate mapping of the zebrafish neural plate37 when they were 

introduced into pre-migratory neural crest cells at 13hpf and subsequently observed until 

80-85 hpf. Such tracing demonstrated how two distinct precursor populations of neural 

crest cells go on to form distinct parts of the olfactory cartilage. Critically lineage 

tracing also demonstrated that loss-of-function of the SHH gene which causes cleft-lip 

or palate syndrome in humans, results in an aberrant mixing of the distinct lineages of 

precursor populations in zebrafish38,39.  

Dyes however continue to suffer from several major limitations. Since their origin is not 



 

 

a genetic program, each cell cycle results in a diminishing of signal as the original bolus 

is divided amongst daughter cells. Eventually, this results in a complete loss of 

discernable signal, especially in rapidly dividing stages of development such as in early 

stages of the embryo. Secondly, the fluorescent nature of dyes reduces the opportunity 

for multiplexing as it limits the number of distinct spectrums available for increased 

lineage tags or other reporters. Finally, dye-based tracing requires the introduction of 

said dye at a critical point of developmental biology. Even the best technique would still 

result in disruption of the biological process and potential change in the natural course 

of development.  

1.2.2 Genetic protein-based labelling 

As a natural extension to the use of dyes, optically visible proteins emerged as an early 

method of tracing cell lineages. Unlike the problem of dilution suffered by dyes, 

fluorescent genes are inherited by daughter cells during division and hence remain 

undiluted. The initial use of protein lineage tracing revolved around the simple of use of 

a single-color cell line, introduced into an embryo (Figure 1e). The first reporter utilized 

was β-galactosidase40, an enzymatic probe that is visible with well-preserved tissue 

histology.  However, enzymatic labels have major challenges, such as their inability to 

be detected at single cell levels or be used in flow cytometry protocols. Fluorescent 

proteins provide an alternate means for optical observation while maintain single-cell 

level detection fidelity. The first use of a fluorescent reporter line for lineage tracing was 

EGFP in mice41 but subsequently, has expanded to include EYFP, ECFP, mCherry, 

amongst others. Further, Cre-Lox marking system introduced randomized generation of 

barcodes through combinatorial recombination of fluorescent protein palettes, 
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conditionally in the presence of creatine (Figure 2a). 

While single fluorescent protein based lineage tracing has been utilize to trace the 

progenitors for photoreceptor bearing cells in the eye42 and even identify LGR5+ stem 

cells that create and sustain the human gut11, the sheer complexity of biology 

necessitates a platform that can track more than a single line. The Brainbow platform 

tackles this need by using three different fluorescent proteins to create 10 unique lineage 

tags (Figure 2b)43. Brainbow organizes a set of floxing elements, SV40 poly-A signals 

and fluorescent proteins in a system that once triggered via Cre can recreate multiple 

combinations of simultaneously expressed fluorescent proteins and label cells in a 

potpourri of colors. The most telling value of multi-label lineage tracing comes from 

studying the regeneration of mouse digits, which requires contributions from several 

different cell types. One of the most critical uses of brainbow as the name implies, has 

been in the lineage tracing of neural populations to study cranial development. An early 

application demonstrated the use of this technique to map out how multiple, not single, 

lineages of pre-synaptic neurons converged onto individual granule cells43. More 

recently, Brainbow expression was used to distinguish among multiple axons 

reinnervating the neuromuscular junction following peripheral nerve injury, showing 

that regenerating axons avoid other axonal branches only if they arise from the same 

parent neuron44.  

Moving beyond neuronal uses, Clevers and colleagues extended the single-color lineage 

system with brainbow to investigate the clonal competition of stem cells from within a 

crypt in the colonic villi (Figure 2c). Using a confetto of colored lineages, they 

demonstrated in mouse and subsequently human organoid models, how a villi originally 



 

 

composed of a mosaic of differently colored cells drifted towards a single color over 

time with turnovers45. As an extension to applications beyond, modified versions of 

brainbow were utilized to track clonal dynamics in epidermal turnover of zebrafish 

(SkinBow)16 as well as study the morphogenesis of the heart46. In the latter study, Gupta 

and Poss demonstrated how adult cortical muscle originates from a small number of 

cardiomyocytes in a display clonal dominance reminiscent of stem cell populations  

 

Figure 2. Adapted schematic27 for loxP based multicolor fluorescent protein driven 

lineage tracing.  

a, Mosaic analysis with dual markers (MADM). DNA fragments encoding fluorescent proteins (EGFP 
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and tdTomato) are separated by loxP sites. Upon Cre-mediated mitotic recombination, the sequence 

fragments are reconstituted restoring the full-length GFP and tdTomato. b, Brainbow in which ten 

different colors are generated by random recombination developed by a transgene harboring three 

spectrally distinct fluorescent proteins (Brainbow-1.0). Introducing this trichromatic transgene into mice 

enables random Cre recombination at loxP sites to express several combinations of the three fluorescent 

proteins. Images show combinatorial expression in dentate gyrus (left) and oculomotor axons (right). c, 

Confetti-Mouse, a stochastic multicolor Cre-reporter. Clevers and colleagues inserted the Brainbow-2.1 

construct encoding four fluorescent proteins driven by the strong CAG promoter into the Rosa26 locus. 

Upon Cre recombination, the Neomycin (Neo) cassette is removed and the multicolor construct 

recombines randomly to result in four possible outcomes with different fluorescent proteins being 

expressed. 

 

Recent efforts at improving fluorescent protein-based lineage tracing have had two 

primary foci. One thrust has been to update the color palette with new combinations of 

recently developed fluorescent proteins. Another take has been improving on the 

induction of lineage marking by using spatial control via light or conditional to gene 

expression via CRISPR-Cas insertion. However, the capability of optical protein-based 

systems is limited by the inability to further increasing the number of tags due to the 

spectral overlap from different fluorescent proteins. Yet if one conservatively assumes a 

tissue engineered product is the result of a billion starting stem cells47, 60 tags does not 

provide nearly enough resolving power to study lineages in a granular detail. 

Furthermore, once cells are marked for tracing, new marks cannot be introduced to the 

lineages being traced at late time points. This means that lineage number doesn’t scale 

with temporal increase of tissue size or biological complexity and new phenomena that 

emerge later are still restricted to using the previously marked lineages from an earlier 



 

 

observation.  

1.3 Lineage tracing with engineered molecular barcodes 

Conventionally, distinguishing individuals using DNA has depended on the procedure 

of “DNA fingerprinting”. Using sequencing to identify genetic polymorphisms, 

principally single-nucleotide variations, unique to an individual has been a reliable 

means of linking children to parents, and even tracing entire family trees. Recently, this 

platform has been extended for as diverse uses as ancestry testing, population genetic 

studies and even in non-invasive prenatal testing for Down’s syndrome. The random 

modification of our genetic code serves as a form of molecular barcode that can be used 

to track not just the filial relationship between subjects but also their generational level 

in the family tree. The rapid decrease in sequencing cost as well as the introduction of 

easy to use tools for gene editing has opened the possibility of using human induced 

polymorphisms for lineage tracing. Such a platform overcomes not only the fluorescent 

spectral challenge that limits barcode numbers but also allows for chronological 

introduction of new lineages by triggering new mutation events. Lineages can be 

detected via sequencing without preserving spatial information, or via single molecule 

Fluorescent In-Situ Hybridization (smFISH), Rapid Amplification of C-DNA Ends 

(RACE-PCR) if spatial relationship of lineages is an important question.  

An early version of molecular barcode-based lineage tracing depended on the genomic 

insertion of DNA strands with unique sequence information into the cellular genome. 

This was primarily achieved through retroviral transduction or transposon mediated 

nucleofection. During cell division the genomic barcode was inherited by daughters and 
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at the end of the experiment the sample was assayed for barcode sequences. Levy and 

colleagues used this platform, depicted in Figure 3, to track the evolutionary dynamics 

of yeast cultures when subjected to a starvation event48. The information density 

afforded by the 4-base nucleotide sequence code allowed them to track close to 500,000 

lineages using DNA barcodes. Detecting lineages via targeted-sequencing on solely the 

barcodes instead of the whole-genome allowed for observation of clones with 

frequencies as low as 10-5. At this resolution they discovered that while early fitness 

mutations are replicable between samples and largely deterministic in nature, over time 

large stochastic mutations overwhelm the population and dominate lineage contribution.  

 

Figure 3. Site-specific genomic integration and maintenance of random barcodes48.  

Sequences containing random barcodes (indicated by different colors) are amplified by PCR and ligated 

into a plasmid. The plasmid library is integrated into a specific neutral location in the yeast genome using 

the high-efficiency viral Cre-LoxP recombination system. Plasmid integration completes 

a URA3 selectable marker, interrupted by an artificial intron containing the barcode and one loxP site. 



 

 

Barcodes are maintained during the evolution by continued selection for the URA3 marker. 

 

The authors go a step further and demonstrate the need for tracing lineages at the ultra-

high resolution by capturing several stochastic mutation populations which sustained 

short periods of relative dominance but never crossed frequencies of 10-3. As an 

extension of this approach, Biddy et. al. created a lentiviral system that allowed for 

integration of multiple barcodes within a cell thus allowing for combinatorial scaling49. 

Importantly, they placed their barcodes downstream of a protein coding sequence, prior 

to the SV40 polydentate signal. Since such barcodes were expressed as mRNA, they 

were able to simultaneously ascertain single cell transcriptomes along with lineage 

reconstruction. Using this system, the authors were able to demonstrate how fibroblasts 

induced to an endoderm progenitor state follow two distinct lineage trajectories. One 

lineage route leads to a fully transformed cell line while the other trajectory results in a 

de-differentiation dead end. The large barcode pool allowed the authors to detect low 

frequency lineages early in the experiment time-line that committed to one lineage route 

over the other. By simultaneously measuring the transcriptomes of these early 

commitment lineages, the authors identified that the expression of a putative 

methyltransferase, Mettl7a1, is associated with the successful reprogramming trajectory; 

adding Mettl7a1 to the reprogramming cocktail increased the yield of induced endoderm 

progenitors.  

Building on barcode-based lineage tracing, recent work has utilized CRISPR-Cas 

nuclease to introduce mutations into said barcodes and thereby scale the number of 

lineages tracked and provide linkage information between generations. GESTALT 
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(Figure 4a) by Shendure and colleagues leveraged sequencing as the readout platform to 

track as many as 1650 lineages in vitro and a mean of 225 lineages in zebrafish embryo 

with greater than 99% mutation rate in 30 hpf embryos50. While 41% of the barcode 

alleles were observed recurrently within the same embryo its likely this is due to rapid 

division and consequent inheritance of the barcode as the allele sharing between 

embryos was less than 0.01%. The authors utilized this platform to confirm critical 

developmental facts including the lineage dominance of distinct progenitor populations 

in the genesis of different organs. Moreover, the inter-generational linkage information 

allowed the authors to note the contribution of embryonic germ layers to different organ 

systems as well as sharing of lineage cells post birth, during growth to adulthood.  

 

 

 

 

 

 

 

 

Figure 4.  Lineage tracing with CRISPR mediated mutagenesis for lineage barcode 

generation.   

a, GESTALT: CRISPR–Cas9 activity will progressively introduce sequence diversity into an array of 

target sites over time, because of the insertions and deletions generated by imperfect NHEJ repair of Cas9-

A B 



 

 

mediated double-strand breaks. Sequencing of locus provides lineage information.  b, MEMOIR: A 

CRISPR guide RNA (gRNA) can be engineered to target itself repeatedly and build up sequence diversity 

at that locus via mutagenesis. smFISH probes against the locus speciate lineages with their differential 

binding rates. 

