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Abstract

Genomic DNA barcoding has emerged as a sensitive and flexible tool to measure the fates of 

clonal sub-populations within a heterogeneous cancer cell population. Coupling cellular barcoding 

with single cell transcriptomics permits the longitudinal analysis of molecular mechanisms with 

detailed clone-level resolution. Numerous recent studies have employed these tools to track clonal 

cell states in cancer progression and treatment response. With these new technologies comes 

the opportunity to examine longstanding questions about the origins and contributions of tumor 

cell heterogeneity and the roles of selection and phenotypic plasticity in disease progression and 

treatment.

Keywords

barcoding; tumor heterogeneity; tumor evolution; drug resistance; phenotypic plasticity

Introduction

Heterogeneity is a fundamental property of all cell populations [1] and results from the 

stochasticity of molecular interactions [2]–[5]. In cancer, as in normal cell development, 

the inherent phenotypic diversity in a cell population is a substrate for the forces of 

selection [6]–[8]. Cellular interactions and interactions with the physical tissue environment 

stabilize particular phenotypes and sculpt the overall population structure [5], [9], [10]. 

In addition, tumors consist of cells that are genetically heterogeneous, even when derived 

from a single clone, and genetic instability may contribute to the generation of additional 

variation with disease progression [11]. A longitudinal understanding of tumor heterogeneity 

is essential for improving clinical treatments and outcomes [12], [13]. In recent years, 

cell-based methods have been complemented by high-throughput sequencing and methods 

for the genomic and transcriptomic analysis of individual single cells. Advances in these 

areas have also facilitated the development of cellular barcoding methods that permit the 

tracking of individual cell trajectories with exquisite detail. Barcoding technologies enable 
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the quantification of heterogeneous populations and the evaluation of changes in phenotypic 

state, in the context of selective pressures arising from the cell population, tissue and 

environmental interactions, and external perturbations, such as drug treatment.

This review will explore the development and applications of barcoding technology in recent 

years, including biological questions, techniques, challenges, and outcomes. Specifically, 

we will delve into the ways that barcoding tools are paving the way for new mechanistic 

insights into tumor heterogeneity, progression, treatment response and relapse [14].

Overview of Genomic Barcoding Platforms

While numerous genomic barcoding technologies are now in use, they share an overall 

conceptual strategy. A unique nucleic acid sequence is introduced into each founder cell 

in the population, usually by viral delivery. This label becomes integrated into the genome 

and is heritable to daughter cells, serving to tag the clone and all of its descendants over 

many expansions and generations [15], [16] (Figure 1A). Positively-transduced cells are then 

selected by antibiotic resistance or by FACS using a fluorescent reporter to ensure that the 

starting cell population consists entirely of barcode-labeled cells (Figure 1A). The number 

of initial founder cells in this labeled population determines the barcode diversity; a starting 

population of 1000 cells will include 1000 unique barcode labels. With cell subculturing 

and expansion, the relative frequency of these 1000 barcodes may change, as some cells 

proliferate more rapidly than others and some cells are lost from the population. Importantly, 

it is straightforward to determine the frequency of these 1000 clones in the population by 

high-throughput sequencing of the ensemble of barcodes. The number of reads of each 

barcode sequence corresponds to the frequency of that clone in the cell population. In some 

variations of barcoding technologies, the integrated sequence is also expressed as a transcript 

that can be detected by standard scRNA-Seq methods allowing detailed transcriptomic 

analysis of the clonal population [17]–[22] (Figure 1B). Measuring barcode frequencies and 

barcode-resolved single cell transcriptomes over longitudinal time points enables the study 

of trajectories of clonal behaviors within an overall heterogeneous tumor cell population. 

In another extension of the technology, the ClonMapper and CaTCH technologies add 

additional functionalities to clone tracking studies by enabling the clone-specific expression 

of a reporter for subpopulation isolation [21], [23], [24] (Figure 1C). In this application, 

expressed barcodes consist of random sgRNA sequences and a Cas9 transcriptional activator 

(lacking endonuclease activity) drives the activation of synthetic gene circuits to induce 

clone-specific fluorescent reporter expression. Transcriptional activation of functional genes 

has also been demonstrated, enabling clone-specific control of cell fate decisions, such as 

activation of the apoptosis program by BAX [23].

