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Abstract

Cancer progression is driven by dynamic clonal evolution and interactions across
molecular scales, yet experimental dissection of these processes is often limited to a
single modality. Comprehensive investigation of tumour evolution requires lineage-
tracing systems that are scalable, modality-flexible, and compatible with phenotypic and
spatial analysis. This thesis describes the development and validation of X-CODE, a
modular RNA barcoding framework that anchors lineage with defined, probe-detectable
sequences, enabling integration across sequencing-based, cytometric, and spatial

imaging platforms.

X-CODE combines an RNA barcode, detectable by probe hybridisation, with a matching
short sequencing barcode to support clonal tracking within a unified experimental
architecture without constraining downstream analytical modalities. This thesis shows
combinatorial generation of high-diversity X-CODE libraries, enabling tracking of large
populations. Isotope-based detection of barcodes via in-suspension time-of-flight mass
cytometry is demonstrated across library scales, preserving compatibility with high-

dimensional antibody phenotyping.

To extend lineage resolution into intact tissues, imaging-based X-CODE detection was
implemented using a repurposed Akoya PhenoCycler-Fusion workflow, enabling
spatially resolved clonal mapping. Detection of X-CODE by imaging mass cytometry
was also established, broadening compatibility across imaging platforms. Together, this
establishes a sequencing-independent route for clonal analysis within cytometry and
imaging workflows. Furthermore, MALDI mass spectrometry imaging with sequential,
same-section X-CODE detection was demonstrated to support integrative, unbiased

molecular phenotyping with linked clonal identity.

Applied to an in vivo model of androgen deprivation in prostate cancer, X-CODE
resolves clonal architecture and selection dynamics underpinning castration resistance
with spatial resolution, revealing clone-specific phenotypic and metabolic plasticity
within structured tumour ecosystems. Collectively, this work establishes X-CODE as a
scalable, experimentally accessible lineage-tracing platform that integrates cytometric,
spatial, metabolic, and sequencing readouts, enabling unified analysis of clonal

dynamics across molecular and spatial dimensions.
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Chapter 1 Introduction

1.1 Cancer as an evolutionary and ecological disease

1.1.1 Cellular relationships and biological organisation

Multicellular organisms are organised systems in which individual cells do not act alone
but rather as components of structured, interacting networks. Cellular behaviour is
influenced not only by intrinsic genetic programming but also by positional context,
lineage history, and interactions with neighbouring cells and the extracellular
environment. Tissues maintain architecture and function through coordinated
proliferation, differentiation, and communication, forming dynamic yet regulated cellular
ecosystems. Therefore, biological organisation emerges from the collective behaviour of

cells operating within defined spatial and temporal frameworks .

Cancer can be understood as a pathological extension of these same principles. Rather
than representing a purely cell-autonomous genetic disorder, tumorigenesis reflects
disruption of coordinated cellular systems, in which altered cells proliferate, compete,
and adapt within evolving tissue environments 2. Therefore, interpreting cancer requires
consideration of both evolutionary processes operating within cell populations and
ecological interactions shaping behaviour within tissues 3. The following sections
examine how these principles underpin contemporary models of tumour evolution and

shape our understanding of cancer as a dynamic and adaptive ecosystem.
1.1.2 The evolutionary dynamics of cancer

Cancer progression can be understood through an evolutionary framework in which
cells acquire heritable variation, enabling the selection and expansion of cancer cells
within the tumour ecosystem “. This view parallels Darwin’s theory of natural selection:
individuals with traits best suited to their environment are more likely to survive and
pass on advantageous characteristics to their progeny °. Furthermore, tumours face
many of the same selection pressures as evolving species; they compete for space and
resources, encounter geographic barriers, adapt to changing ecosystems, and evade

immune system predation or eradication by therapeutic interventions 3. Accordingly,
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evolutionary principles underpin contemporary interpretations of tumour development,

metastatic dissemination, and therapeutic resistance °.

Peter Nowell formalised the concept of tumour evolution in 1976, proposing that most
cancers arise from a single neoplastic cell and diversify through sequential selection of
somatic mutations 7. This process drives the expansion of clones: descendants that
originate from a common ancestor 3. Early cytogenetic observations revealed
substantial genomic diversity within tumours, consistent with ongoing somatic alteration
during progression, yet technological limitations constrained detailed molecular
characterisation. The advent of next-generation sequencing (NGS) enabled systematic
genomic analysis of tumours, revealing that they are not genetically uniform masses but
structured populations of related clones. To interpret this clonal complexity, researchers
developed evolutionary models describing how mutations accumulate, interact, and

shape tumour architecture over time 8.

1.1.2.1 Models of tumour evolution

The simplest model of tumour evolution is linear, characterised by sequential
accumulation of mutations in which one genotype replaces another within a population
9. Driver mutations confer a selective advantage, enabling clonal sweeps that
outcompete earlier populations (Figure 1-1A) 8. Although linear dynamics may operate
in specific contexts, accumulating evidence supports branched evolutionary
trajectories across many tumour types °. In branched models, clones diverge from a
common ancestor and evolve in parallel, generating multiple coexisting lineages with
variable fitness: the ability to survive and proliferate within an ecosystem 8. These
dynamics produce phylogenetic structures composed of distinct subclonal populations

detectable at clinical sampling (Figure 1-1B).

Early multi-region sequencing studies, including work by Gerlinger et al., demonstrated
that 63-96% of somatic mutations were regionally restricted in renal cell carcinoma,
providing direct evidence of subclonal diversification '°. Nonetheless, additional
analyses identified patterns consistent with dynamics beyond classical Darwinian
principles, such as neutral evolution °. In this framework, passenger mutations
accumulate with limited selective constraint, resulting in extensive genetic drift and
comparatively modest differences in clonal fitness 8. Phylogenetic reconstructions in

such tumours often reveal numerous low-frequency lineages (Figure 1-1C). Multi-region
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sequencing of 300 sites from a hepatocellular carcinoma by Ling et al. demonstrated

extreme genetic diversity consistent with limited clonal selection .
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Figure 1-1. Models of tumour evolution.
Models that aim to explain tumour dynamics and cancer progression include A) linear evolution, B) branched
evolution, C) macroevolution, and D) neutral evolution. These are depicted in Muller plots (left), phylogenetic trees of

clonal lineages (centre), and changes in the number of genomic alterations within the population over time (right).
Colours across the plots indicate different clonal lineages. Adapted from Vendramin et al. °

Beyond gradual models of mutation accumulation, evidence also supports punctuated
or macroevolutionary dynamics. These involve catastrophic genomic events that
rapidly reshape clonal architecture and may introduce multiple driver alterations within a
restricted timeframe 8. The resulting phylogenies lack intermediate populations, with
dominant clones expanding after the genomic upheaval (Figure 1-1D). Models of
sequencing data identifying complex gene rearrangements suggest substantial genomic
disruption over a few events, including chromothripsis '?; chromoplexy in prostate
cancers '3; extensive early aneuploidy in breast cancer '#; and ‘big bang’ dynamics in

colorectal tumour evolution 2.
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Moreover, evidence increasingly supports mixed evolutionary models 8. Williams et al.
analysed NGS data across 14 tumour types and estimated that approximately one-third
evolve under effectively neutral dynamics following early driver acquisition 6. This
suggests driver mutations are acquired early in tumorigenesis, followed by clonal
expansion without further selection. Another study in breast cancer suggests that
punctuated evolutionary events occur early and remain stable, whereas point mutations
evolve gradually, generating extensive clonal diversity 7. These contrasting patterns
align with known mutational mechanisms: catastrophic chromosomal events arise rarely
from severe regulatory failures, whereas single-nucleotide mutations accrue gradually

through routine replication and repair errors 8.

Collectively, these evolutionary models describe how genetic diversity arises and
becomes structured within tumours over time. The manifestation of this diversity at the

tissue and clinical level is tumour heterogeneity.

1.1.3 Tumour heterogeneity: genetic and non-genetic diversity

While tumour evolution provides the conceptual framework for cancer progression, its
driver, observable outcome, and measurable attribute is tumour heterogeneity: the
remarkable diversity seen between and within tumours '8. Intertumour heterogeneity
describes variation among tumours arising in different patients with the same cancer
type. Clinically, this is reflected in molecular subtyping frameworks that stratify patients
based on recurrent genomic alterations or expression profiles, which are often
associated with prognosis, therapeutic interventions, and treatment responses '°.
Prostate cancer exemplifies this diversity, with primary tumours exhibiting distinct
molecular subtypes defined by specific genomic alterations and variable clinical
behaviour. For example, tumours driven by androgen-responsive gene fusions such as
TMPRSS2-ERG, which reprogram transcriptional networks, and tumours characterised
by SPOP mutations that disrupt ubiquitin-mediated protein turnover, define distinct

molecular subclasses 2021,

Such interpatient variation underpins precision oncology strategies; however, patients
classified within the same molecular subgroup may still experience markedly different
outcomes 22. Furthermore, most advanced cancers, including those with robust initial

responses, eventually acquire resistance to therapies and relapse. These clinical
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inconsistencies and treatment inadequacies are attributed to intratumour
heterogeneity (ITH), the diversity within a tumour from the same patient. Pre-existing
heterogeneity and ongoing diversification during treatment may enable some tumour
cells to survive and become therapy-resistant 2. Elevated ITH is consistently
associated with worse clinical outcomes across various cancers, such as lung,
gastrointestinal, breast, and prostate tumours 2*, and predicts increased risk of

recurrence across cancer types 5.
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Figure 1-2. Sources of intratumour heterogeneity.
Cell-autonomous and non-cell-autonomous sources of intratumour heterogeneity (ITH) interact to promote tumour

initiation and progression, including distant metastases to different organs. Reproduced, with permission, from Li et
al. 25

Extensive multiomic profiling has demonstrated that ITH arises from variation at genetic,
epigenetic, and microenvironmental levels. The phenotype of an individual cancer cell,
encompassing its functional behaviours, reflects the integration of and response to
these molecular and environmental inputs 23. Sources of ITH can be broadly
categorised as cell-autonomous or non-cell-autonomous (Figure 1-2). Cell-autonomous
factors, such as the cancer cell of origin, genetic mutations, epigenetic flexibility, and
transcriptional changes, influence phenotypes in mutant cells. Non-cell-autonomous
factors, such as environmental stimuli (hypoxia, physical stress, cell interactions, matrix
alterations, therapies), can induce altered phenotypes in cells across the tumour
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ecosystem by altering cell intrinsic mechanisms. Thus, these sources collaborate and

influence each other to promote tumour initiation, progression, and metastasis 2°.

At the genetic level, ITH arises from the accumulation of somatic alterations, including
point mutations, copy number changes, structural rearrangements, and whole-genome
duplications. Although DNA replication and repair are normally highly accurate 26,
genomic instability may result from impaired nucleotide or mismatch repair, telomere
dysfunction, replication stress, or chromosome segregation errors '°. In contrast,
epigenetic heterogeneity represents an additional layer of diversity that influences gene
expression without altering DNA sequence. It may involve promoter hypermethylation,
altered enhancer activity, and chromatin remodelling, arising through stochastic
variation, genetic disruption of epigenetic regulators, or environmental and metabolic

stress 7.

Collectively, genetic, epigenetic, and microenvironmental variation generate molecular
diversity within tumours. However, these alterations ultimately exert their phenotypic
effects through coordinated transcriptional and signalling programs that define the

functional state of a cancer cell.

1.1.4 Functional cellular states and plasticity in cancer

Not all tumour variation is biologically significant; distinguishing alterations that directly
influence tumour behaviour, progression, and therapeutic response is essential.
Functional heterogeneity reflects the presence of distinct cellular states that shape
tumour fitness. A cellular state can be defined as a coordinated configuration of
transcriptional networks and signalling modules that confers specific functional
properties, such as proliferation, metabolic activity, stress tolerance, or invasive
capacity. Importantly, cellular states are not necessarily fixed. Cancer cells may
transition between states to produce defined phenotypes in response to intrinsic

regulatory changes or external cues, a phenomenon referred to as phenotypic plasticity
28

Cell-intrinsic plasticity functions through epigenetic modifications to produce alternative
lineage commitments or reversible shifts in gene expression, enabling adaptive state

transitions under environmental stress or therapeutic pressure 25. Chromatin
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configuration plays a central role in this process: restrictive conditions can block
activation of tumour-suppressive programmes, whereas permissive states may facilitate
stochastic oncogene activation or non-physiological cell transitions 2°. Furthermore, cell-
extrinsic inputs introduce additional diversity through altering transcription factor activity,
regulating alternative splicing, differential promoter usage, and RNA editing, thereby

expanding functional heterogeneity without novel genetic mutations 2728,

Prostate cancer exemplifies functional plasticity. Most primary tumours are androgen
receptor (AR)-dependent adenocarcinomas; however, under therapeutic pressure, a
subset of cells can transition to an AR-independent neuroendocrine phenotype 30 .
Treatment-related neuroendocrine prostate cancer (NEPC) is recognised as a
mechanism of resistance to AR-targeted therapies and typically emerges in advanced
disease. NEPC is associated with poor prognosis, partly due to delayed detection and
limited effective treatment options 3'. The initial response to antiandrogen therapy
suggests that the majority of tumour cells remain AR-dependent, indicating that only a
minority possess the capacity for neuroendocrine transformation 22 . This lineage switch
is frequently associated with RB1 and TPS53 loss and is supported by epigenetic

reprogramming, including alterations in DNA methylation and chromatin state 24 .

The existence of plastic cellular states complicates the interpretation of intratumour
heterogeneity. Observed phenotypic differences may reflect stable clonal divergence or
reversible adaptive transitions. Consequently, tumour evolution cannot be inferred solely
from genetic architecture. In this context, the tumour microenvironment plays a critical
role in shaping which cellular states are maintained, suppressed, or selectively

expanded over time 32,

1.1.5 The tumour microenvironment as a selective landscape

In several tumour types, clonal origins can be traced back decades before clinical
diagnosis, yet malignant progression occurs much later. For example, a recent study
identified a shared ancestral clone between breast cancer and clonally related benign
tissue harbouring the chromosomal translocation der(1;16), likely acquired early in life
33. The malignant and non-malignant lineages subsequently diverged without consistent
acquisition of additional canonical driver mutations. These observations demonstrate

that genetically related clones can follow distinct evolutionary trajectories, and that
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stable driver alterations alone do not determine malignant fate. Rather, the same
genotype may yield divergent outcomes depending on the contextual environment in
which it persists. Such that, framing tumours as ecological systems emphasises that
cancer cell fitness is shaped by interactions with surrounding cellular and structural

components 34,
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Figure 1-3. Components of the tumour microenvironment.
Schematic of the cellular composition of the tumour microenvironment (TME). The TME comprises various cell types

that mediate tumour-inhibiting (left) and tumour-promoting (right) interactions with cancer cells. NK = natural killer
cell; CTL = cytotoxic lymphocyte; ECM = extracellular matrix; CAFs = cancer-associated fibroblast. Reproduced, with

permission, from Seferbekova et al. 37

Cancers are complex ecosystems composed of malignant cells and diverse non-
malignant populations, embedded within a remodelled extracellular matrix (ECM),
collectively termed the tumour microenvironment (TME) (Figure 1-3). The
composition and functional state of the TME vary according to tumour type, anatomical
site, developmental stage, intrinsic cancer cell properties, and patient-specific factors
3536 The TME comprises immune, stromal, and vascular populations, ECM
components, and tissue-resident cell types, such as adipocytes and neurons. These
components actively influence tumour initiation, progression, and metastasis, exerting
both tumour-suppressive and tumour-promoting functions. For example, antigen

presentation by CD4+ T cells and dendritic cells supports CD8+ T cell-mediated
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cytolysis of cancer cells, yet these immune populations may acquire dysfunctional or

exhausted phenotypes within tumours 36.

1.1.5.1 Microenvironmental modulation by cancer cells

Cancer cells create a supportive TME by recruiting and reprogramming host cells,
remodelling vasculature and the ECM. Contact-dependent communication occurs via
adhesion molecules and cell-surface receptors, whereas paracrine signals, such as
cytokines, chemokines, growth factors, extracellular vesicles, and proteases, facilitate
long-range crosstalk. These signals, triggered by intrinsic changes or cellular stress, act
through receptor engagement or by reshaping the ECM. For example, cancer-
associated fibroblasts are prominent contributors, synthesising matrix components and
promoting angiogenesis 3¢. Metabolic reprogramming and metabolite communication
are also integral to tumorigenesis. Many cancers undergo a shift from oxidative
phosphorylation to aerobic glycolysis (the Warburg effect), increasing lactate production
and secretion into the TME 38, Subsequently, in vivo lung cancer studies show that
lactate, previously assumed to be a waste product, can serve as the preferred

tricarboxylic acid cycle carbon source over glucose in other cancer cells 3°.

Interactions among cancer cells within the tumour microenvironment are extensive;
although many subclonal interactions may be neutral, those that influence phenotype
are typically cooperative or competitive. Negative interactions occur in competitions for
limited nutrients, space, or oxygen. Clones may secrete factors to suppress or destroy
neighbouring cells, eliminating weaker subclones and enabling fitter ones to expand.
Positive interactions include commensalism, where one clone supports others by
sharing resources, circulating signalling molecules, or diffusing growth factors and
cytokines. Synergistic interactions produce characteristics that are not observed in
individual populations. Mutualism occurs when clones cooperate to produce factors or
gather resources, benefiting all cancer cells and increasing the tumour's overall fitness
2. Kornelia Polyak and colleagues have reported subclonal cooperation in breast
cancer in vivo models, where subpopulations of cells stimulate overall tumour growth

and metastasis by inducing tumour-promoting microenvironmental states 4041

Overall, extensive characterisation of the TME has demonstrated its clinical relevance,
influencing clonal fitness, tumour maintenance, and therapeutic response 36. Cancer

cells and tumour-associated myeloid populations frequently overexpress PD-L1,
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suppressing immunosurveillance by engaging PD-1 on adaptive immune cells. Immune
checkpoint blockade targeting this axis has therefore become an established
therapeutic strategy across multiple tumour types 42. Furthermore, growing evidence
indicates that spatial organisation within the TME is prognostically significant. Schiirch
et al. identified distinct immune—tumour architectures in advanced colorectal cancer,
demonstrating that high-risk patients exhibited disrupted spatial organisation between
tumour and immune cellular neighbourhoods “3. Critically, this breakdown in local
immune—tumour communication was associated with poorer clinical outcomes. These
observations support the view that the spatial and ecological structure of the TME is a
determinant of clinical behaviour, influencing both disease progression and treatment

response.

Therefore, the TME acts not as a passive scaffold but as an active selective force that
constrains, promotes, and stabilises specific tumour cell phenotypes. Tumour evolution
therefore unfolds within an ecological landscape in which clonal fithess is continuously
shaped by spatial organisation, intercellular signalling, cellular interaction, and

metabolic exchange.

1.1.6 Studying cancer evolution: resolving clonal dynamics

Cancer progression is a dynamic process shaped by ongoing clonal expansion,
selection, phenotypic adaptation, and microenvironmental pressures, rather than a
simple linear accumulation of mutations. Genetic diversification, plastic state transitions,
and ecological interactions unfold over time, collectively determining tumour behaviour
and therapeutic response 22 . Therefore, understanding these processes requires not
only characterising tumour composition but also elucidating how cellular populations

change and interact across successive disease stages 44 .

However, in clinical settings, ethical and practical constraints limit longitudinal sampling,
and most patient-derived analyses rely on single or infrequent biopsies ?* . As a result,
tumour diversity is typically interpreted retrospectively from static molecular profiles,
treating observed heterogeneity as a historical record of past evolutionary events 24 .
While such approaches have provided critical insights into clonal architecture, including
the identification of dominant and minor subclones, the functional relevance of ITH

remains difficult to discern from these snapshots 2° .
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Preclinical model systems partially address these constraints by enabling controlled
perturbation, repeated sampling, and experimental manipulation of genetic and
environmental variables. Advances in experimental systems that more faithfully
reproduce the ITH observed in human tumours, such as genetically engineered mouse
models and patient-derived systems, enable the investigation of tumour progression
under defined conditions 2425, Nevertheless, even in experimental settings, clonal

relationships are frequently inferred from endpoint similarity.

Without explicit lineage information, it remains difficult to distinguish clonal expansion
from convergent phenotypic states, to identify transient adaptive populations, or to
determine whether observed differences reflect stable ancestry or dynamic state
transitions driven by plasticity and microenvironmental selection. Comprehensive
deconvolution of clonal dynamics and phenotypic adaptation requires approaches that
can directly encode and track cellular ancestry, thereby underpinning the use of lineage-

resolved strategies in cancer biology.

This thesis focuses on the development and application of tools for direct lineage
tracing. The following section briefly outlines the historical foundations and biological
relevance of lineage tracing approaches before examining current methodologies and

their applications, with particular emphasis on cancer research.

1.2 Lineage tracing and cellular barcoding

1.2.1 Lineage tracing in biology: retrospective and prospective approaches

Understanding how cells relate to one another over time is fundamental to biology. In
multicellular organisms, tissues arise through successive rounds of cell division,
differentiation, and migration, giving rise to complex architectures and functional
specialisation 4%. In development, lineage relationships define how progenitor cells
generate diverse cell types with specific fates and functions. Similarly, in adult tissues,
lineage dynamics underpin homeostasis, regeneration, and repair, thus enabling
efficient biological function 4647 . In disease, altered lineage trajectories can drive
pathological outcomes, such as the degeneration of biological systems or malignant
transformation, providing the well-established basis for cancer evolution. Across these

contexts, lineage tracing provides a framework for linking cellular ancestry to fate,
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function, and behaviour, thereby elucidating the underlying mechanisms that control

these processes 8.

Lineage relationships, however, are not directly observable. Cells do not carry explicit
records of their ancestry, and lineage must therefore be inferred from measurable
features. Different lineage-tracing strategies encode distinct assumptions about how
ancestry can be reconstructed and what information can be recovered. Broadly, these
strategies fall into two categories: retrospective lineage inference, which reconstructs
probable lineage relationships from endpoint measurements, and prospective lineage
tracing, which labels cells in advance and follows their descendants over time (Figure
1-4).

/f}}/? Prospective lineage tracing

Development

/ Retrospective lineage tracing
Experimental

intervention Read marks Derive lineage

Figure 1-4. Prospective and retrospective methods for lineage tracing.

Prospective lineage tracing involves experimentally applying lineage markers to a cell or population (grey rectangle
on the blue timeline), then following cells forward to read their output at a later time. In contrast, retrospective lineage
tracing follows cells backwards to read endogenous marks (multiple grey rectangles on the blue timeline) that have

accumulated over a specific time period or throughout an organism'’s life. Adapted, with permission, from Woodworth
etal. #

Retrospective lineage tracing exploits naturally occurring cellular variation to infer
ancestry. Shared features such as somatic mutations, copy-number alterations,
mitochondrial variants, or stable epigenetic marks are treated as intrinsic records of
lineage history. Advances in bulk and single-cell sequencing, coupled with increasingly
sophisticated computational and phylogenetic models, have enabled the reconstruction
of lineage relationships across diverse biological systems 4 . Retrospective
approaches are powerful for investigating human tissues, where experimental
manipulation is not feasible, thereby allowing lineage relationships to be inferred from
patient samples. For example, as discussed in Section 1.1, tumour growth is often
interpreted as an evolutionary process driven by the accumulation and selection of
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somatic mutations, enabling reconstruction of clonal hierarchies and evolutionary

trajectories from tumour sequencing data 8.

Despite their impact, retrospective approaches are fundamentally limited by their
reliance on inference from a small number of data points or a single endpoint
measurement. Lineage relationships are reconstructed computationally from static
molecular snapshots, meaning that the order and directionality of branching events
must be statistically inferred rather than experimentally observed. Short-lived or low-
frequency cellular states may not leave an evident molecular signature or be
undetectable in endpoint analyses. Furthermore, because these approaches rely on
naturally occurring somatic variation or transcriptional heterogeneity, the amount of
recoverable lineage information may be limited and cannot be experimentally controlled.
This restricts resolution and complicates functional validation of inferred mechanisms.
These limitations are particularly restrictive in systems undergoing active change, such
as development, regeneration, or cancer under therapeutic pressure, where plastic

state transitions and microenvironmental interactions play critical roles .

Prospective lineage tracing addresses key limitations of retrospective inference by
introducing heritable labels into cells before or during the biological process of interest.
By marking cells in advance and identifying their descendants at later time points,
prospective approaches establish lineage relationships directly rather than
reconstructing them indirectly from endpoint similarity. This framework enables clonal
expansion and lineage structure to be resolved across defined experimental intervals
and supports longitudinal analyses in which lineage relationships can be interpreted in
relation to perturbations, environmental changes, or developmental context 4.
Consequently, prospective lineage tracing is applied in experimental systems where

controlled manipulation and repeated sampling are possible.

Together, retrospective and prospective approaches represent complementary
strategies for resolving lineage relationships. Retrospective methods provide broad
access to lineage structure in native human tissues, whereas prospective methods
enable controlled interrogation of lineage relationships under defined conditions. In the
context of cancer, where cellular phenotypes are highly dynamic, experimentally defined
lineage markers provide a stable reference against which plastic cellular states can be

interpreted. Anchoring ancestry in this way enables direct measurement of clonal
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expansion and selection over time, creating the controlled systems necessary to

interrogate the mechanistic basis of tumour plasticity and evolutionary dynamics.

This thesis focuses on prospective lineage tracing strategies, collectively referred to as
cellular barcoding. The following sections review the conceptual principles,

technological implementations, and biological applications of these tools.

1.2.2 Principles of cellular barcoding

1.2.2.1 Traditional prospective lineage tracing

Prospective lineage tracing predates modern sequencing technologies that enable the
retrospective analysis of samples. Lineage-tracing methods are rooted in developmental
biology research dating back to the early 1900s. Investigations sought to understand
how individual cells contribute to tissue formation and patterning, initially relying on
direct observation of embryonic cell divisions in simple or transparent organisms 4°. To
examine increasingly complex biological systems, researchers developed strategies to

heritably mark individual cells so that their descendants could be subsequently identified
49

Historically, prospective lineage tracing has relied on physical, chemical, or genetic
markers inherited by a progeny cell from its parent cell. These approaches enabled
investigation of lineage relationships, cellular movements, and differentiation
trajectories, particularly when combined with experimental perturbations that altered
developmental or environmental conditions 47 . Early methods used dyes and
radioactive labels, typically introduced by microinjection or local application, which are
passively partitioned during cell division. However, this technique is limited by the loss
of the marker due to diffusion or dilution during successive cell divisions, by the number
of cells that can be labelled and distinguished, and by its inability to be applied to

complex organisms 4549

By the late 20th century, advances in recombinant DNA technology had greatly
expanded the range of prospective lineage-tracing tools. Genomic integration of
genetically encoded reporters, exemplified by green fluorescent protein (GFP), enables
heritable labelling of cells, thereby stably propagating lineage information across cell

divisions. Such reporters could be introduced via viral transduction or activated in vivo
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through site-specific recombination strategies. Recombinase-based systems enabled
temporally controlled lineage labelling by restricting reporter activation to defined cell
types or developmental stages. In mouse models, the Cre—loxP system is the most
widely used example. Cre recombinase is expressed under a cell- or tissue-specific
promoter and excises a loxP-flanked transcriptional STOP cassette, irreversibly

activating a downstream reporter gene such as GFP 46 .

Subsequent refinements introduced multicolour reporter systems, increasing the
number of simultaneously distinguishable lineages that could be followed. This is
exemplified by the Brainbow mouse, which uses Cre-mediated recombination to drive
combinatorial expression of multiple fluorescent proteins in neurons %2. Similarly, a
Confetti reporter mouse was generated and used to investigate intestinal crypt stem
cells using different fluorophores 3. Genetic recombination enables permanent marking
of selected cell populations and their descendants, supporting long-term lineage tracing
in complex organisms. Furthermore, strategies using multiple fluorophores represent a
significant technical advance; however, the number of fluorescent proteins and hues

that can be distinguished constrains their complexity 4549 .

Collectively, traditional prospective lineage-tracing methods are well suited to small
populations or to defined developmental contexts. Yet, these methods are limited in their
ability to trace lineages across generations and lack the diversity required to resolve

lineage relationships in large, heterogeneous systems 46 .

1.2.2.2 Modern cellular barcodes and design principles

The advent of advanced genetic and sequencing technologies has enabled advances in
prospective lineage tracing by replacing visual markers with nucleic acid sequences as
cellular barcodes. In modern barcoding systems, cells are labelled with heritable DNA or
RNA sequences that function as unique identifiers, with cells sharing a barcode inferred
to descend from a common ancestor 6. This strategy overcomes the limitations of
diversity in traditional reporters and enables lineage tracing of large, complex cell
populations, including those relevant to intricate biological systems such as

development, homeostasis, and diseases such as cancer #¢ .

The defining advantage of nucleic acid barcodes is their capacity for combinatorial

diversity. Short nucleotide sequences can encode vast numbers of unique identifiers,
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with the theoretical diversity increasing exponentially with sequence length 4.
Conceptually, the number of possible unique barcodes is 4V, where N is the sequence
length, and each position can encode one of four nucleotides. A random 10-base pair
(bp) barcode can assume ~108 possibilities, while a 30-bp barcode generates ~10"8
combinations, far exceeding typical experimental cell numbers. This property enables

the unique labelling of many cells within a large population in a single experiment.

Collectively, modern cellular barcoding strategies are generally categorised as either
static or evolvable based on whether the barcode identity (sequence) changes over time
(Figure 1-5). Static barcoding assigns a collection (library) of labels that remain
unchanged over time, enabling the stable identification of clonal descendants.
Evolvable barcoding introduces genetic mechanisms that induce changes to barcode
sequences over successive cell divisions, thereby enabling interpretation of lineage
history. Significantly, this distinction reflects the conceptual information recoverable from
the different systems when applied experimentally. Static systems encode stable
lineage identity, whereas evolutionary systems enable recovery of generational ancestry

information ' .
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Figure 1-5. Static and evolvable barcoding strategies.

Static barcoding provides stable lineage tracing with fixed identifiers; evolvable barcoding enables interpretation of
generational ancestry through identifiers that change during successive cell divisions. Created with BioRender.com.

Across all prospective barcoding strategies, several core functional requirements must
be satisfied. Barcodes must be heritable and stably transmitted to all progeny,
sufficiently diverse to uniquely label the population of interest, and detectable in

downstream assays without perturbing cellular behaviour %*. Table 1-1 presents a non-
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exhaustive summary of current barcoding systems that employ static libraries and
evolving barcode strategies. Overall, these techniques differ in how barcode diversity is
generated, how information is encoded over time, and how lineage relationships can be
resolved. Use of these tools in biological models requires trade-offs between system
stability and flexibility, diversity and interpretability, and informational depth and
technical complexity % . The following sections examine static barcoding in detail before

discussing evolvable systems.

Table 1-1. Static and evolving genetic barcoding strategies.

FISH = fluorescence in situ hybridisation; scRNA-seq = single-cell RNA sequencing; nCas9 = nickase Cas9; BE =
base editor; TDT = terminal deoxynucleotidyl transferase; sSCATAC-seq = single cell assay for transposase-accessible
chromatin using sequencing; PE = prime editor; RT = reverse transcriptase; ST = spatial transcriptomics. N/A = non-
applicable.

Sequence Instantiation Functionalisation
2015 | ClonTracer Static Lentivirus N/A 56
2016 | GESTALT Evolving Cas9 nuclease N/A 57
2017 | MEMOIR Evolving Cas9 nuclease FISH 58
Polylox Static (recombination) | Cre-Lox N/A 59
2018 | scGESTALT Evolving Cas9 nuclease scRNA-seq 60
TracerSeq Static Tol2 transposase scRNA-seq 61
CellTag Static Lentivirus scRNA-seq L2
COLBERT Static, retrieval Lentivirus Live cell isolation 63
LINNAEUS Evolving Cas9 nuclease scRNA-seq &
ScarTrace Evolving Cas9 nuclease scRNA-seq 65
2019 | Hwang et al. Evolving nCas9-BE N/A &
2020 | CARLIN Evolving Cas9 nuclease scRNA-seq 67
CaTCH Static, retrieval Lentivirus Live cell isolation 68
CloneSifter Static, retrieval Lentivirus Live cell isolation 69
LARRY Static Lentivirus scRNA-seq [
PolyloxExpress Static (recombination) | Cre-Lox scRNA-seq 4
Zombie Evolving nCas9-BE FISH 72
2021 | IntMEMOIR Evolving Integrase FISH &
Rewind Static Lentivirus FISH e
CHYRON Evolving Cas9-TdT N/A &
ClonMapper Static, retrieval Lentivirus scRNA-seq, live cell isolation [
macsGESTALT Evolving Cas9 nuclease scRNA-seq e
Watermelon Static Lentivirus scRNA-seq 73
2022 | SPLINTR Static Lentivirus scRNA-seq &
2023 | CellTag-multi Static Lentivirus scRNA-seq, sScATAC-seq Ed
DARLIN Evolving Cas9-TdT scRNA-seq 81,82
2025 | OLIGO-CALL Static, retrieval Lentivirus scRNA-seq, live cell isolation Es
LoxCode Static (recombination) | Cre-Lox scRNA-seq 84
PEtracer Evolving nCas9-PE-RT scRNA-seq, ST &
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1.2.3 Static barcodes

Static barcode libraries are typically generated in vitro by synthesising semi-random,
fully random, or defined nucleotide sequences, which are then cloned into viral vectors
or plasmids %*. These synthetic libraries can contain thousands to millions of unique
sequences, with library complexity defining the maximum number of uniquely labelable
cells. Delivery of static barcodes is typically achieved through lentiviral transduction. In
practice, barcoding experiments use a low multiplicity of infection (MOI), typically <0.3,
to minimise multiple barcode integrations per cell. Then, constructs include fluorescent
proteins or antibiotic resistance markers to enable selection of labelled cells by flow
cytometry or drug selection %'. Therefore, an important experimental consideration is

maintaining barcode singularity while ensuring efficient integration.

Static barcode diversity can also be generated in vivo through recombinase-based
strategies. As discussed previously, Cre—loxP systems enable conditional activation of
genetic reporters within defined cell populations 4°52 . Extensions of this logic allow
recombinase activity to rearrange predefined DNA segments, generating unique
heritable sequence configurations within individual cells %° . In such systems, barcode
diversity arises from controlled recombination events that shuffle or excise predefined
DNA elements to produce distinct sequence combinations. Temporal control of
recombinase activity restricts this diversification to defined developmental or disease
windows, after which the barcodes remain unchanged and support long-term lineage

tracing, functioning as a static clonal identifier.

Therefore, in vivo recombination-based strategies enable labelling of endogenous cells
within intact systems, preserving native microenvironmental interactions. For the
successful implementation of these strategies, pre-engineered recombination target
arrays must be designed and integrated into a system with controlled recombinase
expression. Thus, achievable barcode diversity is inherently limited by the number of
recombination sites encoded within the system %4 . Alternatively, in vitro barcode library
generation offers high diversity, compact sequence design, and compatibility with short-
read sequencing platforms. Delivery is generally efficient and scalable, making these
systems well-suited for clonal tracking in cultured cells or for transplantation into in vivo

models 86 .
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The stages in performing a typical static barcode lineage tracing experiment involve
generating or acquiring a barcode library, introducing barcodes into a target cell
population at low MOI, and expanding the labelled population. Barcoded cells can then
be used for in vitro assays or implanted into model organisms for in vivo investigations
62,70,76,87  Following experimental perturbation, barcode sequences are recovered, and
quantification of barcode abundance is performed according to the barcode type 6.
Although static barcodes are characterised by their stability, they are typically classified
according to the biological level at which they are identified. DNA barcodes are
obtained from genomic DNA; RNA barcodes are transcribed and detected at the
transcript level, protein barcodes are represented as distinguishable epitopes or

reporter combinations.
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Figure 1-6. Representative workflow using a static or optical barcode library in cancer studies.

A barcode library is selected (a) for labelling of cancer cells via lentiviral transduction. Subsequent selection of
barcoded cells is performed by fluorescence-activated cell sorting (FACS) or with antibiotics (b). The fate of infected
cells and their progeny can be traced in space and time in clonal-tracking experiments (c). Clonal fate is determined
by intrinsic or extrinsic factors, including therapy and secreted factors from the tumour microenvironment (TME).
Readout and analytical methods for identifying and quantifying barcodes depend on the cellular barcoding strategy
employed (d). Reproduced, with permission, from Serrano et al. 5

Importantly, this distinction is not merely technical, as the readout level determines

which measurement platforms are technically compatible and defines the additional

32



phenotypic information that can be acquired alongside lineage identity. DNA and RNA
barcodes are measured through sequencing technologies. Protein-level barcodes can
be detected by suspension cytometry or visualised in situ by microscopy and imaging
methods, via the inherent fluorescence of reporter proteins or with targeted labelled
antibodies. A representative workflow for a static barcoding experiment to investigate

cancer clonal dynamics in vivo is shown in Figure 1-6.

Collectively, static barcodes differ in sequence design and in how and where barcode
diversity is generated. These design choices create trade-offs among library complexity,
experimental flexibility, and readout compatibility. The following subsections examine
exemplary static barcode systems by readout level and their applications in complex
biological systems, with particular emphasis on those that have illuminated clonal

dynamics in cancer.

1.2.3.1 DNA barcodes

The ClonTracer, reported by Bhang et al.%® , was among the first high-complexity static
barcoding systems used in cancer research, employing more than 107 unique DNA
barcodes. Barcodes were virally integrated and subsequently recovered from genomic
DNA for quantitative analysis via sequencing. In epidermal growth factor receptor
(EGFR)-mutant non-small-cell lung cancer (NSCLC) models, ClonTracer enabled
investigation of clonal resistance to EGFR inhibitors. Researchers sought to determine
whether resistance mutations arose during treatment or originated from pre-existing
resistant subclones. Experimentally, this involved splitting barcoded cells into treatment
replicates, enabling comparison of clonal dynamics across replicates to distinguish

reproducible selection from stochastic outgrowth.

Bhang et al. reported that erlotinib treatment consistently drove expansion of an
extremely rare pre-existing subpopulation across independent replicates, indicating that
resistance was dominated by selection of rare clones already present at baseline %6 . In
parallel, Hata et al. observed a similar selection of pre-existing clones harbouring
defined resistance mechanisms. However, they also described an additional trajectory
where drug-tolerant clones lacking a canonical resistance mutation could persist under
treatment and subsequently acquire resistance 8 . Together, these studies

demonstrated that resistance in EGFR-mutant NSCLC can result from rare pre-existing
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clones and evolutionary adaptation of drug-tolerant populations, revealing both

deterministic and dynamic resistance processes.

Nevertheless, DNA barcoding alone may not explain why particular clones dominate. It
provides robust quantitative lineage structure, but linking clonal expansion to cellular
phenotype requires coupling barcode identity to molecular state measurements. This
motivation underpins the development of expressed RNA barcodes, which enable the

capture of clonal identity alongside transcriptional programmes at single-cell resolution.

1.2.3.2 RNA (expressed) barcodes

Subsequently, methods were developed to express static DNA barcodes as RNA
transcripts, enabling their capture alongside transcriptomic profiles via single-cell RNA
sequencing (scRNA-seq). This advance enables direct linking of clonal identity to
cellular state, aiding in distinguishing whether phenotypic heterogeneity arises from
lineage-related differences or from state changes within the same lineage. This is
particularly important in cancer, where transcriptional cell states can be plastic and
environmentally responsive 8°. Thus, without lineage information, similar transcriptomes
can mask distinct ancestries, and, conversely, a single clone can occupy multiple states

over time or across conditions.

Watermelon is an expressed static barcoding framework developed to relate clonal
identity to drug-induced dynamics in cancer. Oren et al. investigated non-genetic
mechanisms underlying therapy failure, focusing on the emergence of reversible drug-
tolerant persister states 78 . Lineage tracing was achieved by integrating a clone-specific
DNA barcode into the 3' untranslated region (UTR) of an mNeonGreen reporter
transcript, enabling barcode capture during scRNA-seq. Additionally, the proliferative
history was monitored using a doxycycline-inducible H2B-mCherry construct via the Tet-
On system. In this design, doxycycline transiently induces expression of a histone H2B—
mCherry fusion protein that incorporates into chromatin. Following removal of
doxycycline, mCherry fluorescence is progressively diluted through successive cell

divisions, enabling inference of recent proliferation history from fluorescence intensity.

The Watermelon library, comprising over five million unique barcodes, was introduced
into clinically relevant in vitro and in vivo models of lung, breast, and colorectal cancer.

This dual system enabled lineage tracing to be interpreted alongside growth dynamics,
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allowing assessment of whether drug tolerance is associated with distinct proliferative
behaviours. The authors demonstrated that cycling and non-cycling persister cells
originate from distinct lineages characterised by divergent transcriptional and metabolic
programs. In particular, antioxidant responses and shifts toward fatty acid oxidation
were associated with persister proliferation across multiple cancer types. Subsequent
targeting of oxidative stress or metabolic reprogramming altered the percentage of
cycling persisters, revealing lineage-specific vulnerabilities relevant to minimal residual

disease 78 .

Another study used Single-Cell Profiling and Lineage Tracing (SPLINTR) to explore
non-genetic factors influencing clonal fithess and dominance in acute myeloid
leukaemia (AML) 7°. Fennell et al. created diverse libraries to track multiple cell
populations and examine how transcriptional programs affect cell fate in AML mouse
models. These libraries used distinct barcode structures embedded in the 3' UTRs of
fluorescent reporters, allowing simultaneous lineage tracing and cell profiling via
scRNA-seq. The authors demonstrated that malignant clonal dominance is primarily a
heritable, cell-intrinsic trait characterised by the repression of antigen-presenting
pathways and by high expression of the secretory leukocyte peptidase inhibitor (Slpi)
gene. Additionally, increased transcriptional heterogeneity was associated with
improved clonal fitness across tissues, immune environments, and competitive contexts

involving genetically distinct clones.

RNA barcodes are exceptionally valuable for linking lineage to state, but they do not
inherently allow direct experimental testing of particular clones of interest. This limitation
motivates the incorporation of clonal retrieval tools, enabling the retrieval of live clones

and direct downstream experimental re-interrogation of specific lineages of interest.