 

While GESTALT provided a rich dataset on tracing lineage, even in-vivo, the 

sequencing-based readout is unable to provide high resolution spatial relationship 

between lineages. This can be critical for studying organ substructures such as neuronal 

connectomics or colonic crypts. Cai and colleagues created MEMOIR (Figure 4b) as a 

variation on barcode and nuclease driven lineage tracing that could be traced via direct 

imaging51. MEMOIR utilizes sequential smFISH hybridization to detect lineage 

barcodes in-situ. Unlike Cas-9 in GESTALT which strove to create detectable mutation 

to identify new lineages, the nuclease and in MEMOIR attempts to delete specific 

barcodes from a barcode array. The array is composed of a section of deleterious 

sequences followed by a constitutively present sequence which varies from array to 

array. The different combinations of constitutive and deleted or present barcodes is 

assayed by smFISH and serves as the lineage identity. MEMOIR was able to create 108 

distinct lineages which were detectable in-situ via a 60X objective. When comparing 

MEMOIR based lineage tracing to the gold-standard obtained via cell tracking, their 

method had a 72% accuracy amongst the top 20% colonies with highest bootstrap 

confidence. Unlike Shendure, Cai and colleagues went a step further by placing gRNA 

expression for the Cas under a Wnt responsive promoter. Thereby they were able to 

potentially increase barcode diversity by addition of Wnt ligand. Another key advantage 

of the smFISH platform was the capability to simultaneously detect both lineage 
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barcodes as well as mRNA transcript for transcriptomics. The Elowitz group leveraged 

this multiplexed measurement strategy to recapture the cell-state transition network of 

mouse embryonic stem (ES) cells52. By measuring transcripts such as Esrrb, Tbc3 and 

Zscan4 in tandem with cellular lineages, they demonstrated how the cells exhibit 

stochastic and reversible transitions along a linear chain of states ranging from totipotent 

state to an epiblast-like state.  

While barcode-based lineage tracing and as well as the recent use of nuclease have 

dramatically increased the scale of lineage diversity, they still have several major 

challenges to overcome. Possible editing side-effects that might cause aberration from 

normal biology is still unknown. While NHEJ rates have remained high in-vitro and in-

embryo, success with induced expression of gRNA in-vivo remains unexamined. For in-

situ readouts, the need to use a high magnification objective for barcode detection 

seriously limits the field of view and consequently sample size. Even with high 

magnification, error rates remain alarmingly high at close to 20%.     

1.4 In-silico lineage reconstruction 

Lineage tracing experiments generate massive datasets and can be materially expensive, 

an invariable effect of tracking large numbers of cells as well as their linkage histories. 

Consequently, in-silico approaches towards generating lineage information commands 

significant interest. Single-cell transcriptomics has been a key dataset used to 

algorithmically predict cell differentiation trajectories. It works by capturing cells as 

they differentiate and transition in a biological system and if enough cells in these 

transition states are captured, differentiation trajectories of the tissues being built or 



 

 

maintained can be accurately predicted. Subsequently, the trajectories can be utilized to 

study the relationship between cells and ascertain kinship based on shared patterns of 

expression. However, a key challenge with utilizing single-cell transcriptomics data lies 

in its inherent noisiness and sudden drop in the detectability of expressed genes due to 

limited sensitivity of single-cell instruments. Despite the challenges, an increasing 

number of computational methods have been developed to establish lineage linkages 

between single cells based on their differentiation trajectories. Most of these methods 

rely on the assumption that cells with similar expression profiles arise from a common 

precursor lineage and that cells with more similarity between their expression profiles 

are closely related.  

Algorithmic approaches used include: 

1. Clustering based algorithms 

2. Dimensionality reduction algorithms 

3. Nearest neighbor algorithms 

1.4.1 Clustering based reconstruction: 

Clustering based algorithms such as StemID or Mpath use k-medoid or hierarchical 

clustering respectively on expression data and cluster centers are connected in a high 

dimensional space creating a transition network. Single cells are then projected along 

the edges between cluster centers based on the individual cell’s expression profile 

difference from the population expression profile of the clusters. Underpopulated 

clusters are then removed and in the case of StemID, the software can identify a stem 

cell population using the transcriptome entropy of each cluster. This approach was 
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previously used to identify potential stem cell populations in the human pancreas53.  

1.4.2 Dimensionality reducing algorithms: 

Most differentiation trajectory reconstruction methods rely on some form of 

dimensionality reduction. An early example called, Monocle54, utilized independent-

component analysis (ICA) and projected cells along 2-dimensional space. Subsequently, 

a Minimum Spanning Tree (MST) created a common backbone for the population of 

cells which were arranged in the order of their similarity. Monocle was originally used 

to reconstruct the differentiation trajectory of developing human skeletal muscle 

myoblasts. A clear limitation of Monocle is its inability to allow for branches in its 

lineage distribution, so only linear differentiation systems can be analyzed. Numerous 

other algorithms, including SLICE55, TSCAN56 and Slingshot57 follow a similar strategy 

to Monocle by initially reducing data dimensionality through a principal-component 

analysis and then constructing a MST or fitting a smooth curve followed by the 

projection of cells onto the pseudotime axis. TSCAN has been previously utilized on a 

single-cell dataset containing primitive hematopoiesis cells and revealed the importance 

of the HOPX transcription factor in the formation of blood58 while SLICE identified a 

population of cells transitioning between Lgr5+ stem cells and more mature cells in the 

mouse small intestine. In contrast to SLICE and TSCAN, Slingshot takes also uses 

dimensional reduction and constructs an MST but then further refines this tree by fitting 

smooth curves through all the major MST branches. Single cells are then projected onto 

their closest curve resulting in ordered lineage trajectories with bifurcations. Slingshot 

has recently been used to predict the cell-fate potentials and branch points in the lineage 

trajectories of olfactory stem cells59. 



 

 

1.4.3 Nearest neighbor algorithms: 

Another type of differentiation trajectory-based lineage reconstruction algorithm uses k-

nearest neighbor graphs (k-NNGs). In k-NNGs, each cell is connected to its k nearest 

neighbors, thereby linking similar cells to each other. The first such algorithm, 

Wanderlust60, represented cells as nodes in a collection of k-NNGs, with each node 

consisting a small proportion of the total population of cells. The user specifies a root 

cell, which may be the progenitor cell type and this selection is used to generate a 

collection of shortest walks from the root cell to all the other cells. This process results 

in numerous possible differentiation trajectories, which are then averaged to select the 

most probable one. While Wanderlust, akin to Monocle is restricted to the study of 

linear systems, its successor Wishbone61 allows bifurcations and enhances the 

possibility for the study of complex differentiation systems. Wanderlust and Wishbone 

were originally designed for Cytometry by Time Of Flight (CyTOF) data, however 

Wishbone has been adapted so it can be used with single-cell transcriptomics data. 

While k-NNGs were used in Wanderlust and Wishbone to order cells along a 

developmental axis; however, it has other uses in single-cell transcriptomics that 

improve lineage tracing. Markov Affinity-based Graph Imputation of Cells (MAGIC) is 

an algorithm that locally diffuses gene-expression values in the NNG, and thus 

smoothens gene expression across highly similar cells62. This reduces the dropout 

effects observed when there are lowly expressed genes and improves overall lineage 

reconstruction. 

While computational lineage reconstruction algorithms have an obvious benefit in 

limited need for cellular modification or barcoding, they come with major drawbacks. 
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Current algorithms are still premised on indexing lineage closeness with expression 

similarity, an assumption that is not always true. Lineage calls based on such approaches 

are acutely dependent on the richness of expression data which may be incomplete 

depending on the depth of sequencing. Finally, while lineage approaches can provide in-

silico spatial information, they largely achieve this by utilizing homeostatic organism 

atlases. In cases of pathology, such model relationship might breakdown necessitating 

direct observation to accurately call cell lineages.  

Overview of gene expression monitoring 

1.5 Amplicon based measurement of gene expression 

The gene expression pattern of a cell holds clues to not only its lineage relationship but 

also its functional state and role within a larger biological structure. Considering on 

average eukaryotes express close to ~10,000 genes across billion to trillions of cells, high-

throughput multiplexable expression measurement is the de-jure need in the field. The 

direct target of measurement is the mRNA and considering its nucleic acid nature early 

protocols took advantage of polymerase cycle reactions for target amplification and 

detection. RT-qPCR first pioneered in early 199063 allowed for the quantitative 

measurement of almost any target mRNA by converting it to cDNA and coupling the 

abundance of a fluorescent dye to the increasing number of cDNA copies. Since every 

PCR cycle increased copy numbers by a factor of 2, one could back calculate the initial 

number of copies within a target by amplifying it to fluorescently detectable levels via 

multiple PCR cycles. With the advent of microliter chemistry, automation and sample 

partitioning, RT-qPCR became increasingly accurate, multiplexable and routine.  



 

 

RT-qPCR currently has applications across drug discovery64, basic biology65, cell 

engineering66 and quality control67. In regenerative medicine and cell therapies, RT-qPCR 

is routinely used to assay cells for appropriate differentiation and confirm homeostatic 

function of biological construct. Commercially available qPCR-based scorecards use a 

gene panel to evaluate the pluripotent potential of iPSCs. In a recent work, Abaci and 

colleagues utilized qPCR to guide the construction of hair-follicle cell niches that allowed 

for the continuous maintenance and growth of functional human skin cells68. For example, 

expression data from wild-type samples found that over-expression of Lef-1 in dermal 

papilla cells (DPC) restored intact DPC transcriptional signature and significantly 

enhanced the efficiency of hair-follicle cells differentiation in human skin cells; 

subsequently Lef-1 was overexpressed in the synthetic niche cells. qPCR has now been 

extended for non-invasive gene expression measurement in clinical setting. This includes 

ascertaining latent levels of HIV-viral load69, quantification of CAR-T cells in 

circulation70 and rapid diagnosis of viral71 and bacterial pathogens72.  

While continuous improvement of q-PCR technology has improved sensitivity73 and 

multiplex ability, the number of targets that can be simultaneously detected with high 

fidelity is still limited by either the partitioning of sample or multiplexable fluorescent 

dyes. Moreover, improved sensitivity and detection of the actual coding sequence of 

expressed mRNA is only possible by reading the full sequence of the molecule via deep-

sequencing.  

RNA sequencing (RNA-Seq) has therefore become an efficient and data rich strategy to 

ascertain gene expression of constructs. RNA-Seq starts with an initial conversion into 

cDNA followed my high-throughput multiplexable parallel sequencing, allowing the 
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generation of large datasets at affordable costs. With improvement of reverse transcription 

enzymes, development of new thermophilic and fusion polymerase proteins, RNA-Seq 

offers a reliable strategy towards gene expression monitoring of constructs. RNA-Seq is 

increasingly utilized in clinical settings to monitor immunotherapeutic cells and can serve 

as a liquid biopsy for hematologic cancers. Cell free RNA-seq can be utilized to monitor 

for organ specific tissue damage by surveilling for tissue specific RNA markers that enter 

circulation via cell lysis. RNA-seq can also be used to ascertain expression in solid tissue, 

such as organoid screening for drug activity studies or patient-derived tumor xenograft 

sequencing for personalized therapy. However, in this case the process of RNA-seq is 

fundamentally destructive in nature and does not allow for temporal study.  