Lentiviral-based cell barcoding platforms have been used widely in cancer biology and 

are amenable to in vivo studies in which labeled cells are engrafted. An alternative set of 

technologies accomplishes clone tracing through genome editing (Table 1) [25], [26]. Here 

Cas9 target sequences are integrated into the host genome; the entire set of Cas9 targets 

serves as a barcode label. As Cas9-mediated insertions and deletions accumulate at the 

targets comprising the barcode, the unique combination of genomic alterations identifies that 

cell. New edits are added to daughter cells with each round of cell division and subsequent 
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high-resolution sequencing enables reconstruction of the lineage tree. Variations on this 

method use self-targeting guide RNAs to record information at a particular locus and are 

able to record a larger number of accumulated edits [27], [28]. These approaches have been 

used in cultured mammalian cells and in vivo, in zebrafish and mouse models expressing 

Cas9 to examine developmental lineage relationships.

Optical barcoding methods employ a different strategy, labeling clones by expressing a 

unique combination of fluorescent proteins in each. The expression pattern is heritable 

to all daughter cells within the clonal population and is quantified by fluorescence 

microscopy or flow cytometry. While early generations of optical barcoding relied on 

Cre-Lox recombination events to generate diversity of labels (as in the Brainbow/Confetti 

system), more recent developments have used the lentiviral gene ontology system (LeGO) of 

modular vectors to label cells with combinations of up to six fluorescent proteins, producing 

up to 41 detectable hues and combinations [29]–[31]. While the diversity of optical barcodes 

is much less than that of genetic barcoding, a significant advantage is the ability to acquire 

spatial information about clonal distributions, as the barcode labels can be visualized by 

fluorescence microscopy [32], [33].

Biological questions

Broadly speaking, cellular barcoding enables investigations of the clonal relationships 

among tumor cells and identifies molecular and functional variations among clones that 

may contribute to disease progression and treatment response. In this section we examine the 

biological questions that are driving the application of cell barcoding approaches in cancer 

and the new insights afforded by these methodologies.

Do clones vary in therapeutic resistance and are signatures of resistance 
detectable in a naïve cell population?—While much work has evaluated the genetic 

underpinnings of tumor resistance and relapse, in recent years non-genetic mechanisms have 

also been widely studied. The relative contributions of these processes vary in different 

tumor settings, drug treatments and drug schedules [34]–[37]. By enabling the quantitation 

of clonal frequency in parallel with clonal transcriptomic state, barcoded cancer cells shed 

light on the contributions of selection and non-genetic plasticity to therapeutic response 

[38], [39]. A unique advantage of working with barcoded cell libraries is ability to compare 

clonal behaviors across experimental samples (in vitro replicate cultures or in vivo replicate 

tumors) (Figure 2). The parental barcoded cell population is split into separate replicates, 

each consisting of a comparable collection of clones. Clones that display similar dynamics 

across multiple replicates may have a pre-existing genetic mutation that contributes to fitness 

and serves as a substrate for selection. In contrast, a clone that exhibits differences in 

abundance (reflecting net survival and proliferation rate) across replicates may have acquired 

a de novo alteration, which may be genetic or epigenetic [9], [40] (Figure 2). With the 

advantages of replicate cell libraries and longitudinal quantitative observation, studies of 

barcoded cells reveal these mechanistic distinctions.

Drug resistance is linked to heritable genomic alterations of the cells when a minority of 

clones in the initial cell population undergo selection and become highly enriched in the 
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population after drug treatment [21], [41]–[45]. One of the first high-complexity cancer 

cell barcoding systems, the ClonTracer technology, was used to track more than 1 million 

unique barcode labels in the non–small cell lung cancer cell line HCC827 which harbors 

an activating epidermal growth factor receptor (EGFR) mutation that confers sensitivity 

to the EGFR inhibitor erlotinib [41], [42]. Due to the large number of barcodes in this 

system, the contributions of even very rare clones could be detected. Treatment of replicate 

barcoded cultures revealed that a small pre-existing subpopulation, representing 0.05% of 

the initial population, was selected and expanded under erlotinib treatment. Other studies 

used ClonTracer to pinpoint rare resistant clones in the KCL-22 model of chronic myeloid 

leukemia that were enriched and swept the population following nilotinib or imatinib 

treatment [42].