1.2.3.3 Functionalisation via clonal retrieval

The ClonMapper system is an exemplary expressed barcoding system in which RNA
barcodes can be repurposed for live-cell retrieval, enabling downstream molecular and
phenotypic characterisation of interesting clonal lineages ¢ . In the context of cancer
evolution, this is particularly valuable for downstream functionalisation studies to
determine the properties of resistant or metastatic clones and to validate candidate

mechanisms identified by transcriptomic profiling.
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Guitierrez et al. generated a highly diverse (107) barcode library in which barcodes are
expressed as guide RNAs (gRNAs) using a modified gRNA expression vector 7.
Consequently, the ClonMapper system can implement the COLBERT retrieval strategy,
which isolates clones from a barcoded population using the stably integrated barcode-
gRNA 83 In practice, clonal isolation is achieved by introducing a transcriptional
activator variant of Cas9 (dCas9-VPR) and a ‘Recall’ plasmid containing a matching
target barcode sequence positioned upstream of a reporter cassette containing green
fluorescent protein (GFP). Therefore, only cells carrying the corresponding barcode-
gRNA can recruit dCas9-VPR to the Recall plasmid, activating GFP reporter expression.

This enables the isolation of that specific clone by fluorescence-activated cell sorting 76 .

The authors applied ClonMapper to investigate clonal dynamics in response to
chemotherapy in an in vitro model of chronic lymphocytic leukaemia (CLL). They
identified reproducible high- and low-survivorship subpopulations with distinct
transcriptional programs and differential sensitivity to chemotherapy within the CLL
model. Crucially, clonal retrieval enabled the physical isolation and re-expansion of
these individual clones, allowing direct functional validation of the survival differences.
This confirmed that differential fitness was a durable, clone-intrinsic property, thereby

demonstrating that stable non-genetic states can shape therapeutic outcomes in CLL
76

Expressed RNA barcoding has been transformative in linking clonal identity to
transcriptional heterogeneity, thereby elucidating the non-genetic factors driving cancer
evolution. However, reliance on sequencing-based readouts can limit system
accessibility and sample scalability due to costs. Furthermore, destructive sample
preparation precludes analysis of clonal dynamics within intact tissues, thereby

preventing assessment of direct microenvironmental influences 86 .

1.2.3.4 Protein barcodes

Protein-level barcoding provides an alternative to nucleic acid-based systems, offering
distinct advantages: barcode detection can be achieved without sequencing via
antibody- or imaging-based measurements. Therefore, barcode readout can be
integrated directly into high-dimensional protein phenotyping workflows. Additionally,
barcode identity can be visualised in situ, preserving spatial context and allowing

mapping of clonal identity within the native tumour architecture. However, protein
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barcodes are limited in their complexity, offering significantly lower diversity than
nucleic-acid-based barcode libraries, as the number of resolvable epitopes or optical

channels is finite 86 .

In epitope barcoding, integrated constructs encode short linear epitopes that are
translated and displayed on the cell surface. Brian Brown and colleagues developed
Pro-Codes, synthetic modules encoding triplet combinations of linear epitopes,
generating 364 unique protein barcodes °. These barcodes can be detected using
isotopically tagged antibodies for high-dimensional readout via suspension time-of-flight
cytometry (CyTOF) or imaging mass cytometry, enabling parallel barcode detection with
targeted antibody phenotyping. While the original Pro-Code studies used the library for
CRISPR screenings 91, Garry Nolan and colleagues adapted the Pro-Codes into
EpicTags for in situ clonal tracking with spatial phenotyping in cancer models °2. Protein
barcode readout was mediated via isotope-labelled antibodies via multiplexed ion beam

imaging (EpicMIBI).

EpicMIBI was applied to investigate clonal architecture and spatial organisation in a
human small-cell lung cancer (SCLC) line, known to harbour both neuroendocrine (NE)
and non-NE features. Twenty uniquely barcoded human SCLC cell lines were pooled
and implanted into mice, enabling simultaneous tracking of genetically distinct clones
within the same tumour. Spatially resolved imaging revealed that barcoded clones
formed spatially coherent patches corresponding to both NE and non-NE phenotypic
states, with non-NE patches displaying preferential local expansion. Furthermore, PTEN
deletion altered the spatial expansion of both mutant and non-mutant clones 2,
indicating interclonal interactions that influence tumour architecture and clonal fitness in

situ.

Finally, recent optical barcode strategies encode clonal identity using combinatorial
expression of fluorescent proteins. A notable advancement was the lentiviral gene
ontology (LeGO) system, employing modular lentiviral vectors to combine up to six
fluorescent proteins and generate 41 distinct hues % . Berthelet et al. used a LeGO-
based optical barcoding approach to map the clonal composition of clinically relevant
sites of breast cancer metastasis % . The authors showed that metastatic sites differ
markedly in clonal composition, with lung lesions frequently comprising highly polyclonal

mixtures and liver metastases exhibiting more restricted clonal representation. They
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further demonstrated that these site-specific clonal architectures are linked to reversible
differences in transcriptomic programs, indicating that tumour cell plasticity and local

microenvironmental context jointly shape metastatic clonal dynamics.

Together, these studies demonstrate that protein-level barcoding combined with
spatially resolved phenotyping enables direct interrogation of clonal architecture within
its native microenvironment, revealing how spatial organisation, phenotypic plasticity,
and interclonal interactions shape tumour evolution. More broadly, static barcoding has
been instrumental in revealing cellular lineage, clonal dynamics, and fate decisions
across development and disease. While static barcodes robustly encode clonal identity,
they do not provide information on generational order or ancestral history. This has
motivated the parallel development of evolvable barcoding strategies, which will now be
examined further, before the experimental considerations and constraints pertaining to

both static and evolvable systems are discussed in Section 1.2.6.

1.2.4 Evolvable barcodes

Evolving barcodes enable the reconstruction of cellular ancestry through progressive,
heritable changes in the barcode sequence that accumulate over successive
generations. This cumulative editing is performed using CRISPR—-Cas9-based tools.
Typically, Cas9 induces double-strand breaks in genomic DNA, which are repaired by
nonhomologous end joining (NHEJ). This process is intrinsically error-prone and
frequently introduces short insertions or deletions (indels) at the cut site. In practice,
synthetic CRISPR target sequences, with guide RNA (gRNA) recognition motifs, are
integrated into the host genome as defined arrays. The binding of Cas9, guided by a
gRNA, produces stochastic indels at these sites, and the resulting mutation patterns are
inherited by all descendant cells. As edits accumulate over time, shared mutation
patterns define common ancestry, enabling reconstruction of lineage trees based on

relative edit similarity 54 .

1.2.4.1 Early CRISPR-based lineage tracing in development

The first demonstration of CRISPR—-Cas9 evolving barcodes for lineage tracing is
credited to the GESTALT system (genome editing of synthetic target arrays for lineage
tracing) %7 . Cas9 and gRNAs were injected into zebrafish embryos to induce barcode

scarring during early development, allowing for the analysis of how early embryonic
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cells contribute to adult zebrafish organs. This study established that cumulative indel
patterns in genomic DNA could be used to reconstruct lineage relationships across
developmental timelines. Subsequent adaptations coupled evolving barcodes to single-
cell RNA sequencing (scRNA-seq), enabling simultaneous recovery of CRISPR scars
and transcriptomic profiles to link lineage identity and cellular states. For example, the
LINNAEUS system (lineage tracing via nuclease-activated editing of ubiquitous
sequences) was applied to zebrafish larvae and adult organs to reconstruct

developmental lineage trees 4.

These studies showed that evolving barcodes were effective and functional, and they
could be combined with high-resolution phenotyping to offer both ancestry
reconstruction and molecular insights. However, target arrays are susceptible to
progressive loss of editable sequence space, as cumulative indels disrupt gRNA
recognition motifs and can ultimately lead to target-site saturation or collapse 4754 .
Thus, array design directly influences recording depth, in which finite editing capacity

constrains the temporal resolution of lineage reconstruction.

1.2.4.2 Engineering strategies to extend barcode diversity

Cas9 editing saturation constrained early CRISPR-Cas9 evolvable lineage-tracing
tools, resulting in generally short editing periods and limiting their application to rapidly
developing organisms or to short experimental windows. Furthermore, because indel
generation by traditional Cas9 is stochastic, there was a risk that identical edits could
occur independently in different cells, potentially leading to false-positive lineage
relationships 47. To extend barcode diversification, alternative CRISPR architectures
have been developed. Homing guide RNA (hgRNA) systems mutate their own spacer
sequence, allowing each edit to generate a new targeting configuration and thereby
enabling iterative, self-propagating diversification. This approach delays target
exhaustion relative to fixed arrays and increases cumulative diversity over extended

lineage depth 4.

In parallel, modifications to CRISPR editing chemistry have been introduced to reduce
toxicity and improve edit stability (Figure 1-7). Most early lineage tracing systems relied
on wild-type Cas9, which generates double-strand breaks that can lead to large
deletions or chromosomal rearrangements %. To mitigate these effects, base editors

(BE) fuse a catalytically impaired Cas9 to a nucleoside deaminase, enabling predictable
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single-nucleotide substitutions without a double-strand break. Furthermore, prime
editing (PE) systems have been implemented that use a Cas9 nickase fused to a
reverse transcriptase to install defined edits guided by a prime editing guide RNA
(pegRNA). These alternative designs and editing chemistries provide greater control
over mutation patterns and reduce editing-associated toxicity, thereby expanding the

feasibility, reliability, and longevity of cumulative lineage tracing across diverse systems
51,95

1.2.4.3 Application of evolvable barcoding to mammalian systems

Many early demonstrations of evolving barcoding used embryonic injection of Cas9
components, and the systems' recording capacity saturated within a relatively short time
66, Therefore, application to mammalian homeostasis and disease models, such as
cancer, required inducible and genetically encoded editing systems 5. Inducible Cas9
strategies enabled temporal control of editing, allowing lineage tracing during defined

developmental windows or during tumour initiation, progression, or treatment exposure
47

Several studies applied evolvable lineage tracing to investigate development in mice;
however, this required the manipulation of embryos for each experiment 47-%, Instead,
the CARLIN mouse was engineered to incorporate a single, stably integrated mutable
locus into the germline, allowing inducible editing without extensive embryonic
manipulation ¢7. By activating Cas9 in adult tissues, CARLIN enabled temporally
controlled lineage tracing across diverse systems. The subsequent DARLIN mouse
further refined this approach by employing a Cas9 base editor, reducing double-strand
break—associated toxicity and increasing barcode diversity 8'. Together, these systems
illustrate how editing architecture and chemistry directly influence lineage depth,

diversity, and tissue compatibility.

1.2.4.4 Evolvable lineage tracing in cancer models
The capacity to record lineage branching over time is particularly powerful in cancer,
where clonal expansion, metastasis, and microenvironmental adaptation unfold

dynamically 2848

Simeonov et al. adapted the GESTALT system to generate macsGESTALT (multiplexed,

activatable, clonal and subclonal GESTALT), an integrated, inducible lineage tracer for
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use in mammalian systems compatible with single-cell measurement of phylogenetic
and transcriptional information 7. The authors applied macsGESTALT to a pancreatic
cancer metastasis mouse model, enabling reconstruction of the dissemination of
~28,000 single cells over several weeks across multiple metastatic sites. This approach
demonstrated that metastatic capacity arises from rare transitional cellular states.
Furthermore, the gene signatures of these high-fitness states are associated with poor
clinical outcomes in patients with pancreatic and lung cancer, highlighting their clinical

relevance.

More recently, Koblan et al. developed PEtracer, an inducible, prime-editing—based
lineage tracer that is compatible with both single-cell sequencing and high-resolution
spatial transcriptomics 8. The authors applied the PEtracer to a syngeneic mouse
model of breast cancer—lung metastasis to link phylogeny with cellular state and
microenvironmental context. They found that metastatic expansion was sustained by
heritable, high-fithess transcriptional programs that were selectively reinforced within
defined spatial niches. Spatially resolved lineage reconstruction further showed that
increased proliferation at the tumour periphery did not necessarily correspond to long-
term clonal dominance, distinguishing transient, microenvironment-driven growth from
intrinsically encoded fitness advantages. Thereby, demonstrating how environmental
cues and intrinsic transcriptional programs interact over time to shape metastatic

growth.

Collectively, evolvable barcoding has demonstrated the power of cumulative editing to
resolve temporal ancestry and lineage branching with high resolution. Following initial
application in developmental biology systems, subsequent adaptation to mammalian
models, particularly in cancer, has extended this framework to dissect clonal dynamics,
fate diversification, and metastatic progression in vivo, thereby adding a temporal
dimension to the study of cancer evolution. However, evolvable barcode implementation
and interpretability are shaped by editing architecture and downstream readout
constraints, considerations that apply across barcoding strategies and are discussed
further in Section 1.2.6.
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1.2.5 Molecular Recorders

A rapidly advancing technology related to CRISPR-based lineage tracing is molecular
recording, in which defined biological events are encoded in synthetic DNA loci over
time. In these systems, modification of a barcode element is coupled to specific cellular
states, signalling pathways, or environmental stimuli, extending beyond ancestry
reconstruction to document cellular experience. Such histories may reveal how distinct
exposures shape phenotypic divergence among cells that share a common lineage, an

important consideration in development, immunology, and cancer ¥,

Mechanistically, molecular recorders typically place Cas9 expression under stimulus-
responsive promoters, such that editing occurs only when a defined pathway is active.
For example, mSCRIBE (mammalian synthetic cellular recorder integrating biological
events) uses an inflammation-responsive promoter to drive a self-targeting Cas9, with
barcode divergence reflecting the magnitude or duration of inflammatory signalling .
As with evolvable lineage tracers, alternative editing chemistries, such as homing
guides 7, and base or prime editors %-1°' = can be employed to enable more

predictable editing and reduced toxicity over extended recording windows (Figure 1-7)
95
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Figure 1-7. CRISPR-mediated DNA editing.
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CRISPR-based DNA editors introduce distinct classes of genomic modifications, including insertions and deletions
(indels) via Cas9-mediated double-strand breaks, base substitutions via deaminase-coupled base editors, and
defined sequence insertions using prime editors. These editing chemistries can be configured either as event-
controlled recorders, in which stimulus-responsive editing encodes specific biological signals into synthetic barcode
arrays, or as lineage tracers that accumulate heritable edits over time to reconstruct cellular ancestry. Adapted, with

permission, from Masuyama et al. 95

Despite their conceptual appeal, molecular recording systems remain constrained by
the field's early stage. DNA-based recorders have a finite information capacity, thereby
limiting the complexity and duration of the events they can encode. Moreover, the
repertoire of available molecular sensors remains narrow, and stimulus-responsive
promoters may exhibit background activity or incomplete specificity, complicating
interpretation. In addition, current readout technologies do not provide comprehensive
single-cell coverage across large tissues, and computational frameworks for
reconstructing high-content biological histories remain underdeveloped 95102,
Nonetheless, substantial efforts are currently underway to advance these systems, with

significant developments anticipated in the near future.

While molecular recording does not directly establish lineage relationships, integrating
these rapidly advancing tools with lineage-tracing frameworks presents a promising
path for more comprehensive biological analysis. Therefore, allowing recorded events to
be mapped onto clonal identity or reconstructed ancestry, linking cellular experience to
evolutionary trajectories '93. Such integration offers a more comprehensive view of how
intrinsic programs and microenvironmental influences shape development and tumour
evolution. Nevertheless, combining lineage tracing with event recording substantially
increases experimental and analytical complexity, requiring careful optimisation of
editing architecture, information capacity, and readout compatibility °>°7. As molecular
recording and lineage-tracing technologies continue to advance, they are expected to

make an increasingly significant contribution to biological research in the near future.

1.2.6 Cellular barcoding: practical considerations and readout constraints

1.2.6.1 Practical implementation across static and evolvable systems

While static and evolvable barcoding strategies differ in how lineage information is
encoded, both are constrained by practical implementation and downstream analytical
methods. Library complexity, delivery efficiency, editing kinetics, and reconstruction
assumptions impose technical boundaries that determine experimental feasibility and
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interpretability 5548 = These considerations determine not only whether a system
functions in principle but also whether it produces lineage information that is biologically

meaningful.

In static barcoding systems, experimental design is largely governed by library size and
delivery parameters. Barcode diversity should exceed the labelling population size to
maintain clonal resolution. Infection or transduction efficiency directly influences
barcode representation, with high multiplicity compromising clonal uniqueness and low
efficiency limiting representation of the starting population 828° | Selection steps may
introduce bottlenecks that distort barcode representation 5'; therefore, quantifying clonal
composition after labelling is essential to establish a baseline for subsequent
comparisons. Crucially, usable library size is often constrained by the sensitivity and
dimensional capacity of the intended readout platform. Despite these considerations,
static systems are experimentally tractable and scalable, enabling stable lineage

marking in complex mammalian systems when appropriately implemented 26 .

Evolvable barcoding systems introduce additional layers of complexity. Editing efficiency
and temporal control determine the depth and resolution of lineage information, while
excessive editing can lead to saturation and collapse of phylogenetic signal %4. In
addition, off-target activity and recurrent editing events in CRISPR systems can
generate overlapping mutation patterns, complicating the accurate computational
reconstruction of lineage relationships. Furthermore, integration with high-dimensional
single-cell datasets increases computational burden °®'. While these systems enable
inference of lineage branching over time, their implementation requires careful
calibration of biological, technical, and analytical parameters to ensure that

reconstructed phylogenies remain interpretable.

Together, these considerations emphasise that both static and evolvable systems are
constrained by practical implementation rather than barcode architecture alone. The
choice of strategy must align with the biological question, experimental context, and

required resolution.

1.2.6.2 Readout modality as the dominant constraint on lineage information
Across barcoding systems, a key determinant of biological insight is the modality used

to detect barcodes. Readout technique dictates whether lineage can be linked to cellular
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phenotypes, such as transcriptional states or protein profiles, or to its native spatial

context.

Sequencing-based readouts prioritise molecular depth and barcode diversity. Bulk
sequencing enables sensitive quantification of clonal frequency across large
populations, facilitating analysis of clonal expansion dynamics %688 | However, such
approaches lack single-cell resolution and do not directly couple lineage identity to
cellular phenotypes. Single-cell sequencing overcomes this limitation by linking
barcodes to transcriptomic profiles, thereby enabling analysis of lineage—state
relationships at high molecular throughput 76787° _ Nevertheless, spatial context is lost
during tissue dissociation, protein-level phenotypes are inferred only indirectly, and cost

scales with sequencing depth and cell number.

Cytometry-based and spatial readouts permit phenotypic and contextual information.
Suspension cytometry platforms can link clonal identity to protein-level phenotypes and
functional markers at a large scale ° . However, barcode dimensionality is often
constrained by the number of available detection channels, and spatial dimension is
lost. Spatial imaging approaches retain tissue architecture and enable mapping of clonal
distribution within microenvironmental niches 85929  These methods allow interrogation
of lineage—ecosystem relationships but often impose constraints on barcode complexity

and accompanying phenotyping depth.

Consequently, each readout technique captures a distinct dimension of clonal
behaviour. Across modalities, trade-offs exist among barcode complexity, detection
sensitivity, spatial preservation, and simultaneous cellular-state information. Thus, a
universal constraint encountered by lineage tracing systems is the fragmentation of
measurement techniques, in which clonal identity, phenotypic state, and ecological

position are typically interrogated through separate experimental frameworks.

Therefore, a more comprehensive characterisation of cellular behaviour within complex
systems requires integration of multiple layers of molecular information, linking
transcriptional profiles, protein activity, metabolic features, and spatial organisation
within a unified analytical framework. Independent of lineage tracing, a growing class of

multimodal technologies has emerged to address this broader need for integrative
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cellular profiling. The following section reviews these approaches and subsequently

examines efforts to incorporate lineage information within such multimodal frameworks.
1.3 Toward multimodal clonal tracing

1.3.1 Beyond single-modality cellular profiling

Cellular identity and behaviour cannot be fully described by a single molecular layer. In
complex biological systems, and particularly in cancer, phenotypic state, clonal history,
and microenvironmental context are interdependent yet only partially observable
through any individual modality '°* . Transcriptomic profiling has transformed the ability
to classify cell states at scale, but gene expression alone does not capture protein
activity, metabolic function, or tissue-level spatial organisation. As a result, reliance on
sequencing-derived measurements alone can obscure functional differences between
cells that exhibit similar transcriptional profiles, particularly in contexts where protein
activity, cell—cell interactions, and local microenvironmental factors strongly influence

behaviour 105

This limitation is particularly evident in cancer, where intratumoural heterogeneity arises
not only from genetic and clonal diversity but also from spatially structured ecological
interactions. The position of a cell within a tumour, its proximity to vasculature, immune
infiltrates, or stromal niches, and its local metabolic environment can profoundly
influence its phenotype and evolutionary trajectory '°6. Capturing these dimensions
requires approaches that extend beyond dissociated sequencing workflows,
incorporating spatially resolved measurements and orthogonal molecular readouts %7
At the same time, high-throughput, suspension-based technologies remain essential for
scalable phenotyping, enabling deep protein and RNA profiling across large cell

populations and experimental conditions.

Consequently, a growing class of technologies has emerged that interrogates cellular
systems across multiple molecular layers and experimental formats, including spatial
RNA and protein detection, label-free molecular imaging, and high-parameter cytometric
profiling. These approaches provide complementary views of cellular state, function,
and context that cannot be accessed through sequencing alone. The following sections

review these modalities in turn, before examining efforts to integrate them into unified
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multimodal platforms and lineage-tracing frameworks that resolve clonal dynamics

alongside cellular phenotype and spatial organisation.

1.3.2 Spatial RNA and protein detection

Spatial context is a critical axis of cellular identity that is lost in dissociative workflows,
motivating the development of techniques that preserve tissue architecture while
enabling in situ molecular profiling. Methods for detecting RNA in tissues have steadily
improved in spatial resolution and overall throughput over recent decades, with
particularly rapid progress in the last five years driven by advances in probe chemistry,
imaging, and sequencing technologies. Early approaches relied on fluorescence in situ
hybridisation (FISH) to visualise RNA molecules within tissues. As next-generation
sequencing technologies advanced, these methods were adapted to retain spatial

information while increasing molecular coverage "%,

This progress has given rise to two broad classes of spatial transcriptomic approaches
(STs): imaging-based (Figure 1-8A and B) and sequencing-based methods (Figure
1-8C and D). Imaging-based techniques achieve high spatial resolution by visualising
transcripts within intact tissues, while sequencing-based approaches capture RNA on
spatially indexed substrates for downstream sequencing. Both strategies enable
measurement of RNA expression within tissues, with some platforms supporting
detection of thousands of transcripts or near-transcriptome-wide coverage. However, a
fundamental trade-off remains between spatial resolution and molecular throughput, as
unbiased transcriptome-wide methods typically struggle to achieve true single-cell
resolution, whereas targeted approaches that provide subcellular detail often sacrifice

scale 109,

Imaging-based ST approaches are further classified into two strategies for RNA
measurements, referred to here as cyclic combinatorial decoding (Figure 1-8A) and
cyclic in situ sequencing (Figure 1-8B). Both methods use fluorescent probes or
labelled nucleotides to decode the positions of tens to several thousand transcripts
within cells, often at single-cell or subcellular resolution. Cyclic imaging is used to
overcome the spectral limitations of fluorescent tags. Cyclic combinatorial decoding
employs DNA scaffold probes complementary to target transcripts, followed by repeated

cycles of hybridisation of tagged detection probes, imaging, and probe stripping,
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enabling combinatorial decoding '°6.19° Scaffold probe architectures can generate an
efficient signal-to-noise ratio by enabling multiple fluorophore-labelled probes to bind to
a target simultaneously "°. Variations of this method are employed by MERFISH "1,
seqFISHv1 and v2 2113 CosMx 4, and EEL FISH "5,

Imaging-based
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Figure 1-8. Spatial transcriptomics techniques.

In situ (imaging)-based approaches (A) are categorised into cyclic combinatorial decoding and cyclic in situ
sequencing (B). Spatial barcoding (sequencing)—based approaches are subdivided into barcode-to-cell capture
methods (C, in situ barcoding) and tissue-on-array capture methods (D, spatial barcode sequencing). RCA = rolling
circle amplification; SBS = sequencing by synthesis; SBL = sequencing by ligation; NGS = next generation
sequencing. Adapted from Liu et al. 7%

Alternatively, the 10x Genomics Xenium platform employs rolling-circle amplification
(RCA) with padlock probes to target RNA, generating local complementary DNA (cDNA)
containing multiple copies of specific sequences used for decoding localised transcript
identity 6. Cyclic in situ sequencing approaches also utilise RCA to amplify RNA,
thereby increasing signal generation. Then, barcode or transcript amplicons are read
optically using sequencing-by-synthesis (SBS) or sequencing-by-ligation (SBL)
chemistries, in which fluorophore-labelled nucleotides or oligonucleotides are

incorporated or ligated in successive cycles, and the resulting fluorescence is imaged
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by fluorescence microscopy. For example, SBS is implemented by FISSEQ "7 and
STARmap "8, while BaristaSeq ''° employs SBL.

In contrast, sequencing-based spatial transcriptomic approaches preserve positional
information by capturing RNA on spatially indexed surfaces prior to sequencing. These
methods can also be broadly divided into two RNA-capture strategies. In barcode-to-cell
approaches (Figure 1-8C), spatially resolved barcodes are delivered into intact cells or
nuclei and subsequently recovered by single-cell or single-nucleus sequencing. For
example, specific strategies include spatially barcoded beads (Slide-seq '%°, Slide-
seqV2 '21); fluidics-based in situ barcoding (DBiTseq '2?); DNA nanoballs (Stereo-seq
123) In tissue-on-array capture approaches (Figure 1-8D), tissue sections are placed
directly onto arrays of spatially indexed oligonucleotides that capture transcripts in situ
prior to library construction and next-generation sequencing. In sequencing-based ST
methods, spatial resolution is determined by the size and density of capture features,

which may range from multicellular spots to near cellular or subcellular scales 1% .

Sequencing-based STs platforms provide transcriptome-wide coverage without requiring
predefined panels, unlike imaging-based approaches, which typically rely on targeted
probe sets 199124 However, sequencing-based methods can suffer from reduced RNA
capture efficiency, particularly in complex or archival tissues '%°. At the same time, the
panel capacity of imaging-based spatial transcriptomics platforms continues to expand
rapidly. Pre-designed probe sets tailored to specific tissues or microenvironments,
together with the option to add custom targets, provide substantial experimental
flexibility. For example, the CosMx Whole Transcriptome assay enables subcellular
imaging of over 18,000 RNA targets, approaching coverage of the human protein-
coding transcriptome '%6. Nevertheless, such large panels require extensive iterative
imaging, which can quickly become costly and limit the number of samples that can be

analysed.

In parallel with advances in spatial RNA detection, targeted spatial protein profiling
technologies have enabled detailed phenotypic characterisation of intact tissues.
Microscopy-based approaches visualise proteins using fluorophore-conjugated
antibodies (Figure 1-9A), allowing spatial localisation at subcellular resolution. Tens of
proteins can be imaged by performing iterative cycles of antibody staining, fluorescence

imaging, and signal removal. This strategy underpins multiplexed immunohistochemistry
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workflows such as CyCIF 27 and IBEX ', which rely on repeated rounds of
fluorophore bleaching or chemical stripping to erase the signal before subsequent
staining. While these approaches do not require specialised instrumentation, they are

inherently labour-intensive due to repeated manual staining, stripping, and imaging

steps.
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Figure 1-9. Targeted spatial protein detection.

A) Cyclic immunofluorescence methods for the detection of proteins using antibodies (Abs) labelled with fluorescent
tags or short DNA sequences that are recognised by complementary, fluorescently labelled oligonucleotides.
Consecutive rounds of incubation, imaging, and stripping allow the detection of a range of epitopes in situ. mIHC =
multiplexed immunohistochemistry; IBEX = iterative bleaching extends multiplexity; MICS = MACSima imaging cyclic
staining; CODEX = codetection by indexing.

B) Targeted mass spectrometry (MS) coupled to time-of-flight (TOF) isotope detection. Isotopes conjugated to Abs
are ablated by either a scanning laser (IMC) or an ion beam (MIBI) and registered through TOF-MS. Signals can then

be traced back to their point of origin using the scanning apparatus's coordinates. IMC = imaging mass cytometry;
MIBI = multiplexed ion beam imaging. Reproduced, with permission, from Toninelli et al. %

To address these limitations, automated platforms for high-parameter protein imaging
have been developed that integrate staining, imaging, and signal removal within the
instrument. The Lunaphore COMET system automates sequential immunofluorescence
by performing cycles of primary antibody binding followed by fluorophore-conjugated
secondary antibody detection and on-instrument signal removal '?°. Similarly, co-
detection by indexing (CODEX) 30, commercialised as the Akoya PhenoCycler-Fusion,
uses antibodies conjugated to unique DNA barcodes. In this approach, all antibodies
are applied simultaneously, and fluorescently labelled oligonucleotides complementary
to each barcode are iteratively hybridised, imaged, and removed, enabling highly

multiplexed protein detection without cumulative antibody stripping.

An orthogonal class of spatial protein-profiling techniques is based on targeted mass
spectrometry rather than fluorescence (Figure 1-9B). Imaging mass cytometry (IMC)

uses antibodies conjugated to metal isotopes, which are detected by time-of-flight mass
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spectrometry following laser ablation of the tissue. Each laser pulse vaporises a small
region of the sample, and the released isotopes are quantified to generate spatially
resolved protein maps '%° . Multiplexed ion beam imaging (MIBI) employs a similar
principle but uses a primary ion beam to sputter secondary ions from the tissue surface,
which are then analysed by mass spectrometry 3. By replacing fluorophores with metal
tags, IMC and MIBI circumvent spectral limitations entirely and enable simultaneous

detection of dozens of proteins within intact tissue sections 1%°.

Collectively, targeted spatial RNA and protein detection methods provide cellular-
resolution measurements and rich phenotypic annotation while preserving tissue
architecture. However, these approaches are inherently constrained by predefined
marker panels, prior biological assumptions, and practical limits on throughput and
scalability. As a result, complementary spatial approaches that provide broader, label-

free molecular information across multiple phenotypic layers should be considered.

1.3.3 Spatial metabolic and molecular imaging

In parallel with targeted and sequencing-based spatial profiling approaches, mass
spectrometry imaging (MSI) has emerged as a powerful, label-free modality for mapping
molecular distributions directly within tissue sections (Figure 1-10). MSI enables label-
free, spatially resolved detection of molecular species directly from tissue sections,
including metabolites, lipids, glycans, and small peptides. In contrast to antibody- or
probe-based imaging, MSI does not require prior target selection, providing an unbiased
molecular profile of intact tissue '%. Samples are systematically scanned with light or
particle beams to ionise surface molecules, which are subsequently detected by time-of-
flight mass spectrometry, allowing spatial mapping of molecular distributions across

intact tissues 194,

Among MSI modalities, matrix-assisted laser desorption/ionisation (MALDI) is the most
widely used MSI ionisation approach. MALDI-MSI enables detection of a broad range of
molecular species, from small metabolites and lipids to peptides and, in some cases,
proteins, while preserving their spatial organisation within tissue sections. A chemical
matrix is applied to the tissue surface to promote efficient energy absorption and
ionisation during laser irradiation, thereby enabling the generation of intact molecular

ions across a wide mass range. Spatially resolved mass spectra are acquired by
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rastering the laser across the sample, with typical spatial resolutions of ~10-50 um 133
Importantly, matrix choice influences ionisation efficiency and molecular coverage, such

that different matrices are more suitable for specific classes of analytes 34 .
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Figure 1-10. Mass spectrometry imaging techniques: DESI, MALDI, and SIMS.

Schematic representative of DESI, MALDI, and SIMS ionisation processes. DESI is an ambient ionisation method
that employs charged solvent sprays on a sample surface to facilitate the desorption and ionisation of surface
molecules. MALDI ionises molecules using a pulsed laser beam that raster-scans a matrix-coated, crystallised tissue
surface. SIMS uses a high-energy primary ion beam to sputter material from the surface. The secondary ions
generated are accelerated, resolved, and measured by the mass spectrometer. DESI = desorption electrospray

ionisation; MALDI = matrix-assisted laser desorption ionisation; SIMS = secondary ionisation mass spectrometry.
Adapted, with permission, from Rajbhandari et al.’3?

Beyond MALDI-MSI, a growing range of mass spectrometry imaging techniques reflects
the field's rapid expansion. Desorption electrospray ionisation (DESI) enables ambient
ionisation with minimal sample preparation and is well suited to detecting small
molecules, lipids, and metabolites. This makes it attractive for rapid or clinically oriented
applications; however, DESI typically offers lower spatial resolution and sensitivity
compared with MALDI 3% In contrast, secondary ion mass spectrometry (SIMS)
employs a focused ion beam to achieve submicron spatial resolution, enabling highly

detailed molecular localisation at the expense of reduced molecular coverage 3.

Together, these approaches highlight inherent trade-offs between spatial resolution and
molecular breadth, while ongoing innovations such as post-ionisation strategies,
including MALDI-2, continue to improve sensitivity and expand detectable molecular

classes 133136,
1.3.4 Suspension-based cytometry profiling
While spatial technologies enable in situ exploration of cellular organisation, many

biological questions benefit from, or explicitly require, profiling in suspension. These
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approaches are especially valuable for functional assays, drug screening, and studies of

rare populations, where statistical power and sampling depth are critical.

Single-cell RNA sequencing remains the standard for transcriptome-wide analysis,
enabling the characterisation of thousands of cells in a single experiment. However,
sequencing techniques are constrained by high costs, protocol complexity, available
sequencing depths, and computationally intensive data analysis '3’. A complementary
strategy is to quantify a smaller set of transcripts while substantially increasing the
number of cells analysed. Flow cytometry facilitates this by measuring multiple
parameters in hundreds to thousands of cells per second, enabling experiments that
encompass millions of cells. Moreover, flow cytometry platforms are widely available in

research settings and can be employed repeatedly at comparatively lower cost 38 .

Early adaptations of fluorescence in situ hybridisation (FISH) protocols enabled
quantification of gene expression on flow cytometry platforms '3° . These approaches
required exceptionally bright FISH signals with high signal-to-noise ratios because flow
cytometry lacks the subcellular resolution needed to distinguish individual RNA
molecules from diffuse background. To increase signal strength, DNA padlock probes,
combined with rolling circle amplification (RCA) and branched DNA technologies, have
been used in microscopy and flow cytometry 140141 However, multiplexing in flow
cytometry is constrained by spectral overlap among fluorophores. Rapidly developing
spectral flow cytometry instruments address this by capturing complete emission
spectra of fluorochromes, creating a spectral signature for each. Many fluorochromes
can be used, then computationally unmixed to distinguish overlapping signals, enabling

simultaneous measurement of up to 40 markers 38,

Alternatively, mass cytometry combines flow cytometry with mass spectrometry to
determine the chemical composition of analytes by measuring the mass-to-charge (m/z)
ratios of ions. In mass cytometry, cells are stained with antibodies conjugated to
transition metals, enabling simultaneous measurement of up to 60 parameters, with a
theoretical capacity for up to 120. Suspension Cytometry by Time of Flight (CyTOF)
distinguishes isotope-labelled antibodies with minimal channel overlap, thereby
elucidating protein expression 38142 A workflow has also been developed to detect
RNA transcripts on these platforms. The proximity ligation assay for RNA (PLAYR)

enables highly multiplexed RNA quantification alongside antibody staining using mass

53



cytometry, supporting integrated analysis of transcriptional and protein-level features in
suspension ¥, The PLAYR protocol provides padlock probes to detect at least 27
specific RNAs via signal amplification by RCA, thereby overcoming interference issues

observed in branched-DNA methods 137,

Suspension-based cytometry platforms offer exceptional scalability and high-
dimensional phenotyping, making them well-suited for population-level analyses,
functional screening, and the study of rare cell states '4>. However, because
measurements are performed on dissociated cells, spatial relationships and tissue-level
context are not retained. This distinction highlights how suspension-based profiling and
spatial approaches address complementary biological questions, motivating the
development of experimental frameworks that can bridge these analytical regimes

where appropriate.

1.3.5 Integrated multimodal workflows and platforms

1.3.5.1 Multiomic phenotyping approaches

The rise of diverse measurement modalities has catalysed a rapidly advancing
landscape toward multiomic profiling that integrates genomic, epigenomic,
transcriptomic, proteomic, and metabolomic analyses, increasingly with spatial

resolution.

Over the past decade, DNA and RNA sequencing workflows have expanded to
incorporate epigenomic layers such as DNA methylation and chromatin accessibility,
enabling deeper insights into gene regulation and epigenetic variation '43. Early
examples include scM&T-seq for parallel single-cell genome-wide methylome and
transcriptional sequencing '#4and sci-CAR-seq for joint profiling of chromatin

accessibility and mRNA in single cells 145,

Further workflows integrate simultaneous single-cell RNA and protein detection,
enabling direct investigation of how transcript abundance and protein activity drive
essential biochemical processes '43. CITE-seq uses DNA-barcoded antibodies to
measure cell-surface proteins and mRNA within the same scRNA-seq experiment 46, A
significant orthogonal advance achieved by the PLAYR assay, as discussed in Section
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1.3.4, enables simultaneous detection of more than 40 targeted proteins and RNAs via
CyTOF 1,

Recent years have also seen an exponential rise in the number of spatial measurement
technologies which aim to profile cells and tissues within their natural context. This has
enabled the development of spatial multiomics techniques that aim to map intact tissues
across multiple molecular levels. This is achieved by analysing fresh-frozen samples or
FFPE sections using a combination of single-omic methods. Currently, profiling
techniques are often applied to adjacent sections or sequentially to the same section,
provided analyte integrity is maintained. However, simultaneous measurement of
multiple analytes on the same tissue section may also be possible, depending on the
technique (Figure 1-11A) %4 As these imaging- and sequencing-based spatial-omics
expand, the number of analytes measurable at the molecular level is increasing.
Additionally, workflows are often complemented with morphological context through
histological staining, such as haematoxylin and eosin (H&E), on the same or adjacent

sections 104,

A B
Simultaneously Sequentially Multi-omics integration
i. DNA-conjugated antibodi ' i i . : ;

8 i conjugated antibodies ; Histological Spatial registration

Qo £ = : == .

£ e £ ,(,f H Non-disruptive Same modality

3 {4 pofing

= i RNA i b i » ot S AT

N eneciiCRIOnes 3 Non-disruptive ———

= I U’?JLQJ '?J ' ‘ profiling 2

AL ,,?J v r u : R Multiple modalities

= vy ) ' DisLuptivg profiling
. t tl - — :

09)- iii. SNVs, TCR/BCR, Inc-RNA A ‘ = B A
-

e.g. Singular G4X, DBiT-seq e.g. Xenium & CosMx

Figure 1-11. Integrative spatial multiomic workflows.

A) Advancing spatial multiomics can be conducted simultaneously, targeting multiple phenotypic layers on the same
sample, or sequentially.

B) Integration of multiomic datasets must then be performed using spatial registration techniques. Adapted from Liu
et al. 1%

DBiT-seq achieved a technical advance by enabling transcriptome-wide spatial RNA
profiling, together with tens of proteins '?2. Existing RNA detection platforms have
extended protein co-detection capabilities, with varying numbers of measured
molecules, including STARmap PLUS %7 and spatial CITE-seq '*8. Academic work
underpinning GeoMx '#° and CosMx ' commercial platforms demonstrated workflows

capable of measuring tens to hundreds of RNAs and proteins. Other marketed
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platforms, including MERSCOPE and Visium, enable transcriptome-wide coverage with
tens to hundreds of proteins. Additional methods of RNA-protein co-detection
demonstrated spatial context through imaging-based approaches. Although subject to
lower throughput, accessibility of imaging technologies and comparatively lower costs
enable scalable experimental applications. For example, adaptations of RNAscope, a
low-plex fluorescence in situ hybridisation method, have been combined with imaging
mass cytometry for dual RNA and protein profiling '°. Furthermore, RNAscope was

integrated with CODEX, enabling high-plex antibody staining with RNA measurement
151

Another axis of multimodal integration involves combining unbiased mass spectrometry
imaging (MSI) with transcript-level analysis. For example, MALDI-MSI enables spatial
metabolomic profiling at near single-cell resolution. However, integrating MSI with
additional molecular analyses remains challenging due to specialised sample-
preparation requirements and the comparatively lower durability of metabolites %4,
Despite these challenges, several new workflows have begun to bridge MSI with
transcriptomic analyses. For example, the metaFISH pipeline applies low-plex
fluorescence in situ hybridisation after MALDI-MSI, leveraging improved MALDI
techniques that preserve RNA integrity for subsequent hybridisation 2. Moreover,
workflows have emerged for transcriptome-wide spatial transcriptomics post-MSI,
namely DESI and MALDI, followed by Visium 1953195 Alternatively, the OpenFISH
workflow utilises padlock probes to detect hundreds of transcripts on tissue sections

after performing MALDI-MSI, without the need for proprietary hardware %6 .

Once multimodal datasets have been successfully acquired, an additional layer of
complexity arises in their analysis, particularly in spatial settings (Figure 1-11B). Spatial
multiomic data vary widely in resolution, feature type, and tissue coverage, complicating
efforts to derive unified biological insights. In particular, integrating data across different
spatial platforms introduces additional challenges, as differences in measurement
scales, feature parameters, and sampling geometries must be reconciled. Current
approaches typically integrate modalities by aligning shared molecular features,
matching measurements from corresponding spatial locations or tissue sections, or
applying computational models that learn joint representations of molecular profiles and
spatial organisation 9419 Despite rapid methodological progress, robust integration

across platforms remains difficult, particularly at scale. Addressing these challenges is
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increasingly recognised as essential for constructing coherent, interpretable multiomic

atlases of complex diseases such as cancer.

Together, these advances demonstrate the growing capacity to profile cellular states
across molecular and spatial dimensions. However, in the absence of lineage
information, these workflows remain inherently limited in their ability to resolve clonal

relationships and evolutionary dynamics.