The destructive characteristic of amplicon assays is a major limitation as clinical assays 

increasingly require to be non-invasive in nature to allow for continuous temporal 

monitoring. While animal models can be sacrificed and harvested for solid tissue74, such 

an option of monitoring is infeasible in patients. Cardiac biopsies for example are high 

risk procedures with significant associated risks of bleeding, organ damage and even 

death, but performed at frequencies of as much as once a month in high risk transplant 

patients. While liquid biopsy approaches are being designed75, they are severely limited 

due to biological mRNA noise from host cardiac tissue and limited circulatory abundance 

of target mRNA.  

1.6 Imaging of reporter to measure gene expression 

While sequencing is limited by the need to destroy the sample or at the very least obtain 

some portion of it through excision, imaging of gene expression provides a non-invasive 

way to continuously observe biological processes. This is achieved by genetically 



 

 

modifying the cell to express a protein called reporter, detectable by an imaging 

modality, and whose expression level is stoichiometrically linked to the expression of 

the gene under observation. Stoichiometry is achieved most commonly by placing the 

said reporter downstream of the target gene, either via precision editing (CRISPR, 

TALEN, ZFN etc.) or downstream of the target’s promoter element followed by 

genomic integration via transposon or viral recombination. Additional improvements 

might include degradation domains for rapid removal of reporters to improve shut-off 

kinetics or additional layers of transduction before the final translation of the reporter 

molecule. The increasing use of imaging in clinical care has spurred the creation of new 

reporter genes across the common modalities used in patient care (Figure 5). 

Categorizing reporters based on their imaging modalities result in the following classes: 

1. Optical Reporters 

2. PET Reporters 

3. MRI Reporters 

4. Ultrasound Reporters 

 

Figure 5. Common modalities for in-vivo imaging. 
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Reporter gene imaging is a highly configurable platform with a common fundamental principle. Variation 

in promoter allows for conditional reporter expression while modulation of reporter gene allows for 

modality specific advantages in imaging.  

 

1.6.1 Optical Reporters: 

Reporter genes visualizable via conventional optical equipment (microscopes, in-vivo 

imaging systems, i.e IVIS etc.) are the most commonly used of the modalities. This is 

due to the ease of using optical instruments such as microscopes, their relatively lower 

costs and larger volume of applications in research as opposed to the clinic. Such 

reporter genes have traditionally been fluorescent proteins introduced via plasmid 

cassettes or CRISPR mediated endogenous tagging. The reporters may be fused to the 

target being expressed and provide information on protein dynamics or remain unbound 

and serve as a corollary measure of target abundance. The development of various 

strains of differently colored fluorescent proteins has further increased the 

multiplexability of this system. While commonly available strains such as GFP and RFP 

allow for routine microscopy in-vitro, their use in-vivo is restricted by the opacity of 

tissue that prevents signal penetration, as posited by the Beer-Lambert law. In such 

cases, near infrared fluorescent proteins or luminescence-based luciferases offer the 

potential to provide deep tissue readout. Luciferase has been particularly useful in a host 

of small animal models, providing information on cell growth dynamics as well as their 

gene expression profiles. Tseng and colleagues for example placed luciferase 

downstream of p53 expressing DNA sequences packed inside a polymer nanocarrier76. 

By following luminescence, the were able to track accumulation of the therapeutic in the 



 

 

target region and also the processing of the drug by target cells. On a discovery driven 

project Malin and colleagues placed luciferase downstream of the MGMT promoter, a 

sensitive locus for driver mutations in glioblastomas77. Cell lines engineered with these 

constructs were introduced in mouse models and demonstrated that canonical Wnt β-

catenin pathway activation correlates with increased MGMT promoter activity, as 

evidenced by the enhanced luciferase production. 

Since most luminescence signals dissipate over thick tissues and are not amenable to 

discrete tracking of small cell populations, near-infrared proteins were developed for the 

molecular toolset. Proteins such as iRFP-670 and iRFP-713 offer a limited opportunity 

to multiplex but can allow for continuous observation without need for a substrate such 

as luciferin (for luciferase). Infrared imaging has previously been demonstrated in 

human patients, commonly using FDA approved dyes such as indocyanine green78. 

While recent work has extended this from dyes to proteins, success is restricted to use in 

non-human primates79. To be successful in humans, optical reporters need to strike a 

balance between high-wavelength tissue penetration but higher photonic intensity to 

ensure ready detection by sensors. 

1.6.2 PET reporters: 

 To detect deep tissue biology without attenuation researchers developed reporter 

proteins amenable to Positron Emission Tomography (PET) imaging. PET takes 

advantage of coincidence detection of two 511 KeV gamma rays, emitted at an angle of 

about 1800 when positrons collide with electrons. This annihilation event allows precise 

detection of the location of positron radiolabeled molecules and uniquely permits the 
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quantification of molecular events in vivo. Furthermore, the short half-life of fluorine-

18, the radioisotope that is commonly used for labeling PET tracers allows for repetitive 

imaging, which in turn permits studying kinetics in vivo. PET imaging probes reveal the 

presence of their target by accumulating on the surface or inside the cells containing the 

target while clearing from other cells. In a similar manner, PET reporter probes (PRPs) 

such as fluorine-18 image the expression of the imaging reporter gene, by accumulating 

on the surface or inside the cells expressing the PET reporter gene. Herpes simplex virus 

1 thymidine kinase (HSV1-tk) and its mutant derivatives have thus far been the most 

extensively studied and applied PET reporter genes. They encode enzymes that catalyze 

phosphorylation reactions of fluoreine-18, causing entrapment of their probes inside 

cells expressing them.  

PET is the only modality whose genetic reporter system has demonstrated substantial 

use on humans in-vivo within the clinical literature. It has been used to trace gene 

therapeutic distribution80, tracing trafficking of T-cells in immunotherapies81 and even 

to diagnose tumors by reporting on their molecular profile in-vivo82. Work has also 

demonstrated that PET reporters can function as predictive markers for hard to monitor 

pathologies such a glioblastoma by correlating increased expression of gene with 

enhanced activity of the gene therapy83. Despite these advantages newer PET reporters 

are in development84 to overcome the inherent immunogenicity proffered by a virally 

derived reporter protein. A second limitation that is inherent to the PET modality is the 

inability to multiplex multiple reporters due to the constancy of scintillators to detect 

gamma rays at 511 KeV.  

1.6.3 MRI Reporters: 



 

 

Magnetic Resonance Imaging (MRI) is another imaging modality capable of deep tissue 

penetration and routinely used in the clinical setting. Unlike PET which relies on 

emission of photons, MRI functions by first applying a magnetic field that synchronizes 

electron spins of hydrogen in the water inside the patient’s body. A subsequent RF pulse 

knocks the spin out of phase and detectors monitor for an emitted signal that indicates 

electrons have regained original spin orientation (reflexivity). Since water molecules at 

different voxels have different delays in regaining orientation, the difference in 

frequency of the emitted signal provides the contrast required to generate an image. 

Much like conventional MRI contrast agents such as gadolinium which function by 

enhancing the local magnetic field through increasing magnetization susceptibility85, 

MRI reporter proteins once expressed increase local contrast to become detectable. 

Crucially, since contrast is achieved by the reflexivity of electronic spins, it is possible 

to tune the resonance by reporters and vary the magnetic orientation, thereby introducing 

the capacity to multiplex.  

Early MRI reporter genes utilized ferratin or engineered transferrin receptors as a means 

of contrast enhancement. Ferratin works by increasing sequestering iron within cells and 

thereby increase the magnetization potential locally through induced resonance. 

Sensitivity for detection by MR is enhanced by two mechanisms, including net iron 

uptake as well as changes in MR reflexivity, due to redistribution of the existing 

intracellular iron within a larger ferritin pool. In an initial study Cohen and colleagues86 

demonstrated the feasibility of monitoring Glioma cells in mice under the control of 

doxycycline induction. Based on this work, Ralph Weissleder’s group demonstrated a 

similar use of transferrin receptors to image therapeutic gene introduced to mouse 
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gastric cancer models by viral transduction87. However, a newer method, Chemical 

Exchange Saturation Transfer (CEST) offers two major advantages88. First, it is 

switchable and hence the contrast is detectable only when applying a saturation pulse of 

a specific frequency characteristic of the exchangeable protons of the reporter agent. 

Otherwise, the contrast agent is MRI-invisible. The second advantage is that different 

contrast agents with different excitation frequencies can be used simultaneously to 

image multiple targets. This property might be exploited for the multiplexed imaging 

different cells or the monitoring the expression of multiple genes.  

1.6.4 Ultrasound reporters: 

A smaller but actively developed modality of gene reporter utilizes ultrasound as means 

of transduction for imaging. Conventional ultrasound in the clinic utilizes a probe to 

emit high frequency waves that bounce off dense tissue to create a depth-based image. 

While conventional ultrasound applications such as fetal or gastric monitoring do not 

use contrast agents, complex cardiac or doppler use cases often utilize microbubble 

echogenicity to improve imaging.  Such microbubbles can be introduced systemically 

via circulation, parentally via subdural injections and catheters or molecularly targeted 

by antibody conjugation. Shapiro and colleagues mirrored this approach to create the 

first class of acoustic reporter genes, repurposing gas vesicles expressed by microscopic 

organisms to for regulating buoyancy89. Ectopic expression of genes encoding such 

vesicles in Escherichia coli and Salmonella typhimurium allowed them to be imaged 

noninvasively at volumetric densities below 0.01% with a resolution of less than 

100 μm. The authors also hinted at the possibility of ultrasound multiplexing by using 

vesicles from different species which cavitate at varying frequencies. Considering the 



 

 

portability of ultrasound equipment as well as the capability to utilize bacteria as 

contrast media opens the possibility to move this modality to lower resource settings. 

Reporter genes present one of the strongest pathways towards non-invasive monitoring 

of gene expression. However, despite several reporter modalities being increasingly 

used in-vivo and through deep tissue, there are limited avenues to manipulate the signal 

in-vivo for greater amplification. New multiplexing capabilities have also been 

developed but are restricted to the 3 to 4-plex range. For research-based applications, 

optical reporters remain the modality of choice for in-vitro contexts while luminescence 

and near-infrared fluorescence meet in-vivo imaging needs, especially when temporal 

non-destructive observation is required. Yet their translation to in-vivo use cases, even 

when the aforementioned difficulties can be overcome, is limited by cost of equipment 

operation and increased delay in careflow due to patient scheduling. MRI and PET 

reporters which have the greatest potential of deep tissue imaging and in the former’s 

case, multiplexing, carry some of the highest equipment cost and patient backlog. Given 

the fundamental strengths of reporter technology and the potential to impact there is a 

significant effort in ameliorating these challenges through improved instrumentation 

design, adaption of synthetic biology advances or implementation of new policies.  