In other studies, clonal selection is not associated with therapeutic resistance, as the barcode 

diversity is not significantly reduced. Instead, cells from many clones may have the potential 

to evade the drug through the activation of various non-genetic resistance mechanisms [19], 

[46]–[48]. For example, an in vivo study of colorectal cancer (CRC) patient-derived cells 

engrafted barcoded tumor cells into NOD/SCID mice and found no loss of clonal diversity 

upon chemotherapy treatment. Instead, the barcode composition of individual tumors was 

unique, and the survivor cells appeared to escape treatment by entering a drug-tolerant 

persister state that resembles diapause [48].

Which cancer cells contribute to tumor initiation and to seeding of metastatic 
lesions?—Within a heterogeneous cancer cell population, only a small fraction of cells 

have the capacity to initiate primary tumor formation and seed secondary tumors sites [12], 

[46], [49], [50]. Barcoded cell technologies are well-suited to identify and measure these 

rare initiator cells, as the starting distribution of clones and the population composition 

at engrafted primary and secondary sites can be quantified. In breast cancer cell lines 

and patient-derived cell models, barcoding approaches measured frequencies of tumor 

initiating cells that vary from 1–10%. Likewise, approximately 3% of clones from colorectal 

cancer cell lines were capable of initiating new tumors in vivo[50], [51]. Tumor initiating 

frequencies also rely on microenvironmental and immune interactions with specific clones; 

immunoediting of primary tumor clones has been recently described[52].

Barcoding methods provide an opportunity to quantify heterogeneity of metastatic potential 

through direct quantitative comparison of the clonal composition at the primary site with 

secondary lesions [50], [53]–[55] (Figure 3). Previous approaches have relied on genomic 

sequencing of the primary and metastatic tumors to compare mutational profiles; targeting 

sequencing and comparison of the barcode distributions is considerably less costly and 

less laborious. One recent study investigated metastasis using the human KRAS-mutant 

lung adenocarcinoma cell line (A549) in an orthotopic xenograft setting [56]. Here a 

Cas9-based barcoding method was utilized in which a target site was cleaved by Cas9 

and an inheritable allele inserted which could then be tracked through future generations. 

This allowed for single-cell sequencing of individual cells and their progeny, in addition to 

rates of metastasis for tumor populations, the heritability of these metastatic phenotypes, 

and tissue routes of metastasis [56]. Metastatic seeding in this model was primarily by pre-

existing, heritable subpopulations with distinct clonal transcriptomic signatures of invasion 
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that were detectable in vitro and amplified further in vivo. These studies also revealed a new 

role for KRT17 as a suppressor of metastatic populations. Thus, tissue interactions and the 

interplay of clonal populations with the microenvironment appears critical.

The longitudinal dynamics of metastatic seeding have also been examined through barcoded 

cell models [57], [58] and interestingly these differ depending on the primary tumor 

context of the overall tumor population. When primary tumors were resected in barcoded 

mouse models, the clonal diversity of metastatic lesions was reduced, indicating that many 

disseminated cells are incapable of seeding in this context [47]. This highlights a role for 

clonal interactions, an aspect of tumor biology that has historically been understudied and 

can now be approached through barcoding technologies. In particular, optical barcoding has 

illuminated spatial heterogeneities in clonal growth and metastasis dynamics, identifying 

differences in clonal behaviors at the edge and tumor core [59].

How do cellular barcodes provide detailed quantitative information about 
tumor clonal dynamics in vivo?—To measure the frequency of clones within a tumor 

population, barcoded cells are subjected to deep sequencing. This approach only requires 

sequencing a short region of the genome (i.e., the barcodes), which allows for high-depth 

coverage of the barcode and enables high-resolution quantitation of individual lineages. 

These data, combined theoretical population genetics, can serve to measure the distribution 

of fitness effects and identify clones that are expanding faster than expected by neutral 

stochastic drift. For example, the role of 11 tumor suppressor pathways was assessed in 

barcoded cells by using CRISPR/Cas9 genome editing to introduce mutations and then 

measuring clonal expansion in mouse models of lung cancer[60]. Mutations in SETD2 

and LKB1 proved to have the largest fitness effect and resulted in the largest tumors[61]. 