1.3.5.2 Multimodal lineage tracing approaches

Recent years have seen cellular barcoding expand beyond single-readout modalities,
with several platforms aiming to develop barcodes interpretable across genomic,

transcriptomic, and spatial technologies.

The ClonMapper, for example, is widely regarded as a benchmark static barcoding
system, offering robust clonal identification through genomic DNA sequencing, single-
cell RNA sequencing (scRNA-seq), and live clone isolation for downstream functional
analyses 8. Its highly diverse lentiviral library (107 barcodes) enables linking clonal
identity to transcriptional profiles and subsequent phenotypic states, as assessed
through additional functional analyses following clonal retrieval. A further study employs
two orthogonal barcoding strategies: a Perturb-seq barcode to encode pooled genetic
perturbations captured at the transcriptomic level, and a genomically integrated
GALILEO barcode to enable stable clonal lineage tracing compatible with epigenetic
and genetic readouts '%7. While these systems generate significant multimodal data,
they rely on sequencing-based readouts, which can limit the scalability of experiments
due to cost and intensive workflows. Furthermore, barcode designs exhibit limited

inherent compatibility with spatial readout adaptation.

MEMOIR is an early spatially detailed lineage-tracing strategy for recording dynamic
event histories. The method uses single-molecule fluorescence in situ hybridisation
(FISH) to read out static and edited sequences, allowing reconstruction of cellular
lineage over multiple cell divisions 8. MEMOIR employs a CRISPR-based molecular
recording strategy in which lineage information is encoded through irreversible edits at
predefined genomic loci, resulting in finite recording capacity and limited temporal
resolution. Barcode diversity and scalability are therefore constrained, particularly in

complex or long-term biological processes that involve extensive clonal expansion.
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Finally, MEMOIR links lineage recording and readout to a single, sequential in situ
imaging strategy, limiting the ability to integrate lineage information across different

spatial or multimodal measurement technologies.

The Zombie strategy reads CRISPR base edited barcodes in situ, also using cycles of
FISH and fluorescence imaging “2. The system demonstrated detection of evolving
sequences using competing matched and mismatched probes in vitro. It employs phage
RNA polymerases to transcribe barcodes in fixed cells, thereby overcoming challenges
such as stochastic silencing that can limit the detection of expressed barcodes.
However, compatibility with other workflows is limited as the barcodes are not inherently
transcribed. Although 81 barcodes were demonstrated, increasing diversity through
additional editable arrays is possible, but it would require further rounds of time-
consuming imaging cycles. Additionally, the reliance on a highly specialised, custom-
built microscopy platform substantially limits the method’s accessibility and restricts its

adoption by the wider research community.

Recently, dynamic barcode systems have been adapted for readout with advancing
spatial transcriptomics techniques. The KP-Tracer is a genetically engineered mouse
model of lung cancer for evolvable lineage tracing with single-cell RNA-seq readout %,
The KP-tracer was adapted to obtain spatially resolved datasets by employing Slide-
seq, which uses beads to capture transcripts for scRNA-seq and Slide-tags to profile
individual nuclei, enabling spatially resolved lineage tracing and unbiased transcript
measurement at 10 ym resolution %°. Thus, spatial resolution is constrained by bead
size and capture density, preventing single-cell reconstruction of phylogenies in smaller
spatial neighbourhoods. In addition, lineage readout remains sequencing-centric,
limiting flexibility for integration with alternative imaging or cytometric modalities, while
the substantial costs of these platforms further constrain the number of samples and

experimental conditions that can be analysed in practice.

The recently reported PEtracer measures lineage information and spatial organisation
at single-cell resolution in vivo. It is compatible with scRNA-seq and imaging-based
MERFISH spatial transcriptomics via T7 in situ transcription, using an adapted Zombie
protocol %%, This enables high-throughput, simultaneous in situ detection of barcodes
and transcripts. However, T7 amplification involves several morphologically destructive

steps to generate RNA and preserve its position, limiting potential for downstream
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phenotyping, such as immunofluorescence and histological staining. Additional
considerations include the elevated costs of commercial spatial transcriptomic
platforms, which limit the number of samples that can be feasibly analysed.
Furthermore, the complexity of the evolvable lineage recording and decoding
frameworks necessitates specialised, computationally intensive analysis pipelines. This
limits broader adoption in experimental settings that primarily aim to track clonal

lineages across multiple measurement scales.

Collectively, these approaches highlight substantial progress in integrating lineage
tracing with multimodal readouts but also underscore persistent, often unavoidable
trade-offs among scalability, spatial resolution, phenotypic breadth, and technical

accessibility.

1.3.6 Persistent constraints in multimodal clonal tracing

Despite significant advancements in lineage tracing and multimodal phenotyping
technologies, a common set of constraints persists across current approaches. Static
barcode libraries provide diversity and stability for long-term lineage tracking, whereas
evolving libraries enable temporal resolution but introduce additional technical
complexity and finite recording capacity. For both barcode classes, integrating spatial
resolution and broad phenotypic readout remains challenging, as lineage-detection and
molecular-profiling workflows must be compatible and co-registered in situ. Although
advances in RNA, protein, and molecular detection have expanded the scope of
multimodal measurements, robust integration with lineage tracing across multiple
phenotyping levels remains lacking. Furthermore, decoding highly diverse barcode
libraries within their native biological context continues to require specialised, high-plex

workflows that are difficult to generalise across platforms.

Across existing systems, these limitations manifest as persistent trade-offs between
lineage resolution, phenotypic depth, spatial context, scalability, and accessibility. These
constraints largely arise because barcode architectures are typically designed around a
specific readout modality, thereby limiting compatibility with alternative measurement
technologies for which they were not originally intended. Sequencing-based barcode
readout enables deployment of high-complexity libraries with transcriptome-level

profiing but disrupts tissue architecture. Spatial sequencing and imaging-based

59



methods preserve barcode localisation yet often at the expense of barcode diversity,
limited multimodal compatibility, or reliance on resource-intensive detection platforms.
Suspension- and imaging-based mass cytometry has demonstrated epitope-level
barcoding for protein phenotyping, but clonal-level tracing is not compatible due to

inherent limits on library complexity.

In summary, persistent limitations in current multimodal lineage-tracing platforms restrict
the ability to comprehensively resolve clonal dynamics within their native biological
context. These constraints underscore a gap between existing technological capabilities
and the integrated, high-resolution datasets required to interrogate complex systems
such as cancer. This unmet need defines the rationale and scope of this thesis, as

outlined in the following section.

1.4 Rationale and scope of this thesis

1.4.1 Perspectives and outlook

Advances in high-parameter profiling techniques and multiomic workflows have enabled
comprehensive characterisation of cells, including their microenvironmental context.
These approaches are particularly powerful for studying cancer, where evolutionary
trajectories, clonal dynamics, and ecosystem interactions shape disease behaviour.
Integrating clonal identity with multiomic phenotyping, including transcriptomic,
proteomic, and metabolic measurements, offers a unified framework to understand how
clones expand, interact, and adapt. Accordingly, meaningful investigation of cancer

evolution increasingly depends on integrated, clonal-resolution datasets 8°.

From this perspective, such integration is essential for a mechanistic understanding of
intratumoural heterogeneity, therapy resistance, and disease progression. Realising this
potential requires experimental systems that support controlled perturbation, scalable
model platforms that reflect clinically relevant heterogeneity, and analytical frameworks
that integrate multimodal lineage and phenotypic data. Together, these considerations
highlight a clear shift away from single-modality lineage tracing toward framework-
based approaches that comprehensively interrogate clonal dynamics within their native

biological context 37:48.51.89
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Nonetheless, no existing framework offers a versatile, accessible barcode that is
detectable across multiple platforms, enables spatial readout, and is compatible with
both sequencing and cytometry-based assays. This gap limits the ability to connect

clonal architecture with multiomic phenotypes in a scalable, generalisable manner.

1.4.2 X-CODE as a flexible, scalable barcoding framework

Addressing these constraints led to the development of X-CODE, a novel static RNA
barcoding framework, designed to support flexible, cross-platform and spatially resolved
lineage tracing with multimodal phenotyping. Generation of high-complexity barcode
libraries from nucleic acid sequences enables detection of clonal identity in sequencing-
based analyses. Yet, when appropriately designed, expressed barcode transcripts can
also be detected using complementary DNA probes, offering an alternative to
sequencing-based readout 5670160161 Probe-based detection decouples barcode
identity from the detection modality, allowing the same RNA barcode to be visualised
with fluorescent or isotope-conjugated probes, via imaging and cytometry platforms,

while remaining compatible with phenotypic and spatial assays.
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Figure 1-12. Generating an integrated, multimodal picture of tumour heterogeneity.

Integrating analyses of multimodal samples, such as clonal maps, tumour microenvironment (TME) composition, and
histological context, may help identify cellular states that affect disease progression and are clinically relevant, which
might be missed when using each component alone. TILs = tumour-infiltrating lymphocytes; TLS = tertiary lymphoid
structure. Reproduced, with permission, from Seferbekova et al. 37
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This readout flexibility enables a unified barcoding framework that can be deployed
across flow cytometry, mass cytometry, and spatial imaging, such as imaging mass
cytometry and multiplexed fluorescence imaging. This facilitates a direct link between
clonal structure and transcriptional states, protein phenotypes, and tissue architecture.
As illustrated in Figure 1-12, X-CODE aims to provide an integrated workflow that
overlays clonal maps with microenvironmental features and histological context, thereby
building a multimodal picture of tumour heterogeneity. This multi-layered perspective
has the potential to reveal biologically meaningful patterns with clinical relevance, such
as the emergence of adverse lineages with microenvironment-dependent vulnerabilities,

that would not be visible with any single modality.

Collectively, these insights establish the aim and main objectives of the thesis, as

outlined below.
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Chapter 2 Aim and objectives

The main aim of this thesis is to develop a versatile RNA barcoding system for scalable
clonal tracing with cross-platform barcode retention, allowing spatial resolution and

integrated multi-modal phenotyping (Figure 2-1).

This project engineers a highly diverse barcode library from combinatorial barcode units
in Chapter 4. It establishes reliable detection protocols across various platforms,
including high-mass cytometry by time-of-flight (CyTOF) and high-parameter imaging,
as discussed in Chapters 5 and 6, respectively. Additional phenotyping is incorporated
through unbiased mass spectrometry imaging in Chapter 7. Finally, it demonstrates
biological and technical feasibility in a proof-of-principle system, specifically applied to
study tumour heterogeneity in a syngeneic mouse model of prostate cancer evolution,

as described in Chapter 8.

This comprehensive, multi-layered X-CODE framework aims to enable high-resolution

mapping of clonal architectures and reveal the molecular features that influence tumour

dynamics.
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Figure 2-1. Representative workflow using the X-CODE framework.

1) Barcodes are introduced into cells via lentiviral integration. 2) The barcoded population is used for in vitro or in vivo
investigations. 3) Longitudinal sampling involves collecting cells in suspension or preserving intact samples for spatial
techniques or dividing samples for both. XCODE detection protocols are performed as necessary, with matrix-
assisted laser desorption/ionisation (MALDI) mass spectrometry imaging (MSI) performed prior to XCODE detection.
4) Imaging mass cytometry and high-parameter fluorescence imaging (via Akoya PhenoCycler) detect barcodes and
allow for antibody staining. Mass cytometry by time-of-flight (CyTOF) is used for in-suspension barcode readout and
protein phenotyping. Bulk sequencing provides overall barcode proportions, while single-cell RNA sequencing offers
transcriptomic data. 5) Data analysis pipelines support de-barcoding and cellular phenotyping. Subsequently, the
construct enables the retrieval of interesting clones from archival or intermediate samples. Created with
BioRender.com.
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21 Objectives

Objective 1 — To develop a scalable combinatorial RNA barcode library constructed

from predefined barcode units.

Objective 2 — To establish robust, multi-platform barcode detection protocols and

integrated phenotyping workflows.

Objective 3 — To demonstrate proof-of-principle application of the X-CODE system for

investigating clonal dynamics during cancer evolution.
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Chapter 3 Materials and methods

3.1 Core reagents
Core reagents that are used across methodologies are listed below.

e UltraPure DNase/RNase-Free Distilled Water, hereafter referred to as RNase-
free water (Thermo Fisher; #10977035)

¢ 10X Phosphate-Buffered Saline, pH 7.4 (PBS, Thermo Fisher; #AM9625)

e 16% (wt/vol) Paraformaldehyde (PFA, Thermo Fisher; #11400580)

e 2-methyl butane (isopentane) (Sigma-Aldrich; #M32631)

e Methanol (VWR; #20847.307)

e Ethanol (VWR,; #20821.330)

¢ RNaseZap RNase Decontamination Solution (Thermo Fisher; #AM9780)

3.2 Oligonucleotides

All oligonucleotides were purchased from Integrated DNA Technologies (IDT) as 25
nmol or 100 nmol custom DNA Oligos or MiniGene constructs, depending on use,

sequence length and required modifications as indicated below.
3.2.1 X-CODE barcode oligonucleotides

Barcode oligonucleotides for X-CODE 15K and 2M library generation were ordered as

MiniGene constructs in the pUCIDT (ampicillin) vector.
3.2.2 Primers for X-CODE cloning

Primers were ordered as 25 nmol custom DNA Oligos. Gibson assembly primers for
generating simple barcodes A, B, and C barcodes are detailed in Supplementary Table
1 (see Section 3.6 for method details). Additionally, Gibson assembly primers for
assembling the X-CODE library backbone are detailed in Supplementary Table 4 (see

Section 3.8.1 for method details). Polymerase chain reaction (PCR) primers for
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generating the add-on sequences for the X-CODE library backbone are listed in

Supplementary Table 5 (see Section 3.7 for method details).

3.2.3 Hybridisation probes

X-CODE hybridisation probes (padlock probes, 57 bp), targeting the variable binding
sequence, were ordered as 25- or 100-nmol custom DNA Oligos with a 5-end
phosphorylation modification (/5Phos/) to facilitate ligation and purified by standard

desalting.

The X-CODE universal probe (31 bp), targeting the universal binding sequence, was
ordered as a 100 nmol custom DNA oligo with a 3’-end phosphorothioate modification

(*_) to prevent nuclease degradation and purified by standard desalting.

Specific sequences for probes targeting simple barcodes A, B, and C are detailed in
Supplementary Table 2, and for probes targeting X-CODE library barcode units 1-27
are detailed in Supplementary Table 6. Additionally, the specific probe sequences

targeting B-actin mRNA are listed in Supplementary Table 3.

3.2.4 Fluorophore detection probes

X-CODE detection fluorescent probes (21 bp) were ordered as 100 nmol custom DNA
oligos with 5’-end fluorescent modifications, purified by standard desalting. Specific
sequences, and their fluorescent labels, for probes targeting simple barcodes A, B, and
C are detailed in Supplementary Table 2, and for probes targeting X-CODE library
barcode units 1-27 are detailed in Supplementary Table 10. Additionally, fluorescent

probes for B-actin mRNA detection are listed in Supplementary Table 3.

3.2.5 Thiol detection probes

X-CODE detection probes (21 bp) for isotope-conjugation, detailed in Section 3.15.1,
were ordered as 100 nmol custom DNA Oligos with a 5’-end thiol modification (—-SH),
purified by standard desalting. Specific sequences for probes targeting simple barcodes
A, B, and C are detailed in Supplementary Table 2, and for probes targeting X-CODE
library barcode units 1-27 are detailed in Supplementary Table 8 and Supplementary
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Table 9. Additionally, thiol probes for B-actin mRNA detection are listed in
Supplementary Table 3.

3.3 Antibodies

Antibodies for CyTOF mass cytometry were kindly supplied by the Tumour Functional

Heterogeneity Lab at the Institute of Cancer Research.

Table 3-1. Antibodies for CyTOF mass cytometry.

Target Clone Isotope conjugation ‘
pRB J112-906 150Nd

Ki-67 B56 209Bi

PERK1/2 [Thr202/Tyr204] D1314.4E 167Er

P4EBP1 [Thr37/46] 236B4 149Sm

CD24 M1/69 160Gd

CD49f GoH3 141Pr

Table 3-2. Antibodies for fluorescence microscopy.

Fluorophore Supplier

Na/K-ATPase EP1845Y
Pan cytokeratin AE1/AE3

Alexa Fluor 488
Alexa Fluor 488

Abcam; #ab197713
Thermo Fisher; #53-9003-82

Antibodies for Akoya PhenoCycler-Fusion were kindly conjugated by the Gorrini Lab at
the University of Leeds.

Table 3-3. Antibodies for Akoya PhenoCycler-Fusion.

Antibodies indicated by an asterisk (*) were custom-conjugated according to Akoya’s guidelines.

Target Akoya Barcode (BX) Akoya Reporter (RX) Supplier ‘
CK5 BX049 RX049-ATTO550 Akoya; #5250019
CK8 BX070 RX070-Alexa Fluor 647 Akoya; #5550024
CD45 BX007 RX007-Alexa Fluor 488 Akoya; #4150002
Vimentin * BX031 RX070-Alexa Fluor 488 Cell Signalling Technology; #46173
AR BX052 RX052-ATTO550 Akoya; #5250012
Ki-67 BX047 RX047-ATTO550 Akoya; #4250019
Pan cytokeratin BX019 RX019-Alexa Fluor 488 Akoya; #6150007
Na/K-ATPase * BX032 RX032-ATTO550 Abcam; #ab167390
BX017 RX017-ATTO550 Abcam; #ab167390
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3.4 Tissue culture

3.4.1 Cell lines

TRAMP-C1 (ATCC; #CRL-2730), RM-1 (ATCC; #CRL-3310) and MyC-CaP (ATCC;
#CRL-3255) cell lines are commercially available from the American Type Culture
Collection (ATCC).

HEK-293T cell line was generously provided by the Preclinical Modelling of Paediatric

Cancer Evolution team at the Institute of Cancer Research (ICR).

3.4.2 Cell culture

TRAMP-C1 were grown in Dulbecco’s Modified Eagle’s Medium (DMEM; Thermo
Fisher; #10313021) supplemented with 10% Fetal Bovine Serum (FBS; Sigma-Aldrich;
#F9665), 4 mM L-glutamine (Thermo Fisher; #25030081), 1x Penicillin—Streptomycin
(Thermo Fisher; #15140122), 0.005 mg/ml bovine insulin (Scientific Laboratory
Supplies; #LZBE02-033E20) and 10 nM dehydroisoandrosterone (Sigma-Aldrich;
#D4000) at 37 °C with 5% CO2. HEK-293T, RM-1 and MyC-CaP were grown in DMEM
supplemented with 10% FBS, 4 mM L-glutamine and 1x Penicillin—Streptomycin at 37
°C with 5% COa2. All cell lines were tested negative for mycoplasma using the
Mycoplasma PCR detection kit (Abcam; #ab289834). Cells were grown to 80-90%

confluency before passaging every 3-5 days, depending on experimental need.

3.4.2.1 Seeding chamber slides

Chamber slides (lbidi; #80841) were coated with 50 pg/mL poly-D-lysine (Sigma-
Aldrich; #A003E) in PBS for 1 h to overnight at 37 °C. Slides were washed three times
with RNase-free water, then allowed to dry fully, uncovered, in a biological safety
cabinet for several hours. Cells were lifted from culture vessels, counted using the
Rebel system (Echo; #REB-01-D), and seeded at a suitable density in the appropriate

growth medium to achieve the desired confluence within 1-3 days.
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3.5 Molecular and genetic methods

3.5.1 Plasmid transformation and amplification

3.5.1.1 Chemical transformation

Chemically competent cells were thawed on ice and transformed with either 5 uL of the
assembly product or a ligated plasmid without the insert (negative control). After mixing,
samples were incubated on ice for 30 min, heat-shocked at 42 °C for 30 sec, chilled for
2 min, and then recovered in 950 pL of SOC Outgrowth Medium (New England Biolabs;
#B9020S) at 37 °C for 1 h with shaking. Cultures were spread on agar plates
supplemented with ampicillin (100 ug/mL) and incubated overnight at 37°C. Individual
colonies from the assembly plate were inoculated into ampicillin-supplemented
Lysogeny broth (LB) and grown for 24 hours at 37 °C with shaking. Plasmids were
extracted using the QIlAprep Spin Miniprep Kit (Qiagen; #27106) following the
manufacturer’s instructions. DNA concentration was measured, and clones were

validated by Sanger sequencing.

3.5.1.2 Electroporation

Electroporation was performed using the GENE-Pulser electroporator (Bio-Rad
#165278) with the Gene Pulser Controller (Bio-Rad #165-2098) at 2.5 kV, 25 uF, 200 Q.
SURE Electroporation-Competent Cells (Agilent; #200227) were thawed and kept on
ice, with 2 mm cuvettes. For X-CODE library generation, the first pooled ligation used
50 uL of cells and 5 pL of plasmid; the second and third pooled ligations used 100 uL of
cells and 10 pL of plasmid. A negative control used 50 pL of cells and 5 pL of backbone

(lacking an insert).

Following electroporation, cells were resuspended in SOC medium (950 uL or 1900 pL,
depending on original cell volume) and incubated at 37 °C at 250 rpm for 30 min. To
calculate efficiency, the transformed cells were plated at different dilutions on agar
plates containing 100 ug/mL of ampicillin, with controls plated at the highest dilution and
grown overnight at 37 °C, inverted. The remaining cells were grown in 450 mL of LB-
broth supplemented with 100 ug/mL of ampicillin and incubated overnight at 37 °C,
shaking. Plasmids were extracted using the QIAprep Spin Miniprep Kit (Qiagen;
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#27106) following the manufacturer’s instructions. DNA concentration was measured,

and clones were validated by Sanger sequencing.
3.5.2 Lentiviral production and transduction

HEK293T cells were seeded at 20% density into 10 cm plates. The following day, cells
were transfected with the expression plasmid and the VSVg, GAG, and REV packaging
plasmids using Lipofectamine 3000 (Thermo Fisher; #L3000015) according to the
manufacturer’s instructions. The medium was replaced after 16 h, and the culture was
collected after 48 h, filtered through a 0.45 pm filter, and concentrated by
ultracentrifugation at 24,000 rpm for 2.5 h at 4 °C. The resulting pellet was resuspended
in Hanks’ Balanced Salt Solution (HBSS) (Thermo Fisher; #14170112) and stored at —
80 °C.

For infection, 20,000 cells from the chosen cell line were seeded in 10 cm culture dishes
and exposed to varying concentrations of lentiviral particles in the presence of 5 ug/mL
polybrene (Thermo Fisher; #12965169). After 48 hours, cells were selected with 1
pg/mL puromycin (Thermo Fisher; #A1113803). Once the selection was complete, the
MOI of the infections was calculated from the counts of surviving cells across varying

lentivirus concentrations. A multiplicity of infection (MOI) of <0.2 to <0.3 was maintained.
3.5.3 Next-generation sequencing

Genomic DNA was extracted from barcoded cells or frozen tumour tissues using the
Qiagen DNeasy Blood & Tissue Kit (Qiagen; #69504), following the manufacturer's
instructions. For complete library characterisation, the X-CODE plasmid pool was used
directly as the PCR template. Barcode sequences were amplified by PCR and
subsequently gel-purified. The purified amplicons were submitted for amplicon
sequencing using the Amplicon-EZ service (Azenta), according to the provider’s

recommended protocol.

3.6 Generation of simple A, B, and C barcodes

X-CODE simple-barcoded lines were generated with assistance from Matteo Tartiagni.
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Primers for Gibson assembly were designed using the NEBuilder Assembly Tool 162
Four specific sequences were combined into three unique pairs to generate barcodes A,
B, and C (Supplementary Table 1). These barcode sequences were generated by
PCR amplification from pre-existing plasmid templates using Q5 High-Fidelity DNA
Polymerase (New England Biolabs; #E0555L). PCR products were gel-purified using
the QIAquick Gel Extraction Kit (Qiagen; #28706). The CROPseq-Guide-puro plasmid
(Addgene; #86708) was digested with Mlul-HF (New England Biolabs; #R3198S) and
gel-purified to the manufacturer's instructions. Gibson assembly was performed using
the NEBuilder HiFi DNA Assembly Kit (New England Biolabs; #E5520S) with a 1:5
vector-to-insert ratio, followed by incubation at 50 °C for 15 min. The resulting plasmid
was used to transform chemically competent cells as described in Section 3.5.1.1, and
used for lentivirus production and transduction of TRAMP-C1 cells, as described in
Section 3.5.2.

3.7 Design of the X-CODE construct

The design of the X-CODE libraries was carried out by members of the Tumour
Functional Heterogeneity Lab at the Institute of Cancer Research, including Roberto

Rota, Dr Marco Bezzi, and Matteo Tartagni.

Below is a methodology-focused overview of the X-CODE barcode's design,
construction, and library generation. A complete explanation of the concept is provided

in Section 4.3.
3.7.1 Design of X-CODE barcode units

The 27 X-CODE variable binding sequences (VBS) were derived from the insert probes
of the proximity ligation assay for RNA (PLAYR), which is used to measure endogenous
transcripts via a probe-based detection strategy 37141, Of the total 27 VBS, 23 were
directly adapted from the PLAYR system, whereas 4 were generated in-house following
PLAYR design principles (GC content, melting temperature, and length). The universal
binding sequence (UBS) was designed by combining the two backbone-binding regions
from the probes used in the PLAYR system. Combining a VBS with a UBS generates a
41-base-pair (bp) barcode unit (BU). The VBS (20 bp) and UBS (20 bp) are separated
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by a single guanine nucleotide (G), providing spacing that enables the concurrent

binding of the hybridisation probes: the padlock and universal probe (Figure 3-1).

Barcode unit

ACGT = variable binding
sequence (VBS)

ACGT = universal
binding sequence (UBS)

OVVOI1O1O1L1IVIVOOIVOOO-

Detection probe

Padlock probe
= VBS-specific
= backbone

Universal probe
ACGT = UBS-specific

TAATGT TATCTT-3 ™

Padlock probe Universal probe
Detection probe

O1919VOVIIILDIODVLIOV =G | AcGT =VBS-specific
CTTCGAGACAAATATCGTCCGGGACACTCTGGGACGCTACT Z = Represents probe

labelling with a
X-CODE barcode unit fluorophore or isotope

Figure 3-1. Sequence level design of an X-CODE barcode unit with padlock probes.

Representative sequence level schematic of X-CODE barcode unit (BU) 19. The variable binding sequence (VBS)
can be one of 27 sequences and is placed upstream of the shared universal binding sequence (UBS). The BU is 40
base pairs (bp) in total, comprising the 20-bp VBS and UBS, with a single guanine nucleotide spacer between them.

This creates space for the simultaneous binding of the hybridisation probes in the SNAIL configuration, comprising
the padlock (shell) and universal (tail) probes.

3.7.2 Design of barcode unit sets 1-3

To generate the combinatorial complexity required for the X-CODE 15K and 2M
libraries, barcode units (BU) were grouped into three groups of 9. Group 1 containing
BU1 — 9, group 2 containing BU10 — 18, and group 3 containing BU19 — 27. Four BUs
from each group were combined (9 choose 4) to combinatorially generate 126 unique
BU-combinations (BU sets) per group. A linker region (ACACACAC) was inserted
between the BU sequences within each set to facilitate assembly of the SNAIL complex.
Within each set, a unique set identifier (USI) was added, forming the secondary short
barcode. Each USI was generated by a 4 choose 4 combinatorial design, excluding
homo-tetrameric and homo-trimeric motifs. The USI was positioned downstream of the

BU combinations within the BU set, separated by a BamHI-linker—EcoRI cassette.

To facilitate integration of the BU-set oligonucleotides into the vector backbone, distinct
restriction sites were added to the appropriate BU set. BU set-1 oligonucleotides carried
Miul (5") and Sall (3') sites, with a Bbsl-spacer—cut site motif before Sall for scaffold
gRNA cloning downstream of USI-1. An additional BamHI-linker—EcoRI cassette
between BU set-1 and USI-1 enabled the three-step clonal strategy to assemble the
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final barcode. Both BU set-2 and -3 oligonucleotides share the same design, with an
Mfel site at the 5’ end and a Bglll site at the 3' end. Upon digestion, the Mfel and EcoRI

sites generate compatible cohesive ends, as do the Bglll and BamHI sites.

3.8 Generation of the 15K and 2M X-CODE libraries

The generation of the X-CODE libraries was kindly undertaken by Roberto Rota of the

Tumour Functional Heterogeneity Lab at the Institute of Cancer Research

3.8.1 Assembly of the X-CODE library backbone (CROPseq-derived)

The primers for Gibson assembly were designed using the NEBuilder Assembly Tool 62,
The Filler_Rev and LTR_Frwd primers (Supplementary Table 4) were designed to
harbour two restriction sites for Sall and Xbal, separated by a linker region within the
spacer regions. 1 ug of CROPseq-Guide-puro (Addgene; #86708) was digested with
SnaBl (New England Biolabs; #R0130S) and Sall-HF (New England Biolabs; #R3138S)
and gel-purified. The filler and the LTR fragments were generated through polymerase
chain reaction (PCR) (Supplementary Table 5) from the CROPseqg-Guide-puro plasmid
(Addgene; #86708) and gel-purified. The Gibson assembly was performed using the
NEBuilder HiFi DNA Assembly Cloning Kit (New England Biolabs; #E5520S) in a 1:5
ratio according to the manufacturer’s instructions. To increase reaction efficiency, the
incubation at 50 °C was extended from 15 to 60 min. The ligation product (CROPseq-
puro-filler-LTR-MIul-HF/Sall-HF) was used to transform chemically competent cells, as

described in Section 3.5.1.

3.8.2 Assembly of X-CODE libraries

A pooled multi-step ligation-based strategy was employed for X-CODE library assembly
based on the CombiGEM methodology . X-CODE combinatorial set-1
oligonucleotide mix was digested with Sall-HF and MIul, while set-2 and set-3 were
digested with Mfel (New England Biolabs; # R3589S) and Bglll (New England Biolabs;
#10159523). In the first ligation, gel-purified set1-Mlul-Sall oligos were assembled into
the CROPseq-puro-filler-LTR-MIul-HF/Sall-HF backbone (CROPX1). The product was
transformed into competent cells using electroporation, amplified, and purified as
described in Section 3.5.1.2. The purified CROP-set1 was digested with BamHI (New
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England Biolabs; #R0136S) and EcoRI (New England Biolabs; #R3101S), gel-purified,
and dephosphorylated with CIP (New England Biolabs; #M0525S) according to the

manufacturer’s instructions, yielding a digestion product termed CX1BamHI/EcoRI/CIP.

3.8.2.1 X-CODE 15K library generation

The second ligation assembly was prepared by combining CX1BamHI/EcoRI/CIP and
gel-purified set2-Mfel-Bglll (CROPX1X2). The ligation product was electroporated into
competent cells, amplified and purified as described in Section 3.5.1.2. For add-ons
integration, the scaffold-gRNA segment was amplified from CROPseq-puro-v2
(Addgene; #127458) using primers (Supplementary Table 5) containing Bbsl (forward)
and Xbal (reverse) sites with an ACAC linker, followed by PCR purification, digestion,

and gel purification.

The digested amplicons were ligated into the Bbsl/Xbal-digested CROPX1X2 backbone
overnight at 16 °C, purified, and electroporated into competent cells, as described in
Section 3.5.1.2, to generate CROPX1X2.1. Subsequently, the WPRE-SplitLTR-TSO-U6
fragment was PCR-amplified with primers carrying BamHI/EcoRI sites and ACAC
linkers from the ClonMapper vector (Addgene; #137993), digested, and ligated into
BamHI/EcoRI-digested CROPX1X2.1. The final ligation product was purified and
electroporated into competent cells, as described in Section 3.5.1.2, to generate the
final CROPX1X2.2 15K library.

Cloning was validated by Sanger sequencing of 5 randomly selected colonies. 3 of the 5
colonies selected for validation represented a complete set of the 18 BUs covering the
15K library. Thus, they were transduced into TRAMP-C1 cells, as described in Section
3.5.2, to generate the F, |, and H 15K clonal lines. The final CROPX1X2.2 15K library
was also transduced into TRAMP-C1, RM-1, and MyC-CaP cell lines, as described in
Section 3.5.2, to generate 15K barcoded populations.

3.8.2.2 X-CODE 2M library generation

The third ligation assembly was prepared by combining CX1X2BamHI/EcoRI/CIP and
X3-Mfel-Bglll. The ligation product was electroporated into competent cells, amplified
and purified. For add-ons integration, the same strategy used for the 15K library was
implemented. Cloning was validated by Sanger sequencing of randomly selected

colonies. 4 colonies selected for validation represented a complete set of the 27 BUs of
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the 2M library. Thus, they were transduced into RM-1 cells, as described in Section
3.5.2, to generate the W, Z, Y, and J 2M clonal lines.

Sanger sequencing revealed a high level of recombination, which is incompatible with
library-scale up. Accordingly, a different strategy was adopted for assembling the 2M
library. The ClonMapper vector (Addgene; #137993) was mutated through mutational
PCR and Gibson assembly to remove the Bglll site from within the WPRE-SplitLTR-
TSO-U6 sequence. The mutated WPRE-SplitLTR-TSO-U6 fragment was PCR-amplified
with primers carrying BamHI/EcoRI sites and ACAC linkers, digested, and ligated into
BamHI/EcoRI-digested X3 minigenes.

The X3-mutWPRE-SplitLTR-TSO-U6 was then extracted from the minigenes using Mfel
and Bglll. The third ligation assembly was prepared by combining CX1X2.1
BamHI/EcoRI/CIP and X3-mutWPRE-SplitLTR-TSO-U6 -Mfel-Bglll. The ligation product
was PCR-purified and used directly for lentiviral production. All intermediate cloning

steps were validated by Sanger sequencing.

3.9 X-CODE clonal retrieval

The implementation and optimisation of the clonal retrieval strategy were carried out by
Roberto Rota with assistance from Matteo Tartagni of the Tumour Functional

Heterogeneity lab at the Institute of Cancer Research (ICR).

Clonal retrieval was performed following the previously established ClonMapper
methodology 7. Briefly, barcode arrays were generated by annealing three pairs of
overlapping oligonucleotides, each encoding the desired barcode sequence and flanked
by overhangs. Complementary oligonucleotides were annealed by heating to 80 °C and
then cooling to room temperature, yielding three dsDNA blocks. These blocks were
phosphorylated and ligated sequentially to assemble the final barcode array. The
ligation product (~170 bp) was selected by electrophoresis on a 2% agarose gel and
gel-purified. The purified array was inserted into the Recall-miniCMV-sfGFP plasmid
backbone (Addgene; #137995), which had been previously digested with Bbsl (New
England Biolabs; #R3539L), using T4 ligase at a 10:1 insert-to-vector ratio at 37°C for 1
h.
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The assembly was transformed into chemically competent cells. Correct insertion of the
barcode array was confirmed through Sanger sequencing. For functional recall, cells
were transfected with the assembled recall plasmid and dCas9-VPR plasmid (Addgene;
#63798) using Lipofectamine 3000 following the manufacturer’s instructions. After 16—
18 h, the medium was replaced, and after 48h post-transfection, the cells
were harvested, washed, and filtered through a 35 ym strainer. GFP*-cells were gated

as recalled barcoded lineages and sorted for downstream expansion or analysis.

3.10 Animal work

Animal work was carried out by Roberto Rota and Nicole Pandell of the Tumour

Functional Heterogeneity lab at the Institute of Cancer Research (ICR).

All animal experiments were approved and monitored by the ICR Animal Welfare and
Ethical Review Body (protocol PP9736772), in compliance with the UK Home Office
Animals (Scientific Procedures) Act 1986, the United Kingdom National Cancer
Research Institute guidelines for the welfare of animals in cancer research, and the
ARRIVE guidelines.

Mice were maintained under standard conditions with ad libitum access to food and
water. Tumour growth was measured twice weekly with callipers, and volume was
calculated as (length x width?) / 2. Mice were monitored regularly and euthanised by
CO, asphyxiation followed by cervical dislocation when tumour volume reached
approximately 850 mm? or when any single tumour dimension exceeded 15 mm

(endpoint).

3.10.1 TRAMP-C1 and RM-1 in vivo experiments

1x10°W, Z,Y, J (1:1:1:1) RM-1 or 1 x 10° RM-1-15K or TRAMP-C1-15K were injected
to generate tumours used for spatial analyses and MALDI. Cells were detached and
filtered to obtain a single-cell suspension, mixed in 200 yL 1:1 PBS and Matrigel
(Corning; #356231), and injected subcutaneously into a single depilated and sterilised
flank of C57BL/6J recipient mice (RRID: IMSR_JAX:000664). Mice were monitored and

culled in accordance with the limits described above.
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3.10.2 MyC-CaP in vivo experiments

30 FVB-NJ mice (RRID: IMSR_JAX:001800), 6-8 weeks old, were subcutaneously
injected with 1 x 10° barcoded MyC-CaP cells in 200 pL of 1:1 PBS and Matrigel
solution. All experimental groups, excluding the uncastrated and pre-castration control
groups, received chemical castration via Degarelix (0.315 mg, 100 uL, every 14 days)

after 21 days or when tumours exceeded 400 mm?.

Control groups included eight uncastrated (intact) mice sacrificed at the endpoint (EP-
Ctrl) and five mice sacrificed prior to castration (Pre-ADT). Post-castration groups were
collected at early (4 days: ADT-D4, n = 5), late (10 days: ADT-D10, n = 6), and endpoint
(EP-ADT, n = 6) time points. Mice were monitored and culled in accordance with the

limits described above.

3.10.3 In vivo sample collection and processing

3.10.3.1 Fresh-frozen samples

Tumours destined for cryosectioning were snap-frozen immediately after resection.
Tumours were loosely wrapped in aluminium foil and then floated on the surface of dry-
ice cooled isopentane for ~1 min per 1 cm? of tissue. Frozen samples were transferred
to sealed containers, such as microcentrifuge tubes, and stored at -80 °C long-term

(several months to a year).

Samples collected from the MyC-CaP experiment were sectioned into four parts: two
central sections were snap-frozen as described above, and the two outer sections were
allocated either for freezing for DNA extraction (as detailed in 3.5.3) or for mechanical

dissociation to generate primary cell cultures.

3.10.3.2 Formalin-fixed samples

Tumours designated for paraffin-embedding were submerged in 4% PFA (in 1X PBS)
and fixed overnight at 4 °C with gentle rolling (<24 h), after which samples were

transferred to 1x PBS and stored at 4 °C until further processing.
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3.11 Tissue block generation

3.11.1 OCT embedding

Tissue samples designated for cryosectioning, supported by OCT compound, were
embedded using a rapid-freezing protocol. Prior to sample embedding, OCT compound
(optimal cutting temperature; Sakura Tissue-Tek, #4583) was placed on ice, and
forceps, cryomolds, and isopentane were prechilled for at least 30 minutes, with
isopentane cooled on dry ice. Fresh-frozen tissue samples were retrieved from —-80 °C
storage on dry ice, and cryomolds were labelled to ensure unambiguous sample
identification. Cryomolds were filled with prechilled OCT to prevent air bubbles and then

placed on ice.

Using dry-ice prechilled forceps, tissue samples were placed into the OCT-filled moulds
and oriented as required prior to freezing, with additional OCT added to fully cover the
tissue if necessary. The cryomolds were immediately transferred to the surface of
chilled isopentane to induce rapid freezing. Once the OCT had turned opaque (typically
within 1-5 minutes), blocks were placed on dry ice for a further 15 minutes to ensure
complete solidification and to allow evaporation of residual isopentane. Embedded OCT
blocks were then stored in airtight containers at —80 °C until sectioning or long-term

storage.

3.11.2 HPMC/PVP embedding

HPMC/PVP embedding medium was prepared and used for single and multi-sample

tissue block generation as previously described 164,165,

Briefly, hydroxypropyl methylcellulose (HPMC; 15 g) and polyvinylpyrrolidone (PVP; 5 g)
were combined in a glass laboratory bottle and gradually dissolved in 180 mL deionised
water with intermittent mixing to ensure homogeneous dispersion and prevent
aggregation. The embedding medium was stored at 4 °C until complete dissolution of

the polymers, typically overnight, and was used within two weeks of preparation.

Prior to embedding, the medium was gently mixed and equilibrated on ice. Isopropanol
and isopentane were chilled separately using dry ice to generate cooling slurries.
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Embedding moulds were filled with HPMC/PVP medium and placed on wet ice to allow
air bubbles to dissipate. Tissue samples were retrieved from -80 °C storage and
maintained on dry ice prior to embedding. For multi-sample blocks, specimens were
arranged and oriented on aluminium foil on dry ice. Then, samples were rapidly
positioned into the prefilled moulds in a defined layout, ensuring alignment against the

base of the mould to maintain a consistent sectioning plane.

Once fully covered with embedding medium, moulds were lowered into an isopropanol—
dry ice slurry until the block was completely frozen; thereafter, the block was briefly
immersed (~30 sec) in an isopentane—dry ice slurry to improve freezing homogeneity.
Frozen blocks were placed on dry ice to allow evaporation of residual isopentane and

were either stored at —80 °C for long-term preservation or until used for cryosectioning.

3.11.3 Formalin-fixed paraffin embedding

Formalin-fixed paraffin-embedded (FFPE) tissue blocks were generated by Oscar
Williamson of the Pathology Facility at the Institute of Cancer Research according to
standard histological processing protocols. Briefly, tumour samples previously fixed in
4% PFA, then stored in 1X PBS, were dehydrated through a graded ethanol series,
cleared in xylene, and infiltrated with molten paraffin wax for embedding. Embedded
blocks were allowed to solidify and were stored at 4 °C rather than at room temperature

to better preserve RNA integrity until sectioning.