 

1.7 Secreted reporters to measure gene expression 

Secreted reporters provide another opportunity for gene measurement without 

destroying sample. Unlike imaging reporters which can convey spatial location, 

secreted reporters sacrifice that capability but introduce new ones including 
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enhanced sensitivity, ease of detection or the ability to multiplex. One of the earliest 

secreted reporters was a modified luciferase with a conjugated endosomal tag for 

vesicle mediated secretion90. Secreted luciferases maintain certain advantages: as a 

protein it is largely protected from enzymes and degradation conditions present 

extracellularly. As an enzyme that amplifies luminescence of a small molecule in-

vivo, it is readily detectable with high sensitivity. While recent work has attempted 

luciferase multiplexing, the opportunities presented are limited to 3-plex91. Further, 

loss of signal due to diminished enrichment from systemic circulation, loss of protein 

from non-specific adsorption as well as limited protocols for pre-enrichment present 

substantial limits to luciferase use. Recent work by Sangeeta Bhatia’s group has 

attempted to subvert this by utilizing synthetic peptide mass-tags conjugated by 

protease linkers to iron nanoparticles as a reporter media (Figure 6a)92. In the 

presence of specific protease activity, the tags which were normally kept in 

circulation by the nanoparticles were enriched by kidney filtration and readily 

detectable in urine (Figure 6b, c). The system presented tremendous value in terms 

of noiseless detection and multiplexability but was ultimately limited by its ability to 

detect only proteases without substantial re-engineering.  



 

 

 

Figure 6. Schematic of urinary circulating mass-encoded protease reporter93. 

a, Synthetic biomarker library composed of mass-encoded tandem peptides conjugated onto 

nanoworm nanoparticles. b, Nanoworm accumulation in disease tissues after intravenous 

administration into living mice. Dysregulated proteases cleave peptides from nanoworms, allowing 

fragments to filter into the urine. c, Recovery of photocaged mass reporters from urinary cleavage 

fragments by UV irradiation and their quantification by LC-MS/MS. 

 

Secreted reporters play a critical role in bridging roles fulfilled by traditional 

imaging modalities and point of care screening approaches. However, the tradeoff 

between multiplexing, portability to detect different target types and sensitivity 

present significant challenges towards clinical adoption.  

1.8 Thesis outline: Gap analysis summary 
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The tremendous promise of tissue engineering has to date remained unrealized, to no 

small extent due to the incomplete understanding of regeneration and biological 

maintenance. Lineage tracing and gene expression analysis are two critical tools to 

interrogate biology and infer the architectural blueprint of tissue development. The 

challenge is not insignificant, even a simple organoid construct may comprise of a 

billion cells47, while current tracing technologies do not scale past 100 lineages. 

Newer exotic technologies have limited robustness and reduced field of views. 

While RNA-seq offers a scalable route to expression measurement, its destructive 

treatment limits use in clinical samples, or even as a regulatory tool during FDA 

approval processes.  

Within this context, we present two novel technologies, to lineage trace and monitor 

gene-expression non-destructively. The second chapter of this work details the 

development of a synthetic microRNA-like assay for gene expression (S-

MiRAGE)94. We describe the development of S-MiRAGE, its differentiation from 

conventional assays and performance in implementations across use cases.  

The third chapter details our work on Genomic In-situ Encoding (GenIE), an easily 

implementable but scalable lineage tracing technology. We describe how the 

platform functions and its critical advantages to current state of the art. Results from 

analytical tests characterizing the technology performance demonstrates the 

resilience and reliability of the method. We subsequently implement it in a use case 

to demonstrate its capacity to study biological processes.  

 



 

 

 

 

 

Chapter 2 

 

 

S-MiRAGE: A Quantitative, Secreted RNA-

Based Reporter of Gene Expression and Cell 

Persistence 

 

Adapted from  

Mitra, K.; Feist, W. N.; Anfossi, S; Fuentes-Mattei, E.; Almeida, M. I.; Kim, J. J; Calin, G. A; 

Warmflash, A.  S-MiRAGE: A Quantitative, Secreted RNA-Based Reporter of Gene Expression 

and Cell Persistence. ACS Synth. Biol. 2019, 8 (1). https://doi.org/10.1021/acssynbio.8b00406. 
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2.1 Overview 

Non-destructive measurements of cell persistence and gene expression are crucial for 

longitudinal research studies and for prognostic assessment of cell therapies. Here we describe S-

MiRAGE, a platform that utilizes small secreted RNA molecules as sensitive and quantitatively 

accurate reporters of cellular processes.   S-MiRAGE allows cellular numbers or gene expression 

to be measured from culture media or from biofluids. We show that multiple S-MiRAGE 

reporters can be multiplexed and demonstrate the utility of S-MiRAGE by monitoring the 

differentiation status of human embryonic stem cells in vitro and tumor growth in a mouse model 

in vivo. 

 

Figure 7. Overview of the MiRAGE reporter system.  

MiRAGE knocked into the genome via CRISPR or other methods is responsively linked to the measurement target. 

Cells produce and secrete MiRAGE during transcription of target mRNA. MiRAGE is harvested from extracellular 

fluid via centrifugation and quantified via qPCR over time through multiple harvests. MiRAGE is structured as 

miRNA whose stem strands are modifiable into a barcode. The antisense strand is the qPCR target. 

2.2 Introduction 



 

 

A number of proteins are frequently used as genetically-encoded reporters including 

fluorescent proteins95, luciferase90, and Magnetic Resonance Imaging (MRI) or Positron 

Emission Tomography (PET)-detectable proteins81, with the choice of protein depending on 

the needs of the application. All of these systems suffer from limited multiplexability and 

poor signal to noise in challenging applications96, for example, when used as a reporter of 

weakly expressed endogenous genes. Motivated by recent successes in adopting circulating 

nucleic acids (cNAs) for clinical use97, we built a platform in which small expressed RNA 

molecules are used as reporters.  

A previous attempt to use secreted synthetic miRNAs demonstrated the feasibility of this 

approach98, however this study suffered from several limitations. Non-specific detection of 

the synthetic miRNA prevented discrimination with certainty between animals with and 

without synthetic miRNAs injected. Furthermore, no quantitative correlations between 

existing reporters and secreted miRNAs were reported, and to date, no studies have shown the 

ability to measure endogenous gene expression with these reporters. Overcoming these 

limitations could allow for the development of synthetic cNA-based reporters for a variety of 

research applications, and, in the future, for use as biomarkers92,98 for medical interventions 

lacking quantitative metrics of success such as autologous therapies. 

In this study, we report the development of S-MiRAGE (Synthetic-MicroRNA-like Reporters 

Assaying Gene Expression, hereafter referred to as MiRAGE). We show that choosing miRNA 

sequences from distantly related species as secreted reporters allows measurement from 

mammalian culture media or biofluids with very low background, thus circumventing the 

problem that has prevented implementation of this strategy to date.  When these sequences are 

placed within the genome of mammalian cells, they can be used to report nondestructively on the 
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presence of those cells, or, when placed downstream of an endogenous gene using CRISPR-

Cas9, on the expression of that gene. We show quantitative agreement between MiRAGE 

measurements and established techniques such as luciferase and quantitative PCR (qPCR), and 

demonstrate the capabilities of MiRAGE by monitoring the differentiation and reprogramming 

status of human embryonic and induced pluripotent stem cells, and by tracking cancer 

progression in vivo in a mouse model.   

2.3 Results and Discussion 

2.2.1 Identification of orthogonal probes with minimal background 

MiRAGE consists of a non-targeting miR placed downstream of a gene of interest (Fig. 8). 

MicroRNAs encapsulated in extracellular vesicles (microvesicles and exosomes) or bound to 

protein (Ago2)99 and lipoprotein (HDL) are actively secreted by cells,  and can be detected in the 

extracellular fluid100. The use of nucleic acids allows for multiplexing by simply changing the 

sequence, and sensitive detection via amplification by quantitative reverse transcription 

polymerase chain reaction (qRT-PCR).  

 

 

 

 

 

 

Figure 8. MiRAGE transcription into miRNA. 

MiRAGE is flanked by synthetic introns. At transcription, MiRAGE is translated to a pre-miRNA. The barcode 

sequence is present in the miRNA stem region. As MiRAGE is built off human miRNA 30, the antisense stem 



 

 

sequence is processed by Drosha and Dicer into mature miRNA, detectable by qPCR. 

 

We placed the miR-30 backbone101, whose stem strands can be modified, within a synthetic 

intron102 to reduce disruption of gene expression. We found that the MiRAGE reporter could be 

readily detected from the media of cultured cells, and that its expression level measured from 

media was the same whether placed at the 5’ or 3’ terminus of the protein-coding sequence of 

RFP (Fig. 9a, b). To minimize disruption of translation, all further experiments were performed 

with the MiRAGE cassette placed at the 3’ terminus of the protein coding sequence. 

 

Figure 9. Choice of MiRAGE placement and demonstration of two orthogonal MiRAGE 
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probes without detectable background in mammalian biofluids.  

a, Schematic of placement of MiRAGE reporter at: i) 5’ end of reporting gene ii) 3’ end of reporting gene. b, 

Expression level of MiRAGE when placed at the 5’ or 3’ positions. Fold change is relative to placement at the 5’ 

position. c, TaqMan probes for MiRAGE detection were screened for limited crosstalk and background signal in 

biofluid and media. Red indicates a CT value greater than 35 or absence of an amplification curve. Green indicates 

positive detection of MiRAGE with the average CT value noted in the table. 

 

We also found that probes against various miRs including a randomly generated sequence 

containing a previously described motif for exosomal sorting (ExoMotif)103 yielded some signal 

both in media from unmodified cells and mouse serum (Fig. 9c). To reduce this background, we 

used qRT-PCR to test whether existing Taqman probes for zebrafish and C. elegans microRNAs 

produce background signals from mammalian biofluids (mouse serum and IP fluid). We selected 

two probes (cel-miR-2 and dre-miR-458, hereafter miR-2 and miR-458, respectively), which are 

not evolutionary conserved in mammals, for use in further studies. miRNAs with fewer targets 

are known to sort more efficiently to exosomes104, and therefore use of non-mammalian miRNAs 

may aid in maximizing exosomal secretion. We found that each probe specifically detected its 

targets and exhibited no cross talk with the second probe or background signal in mammalian 

biofluids. 

2.2.2 MiRAGE quantitatively reports on cell presence and gene expression 

Luciferase is a commonly used reporter due to its sensitivity and wide dynamic range105. We 

placed a MiRAGE cassette within a synthetic intron at the 3’ end of firefly luciferase under the 

control of a constitutive promoter and used the ePiggyBac system to stably integrate this 

construct into mouse 4T1 cells (Fig. 10).  



 

 

 

Figure 10. Schematic of luciferase reporting MiRAGE cell.  

Cell expresses luciferase and MiRAGE off the same ubiquitously expressed synthetic CAG promoter. Downstream 

positioning of MiRAGE ensures its stoichiometric link to luciferase levels. 

We mixed these cells with unlabeled 4T1 cells at varying ratios and observed a perfect linear 

relationship between the luciferase signal and MiRAGE levels detected by qRT-PCR on samples 

extracted from the culture media, both of which were directly proportional to the number of 

MiRAGE cells in the culture (Fig. 11, R2=0.99).  

 

Figure 11. Relationship of MiRAGE reporting on luciferase to cell lysate luminescence   

Linear relationship of luminescence to secreted MiRAGE levels across samples of engineered cells mixed with 

unmodified cells at varying proportions (in %). 