In murine glioblastoma models, quantitation of barcoded cell dynamics revealed that 

intratumor heterogeneity resulted primarily from the stochastic fates of cells in a stem cell 

hierarchy [51]. Within these populations, rare treatment-resistant clones could be identified 

that displayed deviations from these dynamics [51].

Cell fates and clonal dynamics of acute myeloid leukemia have been elucidated with the 

single-cell profiling and lineage tracing technology (SPLINTR), which utilizes expressed 

barcodes [19]. While malignant clonal dominance is a clone-intrinsic property of leukemia 

cells, increased transcriptional heterogeneity was also a consistent feature of clonal fitness in 

these cells [19].

To examine clonal patterns in breast cancer recurrence, a conditional mouse model of 

mammary tumorigenesis MMTV-rtTA;TetO-neu was labeled by lentiviral-mediated cell 

barcoding [62]. Approximately half of the recurrent tumors in this study were marked by 

clonal dominance, with just one or two clones sweeping the population. Transcriptomic 

analysis revealed that these dominant clones demonstrated de novo acquisition of Met 

amplification. The other half of the recurrent tumors were polyclonal, with no obvious 

reduction in clonal diversity compared to the primary tumors and characterized by 

alterations in the IL-6 -Jak/Stat3 pathway [62]. In this model then, recurrence can proceed 

through multiple distinct routes. Future work may investigate how tumor-intrinsic factors 
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and microenvironmental conditions contribute to the particular clonal dynamics displayed by 

any individual tumor.

Can clonally-resolved screening assays improve therapy development and 
evaluation?—Preclinical drug evaluation has often measured the sensitivity of cell lines 

and primary human cells, without considering the heterogeneity of cellular responses. While 

advances in organoid culture and biomimetic models now incorporate key features of the 

tissue environment to increase cell diversity, traditional cell culture models may still harbor 

heterogeneous subpopulations. Designing in vitro studies to capture this subpopulation 

information may provide new insights. A large-scale drug screening effort of 578 human 

cancer cell lines was performed using the PRISM platform of nucleic acid barcoding with 

pooled screening, to assess the potential for drug-repurposing of non-oncological agents. 

[63]. Researchers screened 4,518 drugs from the Drug Repurposing Hub in a 2-stage 

dosing protocol. Six non-oncological treatments demonstrated cytotoxic effects on cancer 

cells; however, the genomic characteristics of the cell lines suggests these cytotoxic effects 

are likely variable. In some cases, CRISPR/Cas9 loss-of-function and gain-of-function 

screening shed additional light on molecular pathways of some drug targets and with further 

contributions this type of dataset may become a valuable tool in preclinical testing and 

therapeutic development.

Other studies have employed barcoded cells to explore the effects of treatment schedules on 

the evolution of drug resistance in heterogeneous cancer cell populations [64]. An extensive 

characterization of the spectrum of cell responses in the triple negative breast cancer 

MDA-MB-231 cell line compared 696 treatment conditions, all administering concurrent 

or sequential crizotinib and navitoclax with different intervals in exposure window and 

recovery time. Quantitation of barcode dynamics and gene expression states with expressed 

barcodes revealed that navitoclax selects for pre-existing resistant clones and that the two 

drugs in combination at low doses resulted in a similar distribution of survivor barcodes 

to a single high dose of crizotinib. Importantly, the response of subpopulations depends on 

the history of prior drug exposure, a phenomenon which has been highlighted in numerous 

studies and can now be directly measured using barcode dynamics [47], [48]. Future studies 

in the field will likely focus on the molecular mechanisms by which clonal subpopulations 

interact and may mutually impact therapeutic response and treatment resistance.

Technical considerations

Despite the rapid growth of new platforms for genomic barcoding, there remain 

some technological considerations and limitations. Understanding these aspects in the 

experimental design phase will be important for expanding the tools to explore new models 

and questions.