3.12 Tissue block sectioning

3.12.1 OCT and HPMC/PVP block sectioning

OCT- or HPMC/PVP-embedded tumour blocks were cryosectioned using a
ThermoFisher HM525NX cryostat with the chamber precooled to —20 °C. For RNA-
sensitive samples, the chamber and working surfaces were cleaned with RNase
decontamination solution prior to sectioning. Tissue blocks were transferred from —-80
°C storage on dry ice and allowed to equilibrate in the cryostat chamber for at least 20

minutes to minimise sectioning artefacts.
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Blocks were removed from their moulds and mounted onto the specimen chuck using
OCT compound or RNase-free water for OCT and HPMC/PVP blocks, respectively. The
specimen was aligned parallel to the blade, and excess embedding medium was
trimmed using an initial cutting thickness of 20 um to expose the tissue surface. Final
sections were cut at 10 ym, and initial sections were discarded until artefact-free
sections were obtained. Sections were flattened, mounted on SuperFrost Plus,
Adhesion Slides (VWR; #631-0448), briefly melted onto the slides, and immediately
transferred to a cryobar. Sectioning was repeated as needed to obtain multiple sections

per slide.

Completed slides were placed in prechilled slide boxes and stored on dry ice prior to
transfer to long-term storage at -80 °C in sealed secondary containers. In addition,
HPMC/PVP sections intended for MALDI mass spectrometry imaging were vacuum

sealed prior to long-term storage at —80 °C to preserve metabolite integrity.

3.12.2 FFPE block sectioning

FFPE tissue blocks were sectioned by Oscar Williamson of the Pathology Facility at the
Institute of Cancer Research according to standard histopathological procedures.
Briefly, paraffin blocks were sectioned at 4 um using a rotary microtome and mounted
onto glass slides. Sections were dried prior to storage and were stored at 4 °C rather

than at room temperature to better preserve RNA integrity until use.

3.13 Haematoxylin and eosin staining

Following multiplexed imaging on the PhenoCycler-Fusion platform, haematoxylin and
eosin (H&E) staining was performed on the same tissue sections to assess tissue
morphology. H&E staining was carried out according to a protocol optimised for post-
PhenoCycler imaging workflows 16 . Briefly, the PhenoCycler flow cell was removed by
incubation in xylene for 24 h, after which tissue sections were subjected to standard
haematoxylin and eosin staining (Abcam; #ab245880). Stained sections were mounted
using a xylene-based mounting medium, cover-slipped, and allowed to cure prior to
imaging. Mounted slides were stored at room temperature and imaged using standard

brightfield microscopy.
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3.14 Core X-CODE assay buffers

The following tables detail the core X-CODE assay buffers shared across suspension

and spatial detection protocols, regardless of read-out methodology.

Table 3-4. Core X-CODE assay buffer components.

All buffers, and their components if required, were diluted in RNase-free water.

Component Final concentration Supplier and product number
PBSTR+ wash buffer

PBS 1% Thermo Fisher; #AM9625
Tween-20 0.1% (v/v) Sigma-Aldrich; #P2287
RNasin Plus 40 U/mL Promega; #N2615
PBSTR wash buffer

PBS 1% Thermo Fisher; #AM9625
Tween-20 0.1% (v/v) Sigma-Aldrich; #P2287
RNasin Plus 4 U/mL Promega; #N2615

PBST wash buffer

PBS 1% Thermo Fisher; #AM9625
Tween-20 0.1% (v/v) Sigma-Aldrich; #P2287
Hybridisation buffer

Saline sodium citrate (SSC)
Tween-20

Polyvinyl sulfonic acid

Salmon sperm DNA
Ribonucleoside vanadyl complex
RNasin Plus

X-CODE shell probes

X-CODE universal tail probe
Padlock probes (e.g. B-actin)

1%

1% (viv)

2.5%

100 pg/mL

20 mM

40 U/mL

100 nM per probe
1M

100 nM each per probe

Thermo Fisher; #10418353
Sigma-Aldrich; #P2287
Sigma-Aldrich; #278424-250mL
Life Technologies; #15632011
New England Biolabs; #S1402S
Promega; #N2615

Integrated DNA Technologies
Integrated DNA Technologies
Integrated DNA Technologies

Post-hybridisation buffer

PBS 1x PBS Thermo Fisher; #AM9625
SSC 4x SSC Thermo Fisher; #10418353
Tween-20 0.1% (v/v) Sigma-Aldrich; #P2287
RNasin Plus 40 U/mL Promega; #N2615
Ligation buffer

T4 DNA ligase buffer 1% Thermo Fisher; #10723941
T4 DNA ligase 40 U/mL Thermo Fisher; #10723941
RNasin Plus 5U/mL Promega; #N2615

Rolling circle amplification (RCA) buffer

EquiPhi29 DNA polymerase 5 U/mL Thermo Fisher; #15973292
EquiPhi29 reaction buffer 1x Thermo Fisher; #B39
Dithiothreitol 1 mM Thermo Fisher; #R0861
dNTP mix 250 uM Thermo Fisher; #R0181
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3.15 X-CODE detection in suspension

3.15.1 Isotope-oligonucleotide conjugation

Metal conjugation to detection oligonucleotides was performed following the PLAYR
protocol '37. Detection probe oligonucleotides carrying a 5' thiol modifier
(Supplementary Table 2, Supplementary Table 8, and Supplementary Table 9) were
metal-labelled using a polymer-based chelation strategy. Briefly, oligonucleotides were
reduced in Bond-Breaker TCEP solution (neutral pH; Thermo Fisher; #77720) to expose
free thiol groups, followed by ethanol precipitation and resuspension in L-buffer supplied
in the Maxpar X8 Antibody Labelling Kit (Standard Biotools; #201300).

In parallel, lanthanide metals were chelated to polymer reagents supplied in the Maxpar
X8 Antibody Labelling Kit and incubated to generate metal-loaded polymers. Reduced
oligonucleotides were subsequently conjugated to the metal-loaded polymers under
controlled conditions and purified by centrifugal filtration to remove unbound metal and
reaction components. Labelled detection probes were quantified by UV absorbance at
260 nm, diluted to a final working concentration of 1 uM, aliquoted, and stored at —-20 °C

until use.

3.15.2 X-CODE CyTOF assay

The core X-CODE buffers used for X-CODE detection in suspension are detailed in
Table 3-4.

3.15.2.1 Cell preparation

RNA detection by CyTOF was performed following an adapted version of the PLAYR
protocol 187 . 1.0-1.5 x 10° cells were counted and collected per sample; a range
optimised for TRAMP-C1 and RM-1 cells. Cells were pelleted (before fixation: 500 g, 3
min, 4 °C), washed once in 1X PBS, and resuspended in 200 uL of 1 uM Cisplatin-
194Pt (Standard BioTools; #201194) in PBS for 5 min at room temperature. Cells were
either processed for optional extracellular antibody staining (as described in Section
3.15.2.2) or were washed with 1X PBS (in RNase-free water).
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Cells were resuspended in ice-cold 1.6% PFA in RNase-free PBS (~1 mL per 1 x 108
cells) for 10 min on ice. After centrifugation, the pellet was loosened, and ice-cold
methanol (100 pyL per 1 x 10° cells) was added dropwise while vortexing to prevent
clumping. Cells were incubated on ice for 10 min, then stained as described below.
Alternatively, cells were stored in methanol at —80 °C for several months without

significant RNA degradation.

3.156.2.2 Optional extracellular antibody staining

Cells were washed once in ice-cold Cell Staining Buffer (CSB; Standard BioTools;
#201068), resuspended in 100 uL of antibody (Table 3-1) cocktail in CSB and incubated
on ice for 30 min with frequent agitation. Cells were washed with CSB, then with 1X
PBS (in RNase-free water), and resuspended in 100 uL of freshly prepared 5 mM BS3
(Thermo Fisher; #10249963) in PBS and incubated on ice with agitation for 30 min.

Cells were resuspended in ice-cold 1.6% PFA in RNase-free PBS (~1 mL per 1 x 10°
cells) for 10 min on ice. After centrifugation, the pellet was loosened, and ice-cold
methanol (100 pyL per 1 x 10° cells) was added dropwise while vortexing to prevent
clumping. Cells were incubated on ice for 10 min, then stained as described below.
Alternatively, cells were stored in methanol at —80 °C for several months without

significant RNA degradation.

3.156.2.3 Hybridisation, ligation, and rolling circle amplification

Upon removal from —80 °C storage, cells were thawed for 5 min on ice then pelleted
(after permeabilisation: 800g, 3 min, 4 °C), washed once with 500 yL PBSTR+ wash
buffer and immediately resuspended in 500 pL of Hybridisation buffer containing X-
CODE padlock probes and the universal probes and (-actin probes (Supplementary
Table 2, Supplementary Table 3, and Supplementary Table 6). The padlock probe
mix was incubated at 90 °C for 5 min, then cooled on ice before addition to the final
Hybridisation buffer. Cells in the Hybridisation buffer were incubated at 40 °C for 2 h in a
thermal mixer with agitation at 1,400 rpm. Cells were then washed twice with 500 pL
ice-cold PBSTR wash buffer and incubated in 500 pL of Post-hybridisation buffer at 40
°C for 20 min.

Cells were washed twice with PBSTR wash buffer, resuspended in 500 pyL of Ligase

buffer, and incubated at 21 °C for 1 h at 1,100 rpm. Cells were washed twice with

83



PBSTR, then resuspended in 500 uL of RCA buffer and incubated at 37 °C for 5 h to
overnight with agitation at 1,100 rpm. Cells were washed twice with CSB and incubated
in a CSB solution containing isotope-labelled detection probes (Table 3-1) for 1 h at 37
°C with agitation at 1,100 rpm. Cells were either processed for optional extracellular
antibody staining (as described in Section 3.15.2.4) or washed twice with CSB. Then
incubated in 500 yL of 62.5 nM Ir 191-193 (Standard BioTools; #201192B) in 1.6% PFA,
diluted in PBS, for 1 h at room temperature or for up to 3 days at 4 °C, with minimal

signal loss.

3.15.2.4 Optional intracellular antibody staining

Cells were washed twice in CSB, then resuspended in 100 L of intracellular antibody
(Table 3-1) cocktail in CSB on ice for 1 h with frequent agitation. Cells were washed
twice with CSB and incubated in 500 pyL of 62.5 nM Ir 191-193 (Standard BioTools;
#201192B) in 1.6% PFA, diluted in PBS, for 1 h at room temperature or for up to 3 days

at 4 °C, with minimal signal loss.

3.15.3 CyTOF sample acquisition

For CyTOF sample acquisition, the Helios mass cytometer (Standard Biotools) was
calibrated according to the manufacturer's protocols. Cells were then washed in 2 mM
EDTA (Thermo Fisher; #15575020) in CSB, then CSB, followed by Cell Acquisition
Solution (CAS; Standard Biotools; #201240). Immediately before acquisition, cells were
diluted to 0.5-1 x 10° cells/mL in a 10% EQ Four Element Calibration Beads (Standard
BioTools; #201078) solution with 2 mM EDTA in CAS. Cells were filtered through a 35

pL filter and acquired at 100-400 events per second.

3.16 Spatial X-CODE detection

The X-CODE spatial assay can be conducted on cells plated or STAMPed on
microscope or chamber slides, on fresh-frozen tissue sections embedded in optimal
cutting temperature (OCT) or hydroxypropyl
methylcellulose/polyvinylpyrrolidone (HPMC/PVP) hydrogel, and on formalin-fixed
paraffin-embedded (FFPE) samples. The following details outline the preparation

required for each sample type to undergo the X-CODE spatial assay; these steps
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remain consistent once the samples are prepared. After this, the assay is tailored to the

specific readout technology.

3.16.1 Cell or tissue sample preparations

3.16.1.1 Chamber slide preparation

The growth medium was aspirated from the chamber slide wells, and the cells were
washed twice with PBS, then fixed with 4% PFA in PBS for 10 min at room temperature.
The fixative was removed, and cells were permeabilised with ice-cold 100% methanol,
dropwise, and incubated for 15 min at —80 °C before immediately commencing the X-
CODE spatial assay. Alternatively, cells on chamber slides can be stored at —80 °C in
sealed containers for several weeks to months without significant RNA degradation. To
perform the X-CODE spatial assay after long-term storage, chamber slides were thawed

on ice for ~5 min, then the methanol was removed.

3.16.1.2 Cell preparation for STAMPing

Cells were attached to microscope slides post-fixation by using a modified STAMPing
protocol %7, applying minor methodology adaptations to complete workflows with readily

available laboratory equipment.

Chamber slides (lbidi; #80841) were coated with 50 pg/mL poly-D-lysine (Sigma-
Aldrich; #A003E) in PBS for 1 h to overnight at 37 °C. Slides were washed three times
with RNase-free water, then allowed to dry fully, uncovered, in a biological safety
cabinet for several hours. Cells were lifted from culture vessels, counted using the
Rebel system (Echo; #REB-01-D), fixed with 4% PFA in PBS (1 mL per 1 x 10° cells) for
30 min at room temperature, then washed twice with RNase-free water (800 g, 3 min, 4
°C), and resuspended in RNase-free water containing 0.01% Triton-X-100 (Sigma-
Aldrich; #T8787).

The cell number and resuspension volume were estimated using ChatGPT 4-5 to
ensure adequate coverage of the well area without overcrowding. The cell suspension
was applied evenly to the slide, and slides were dried sequentially at 4 °C (30 min),
room temperature (5 min), and on a 42 °C hot plate (1.5 h). Finally, the adhered cells
were permeabilised dropwise with 100% methanol at —80 °C overnight within the

cassettes.
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3.16.1.3 OCT and HPMC/PVP section preparation

Sectioned slides were removed from —80 °C storage, then removed from their vacuum
packaging and thawed at 40 °C for 1 min in a Hybridisation oven (Advanced Cell
Diagnostics HybEZ Oven; #241000ACD-2). Slides were then immediately fixed in 4%
PFA for 30 min at room temperature. Slides were washed in PBS (2 min), then
submerged in 1% SDS (Promega; #V6551) in RNase-free water for 2 min, followed by
two PBS washes (2 min). Slides were incubated in pre-chilled 70% methanol in RNase-
free water on ice for 1 h, then washed twice in PBS (2 min) before immediately

commencing the X-CODE spatial assay.

3.16.1.4 FFPE section preparation.

Slides were baked at 60 °C for 1 h on a slide baker, deparaffinized using xylene
(Thermo Fisher; #10467270) and rehydrated through an ethanol series (100%, 90%,
70%) in RNase-free water. To permeabilize the tissue, a freshly prepared pepsin
solution (Sigma-Aldrich; #P7012) at 0.5 mg/mL in cold 0.1 M HCI (VWR; #31955.293P)
was applied to cover each section entirely (~200 uL per 1 cm? section). Slides were
incubated at room temperature for 30 min. Then, slides were washed twice in PBS (2

min) and air-dried for 5 min before commencing X-CODE spatial assay.

3.16.2 X-CODE spatial assay

The core X-CODE buffers used for spatial X-CODE spatial detection are detailed in
Table 3-4.

The volume of buffer used depends on the size of the barrier drawn or chamber slide;

for example, a 2 cm? barrier holds approximately 200 uL of buffer.

3.16.2.1 Barrier placement and cell washing

For tissue sections. OCT, HPMC/PVP, or FFPE-prepared slides were wiped using a
lint-free tissue to remove excess moisture. Then, a hydrophobic barrier was drawn
around the tissue sections using a PAP pen (Vector Laboratories; #H-4000), and the
pen was allowed to dry completely (~5 min). Then, PBSTR+ was immediately added to

the tissue within the PAP pen barrier.
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For plated or STAMPed cells. PBSTR+ was added gently to the chamber wells to

avoid disturbing the cells.

3.16.2.2 Hybridisation, ligation, and rolling circle amplification

Following a 2 min incubation, the PBSTR+ was carefully removed from inside the
barrier or wells, then Hybridisation buffer was added. Slides were incubated for 3 h at
40 °C in a humidified Hybridisation oven (Advanced Cell Diagnostics HybEZ Oven;
#241000ACD-2). Following hybridisation, slides were washed twice with PBSTR for 2
min. They were then incubated in Post-Hybridisation buffer for 20 min at 40 °C, followed
by two washes in PBSTR (2 min).

Then, slides were incubated for 2 h at room temperature in Ligase buffer, washed twice
with PBSTR for 2 min, and RCA buffer was added. Slides were incubated overnight at
30 °C in a humidified oven. Following rolling-circle amplification, the protocol stages

vary depending on the detection technology used.

3.16.3 X-CODE spatial detection

3.16.3.1 Detection by fluorescence microscopy

Slides were washed twice with PBST for 2 min, then incubated with 200 nM X-CODE
fluorescent detection probes (Supplementary Table 10) in PBST for 2 h at 37 °C in a
humidified oven. Additionally, antibodies could be incubated with the fluorescent
detection probes simultaneously (Table 3-2). Following two PBST washes, chamber
wells were removed, if applicable, and slides were mounted in mounting medium
containing DAPI (Thermo Fisher; #00-4959-52), sealed with transparent nail polish, and
dried in the dark. Images were acquired by fluorescence microscopy using confocal
instruments (Zeiss LSM700 or Zeiss LSM980) or the Zeiss Axio Scan Z1 slide scanner.

The Zeiss LSM700 and Zeiss Axio Scan Z1 enabled simultaneous visualisation of four
fluorophores, and the Zeiss LSM980 enabled simultaneous visualisation of five markers
(including DAPI nuclear staining). Slide scanning set-up was performed according to the
manufacturer’s procedures for the Zeiss Axio Scan Z1. For confocal microscopy, areas
of interest within the sample were identified using the Zeiss LSM700 eyepiece for DAPI
staining or the Zeiss LSM980 acquisition interface. At 20X magnification, the Zeiss ZEN

microscopy software was used to optimise laser power and detector gain for each
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channel to maximise signal while avoiding saturation. These presets were saved for
subsequent confocal microscopy to ensure consistency across imaging rounds,

depending on magnification and tissue-embedding type.

3.16.3.2 Detection by Akoya PhenoCycler-Fusion
Plated cells and OCT- and HPMC/PVP hydrogel-embedded tissue sections were

funnelled into Akoya’s antibody staining workflow for fresh-frozen samples, with minor
adaptations to the manufacturer’s instructions, using Akoya Staining (#7000008) and
Sample Kits (#7000017) for PhenoCycler-Fusion. Briefly, the slides were washed twice
in PBS for 2 min, chamber wells were removed if applicable, and the slides were
incubated in Staining Buffer for 20-30 min at room temperature. Next, slides were
incubated with an antibody cocktail (Table 3-3) where each antibody is conjugated to a
unique Akoya PhenoCycler Barcode, for 3 hours at room temperature in a humidity

chamber.

Post-staining, slides were washed with Staining Buffer twice for 2 min each, then fixed
in 1.6% PFA for 10 min at room temperature. Slides were washed three times with PBS
before a 5-min incubation in 100% methanol at 4 °C. Slides were washed three times in
PBS, then incubated with Fixative Reagent in PBS for 20 minutes at room temperature
in a humidity chamber. Following three additional PBS washes, the slide underwent
PhenoCycler-Fusion flow cell assembly and was loaded into the instrument according to
the manufacturer's instructions. If applicable, PAP pen barriers were promptly removed
prior to flow cell assembly using a xylene-soaked cotton swab in a fume cupboard,
without touching the tissue section, and the slides were then washed a further three
times in PBS.

The PhenoCycler-Fusion was calibrated, and the Reporter Plate was prepared and
loaded in accordance with the manufacturer's instructions. The Reporter Plate included
the appropriate Akoya PhenoCycler fluorescent Reporters for visualisation of antibody
staining (Table 3-3). In addition, 5 yL of 10 yM X-CODE fluorescent detection probes
(Supplementary Table 10) were incorporated into the Reporter Plate configuration,
analogous to the inclusion of Akoya Reporters. X-CODE detection probes and Akoya
Reporters can be used within the same imaging cycle, provided that three distinct

fluorophores are applied per cycle, consistent with the instrument's capacity. Specific
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cycle combinations used for detecting the 15K and 2M X-CODE libraries are detailed in

Supplementary Table 11 and Supplementary Table 12.

3.16.3.3 Detection by Imaging Mass Cytometry (IMC)

For IMC, samples were washed twice with Cell Staining Buffer (CSB; Standard
BioTools; #201068) for 2 min. Isotope-conjugated X-CODE detection probes
(Supplementary Table 8 and Supplementary Table 9) were then added and incubated

at 37 °C for 1 h. Samples were subsequently washed twice with CSB for 2 min.

For nuclear staining, samples were incubated with Cell-ID Intercalator-Ir (Standard
Biotools; #201192A) at a 1:400 dilution in PBS (300-500 ul per ~20 mm? section) for 30
min at room temperature in a humidified chamber. Samples were rinsed twice with
RNase-free water for 5min, air-dried at room temperature, and, if applicable, the

chamber wells were removed.

Slides were imaged using a Hyperion imaging mass cytometer (Standard Biotools),
calibrated according to the manufacturer's protocols. An overview microscopy image at
low magnification was obtained using the Hyperion software to guide the selection of
regions of interest. For each tissue sample, at least 3 regions of interest were acquired

across the tissue.

3.17 MALDI-mass spectrometry imaging

10 uM sections of fresh-frozen HPMC/PVP-embedded X-CODE barcoded tissues,
prepared according to 3.12.1, were adhered to SuperFrost Plus, Adhesion Slides (VWR,;
#631-0448). Slides were vacuum-packed to prevent metabolite degradation and

shipped on dry ice to the Rosalind Franklin Institute (RFI) in Harwell, Didcot.

Sample preparation, including matrix application and subsequent matrix-assisted
desorption/ionisation mass spectrometry imaging (MALDI-MS), was kindly undertaken
by Anthony Devlin and Alexander Wilkes at the RFI.

89



3.171 DHB matrix application

A 40 mg/mL 2,5-dihydroxybenzoic acid (DHB, Tokyo Chemical Industry; #KN-490-79-9)
in 70% (v/v) methanol (14262; Thermo Fisher, Hampton, NH) using liquid
chromatography (LC) grade water. The matrix was applied using a TM HTX3 sprayer
(nozzle temperature = 75°C, gas pressure = 10 psi, flow rate = 100 uL/min, velocity =
1200 mm/min, track spacing = 2.5 mm, number of passes = 8 in a criss-cross pattern

with 2 s drying time).

3.17.2 DHAP matrix application

A 10 mg/mL 2,5-dihydroxyacetophenone (DHAP, Thermo Fisher; #A12185.06) matrix
preparation was used for MALDI-MSI. The DHAP matrix also contained 69.95% (v/v)
acetonitrile (Thermo Fisher; #A955500), and 29.95% 200 mM ammonium acetate
(Merck; #631-61-9) in LC grade water (Thermo Fisher; #7732-18-5), and 0.1% formic
acid (Sigma-Aldrich; #20797502 21). The matrix was applied using a TM HTX3 sprayer
(nozzle temperature = 50 °C, gas pressure = 10 psi, flow rate = 120 pyL/min, velocity =
1200 mm/min, track spacing = 2.5 mm, number of passes = 8 in a criss-cross pattern

with 2 s drying time).

3.17.3 Matrix-assisted laser desorption/ionisation

The instrument was mass- and mobility-calibrated by direct infusion electrospray
ionisation (ESI) of Agilent Tune Mix (Agilent Technologies; #G2431). MSI analysis was
undertaken using a time-TOF fleX (Bruker Daltonics, Bremen, DE) instrument in positive
ion mode without TIMS. The ion source parameters were set as follows for MALDI;
MALDI offset = 50 V and shots = 150, rate = 10 kHz. For direct infusion ESI, an end
plate offset of 500 V and capillary voltage of 3000 V were used, with the nebulizer set to
0.3 bar, the dry gas at 3.5 L/min, and the dry temperature at 200 °C.

The instrument parameters were as follows (for a mass range of 300-1350 m/z, using a
quadrupole mass filter at 300 m/z with 850 Vpp collision RF): deflection 1 delta = =70V,
funnel 1 RF = 350 Vpp, funnel 2 RF = 350 Vpp, multipole RF = 300 Vpp, isCID =0 v, ion
energy = 5V, CID = 5 V. The TOF transfer time was 85 ps, and the pre-pulse storage

was 10 us. Imaging parameters such as pixel size and x,y coordinates were set using
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Flex Imaging (Bruker Daltonics) software. The majority of images were acquired at a 10

pum pixel size.

Promptly after the end of MALDI experiments, the slides were vacuum-packed and
stored at —80 °C and shipped on dry ice to the Institute of Cancer Research to undergo

the X-CODE spatial assay for barcode visualisation.

3.17.4 Post-MALDI sample preparation for X-CODE spatial assay

Slides were thawed at room temperature for 2—5 min within the vacuum packaging, then
removed from the packaging, and immediately submerged in 2% PFA in PBS for 1 h at
room temperature. Following fixation, the slides were washed in PBS for 10 min, then
incubated in pre-chilled 30% methanol on ice for 10 min, or until residual matrix material
was fully dissolved. Slides were washed in PBS for 10 min, after which the X-CODE
spatial assay was performed as described (3.16.2), beginning with application of the

hydrophobic barrier as indicated for tissue sections.

3.18 Data analysis and visualisation

X-CODE data analysis was performed with assistance from members of the Tumour
Functional Heterogeneity Laboratory at the Institute of Cancer Research (ICR).
Suspension X-CODE data analysis was supported by Marco Bezzi. X-CODE

sequencing data analysis was performed by Roberto Rota.

Development and optimisation of the X-CODE spatial debarcoding pipeline were carried
out in collaboration with Emma Westlund at the Microscopy Facility, ICR and Roberto
Rota.

MALDI-MSI analysis was kindly performed by James McKenzie at Imperial College

London.

3.18.1 Next-generation sequencing analysis

Raw barcode sequencing data were processed to remove adapter sequences using
Cutadapt v1.18 168:
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e 57" AGATCGGAAGAGCACACGTCTGAACTCCAGTCAC
o 3" AGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT.

The trimmed R1 and R2 reads were decompressed to .fastq format and aligned using
the NGmerge tool v0.5 '%° . Aligned reads were then compared to a predefined barcode
whitelist, retaining only perfect matches. A list of the 15,876 unique barcodes, along with
their corresponding counts, was generated and used for downstream barcode

distribution analysis and plotting.

3.18.2 MALDI-MSI analysis

Matrix-assisted laser desorption/ionisation mass spectrometry imaging (MALDI-MSI)
analysis was kindly performed by James McKenzie of the Takats Lab at Imperial

College London.

All mass spectrometry imaging files were converted from .d format to .mz5 format using
ProteoWizard/msConvert (version 3.0.24066-8d99481) 70 and imported into MATLAB

2024b using in-house-developed code.

3.18.2.1 Comparison of MALDI data obtained across laser powers

For each of the 4 samples analysed with different laser powers (30, 40, 50, 60%), a
tissue mask was determined to exclude the background pixels, and the mean spectrum
across the tissue pixels was determined across the full m/z range at 0.001 intervals.
The 4 mean spectra were rescaled and averaged, and peak picking was performed,
yielding a total of 1613 peaks. Principal component analysis was performed on total-
intensity normalised (multiplied by 1000) and log10-transformed data, with an offset of
1. The non-zero pixel count for each of the 1613 variables was determined as a
proportion of the total number of tissue pixels. Variables were sorted into centiles
according to their mean intensity, and the 25-50-75th percentiles of peak frequency

were determined.

3.18.2.2 MyC-CaP MALDI data analysis

12 MyC-CaP tumour samples were analysed by MALDI-MSI across experimental
timepoints: pre-castration samples named 277, 281, and 304; day 4 post-castration

samples 295 and 393; day 10 post-castration samples 291 and 300; endpoint castration
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samples 285, 292, and 296; and endpoint control (intact) samples 288 and 306. A tissue
mask was constructed to separate each of the 12 sections from the background, and
the mean spectrum was computed across all pixels for each section. Peak picking
yielded 2296 features detected in at least two of the 12 tissue sections. To account for
pixel sparsity across the acquisition, image smoothing was performed using a 15 x 15
pixel Gaussian filter (sigma = 3). The dataset was normalised and transformed as
described above prior to multivariate analysis using principal components analysis
(PCA) and uniform manifold approximation and projection (UMAP). For univariate
analysis to determine variable specificity, the data were normalised but not log10

transformed.

3.18.2.3 Co-registration with the consecutive MyC-CaP fluorescence image

Clone information was exported from QuPath into geoJSON format, along with a down-
sampled RGB fluorescence image. An image for each clone was generated from the
geoJSON coordinates at the same size as the fluorescence image (12672 x 5184
pixels). The UMAP image of components 1-3 for each suitable section was generated
and co-registered to its matching fluorescence image. Characteristic regions in each
image pair were identified and used to define affine transformations that maximised the
overlap of these regions. The clone image for each section was similarly warped,
yielding a final image size of 4407 x 2520, matching the dimensions of the mass
spectrometry imaging dataset. The final outputs are a fluorescence image and clone
images that map directly to the mass spectrometry image. Any tissue sections
containing clones with fewer than 20 pixels were discounted. The smallest group was
25 pixels for clone 8466 in sample 303; the largest was 14339 pixels for clone 8958 in
sample 285.

3.18.2.4 Variable specificity

Each of the 2296 variables was analysed to estimate its specificity relative to a
particular clone across all sections, and to a particular clone in a single section. Only
pixels with a clone annotation following co-registration were analysed. Due to the
imbalance in pixel counts across clones and samples, a repeated under-sampling
approach was employed. A subsample of observations was randomly selected, with

which the ROC curve was generated for the group with the highest mean rank (from

93



Kruskal Wallis test) versus all other groups. From this, the AUC and optimal FPR and

TPR rates were determined.

This procedure was repeated 100 times. The sample size (per group) for each of the 6
clones was 1000 observations, and for each of the 21 unique clone/sample
combinations was 20 observations. The mean and standard deviation were computed
across 100 iterations. Variables were ranked by mean true positive rate but were
discounted if there was no agreement between the clones across both comparisons;
that is, the group with the highest mean rank in the clone-only analysis must match that
in the clone/sample analysis. Tentative annotation of variables was performed using the
bulk structure search function of LIPID MAPS structural database (LMSD) with a

tolerance of £0.05 for all [M-H]- ions 171:172,

3.18.3 X-CODE spatial analysis and debarcoding

3.18.3.1 Cell segmentation

To quantify X-CODE RNA amplicons (fluorescent spots) in images acquired by confocal
microscopy, slide scanning, and PhenoCycler-Fusion, raw image files were visualised
using QuPath 0.5 and 0.6 '"3. Cellular segmentation was performed with StarDist 2D
(model: dsb2018 heavy_augment; channel: DAPI) in QuPath, applying percentile
normalisation (1-99%), a detection threshold of 0.5, a pixel size of 0.5 ym, and a cell
expansion of 5 pixels when segmenting tissues, and an expansion of 10 pixels when
segmenting plated cells 4. Shape and intensity measurements were recorded for each

segmented cell.

3.18.3.2 Spot detection (Fiji-based)

To optimise spot detection parameters, a representative test image was selected, and
individual cells were visually inspected. For each barcode unit channel, a single
segmented cell was isolated and exported to FlJI/Imaged for manual threshold
assessment 7% . Image contrast was adjusted to identify well-separated, high-intensity
puncta with minimal background signal, after which spot detection was performed using
the Find Maxima function. The prominence threshold yielding optimal discrimination of
true spots was recorded for each barcode sequence. Final spot quantification was
performed using a custom QuPath script that incorporated the optimised cell expansion
value and per-channel prominence thresholds, with careful attention to QuPath’s zero-
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indexed channel numbering. Spot counts were generated either per image or across
entire projects. Measurement tables were exported to include image identifiers, cell IDs,
and per-channel spot counts, enabling downstream aggregation of spot counts per cell

across images.

3.18.3.3 Spot detection (QuPath-based)

Spot detection was performed independently for each image channel using QuPath’s
built-in Subcellular Detection tool. Detection parameters were optimised to ensure
inclusion of visually validated true signals while minimising false-positive spot detection
from background fluorescence. As standard, the minimum spot size was set to >4
pixels, and per-channel intensity thresholds were manually adjusted based on visual
inspection. Additional detection parameters, including smoothing, shape- and intensity-
based spot splitting, and cluster handling, were applied. QuPath’s scripting interface
was used to export the total estimated number of spots and the mean intensity of each
spot for each channel (representing a barcode unit) per cell. Subsequent calculations of

per-cell mean fluorescence intensity for each channel were performed in Python.

3.18.3.4 15K debarcoding

Cellular barcode unit (BU) measurements and coordinates (centroid X and Y positions)
were exported as .csv files for downstream analysis following spot detection using the
QuPath-based pipeline. Barcode decoding was performed in Python (v3.11). To reduce
inaccuracies in barcode assignment, the 11 most frequently detected BU in each cell
were considered for debarcoding. Each cell was then assigned an 18-digit string of ones
(1) and zeroes (0) corresponding to the presence or absence of each BU in the library.
Each string was compared against a whitelist of 15,876 valid combinations derived from
the 18 BUs in the 15K library.

Cells matching a valid combination were assigned the corresponding barcode.
Additionally, a further classifier extension is applied to increase the efficiency of spatial
debarcoding. Any unassigned cell that is located within 50 ym of an assigned cell,
whose sequence differs by at most 2 BUs from the valid barcode, will also be assigned
that same barcode. Subsequently, each cell’s original sequence and the top 11 adjusted
(extended) sequences are exported as a .csv with the assigned barcode. The assigned

barcodes were then reimported into QuPath v0.6, and each cell was classified by its
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barcode using a custom script that referenced the cell's ID and coordinates. This

enables cells to be visualised and categorised by barcode within QuPath’s interface.

3.18.4 Data visualisation and figure generation

Flow cytometry and mass cytometry (CyTOF) data (.fcs) were visualised and analysed
using FCS Express 7 (v7.28.0035, De Novo Software), including t-SNE, histograms,

scatter, contour, and density plots.

Bar plots and heatmaps were generated in GraphPad Prism (v10.1.0) or Microsoft Excel

for statistical summarisation and aesthetic customisation.

DNA sequencing data were visualised with SnapGene (v8.2.0) for sequence mapping
and annotation, while quantitative DNAseq results and growth curves were plotted using
ggplot2 176 in RStudio (v4.3.1).

Alluvial plots were constructed in Plotly (v5.16.0) for Python to display cell-state

transitions or lineage relationships.

Schematic diagrams and cartoon-style illustrations were composed using BioRender

(version as of 2026).
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Chapter 4 Design and validation of the X-CODE framework for

probe-based detection of combinatorial barcodes

4.1 Research in context

Probe-based RNA detection offers an alternative to sequencing-based barcode readout
56,70,160.161 However, technical challenges that may impede conceptual implementation
must be considered. Probe-based RNA detection methods, beyond conventional
fluorescence in situ hybridisation 77, often rely on signal amplification strategies. This is
to achieve sufficient sensitivity and signal-to-noise ratios, particularly in complex cellular
or tissue environments. Several amplification methods have been developed, reflecting
trade-offs between sensitivity, specificity, multiplexing capacity, and experimental
complexity '8 (Figure 4-1A, top). Upon transcript amplification, target readout can be
achieved by in situ sequencing via ligation or synthesis. In contrast, cyclic imaging
approaches are used, in which signals can be binary, using on-off patterns, or multi-
colour, where unique signal combinations enable identification of the transcript from

predetermined patterns (Figure 4-1A, bottom).

Among available amplification approaches, rolling circle amplification (RCA) enables
sensitive and specific detection with relatively simple probe architectures 111.156,179-184
RCA-based approaches can vary in probe designs and enzymatic needs. For instance,
this is exemplified by comparing several well-established, distinct RCA-based RNA
detection methods (Figure 4-1B). FISSEQ uses reverse transcription of RNA into cDNA
prior to amplification 7, introducing additional enzymatic steps that can reduce
efficiency and increase variability. Single-probe approaches, such as BOLORAMIS,
simplify probe design by employing minimal padlock structures that directly target RNA
85 In contrast, the PLAYR uses a layered probe design for transcript targeting, enabling
target flexibility and multiplexing 13741, Whereas the STARmap hybridises two probes in

an SNAIL configuration directly to RNA targets 8.

Following probe hybridisation, RCA-based strategies require circularisation of the DNA
template for amplification. This is achieved by a ligase enzyme, which catalyses the
formation of a circular DNA product. Then, a primer, within the probe architecture, will

be used by a DNA polymerase (e.g., ¢29) to produce a concatemeric complementary
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amplicon containing multiple copies of the target sequence. Compared with alternative
amplification strategies, RCA offers a favourable balance of sensitivity, specificity, and
design simplicity '8, producing DNA amplicons that can be readily read out with
detection probes tagged with fluorophores or isotopes. These properties make RCA-
based RNA detection particularly well-suited for high-complexity barcode detection
across multiple readout platforms.

A Spatial RNA readout B Rolling circle amplification strategies
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Figure 4-1. Probe-based strategies, using amplification, for spatial profiling of RNA.
A) Top: Probe-based strategies for spatial RNA profiling and examples of workflows which employ these methods.
(RCA) = Rolling circle amplification. Bottom: Readouts include in situ sequencing via ligation or synthesis, or imaging

by hybridising fluorescently labelled probes to each target. Signals can be binary or combinatorial, using on-off
patterns or colourimetric patterns, or both.

B) Examples of RNA detection workflows encompass rolling circle amplification strategies, via differing probe
architectures, for increased signal generation. Adapted, with permission, from Ofer et al. 178 and Wang et al. "8,

This chapter details the design and validation of the X-CODE framework, encompassing
the optimisation of probe-based detection, the construction of high-complexity
combinatorial libraries, and the incorporation of features that enable downstream

functionalisation and clonal retrieval.
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4.1.1 Chapter aims

» To design and validate modular barcode units for specific and efficient detection
in suspension and spatially resolved readouts.

» To generate high-complexity barcode libraries by combinatorial assembly of
barcode units.

» To engineer a multi-capacity barcode construct that supports expanded detection

modalities and enables downstream functionalisation.

4.2 Probe-based detection of X-CODE barcode units

Achieving sufficient barcode diversity for clonal lineage tracing with probe-based RNA
detection requires generating complexity through combinatorial design rather than using
large numbers of unique probes, given the practical limits on multiplexing imposed by
probe chemistry and detection platforms. In the X-CODE framework, individual barcode
identities are defined by combinations of modular barcode units (BUs). A BU contains a
known sequence from a specific, finite set of short RNA sequence elements. Complexity
arises when multiple BUs are combined in unique arrangements, generating a library of
barcodes. As an initial proof-of-concept, a simple barcode construct, denoted barcode
A, was designed to contain two BUs, BU1 and BU2 (Figure 4-2A, left) (Supplementary
Table 1). Therefore, conceptually, when barcode A is introduced into a cell, accurate

simultaneous detection of BU1 and BU2 allows that cell to be identified as clone A.

To enable specific and robust detection of individual BUs with a minimal probe set, an
RNA detection strategy was developed that integrates established principles of probe-
based RNA detection and CRISPR screening readouts 8141184 X_CODE employs a
dual-probe architecture in a “snail” configuration, comprising a BU-specific padlock
probe (the “snail shell”) and a linear primer probe (the “snail tail’) that must bind in close
proximity on the target RNA (Figure 4-2A, right). Each BU comprises a 20-base-pair
(bp) variable-binding sequence (VBS) targeted by a specific BU-based padlock probe,
followed by a 20 bp universal binding sequence (UBS) shared across all BUs. This
shared UBS enables detection with a single universal probe, reducing probe complexity
while maintaining multiplexing capacity and signal specificity. When both probes bind, a
downstream amplification reaction can occur to enhance the barcode signal, generating

multiple copies of the barcode sequence for probe-based detection (Figure 4-2B).
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Figure 4-2. Design of a simple barcode for probe-based detection using a limited set of sequences.

A) A simple barcode composed of two barcode units (BUs), e.g., barcode A (BU1 and BU2), is placed downstream of
a constitutive promoter in a construct with a selection marker (e.g. puromycin resistance, PuroR). Cells are stably
barcoded by lentiviral infection, selected, and the transcribed barcode RNA is detected via complementary probe
binding. Each BU is comprised of a variable binding sequence (VBS), bound by the specific padlock probe, and a
universal binding sequence (UBS) present across all BUs, which is bound by the universal probe.

B) Schematic of the X-CODE probe-based rolling circle amplification workflow for barcode detection. Padlock and
universal probe hybridisation enables circularisation of the padlock probe by a ligase, followed by RCA-based

amplicon generation. Fluorophore- or isotope-labelled probes are hybridised for detection, and predetermined signal
combinations enable barcode assignment to individual cells. Created with BioRender.com.

In practice, barcodes are introduced into the population of interest via stable lentiviral
integration downstream of a promoter, enabling constitutive expression of barcode
transcripts. To detect the barcodes, the cells are fixed and permeabilised to prepare
them for padlock-probe-based rolling-circle amplification of BUs. Concurrent
hybridisation of the shell and tail probes enables ligation by T4 DNA ligase, closing the
padlock probe and using the tail as a primer to generate a circular DNA molecule. The
subsequent addition of @29 DNA polymerase drives rolling-circle amplification,
producing localised concatemeric DNA amplicons containing multiple copies of the BU
sequence. These amplified products provide a stable substrate for downstream
detection with complementary fluorescent or metal-labelled barcode detection probes
(Figure 4-2B).

4.2.1 Detection of barcode units by flow cytometry and fluorescence

imaging

To validate the dual-probe X-CODE detection strategy in suspension, TRAMP-C1 8 g
murine prostate cancer line, was barcoded to express either BU1 alone, BUZ2 alone, or
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the combined BU1+BU2 configuration (barcode A). Barcoded lines were processed
using the X-CODE flow cytometry detection workflow. This protocol integrated
established principles from reports detailing the identification of RNA using suspension
cytometry platforms, such as the Proximity Ligation Assay for RNA (PLAYR) system,
which enables detection of endogenous RNA transcripts by time-of-fight mass
cytometry (CyTOF) 13711 In brief, cells were fixed with paraformaldehyde (PFA),
permeabilised with methanol, and incubated with BU-specific padlock probes and
universal tail probes, followed by ligation and rolling circle amplification of the barcode

sequences.

A BU1 onlycells BU2 onlycells CloneA cells _

0.00% 0.34% 0.03% 0.04%
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Probes1-4 A cells Probes1-4 B cells probes1-4 C cells Probes1-4 Mix

BU2 BU2
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oV VoS
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Figure 4-3. Probe-based detection of modular X-CODE barcode units by flow cytometry and fluorescence
imaging.