This linear relationship had a slope of one showing that the fold changes measured by MiRAGE 

and luciferase were identical over a large dynamic range (>103). To confirm that the MiRAGE 
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reporters were secreted through exosomes or other extracellular vesicles (EVs), we purified EVs 

from the media and compared MiRAGE expression from these exosomes with the luciferase 

measurements. We found a similar linear relationship between MiRAGE and luciferase (Fig. 

12a), however, detection was not as robust at very low levels, possibly due to loss of material 

during purification. 

 

Figure 12. MiRAGE loaded in exosomes and not the extracellular abundance of a target 

gene’s mRNA accurately reports on its expression.  

a, Comparison of the level of MiRAGE in exosome to luciferase luminescence across samples with varying 

proportions of mixed engineered and wild-type cells. b, Comparison of the level of intracellular and extracellular 

SOX2 mRNA across samples of hESCs differentiated with varying doses of BMP4. 

We next evaluated whether our system can monitor endogenous gene expression. We integrated 

a MiRAGE reporter, RFP, and a blasticidin resistance gene at the C-terminus of the SOX2 gene, 

a marker for pluripotency, in the human embryonic stem cell (hESC) line ESI017 via CRISPR-

Cas9106 (Fig. 13).  

 

 



 

 

 

 

 

 

 

 

 

 

Figure 13. Construct design and imaging of MiRAGE cell line reporting on SOX2. 

MiRAGE and Red fluorescent protein (RFP) are knocked in downstream of SOX2 gene prior to SOX2 UTR. 

Resistance gene is included for selection of integrant cell and is flanked by 2A peptide to prevent fusing to SOX2 

protein. RFP image of cells is taken with cells cultured at varying BMP doses (ng/ml).  

 

We determined that modifications to the wild-type SOX2 allele occurred in less than 5% of cells 

heterozygous for the reporter (Supplementary Fig. 14a, b).  
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Figure 14. CRISPR mediated SOX2 MiRAGE cells exhibit heterozygous integration of 

MiRAGE reporter cassette with minimal mutation of the wild type allele.  

a, DNA electrophoresis of SOX2 locus PCR amplified from genomic DNA of (i) ESI017 cells or (ii) ESI017-SOX2-

RFP-MiRAGE reporter cells. Wild type alleles are 400bp long and modified alleles are 2000bp long. b, TIDE 

analysis of unmodified allele demonstrates minimal modifications.  

We treated these reporter cells with varying concentrations of Bone Morphogenic Protein 4 

(BMP4), causing differentiation to a trophectoderm-like fate, and loss of SOX2 expression107,108.  

 

Figure 15. The ESI017-SOX2-RFP-MiRAGE line differentiations appropriately and 

reports on endogenous SOX2 levels.  



 

 

a, b Immunofluorescence (IF) staining for SOX2 in either ESI017 (a) or ESI017-SOX2-RFP-MiRAGE cells (b) at 

the indicated doses of BMP4. c, Quantitative analysis of immunofluorescence and  RFP across doses of BMP4. 

Scale bar 50 μm. 

Fluorescent signal from the integrated RFP gene was completely lost at doses as low as 1 ng/ml 

(Fig. 13), which mirrored loss of SOX2 protein as measured by immunofluorescence (Fig. 15). 

 

 

 

 

 

 

 

 

Figure 16. Relationship of MiRAGE reporting on SOX2 to SOX2 mRNA conditioned 

across varying BMP doses. 

Linear relationship of MiRAGE to SOX2 mRNA expression across varying doses of BMP. Slope close to unity 

suggest a proportionate increase of MiRAGE to mRNA.  Linear relationship tends to skew at extreme BMP doses 

both on the high and low end. On most cases MiRAGE exhibits lower variability than SOX2 mRNA measurement 
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Figure 17. MiRAGE levels inside and outside the cell report faithfully on target gene 

expression when normalized to a reference secreted microRNA but not reference cellular 

mRNA.  

a, Comparison of levels of intracellular MiRAGE, across varying doses of BMP4, to SOX2 mRNA when 

normalized to reference miRNA miR17; p<0.05. b, Comparison of the level of intracellular MiRAGE and SOX2 

mRNA when both are normalized using reference mRNA GAPDH; p>0.05, not significant. c, Comparison of level 

of intracellular MiRAGE to extracellular MiRAGE across BMP4 doses. Each data point corresponds to a sample 

tested under a constant BMP4 dose for 4 days prior to analysis; p<0.001. All fold changes are compared with a BMP 

dose of 0 ng/ml. 

We compared the level of the MiRAGE reporter measured from either the media or the cells with 

the amount of SOX2 mRNA in the same cells and found a nearly perfect correlation (Fig. 16, 

R2=0.90 and Fig. 17).  

The best correlation between cellular SOX2 mRNA and MiRAGE was observed when the 

expression of the latter was normalized to that of a constitutively expressed microRNA, miR-

17109, rather than an mRNA (GAPDH), potentially revealing variability in the total secretion of 



 

 

miRNA which can be accounted for by proper normalization  (Fig. 17). Thus, the MiRAGE 

reporter was a quantitative, non-destructive readout for the levels of SOX2 mRNA which varied 

more gradually with BMP4 levels than either the SOX2 protein or the RFP reporter. Finally, we 

tested whether the ability to measure gene expression was specific to MiRAGE reporter by 

assaying for SOX2 expression directly from the media. We found that although SOX2 mRNA 

could be detected in the media, its levels did not correlate with those in the cells, indicating that 

mRNA in the media is a poor reporter for gene expression (Fig. 12b).  

2.2.3 MiRAGE can monitor reprogramming to pluripotency 

We next used the MiRAGE-SOX2 reporter to monitor reprogramming to pluripotency directly 

from the culture media.  We differentiated ESI017-MiRAGE-SOX2 cells into fibroblasts using 

an established protocol110, and confirmed differentiation via immunostaining that showed loss of 

the pluripotency marker SOX2 and upregulation of the fibroblast marker Vimentin 

(Supplementary Fig. 6). We then initiated reprogramming by over-expressing canonical 

reprogramming factors: OCT4, KLF4, SOX2 and c-MYC using a Sendai virus platform111. 

Imaging of the cells and analysis of MiRAGE levels in cell-culture media indicated that the 

expression of both reporter types (RFP and MiRAGE) fell below the threshold of detection 
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during differentiation.  

 

Figure 18. Immunofluorescence confirms successful differentiation of hESCs into 

fibroblast-like cells and successful reprogramming to pluripotency.  

a, Staining of hESCs, iPSCs and Fibroblast for OCT4 and SOX2 pluripotency markers. b, Staining of hESCs, iPSCs 

and Fibroblast for pluripotency marker NANOG and mesenchymal marker VIMENTIN. c, Staining of hESCs, 

iPSCs and Fibroblast for epithelial marker E-CADHERIN. d, Quantitative analysis of immunofluorescence staining 

across different cell types. Scale bars 25 μm. 

Following the initiation of reprogramming, the reporters reappeared and gradually rose to the 

level in undifferentiated cells (Fig. 19a, b).  



 

 

 

Figure 19. Dynamic MiRAGE measurements capture gene expression during 

reprogramming. 

a, SOX2 levels measured by RFP reporter (red) function as a Boolean indicator of cellular pluripotency. b, 

MiRAGE provides a continuous measure of pluripotency state from the same sample across the experiment timeline 

We compared the MiRAGE reporter with SOX2 mRNA at critical points in the differentiation 

and reprogramming process, and again found nearly perfect agreement (Fig. 20).  

 

Figure 20. MiRAGE reporter and mRNA levels are concordant at phenotypic stages during 

reprogramming.  

MiRAGE levels closely match levels of SOX2 mRNA that it reports on. Targets maintain high expression in 

pluripotent phenotypes and suppresses expression once differentiated.  

A 
B 
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2.2.4 MiRAGE reporters are multiplexable 

Current fluorescent and luminescent reporters also suffer from a limited capacity to multiplex 

due to spectral overlap. In contrast, we expected MiRAGE reporters with different stem 

sequences to be orthogonal. As proof of principle, ESI017-MiRAGE-SOX2 cells were 

engineered to express miR-2 and GFP in response to the addition of doxycycline (Fig. 21).   

 

Figure 21. Fluorescence reporters faithfully capture cell induction state. 

ESI017 cells express RFP (red) to report on SOX2 during state of pluripotency and GFP (green) to report on 

doxycycline using a tetracycline responsive promoter element.  

Adding doxycycline strongly induced the miR-2 MiRAGE reporter without affecting the 

expression of the miR-458 reporter of SOX2 expression (Fig 22a). Similarly, the downregulation 

of the miR-458 upon addition of BMP was not affected by the doxycycline-induced upregulation 

of miR-2 (Fig. 22b).  

 

A B 



 

 

Figure 22. MiRAGE reporting can be multiplexed and does not interfere with normal 

biology.  

a, DOX induced MiRAGE when multiplexed with SOX2 MiRAGE is faithful to reporting presence of doxycycline. 

b, SOX2 MiRAGE reporter continues to normally report on BMP induced differentiation in the presence of 

doxycycline and its MiRAGE reporter. 

2.2.5 MiRAGE reports on cell presence in vivo 

A limited subset of reporter genes can be detected in-vivo due to the restricted ability to detect 

signal through deep tissue. We reasoned that MiRAGE, detected by a blood test, could function 

as an efficient reporter for applications not requiring spatial information and negate the need for 

expensive instrumentation. To test this hypothesis, we injected nude female mice 

intraperitoneally with HeYA8 ovarian cancer cells engineered to express luciferase and either 

MiRAGE miR-458 or MiRAGE miR-2 (Fig. 23; 10 mice each group).   

 

 

Figure 23. Schematic of mice implantation experiment.  

Constructs expressing luciferase and two different MiRAGE provided to separate mice cohorts. 

Mice were sacrificed at 2 and 4 weeks to obtain luciferase measurements and serum for 

MiRAGE quantification. 
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 Five of the miR-2 mice did not survive the experiment due to rapid cancer progression and were 

not included in the analysis, so that 15 mice were analyzed in total. At either the second or fourth 

week after HeYA8 cell injection, blood and intraperitoneal (IP) fluid were harvested, the blood 

processed into plasma, and total small RNA extracted from both biofluids.   

 

Figure 24. MiRAGE probes exhibit no cross-talk with MiRAGE variants during 

multiplexing.  

10 and 5 samples from miR-458 and miR-2 mice respectively showed no cross-reactivity with the non-target probe. 

Detection was unanimous across samples when used with the correct probe. Color indicates success (green) or 

failure (red) of detection for a majority of the samples. 

 

We assayed all fluids for both miR-2 and miR-458 and found that the miR detected in both 

plasma and IP fluid (15/15 mice in both cases)  matched that expressed in the cell line injected 

into the animal while the miR expressed by the non-injected cell line was never detected in the 

blood plasma (0/15 mice) and only in a small number of cases in the IP fluid (3/15 mice) (Fig. 24 

and Fig. 25a). 