The size of the barcode library is a key parameter in these studies; in genomic barcoding, the 

theoretical diversity of the library is extraordinarily high (for a random nucleic acid barcode 

of 20 nucleotides, the number of possible unique sequences exceeds one trillion). What then 

are the practical considerations that constrain the initial labeling of a cell population? First 

the cell population must be sufficiently large to capture the underlying biological variation; a 
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low number of cells in the starting population may represent only a snapshot of the potential 

cell diversity. Second, the size of the founder cell population must be scaled to the size of 

the barcode library. If there are more cells than unique sequences in the barcode library, 

multiple cells will be labeled by the same barcode. Finally, there must be careful attention to 

the manner in which the cells and the barcodes are combined in the initial labeling event. For 

many of the studies described here, lentiviral transduction has been the means for barcode 

integration. This should be carried out at a low multiplicity of infection (MOI) to ensure that 

most cells receive one and only one barcode by Poisson statistics. For many protocols an 

MOI of 0.2 is recommended and some methods recommend 0.1 or less. The rationale here 

is that a low MOI results in fewer doubly-barcoded cells, as well as more cells receiving 

no barcode—however the unlabeled cells may be easily eliminated by antibiotic selection 

or FACS for a reporter of transduction. Thus, the starting population will consist entirely of 

barcoded cells, with few doubly integrated cells.

A further consideration is that clones are identified by relatively short nucleic acid sequences 

and mutations to the barcode sequence may be introduced in the sequencing step or earlier 

during PCR amplification of the barcode region. This presents a challenge in distinguishing 

whether two highly similar barcodes in a dataset represent distinct clones or are derived 

from the same clonal population before and after a mutation event. (This is sometimes 

called “barcode collision”.) One solution is to perform deep sequencing of the initial 

barcode-labeled cell population to generate a “whitelist” of verified barcode labels, although 

for very high diversity libraries it may not be possible to completely exclude the possibility 

of rare clones with highly similar sequence.

Integrating transcribed barcode labels with the 10x Genomics Chromium platform for 

single-cell transcriptomic measurements introduces new technical considerations, as only 

partial barcode data may be captured in an individual cell. In addition, single-cell 

experimental design needs to consider the starting diversity of the barcoded population and 

the expected frequency of clones in the dataset, in order to obtain sufficient individual cell 

measurements of each.

The genotypic and phenotypic heterogeneity among barcoded cells reflects the population 

status at the instantiation of labeling. A cell population that is genetically homogenous at 

the time of barcode introduction will include many clones with similar genotype, although 

they are tagged with different barcodes. In a population with high genetic heterogeneity, it 

is possible that low frequency genotypes may be lost. All protocols for barcode delivery 

and integration introduce the potential for clonal selection, as some clones may be less 

amenable or less robust to viral delivery or transfection. One practical biological challenge 

is to monitor the potential loss of barcode diversity with long-term passaging of cell lines 

in vitro and to understand how various culture conditions impact this process. Similarly, 

in xenograft studies it is necessary to measure the variation among clones in rates of 

engraftment, immune escape, and proliferation rates in vivo. An absence of concordance 

among clonal-specific behaviors in vitro and in vivo may identify new considerations for 

improving the physiological relevance of cell culture models.
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Some experimental settings are not amenable to labeling by exogenous barcode sequences 

and a retrospective method of identifying clonal relationships is preferred (examples may 

include archival clinical samples). mtDNA lineage tracking has emerged as an attractive 

alternative to tracking somatic mutation frequencies via nuclear genomic sequencing [65]–

[67]. The mitochondrial genome undergoes significant mutagenesis, at a rate one to two 

orders of magnitude greater than the mutation rate observed in nuclear genomes [68]. In 

addition, mtDNA is devoid of histones and nucleosomes and thus accessible to standard 

chromatin accessibility protocols. Due to the small size of the mtDNA genome, deep 

mitochondrial sequencing can be performed at low cost and even low frequency somatic 

mutations can be quantified.

Concluding Remarks

Understanding the behavior of different clones in disease progression and in response to 

environmental perturbations will be an essential step in integrating cellular heterogeneity 

into clinical approaches. Pinpointing aggressive clones that are linked to recurrence and 

resistance is necessary to improve monitoring and treatment. The growing adoption of 

barcoding methodologies presents unique opportunities for the cancer biology field. Once 

a barcoded cell population has been generated for a tumor cell line or primary cell 

population, it becomes possible to compare the behavior of specific clones across different 

experimental settings, in different culture conditions or microenvironments, and under 

different therapeutic pressures (Outstanding Questions). Barcoded cell models may therefore 

be a key to the facilitation of sharing and synergy across laboratories, as the barcodes serve 