A) TRAMP-C1 cell lines expressing barcode units (BUs) and wild-type (WT) cells underwent staining using the X-
CODE flow cytometry protocol. Contour plots showing the barcoded lines expressing BU1, BU2, or BU1+BU2
(barcode A). Rolling circle amplification negative (RCA—) and WT controls lack the BU fluorescent signal.

B) TRAMP-C1 lines expressing barcodes A, B, C, and WT controls were stained using the X-CODE fluorescence
imaging protocol. Representative clones for A, B, and C and mixed populations are shown, visualised by BU
sequences. A = BU1 (orange) and BU2 (red). B = BU2 (red) and BU3 (pink). C = BU3 (pink) and BU4 (blue). DAPI
staining for nuclei (white) and 3-actin RNA staining as a protocol control (yellow). Rolling circle amplification negative
(RCA-) and WT controls lack the BU fluorescent signal. Antibody co-detection of pan-cytokeratin (PCK, green). Scale
bars, 50 uM. Key created with BioRender.com.
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In contrast to the PLAYR assay, which employs isotope-conjugated detection probes for
CyTOF readout, barcode amplicons were detected here using BU-specific probes
conjugated to distinct fluorophores to enable flow cytometry analysis (Supplementary
Table 2). Flow cytometric analysis of the barcoded TRAMP-C1 lines demonstrated
robust and specific detection of individual BUs. Clone A cells were readily resolved by
dual-positive BU1 and BU2 probe signals (Figure 4-3A). Also, single-BU-expressing
lines showed clear probe signals for BU1 or BU2, but not both. In contrast, omission of
the @29 DNA polymerase, which catalyses rolling-circle amplification (RCA), resulted in
no signal in this sample (RCA-), illustrating the dependence of signal generation on
RCA. Additionally, wild-type (WT) TRAMP-C1 cells lacking barcode constructs were
processed and stained identically to barcoded cells. Their analysis shows minimal

background signal, confirming barcode specificity of the detection strategy.

Having established reliable BU detection in suspension, the X-CODE protocol was next
adapted for spatial barcode detection by fluorescence imaging. Two additional TRAMP-
C1 barcoded cell lines were generated, each harbouring a small-scale barcode
composed of a unique combination of two of four barcode units: clone B, containing
BU2 and BUS3, and clone C, containing BU3 and BU4 (Supplementary Table 1).
Clones A, B, and C were seeded either individually or as equal-proportion mixtures onto
multi-chamber slides, along with WT TRAMP-C1 cells, and processed using the X-
CODE imaging workflow for plated cells. This protocol includes minor adaptations to the
X-CODE flow cytometry-based detection protocol; however, the core stages of signal
generation remain, and a shared set of reagents is used. Cells were fixed with PFA,
permeabilised with methanol, and hybridised with the universal probe and padlock
probes targeting BU1-BU4. The downstream ligation and rolling circle amplification
reactions were performed, and amplified BUs were detected using four BU-specific

probes, each conjugated to a distinct fluorophore (Supplementary Table 2).

Fluorescence imaging of stained cells visualised BU signals as discrete puncta (spots)
distributed throughout the cytoplasm (Figure 4-3B). This is consistent with reports
describing RNA detection by padlock-probe-mediated rolling-circle amplification
118,156,185,187  Specifically, clone A cells showed clear positivity for BU1 and BU2; clone B
cells for BU2 and BU3; and clone C cells for BU3 and BU4, enabling unambiguous
discrimination of all three clones within mixed populations. Detection of B-actin RNA

using probes with the same snail-shell-and-tail architecture yielded a strong, uniform
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signal in the mixed barcoded cells. Given [B-actin’s universal expression, its staining
serves as an internal protocol control for overall RNA integrity, reagent performance,
and imaging quality. Additionally, a limited background signal was observed in WT cells
for barcode probes, indicating high specificity. Furthermore, barcode-protein co-
detection was assessed by simultaneous antibody staining and imaging with pan-

cytokeratin (PCK), a common epithelial marker often used to aid cellular segmentation
188

Together, these results demonstrate that combinatorial assembly of a limited pool of
short, probe-detectable RNA elements in modular barcode units enables robust barcode

identification by both flow cytometry and spatial fluorescence imaging.

4.3 Construction of high-complexity combinatorial X-CODE libraries

Following validation of an efficient, specific detection protocol for modular barcode units
using suspension and spatial modalities, a strategy for assembling high-complexity X-
CODE libraries was developed. This required consideration of three significant
constraints. Firstly, the generation of high-complexity barcodes that remain compatible
with sequencing-free detection platforms that use labelled probes. In practise, this
means detecting clonal resolution libraries with only tens of parameters by imaging or
flow cytometry, while maintaining capacity for simultaneous phenotyping alongside
barcode detection. For example, high-parameter technologies like mass cytometry,
which currently use panels of 240 isotopes '®. Fluorescence-based modalities, such as
Akoya PhenoCycler-Fusion for imaging, which has a =2=100-marker capacity per
experiment 9. As well as the rapidly developing full-spectrum flow cytometry, which can

detect up to 40 fluorescent markers simultaneously 138 .

Secondly, the design must allow for scalable cloning without the cost-prohibitive
synthesis of thousands of unique long-barcode oligonucleotides. Clonal resolution static
libraries are currently considered to contain between 104 and 107 unique barcodes
56,70.76 However, producing thousands of individual sequences for barcode cloning is
practically infeasible and prohibitively expensive at current synthesis capacities. Thirdly,
it was important to consider additional capabilities of the X-CODE construct. Notably,
the incorporation of a compact secondary barcode compatible with sequencing-based

readouts enables comprehensive cross-platform detection. Nonetheless, this “short
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barcode” would be ineffective without remaining intrinsically linked to the probe-
detectable barcode identity. Additionally, the functionalization of this short barcode must
be considered to enable barcode-specific clonal retrieval for downstream analysis of

clones of interest.

With these factors in mind, 27 variable barcode sequences (VBS) were selected for
barcode unit construction. 23 of these unique sequences were adapted from the insert
probes previously validated for specific and efficient detection of endogenous RNA in
the PLAYR system 37141 (Figure 4-1B, labelled probe 4). An additional 4 sequences
were developed in accordance with the PLAYR criteria '3 (Supplementary Table 7).
The single universal binding sequence (UBS) was designed by combining two
backbone-binding regions described in the same work (Figure 4-1B, labelled probes 1
and 2). The UBS was paired downstream of each VBS to generate 27 BUs, each 41
base pairs (bp) in length (Figure 4-4A). All sequences were evaluated for GC content,

predicted secondary structure, and annealing temperature.

4.3.1 A combinational cloning strategy for library diversification

The construction of the X-CODE libraries, as well as the generation of sufficient
diversity, was designed to be achieved through a combinatorial, pooled ligation strategy,
inspired by the combiGEM methodology 63 . The 27 BUs were divided into three groups
of nine: group 1 containing BUs 1-9, group 2 containing BUs 9-18, and group 3
containing BUs 18-27 (Figure 4-4B). All possible unique BUs arrangements using four
BUs within each group of nine (C(9,4) = 126) were generated and synthesised. Each
combination was linked to a 4-bp unique set identifier (USI) contributing to the variable
region of the secondary short barcode. The number of sequences synthesised for
library generation, therefore, amounted to 378 oligonucleotides (126 for each of the
three groups) (Figure 4-4C). The maximum BU combination using groups 1 and 2
generates 15,876 unique arrangements of eight BUs (126 * 126). Subsequently,
combining groups 1, 2, and 3 yields a total of 2,000,376 unique arrangements of twelve
BUs (126 * 126 * 126) (Figure 4-4D).

The combiGEM methodology utilises pairs of restriction endonucleases that recognise
different DNA sequences but generate compatible cohesive (sticky) ends after digestion

163 | This allows fragments cut by one enzyme to ligate to fragments cut by the other.
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Group 1 BU-combinations were designed to contain an Mlul restriction site at the 5' end
and a Sall restriction site at the 3' end to facilitate cloning into the backbone vector.
Additionally, a restriction cassette comprising a BamHI restriction site, an 8-bp linker,
and an EcoRl restriction site was inserted between the BUs and the USI. Groups 2 and
3 shared a consistent design with a Bglll restriction site at the 5' end and an Mfel
restriction site at the 3' end. Also, the BamHI-EcoRI restriction cassette was
incorporated between the BUs and USI. Upon digestion, the Mfel and EcoRI sites
generate compatible cohesive ends, as do the Bglll and BamHI sites, enabling

directional pooled ligation of the oligonucleotide groups 1, 2, and 3 (Figure 4-4D).
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Figure 4-4. Construction of 15K and 2M combinatorial X-CODE libraries.

Schematic representation of the combinatorial strategy developed for the assembly of the 15K and 2M X-CODE
barcode libraries. Created with BioRender.com.
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A) An X-CODE barcode unit (BU) is composed of a variable binding sequence (VBS) and a universal binding
sequence (UBS).

B) 27 BUs are grouped into three groups of nine: group 1 (BU1 —9), group 2 (BU 10— 18), group 3 (BU 19 — 27).

C) Combinatorial arrangement of four sequences (9-choose-4) from each group yields 126 unique combinations per
group, for a total of 378 oligos for library generation (126 * 3).

D) Each combination of four BUs (BU sets) is linked to a unique set identifier (USI), which can be sequenced to retain
barcode readout across modalities. Placing BamHI and EcoRI restriction sites between the BU sets and their USIs
allows pooled ligation of groups 1-3 by digesting the incoming group with Bglll and Mfel.

E) Combining groups 1 and 2 generates a 15K X-CODE library of 15,876 combinations (126*126) where each

barcode is detected by 8-of-18 specific sequences. Combining groups 1, 2, and 3 generates a 2M X-CODE library of
2,000,376 combinations (126*126*126), where each barcode is detected by 12-0f-27 specific sequences.

Therefore, the three groups of 126 BUs combinations can be sequentially combined
through iterative cycles of pooled digestion and ligation (Figure 4-4D), expanding library
complexity from 126 to 15,876 and ultimately to 2,000,376 unique barcodes.
Specifically, digestion of the plasmid backbone and group 1 oligonucleotides with Mlul
and Sall enabled pooled ligation of the first 126 combinations. Subsequently, the
plasmid was digested with BamHI and EcoRI between the group 1’'s BUs and USI.
Digestion of the group 2 oligonucleotides using Bglll and Mfel enables pooled ligation of
the second group between group 1’s BUs and USI. This digestion reaction is repeated
to integrate group 3 oligonucleotides between group 2's BUs and USI (Figure 4-4D).
The resultant construct contains the correct sequential alignment of the BUs comprising
the long barcode, followed by the sequential alignment of the USIs comprising the

linked short barcode.

After which, the BamHI-EcoRI restriction cassette, between group 3’s BUs and USI,
enables the insertion of plasmid elements into the vector for the proper integration and
expression of the barcode transcripts. Therefore, in the final design, long and short
barcodes are inherently matched, enabling direct cross-referencing across sequencing-
and probe-based datasets. Long barcodes for probe-based detection are encoded by
unique combinations of 8-of-18 or 12-0f-27 BUs, respectively, while short barcodes
consist of two or three 4-bp blocks separated by fixed 6-bp linker sequences (Figure
4-4E). The short barcode is expressed downstream of a U6 promoter and upstream of a
scaffold sequence, enabling barcode-specific clonal retrieval and providing a compact

solution for DNA sequencing and scRNA-seg—based barcode recovery.

Therefore, this conceptual, pooled ligation strategy enables the creation of two high
complexity barcode libraries with unique combinations: a 15,876-barcode (15K) library
and a 2,000,376-barcode (2M) library.
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4.4 Assessment of X-CODE library diversity and balance

The combinatorial pooled ligation strategy was implemented by Roberto Rota from the
Tumour Functional Heterogeneity (TFH) Lab at the Institute of Cancer Research (ICR)
to generate both the 15K- and 2M-plex libraries. For the construction of the 15K library,
oligonucleotide groups 1 and 2 were ligated in a pooled reaction to generate
combinatorial plasmid assemblies. The resulting library was purified, bacteria-amplified,
and re-purified prior to transfection into packaging cells to produce the X-CODE 15K
lentiviral preparation for downstream cellular transduction. The generation of the higher-
complexity 2M library was achieved using a similar strategy, omitting bacterial
amplification because propagation of the highly diverse plasmid pools was prone to

recombination (Figure 4-5A).
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Figure 4-5. Combinatorial cloning generates diverse and balanced X-CODE libraries.
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A) Schematic representation of the experimental workflow followed for the generation of the X-CODE 15K and 2M
barcode libraries. Created with BioRender.com.

B) The expected barcode architecture was confirmed by whole-plasmid sequencing for the X-CODE 15K and 2M
barcode libraries.

C) Next-generation amplicon sequencing analysis of barcode representation from RM-1 cells transduced at low MOI
with X-CODE 15K and 2M libraries. Short barcodes were PCR-amplified, gel-purified, and sequenced. Scatter plots
show individual barcode IDs on the x-axis and read counts on the y-axis. A total of 2,375 unique barcodes were

detected in RM-1 15K cells, with plots showing barcodes with counts > 1. A total of 1,802 unique barcodes were
detected in RM-1 2M cells, with plots filtered for barcodes with counts > 8,000.

Whole-plasmid sequencing was performed to validate the correct assembly of both
libraries and to confirm the expected pairing between long and short barcode elements.
Sequencing data demonstrated successful construction of the intended barcode
architectures in both the 15K and 2M libraries (Figure 4-4B). To assess the diversity
and balance of the generated X-CODE barcode libraries following cellular delivery, RM-
1 murine prostate cancer cells were transduced with the X-CODE 15K or 2M lentiviral
preparations at low multiplicity of infection, a condition chosen to minimise the
probability of multiple barcode integrations per cell. Genomic DNA was extracted from
infected populations, and barcode regions were amplified by polymerase chain reaction
(PCR) and analysed by amplicon-based next-generation sequencing. Sequencing
revealed broad barcode representation and relatively even barcode frequencies across
both libraries, consistent with balanced library composition following lentiviral delivery
(Figure 4-4C).

Together, these results demonstrate that the combinatorial pooled ligation strategy
enables the generation of diverse and balanced X-CODE barcode libraries. Validation
by whole-plasmid sequencing and next-generation sequencing following cellular
infection confirms preservation of barcode complexity and representation in both the
15K and 2M libraries, supporting their suitability for downstream lineage-tracing

applications.

4.5 Functionalisation of the X-CODE construct for live clone retrieval

To enable barcode-specific retrieval of clones of interest from viable cell populations, the
X-CODE construct was designed to be compatible with established CRISPR-based
recall strategies such as the CaTCH and ClonMapper 6876, This was achieved using a
CROPseq—derived vector architecture '8, in which the X-CODE short barcode is
expressed from a U6 promoter as the variable spacer within a complete single-guide

RNA (sgRNA) scaffold (Figure 4-6A, left). Following lentiviral integration, this cassette
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serves a dual function, supporting both sequencing-based barcode identification and
CRISPR-mediated live clonal retrieval. Similar architectures have been used in recent
systems to enable barcode-specific clonal retrieval via CRISPR activation, typically by
recruiting transcriptional activators to barcode-matched reporter constructs %76, Within
the X-CODE framework, this design allows short barcodes embedded within high-
complexity combinatorial libraries to be directly repurposed as functional guides for

clone-specific recall.
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Figure 4-6. Live-cell isolation of barcode-defined clones using the X-CODE framework.

A) Schematic representation of the X-CODE CROPseq-based construct (left) and the experimental workflow for the
clonal spike-in retrieval sensitivity assay using X-CODE recall plasmid activation. 1: A population of barcoded cells
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carrying a specific barcode was spiked into a bulk X-CODE-tagged cell population at defined ratios. 2: Cells were
transfected with dCas9-VPR and a barcode-specific recall plasmid, inducing enhanced green fluorescent protein
(EGFP) expression only in cells harbouring the cognate barcode. 3: After 48 h, GFP* cells were quantified by flow
cytometry, sorted, and 4: sequenced for validation of the barcode sequence. Created with BioRender.com.

B) Flow cytometry contour plots showing EGFP activation across spike-in dilution conditions for the 15K and 2M
barcodes and their respective bulk populations. Plots show forward scatter (FCS) on the y-axis and GFP” signal
intensity on the x-axis, and the percentage of spike-in cells detected in each condition is indicated in red. A 15K
barcode (AACGCAATTCCTCG) was spiked in at 0%, 100%, 50%, 10%, 1%, and 0.1%. A 2M barcode
(CTGTCAATTCCCATCAATTCATGC) was spiked in at 0%, 1%, and 0.1%.

C) Sorted GFP* populations were subjected to Sanger sequencing, where sequencing chromatograms show the

recovered barcode sequenced highlight in blue for the 1% and 0.1% spike-in conditions for the 15K clone, and the
10% and 1% spike-in conditions for the 2M clone.

To implement barcode-directed retrieval, cells are transiently transfected with a recall
reporter plasmid containing barcode-matched target sites upstream of an enhanced
green fluorescent protein (EGFP) reporter, together with a nuclease-dead Cas9 fused to
a transcriptional activation domain (dCas9-VPR). In this configuration, binding of the
sgRNA barcode to its cognate target sequence recruits dCas9-VPR to the reporter,
resulting in barcode-specific EGFP expression. Therefore, this modular system requires
three components for recall: the sgRNA-encoded barcode present in the integrated X-
CODE construct, dCas9-VPR to mediate transcriptional activation, and a barcode-

specific reporter plasmid (Figure 4-6A, right).

To validate the compatibility of the X-CODE construct with barcode-specific clonal
retrieval using short barcodes of varying lengths, two clonal cell lines were generated,
each carrying a unique barcode derived from either the 15K or 2M library. Roberto Rota
from the TFH Lab at the ICR spiked these clones into bulk populations at defined
frequencies, each labelled with the corresponding library (Figure 4-6B). The specific
15K clone with the sequence AACGCAATTCCTCG was spiked into the bulk 15K library-
expressing cell population at 0.1%, 1%, 10%, 50%, and 100%. The specific 2M clone
with the sequence CTGTCAATTCCCATCAATTCATGC was spiked into the bulk 2M
library population at 1% and 10%. Mixed populations were then transfected with the
appropriate barcode-specific recall reporter, designed as previously described 7,
together with dCas9-VPR.

Forty-eight hours post-transfection, EGFP-positive cells were isolated by fluorescence-
activated cell sorting (FACS), and barcode identity was confirmed by Sanger
sequencing (Figure 4-6C). Barcode recall scaled with spike-in frequency across
multiple orders of magnitude, whereas recovery efficiency decreased at higher clone

frequencies, consistent with previously reported CRISPR-based recall systems 7. For
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example, the 15K 0.1% and 1% spike-in samples yielded 0.33% and 1.51% cells
recovered by FACS analysis, respectively, compared with 33.54% at 50% spike-in.
Lower recovery rates were observed with the specific 2M barcode spike-in in the bulk
2M population: 0.12% and 0.87% of cells were recovered after 0.1% and 10% clone

spike-ins, respectively.

Together, these results demonstrate that the X-CODE construct can be functionally
extended beyond cellular tracking to enable barcode-specific retrieval of viable clones of
interest. The CROP-seg—derived sgRNA expression module directly couples
combinatorial barcoding with CRISPR-mediated recall, enabling isolation and functional

interrogation of selected clones from complex populations.

4.6 Discussion

Together, the results presented in this chapter establish the feasibility of the X-CODE
framework as a probe-based, combinatorial barcoding strategy for clonal tracing
applications. By encoding barcode identity through the modular assembly of short,
probe-detectable RNA barcode units, X-CODE enables robust and specific barcode
readout using both flow cytometry and spatial fluorescence imaging. Notably, X-CODE
detection across suspension and spatial platforms is based on a shared core reagent
set, reducing additional reagent costs and enabling flexible workflow adaptation across
different readout technologies. A pooled ligation strategy, designed following established
concepts 163, was implemented to generate high-complexity barcode libraries composed
of unique combinations of barcode units. This design decouples barcode diversity from
the number of probes, allowing high-complexity barcodes to be resolved using a

constrained, reusable probe repertoire.

Using this combinatorial ligation approach, two libraries were constructed, comprising
15,876 and 2,000,376 distinct barcode identities, respectively. Whole-plasmid
sequencing and next-generation sequencing following cellular infection demonstrated
that the combinatorial pooled ligation strategy enables the generation of highly diverse
and balanced X-CODE barcode libraries. Barcode representation was maintained
across both the 15K and 2M libraries, indicating efficient library delivery and minimal
compositional bias. In addition, incorporating elements into the X-CODE construct

enabled the selective retrieval of individual clones from complex populations, consistent
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with established recall strategies 6. Barcode recall was scalable across several orders
of magnitude and exhibited recovery dynamics comparable to those of previously
reported systems 76 supporting the compatibility of X-CODE with targeted clonal

isolation workflows.

Existing spatially resolved barcoding strategies encompass a diverse range of
implementations, each optimised for specific experimental objectives 7292160183 For
example, protein-based barcoding approaches enable spatial detection through
antibody-based platforms. Probe-based RNA barcodes have been successfully applied
to optical pooled CRISPR screens and to the detection of evolvable barcodes for
dynamic lineage recording. Although these methods have provided important insights,
they frequently impose practical trade-offs between achievable clonal resolution,
phenotypic depth, spatial information content, and experimental scalability. As a result,
resolving lineage identity alongside molecular state and spatial context within the same
system remains a persistent technical challenge. This work represents the first
demonstration of a high-complexity static RNA barcode system that can be visualised
with a limited set of probes, with the potential to provide platform-agnostic resolution of

clonal dynamics and associated molecular states across diverse experimental systems.

The X-CODE framework addresses several of these limitations through a dual-
expressed RNA barcoding architecture, in which a long barcode is optimised for probe-
based amplification and spatial detection, while a matched short barcode supports
sequencing-based readout and barcode-specific clonal retrieval. This design enables
continuous multi-platform clonal tracing across probe- and sequencing-based
workflows. Even at the highest library complexity generated, approximately two million
unique barcodes, X-CODE detection requires a fixed set of probes across hybridisation
and detection steps, comprising 27 padlock probes, a universal probe, and 27 labelled
detection probes. In addition, using a predefined barcode whitelist further improves
demultiplexing accuracy and analytical robustness compared with fully random barcode
libraries. Together, these features position X-CODE as a scalable and flexible
framework for integrating high-resolution clonal tracing with multimodal phenotypic and

spatial analysis.
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4.6.1 Limitations

While this chapter demonstrates the successful generation of high-complexity barcode
libraries by sequencing, probe-based detection was validated only for simple two-unit
barcodes. Suspension-based detection by flow cytometry and spatial detection using
confocal imaging confirmed that the underlying barcode unit architecture can be
visualised robustly and specifically. However, resolving the full combinatorial complexity
of the X-CODE libraries requires higher-parameter technologies. In practice, detecting
the 15K library requires at least 18 independent parameters, while detecting the 2M
library requires at least 27. An additional experimental consideration is the incorporation
of simultaneous phenotypic measurements, such as protein detection via tagged
antibodies, alongside barcode detection, which further increases the required marker

capacity.

Therefore, the following chapters focus on optimising the detection of highly multiplexed
barcode units using high-parameter platforms, which provide the necessary detection
capacity. These include suspension- and imaging-based mass cytometry, which
leverage isotope-conjugated probes to overcome the spectral overlap inherent to
fluorescence-based assays. They currently provide approximately 40-marker capacity,
and a theoretical capacity of approximately 120 parameters is reported, dependent on
the stable isolation of isotopes that can be used for labelling '3 . In addition, the Akoya
PhenoCycler Fusion system, which automates highly multiplexed, iterative fluorescence
imaging, can visualise more than 100 markers in a single experiment. Furthermore,
ongoing advances in other high-parameter technologies, such as spectral flow
cytometry, will help mitigate capacity constraints and enable increased utilisation of the
X-CODE framework.

Although the X-CODE construct includes a short, sequence-recoverable barcode,
single-cell RNA sequencing (scRNA-seq) was not performed in this chapter.
Nevertheless, the X-CODE library cloning strategy incorporated a template-switch
sequence into the construct, which has previously been reported to enhance transcript
capture efficiency in scRNA-seq workflows 76 . As a result, robust scRNA-seq—based
detection of X-CODE barcodes should be feasible using established protocols 76 .
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4.6.2 Conclusions

In conclusion, this chapter establishes X-CODE as a modular, combinatorial RNA
barcoding framework that supports scalable clonal tracing across analytical platforms.
By validating the barcode unit architecture and probe-based amplification strategies,
robust, specific detection of barcode units was achieved in both suspension-based and
spatially resolved readouts. Combinatorial assembly of these units enabled the
generation of high-complexity barcode libraries with balanced representation.
Importantly, integration of additional design features extended the capabilities of the X-
CODE construct, supporting sequencing-based validation and barcode-specific retrieval
of viable clones for downstream functional interrogation. Together, these findings
demonstrate that combinatorial barcode design, coupled with probe-based RNA
amplification, provides a robust foundation for flexible, high-resolution clonal analysis

across analytical techniques.
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Chapter 5 High-parameter suspension detection of X-CODE

barcodes by mass cytometry

5.1 Research in context

Mass cytometry by time-of-flight (CyTOF) is a single-cell analysis technology that
combines antibody-based detection with inductively coupled plasma time-of-flight mass
spectrometry, enabling highly multiplexed measurements. In CyTOF, antibodies are
conjugated to stable heavy-metal isotopes rather than fluorophores, eliminating signal
overlap and enabling simultaneous detection of dozens of molecular features per cell.
Experimentally, cells are stained with panels of metal-tagged antibodies, nebulised,
atomised, and ionised within a plasma torch. The isotope signals are then separated by
a time-of-flight mass analyser. These features enable precise, low-background detection
over a wide dynamic range and support high-parameter single-cell profiling 42 .
Currently, CyTOF supports panels with more than 40 parameters per cell, allowing

many measurements to be integrated into a single experiment 190191

A defining strength of mass cytometry by time-of-flight (CyTOF) is its scalability in both
cellular throughput and multiplexing capacity. Modern instruments routinely acquire
millions of single cells per day, enabling statistically robust interrogation of complex,
heterogeneous populations 2. Sample multiplexing strategies, such as palladium-
based mass-tag barcoding, further increase throughput by enabling multiple samples to
be stained, pooled, and analysed simultaneously while remaining computationally
separable post-acquisition %2 . More recently, the thiol-reactive organoid barcoding in
situ (TOBis) workflow was implemented, enabling robust, scalable workflows for
multiplexed single-cell analysis of organoid cultures using mass cytometry 193194  These
multiplexing approaches reduce technical variability and improve experimental

efficiency, particularly in large-scale studies.

Additional methodological developments have enhanced the experimental capabilities
of mass cytometry. The use of probe-based RNA detection by mass cytometry has
broadened its applications beyond protein-level analysis. The Proximity Ligation Assay
for RNA (PLAYR) workflow demonstrated that oligonucleotide probes conjugated to

metal isotopes can detect targeted endogenous RNA transcripts alongside protein
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markers at single-cell resolution. This approach employs hybridisation-based probe
strategies analogous to those used in fluorescence in situ hybridisation but leverages
isotope-encoded readout to increase target capacity 374, Figure 5-1 provides an
overview of the bench steps required to perform the PLAYR assay for co-detection of
transcripts and proteins. The PLAYR workflow extends CyTOF measurements beyond
protein phenotyping, providing a foundation for multimodal single-cell analysis using

suspension mass cytometry.
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Figure 5-1. Schematic representation of the Proximity Ligation Assay for RNA (PLAYR).

Schematic overview of PLAYR for simultaneous staining of targeted mRNAs with surface and intracellular proteins.
Surface antigen staining is performed in unfixed cells on ice (1), then bound antibodies are cross-linked to the cells
using BS3 (bis(sulfosuccinimidyl)suberate) (2). Cells are then fixed with paraformaldehyde and permeabilised using
methanol (3). Cells can then be stored at —80 °C in methanol for several months (Pause point). To perform RNA
detection using PLAYR, the probe pair is hybridised to targeted transcripts, followed by a post-hybridisation wash (4).
Then the backbone and insert probes are hybridised (5), ligated (6), and then rolling circle amplification is performed
(7). For CyTOF acquisition, the cells are incubated with isotope-labelled detection probes and intracellular antibodies
(8). Adapted, with permission, from Duckworth et al. 137

Collectively, these technological advances position CyTOF as a suitable platform for
probe-based readout of engineered RNA barcodes. Its high parameter capacity enables
simultaneous detection of multiple barcode units alongside extensive protein
phenotyping. Additionally, its throughput supports analysis of large clonal populations at
single-cell resolution. By adapting X-CODE detection workflows for isotope-based
readout, this chapter explores the feasibility of barcode detection using suspension
mass cytometry. It evaluates the detection of combinatorial X-CODE barcode units and
examines the co-detection of RNA barcodes with antibody-based protein phenotyping.
Finally, it assesses the detection of high-complexity barcoded cell lines from the 15K
and 2M X-CODE libraries.
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5.1.1 Chapter aims

» To validate isotope-based detection of modular X-CODE barcode units by
CyTOF.

» To establish compatibility of X-CODE detection with antibody-based phenotypic
staining workflows.

» To demonstrate efficient detection of high-complexity X-CODE barcoded line
cells by CyTOF.

5.2 Detection of modular X-CODE barcode units by CyTOF

To assess whether X-CODE barcode units (BUs) could be detected using mass
cytometry by time-of-flight (CyTOF), X-CODE detection was adapted for isotope-based
readout. BU-detection probes were conjugated to distinct metal isotopes according to
previously established protocols 137 | enabling barcode readout to be integrated directly
into CyTOF panels for acquisition (Figure 5-2A). Simple-barcoded TRAMP-C1 A, B,
and C cell lines, previously validated by fluorescence imaging, were expanded in
culture, mixed at equal proportions, and processed using the X-CODE CyTOF protocol.
This workflow was influenced by the PLAYR methodology (Figure 5-1) 137, substituting
hybridisation of endogenous RNA transcripts with a four-probe strategy for the detection
of X-CODE barcode units with the validated SNAIL configuration. Cells were stained
with isotope-conjugated X-CODE detection probes for BUs 1—4 (Supplementary Table
2). The stained mixed TRAMP-C1 population and unbarcoded TRAMP-C1 wild-type

(WT) controls were acquired on a Helios mass cytometer (Standard Biotools).

CyTOF acquisition revealed robust signals across all four isotope channels, indicating
successful detection of BU1-BU4 (Figure 5-2B). TRAMP-C1 A cells harbour barcode A
composed of BU1 and BU2; similarlyy, TRAMP-C1 B cells express BU2 and BU3, and
TRAMP-C1 C cells express BU3 and BU4. Density plots showing bivariate BU signals
on the x- and y-axes enabled clear discrimination of A, B, and C cells within the mixed
population. For example, plotting BU1 versus BU2 identified a distinct double-positive
BU1"BU2* population corresponding to TRAMP-C1 A cells. Within the same plot, a
BU1"BU2* population represented TRAMP-C1 B cells, while the double-negative
BU1"BU2~ population corresponded to TRAMP-C1 C cells, consistent with their lack of
BU1 and BU2 expression. In contrast, density plots generated from unbarcoded
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TRAMP-C1 WT cells showed no signal across all four BU detection channels,

demonstrating the specificity of X-CODE barcode detection by CyTOF.
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Figure 5-2. Detection of X-CODE barcode units by CyTOF using simple-barcoded cells.

A) Schematic of the X-CODE CyTOF protocol for detection of barcode units (BUs) compared to mass cytometry
detection of isotope-conjugated antibodies. Simple-barcoded TRAMP-C1 lines harbouring barcode A (BU1+BU2),
barcode B (BU2+BU3), and barcode C (BU3+BU4) were mixed, stained by the X-CODE CyTOF protocol, and
acquired by Helios mass cytometer. Created with BioRender.com.

B) Bivariate density spots showing signal from distinct isotope-conjugated probes targeting BU1 — BU4 sequences in
TRAMP-C1 A, B, C mixed population. Unbarcoded wild-type (WT) TRAMP-C1 cells lack BU signal.

In summary, these results demonstrate that X-CODE barcode units can be robustly and
specifically detected by CyTOF at single-cell resolution, enabling subsequent

determination of clonal identity using small-scale barcodes in suspension cells.

5.3 Assessment of X-CODE co-detection compatibility with antibody

staining

The compatibility of X-CODE barcode co-detection with conventional CyTOF
immunophenotyping workflows was then evaluated. TRAMP-C1 A, B, and C cells were
expanded in culture, mixed in equal proportions, and processed using the X-CODE

CyTOF protocol with minor adaptations to accommodate extra- and intracellular
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antibody staining. In accordance with standard CyTOF practice '3/, extracellular
markers were stained first, followed by intracellular and phospho-specific targets after
fixation and permeabilisation. A preliminary antibody panel was selected to span the
surface and intracellular compartments and included extracellular CD24 and CD49f,
intracellular Ki67, and the phospho-specific proteins pRB1, pERK, and p4EBP1. In
parallel, cells were stained with isotope-conjugated X-CODE detection probes targeting

barcode units (BUs) 1-4.
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Figure 5-3. Validation of X-CODE detection compatibility with immune-phenotyping by CyTOF.

TRAMP-C1 A, B, and C cells and unbarcoded wild-type (WT) cells were processed using the X-CODE CyTOF
protocol to detect RNA barcodes by staining for barcode units (BUs) 1 — 4 (ABC). A rolling circle amplification-
negative (RCA-) sample was also included, in which 29 DNA polymerase is omitted. Cells also underwent a variant
of the X-CODE CyTOF protocol that incorporated simultaneous antibody staining (ABC Ab). TRAMP-C1 ABC cells
underwent the standard CyTOF protocol using the same antibodies for comparison (Ab only), these included: pRB1,

Ki67, pERK, p4EBP1, CD24, and CD49f. Histograms showing signal intensity distributions for the indicated markers
under the different processing conditions. The first panel represents a randomly selected BU target (BU-2); all

remaining panels display antibody-derived signals.

Comparison of signal intensity distributions showed that antibody-derived signals were
broadly comparable whether acquired using the standard CyTOF immunostaining
protocol or incorporated into the X-CODE workflow (Figure 5-3). Although some
variation in signal intensity was observed between conditions for individual markers,
overall antibody detection was maintained. Incorporation of antibody staining likewise
did not adversely affect X-CODE barcode detection, as exemplified by BU2 signal
intensity (Figure 5-3). Barcode signal depended on the rolling circle amplification step,
with no detectable signal in samples processed without @29 polymerase (RCA-) and

none in wild-type (WT) control cells.
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These data demonstrate that X-CODE barcode readout is compatible with antibody
staining and standard CyTOF acquisition conditions, enabling concurrent detection of

barcode units and protein markers within the same experiment.
5.4 Validation of high-complexity X-CODE detection by CyTOF

5.4.1 Confirmation of isotope conjugation to X-CODE detection probes

To enable detection of high-complexity X-CODE barcodes in the 15K- and 2M-plex
libraries, detection probes targeting barcode units (BUs) 1-27 were conjugated
individually to unique metal isotopes. The PLAYR assay, as previously described, uses
oligonucleotide—isotope coupling with a size-exclusion spin-filter—based conjugation and
purification workflow, repurposing reagents and equipment distributed by Standard
BioTools for custom antibody conjugation in CyTOF workflows 37 . Using this strategy,
isotope assignments were selected for X-CODE detection probes, and custom probe
panels were generated for the 15K- and 2M-plex libraries, targeting BUs 1-18 and BUs
1-27, respectively (Supplementary Table 8 and Supplementary Table 9). In addition,
detection probes targeting p-actin RNA were conjugated to metal isotopes for use as a

rolling-circle amplification control.
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Figure 5-4. Assessment of isotope-conjugation to X-CODE detection probes.

Isotope-tagged probes complementary to barcode units (BUs) for detection of the X-CODE barcode libraries were
acquired without cellular staining to assess successful isotope conjugation. Isotope detection probes were diluted to
100 pM and acquired in solution-mode on a Helios mass cytometer (Standard Biotools) for 60 seconds. Bar graphs
showing the average signal intensity per detection probe over the acquisition period for probes detecting BUs 1 — 18
in the 15K library (A), and for probes detecting BUs 1 — 27 in the 2M library (B). BU probe tags are given by their
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element and isotope. The average signal intensity for common background elements, iodine ('%’1), barium ('*®Ba),
and lead (?°8Pb), is also shown.

To verify successful isotope conjugation prior to staining X-CODE library cells, newly
conjugated detection probes were analysed by CyTOF in solution mode to assess
isotope identity and relative signal intensity independently of cellular background.
Probes were diluted to 100 pM in double-distilled water, and signal intensity was
acquired for 60 seconds per probe. All probes exhibited detectable signal in their
expected isotope channels, with signal levels mostly exceeding intensities observed in
standard background isotopes ('¥l, **Ba, and 2°®Pb) (Figure 5-4). Average signal
intensity varied across probes, reflecting intrinsic differences in isotope sensitivity,

characteristic of CyTOF detection 142,

These data confirmed accurate isotope conjugation and supported their subsequent use

for staining cells carrying 15K- and 2M-plex X-CODE barcodes.

5.4.2 Detection of the X-CODE 15K library by barcode units 1-18

To assess CyTOF-based detection of barcode units (BUs) 1-18, clonal TRAMP-C1 cell
lines expressing defined 15K X-CODE barcodes were analysed. Three clonal lines,
denoted F, H, and |, were isolated from a TRAMP-C1 population infected with the 15K
X-CODE library. Each clone expresses a distinct barcode composed of a subset of BUs
from the 15K library, and together the three clones span the full BU1-18 sequences.
These defined barcodes provided a controlled system for evaluating the detection of
individual BUs with known ground truth. TRAMP-C1 F, H, and | cells were stained using
the X-CODE CyTOF protocol with detection probes targeting BUs 1-18 and acquired by
CyTOF (Figure 5-5A).

Stained clonal samples were acquired alongside a rolling circle amplification—negative
(RCA-) sample and TRAMP-C1 wild-type (WT) control cells. The barcode unit-
associated signal was absent in both RCA- and WT controls, confirming the
dependence on the amplification step and the specificity of barcode detection.
Concatenation of acquisition files from clonal lines F, H, and | enabled direct comparison
of signal distributions across all BUs (Figure 5-5B). In the merged dataset, both positive
and negative populations were observed for each BU, consistent with the absence of

specific barcode sequences in individual clonal barcodes. Dimensionality reduction
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using t-SNE on the concatenated data resolved the three clonal populations into distinct
clusters (Figure 5-5B). Projection of individual BU signals onto the t-SNE embedding
revealed clone-specific combinatorial patterns, with each cluster defined by its expected
8-0f-18 X-CODE sequences composition. For example, the blue island shown in Figure
5-5A represents TRAMP-C1 F cells.
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A) Schematic representation of the X-CODE CyTOF protocol for detection of barcode units (BUs) in three barcoded
TRAMP-C1 clones F, H, and I, which collectively represent the complete set of 18 BUs in the 15K library, known
barcodes as depicted. Cells were stained for BUs 1-18 using the X-CODE CyTOF protocol, and the three clones
were acquired separately on a Helios mass cytometer (Standard Biotools). The resulting CyTOF datasets were
merged and visualised using t-SNE, revealing three distinct clusters corresponding to the three clones, each coloured
by clone. Blue = F cells, yellow = H cells, red = | cells. Created with BioRender.com.

B) Density plots and t-SNE visualisations summarising BU-specific signal patterns for each of the 18 BUs in the 15K
library. For every BU, panels show: density plot of signal from wild-type (WT) cells, density plot from (merged) FHI
clone data, density plot from control samples processed without the RCA step (RCA-), and a t-SNE of merged data
colour-coded for BU signal intensity.

To extend this analysis beyond clonal cell lines, a heterogeneous TRAMP-C1 population
harbouring the 15K X-CODE library was analysed. This unbiased library population was
stained for BUs 1-18 using the X-CODE CyTOF protocol and acquired by CyTOF.
Across the library, both positive and negative populations were observed for each BU,
consistent with the expectation that individual cells express only a subset of BUs
(Figure 5-6). The separation between positive and negative populations, as well as the
observed signal intensity, varied across detected barcode sequences. Such variation
likely reflects a combination of barcode sequence—dependent hybridisation efficiency
and intrinsic differences in CyTOF isotope detection sensitivity, as observed in cell-

independent measurements of isotope-oligonucleotide conjugations.
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Figure 5-6. Signal intensities for barcode units 1-18 in a heterogeneous barcoded TRAMP-C1 15K population.
Histograms summarising signal intensity for barcode unit (BU)-specific positive and negative populations within a

heterogeneous TRAMP-C1 population barcoded with the X-CODE 15K library. Cells were stained for BUs 1—18 using
the X-CODE CyTOF protocol and acquired by a Standard Biotools Helios mass cytometer.

Together, these data demonstrate that barcode units 1-18 from the 15K X-CODE library
can be specifically and robustly detected by CyTOF in both clonal control lines and

heterogeneous library populations.
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5.4.3 Detection of the X-CODE 2M library lines by barcode units 1-27

Following validation of barcode unit detection in the 15K X-CODE library, barcode
detection was extended to cover the full design space of the 2M X-CODE library. This
analysis assessed whether higher-complexity combinatorial barcodes spanning all 27
barcode units could be resolved in a pooled, single-run CyTOF acquisition. Four RM-1
clonal cell lines derived from the X-CODE 2M library, denoted J, W, Y, and Z, were
selected for analysis because their defined barcode identities collectively span barcode
units (BUs) 1-27. The four clonal populations were mixed in equal proportions and
stained with isotope-conjugated detection probes targeting BUs 1-27 (Supplementary
Table 9) according to the X-CODE CyTOF protocol, then acquired simultaneously by
CyTOF (Figure 5-7A).
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Figure 5-7. Barcode unit detection across known barcode populations from the 2M X-CODE library.