 

 

  

 

 

 

Figure 25. MiRAGE signal from the intraperitoneal compartment diminishes over time 

and does not correlate to luciferase or MiRAGE signal from circulation.  

a, Specificity of MiRAGE detection from cells transplanted in vivo as measured in IP fluid. Numbers indicate the 

mice in which MiRAGE was successfully detected of the total population being tested. b, Correlation between 
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MiRAGE signal in blood and IP fluid. Each datapoint represents one mouse. c, MiRAGE (miR-458) signal from 

blood and IP fluid compared across week 2 and week 4 cohort mice; 5 mice per boxplot group. d, MiRAGE (miR-

458) signal from IP fluid and bioluminescence from luciferase compared across week 2 and week 4 cohort mice; 5 

mice per boxplot group. Boxplot data was normalized to the mice with the highest reporter signal within week 2 and 

week 4. e, CT values for the indicated samples and probes. Sample 458 and sample 2 indicate mice injected with 

mir-458 and mir-2 expressing cells respectively. Probes are either against miR-458, miR-2, or miR-17, a mammalian 

miR used for normalization. Each data point represents one mouse. Black errorbars show means and standard 

deviations. Probe 2 gave no amplification in sample 458 and probe 458 gave no amplification in sample 2. N = 10 

for sample 458 and N = 5 for sample 2.  

Thus, MiRAGE is a sensitive and specific means to detect the presence of engineered cancer 

cells in vivo, particularly from the blood plasma. 

To determine whether the quantitative levels of the MiRAGE reporter can be used as readout of 

tumor growth, mice were also imaged for total whole-body bioluminescence after 2 and 4 weeks 

prior to biofluid collection (Fig. 26). 

  

Figure 26. Luminometer readouts show growth of implanted tumors with time.  

Heterogeneous growth of tumors across individual mice from week 2 (left) to week 4 (right). Some mice exhibit 

limited luminescence despite palpable tumor growth due to signal dampening by interstitial fluid accumulation.  

 

We found that the fold increase in MiRAGE signal from plasma was identical to that determined 



 

 

by luminescence (Fig. 27).  

 

Figure 27. Boxplot comparison of MiRAGE and luciferase levels between weeks 2 and 4 

show concordance.  

MiRAGE levels match luciferase across week 2 and 4. Luciferase in samples exhibit limited spread across 

population mean compared to MiRAGE. In both case, week 4 reporter levels are significantly greater than in week 

2.  

We compared MiRAGE signal from plasma to luciferase dosimeter values in individual mice from both week 2 and 

week 4 cohorts. We observed agreement between the two reporters with the MiRAGE signal increasing somewhat 

faster than the luminescence at high levels (Fig. 28, R2=0.74).  

 

In contrast, whereas we did detect the MiRAGE reporter in the IP fluid, its levels did not 

correlate quantitatively with that of the luciferase, possible due to poor clearance from the IP 

compartment or dilution of MiRAGE by increased IP fluid accumulation (Fig. 25b, c).  
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Figure 28. Relationship between change in luciferase and MiRAGE in mice sacrificed 

across experiment timeline.  

Samples harvested from seven mice demonstrate the promise of quantitative capability of MiRAGE towards 

tracking tumor volume compared to gold standard, luciferase.  

Our results here demonstrate proof of principle that a secreted miRNA reporter can be used as a quantitative, 

multiplexable readout of cell numbers or gene expression both in vitro and in vivo. Leveraging recent advances in 

methods for RNA detection112 will further improve the sensitivity of these measurements. Thus, MiRAGE will be a 

powerful tool for multiplexed non-destructive measurements and could potentially be used as a surrogate secreted 

biomarker when a natural one is absent.   

2.4 Materials and Methods 

2.3.1 Cell Culture, transfections, and selection  

Human ESI017 cells were cultured on Matrigel (BD Biosciences, 1:200 in DMEM-F12)-coated 

dishes in mTeSR1 media (Stem Cell Technologies, Vancouver, BC, Canada). Cells were 

passaged with dispase when 60-80% confluent. Cells were regularly tested for mycoplasma and 

found negative. The ESI017-Sox2-RFP-MiRAGE line was created via CRISPR-Cas9 by 

nucleofecting ESI017 cells with 2.5μg each of SOX2 Cloning Free Homology Donor and Guide 



 

 

RNA using a P3 Primary Cell Kit and 4D-Nucleofector Core Unit (Lonza). Nucleofected cells 

contained a resistance cassette and were selected after two days with 2ug/ml blasticidin for 10 

days before being sorted by flow cytometry for expression of RFP.  

Human HEYA8 and Mouse 4T1 cells were cultured in RPMI 1640 medium (Corning) containing 

10% fetal bovine serum. HEYA8 and 4T1 cell lines expressing MiRAGE were created by 

transfecting cells with the Lipofectamine 2000 kit (Invitrogen, mixed in Opti-MEM medium 

from Gibco) followed by 1ug/ml puromycin selection for four days.  

2.3.2 Stem Cell Differentiation 

BMP4-mediated differentiation. 1 x 105 cells were seeded using accutase passaging in 35 mm µ-

Dishes (Ibidi, Martinsried, Germany) and grown in mTeSR1 with ROCK-Inhibitor Y-27672 

(10μM; StemCell Technologies). After two days cells were treated with BMP4 (R & D systems) 

at predefined doses (1,3,5,10,30, or 100 ng/ml) in mTeSR1 for four days.  

Differentiation of hESCs into fibroblast-like cells. On Differentiation (Diff) Day 0, ESI-SOX2M 

hESCs were pre-treated with 10 µM Y-27632 in mTeSR1 medium (STEMCELL Technologies) 

for 30 minutes. Colonies were non-enzymatically detached as small clumps using ReLeSR 

Passaging Reagent (STEMCELL Technologies) according to manufacturer’s instructions, and 

then resuspended in embryoid body (EB) medium (consisting of 20% fetal bovine serum (FBS) 

(Hyclone), 80% KnockOut Dulbecco’s Modified Eagle’s Medium (KO-DMEM) (Thermo Fisher 

Gibco), 1x GlutaMAX, 1x MEM Non-Essential Amino Acids (NEAA), 1x Pen Strep, and 55 µM 

β-mercaptoethanol) supplemented with 10µM of Y-27632 on the first day only. The cell clumps 

were grown in suspension for 4 days in an ultra-low attachment 6-well plate (Corning Costar) to 

form EBs. On Diff Day 4, EBs were plated onto 0.1% gelatin-coated 6-well plates (BD Falcon), 

and cultured for 10 more days with complete EB medium changes every 2-3 days. Cells of 
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various morphologies grew out radially from the adherent EBs.  

On Diff Day 14, the outgrowth culture was passaged (Passage 1) using Accutase (STEMCELL 

Technologies) and re-plated to gelatin-coated 6-well plates in Fibroblast (Fib) medium 

(consisting of 10% FBS (GE HyClone), 90% high glucose DMEM (Thermo Fisher Gibco), 1x 

MEM NEAA, and 1x Antibiotic-Antimycotic). The monolayer culture was passaged two more 

times (Diff Day 18 and 28) to expand fibroblast-like cells. Medium conditioned for at least 24 

hours was collected on Diff Days 0, 4, 17, 25, and 28. Cells from Passage 3 were subsequently 

replated at 250,000 cells per well onto a gelatin-coated 6-well plate and used for the 

Reprogramming (Rep) experiment (Diff Day 31 = Rep Day -1).  

2.3.3 Reprogramming of hESC-derived fibroblasts into hiPSCs using Sendai virus.  

To initiate reprogramming (Rep Day 0), fibroblast-like cells differentiated from hESCs were 

infected with non-integrating Sendai viruses expressing OCT4, SOX2, KLF4, and C-MYC 

(CytoTune-iPS 2.0, Thermo Fisher) according to manufacturer’s recommendations.  Four days 

after Sendai virus infection (Rep Day 4), cells were dissociated using Accutase, and replated in 

triplicate wells in Fib medium at 100,000 cells per well onto plates coated with hESC-Qualified 

Matrigel (Corning). The Fib medium was replaced with ReproTeSR medium (STEMCELL 

Technologies) the next day (Rep Day 5). Medium conditioned for at least 24 hours was collected 

on Rep Day 1 (uninfected well only), Rep Day 3 (uninfected and infected wells), and Rep Days 

6, 7, 11, 14, and 18 (triplicate from infected wells). On Rep Day 19, six human induced 

pluripotent cell (hiPSC) colonies were manually picked and grown in TeSR-E8 medium 

(STEMCELL Technologies). Two clonal cell lines were successfully expanded for further 

characterization. 

2.3.4 Luciferase Detection in vitro  



 

 

Mouse 4T1 cells dually labelled for MiRAGE and luciferase expression were mixed with 

unlabeled cells at varying dilutions. After 24 hours, cell lysate from seeded cells were collected 

and luciferase catalyzed using the Luciferase Assay System (Promega, E1500). Luciferase was 

detected in a 96-well white-walled transparent bottom plate (Corning) using a M1000 Plate 

Reader (Tecan).  

2.3.5 Multiplexing Test 

For testing crosstalk, 3 x 105 ESI-SOX2-RFP-MiRAGE(miR-458)/TRE-GFP-MiRAGE (miR-2) 

cells were seeded in a 24-well dish (Ibidi). Cells were cultured in the absence or presence of 

doxycycline (100 ng/ml) and with varying doses of BMP (0,1,3,10,30,100; ng/ml). After 4 days, 

cells were imaged, and RNA was collected from the media as described above.  

2.3.6 RNA Collection 

Cellular samples were first stored in RNAlater™ Stabilization Solution (Ambion) for 1-2 days at 

4° C before processing for RNA using the mirVana™ PARIS™ RNA and Native Protein 

Purification Kit (Ambion). Media samples were first centrifuged at 500 x g for 4 minutes to 

sediment cellular debris, and the supernatant was harvested. RNA was extracted from the 

supernatant media using the mirVANA™ PARIS™ kit, following manufacturers protocol. RNA 

from IP fluid and plasma was harvested using the same kit but with the initial centrifugation step 

modified to 3500 x g for IP fluid and plasma.  

2.3.7 Extracellular vesicle (EV) purification 

Media samples were centrifuged at 3000g for 15 minutes to remove cellular debris while 

preserving exosomes in the supernatant. EVs were isolated using ExoQuick TC EV Isolation Kit 

(SBI Biosciences, Palo Alto CA)  and miRNAs were extracted from EVs using mirVANA kit 
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(Thermofisher Scientific Carlsbad CA) according to the manufacturers’ instructions.  

2.3.8 qRT-PCR 

For miRNA measurements, total RNA isolated from cell lines, supernatants, and plasma samples 

was reverse-transcribed to cDNA using TaqMan MicroRNA Reverse Transcription kit (Applied 

Biosystems, Foster City, CA) according to the manufacturer's instructions. In brief, 10 ng of total 

RNA were reverse-transcribed in a total volume reaction of 15 µL containing dNTPs, 

MultiScribe reverse transcriptase, reverse transcription buffer, RNase inhibitor, specific miRNA 

primer (TaqMan MicroRNA Assays, Applied Biosystems), and nuclease-free water. The reaction 

was performed using the DNA Engine Peltier Thermal Cycler (BIO-RAD) at 16°C for 30 

minutes, 42°C for 30 minutes, and 85°C for 5 minutes. For mRNA measurements, total RNA 

isolated from cell lines was reverse-transcribed to cDNA using High Capacity cDNA Reverse 

Transcription Kit (Applied Biosystems) according to the manufacturer's instructions. In brief, 

400 ng of total RNA were reverse-transcribed in a total volume reaction of 20 µL containing 

reverse transcription buffer 10X, dNTP 25X, MultiScribe reverse transcriptase 50u/ul, RNA 

inhibitor 40U/ul, random primer 10X. The reaction was performed using the DNA Engine Peltier 

Thermal Cycler (BIO-RAD) at 25°C 10 min, 37°C for 120 minutes, and 85°C for 5 minutes. 