as a stable index for identifying a particular clone over time. We envision the generation 

of databases that compile clonal cell behaviors and subpopulation behaviors within each 

cancer cell model. These resources could serve as tools to integrate multidimensional 

characterization of individual clones, encompassing transcriptomic and genomic information 

about specific clonal subpopulations, and also drug sensitivity, migration rate, invasion 

rate, measurements of physical parameters and many more properties that can now be 

evaluated at clonal resolution. The tremendous potential for incorporating cellular barcoding 

into existing experimental workflows is therefore catalyzing a shift towards a deeper 

understanding of heterogeneous cancer cells.
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Outstanding Questions

The implementation of personalized medicine in cancer has been limited, as tumor 

heterogeneity and real-time monitoring introduce significant challenges. How can cellular 

barcoding data provide insight regarding the potential trajectories of subpopulation 

responses that may aid in clinical decision making?

Preclinical drug development and screening relies on in vitro measurements in cancer 

cell models; inherent heterogeneity within these cell populations may mask specific 

subpopulation responses to the therapeutic agent. Can barcoded cancer cells be a tool for 

the discovery and testing of new therapies with subpopulation-specific activity?

Can we envision the establishment of databases and repositories that compile clonal 

subpopulation behaviors within and across cancer models, to promote sharing and 

synergy across laboratories?
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Highlights

Barcoding technologies enable the high-resolution quantification of heterogeneous cancer 

cell populations, in the context of selective pressures arising from the cell population, 

microenvironmental interactions and external perturbations, such as drug treatment.

By enabling the quantitation of clonal frequency in parallel with clonal transcriptomic 

state, barcoded cancer cells shed light on the contributions of selection and non-genetic 

plasticity to resistance mechanisms.

There is a notable interest in characterization of the qualities and clonal dynamics 

of cells comprising metastatic lesions. Cellular barcoding can be used to study these 

characteristics of metastasis and compare heterogeneous cancer cells both in vivo and in 
vitro.
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Figure 1. Genomic Barcoding.
The general process and outcomes of genomic barcoding are similar among technologies. A) 
Barcodes are delivered into cells by viral transduction and cells which successfully integrate 

a barcode are isolated via FACS or antibiotic selection. B) Investigations using barcoded 

cells measure clonal frequencies and longitudinal clonal dynamics by high-resolution 

genomic sequencing of the barcode ensemble. Clonally-resolved transcriptome data is 

measured by scRNA-Seq. C) Some barcoding techniques allow for clone-specific activation 
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of fluorescent reporter genes, allowing for isolation of particular clones and further live cell 

or molecular characterization.
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Figure 2. DNA barcodes enable population replicates.
Quantitation of clonal population structures in replicate studies is useful for the 

categorization of underlying biological processes that impact changes in population 

structure. Analysis of barcoded replicates may identify pre-existing variants or de novo 
changes that arise in many different clones upon treatment or perturbation. A) High 

resolution sequencing of the barcode ensemble may reveal diverse clonal population 

structures across replicates, which may result from de novo alterations following drug 

treatment. B) In contrast, barcode quantitation may find that consistent subsets of clones 

dominate, suggesting the presence of pre-existing resistant clones in the initial cancer cell 

population.

Howland and Brock Page 17

Trends Cancer. Author manuscript; available in PMC 2024 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. Uncovering the dynamics of metastasis with cell barcoding.
Barcoding techniques provide a platform for investigation of tumor phenotypes such as 

metastasis in vivo. A) Barcoded cells may be implanted into mice to form primary tumors 

and secondary tumors can be isolated and assessed for clonal frequency and cellular 

characteristics. B) Complementary in vitro studies may also be performed, such as transwell 

migration of barcoded cells with or without chemoattractant or ECM changes. Cells which 
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migrate through the transwell can be identified by their barcode and the relationship to 

clonal identity and gene expression state can assessed.
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Table 1.

Overview of cell barcoding approaches.

Expressed barcodes Expressed barcode and clone 
retrieval

Cas9 edited barcodes Optical barcodes

Library size + + + -

Quantitative + + + +

Multiplexing + + + +

Clonal isolation - + - +

Clone-specific gene expression - + - -

Spatial information emerging emerging - +

In vivo applications xenograft only xenograft only + +
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