A) Schematic representation of the X-CODE CyTOF protocol for detection of barcode units (BUs) in four barcoded
RM-1 clones J, W, Y, Z, which collectively represent the complete set of 27 BUs in the 2M library, known barcodes as
depicted. Cells were stained for BUs 1-27 using the X-CODE CyTOF protocol, and the four clones were mixed in
equal proportions and acquired on a Helios mass cytometer (Standard Biotools). Created with BioRender.com.

B) CyTOF JWYZ mix acquisition data were analysed and represented as a t-SNE visualisation with cluster-specific
heatmaps. t-SNE analysis revealed four distinct cell clusters: magenta (top, J cells), cyan (left, Z cells), yellow
(bottom, W cells), and green (right, J cells). Each panel displays the same t-SNE, with the colour scale representing
the signal intensity of a specific BU detection probe across the clusters.

C) Heatmap displaying normalised average signal intensity for each specific BU detection probe across the four
clusters.
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Dimensionality reduction of the mixed RM-1 J, W, Y, and Z population using t-SNE
resolved four distinct clusters corresponding to the four clonal populations (Figure
5-7B). Projection of individual BU signals onto the t-SNE embedding revealed clone-
specific combinatorial patterns, with each cluster defined by the expected set of 12 of 27
X-CODE sequences. For example, the pink cluster corresponds to clone J cells,
characterised by signal enrichment for the 12 barcode units comprising the J barcode. A
heatmap of normalised average signal intensity for each detection probe across the four
clusters further showed that the highest signal intensities were associated with BUs

expressed by the corresponding clonal populations (Figure 5-7C).
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Figure 5-8. Detection of barcode units 1-27 across X-CODE 2M library barcoded cell lines.

Histograms summatrising signal intensity for barcode unit (BU)-specific positive and negative populations within RM-1
populations barcoded with known X-CODE 2M library barcodes (J, W, Y, and Z). Single lines, an equally mixed
population, and controls omitting the ©29 polymerase (RCA-) and RM-1 unbarcoded wild-type (WT) samples were
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stained for BUs 1-27 using the X-CODE CyTOF protocol. Samples were acquired by a Standard Biotools Helios
mass cytometer.

To further assess BU detection specificity and efficiency, separate J, W, Y, and Z
populations were processed and acquired under identical conditions. Along with rolling
circle amplification—negative (RCA-) controls, and RM-1 wild-type (WT) cells. Barcode-
associated signal was detected in clonal and mixed barcoded populations but was
absent in both RCA- and WT controls, confirming amplification dependence and
detection specificity (Figure 5-8). In contrast, B-actin RNA signal was consistently
detected across RM-1 WT cells and barcoded populations, with no signal observed in
RCA- controls. Within the mixed population, signal distributions for individual BUs were
separated into positive and negative populations, as hypothesised, because each cell
expresses only a subset of X-CODE sequences. As observed in the 15K library
analysis, variation in signal intensity was evident across BUs, likely reflecting a
combination of sequence-dependent hybridisation efficiency and intrinsic isotope-

dependent sensitivity in CyTOF detection.

Collectively, these data demonstrate that barcode units 1-27 can be specifically and
concurrently detected by CyTOF within the 2M X-CODE library, enabling resolution of

high-complexity combinatorial barcodes in pooled cell populations.

5.5 Discussion

This chapter establishes X-CODE as a barcode system compatible with sequencing-
free readout by suspension mass cytometry for single-cell analysis. Using CyTOF-
based detection, barcode units were robustly and specifically detected at single-cell
resolution, enabling determination of clonal identity within suspension cell populations.
Initial experiments demonstrated reliable detection of small-scale barcodes in mixed
populations, providing a foundation for evaluating barcode readout using CyTOF.
Successful isotope-conjugation of X-CODE detection probes enabled the extension of
barcode detection to library-scale using high-parameter panels, supporting analysis of
both 15K- and 2M-X-CODE libraries.

Across these experiments, barcode units were detected in both clonal control lines and

heterogeneous populations, with combinatorial barcode identities resolved in pooled,

single-run CyTOF acquisitions. Moreover, integration of X-CODE detection with
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antibody-based CyTOF immunophenotyping was demonstrated, showing that barcode
readout is compatible with standard staining workflows and acquisition conditions.
Antibody-derived signals were preserved when incorporated into the X-CODE protocol,
and barcode unit detection remained efficient. Thus, the X-CODE framework enables
scalable identification of clonal populations and simultaneous immune phenotyping

using mass cytometry.

Mass cytometry has emerged as a fundamental technique for high-dimensional
immunophenotyping and signalling analysis, enabling the analysis of dozens of
molecular features per cell across millions of cells in a single experiment. Its high
throughput and multiplexing capacity enable detailed interrogation of heterogeneous
populations and facilitate comparison across many experimental conditions '4?> . Probe-
based RNA detection workflows such as PLAYR have further extended CyTOF beyond
protein-centric measurements, providing a foundation for multimodal single-cell analysis
137141 Building on these advances, the work presented here adapts probe-based
CyTOF detection to enable readout of engineered, combinatorial RNA barcodes,
supporting lineage-aware analysis of heterogeneous suspension cell populations at

scale.

By enabling sequencing-free, clonal-level barcode detection alongside simultaneous
immunophenotyping, X-CODE extends the utility of mass cytometry for investigating
clonal heterogeneity at scale. This capability is particularly relevant for applications
requiring analysis of large populations and rare cell states, such as cancer, where
phenotypic diversity and clonal structure underpin disease progression and treatment
response °. In particular, this analytical context is well-suited to investigating liquid
malignancies, which have historically been studied using flow-based approaches. Given
the high parameter capacity enabled by emerging spectral flow cytometry platforms, the
principles described here may also be extensible beyond mass cytometry '3 . More
broadly, high-throughput, sequencing-independent clonal analysis provides a
complementary approach to existing lineage-tracing strategies, enabling interrogation of
clonal dynamics across millions of cells while retaining direct linkage to single-cell

phenotype.
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5.5.1 Limitations

While this chapter demonstrates compatibility between X-CODE barcode detection and
CyTOF-based antibody staining, with selected markers spanning surface, intracellular,
and phospho-specific targets, only a limited antibody panel was evaluated. As noted in
the established CyTOF-based RNA and protein co-detection workflow, PLAYR, panel-
specific optimisation may be required to ensure robust performance of antibody markers
137 Accordingly, future applications of X-CODE in mass cytometry would involve
systematic optimisation of expanded antibody panels tailored to specific biological
questions, consistent with standard CyTOF best practices '42. An additional
consideration is that detection of high-complexity X-CODE libraries can occupy up to 27
CyTOF measurement channels, necessitating careful selection of antibody markers

within the remaining parameter space.

Although the full 15K X-CODE library was analysed experimentally in this chapter,
computational debarcoding of library-scale barcode identities was not presented.
Resolution of combinatorial measurements at this scale typically requires dedicated
computational pipelines capable of classifying cells based on multi-dimensional signal
patterns. Published packages designed for decoding multiplexed sample-level
barcodes, such as the R package Premessa "%, may be repurposed for X-CODE
deconvolution. Pipelines built on such work have been developed and applied to X-
CODE data by computational scientists. Nonetheless, detailed implementation and
optimisation of debarcoding algorithms are beyond the scope of this chapter, which
focuses on experimental validation of barcode detection by CyTOF. As a result, this
work does not address computational debarcoding in detail; instead, it establishes the
experimental feasibility required to generate data for downstream computational

analysis.

A further limitation relates to variability in detection probe performance across barcode
units. Differences in signal intensity were observed between barcode units, reflecting
both sequence-dependent hybridisation efficiency and intrinsic isotope-dependent
sensitivity in CyTOF detection. While all barcode units tested in this work were
detectable, this variability necessitates consideration in downstream analysis. In
practice, debarcoding pipelines can be designed to accommodate signal-specific

differences via adaptive thresholding or weighting strategies, thereby mitigating the
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effects of unequal measurement distributions. Nonetheless, probe-level variability
remains an important technical consideration when extending X-CODE detection to

increasingly complex barcode libraries.

5.5.2 Conclusions

In conclusion, this chapter validated isotope-based detection of modular X-CODE
barcode units by CyTOF and established compatibility between RNA barcode detection
and antibody-based phenotypic staining workflows. Detection was extended from
defined, low-complexity barcodes to high-complexity 15K- and 2M-X-CODE libraries,
enabling the resolution of combinatorial barcode identities in pooled cell populations.
Together, this work demonstrates that the X-CODE framework supports high-
throughput, combinatorial barcode detection by suspension mass cytometry across
multiple library scales while remaining compatible with simultaneous, high-dimensional
protein phenotyping. This establishes a sequencing-independent strategy for clonal
analysis that is directly compatible with mass cytometry workflows, thereby extending
barcode-based lineage tracing to experimental settings traditionally centred on flow and

suspension-based phenotyping, including applications in liquid malignancies.
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Chapter 6 High-parameter spatial detection of X-CODE

barcodes by multiplexed imaging

6.1 Research in context

Highly multiplexed imaging platforms offer a valuable opportunity to detect expressed
barcodes in situ while retaining capacity for further sample phenotyping. Such systems
include the Akoya PhenoCycler-Fusion, which was developed for high-plex protein
detection at subcellular resolution through automated cyclic fluorescence imaging of
antibody staining. Recently, it has been repurposed for RNA detection using the
RNAscope assay in a combined workflow with protein staining ', demonstrating that

nucleic acid targets can be integrated into PhenoCycler imaging pipelines.

Additionally, imaging mass cytometry (IMC) enables high-parameter protein detection
via isotope-tagged antibodies, allowing simultaneous measurement of dozens of targets
at subcellular resolution. Furthermore, IMC-based co-detection of RNA and proteins has
been demonstrated in human tissue '%°. Although high-complexity RNA barcode libraries
have not yet been evaluated on these platforms, their ability to image multiple
parameters in a single experiment makes them well-suited for in situ barcode detection.
Consequently, both technologies offer viable routes for spatial barcode readout while

maintaining compatibility with robust immunophenotyping workflows.

The success of in situ barcode detection in intact tissues is critically influenced by the
sample-preservation method and its effects on RNA integrity. Formalin-fixed, paraffin-
embedded (FFPE) tissue is the clinical standard for preserving morphology and protein
markers, but formaldehyde cross-linking and paraffin infiltration introduce fragmentation
and chemical modifications that can reduce RNA integrity '%° . Across multiple studies,
RNA extracted from FFPE tissue exhibits significantly lower RNA integrity numbers
(RIN) and greater fragmentation compared to fresh-frozen samples 96197  reflecting
substantial degradation and reduced transcript accessibility for hybridisation-based
assays.

Although in situ hybridisation can detect transcripts in degraded samples, hybridisation

signal intensity and transcript counts are often reduced relative to frozen tissue,
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reflecting differences in RNA integrity and accessibility 8. Fresh-frozen tissue better
preserves RNA integrity and is often preferred for spatial transcriptomics applications
due to high RIN scores and reduced molecular damage '%®. Embedding fresh-frozen
samples in optimal cutting temperature (OCT) compound facilitates cryosectioning for

several spatial applications.

The advantages of incorporating mass spectrometry imaging (MSI) into multi-modal
spatial workflows for unbiased mapping of metabolites, peptides, and lipids are
increasingly recognised '941%_ However, OCT-embedded tissue is considered
unsuitable for MSI, such as matrix-assisted laser desorption ionisation (MALDI) 199200,
Therefore, efforts to develop multimodal-compatible embedding compounds have
increased. A hydrogel composed of hydroxypropyl methylcellulose (HPMC) and
polyvinyl-pyrrolidone (PVP) has been designed to maintain sample structural integrity
while enhancing compatibility with several molecular techniques, including MSI| 164,165,
This offers a preservation strategy that balances morphology with molecular
accessibility across imaging and MSI workflows for barcoded tissue samples, as

explored further in Chapter 7.

Taken together, these technological developments and sample considerations establish
a rationale for optimising workflows to resolve X-CODE barcodes spatially using high-
parameter detection platforms. This chapter focuses on optimising padlock probe
hybridisation conditions, expanding fluorescence detection capacity, and adapting X-
CODE detection for imaging mass cytometry. Furthermore, barcode detection is
assessed across OCT, HPMC/PVP hydrogel, and FFPE tissue preparations to enable

robust, broadly applicable spatial barcode readout.

6.1.1 Chapter aims

» To evaluate the spatial detection of X-CODE barcodes using highly multiplexed
fluorescence imaging platforms.

» To adapt X-CODE barcode detection for high-parameter imaging mass
cytometry.

» To validate robust X-CODE detection in intact samples across multiple tissue
preparation and embedding methods.
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6.2 Optimisation of hybridisation probe conditions for spatial X-
CODE detection

Efficient, specific probe-based spatial detection of four modular X-CODE units using
confocal microscopy was demonstrated in Chapter 4. To successfully utilise and decode
the X-CODE 15K and 2M libraries in situ, efficient detection of all 18 or 27 sequences,
respectively, is required. The X-CODE barcode unit (BU) comprises a variable binding
site (VBS) that can adopt the identity of any of the 18 or 27 sequences, followed by a
common universal binding site (UBS). Detection of the BUs is achieved by binding a
padlock probe specific to the VBS sequence and a universal probe that recognises the
UBS across all modular units (Figure 6-1A). To ensure the simultaneous, efficacious
detection of a larger number of barcode units, padlock and universal probe

concentrations were optimised using fluorescence imaging.

B VBS probe 100 nM VBS probe 100 nM VBS probe 500 nM VBS probe 500 nM
Padlock Universal VBS UBS probe 1 uM UBS probe 1.8 uM UBS probe 1 uM UBS probe 1.8 yM
probe probe Variable T = -
Binding TR " » @ 3 ; : 2 & L -
\‘m/ Q\ Sequence : Y = i . 2 . - - )
RNA = —t AR - uBs 5 e 4 bt "l . S P 3
VBS-1 UBS VBS-2 UBS Universal
L I L | Binding
BU1 BU2 Sequence
D o 12 F,H,lcells
-
2
& 1]
S
S L
& |
-] G -
£
c 4 4 g
&
o 21
[}
> a - C VBS probe 100 nM VBS probe 100 nM VBS probe 500 nM VBS probe 500 nM
< V100-U1.0 V100-U1.8 V500-U1.0  V500-U1.8 UBS probe 1 pM UBS probe 2.7 yM UBS probe 1 uM UBS probe 2.7 yM
mBUS EBUT0 o [ne v= T T vent
JL,W,Y,Zcells e | " : :
14
[Z]
]
s 12
[
w= 10 T
© 1
g ® [
=
[S 6
3
c 4 &
%
& 2
=
2 o
< V100-U1.0 Vv100-U2.7 VE00-U1.0 V500-U2.7

EMEBUZ3 @OBU25
Figure 6-1. Optimisation of padlock probe and universal probe concentrations for spatial X-CODE readout.

A) Schematic representation of the X-CODE barcode unit (BU) comprising the variable binding sequence (VBS),
which can adopt X-CODE sequences 1 — 18 (15K library), or 1 — 27 (2M library) for the padlock probe to bind. The
universal binding sequence (UBS) allows the universal probe to bind for downstream ligation, followed by rolling-
circle amplification of the VBS. Created with BioRender.com.

B) Equally mixed TRAMP-C1 15K clonal lines (F, H, |) were adhered to microscope slides using a modified STAMP
protocol, then underwent X-CODE detection. X-CODE padlock probes 1—18 were hybridised at a final concentration
of 100 or 500 nM, and the universal probe at 1 or 1.8 uM. Fluorescence imaging readout visualised BU6 (pink) and
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BU10 (green) across hybridisation conditions, with DAPI staining visualising nuclei (white) and (-actin RNA staining
as a protocol control (orange). Scale bars, 50 um.

C) Equally mixed RM-1 2M clonal lines (J, W, Y, Z) were adhered with the modified STAMP protocol, then underwent
X-CODE detection. X-CODE padlock probes 1-27 were hybridised at a final concentration of 100 or 500 nM, and the
universal probe at 1 or 2.7 uM. Fluorescence imaging readout visualised BU23 (pink) and BU25 (green) across
hybridisation conditions, with DAPI staining visualising nuclei (white) and -actin RNA staining as a protocol control
(orange). Scale bars, 50 um.

D) The number of spots per positive cells (spots > 0) detected across probe hybridisation concentrations for BUG,
BU10, BU23, and BU25 using an ImagedJ-based spot-counting pipeline. V = VBS probe at the indicated concentration
in nM; U = UBS probe at the indicated concentration in uM. Error bars indicate standard deviation across ROIs (n =
3).

Three clonal TRAMP-C1-derived 15K populations (F, H, 1) and four clonal RM-1-derived
2M lines (J, W, Y, Z), previously used for CyTOF analysis, were adhered to microscope
slides using a modified STAMP protocol 7. The X-CODE protocol for plated cells was
performed, systematically altering the concentrations of the padlock and universal
probes. The effect of increasing BU complexity on universal probe demand was
evaluated by adjusting hybridisation conditions previously optimised for the
simultaneous detection of four sequences. This involved each padlock probe at a final
concentration of 100 nM and the universal probe at 1 yM. Detection of the 15K or 2M
libraries requires binding 18- or 27-padlock probes and a universal probe to the barcode
transcript at each BU position; thus, the concentration of the universal probe was
increased to 1.8 uM or 2.7 uM, respectively. Furthermore, a 500 nM padlock probe

concentration was tested to assess its impact on X-CODE detection performance.

Fluorescent detection probes targeting BU6 and BU10 were hybridised to 15K barcode
lines, while probes targeting BU23 and BU25 were applied to 2M barcode lines. All
fluorescent detection probes were used at a final concentration of 500 nM (Figure 6-1B
and C). B-actin RNA padlock-based detection was performed as a protocol control. The
effect of altering universal and padlock probe concentrations was assessed using an
ImagedJ-based spot-counting pipeline to determine the number of BU spots per cell
across conditions (Figure 6-1D). Across the range of universal probe concentrations
tested, the mean number of BU spots detected per cell remained largely unchanged
across X-CODE 15K and 2M clonal lines, suggesting that the availability of the universal
probe at 1 uM is not a limiting factor for high-plex X-CODE barcode detection for the
tested sequences. Similarly, increasing the padlock probe concentration did not
significantly increase the mean number of barcode unit spots detected per cell for the

tested sequences.
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Together, these results support the use of the initially optimised, lowest concentrations
of padlock and universal probe tested for further X-CODE detection, without

compromising detection efficiency.

6.3 Expansion of fluorescence X-CODE detection capacity using

PhenoCycler

To extend high-dimensional, sequencing-free X-CODE barcode detection to spatially
resolved imaging, the Akoya PhenoCycler-Fusion was repurposed for direct RNA
barcode readout. By default, the PhenoCycler is configured for high-parameter
visualisation of fluorescence-based antibody staining, built on the CO-Detection by
indEXing (CODEX) framework developed by Garry Nolan and colleagues 201202
Antibodies are conjugated to short, unique oligonucleotides to enable hybridisation with
complementary fluorescent probes (reporters) purchased from Akoya. In practice, the
tissue section is stained with the full antibody panel, followed by several fixation steps to
ensure staining stability on the instrument. Then, the PhenoCycler performs automated,
iterative cycles of fluorescent reporter hybridisation, imaging, and removal before the
next cycle. The PhenoCycler can distinguish three unique fluorophores per imaging

round; therefore, each cycle images antibodies in triplicate.

To enable accurate decoding of antibody identity across cycles, a pre-designed reporter
plate is loaded into the instrument. The positional layout of fluorescent reporters in this
96-well plate is specified in the experimental run file, enabling the system to assign
each signal within an imaging cycle to its corresponding antibody during image
reconstruction. For X-CODE adaptation, fluorescent X-CODE detection probes targeting
BUs 1-27 (Supplementary Table 10) were added directly to the reporter plate. Thereby
being processed using the unmodified Akoya PhenoCycler-Fusion fluidics, cycling, and
imaging workflow, without altering instrument hardware or acquisition parameters
(Figure 6-2A). Furthermore, X-CODE detection probes and Akoya Reporters can be
used within the same experimental run and even within imaging cycles, provided that
three distinct fluorophores are applied per cycle, consistent with the instrument's

capacity.

The four RM-1 X-CODE 2M populations (J, W, Y, Z) were used to assess the
compatibility of RNA barcode detection on the Akoya PhenoCycler-Fusion. Each line
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carries a unique barcode encoded by a combination of 12-0f-27 BUs, visualised in this
defined mixture with two distinguishing barcode units per clone (Figure 6-2A, top left).
Equal mixtures or single populations of J, W, Y, and Z were seeded on a multi-chamber
microscope slide, then the X-CODE protocol for plated cells was performed with
appropriate RCA-negative (RCA-) and wild-type (WT) controls. Visual assessment of X-
CODE detection showed that BU signals were robust and confined to the expected line
in single-clone samples, and analysis of the mixed population enabled accurate spatial
resolution of all four clones (Figure 6-2B). Barcode signal was minimal in WT RM-1
cells and in RCA- controls, and X-CODE detection was compatible with simultaneous
antibody staining, as exemplified by co-detection of sodium—potassium ATPase (Na/K-
ATPase).
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Figure 6-2. Valldatlon of hlgh-plex fluorescence detection of X-CODE barcode units using Akoya
PhenoCycler.

A) The Akoya PhenoCycler-Fusion, designed for high-plex protein staining via automated cyclic hybridisation of

fluorescent antibody-matched oligos, was repurposed for X-CODE barcode unit (BU) detection. X-CODE fluorescent
detection probes were directly processed by the unmodified PhenoCycler hardware which performs automated

135



hybridisation of probes for imaging, followed by stripping and rehybridization of the next batch of probes in cycles.
RM-1 2M clonal J, W, Y, and Z lines were mixed equally, or plated as single populations, stained with for X-CODE
BUs 1-27 and readout by Akoya PhenoCycler, along with RM-1 WT control cells. Created with BioRender.com.

B) Representative RM-1 2M clonal populations are shown, visualised by distinguishing barcode unit (BU) sequences:
J (pink, BU3&10); W (yellow, BU6&17); Y (green, BU14&18); and Z (cyan, BU4&7). DAPI staining for nuclei (white)
and B-actin RNA staining as a protocol control (red), and no rolling circle amplification (RCA) control (RCA-). Co-
detection of sodium—potassium (Na/K) ATPase antibody (NaK Ab, blue). Scale bars, 50 uM.

C) The number of BU spots per segmented cell and their signal intensity were quantified using a QuPath-based spot-

counting pipeline. Heatmap showing Z-score (normalised spot intensity per cell) across conditions: RM-1 barcoded J,
W, Y, and Z cells plated separately, also a rolling circle negative (RCA—) and unbarcoded, wild-type cells.

The efficiency of X-CODE detection on the PhenoCycler-Fusion platform was assessed
using a QuPath-based spot-counting pipeline to quantify the number of BU spots
visualised by fluorescence probes and the mean fluorescent intensity per cell. Per-
probe spot counts across conditions further demonstrated specificity and low
background (Figure 6-3). As observed for suspension-based X-CODE detection using
mass cytometry, barcode sequence detection showed variability across BUs, as
evidenced by differences in the mean number of detected spots and per-cell
fluorescence intensity. For example, probe #23, present in clones J, W, and Y,
demonstrated 2100 detected spots per cell, whereas probe #6, also present in clones J,
W, and Y, exhibited approximately 30—40 spots per cell (Figure 6-3). Despite this
variability, probe-specific signals remained readily detectable across all BUs using
consistent spot-detection thresholds, enabling reliable binary assignment of BU
presence at the single-cell level. Quantification of Z-score (normalised spot intensity per

cell) confirmed clear BU-specific signal patterns across samples (Figure 6-2C).
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Figure 6-3. Highly multiplexed fluorescence detection of barcode units 1-27 by Akoya PhenoCycler-Fusion.
The number of BU spots per segmented cell was quantified using a QuPath-based spot-counting pipeline. Box plots

showing BU spot counts per BU probe across conditions: RM-1 barcoded J, W, Y, and Z cells plated separately, also
a rolling circle negative (RCA-) and unbarcoded, wild-type cells.
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Collectively, these results demonstrate that high-plex, spatially resolved X-CODE
barcode detection is compatible with the Akoya PhenoCycler-Fusion workflow while

retaining specificity and single-cell resolution.
6.4 Adaptation of X-CODE detection for imaging mass cytometry

Building on the establishment of X-CODE barcode detection in suspension using mass
cytometry and spatial fluorescence imaging, these principles were combined to adapt X-
CODE detection for imaging mass cytometry (IMC). Isotope-conjugated X-CODE
detection probes, previously validated for barcode unit (BU) detection in suspension-
based mass cytometry, were directly utilised in the spatial setting (Supplementary
Table 8). TRAMP-C1 cells barcoded with the X-CODE 15K library were seeded onto
microscope slides, and the X-CODE detection protocol for plated cells was performed
with minor adaptations to allow efficient visualisation of cells and BUs by imaging mass
cytometry (Figure 6-4A). These adaptations preserved the core steps of the X-CODE
workflow while enabling compatibility with laser ablation-based mass cytometry image
acquisition. The notable changes involve the use of isotope-conjugated probes, as
described, and nuclei staining with a DNA intercalator containing iridium isotopes

(intercalator-Ir).
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Figure 6-4. Protocol adaptation for X-CODE detection using high-parameter imaging mass cytometry in cells.
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A) Schematic representation of the X-CODE protocol for detection in plated cells by imaging mass cytometry. Mass
cytometry traditionally uses antibodies with lanthanide isotopic tags; X-CODE utilises these tags for barcode
detection. Created with BioRender.com.

B) Left: Representative TRAMP-C1 15K barcoded cells with barcode units (BUs) 1—18 visualised across six panels in
triplicate (cyan, pink, and yellow). DNA intercalator staining visualising nuclei (white) and B-actin RNA staining as a
protocol control (red). Right: Three representative cells with decoded X-CODE 15K barcodes, each visualised by a
BU unique to one of the three identified barcodes (BC). BU17 (cyan) unique to BC15,063; BU5 (pink) to BC14,306;
BU3 (yellow) to BC684. Scale bars, 20 um.

Cells were stained for BUs 1-18 using the 15K X-CODE isotope detection probe set to
visualise the entire X-CODE 15K library, with B-actin serving as a protocol control, and
nuclei were stained with intercalator-Ir (Figure 6-4B). Efficient and specific X-CODE
signal detection for sequences 1-18 was observed across all targeted BUs (Figure
6-4B, left). Each unique barcode in the X-CODE 15K library is encoded by a
combination of 8-of-18 BUs. In line with this design, individual cells showed clear
positivity for a specific subset of eight barcode units, with minimal off-target signals
detected in the remaining probes. Decoding of three representative cells is shown
(Figure 6-4B, right), with each cell clearly positive for only eight sequences. Cross-
referencing each BU combination against the whitelist of X-CODE 15K barcodes
correctly identified barcodes 684, 14,306, and 15,063, with each cell visualised by a BU

unique to one of the three identified barcodes (Figure 6-4B, right).

These results demonstrate that isotope-based X-CODE detection supports accurate
barcode recovery and spatially resolved clonal identification at single-cell resolution

using imaging mass cytometry.

6.5 Comparison of X-CODE detection across tissue embedding

methods

Following the expansion of highly multiplexed X-CODE barcode unit (BU) detection in
cells using fluorescence imaging and high-parameter imaging mass cytometry, X-CODE
performance was evaluated in tissue sections. The four RM-1 X-CODE 2M populations
J, W, Y, and Z were used to generate mixed (JWYZ) subcutaneous tumours in
immunocompetent C57BL/6 mice. JWYZ tumours were processed using standard
tissue preparation and embedding methods, including fresh freezing followed by optimal
cutting temperature (OCT) embedding and formalin fixation with paraffin embedding
(FFPE). Additionally, fresh-frozen JWYZ tumours were embedded in an HPMC/PVP
hydrogel, selected for its reported compatibility with downstream molecular techniques
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such as mass spectrometry imaging %4185, Since the success of X-CODE detection in
tissue sections depends heavily on RNA stability, careful sample preparation of
barcoded tumours was crucial. Particular attention was given to tissue handling,
processing timelines, and storage conditions across all preparation methods, as is

standard operating procedure for RNA in situ hybridisation protocols 7.
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Figure 6-5. Assessment of X-CODE detection across fresh-frozen OCT or HPMC/PVP hydrogel embedded
tissue, and FFPE tissue.

A) Overview of the X-CODE sample preparation workflows for fresh-frozen optimal cutting temperature (OCT) or
HPMC/PVP hydrogel-embedded tissue, and formalin-fixed paraffin-embedded (FFPE) tissues. HPMC =
hydroxypropyl methylcellulose; PVP = polyvinylpyrrolidone;, SDS = sodium dodecyl sulphate. Created with
BioRender.com.

B) Representative RM-1 2M mixed JWYZ subcutaneous tumours underwent OCT, FFPE, or HPMC/PVP sample
preparation, and were stained with probes detecting barcode unit (BU) 23 (yellow) and BU25 (cyan). DAPI staining
visualising nuclei (white) and 3-actin RNA staining as a protocol control (magenta). Scale bars, 100 um.

C) Quantification of BU spots (top) and their mean intensity (bottom) per cell was performed using a QuPath-based
spot-counting pipeline for representative probes (#23, #25, B-actin) in mixed JWYZ tumours processed using the
three tissue embedding methods: OCT, FFPE, and HPMC/PVP.

D) Stacked bar graph showing the percentage of cells positive (spots > 0) and negative for representative probes
(#23, #25, B-actin) across the three tissue embedding methods.

The sample preparation workflow for fresh-frozen OCT-embedded tumours followed
established practices to maintain RNA integrity in intact tissues, adapted from
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demonstrated protocols developed for high-sensitivity spatial transcriptomic
applications' (Figure 6-5A, top). After collecting JWYZ tumours, samples were
immediately frozen and stored at —80 °C to preserve RNA quality. OCT embedding was
performed promptly using dry ice—cooled isopentane to prevent thawing. Using similar
principles, freshly frozen JWYZ tumours intended for HPMC/PVP hydrogel embedding
were quickly processed following established protocols 64165 (Figure 6-5A, middle).
JWYZ tumours intended for formalin fixation and paraffin embedding were handled
according to standard histological procedures 2°% (Figure 6-5A, bottom). Briefly, freshly
resected JWYZ tumours were submerged in 4% paraformaldehyde overnight at 4 °C
before paraffin embedding. Additionally, FFPE blocks were stored at 4 °C rather than at

room temperature, as is standard, to reduce RNA degradation during storage.

Fluorescence imaging, via confocal microscopy, was used to optimise X-CODE barcode
detection in tissue sections due to its accessibility and suitability for protocol
development. This approach enabled practical optimisation of robust tissue-compatible
X-CODE detection workflows across embedding conditions prior to validation using
high-parameter spatial platforms, including the Akoya PhenoCycler and imaging mass
cytometry. OCT- and HPMC/PVP-embedded tissues were cryosectioned at 10 ym, and
the X-CODE detection protocol optimised for fresh-frozen tissue was applied to
visualise barcode sequences. In parallel, FFPE blocks were sectioned at 6 ym, and
barcode sequences were visualised using the X-CODE detection protocol optimised for

formalin-fixed tissues.

Across tissue preparation methods, sections were stained with fluorescent detection
probes targeting BU23 and BU25, together with (B-actin RNA as a protocol control
(Figure 6-5B). Across all embedding conditions, barcode signals for representative BU
probes and the B-actin control were consistently detected by fluorescence imaging. The
efficiency of X-CODE detection across tissue preparation methods was quantitatively
assessed using a QuPath-based spot-counting pipeline to determine the number of BU
spots per cell. While spot counts, signal intensities, and the proportion of BU-positive
cells varied between embedding conditions, signals remained quantifiable and
interpretable across all methods, as reflected by spot count distributions, mean spot
intensity per cell, and proportions of cells positive for BU23, BU25, and B-actin (Figure

1 10x Genomics Xenium In Situ Demonstrated Protocol: Fresh-Frozen Tissue Preparation Guide
(CG000579, Rev D).
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6-5C and D). Notably, the barcode of clones J, W, and Y contain BU23, and barcodes of
clones W and Z contain BU25. Furthermore, near-universal cell positivity for p-actin
RNA across tissue preparation techniques provided confidence in the optimised RNA

detection protocols (Figure 6-5D).

Overall, these results demonstrate that X-CODE RNA barcode detection is compatible
with multiple tissue-preservation and embedding strategies, enabling quantitative spatial

barcode readout across diverse sample-preparation methods.

6.6 Spatial detection of X-CODE barcode libraries in fresh-frozen

tissues

6.6.1 High-parameter fluorescence imaging for X-CODE detection in fresh-

frozen tissues

Optimised X-CODE protocols for tumour sections were utilised for high-parameter
spatial detection of X-CODE barcode libraries in fresh-frozen OCT- and HPMC/PVP
hydrogel-embedded tissues using the Akoya PhenoCycler-Fusion. RM-1 JWYZ OCT
and HPMC/PVP subcutaneous tumours were cryosectioned at 10 ym for processing
and staining using the X-CODE-PhenoCycler workflow. Following completion of the X-
CODE detection protocol for fresh-frozen tissues, sections underwent additional fixation
and permeabilisation steps recommended by Akoya to support repeated imaging cycles
on the PhenoCycler platform. Although these stages were optimised for highly
multiplexed antibody staining, they were also incorporated into the X-CODE-
PhenoCycler workflow, with or without antibody co-detection, to enable repeated cycles
of fluorescent probe hybridisation and stripping from X-CODE rolling circle amplicons
during PhenoCycler imaging. Tissue sections were stained for barcode units (BUs) 1-27
using X-CODE fluorescent detection probes (Supplementary Table 10), and B-actin
RNA as a protocol control (Figure 6-6A).

Each RM-1 J, W, Y, and Z clonal line carries a unique barcode encoded by a
combination of 12-of-27 BUs, with two distinguishing BUs per clone used for
visualisation within the JWYZ tumour (Figure 6-6A). Visual assessment of X-CODE

detection showed that BU signals were robust and confined to patterns expected of the
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clonal lines in both OCT and HPMC/PVP hydrogel samples. Additionally, simultaneous
visualisation of all four clones by their unique BU combinations demonstrated clear
spatial separation of clonal populations within tumour sections across embedding
media. X-CODE detection on the PhenoCycler platform in fresh-frozen tissue sections
was quantitatively assessed using the QuPath-based spot-counting pipeline to detect
BU signal per segmented cells in JWYZ tumours. Percentages of positive cells per BU
demonstrated reliable detection across all 27 X-CODE sequences in OCT and
HPMC/PVP-embedded samples. [-actin positivity showed near-universal cellular
detection (Figure 6-6B).
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Figure 6-6. X-CODE detection of 2M clonal lines and 15K library in OCT and HPMC/PVP embedded tissues by
Akoya PhenoCycler.

A) Fresh-frozen OCT- and HPMC/PVP hydrogel-embedded RM-1 JWYZ tumours were stained for X-CODE barcode
units (BUs) 1-27 and B-actin RNA as a protocol control and visualised by Akoya PhenoCycler-Fusion. Representative
RM-1 2M clonal populations are shown, visualised by distinguishing BU sequences: J (pink, BU3&10); W (yellow,
BU6&17); Y (green, BU14&18); and Z (cyan, BU4&7). DAPI staining for nuclei (white). Scale bars, 50 um.

B) Quantification of BU signal per segmented cell was performed using a QuPath-based spot-counting pipeline.
Stacked bar graphs show percentages of positive and negative cells per BU across embedding media.
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C) HPMC/PVP RM-1 15K tumour sections were stained for BUs 1-18 (yellow) and B-actin (red) RNA, visualised by
Akoya PhenoCycler-Fusion. A representative cell showing its positive and negative BU units, decoded against the X-
CODE 15K library whitelist as barcode (BC) 11,947. Tissue-focused scale bar, 50 um. Cell-focused scale bars, 5 um.

Following in situ detection of all X-CODE sequences using JWYZ tumours, tissue
samples from the X-CODE 15K library were also analysed. An RM-1 population
harbouring the X-CODE 15K library were used to generate subcutaneous tumours in
immunocompetent C57BL/6 mice. Tumours were fresh-frozen, embedded in an
HPMC/PVP hydrogel, and cryosectioned at 10 um for processing and staining using the
X-CODE-PhenoCycler workflow. Tissue sections were stained for BUs 1-18 using X-
CODE fluorescent detection probes (Supplementary Table 10), and B-actin RNA as a
protocol control (Figure 6-6C, left). Representative X-CODE decoding shows a 15K-cell
that is positive for only 8-of-18 sequences (Figure 6-6C, right). Cross-referencing the
BU combination against the X-CODE 15K barcode whitelist correctly identified the
barcode as 11,947.

Collectively, these findings establish that X-CODE 15K and 2M barcode libraries can be
robustly and quantitatively resolved at single-cell resolution in fresh-frozen OCT- and

HPMC/PVP-embedded tumour sections using the Akoya PhenoCycler-Fusion platform.

6.6.2 Detection of X-CODE barcodes in fresh-frozen tissues by imaging

mass cytometry

To evaluate the compatibility of spatial in situ X-CODE detection with an orthogonal
high-parameter modality, detection of the X-CODE 15K library in fresh-frozen tumour
sections was next assessed using imaging mass cytometry. TRAMP-C1 cells barcoded
with the X-CODE 15K library, and their wild-type (WT) counterparts not expressing X-
CODE barcodes, were injected into immunocompetent C57BL/6 mice to generate
subcutaneous tumours. 15K and WT tumours were processed according to the X-
CODE fresh-frozen OCT workflow and the previously described HPMC/PVP hydrogel
embedding protocols 64165 15K and WT tumours were cryosectioned at 10 ym and
subjected to the X-CODE protocol for fresh-frozen samples. Barcoded and WT tissue
sections were stained for barcode units (BUs) 1-18 using the 15K X-CODE isotope
detection probe set (Supplementary Table 8), including a rolling-circle amplification
negative (RCA-) control and 3-actin RNA staining as a protocol control. Nuclei were

visualised using a DNA intercalator containing iridium isotopes (Figure 6-7A).
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Consistent with X-CODE visualisation using the PhenoCycler platform, imaging mass
cytometry (IMC) enabled robust and specific detection of X-CODE BUs 1-18 in both
OCT- and HPMC/PVP hydrogel-embedded tissue sections. Representative IMC images
display signal from X-CODE isotope-conjugated detection probes targeting BUs 1-18,
visualised in triplicate with three repeated colour assignments (Figure 6-7A, left). BU-
specific signals were clearly distinguishable, with no off-target or non-specific signals
detected in WT tissue. Additionally, the lack of barcode signal in the no-rolling circle
amplification (RCA-) control confirms that ¢29-mediated amplification is necessary for
successful X-CODE detection. Padlock probes targeting B-actin RNA consistently
produced isotope-mediated signals in both X-CODE 15K and WT tumours, across
different embedding conditions, serving as a control for RNA detection via padlock

probe-mediated RCA in tissue sections (Figure 6-7A, right).

Figure 6-7. X-CODE 15K library detection in fresh-frozen OCT and HPMC/PVP embedded tissues by imaging
mass cytometry.

A) Imaging mass cytometry—based detection of the X-CODE 15K library in fresh-frozen OCT and HPMC/PVP
hydrogel embedded tumour sections, generated from TRAMP-C1 15K cells. Isotope-conjugated X-CODE detection
probes targeting BUs 1-18 were visualised in representative IMC images, with wildtype (WT), no—rolling circle
amplification (RCA-), and B-actin RNA detection controls. Scale bars, 50 um.

B) Representative IMC analysis workflow illustrating computational QuPath-based analysis steps. From left to right:
nuclei visualisation; nuclear segmentation based on DNA intercalator signal; overlay of segmentation masks with

representative BU3 signal; and BU3 spot masks generated by spot detection from intensity-based thresholding. Scale
bars, 50 um.

In contrast to fluorescence-based imaging, IMC data exhibit a granular signal profile and

reduced visual contrast between neighbouring cells, reflecting fundamental differences
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in acquisition modality and signal generation. Representative computational analysis of
X-CODE IMC data from the fresh-frozen OCT-embedded X-CODE 15K tumour is
shown in Figure 6-7B. Although mass cytometric imaging achieves single-cell
resolution, nuclear segmentation based on the DNA intercalator signal was less well-
defined than DAPI-based segmentation used for fluorescence imaging. Nonetheless,
the existing QuPath-based spot counting pipeline was successfully applied to IMC data.
Sequential processing steps are illustrated, including nuclear segmentation, overlay of
the segmentation masks with the representative BU3 signal, and generation of final BU3
spot masks via intensity thresholding, which can be used for quantitative X-CODE
analysis. Despite the altered visual characteristics of IMC images, BU-specific spots
were accurately detected and assigned within segmented regions, demonstrating that
X-CODE BU detection and quantification are compatible with imaging mass cytometry

using a unified analysis workflow.

These results demonstrate that high-parameter spatial detection and quantification of X-
CODE barcode libraries in fresh-frozen tissues is compatible with imaging mass

cytometry workflows across OCT- and HPMC/PVP hydrogel-embedded samples.