The levels of miRNAs and mRNAs were measured by quantitative reverse transcription-

polymerase chain reaction (qRT-PCR) using TaqMan MicroRNA Assays and TaqMan Gene 

Expression Assays (Applied Biosystems) according to the manufacturer's instructions. Reactions 

were performed using CFX384 Real-Time System (BIO-RAD) at 95°C for 3 minutes and 40 

cycles at 95°C for 5 seconds and 60°C for 30 seconds. 

 

2.3.9 Mice 



 

 

All animal experiments were conducted in accordance with American Association for 

Laboratory Animal Science regulations and the approval of The University of Texas MD 

Anderson Cancer Center Institutional Animal Care & Use Committee. HEYA8 cells expressing 

GFP, luciferase, and either MiRAGE-MiR2 MiRAGE MiR458 were selected by sorting for GFP 

expression using a FACS Aria II instrument (BD Bioscience). The cells were resuspended in 

phosphate-buffered saline (PBS) solution and 5 x 106 cells in 100μl PBS were injected via I.P. 

into the peritoneum of Nu/Nu mice. The in vivo imaging of tumors was performed using a 

Xenogen IVIS 100 optical in vivo imaging system at week 2 and week 4 after injection of the 

cells. 

2.3.10 Imaging  

All images were acquired from cells in imaging quality plasticware (ibidi) using a 20X, Na 0.75 

objective on Olympus IX83 inverted confocal microscope. Images were organized using 

ImageJ113 and analyzed using ilastik and custom software written in MATLAB (Mathworks).  

2.3.11 Plasmid Building/Cloning 

Plasmids used in this study were cloned using conventional restriction digest methods or through 

Gibson assembly. The plasmids were integrated into the genomes of cells either through 

ePiggyBac-based transposable elements, or through CRISPR-Cas9 based site-specific 

integration. The plasmids used were: 

1. epb-tt-puro-synthetic intron-shOCT4-RFP (Plasmid bearing synthetic intron, a gift of Ali 

Brivanlou)102 

2. epb-tt-puro-GFP-MiRAGE (to express MiRAGE and GFP in response to doxycycline) 

was created from the above plasmid by replacing the small hairpin OCT4-targetting 
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shRNA with a MiRAGE reporter cassette. Finally, the RFP was replaced with a PCR 

amplified GFP gene fragment. 

3. epb-ubc-GFP-cag-fluc barcode (to express GFP, firefly luciferase and MiRAGE) was 

created by replacing the tet-responsive promoter in the above described plasmid with a 

CAG promoter. Subsequently, a gene segment coding for firefly luciferase and an N-

terminus t2a peptide was inserted between the GFP and MiRAGE segments. 

4. Sox2HD-rfp-blas-barcode (Plasmid containing insert for knock-in via homologous 

recombination to create SOX2 reporter cell line) was created by the Gibson assembly of 

RFP (from Plasmid 1), MiRAGE barcode (from plasmid 3), blasticidin and backbone 

(from plasmids previously described107). Assembly was performed using HiFi DNA 

Assembly master mix (NEB), following manufacturers protocol. The cloning free 

homology donor was created by using two rounds of PCR to introduce the homology 

donors into the insert DNA via primer overhangs (italicized).  

Forward primer: 

CGGCACGGCCATTAACGGCACACTGCCCCTCTCACACATGGAGGGCAGAGGAAGTCTT

CT and reverse primer: 

CTTTGAAAATTTCTCCCCCCTCCAGTTCGCTGTCCGGCCCTTAGGTGGCGACCGGTGGAT 

For the second round of PCR, forward primers 

TCACATGTCCCAGCACTACCAGAGCGGCCCGGTGCCCGGCACCGGCACGGCCATTAAC

GG and reverse primer: AAAAACGAGGGAAATGGGAGGGGTGCAAAAGA 

TGGAGGGGGGAGAAATTTTCAAAG 

5. Px330 SOX2 gRNA (Guide RNA plasmid to create SOX2 reporter cell line) with the 

sequence: CCGGACAGCGAACTGGAGGG was cloned by inserting duplexing an oligo 



 

 

pair to create the double stranded guide RNA with staggered overhangs compatible with 

BbsI restriction cut site. The duplexed oligo was then inserted into the PX330 plasmid 

(Addgene Plasmid #42230) bearing Cas9 and scaffolding RNA. 

2.3.12 Tide Analysis 

Tide analysis was performed to compare SOX2 loci of ESI017 MiRAGE reporter cells (ESI-

SOX2M) to unmodified ESI017 by collecting genomic DNA using the DNeasy Blood and 

Tissue Kit (Qiagen). Briefly, the unedited allele was PCR amplified with primers targeting the 

unmodified Sox2 gene on either end of the CRISPR-Cas9 cut site (Guide RNA: 

CCGGACAGCGAACTGGAGGG; Forward primer: GTGGTTACCTCTTCCTCCCACT; 

Reverse primer: AAGTTTTCTTGTCGGCATCG). For the WT sample, DNA Clean & 

Concentrator (Zymo Research) was used to purify the PCR product. For the CRISPR sample, the 

PCR product representing the unmodified allele was gel extracted from a 0.7% agarose gel using 

the Zymoclean™ Gel DNA Recovery Kit (Zymo Research). The purified products were 

sequenced (LoneStar Labs; GGGACATGATCAGCATGTATC) and analyzed using the free 

TIDE web tool114.  

2.3.13 Immunostaining 

35mm imaging dishes (ibidi) were rinsed with PBS, fixed for 20 minutes using 4% PFA, rinsed 

twice with PBS, and blocked for 30 minutes at room temperature. The blocking solution 

contained 3% donkey serum and 0.1% Triton-X in 1X PBS. After blocking, the cells were 

incubated with primary antibodies at 4°C overnight. The next day the cells were washed three 

times with PBST (1X PBS with 0.1% Tween20) and incubated with secondary antibodies 

(AlexaFluor488 (Abcam) cat#A21206 or Alexa Fluor 647 (Life Technologies) cat#A31573) and 

DAPI dye for 30 minutes at room temperature. After secondary antibody treatment, samples 



65 

 

 

 

were washed twice in PBST at room temperature. Primary antibodes were used against Sox2 

D6D9 XP (Cell Signaling Technologies 5024S; dilution 1:200), (BD Biosciences 611203, 

dilution 1:400), NANOG (R&D Systems AF1997, dilution 1:200), E-Cadherin (Cell Signaling 

Technologies 31955, dilution 1:200), and Vimentin (Cell Signaling Technologies 5741T, 

dilution 1:100). 

 

2.5 Future Work 

 
Genetic reporters continue to play an increasingly important role in bridging the gap between 

data rich omics level approaches and spatially defining imaging routines. Secreted reporters 

further enrich this continuum by providing high plex scalability at the convenience of non-

invasive molecular detection. An early indication of the usefulness of this paradigm will be its 

application in cell-based immunotherapies. While systemically circulating immune cells are 

easily accessible for quantitative measurements, sentinel immune cells that reside in tissue for 

extended periods can be paired with secreted reporters. As these cells often interact at the 

frontline of epithelial interfaces they can be used to sense the onset of pathogens or disarray of 

homeostasis. Secreted reporters also have tremendous potential in identifying neoantigens 

presented by tumors. Their multiplexability can scale with neoantigen variants while the secreted 

nature of the reporter would ensure even deep tissue neoantigens would be reported.  

A core clinical vision of the use of secreted reporters’ pairs with regenerative medicine by 

implanting tissues engineered to express such reporters. Reporter profiling can then provide 

phenotypic and functional state of the implanted therapy without necessitating biopsies or 

monitoring solely for outcome. Pancreatic implants whose function currently is monitored by the 



 

 

levels of c-peptide in circulation, could be assessed for cell mass abundance and differentiation 

states, factors independent of the level of c-peptide produced but equally crucial to the success of 

therapy. The need for reporters is even greater for applications that lack a secreted marker such 

as cardiac patches or neuronal grafts.  

Finally, secreted reporters have tremendous promise in the realm of preclinical drug 

development and modelling. Secretion allows for longitudinal monitoring of animals instead of 

batch sacrifice approaches towards generating temporal data. This means that the time-effect of a 

drug can be studied on the same animal for the entire duration of the experiment and not across 

several organisms, limiting sample-to-sample variation. Unlike current reporters like 

luminescence, secreted reporters can be extended as an excipient into human trials and thereby 

provide an end-to-end biomarker, in line with the 21st Century Cures Act mandate. Even further 

upstream, secreted reporters can be deployed in next generation organoid models where 

conventional imaging reporters suffer due to depth of imaging.   
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Chapter 3 

 

 

GenIE: Method for in-situ scalable lineage 

tracing 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

3.1 Overview 

The use of lineage tracing to determine the spatial structure of stem cell niches and identify 

aberrant clonal distribution, highlights the importance of improving technology to allow higher 

resolution tracking. We present GenIE (Genomic In-situ Encoding), a nucleic acid-based lineage 

tracing method, capable of tracking a larger number of lineages over the conventional fluorescent 

protein-based systems. We aim to use our method to track as many as 60 lineages with the 

potential of even greater scaling. Using sequential smFISH on the DNA barcodes, we can 

overcome limits imposed by spectral overlap and can scale to detect as many as 60 lineages.  We 

demonstrate the functionality of our system in human embryonic stem cells and assess its 

technical sensitivity limits for lineage identification and population deconvolution.  

 

Figure 29. Schematic of readout for GenIE barcodes.  

a, DNA constructs for GenIE include fluorescent protein with a downstream 1200bp random DNA 

segment (barcodes) prior to polyA terminator sequence. b, Cells with inserted constructs demonstrate 

fluorescent protein labelling as well as the now mRNA barcodes as smFISH spots when hybridized. To 

detect multiple barcodes on the same fluorescent channel cells are repeatedly stripped and rehybridized 

3.2 Introduction 

Lineage tracing is a method of identifying relationships between sister cells over the course of 
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cell division, normally through the incorporation of a genetic tag in the original mother cell. 

Fluorescent protein genes stably integrated into the DNA served as early lineage tags as they 

could be heritably passed onto daughters. The Brainbow platform takes this idea a step further by 

using a palette of fluorescent proteins per cell to create more than 60 unique lineage tags. To 

further increase the number of tags would be untenable due to the spectral overlap from different 

fluorescent proteins. Yet if one conservatively assumes a tissue engineered product is the result 

of a billion starting stem cells, 60 tags does not provide nearly enough resolving power to study 

lineages in a granular detail. An alternative solution then emerges in using next generation 

sequencing single cell sequencing to characterize SNPs per cell. SNPs are acquired mutations 

which serve as a natural tag for tracing lineages. A new variation on this embodiment is the use 

of CRISPR to artificially introduce mutations as lineage trackers and then tracing cells via 

sequencing (17) or smFISH (18). Though single cell sequencing can dramatically increase the 

number of lineages cells are resolved to, it sacrifices the spatial integrity of the sample and loses 

information regarding the spatial distribution of the lineages. While the smFISH platform 

maintains spatial information, the requirement for CRISPR driven mutations and detection of 

NHEJ mutations via smFISH results in greater error in lineage call and enhances the need for 

high-objective imaging sacrificing field-of-view. A technology platform that can maintain spatial 

structure while scaling the number of lineages to which individual cells can be resolved would be 

invaluable for the field. 

In this study, we show the development of GenIE (Genomic In-Situ Encoding). We show that 

GenIE is compatible with sequential smFISH and can be multiplexed with variation in barcode 

sequences or a fluorescent protein.  When these sequences are placed within the genome of 

mammalian cells, they can accurately trace cellular lineages, monitor mRNA expression while 



 

 

preserving the sample for immunofluorescence. We highlight the analytical limits of GenIE, 

demonstrate its capacity to deconvolute mixed lineages. 

3.3 Results and Discussion 

3.3.1 Sequential FISH is compatible with barcode detection 

Sequential hybridization necessitated that the lineage content of cells was built over several 

rounds of imaging where the sample was moved in and out of the microscope. To ensure the 

images were registered properly and field of views were congruent to each other, we identified 

hallmarks in the first image that served as an anchor point for the 7 X 7 montage grid. In 

subsequent imaging setups, we align the anchor image from the second round to that from the 

first and begin the montage. Figure 30 demonstrates the effectiveness of our method as well as 

the capability of seq-FISH chemistry in reliably detecting barcodes across multiple rounds of 

hybridization.  

Figure 30. Sequential FISH maintains sample integrity and spatial registration across 

rounds of hybridization.  

a, Cells are stained for barcode 1 and imaged for fluorescent proteins. b, Sample is stripped off the probes for 

barcode 1. c, Cells are stained with barcode 2 and imaged in the same position as “a”. d, Images are registered to 

obtain composite of both barcode 1 and barcode 2 presence in cells.  
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3.3.2 Sequential FISH data can be used for lineage assignment   

 

The combined imaging across multiple sequences results in a matrix of barcode and fluorescent 

protein intensities. Barcode assignment was the result of the presence of fluorescent intensities 

across this process as can be seen in Figure 31 below.  

Figure 31. Lineage ID assignment is dependent on expression of fluorescent protein and 

mRNA across 2 hybridization rounds.  

Cells assigned a lineage by combinatorial staining in the first (white labels) or second (tan underlined label) rounds. 

Final barcode is the combined label across all rounds.  

 

To ascertain the sensitivity of our pipeline towards lineage detection, we processed samples 

composed of single lineages while keeping imaging parameters open for unbiased detection of 

any possible lineage combination. Figure 32 demonstrates our capacity to call lineages at greater 

than 70% sensitivity for tested samples.  

4 



 

 

      

 

Figure 32. Lineage call for single plasmid barcode lines exhibit higher sensitivity than dual 

plasmid barcodes. 

a, b Lineage histogram for C2 and C4 barcode bearing samples are identified as such 80% and 60% of the times, 

respectively. c, Lineages for dually labelled C1Y3 cells are identified 39% of times with combinatorial variations 

accounting for 55% of cells.  Only cells positive for a fluorescent protein are included in analysis 

For lineages composed of multiple fluorescent proteins, we experience a reduction in this 

efficiency (Figure 32), partly as the result of emergence of antibiotic resistant clones that bore 

one fluorescence plasmid but not the other. We envision stringent sorting and limited passaging 

to be a stopgap measure to mitigate this until a Cre-lox brainbow based integration system is 

A B 

C 



73 

 

 

 

utilized.  

One challenge emerges from the inability to utilize protease to permeabilize cell membranes due 

to the presence of fluorescent proteins. Consequently, densely packed cellular colonies often 

remain impermeable to the diffusion of smFISH probes as can be see in Figure 33.  

 

Figure 33. Dense colonies of C4 cells limit probe penetration and are not stained for RNA 

barcode 4 

Scatterplot of individual cells labelled with the barcode identified by our workflow. Denser colony at top right 

exhibits most of the cases of CFP+ Barcode 4- cells. 

Since expression of the mRNA barcode is tied to the expression of the fluorescent protein 

considering they are consecutively placed and expressed of the same promoter, we assessed the 

concordance of their expression by plotting them against each other in Figure 34.  

 

 



 

 

 
 

Figure 34. CFP expression is significantly reduced in barcode bearing cells but majority of 

positive cells express barcode over control. 

Scatter plot of GFP labelled barcode control over CFP labelled barcode positive cells. Thresholds set by 

superimposing an unrelated nuclear FP over sample images.  

 

We found that despite 75% of cells being labelled for the barcode, several cells weakly or did not 

express CFP. This limited the hypothesized correlation between fluorescent protein and mRNA 

barcode. We next attempted to determine if GenIE could be used to deconvolute mixed lineages by 

counting out the different barcodes present in a sample. We mixed seven lineages in a predetermined 

composition and processed them as per protocol. Figure 35 shows histogram that capture lineage 

composition and compare them to the composition determined during plating.  

7 18 

27 
48 
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Figure 35. Lineage reconstruction captures dilution series of C4 barcode.  

a. Experimental setup demonstrating three dishes containing 15%, 30% and 45% C4 cells spiked with other 

lineages. b, Lineage reconstruction demonstrates capacity to quantify a dilution series of C4 mixed with six other 

lineages across three different samples. 

3.4 Materials and Methods 

3.4.1 Plasmids 

Plasmids were cloned through conventional restriction digestion methods. Four mRNA barcodes 

were created by generating random DNA segments 1200 base-pairs long through a randomizer115 

and verified to avoid homologies to human DNA using BLAST (NCBI) search. Sequences were 

synthesized as GBlocks (Integrated DNA Technologies). Barcode plasmids were constructed by 

modifying existing piggyBac plasmids constitutively expressing either Cerulean, Blue or Citrine 

nucleus tagging fluorescent proteins. Restriction sites in-between the fluorescent protein stop 

codon and the polyA were digested as were complementary restriction sites engineered into the 

GBlock. Subsequent ligation and transformation resulted in a nucleus tagging fluorescent protein 

plasmid with a barcode prior to the polyA. Each barcode plasmid consisted of two variants, one 

Legend: Other Lineages ; C4 

 

 

 

 

 

 

 

 

Dish 1 Dish 2 Dish 3 
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with geneticin or blasticidin resistance gene. Cells may therefore bear one flavor of fluorescent 

protein and DNA barcode, multiple flavors of either fluorescent protein or barcode and even 

different flavors of both fluorescent protein and barcode.  

3.4.2 Cell Culture 

Plasmids were introduced into ESI017 human embryonic stem cells via nucleofection (Lonza 

Protocol CB150) following manufacturers protocol. Post nucleofection ESI017 cells were 

cultured in a base media of mTesr on Matrigel coated dishes. Antibiotics such as blasticidin 

(1:1000) or geneticin (1:300) were added individually or in combination to select for cells with 

positive uptake of plasmids. Cells were also positively sorted for the expression of one or more 

fluorescent proteins to positively enrich for barcoded cells. We created pure lines of singly 

barcoded cells as well as population mixture of multi-barcoded cells.  

3.4.3 smFISH for barcode detection 

Cells were stained using mRNA detection probes (ACD Bio) following manufacturers protocol 

and as a variation of conventional smFISH protocols. Briefly, cells were formaldehyde fixed and 

permeabilized using ethanol mediated dehydration and freezing followed by rehydration prior to 

use. Hybridizations were conducted two probes at a time, using the CY3 and CY5 fluorophores. 

To detect all four of the possible barcodes, samples were Dnase treated post imaging to strip the 

first two probesets, washed and subsequently rehybridized with the next probe pair following a 

protocol published before116.  

3.4.4 Imaging 

All imaging was conducted on Olympus IX83 base Laser Scanning Microscope using 

manufacturer software on a 20X objective. Images were obtained by tiling of a square grid set at 
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7 X 7 for samples and 3 X 3 for controls. The original position of the grid was noted. After 

Dnase stripping, images were re-acquired for the latter 2 probes by picking the grid starting 

position to be congruent to the original position from the first imaging run. Fluorescent proteins 

were imaged in separate channels while mRNA stains were imaged at Cy3 and Cy5 were imaged 

concurrently.  

3.4.5 Image Processing  

Nuclear fluorescent images were combined into a composite nuclear image file and utilized to 

train a classifier program (Ilastik, University of Heidelberg) on segmenting cell nuclei from 

background. Post batch processing and segmentation of nuclear files into binary masks, the 

nuclei masks were dilated to include cytoplasmic region around the original segmented nucleus. 

Voronoi polygons were subsequently drawn around the original nuclei to create demarcation 

lines between original nuclei and prevent fusion of two distinct cells during dilation. Subsequent 

cleaning of image resulted in the final mask utilized in subsequent analysis.  
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Figure 36. Workflow towards generation of binary masks for cell characteristic acquisition. 

a. Raw image of nuclear fluorescent proteins. b, Ilastik training of raw image with blue at the cell margin indicating 

the zone of uncertainty in predicting between nuclear versus background. c, Cellular masks encompassing the 

nucleus and surrounding cytoplasm, algorithmically separated from nearby cells using watershed. d, Mask 

superimposed on smFISH fluorescent channel extracts intensity information to assign lineage barcode 

 

Fluorescence intensity off each cell, for both protein expression and mRNA staining, was 

obtained by superimposing the cellular mask on the fluorescent image from each channel. The 

average intensity in the overlap region for each cell was compared to the benchmark set by 

control samples. Values over a threshold resulted in lineage assignment to the cell.  

3.5 Future work 

Lineage tracing technologies have undergone major changes with a focus on increasing 

barcoding information density as a means of tracing greater numbers of lineages. GenIE offers 

the advantages of a simple to implement barcode schema within the context of scalable barcode 

diversity. We demonstrate a preliminary implementation of this system at a 2-fluorescent protein 

and 4 barcode level. Future work should demonstrably scale this to create lineage diversities 

beyond what is currently offered by brainbow. Further this diversity should be easily 

accomplished. Our current system depends on nucleofection of each plasmid combination to 

provide for the diversity of lineages, an untenable option as we scale lineage numbers. Since 

each lineage combination would require its own plasmid creation as well as occupy volume in 

the nucleofection reaction, continuous increase of lineage number using our nucleofection 

protocol is improbable. An alternative approach would be to co-opt Cre-Lox based 

randomization of barcode labelling achieved in brainbow, with our barcoding schema replacing 

the fluorescent protein only labels.  
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The strongest validation of our platform would come from implementation towards study of 

clonal diversity in biological processes. To this end, an early study would utilize in-vitro 

approaches in the context of embryogenesis on micropatterns or 3-D organoid growth. These 

applications would demonstrate the capacity to track vast lineage numbers while unravelling 

scientific processes of interest. A clear example would be to identify structures and compositions 

of stem cell niches, made possible by tracking cell lineages. Lineage tracking can extend to in-

vivo applications as well. Some of our work focused on injecting barcoded human embryonic 

stem cells into chick eggs and sacrifice of early embryos to trace cell migration. These chimeric 

animal models could be studied and barcoded cells located to ascertain proliferation, movement 

as well as functional contribution to the developing embryo.  

A final effort would be to extend the detection of RNA barcodes from smFISH to more high-

throughput in-situ sequencing modalities. This would allow scalable detection of new lineages 

and for transcriptomic analysis of lineages. We believe that such a modality would preserve the 

best aspect of in-situ analysis, namely the structural integrity of the sample while allowing for 

omics level study of targets.  
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