6.7 Antibody co-detection considerations in fresh-frozen tissue

During the X-CODE-PhenoCycler protocol, tissue sections undergo additional fixation
and permeabilisation steps recommended by Akoya to support repeated imaging cycles
on the PhenoCycler platform, as previously described in 6.6.1. Although these steps
were optimised for highly multiplexed antibody staining, they were also incorporated into
the X-CODE-PhenoCycler workflow, with or without antibody co-detection, to enable
repeated cycles of fluorescent probe hybridisation and stripping from X-CODE rolling
circle amplicons during PhenoCycler imaging. Co-detection of a single protein (sodium—
potassium ATPase) with X-CODE barcodes was demonstrated in 6.6.1, without
comparison to Akoya’s recommended conditions for antibody staining. Therefore, to
further explore the compatibility of X-CODE—protein co-detection, multiple antibodies
were co-detected with X-CODE BUs. The same antibody panel was applied to serial
sections without X-CODE BU staining, following Akoya’s recommended workflows for

PhenoCycler-based antibody staining.
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To assess the compatibility of X-CODE and protein co-detection in fresh-frozen tissue
sections, RM-1 JWYZ tumours embedded in OCT or HPMC/PVP hydrogel were
processed with X-CODE and antibody staining workflows on the Akoya PhenoCycler-
Fusion. Consecutive tissue sections from JWYZ tumours were stained using either
Akoya’s recommended PhenoCycler protocol (Ab only) or the optimised X-CODE-
PhenoCycler protocol (X+Ab). Across both embedding conditions, protein staining with
a greater number of antibodies did not interfere with X-CODE BU detection, and a
robust X-CODE signal from fluorescent probes was retained (Figure 6-8A). Whereas
protein staining performance varied across markers: Ki67, vimentin, and sodium-—
potassium ATPase (Na/K-ATPase) showed broadly comparable signal intensity and
spatial distribution between the Ab-only and X+Ab protocols. However, CD4 and CD8
staining were reduced following X-CODE processing (Figure 6-8B).
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Figure 6-8. Considerations for co-detection of antibodies with X-CODE staining in fresh-frozen OCT- and
HPMC/PVP-embedded tissues.
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A) Fresh-frozen OCT and HPMC/PVP RM-1 JWYZ tumours were stained for X-CODE BUs 1-27, and an antibody
staining panel, visualised by PhenoCycler readout. Representative RM-1 2M clonal populations are shown, visualised
by distinguishing BU sequences: J (pink, BU3&10); W (yellow, BU6&17); Y (green, BU14&18); and Z (cyan, BU4&7).
DAPI staining for nuclei (white). Scale bars, 100 um. Key created with BioRender.com.

B) Comparison of antibody staining performance in fresh-frozen OCT- and HPMC/PVP hydrogel-embedded RM-1
JWYZ tumour sections processed using the standard Akoya PhenoCycler protein staining protocol (Ab only) or the
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combined X-CODE-PhenoCycler workflow (X+Ab). A representative, coherent tumour region from consecutive
sections is shown. Representative antibody markers include Ki67, vimentin (Vim), Na/K-ATPase (NaK), and
CD4/CD8. Scale bars, 100 um.

Overall, these results demonstrate that antibody co-detection is compatible with X-
CODE barcode detection in fresh-frozen OCT- and HPMC/PVP-embedded tissues,

while highlighting marker-specific sensitivity to the integrated workflow.

6.8 Discussion

This chapter presents X-CODE as a flexible platform for high-parameter spatial barcode
detection using multiplexed imaging technologies. Initial optimisation of padlock and
universal probe concentrations demonstrated that efficient, specific barcode detection
could be achieved at the lowest concentrations tested, providing a robust baseline for
downstream spatial applications. Building on this, X-CODE barcode detection was
successfully implemented on the Akoya PhenoCycler-Fusion, enabling high-plex,
spatially resolved fluorescence-based detection at single-cell resolution. Hybridisation of
padlock probes for barcode units 1-27, spanning the 15K and 2M-plex X-CODE
libraries, yielded a robust signal via rolling-circle amplification. Importantly, barcode
detection remained specific and quantitative despite inherent sequence-dependent
variability in signal intensity, consistent with observations from suspension-based X-
CODE detection.

Extension of X-CODE detection in cells to imaging mass cytometry further
demonstrated that isotope-labelled barcode probes support accurate barcode recovery
and spatially resolved clonal identification at single-cell resolution. Although imaging
mass cytometry exhibited distinct visual characteristics compared with fluorescence
imaging, including increased signal granularity, barcode units could be reliably detected
for quantification using a unified computational pipeline. Additionally, decoding of 15K
library cells was achieved by detecting only 8 of 18 sequences per cell, despite visual
differences relative to fluorescence imaging data. Together, these findings demonstrate
that X-CODE detection is compatible with complementary high-parameter imaging
modalities, enabling spatial barcode readout across platforms with minimal protocol

divergence.

Robust X-CODE barcode detection was further validated across multiple tissue

preservation and embedding strategies. Fresh-frozen OCT- and HPMC/PVP hydrogel-
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embedded tissues, as well as FFPE samples, supported quantitative barcode detection,
establishing compatibility with standard and alternative embedding approaches. High-
parameter detection of X-CODE barcode libraries in fresh-frozen tissues was achieved
using both fluorescence-based imaging and imaging mass cytometry, confirming that
barcode readout is retained across platforms and tissue preparation methods. Antibody
co-detection experiments further demonstrated that combined barcode and protein
detection is feasible in fresh-frozen tissues, while highlighting marker- and protocol-
dependent considerations that may require optimisation for reliable multiplexed

phenotyping.

Previous implementations of spatial barcoding have primarily relied on manual, iterative
rounds of fluorescence imaging, which are labour-intensive %872, or more recently, on
adaptations to spatial transcriptomic platforms 199160 = Although spatial transcriptomic
approaches enable rich molecular profiling, they remain costly per sample and often
require specialised proprietary sample preparation workflows that limit compatibility with
complementary molecular phenotyping. Spatial detection of protein-based barcodes has
also been demonstrated °' ; however, library complexity is inherently constrained by the
number of available epitopes, thereby restricting its applicability to resolving large or
highly diverse clonal populations. To our knowledge, this work represents the first
demonstration of a high-complexity RNA-based lineage-tracing barcode detected using
the Akoya PhenoCycler-Fusion platform, and the first demonstration of compatibility with
HPMC/PVP hydrogel embedding for combined PhenoCycler-Fusion antibody staining

and spatial barcode detection.

Similarly, while imaging mass cytometry has been used for spatial detection of protein
barcodes °! and for RNA detection 199, this work extends its application to the detection
of RNA-based lineage-tracing barcodes. Demonstrating that X-CODE detection can be
seamlessly transferred between fluorescence-based imaging and mass cytometry
modalities. Across platforms, fluorescence imaging provided sharper visual contrast and
more clearly defined nuclear segmentation compared to imaging mass cytometry.
Nevertheless, barcode spots were accurately detected and quantified across both
modalities using the same QuPath-based analysis pipeline, without the need for
specialised computational tools or platform-specific analysis software. This unified
analysis approach lowers the technical barrier to adoption and enables direct

comparison of spatial barcode data across imaging platforms. Significantly, X-CODE
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detection relies on a shared core protocol and reagent set, with only minor adaptations
required for different readout technologies, allowing barcode identity to be retained

seamlessly across platforms.

6.8.1 Limitations

The X-CODE system has been demonstrated as a flexible, multi-modal barcode for
cross-platform detection, enabled by intensive optimisation of sample preparation and
processing protocols. However, optimisation of padlock and universal probe
concentrations was performed using a limited subset of barcode units (BUs) for each of
the 15K and 2M-plex clonal lines. As observed in this chapter and in the previous
chapter focusing on suspension-based X-CODE detection, individual BUs exhibit
sequence-dependent variability in detection efficiency. While this variability can be
accommodated computationally during analysis by intensity- and size-based
thresholding during spot quantification, additional probe-specific optimisation of
hybridisation conditions may improve the uniformity of detection across all X-CODE

sequences

X-CODE barcode detection was validated across multiple tissue-embedding strategies;
however, full-scale compatibility of X-CODE barcode libraries in formalin-fixed paraffin-
embedded (FFPE) tissue was not demonstrated in this chapter. While no foreseen
limitations are expected to prevent the detection of X-CODE 15K- or 2M-plex libraries in
FFPE samples, successful integration with the PhenoCycler-Fusion may require
protocol adaptations and reagent substitutions aligned with established Akoya protocols
for FFPE tissue sections. Namely, Akoya recommends different combinations of
fluorophore conjugations for imaging of FFPE tissue sections 2, and has optimised
FFPE-specific antibody panels. In addition, X-CODE detection in FFPE tissues was not
demonstrated by imaging mass cytometry (IMC). Nonetheless, in situ hybridisation of
endogenous RNA transcripts using RNAscope in FFPE tissue sections, with antibody
co-detection, has been demonstrated using IMC '°°. This work by Schulz et al. indicates
that robust IMC protocols for probe-based in situ RNA detection exist; however, X-

CODE-specific detection may require optimisation of the relevant protocols.

2 Akoya Biosciences PhenoCycler Fusion (formerly CODEX) User Guide [accessed 10/01/2026]
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While combined antibody co-detection with X-CODE staining was evaluated using
fluorescence-based PhenoCycler workflows, it was not demonstrated using imaging
mass cytometry. Additionally, X-CODE—protein co-detection in FFPE tissue was not
explored using either the PhenoCycler or imaging mass cytometry workflows. However,
reports and workflows demonstrate successful probe-based RNA detection, combined
with immunofluorescence staining, by fluorescence imaging in FFPE tissues 204205 3,
Therefore, X-CODE—protein fluorescence co-detection in FFPE sections is likely
feasible, ensuring that X-CODE-specific protocol optimisations are carried out. Similarly,
Schulz et al. demonstrate RNA—protein co-detection on FFPE tissue sections using
imaging mass cytometry. Co-detection using both modalities would likely require per-
target optimisation, as described for RNA—protein staining in fresh-frozen sections.
Therefore, further work will be necessary to establish robust combined barcode and
protein detection for tissues sections across fluorescence and imaging mass cytometry

platforms.

Finally, spatial detection of the 2M-plex clonal X-CODE lines was not demonstrated
using imaging mass cytometry. However, all isotope-conjugated probes targeting BUs
1-27 were validated in suspension mass cytometry in the preceding chapter.
Additionally, no foreseen imaging-modality-specific constraints have been identified that
would preclude extending IMC detection to higher-complexity barcode libraries. A
potential consideration is the increased granularity of IMC images relative to
fluorescence data. This may complicate analysis, as the assignment of a larger number
of BUs per cell is required for the 2M-plex library (12 of 27 combinations) than for the
15K-plex library (8 of 18 combinations). Optimisation of computational pipelines for
improved cellular segmentation in IMC data is expected to facilitate accurate spot

detection and assignment to individual cells.

6.8.2 Conclusions

In conclusion, this chapter establishes X-CODE as a versatile and platform-agnostic
system for high-parameter spatial barcode detection using multiplexed imaging
technologies. X-CODE barcodes were robustly detected, quantified, and decoded using

fluorescence-based imaging and imaging mass cytometry, across multiple tissue

3 RNAscope® Multiplex Fluorescent v2 Assay combined with Immunofluorescence | Bio-Techne
[accessed 10/01/2026]
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embedding strategies, and in combination with antibody-based phenotyping. By
enabling seamless barcode readout across imaging platforms using shared protocols
and analysis pipelines, X-CODE provides a scalable framework for spatial clonal tracing

integrated with high-dimensional phenotypic analysis in intact tissues.
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Chapter 7 Integration of X-CODE spatial workflows with

unbiased mass spectrometry imaging

7.1 Research in context

Recently, substantial experimental and computational efforts have focused on
integrating multiple single-modality datasets into unified multiomic analyses of biological
samples 133200  These approaches aim to reveal fundamental molecular mechanisms
that govern cellular behaviour, development, physiology, and disease progression that
could not be discovered from a single modality alone 194, Within this context, integrating
molecular landscapes derived from mass spectrometry imaging (MSI) with spatially
resolved lineage information offers a promising avenue for investigating clonal
molecular heterogeneity and its significance in tissues. Building on the robust high-plex
fluorescence RNA barcode detection demonstrated in the preceding chapter, the

compatibility of integrating the X-CODE framework with MSI can be explored.

Nonetheless, multimodal integration presents challenges. Practically, integrating
techniques on the same tissue section is limited by the compatibility of samples and
analytes across methodologies '°41%  MSI-RNA integration is particularly difficult
because molecular analytes are highly sensitive. Therefore, MSI must be performed first
152,154-156,206-208 ' 55 reagents for RNA detection can degrade metabolites. However, this
creates uncertainty about RNA survival post-MSI, as the technique can induce chemical
and physical sample degradation. Furthermore, computational integration of MSI and
fluorescence imaging data is challenging. MSI typically operates at a lower resolution
than fluorescence imaging, creating pixel-level disparities that complicate co-registration
200 Accurate alignment of these datasets depends on dedicated computational
pipelines, and large-scale efforts to develop integration tools are underway as the

volume of multimodal data increases 104.106,

As discussed previously in Section 1.3.5, MetaFISH '52 and OpenFISH "% pipelines
have established combined matrix-assisted laser desorption/ionisation (MALDI) and
fluorescence in situ hybridisation (FISH) workflows. Although these works present
sophisticated MSI-RNA workflows, cellular barcode detection for lineage tracing

following MSI has not yet been demonstrated. Here, maintaining RNA integrity is
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essential for accurate recovery of cellular barcodes, as degradation can lead to missing
barcodes or misidentified cells, thereby compromising clonal resolution. Additionally,
workflows using high-plex imaging platforms for post-MS| RNA detection have not yet
been optimised. Together, this motivates the exploration of alternative imaging-based
strategies for probe-based RNA detection of cellular barcodes after MSI, providing high-

plex spatial readouts of clonal architecture overlaid with molecular landscapes.

The MetaFISH workflows emphasise that MSI signal quality and RNA preservation are
inherently conflicting, necessitating experimental optimisation to achieve a balanced
dataset rather than maximising results from either modality 922%, MALDI acquisition
parameters that enhance ion yield and molecular coverage, particularly increased laser
energy or repeated ablation, inevitably compromise tissue integrity and reduce the
recoverability of RNA for downstream in situ detection. Moreover, the applied MALDI
matrix directly influences metabolite ionisation efficiency and the range of analyte
classes detected, as some ionise more effectively at higher primary laser intensities,
whereas others produce stronger signals with increased laser shots per pixel 206,
Consequently, integrated workflows typically converge on balanced operating

parameters that preserve sufficient molecular information from both readouts.

Furthermore, sample-preparation considerations influence the compatibility between
MSI and RNA-based imaging. Tissue embedding media must be selected to avoid
interference with ionisation, as the commonly used optimal cutting temperature (OCT)
compound for fresh-frozen tissue embedding can suppress analyte signals during MSI
by competing for available ions 2%°. While MSI compatibility with OCT-embedded tissue
was recently demonstrated, the workflow was optimised using nano-DESI 210,
Alternative embedding strategies, like hydrogel with hydroxypropyl methylcellulose and
polyvinyl-pyrrolidone (HPMC/PVP), demonstrate improved compatibility across multiple
molecular techniques and have been adopted as a reliable embedding method for
fresh-frozen tissues intended for MS| 164,165,

Overall, these developments establish a clear rationale for systematically evaluating X-
CODE detection following MALDI-MSI. Drawing on established MALDI-FISH principles,
this chapter explores the integration of unbiased MALDI-MSI with high-plex, spatially
resolved clonal identification. Thereby, aiming to provide a practical workflow to achieve
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comprehensive in situ phenotyping with spatially resolved cellular barcoding information

within a single tissue section.
7.1.1 Chapter aims

» To evaluate the feasibility of integrating unbiased mass spectrometry imaging
with X-CODE in situ RNA detection on the same tissue section.

» To establish post-MALDI X-CODE detection workflows compatible with fresh-
frozen tissue and commonly used MALDI matrices.

» To define the trade-off between MALDI-MSI acquisition parameters and post-
MALDI X-CODE RNA detectability.

7.2 Establishing post-MALDI in situ X-CODE RNA detection on the

same tissue section

7.2.1 X-CODE detection following MALDI-MSI using a DHB matrix

Having established the compatibility of X-CODE detection with spatial imaging across
multiple embedding conditions in Chapter 6, the integration of X-CODE detection with
matrix-assisted laser desorption/ionisation mass spectrometry imaging (MALDI-MSI) as
an upstream modality was assessed. The previously described MetaFISH protocol
152206 which integrates MSI-FISH workflows, indicates careful optimisation is required
to balance molecular signal acquisition with RNA integrity preservation. Given that
robust and well-established methodologies exist for the detection of various analyte
classes via MALDI-MSI on fresh-frozen tissue 332", the initial focus of this chapter was

to evaluate the impact of MALDI acquisition on downstream X-CODE RNA detection.

Based on prior reports that MALDI-FISH workflows require matrix- and acquisition-
parameter optimisation 192296 X-CODE detection was assessed following MALDI-MSI in
positive-ionisation mode, using a 2,5-dihydroxybenzoic acid (DHB) matrix and
increasing laser power. DHB was selected as an initial test matrix due to its widespread
use and universal applicability for compound detection across analyte classes in
MALDI-MSI 212213 Previously described RM-1 subcutaneous tumours harbouring the X-
CODE 15K library were used to optimise MALDI-X-CODE integration. Samples were
fresh-frozen and embedded in HPMC/PVP hydrogel to ensure MSI compatibility 164165,

154



10 ym tissue sections were subjected to MALDI-MSI acquisition at three laser powers
(30%, 70%, 90%) to systematically explore RNA survival. Subsequently, the tissue

sections were processed for X-CODE detection (Figure 7-1A).
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Figure 7-1. Evaluation of rolling circle-mediated RNA detection of X-CODE barcode units and f-actin
following MALDI-MSI using DHB matrix.

A) Schematic overview of the workflow for HPMC/PVP hydrogel-embedded, fresh frozen tissue sections undergoing
matrix-assisted laser desorption/ionisation mass spectrometry imaging (MALDI-MSI), followed by X-CODE detection
under two post-MSI tissue section preparations: X-CODE-style preparation (prep) and MetaFISH-style prep. Created
with BioRender.com.

B) RM-1 X-CODE 15K subcutaneous tumour sections underwent MALDI-MSI at laser powers of 30%, 70%, or 90%
using a 2,5-dihydroxybenzoic acid (DHB) matrix. Consecutive tissue sections were processed post-MALDI using
either the MetaFISH or X-CODE sample preparation protocol. X-CODE barcode units (BUs) 1-18 were detected
using the Akoya PhenoCycler-Fusion platform. Representative images show BUS (magenta) and BU10 (cyan) across
laser powers and preparation conditions, alongside an X-CODE-only control that did not undergo MALDI-MSI. DAPI
staining visualising nuclei (white) and B-actin RNA staining as a protocol control (yellow). Scale bars, 50 um.

C) Quantification of BU5, BU10, and B-actin RNA amplicon spots per cell across conditions using a QuPath-based
spot-counting pipeline. Stacked bar graphs show the percentages of positive (spots > 0) and negative cells for BUS5,
BU10, and B-actin across laser powers and sample-preparation conditions. X~-CODE-only control without MALDI-MSI

compared to MetaFISH-style prep and X-CODE-style prep following MALDI at 30, 70, and 90% laser power.
Percentage values (white) indicate the proportion of positive cells.

The initial stage of tissue preparation for RNA in situ hybridisation involves fixation with
paraformaldehyde (PFA). Additionally, alcohol-based fixatives, methanol and ethanol,
which enhance permeability, can be used in conjunction with PFA or alone. Tissue
permeabilisation stages using low concentrations of Tween-20, Triton X-100, or sodium
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dodecyl sulphate (SDS) can also be performed '77. The optimised X-CODE protocol for
fresh-frozen tissue (X-CODE prep) involves a 30-minute fixation with 4% PFA, followed
by a 2-minute permeabilisation with 1% SDS, and an additional 1-hour incubation in
70% methanol. In contrast, the MetaFISH workflow (MetaFISH prep) for fresh-frozen
tissue preparation following MALDI indicates a fixation for 1 hour in 2% PFA, followed

by a standard FISH protocol.

Following samples preparation with the MetaFISH or X-CODE prep, X-CODE detection
was performed using probes targeting barcode units (BUs) 1-18, with B-actin as a
protocol control. RNA signals were visualised using the Akoya PhenoCycler platform
following the previously optimised X-CODE imaging protocol. This comparison aimed to
determine whether the more extensive fixation and permeabilisation procedures usually
required for X-CODE detection, as opposed to those outlined by MetaFISH, remain

suitable after MALDI-induced tissue disruption.

Representative images illustrate the effect of increasing MALDI laser power on detected
RNA signal for BU5, BU10, and B-actin, compared to X-CODE-only control sections that
were not subjected to MALDI-MSI (Figure 7-1B). In line with prior MALDI-FISH studies
152206 increasing laser power resulted in a visually marked reduction in detectable RNA
signal, with pronounced tissue damage evident at the highest power setting.
Quantitative analysis using the QuPath-based spot-counting pipeline confirmed a
substantial signal reduction of BU5, BU10, and B-actin cell positivity following MALDI-
MSI relative to X-CODE-only controls (Figure 7-1C). B-actin provided a sensitive
readout of global RNA preservation because of its expected universal expression across
all cells. In X-CODE-only control sections, 99.78% of cells were positive for B-actin.
Following MALDI-MSI and MetaFISH prep, B-actin positivity decreased progressively
with increasing laser power (Ip), from 95.25% at 30% Ip to 53.88% at 90% Ip.

This reduction was more pronounced when tissues were processed using the standard
X-CODE preparation protocol following MALDI-MSI. Under these conditions, B-actin
positivity decreased from 81.39% of cells at 30% Ip to only 33.51% of cells at 90% Ip.
These findings suggest that the additional permeabilisation steps included in the X-
CODE protocol may exacerbate RNA loss when applied to tissues that have already
undergone MALDI-induced disruption. Furthermore, the reduction in signal detection of

barcode units was more pronounced following MALDI than that of p-actin. No-MSI X-
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CODE controls showed 78.81% and 92.21% of cells positive for BU5 and BU10,
respectively. In contrast, BU5 and BU10 cellular positivity was lower than 15% across all

MALDI laser power and post-MSI tissue section prep conditions (Figure 7-1C).

Collectively, these results indicate that while rolling circle amplification enables robust
signal generation under standard conditions, it cannot compensate for extensive RNA
degradation caused by high MALDI laser energies. The data further suggest that post-
MALDI tissue disruption may reduce the need for multi-step fixation and
permeabilisation, and that milder fixation-only protocols may better preserve residual
RNA for X-CODE detection. These observations highlight the need to explore
alternative MALDI matrices and acquisition conditions, as reported in prior MetaFISH
studies, as well as sample preparation protocols to improve RNA detection in integrated

workflows.

7.2.2 X-CODE detection following MALDI-MSI using a DHAP matrix

Given the substantial RNA loss observed following MALDI-MSI with a DHB matrix,
alternative MALDI matrix conditions were explored to assess whether post-MSI X-
CODE RNA detection could be improved. Specifically, the 2,5-dihydroxyacetophenone
(DHAP) matrix was evaluated, as it has also been demonstrated in post-MALDI RNA in
situ hybridisation workflows 2%, Previously described RM-1 subcutaneous JWYZ
tumours generated from a mixture of X-CODE 2M clonal lines were selected to assess
RNA preservation and barcode detection under conditions more favourable to
downstream in situ hybridisation. Tumour samples were fresh-frozen and embedded in
HPMC/PVP hydrogel to maintain compatibility with MALDI-MSI 64165 10 ym tissue
sections were analysed by MALDI-MSI at laser powers of 40% and 50%. Powers were
selected to investigate RNA detection under intermediate-energy acquisition conditions
while aiming to maintain an effective MSI signal intensity, consistent with prior MSI
analysis using a DHAP matrix 2%

Consecutive tissue sections were processed following MALDI-MSI using an adapted
MetaFISH-style preparation protocol that incorporated a 10-minute 30% methanol
incubation step to remove residual DHAP matrix prior to RNA detection. This additional
step was required because DHAP exhibited lower solubility in aqueous buffers, such as

phosphate-buffered saline, than DHB under the conditions used in this work. This is
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consistent with previous reports that DHAP is more hydrophobic than most other
commercially available matrices 2'4, necessitating organic solvent-based removal of the
matrix to prevent interference with downstream hybridisation reactions. Following
fixation and matrix removal, tissue sections underwent padlock probe—mediated rolling
circle amplification for detection of X-CODE RNA barcodes. Fluorescent probes
targeting BUs 1-27 were applied alongside B-actin as a protocol control, and signals
were visualised on the Akoya PhenoCycler platform using the previously optimised X-

CODE imaging protocol.
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Figure 7-2. Assessing detection of X-CODE barcode units and antibody staining following MALDI-MSI using
DHAP matrix.

A) RM-1 X-CODE JWYZ subcutaneous tumour sections, embedded in HPMC/PVP hydrogel, and their no-barcode
RM-1 wildtype (WT) controls underwent MALDI-MSI at laser powers of 40% and 50% using a 2,5-
dihydroxyacetophenone (DHAP) matrix. Consecutive tissue sections were processed post-MALDI using the post-
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MALDI X-CODE protocol. Consecutive no-MALDI controls were processed using the standard X-CODE protocol for
HPMC/PVP hydrogel-embedded fresh-frozen tissues. X-CODE barcode units (BUs) 1-27 were detected using the
Akoya PhenoCycler-Fusion platform. RM-1 2M clonal populations are shown across conditions, visualised by
distinguishing BU sequences: J (pink, BU3&10); W (yellow, BU6&17); Y (green, BU14&18); and Z (blue, BU4&7).
DAPI staining for nuclei (white) and B-actin RNA staining (red). Scale bars, 50 um.

B) Quantification of BUs 1-27 and B-actin RNA amplicon spots per cell across conditions using the QuPath-based
spot-counting pipeline. Bar graph showing the percentage of positive cells (spots > 0) detected across samples
without having undergone MALDI (no-MSI), or after MALDI-MSI at 40% and 50% laser power. Error bars indicate
standard deviation across ROIs (n = 5).

C) Representative images of sodium-potassium ATPase (Na/K-ATPase, i.e. NaK) and pan cytokeratin (PCK)
antibody-based protein detection across conditions.

Representative images demonstrated robust detection of X-CODE barcode units and -
actin following MALDI-MSI at both laser power settings, with signal distributions
comparable to the no-MALDI control (Figure 7-2A). To assess whether MALDI-MSI or
DHAP matrix removal introduced non-specific probe binding, RM-1 wild-type tumour
sections lacking X-CODE barcodes were processed under identical conditions and
stained using the same probe set. Minimal non-specific signal was observed across
both laser power settings, indicating that integrating MALDI-MSI does not contribute to

detectable background hybridisation (Figure 7-2A).

Quantitative analysis using the QuPath-based spot-counting pipeline was used to
assess the impact of increasing laser power from 40% to 50% on X-CODE detection
across BUs 1-27 and fB-actin, relative to no-MALDI control sections (Figure 7-2B).
Assessment of B-actin RNA signal detection following MALDI-MSI, compared with the
no-MALDI setting, revealed near-universal cellular detection across conditions,
regardless of laser power (Figure 7-2B, (3-act). This indicated substantially improved
RNA preservation relative to DHB matrix conditions. Across several BUs, the
percentage of positive cells increased slightly with increasing laser power relative to the
no-MSI control. Also, BU-specific effects were apparent: barcode sequences with lower
baseline signal under standard X-CODE conditions, such as BU10, tended to exhibit

greater sensitivity to MSl-induced signal reduction following MALDI.

In addition to RNA detection, the compatibility of post-MALDI tissue sections with
antibody-based protein detection was preliminarily assessed by staining for extracellular
sodium—potassium ATPase (Na/K-ATPase) and pan-cytokeratin (PCK). Representative
images showed consistent detection of both proteins under both no-MALDI and post-
MALDI conditions (Figure 7-2C). However, variable MALDI-MSI-induced tissue
disruption was visually apparent at both laser power settings, resulting in a reduced

delineation of cellular boundaries compared to no-MALDI controls.
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Taken together, these results demonstrate that use of a DHAP matrix and lower MALDI
laser powers substantially improves post-MSI RNA preservation. These conditions
enable X-CODE barcode detection following MALDI-MSI, although BU-specific
sensitivity to laser exposure remains evident. Nevertheless, rolling-circle—-mediated RNA
amplification enables consistent and clear detection of all BUs used in the 15K- and 2M-
plex X-CODE libraries in post-MALDI settings. These findings highlight the importance
of selecting the appropriate matrix and optimising acquisition parameters to enable
integrated MSI and X-CODE workflows.

7.3 Balancing X-CODE RNA detection with MALDI-MSI acquisition

parameters

Once MALDI-MSI conditions were optimised for consistent downstream X-CODE RNA
detection, their effectiveness in generating reliable MS| data was assessed. Fresh-
frozen RM-1 15K HPMC/PVP hydrogel-embedded tumours were analysed to evaluate
the compatibility between the two modalities. MALDI-MSI was performed across a
broader range of laser power settings to determine the minimum acquisition parameters
required to obtain meaningful MSI signal while retaining X-CODE detectability. Four
consecutive 10 ym tissue sections were analysed by MALDI-MSI using a DHAP matrix
at laser powers of 30%, 40%, 50%, and 60%. Then, James McKenzie from the Takats
Lab at Imperial College London analysed the MALDI-MSI data to assess signal quality

across acquisition conditions.

After preprocessing MSI data, approximately 1,600 spectral features were detected
across the four samples. Visualisations of principal component analysis (PCA) showed
that datasets acquired at laser powers of 50% or higher exhibited coherent spatial
structure, whereas those at lower laser powers produced less informative spatial
patterns, particularly at 30% (Figure 7-3A). Inspection of feature sparsity across
acquisition conditions indicated that reduced interpretability at lower laser powers was
primarily driven by insufficient ionisation. At 30% laser power, the most intense 1% of
detected variables exhibited a median sparsity below 50%, reflecting limited and uneven
signal across tissue pixels (Figure 7-3B, left). As laser power increased, feature sparsity
decreased, consistent with improved ionisation efficiency and more comprehensive

molecular coverage across the tissue section (Figure 7-3B, right). These findings
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indicate that lower laser power settings (30%) were insufficient to generate robust
MALDI-MSI datasets under the conditions tested.
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Figure 7-3. Balancing MALDI-MSI data quality with X-CODE RNA detection across laser power settings.

MALDI 60%

A) HPMC/PVP hydrogel-embedded RM-1 X-CODE 15K subcutaneous tumour sections underwent MALDI-MSI at
laser powers of 30%, 40%, 50%, 60% using a 2,5-dihydroxyacetophenone (DHAP) matrix. MALDI PCA composite
maps (PC2—-4) highlight spectral variance patterns across acquisition parameters.

B) Left: Sparsity distribution, where variables are ranked by intensity and grouped by centile. The X-axis shows the
top-ranked variables, and the Y-axis shows the percentage of non-zero pixels, reflecting signal occupancy. Right:
Heatmap showing feature sparsity across MALDI laser power settings (30%, 40%, 50%, 60%). Each column
represents a variable, and each row corresponds to a MALDI condition. Colour coding indicates the percentage of
non-zero pixels per condition, reflecting signal occupancy.

C) Post-MALDI or no-MALDI consecutive tissue sections were processed using the optimised MALDI-X-CODE or X-

CODE only sample preparation protocols, respectively. Representative X-CODE BU5 and BU10 were detected using
fluorescence imaging. Images show detected signal for BU5 (magenta) and BU10 (cyan) across laser powers,
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compared to an X~-CODE-only control. DAPI staining visualising nuclei (white) and 3-actin RNA staining as a protocol
control (yellow). Scale bars, 50 um.

D) Box plot showing the number of detected spots per BU, and mean spot intensity per cell, across conditions.

To confirm that X-CODE RNA detection remained compatible with acquisition settings
that produced informative MSI data, X-CODE detection was repeated using the
optimised MALDI-X-CODE workflow on tissue sections acquired at 40, 50, and 60%
power. Two representative BUs and (-actin RNA detection were visualised across
conditions using fluorescence imaging. Representative images demonstrated robust
detection of X-CODE BUS5 and BU10, and B-actin, following MALDI-MSI at laser powers
of 40-60%, with signal comparable to that of no-MALDI controls (Figure 7-3C). QuPath-
based analysis of spot counts and mean probe intensity demonstrated that X-CODE
probe detection was preserved at laser powers of 40-60% (Figure 7-3D), consistent
with the RNA preservation observed under DHAP matrix conditions in the preceding

section.

Overall, these results indicate that laser intensity settings of at least 50% are a practical
operating power for integrating MALDI-MSI, with a DHAP matrix, and downstream X-
CODE RNA detection. Under these conditions, MALDI-MSI acquisition yields coherent
spatial molecular information while maintaining sufficient RNA integrity to support

reliable rolling circle—-mediated barcode detection.

7.4 Discussion

This chapter aimed to assess the feasibility of combining X-CODE spatial RNA
detection with unbiased mass spectrometry imaging on the same tissue section, and to
identify the experimental conditions needed to obtain reliable data from both methods.
Collectively, the results demonstrate that while rolling circle—mediated amplification
enables robust RNA signal generation under standard conditions, it cannot compensate
for extensive RNA degradation caused by high MALDI laser energies. When performing
MALDI-MSI with a DHB matrix, increasing laser power resulted in pronounced signal
reductions, indicating that RNA integrity is severely compromised under aggressive
acquisition conditions. These results align with earlier MALDI-FISH studies 15229 and
highlight the main challenge of balancing MSI acquisition parameters with preserving

RNA integrity for subsequent in situ detection.
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Comparison of post-MALDI sample preparation strategies further indicated that MALDI-
induced tissue disruption may reduce the requirement for multi-step fixation and
permeabilisation typically used for X-CODE detection in fresh-frozen tissues under
standard conditions. In particular, fixation-only approaches appeared to better preserve
residual RNA following MALDI-MSI than the standard X-CODE preparation, which
includes additional methanol and detergent-based permeabilisation. This indicates that,
following MALDI, tissue sections may require tailored preparation conditions, as
excessive permeabilisation could increase RNA loss rather than improve probe
accessibility. These findings highlight the importance of developing RNA detection
protocols specifically for post-MALDI samples, rather than directly transferring

workflows optimised for standard conditions.

Using a DHAP matrix with lower MALDI laser power significantly enhanced RNA
preservation compared with DHB-based acquisition. Under these optimised conditions,
X-CODE detection of barcode units (BUs) 1-27 was retained following MALDI-MSI in
tumours, with near-universal B-actin detection and minimal non-specific probe binding in
wild-type controls. Although BU-specific sensitivity to laser exposure was evident,
padlock-probe-based rolling-circle amplification enabled clear detection across all library
BUs. These results highlight matrix selection, in conjunction with optimised sample
preparation workflows, as a critical determinant of post-MSI RNA detectability. Also, in
this context, they show that DHAP-based MALDI-MSI provides a more permissive

setting for integrated workflows than the DHB-based conditions that were tested.

Systematic evaluation of DHAP-based MALDI-MSI data quality across a range of laser
powers showed that acquisition parameters compatible with X-CODE detection may not
produce informative MSI results. Analysis of MALDI-MSI datasets revealed that laser
powers below 50% produced sparse, spatially uninformative molecular signals, whereas
acquisitions at 50% or higher yielded coherent spatial patterns with reduced feature
sparsity. Importantly, X-CODE RNA detection remained robust at these higher laser
powers when DHAP matrix conditions were used. Together, these findings support
using laser powers of at least 50% as a practical operating regime for combining
MALDI-MSI with downstream X-CODE detection, balancing molecular coverage with

retained RNA integrity.
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RNA detection has previously been integrated with MSI as reported by the MetaFISH
workflow, which combines MALDI-MSI with traditional fluorescence in situ hybridisation
(FISH) to spatially associate metabolites and microbial identities in host—microbe
systems 152206 More recently, the OpenFISH workflow has demonstrated post-MALDI
RNA detection in mammalian tissues, using padlock-probe—based rolling-circle
amplification to detect hundreds of endogenous transcripts by fluorescence imaging %6 .
In parallel, several studies have combined MALDI- or DESI-MSI with commercial spatial
transcriptomics platforms to achieve transcriptome-wide RNA detection following MSI
acquisition 153-155 While these methods are advanced, MSI-X-CODE workflows offer
an accessible alternative strategy focused on scalable clonal identification, compatible
with multiplexed imaging, for integrating lineage information and unbiased molecular

imaging.

Moreover, to our knowledge, this work represents the first demonstration of cellular
barcode detection for lineage tracing after MSI acquisition using a high-plex imaging
platform. By integrating X-CODE detection with MALDI-MSI on the Akoya PhenoCycler-
Fusion, this study extends existing MSI-RNA workflows to include scalable clonal
identity readouts. Additionally, preliminary results on the compatibility of post-MALDI
tissue sections with antibody-based protein detection suggest that multimodal
phenotyping beyond RNA measurements alone may be feasible within the same tissue
section. Previous work has demonstrated fluorescence and mass cytometry imaging of
antibody staining following DESI- and MALDI-MSI 215217 While these reports provide
robust evidence of MSI-immunophenotyping, further work will be required to unite MSI

molecular analysis with robust protein and RNA detection on the same tissue section
200

The observed variability in post-MALDI X-CODE BU signal could pose a challenge to
accurate barcode retrieval if RNA detection were substantially reduced. The disparity in
signal likely reflects intrinsic differences in sequence composition and baseline
detection efficiency, as previously seen under standard X-CODE conditions in spatial
and suspension settings. BUs with lower baseline signal appeared more sensitive to
laser-induced degradation, resulting in greater signal reductions following MSI
acquisition. The OpenFISH workflow alleviates RNA loss by capturing transcripts with
poly(A) probes post-MSI and embedding them in a polymerised hydrogel matrix prior to

imaging % . While this strategy provides strong RNA preservation, it involves extensive
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enzymatic digestion and polymerisation steps that limit compatibility with additional
phenotyping modalities, including antibody-based protein detection and downstream

histological staining.

By contrast, the MSI-X-CODE protocol prioritises workflow flexibility and compatibility
with antibody-based or morphological phenotyping. The initial protein-detection results
here suggest that post-MALDI tissues retain sufficient antigenicity for antibody
phenotyping, although higher laser power may reduce the spatial delineation of the
staining. Nevertheless, if RNA detection alone post-MSI were the primary objective,
adoption of RNA preservation strategies, such as those applied in OpenFISH, could
further enhance X-CODE signal following MSI. Combining such approaches with high-
parameter imaging platforms may represent a promising direction for optimisation.
Further improvements to MSI-X-CODE workflows could explore additional matrices and
alternative ionisation modes 2'® | or RNA-protective acquisition strategies, including
post-ionisation approaches such as MALDI-2 '3 Systematic evaluation of these
parameters may further improve molecular coverage while preserving RNA integrity,

extending the applicability of combined MSI and clonal imaging workflows.

Finally, inherent differences in MALDI matrix chemistry, which dictate the detection of
analyte classes, should be acknowledged. DHAP matrices are commonly associated
with efficient ionisation of lipids and small metabolites 2'° , whereas DHB is more widely
used as a general-purpose matrix that supports a broader range of analytes, including
peptides, lipids, and other low-molecular-weight compounds 22°. The OpenFISH
pipeline employs DHB-based MALDI at 90% laser intensity 1% | likely to maximise MSI
signal, whereas the results presented here demonstrate that DHAP-based acquisition
provides a more favourable compromise for RNA integrity without requiring additional
preservation stages. These observations reinforce that matrix selection and acquisition
parameters for specific samples is crucial to balance MSI performance with downstream

molecular detection.

Collectively, the results presented here define a practical framework rather than a
universally optimal solution for integrating MALDI-MSI with X-CODE detection. While
specific acquisition parameters and matrix choices were systematically explored for the
tested tissue types, the principles outlined in this chapter provide a generalisable
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strategy for balancing MSI data quality with downstream RNA detection across diverse

experimental settings.

7.4.1 Limitations

This chapter focused on establishing the feasibility of integrating X-CODE RNA
detection with MALDI-MSI on fresh-frozen tissue sections and defining acquisition
parameters compatible with both modalities. While robust fluorescence-based X-CODE
detection was demonstrated following MALDI-MSI, compatibility with downstream
imaging mass cytometry for barcode detection was not assessed. Similarly, RNA
detection following MALDI-MSI was not evaluated in formalin-fixed paraffin-embedded

(FFPE) tissues, where extended preparation steps may further impact RNA integrity 22 .

BU-specific sensitivity to MALDI-MSI was observed, where X-CODE sequences that
exhibit lower baseline signals under standard conditions show greater vulnerability to
signal reduction following MSI acquisition. This sequence-dependent variability may
affect debarcoding robustness in post-MALDI settings, so careful calibration of spot-
detection thresholds is required when analysing post-MS| X-CODE data. In addition, an
increase in background autofluorescence was qualitatively observed in the PhenoCycler
channel detecting Alexa Fluor 488-conjugated probes following MALDI-MSI,
necessitating more conservative thresholding during spot quantification; however, this

effect was not systematically quantified in this chapter.

The integration of workflows to perform MALDI-MSI, RNA detection, and antibody-
based protein phenotyping on a single tissue section was preliminarily explored. While
post-MALDI tissues retained sufficient antigenicity for staining with two cytoplasmic
markers, a systematic evaluation of multiplexed antibody panels in combination with
MALDI-MSI and X-CODE detection was not performed. Achieving fully integrated
multimodal workflows incorporating MSI, RNA, and protein detection will require careful

optimisation of fixation, permeabilisation, and staining protocols 2.

The results presented here also highlight inherent constraints associated with MALDI
matrices and acquisition parameters. Different matrices favour distinct classes of
analytes 222, and the choice of DHAP in this study prioritised RNA preservation over
broader molecular coverage achieved with DHB. Consequently, the molecular species
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detected by MSI are influenced by matrix selection and laser power, and the operating
settings evaluated here may not be optimal for all experimental objectives. In addition,
MALDI acquisition at laser powers above 60% was not evaluated for DHAP matrix
conditions, and it remains possible that higher laser energies could further enhance MSI

signal while still retaining sufficient RNA integrity for X-CODE detection.

Computational alignment of MSI and fluorescence imaging data was not performed. The
pixel-level differences between MALDI-MSI and fluorescence imaging data complicate
their alignment, which is important to consider when analysing and interpreting
integrated datasets 2%. Accurate co-registration of modalities with differing spatial
resolutions remains challenging and requires specialised computational approaches
outside the scope of this chapter '°. Several dedicated frameworks have been
developed to address multimodal spatial alignment 194143, The future application of such

methods will be essential for fully integrated analysis of MSI and X-CODE datasets.

Finally, this chapter did not address detailed annotation or validation of specific
molecular features detected by MALDI-MSI. While MSI enables spatially resolved
detection of molecular signals, compound identification typically requires additional
analytical steps, such as tandem mass spectrometry or orthogonal chromatography-
based validation "2 | which is outside the scope of this work. Accordingly, the MALDI-
MSI data generated here were used to assess signal quality and spatial coherence
under different acquisition conditions, rather than to interpret specific metabolite

identities.

7.4.2 Conclusions

This chapter demonstrates the feasibility of integrating X-CODE-based spatial RNA
detection with unbiased mass spectrometry imaging on the same tissue section. By
systematically evaluating MALDI matrix selection, acquisition parameters, and post-MSI
RNA detection protocols, this work defines experimental conditions that preserve both
molecular imaging and clonal barcode detection. More broadly, this chapter extends X-
CODE detection beyond fluorescence and imaging mass cytometry—based phenotyping
towards integration with unbiased molecular imaging. By linking clonal identity to spatial
metabolic and biochemical landscapes, the integrated workflow presented here
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provides a foundation for future multimodal studies seeking to resolve lineage,

phenotype, and molecular state within intact tissue sections.
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Chapter 8 Application of X-CODE to an in vivo model of

prostate cancer evolution

8.1 Research in context

Prostate cancer is initially an androgen-driven disease, with tumour growth dependent
on androgen receptor (AR) signalling. Following recurrence after definitive local
therapies such as radical prostatectomy or radiotherapy, androgen deprivation therapy
(ADT) is the standard systemic treatment for advanced disease and typically induces
tumour regression 2! . However, despite initial responsiveness, a substantial proportion
of patients ultimately develop resistance. At this stage, the disease progresses to a
castration-resistant state (CRPC), characterised by continued tumour growth despite
low circulating androgen levels. CRPC exhibits considerable phenotypic and molecular
plasticity, characterised by altered AR signalling and heterogeneous lineage adaptation.
Once metastatic and castration-resistant, prostate cancer remains incurable,
underscoring the clinical need to understand the mechanisms underpinning therapy

response and relapse 223 .

Research shows that CRPC encompasses a spectrum of phenotypic and molecular
adaptations rather than a single uniform state. During progression under sustained
androgen deprivation, tumours can transition from an AR-driven luminal
adenocarcinoma phenotype toward mixed or hybrid states, characterised by reduced
AR dependence and increased lineage plasticity. These intermediate states may include
basal-like or stem-like programmes. Continued selective pressure can promote further
divergence toward androgen-indifferent phenotypes, including neuroendocrine (NE)
prostate cancer, which is typically marked by loss of AR expression and acquisition of
neuroendocrine features. Consequently, CRPC represents a heterogeneous
evolutionary landscape in which luminal, basal-like, proliferative, and neuroendocrine-
like states may coexist within the same tumour, reflecting diverse adaptive responses to

therapy 30224 |

The MyC-CaP cell line is a murine prostate cancer model originally derived from a
prostate tumour in a c-myc transgenic mouse 22° . These tumours arise in the Hi-Myc

transgenic model, in which human MYC is expressed under the control of the androgen-
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responsive ARR2PB probasin promoter, thereby linking oncogenic initiation to androgen
signalling within the prostate epithelium 226 . The line is characterised by epithelial
morphology and an amplified androgen receptor (AR) expression, despite no prior
exposure to androgen withdrawal. These cells retain AR expression and demonstrate
androgen-dependent proliferation in vitro and following implantation into mice. They
perform as a clinically representative model of androgen-sensitive prostate cancer prior
to castration-induced regression, followed by subsequent relapse under androgen

deprivation therapy (ADT) conditions 225 .

The well-defined transition of MyC-CaP tumours from androgen-sensitive to hormone-
refractory growth under continued androgen deprivation provides a reproducible
temporal framework for interrogating prostate cancer evolution in vivo 22%227.228 = MyC-
CaP cells have been widely used in preclinical research to investigate mechanisms of
the androgen-deprivation response and resistance in immunocompetent hosts. The
MyC-CaP model has been used to demonstrate clinically relevant immune-mediated
resistance to ADT 2?7 and immune-modulation therapies ?2°. The MyC-CaP line has also
been utilised in an orthotopic mouse model, recapitulating primary prostate cancer, to
investigate resistance to ADT 230 . Additionally, metastatic disease models have used
intracardiac injection to study prostate cancer bone metastasis 23!, reflecting the diverse

utility of this model for examining prostate cancer biology.

The MyC-CaP prostate cancer mouse model offers a balance of androgen dependence,
immune competence, and phenotypic relevance, making it particularly suitable for
testing novel multimodal analytical frameworks. The subcutaneous MyC-CaP model
provides a rapid, reproducible, and well-controlled experimental system in which tumour
burden, clonal composition, and spatial organisation can be monitored longitudinally
and attributed directly to androgen deprivation. These features make it particularly well-
suited as a proof-of-principle setting for evaluating the X-CODE framework for in vivo
clonal investigation of cancer evolution during therapy, rather than for the detailed

dissection of specific biological mechanisms.

This chapter applies the X-CODE framework to a subcutaneous MyC-CaP model of
prostate cancer evolution under androgen deprivation. Clonal dynamics are first
assessed longitudinally during therapy response and relapse using next-generation

sequencing, and clonal organisation is subsequently mapped in situ within tumours.
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Multimodal spatial phenotyping is then integrated to analyse clone-associated protein
expression and metabolic features. Collectively, this chapter demonstrates the feasibility
of applying X-CODE in a complex in vivo therapeutic setting and establishes a
framework for integrated clonal, spatial, and phenotypic analysis rather than aiming to

comprehensively define the underlying tumour biology.
8.1.1 Chapter aims

» To apply the X-CODE framework in an in vivo therapeutic setting to investigate
clonal dynamics during cancer evolution.

» To develop a computational spatial debarcoding pipeline for assigning X-CODE
clonal identities in situ.

» To integrate spatial multimodal phenotyping to characterise clonally associated

cellular features.

8.2 Assessment of clonal dynamics in a MyC-CaP tumour model

during androgen deprivation

To utilise X-CODE in an in vivo therapeutic setting, clonal dynamics were examined
during androgen deprivation in the MyC-CaP mouse model of prostate cancer. MyC-
CaP cells were labelled with the X-CODE 15K library and implanted into
immunocompetent mice. Tumours were sampled longitudinally before and after
Degarelix-induced chemical castration. The tumours were processed to retain maximum
versatility for downstream experiments, with portions allocated for DNA extraction, cell
culture, and line establishment. Additionally, the central tumour region was halved,
fresh-frozen, and stored for spatial analyses. This enabled tumour slices to be
embedded in OCT or in an HPMC/PVP hydrogel, depending on the downstream spatial
analysis techniques (Figure 8-1A). This design enabled comprehensive longitudinal
analysis of clonal behaviour across multiple assays using matched samples, providing a
defined temporal framework for studying tumour response to androgen deprivation and

the development of castration-resistant disease.

Roberto Rota, in the Tumour Functional Heterogeneity Lab at the Institute of Cancer

Research, monitored the in vivo experiment and analysed tumour growth patterns.

Consistent with the established androgen dependence of the MyC-CaP model 22°,
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tumour growth dynamics were significantly altered after castration. Tumours underwent
an initial phase of regression following androgen deprivation at days 4 and 10 post-
castration, indicating an effective therapeutic response, before relapsing at later time
points. In contrast, tumours in untreated control mice continued to expand progressively
over the same period. These growth patterns created a distinct temporal separation
between treatment response and relapse, providing the basis for subsequent analysis of
clonal behaviour across pre-castration, early post-castration, and castration-resistant

tumour states (Figure 8-1B).
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Figure 8-1. Investigating clonal dynamics using X-CODE in a MyC-CaP mouse model of prostate cancer
during androgen deprivation.

A) Schematic of experimental design for longitudinal clonal tracking in the MyC-CaP model. MyC-CaP cells
transduced with the 15K X-CODE library (TO) were injected subcutaneously into FVB/NJ mice. Tumours were
collected at 4 days and 10 days post-castration with Degarelix, and at the experimental endpoint under castrated or
untreated conditions. Tumours were divided to retain material for DNA barcode sequencing, cell culturing, and in situ
spatial analysis. Created with BioRender.com.

B) Tumour growth curves across experimental groups showing mean tumour volume (n = 5 — 6) over time for each
experimental group. Shaded areas indicate 95% confidence intervals.

C) Alluvial plots showing barcode composition dynamics derived from debarcoding of DNA sequencing (NGS) data.

Each bar represents the normalised barcode frequencies calculated from pooled data across all tumour samples
within the corresponding experimental group.

Clonal dynamics were initially characterised using DNA-level barcode next-generation
sequencing (NGS) across all tumours and time points by Roberto Rota. Analysis of
barcode composition revealed highly similar clonal representations across pre-
castration, early post-castration (day 4 and day 10), and untreated endpoint samples

(Figure 8-1C, top). In contrast, castration-resistant endpoint tumours exhibited

172



pronounced clonal remodelling, characterised by the selective expansion of a restricted
subset of clones (Figure 8-1C, bottom). Notably, these expanding clones were not
substantially enriched at early post-castration time points, indicating that resistance was
not associated with immediate selective outgrowth following treatment. Instead, these
findings are consistent with differential clonal fithess emerging under sustained
androgen deprivation, reflecting heterogeneity in the adaptive potential of different

clonal lineages.

8.2.1 Spatial mapping of X-CODE barcodes reveals clonal organisation

during tumour evolution

Based on clonal dynamics identified by sequencing, a minimum of two tumour samples
per time point were selected for spatial profiling to detect X-CODE sequences in situ.
The chosen tumour samples were embedded in HPMC/PVP hydrogel multi-blocks
according to previously described protocols %5 . Multi-blocks were cryosectioned at 10
pMm, and tumour sections were processed using the X-CODE spatial detection protocol
(Figure 8-2A). Samples were stained for barcode units (BUs) 1-18 using X-CODE
fluorophore detection probes (Supplementary Table 10) and read out using the Akoya
PhenoCycler-Fusion. The tissue sections were then stained with haematoxylin and
eosin (H&E) following PhenoCycler analysis (Figure 8-2B, top). Representative images
of samples from each experimental time point, with randomly coloured BU signal
visualised across all 18 channels, demonstrate well-defined cellular patches in various

colours (Figure 8-2B, bottom).

To determine whether the observed variation in these coloured regions from all BU
signals reflected underlying differences in clonal identity, a spatial decoding strategy for
X-CODE barcodes was developed. Subcellular spots corresponding to all 18 BUs were
quantified following cell segmentation using the QuPath-based detection pipeline. Each
cell was assigned a set of eight BUs based on the most highly detected signals within
its segmentation boundaries. Then, barcode identities were inferred by matching these
BU combinations to the X-CODE 15K library whitelist. Cells lacking an initial barcode
assignment were reevaluated under a stringent criterion for barcode reassignment.
Unassigned cells with minor BU mismatches to a spatially proximal confidently assigned
cell were subsequently attributed to the corresponding barcode and grouped
accordingly. This debarcoding workflow enabled the generation of spatially resolved
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clonal maps, revealing that the distinct BU signal patches observed across tissue

sections corresponded to assigned X-CODE clonal identities (Figure 8-2C, bottom).
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Figure 8-2. X-CODE resolves clonal dynamics spatially during androgen deprivation in vivo.

A) Schematic representation of the multi-dimensional phenotyping and analysis of clonal dynamics in X-CODE
barcoded MyC-CaP subcutaneous tumours. Samples across multiple experimental timepoints following treatment
with androgen deprivation therapy (ADT), via chemical castration using Degralix, were embedded into HPMC/PVP
hydrogel blocks. Created with BioRender.com.

B) Representative tumour sections from samples across the experimental groups. Top: H&E staining showing overall
tumour morphology. Bottom: Combined fluorescent signal of barcode units 1 — 18 using X-CODE fluorescent probes
detecting the X-CODE 15K library, acquired using the Akoya PhenoCycler-Fusion. Pre-castration = Pre-ADT;
untreated endpoint = EP-Ctrl; 4 days post-castration = ADT-D4; 10 days post-castration = ADT-D10; and castration
endpoint = EP-ADT. Scale bar, 400 um.

C) Spatially resolved clonal maps following QuPath-based spot detection and computational debarcoding, illustrating
distinct spatial clonal distribution within tumours across experimental timepoints.

D) Alluvial plots showing barcode composition dynamics derived from debarcoding of spatial fluorescence data. Each

bar represents the normalised barcode frequencies calculated from pooled data across all tumour samples within the
corresponding experimental group.

Pre-castration and untreated tumours exhibited a highly heterogeneous clonal
architecture, characterised by numerous small clones that were closely packed and
often intermingled with nearby lineages. In contrast, castration-resistant tumours
displayed a markedly different spatial arrangement, with large contiguous areas

dominated by a few clones, resulting in clear spatial separation (Figure 8-2C). This
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change in spatial structure was reflected in barcode composition variations over time
across all samples. Barcode composition remained relatively stable in the untreated
tumours, consistent with minimal clonal selection during androgen-driven growth
(Figure 8-2D, top). Although barcode diversity remained largely preserved at early post-
treatment time points following castration, the castration-resistant endpoint tumours
were mainly dominated by a limited subset of barcodes (Figure 8-2D, bottom). This
indicates the expansion of adapted clonal lineages over time rather than immediate
selective outgrowth following castration, mirroring the clonal dynamics identified by the
DNA-level barcode NGS (Figure 8-1C).

Together, these results show that X-CODE is a versatile, comprehensive platform for
investigating tumour evolution in vivo. The framework supports high-throughput clonal
tracking across extensive cohorts and multiple time points, enables informed sample
selection for spatial analysis, and provides integrated identification of clonal identities

during therapy response.

8.3 Clone-associated phenotypic and metabolic characterisation

during tumour evolution under androgen deprivation

8.3.1 Immunophenotypic characterisation of X-CODE-defined clones

Following characterisation of clonal dynamics in situ, spatial clonal maps were
integrated with tumour phenotyping to identify phenotypic states associated with
dominant clones during androgen deprivation. An antibody panel was used to
characterise tumour cell identity and the surrounding microenvironment. Epithelial
lineage was assessed with cytokeratin (CK) markers: CK8 for luminal epithelial tumour
cells, consistent with the known MyC-CaP phenotype 225, and CK5 for basal-like cells.
Androgen receptor (AR) staining was evaluated to assess androgen signalling status,
with MyC-CaP tumour cells expected to show predominantly nuclear AR expression
before treatment and reduced nuclear localisation after androgen deprivation.
Microenvironment components were identified using vimentin (VIM) for stromal
fibroblasts, CD11b for myeloid cells (macrophages and neutrophils), and CD45 for
lymphoid cells. T cell subsets were distinguished by CD4 and CD8, which mark helper

and cytotoxic T lymphocytes, respectively.
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Figure 8-3. Immunophenotyping of MyC-CaP tumour states during tumour evolution under androgen
deprivation.

Representative images of multiplexed immunophenotyping of tumour sections, across experimental time points, read
out using the Akoya PhenoCycler-Fusion. Pre-castration = Pre-ADT; untreated endpoint = EP-Ctrl; 4 days post-
castration = ADT-D4; 10 days post-castration = ADT-D10; and castration endpoint = EP-ADT. Horizontal panels
display 3 or 4 marks simultaneously. Scale bar, 500 um.

A) Displaying epithelial state of tumour cells determined by CK8 (luminal, magenta) and CK5 (basal, red); immune
cells by CD45 (cyan) and stromal cells by vimentin (VIM, yellow).

B) Displaying myeloid cells by CD11b (red) and T cell subsets were distinguished using CD4 (blue) for helper cells
and CD8 (yellow) for cytotoxic cells.

C) Displaying markers for proliferation by Ki67 (green) and androgen receptor (AR, red) with DAPI (blue).

D) Higher-magnification views of selected regions highlighting AR and Ki67 staining. Scale bar, 20 um. The bottom-
right panel shows the spatial clonal map of the three dominant clones identified in the EP-Cast tumour.

Consecutive sections from the same HPMC/PVP-embedded tumour blocks used to
create the clonal maps were stained and analysed to enable spatial alignment of clonal

identity with multiplex immune-phenotyping. The Akoya PhenoCycler-Fusion was used
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for multiplexed imaging of the stained tumour sections, revealing significant differences
in tumour architecture and microenvironmental organisation across treatment conditions
(Figure 8-3A). Pre-castration and untreated tumours were phenotypically
homogeneous, displaying a uniform CK8* luminal epithelial phenotype with variable but
broadly distributed stromal and immune components. In contrast, castration-resistant
endpoint tumours displayed significant spatial heterogeneity, with distinct tumour
regions showing decreased luminal marker expression. Furthermore, immune and
stromal cells were largely excluded from regions dominated by single clonal expansions
and instead accumulated at the interfaces between clonally distinct tumour areas
(Figure 8-3B). In contrast, untreated and early post-castration samples exhibited a
widespread distribution of immune cells throughout the tumour, encompassing both

myeloid and lymphoid compartments.

Visual analysis of AR and Ki67 showed the expected temporal localisation pattern
following androgen deprivation. There was reduced proliferation and cytoplasmic re-
localisation of AR at early post-castration time points, followed by re-emergence of
proliferative activity in resistant tumours (Figure 8-3C). Notably, within a castration-
resistant tumour dominated by three clones, distinct spatially resolved AR and
proliferation states could be observed, including AR-negative proliferative regions, AR-
cytoplasmic proliferative regions, and AR-cytoplasmic low-proliferative regions,
indicating clone-associated modes of adaptation (Figure 8-3D). Moreover, increased
basal marker expression in the castration-resistant sample is consistent with phenotypic

plasticity under sustained androgen deprivation (Figure 8-3A).

Based on the analysed clonal dynamics, individual clones identified at different time
points and enriched at either the untreated or castration endpoints were examined.
Clones expressing barcodes 9948, 8385, 8958, 8466, 8147, and 15129 were detected
across two or more timepoints (Figure 8-4A). Clone 9948 was minimally detected in
pre-castration and in early post-castration samples, yet was enriched in two castrated
endpoint samples (samples #292 and #285). Similarly, clones 8385, 8958, and 8147
were detected at low levels in pre-castration or early-castration samples but showed
enrichment in castrated endpoint samples. In contrast, clone 8466 was detected only in
a castrated endpoint at a relatively high proportion relative to other barcodes, whereas
clone 15129 was identified solely in an untreated endpoint tumour (#306).
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Figure 8-4. Clone-associated phenotypic states during tumour evolution under androgen deprivation.
A) Clonal dynamics across time points are depicted using alluvial plots showing the relative abundance of selected
clones based on pooled data for each experimental group. Clones of interest expressing barcodes 9948, 8385, 8958,
8466, 8147, and 15129.
B) Representative images of multiplexed immunophenotyping highlighting the spatial distribution and associated

phenotypic features of clones of interest in endpoint-treated tumours (292, 285) and an endpoint-un-treated tumour
(306).

Clones enriched in castration-resistant tumours showed distinct spatial phenotypic
associations (Figure 8-4B). Clone 9948 showed varied states across tumours, from
luminal areas with associated lymphoid infiltration (#292) to immune-excluded zones
with reduced CK8 expression (#285). Furthermore, clone 8385 showed a distinct basal
phenotype, with higher synaptophysin expression and lymphoid infiltration, which were
not observed at earlier time points. Clone 8958, while detected in various conditions,
exhibited a specific increase in vimentin-positive cells at the castration-resistant
endpoint (#285). Clone 8466, detected exclusively at the castration-resistant endpoint,

exhibited a marked loss of epithelial markers (#285).

Taken together, these observations suggest that MyC-CaP dominant clones, which
expand during androgen deprivation, exhibit distinct spatial phenotypic arrangements

rather than evolving into a single resistant state.

8.3.2 Integration of X-CODE with MALDI-MSI reveals clone-associated

metabolic features

To extend clone-associated phenotypic characterisation, matrix-assisted laser

desorption/ionisation mass spectrometry imaging (MALDI-MSI) was performed on
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HPMC/PVP hydrogel-embedded MyC-CaP tumour sections. MALDI-MSI was
conducted under conditions that yielded robust metabolic data while maintaining
compatibility with downstream X-CODE detection, as previously established in Chapter
7. Tissue sections were coated with a 2,5-dihydroxyacetophenone (DHAP) matrix and
analysed at 50% laser power. Following the MSI acquisition, the same tissue section
was subjected to X-CODE barcode detection using the optimised post-MSI protocol,
enabling evaluation of X-CODE detection performance after MALDI. Importantly, tissue
sections processed using the combined MSI-X-CODE workflow were near-consecutive
to sections that underwent X-CODE detection alone, as previously analysed in Section
8.2.1.

The workflow established in Chapter 7 provides a flexible framework for post-MSI X-
CODE detection that requires further sample- and experiment-specific optimisation,
rather than a fixed protocol. Here, the optimised operating regime was applied to assess
its performance in a proof-of-principle application using a complete X-CODE library.
Subsequently, direct comparison of barcode detection and clonal decoding between
MSI-exposed and non-exposed tissue within matched tumour samples was performed.
Near-consecutive sections spanning pre-castration, early post-castration, untreated
endpoint, and castration-resistant endpoint samples were stained with fluorescent X-
CODE detection probes complementary to barcode units (BUs) 1-18 (Supplementary
Table 10), and barcode signal was acquired using the Akoya PhenoCycler-Fusion

platform.

Representative images of the endpoint-castrated sample #285 showed comparable
spatial patterns of dominant X-CODE signal areas in the no- and post-MALDI images
when BUs were coloured consistently across samples (Figure 8-5A, left). Following
MSI, BU signal remained spatially specific, although post-MALDI images exhibited a
diffuse signal appearance. Additionally, the ability to visually distinguish smaller, distinct
regions of the BU-associated signal was reduced after MALDI. B-actin RNA signal also
appeared diminished, with a diffuse pattern post-MALDI, indicating an overall decrease
in RNA integrity following MSI (Figure 8-5A, middle). To assess whether this affected
barcode assignment, the previously described computational debarcoding pipeline was
applied to generate maps of X-CODE clones. The top 10 most abundant barcodes

identified in the X-CODE-only section are highlighted across both conditions (Figure
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8-5A, right). While barcode identities could still be assigned after MSI, the total number

of successfully decoded and barcode-assigned cells decreased.
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Figure 8-5. X-CODE spot detection and spatial 15K library decoding following MALDI-MSI.

A) Near-consecutive sections of MyC-CaP underwent X-CODE detection alone, or X-CODE detection following
MALDI-MSI using a DHAP matrix at 50% laser power. Both conditions were stained for barcode units (BUs) 1 — 18
using appropriate X-CODE protocols, and the signal was visualised by the Akoya PhenoCycler-Fusion.
Representative endpoint castrated sample #285 shows BU 1 — 18 uniquely coloured across both conditions and (-
actin RNA staining. The QuPath-based spot detection and decoding pipeline was used to assign segmented cells
their corresponding X-CODE 15K barcode; the top 10 quantified barcodes are shown in the colours indicated across
both conditions.

B) Bar graph showing the percentage of cells in the MALDI-X-CODE #285 sample retaining the barcode assigned in
the X-CODE only condition. BC15104 was not detectable in the MALDI-X-CODE sample.

C) Bar graph showing the percentage of cells in samples #281, 303, 291, 285, and 306 in the X-CODE only and
MALDI-X-CODE conditions that were successfully assigned an X-CODE 15K barcode.

D) Comparison of barcode assignments between X-CODE-only and post-MALDI condition across experimental
timepoints. Scatter plots show pooled, cell-level comparisons for pre-castration (Precas), 4 days post-castration (D4),
10 days post-castration (D10), castration endpoint (Castrated), and untreated intact endpoint (Intact) samples. Each
point represents a cell successfully decoded in both conditions, plotted by its assigned barcode count in the X-
CODE-only section (x-axis) versus the post-MALDI section (y-axis). Axes are shown on a log10 scale to visualise the
distribution of barcode identities. Red lines indicate linear regression fits summarising the relationship between
assignments across conditions.
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9 of the top 10 barcodes quantified in the X-CODE only section were identified in the
MALDI-X-CODE sample. The highest barcode retention was observed for clone 12644
at approximately 50%; whereas BC15104 was not computationally decoded in the post-
MSI section (Figure 8-5B). This reduction aligns with the MALDI laser degrading RNA,
causing a loss of BU signals and hindering cellular identity decoding. The decrease in
barcode assignment in the post-MALDI sections, relative to the X-CODE-only sample,
was also seen in samples #281, 303, 291, and 306 across experimental timepoints.
(Figure 8-5C). Pooled comparison of barcode assignments from all samples per
timepoint across conditions demonstrated that, among successfully decoded cells,
barcode identities were largely preserved following MALDI-MSI. Yet, a reduced
decoding efficiency is observed, indicating attenuation rather than random reassignment
of clonal identities (Figure 8-5D). These data indicate that while MALDI-MSI reduces
the efficiency of barcode recovery, it does not substantially alter barcode identity among

cells that remain decodable.

To circumvent this reduction in post-MALDI barcode recovery for the analyses of clone-
associated metabolic features, MSI data were integrated with X-CODE identities derived
from non-MSI consecutive sections. Co-registration of spatial clonal maps with
metabolic profiles was performed by James McKenzie from the Takats Lab at Imperial
College London. Principal component analysis revealed tumour- and clone-specific
metabolic patterning, with spatially localised m/z features aligning with dominant clonal
regions (Figure 8-6A). PC2 — 4 reveal distinct differences between early post-castration
and intact samples in comparison to later stage castration and endpoint castration
samples (Figure 8-6A, middle). Additionally, PC4 — 6 demonstrate specific patterns
corresponding to major clonal regions in castrated endpoint samples #285 (BC8466,
8958, 9948), and #292 (BC8147, 8385, 9948) as well as the dominant clone identified in
the intact endpoint sample #306 (Figure 8-6A, bottom).

Next, specific clone-associated m/z features that were determined to be selectively
enriched relative to other clones were examined. Representative ion images of m/z
690.44, 884.657, 833.654, 848.55, 825.562, and 872.333 are shown, illustrating
spatially localised metabolic variables associated with the clones of interest (Figure
8-6B). For instance, in the castrated endpoint samples, clone 8385 is associated with
833.654 m/z signal intensity in sample #292. Clone 9948 exhibits variable dominant

outgrowth in two castrated endpoint samples, showing increased 572.33 m/z signal
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intensity in sample #292 but not in sample #285. Finally, tentative variable annotations
were also performed using the bulk structure search function of the LIPID MAPS
Structural Database (LMSD) 7172, These clone-associated features corresponded to
lipid species with  putative annotations, including phosphatidylserines,
phosphatidylglycerols, phosphatidyl-inositols, ceramide-linked phosphorethanolamines,
and lysophospholipids. This data indicated that distinct dominant clones are associated

with non-overlapping metabolic configurations.
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Figure 8-6. Clone-associated metabolic features during tumour evolution under androgen deprivation.

A) Top: Clonal maps of decoded X-CODE signals for samples across experimental timepoints, colours of clones of
interest as indicated. Pre-castration = Pre-ADT,; untreated endpoint = EP-Ctrl; 4 days post-castration = ADT-D4; 10
days post-castration = ADT-D10; and castration endpoint = EP-ADT. Middle and bottom: MALDI-derived principal
component (PC) maps aligned to tumour sections across time points.

B) Representative ion images corresponding to clone-associated m/z features with putative annotations, illustrating
spatially localised metabolic variables associated with the clones of interest.

Collectively, these results establish the feasibility of integrating X-CODE clonal identity

with MALDI-MSI data in a therapeutic tumour model. This framework enables the
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spatial association of dominant clones with distinct metabolic features across stages of

tumour evolution under androgen deprivation.

8.4 Discussion

In this chapter, the X-CODE framework was applied to an in vivo MyC-CaP model of
prostate cancer evolution under androgen deprivation, enabling longitudinal and spatial
interrogation of clonal dynamics during therapy response and relapse. By combining
high-complexity clonal barcoding with the X-CODE 15K library, spatial imaging, and
multimodal phenotyping, this work demonstrates the feasibility of resolving clonal
behaviour within intact tumour tissue across multiple experimental readouts. Together,
the results establish X-CODE as a flexible and scalable platform for studying tumour
evolution in vivo, combining bulk analysis of barcode dynamics with single-cell, spatially

resolved clonal, phenotypic, and metabolic information.

Analysis of clonal dynamics during androgen deprivation revealed that castration-
resistant tumours arise through pronounced clonal remodelling rather than uniform
outgrowth of pre-existing dominant lineages. Early post-castration time points retained
high clonal diversity, whereas resistant endpoint tumours were characterised by
selective expansion of a limited subset of clones. Importantly, these expanding clones
were not strongly enriched immediately after treatment, indicating that resistance is not
driven by rapid early selection alone but rather emerges over time under sustained
androgen deprivation. These findings are consistent with a model in which differential
adaptive potential among clonal lineages shapes long-term tumour evolution during

therapy, consistent with previous studies 232 .

A computational strategy for decoding clonal identities in situ was developed that used
barcode unit detection to assign each cell its combinatorial X-CODE barcode from the
15K library barcode whitelist. Spatial mapping of X-CODE barcodes further
demonstrated that clonal expansion in resistant tumours is accompanied by marked
reorganisation of tumour architecture. Whereas pre-castration and untreated tumours
exhibited highly intermingled clonal patterns, castration-resistant tumours were
organised into large, spatially segregated clonal regions. This spatial segregation
suggests that clonal dominance is associated with local niche occupation rather than

homogeneous mixing, highlighting the importance of spatial context in shaping tumour
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evolution. By enabling direct visualisation of clonal organisation in situ, X-CODE
provides a means to link clonal selection with spatial tumour structure during disease

progression.

Integration of immunophenotypic profiling revealed that dominant clones expanding
under androgen deprivation exhibited distinct protein expression patterns rather than
converging on a single resistant phenotype. Differences in epithelial markers,
proliferation-associated proteins, and microenvironmental composition were observed
between clones occupying distinct spatial regions. These observations indicate that
castration resistance in the MyC-CaP model is phenotypically heterogeneous, with
multiple coexisting resistant clones adopting divergent cellular states. These
observations challenge simplified models of resistance based on uniform lineage
switching or phenotypic convergence and instead support a view of resistance as a

multi-lineage evolutionary outcome.

The integration of X-CODE with MALDI-MSI further extended this framework by
enabling spatial association of clonal identity with metabolic features. Although MALDI-
MSI reduced barcode recovery efficiency, clonal identity was largely preserved among
successfully decoded cells. The experimental design enabled integration of clonal maps
with metabolic imaging via near-consecutive sections. This approach revealed that
dominant clones were associated with distinct, spatially localised metabolic features,
predominantly corresponding to lipid species with putative annotations. Importantly,
different resistant clones exhibited non-overlapping metabolic profiles, indicating that
clonal dominance under androgen deprivation is compatible with multiple metabolic

configurations rather than a single convergent programme.

Taken together, these findings support a model in which prostate cancer evolution under
androgen deprivation does not converge on a uniform phenotypic or metabolic state,
consistent with observations in patients . Instead, resistant tumours comprise multiple
dominant clones, each occupying distinct spatial niches and associated with specific
phenotypic and metabolic features. This heterogeneity likely reflects differences in
clonal adaptive potential and local microenvironmental context, rather than deterministic
progression toward a single resistant endpoint. By integrating clonal identity with spatial
phenotype and metabolism in situ, X-CODE enables direct resolution of this complexity

within intact tumours.
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More broadly, this chapter demonstrates the utility of static, high-complexity spatial
barcoding as a tool for studying tumour evolution in vivo. To our knowledge, this
represents the first application of a static clonal barcode system enabling direct spatial
debarcoding of thousands of unique clonal identities within tissue. The computational
debarcoding pipeline and multimodal integration workflow presented here establish a
generalisable framework that can be adapted to other tumour or disease models,
therapeutic contexts, and spatial readouts. As such, X-CODE provides a foundation for
future studies to dissect how clonal identity, spatial organisation, and cellular state

interact to shape tumour evolution during therapy.

8.4.1 Limitations

While clone-associated multi-modal phenotyping is presented in this chapter, antibody
staining was performed on consecutive tissue sections rather than on the same section
used for X-CODE barcode detection. This approach gave robust visualisation of X-
CODE barcode units and protein markers in their respective conditions, enabling
comparison across matched tumour regions. However, this experimental design
precludes direct, cell-level co-measurement of clonal identity and protein expression. As
demonstrated in Chapter 6, careful optimisation of each protein marker is likely required
to ensure compatibility with RNA-based detection, and further investigation would be
necessary to enable fully integrated, same-section multimodal measurements in this
context. In addition, although quantitative analysis of antibody staining was performed,
the results are not presented here, as they fall outside the scope of this chapter.
Nonetheless, numerous well-established computational pipelines for protein-based

analysis can be integrated into the X-CODE framework 106:233,234

Similarly, integration of MALDI-MSI data with X-CODE clonal identity was achieved
using near-consecutive sections rather than the same tissue section. Chapter 7
established a framework for post-MSI X-CODE RNA detection on the same section.
However, it also highlighted the need for further optimisation of multimodal generation
from the same tissue section, which requires tailoring to individual samples and
experimental contexts, consistent with established reports '922%_ In this chapter,
consecutive sections were used to assess detection and debarcoding of the full-scale
15K X-CODE library when applied to a proof-of-principle cancer evolution model. While

clonal patterns were partially retained following MSI, loss of RNA barcode unit signal
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reduced the number of computationally decodable barcodes, indicating that additional
optimisation of MALDI-X-CODE workflows is required to achieve robust same-section
debarcoding after MALDI-MSI.

A further, related limitation concerns the sparsity of MyC-CaP MALDI-MSI data, which
necessitated pixel-level smoothing during analysis. In this experiment, 12 tumour
sections of varying sizes across experimental time points were distributed across two
slides and subjected to MALDI-MSI. This experimental setup resulted in MALDI
acquisition times exceeding 24 hours. Prolonged acquisition may increase the
evaporation of volatile metabolites and matrices and extend the duration for which RNA
is exposed to suboptimal conditions, likely contributing to reduced post-MSI barcode
recovery 2% . Future studies could mitigate these issues by analysing fewer tissue
sections per MALDI run; however, this may increase per-sample reagent costs.
Alternatively, the spatial resolution of the MALDI run could be reduced to shorten
acquisition times, but this may introduce challenges for accurate co-registration with

high-resolution fluorescence imaging data 2.

While robust multi-modal alignment and integration pipelines were demonstrated in this
chapter, achieving same-section integration of MALDI, RNA, and antibody
measurements will require additional optimisation. Experimental compromises, such as
reduced sample throughput, would likely be necessary, as would extensive protein-
target antibody optimisation. While costly and potentially labour-intensive, these
considerations are not unique to the X-CODE framework and are a bottleneck in highly
multiplexed protein staining and multimodal workflows 96234 Finally, although putative
m/z identities were assigned using the LIPID MAPS database, orthogonal validation of
compounds was not performed. The aim of this chapter, with respect to MSI, was to
establish the feasibility of integrating high-complexity clonal barcoding with multimodal
spatial phenotyping, such as MALDI, in a therapeutic tumour model. Future studies can
build on this framework to optimise multi-omic workflows and to conduct targeted

validation of compounds tailored to specific biological questions.

8.4.2 Conclusions

In conclusion, this chapter demonstrates the successful application of the X-CODE

framework in an in vivo therapeutic model of prostate cancer evolution under androgen
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deprivation. X-CODE enabled longitudinal assessment of clonal dynamics during
treatment response and relapse, alongside spatial mapping of clonal organisation within
intact tumour tissue. The development and application of a computational spatial
debarcoding pipeline enabled robust in situ assignment of clonal identities, supporting
integration with downstream spatial phenotyping analyses. By combining X-CODE with
immunophenotyping and MALDI-MSI, this work further establishes the feasibility of
multimodal spatial characterisation of clonally associated cellular features. Together,
these findings position X-CODE as a flexible platform for resolving clonal heterogeneity

and its phenotypic and metabolic context during tumour evolution in vivo.
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Chapter 9 Thesis discussion, impact, and outlook

9.1 X-CODE as a scalable, probe-based cellular barcoding framework

Lineage tracing has become a central tool for studying development, tissue
homeostasis, disease, and cancer evolution %8 . Identifying clonal identity alongside
cellular state is increasingly recognised as crucial for understanding population
dynamics under selection pressure 8 . However, existing barcoding strategies typically
impose practical trade-offs between achievable clonal resolution, phenotypic depth,
spatial information content, and experimental scalability. High-complexity barcode
libraries are most commonly read out by sequencing %776  which limits experimental
throughput and complicates spatial analysis, while probe-based and imaging-compatible
barcodes are often restricted in library scale 7292111160 As g result, integrating clonal
identity with extensive phenotypic and spatial information within a coherent
experimental framework remains challenging. This design gap has constrained the
study of clonal behaviour across analytical platforms and biological contexts, thereby
motivating the development of barcoding strategies that are scalable, provide spatial

resolution, and are compatible with diverse readout technologies.

X-CODE addresses this challenge by introducing a combinatorial RNA barcode
architecture that is probe-detectable, enabling multi-platform readout whilst decoupling
barcode complexity from detection burden. Clonal identity is encoded through the
modular assembly of short barcode units (BUs), each of which can be independently
targeted by probe-based detection. Barcode diversity is generated combinatorially,
enabling libraries comprising 15,876 (15K) or 2,000,376 (2M) unique barcodes without
requiring a proportional increase in the number of detection probes. In practice,
detecting these libraries requires only 18 padlock and detection probes for the 15K
library and 27 for the 2M library, along with a universal probe. Thus, the overall
detection burden remains manageable, even with substantial increases in library
complexity. This design contrasts with fully random barcode libraries, in which each
barcode is a randomly generated, unique short sequence. Thus, the design is inherently

incompatible with in situ hybridisation-based targeting using a fixed, reusable probe set.
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A defining feature of the X-CODE framework is its dual-barcode architecture, in which
each clonal identity is represented by both a long, probe-detectable RNA barcode and a
matched short barcode optimised for sequencing. The long barcode is designed for
padlock-probe-based transcript capture, followed by rolling-circle amplification of the
target sequence, enabling sensitive and specific detection by cytometric and imaging
platforms. The short barcode supports validation and investigation of DNA or single-cell
RNA sequencing, as well as barcode-specific clonal retrieval for downstream functional
analyses. Importantly, the correspondence between long and short barcodes is fixed
during library construction, ensuring that the same clonal identity can be explicitly
tracked across probe-based and sequencing-based workflows. This intrinsic pairing
eliminates the need for post hoc barcode matching, which could introduce ambiguity

and incomplete recovery in systems that rely on random barcode architectures.

To effectively utilise barcoding tools, accurate and consistent identification of clonal
identities across experiments and platforms is essential. Employing a predefined
barcode whitelist further strengthens the analytical reliability and recovery of X-CODE
sequences. Because X-CODE is built from a combinatorial barcode design, the analysis
is restricted to a known set of valid barcode combinations. This reduces misassignment,
improves signal interpretation, and increases tolerance to variability in probe
performance or detection efficiency. This is particularly important at high library
complexity, where small classification errors could create substantial ambiguity in clonal
identification. Furthermore, in the context of cross-platform barcode retention, the
whitelist strategy ensures that the same clonal identities can be reliably recovered from
cytometric, imaging, and sequencing data. Thereby enabling direct comparison and

integration of results across analytical modalities.

X-CODE builds on established probe-based RNA detection concepts, including rolling-
circle amplification strategies developed for endogenous transcript detection. In
particular, the proximity ligation assay for RNA (PLAYR) 37141 and the STARmap
strategy 8. However, the use of sequence elements as genomically encoded, modular
barcode units represents a conceptual departure from prior applications. In existing
systems, such sequences function as passive detection elements within fixed assays,
whereas in X-CODE, they are repurposed as the variable components of a
combinatorial clonal barcode. Compared with probe-based barcode implementations
developed for perturbation screens, such as the BARC-FISH strategy '8, X-CODE
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operates at substantially greater library scale and is explicitly designed for clonal

tracing.

In addition, this RNA-based design also overcomes fundamental constraints associated
with protein-based barcoding approaches, in which barcode diversity is limited by
epitope availability and antibody compatibility. Thereby, the X-CODE framework enables
tracing of greater clonal complexity while retaining compatibility with probe-based and
spatial detection across multiple platforms. Nonetheless, this design shifts the primary
constraint from barcode library scalability to detection capacity. Resolving combinatorial
barcode identities requires sufficient measurement channels to detect multiple barcode
units per cell, where higher-complexity libraries necessitate more parameters. Detection
of the X-CODE 15K and 2M libraries requires simultaneous discrimination between 18-
and 27-barcode units, respectively. Consequently, effective deployment of X-CODE
requires high-parameter analytical platforms, such as mass cytometry and highly

multiplexed imaging techniques.

9.2 X-CODE enables cross-platform barcode retention and analytical

flexibility

A central strength of the X-CODE framework is that clonal identity is retained across
fundamentally different analytical modalities. The same barcode can be recovered
across assays governed by distinct physical and chemical principles, such as
fluorescence imaging, mass cytometry, and sequencing-based readouts. Importantly,
this platform-agnostic design provides substantial experimental flexibility. Provided that
samples are appropriately preserved and stored, initial analysis using one modality can
guide subsequent analytical choices, enabling targeted use of resource-intensive and
costly techniques. In practice, this allows adaptation to experimental workflows based
on preliminary results, rather than committing to a single readout strategy. For example,
this project employed bulk sequencing of all MyC-CaP samples across experimental
time points to select specific samples for detailed spatial analyses. Thereby
demonstrating that X-CODE facilitates iterative, decision-driven experimental design

rather than inflexible, single-method approaches.

Suspension mass cytometry provides a particularly powerful readout of X-CODE
barcodes by enabling sequencing-free, high-throughput clonal analysis at single-cell
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resolution. Mass cytometry by time-of-flight (CyTOF) enables the analysis of millions of
cells in a single experiment, facilitating the detection of rare clonal populations that may
be difficult to resolve using sequencing-based approaches alone. Building on well-
established RNA detection protocols using CyTOF 37141 robust workflows for X-CODE
detection were optimised. Importantly, X-CODE barcode readout by CyTOF is
compatible with simultaneous antibody-based immunophenotyping, enabling direct
linkage of clonal identity to cellular phenotype in heterogeneous populations. This
analytical context is especially relevant for liquid malignancies, where flow-based
techniques have historically been central to disease characterisation. Moreover, as
spectral flow cytometry platforms continue to expand in marker capacity, the principles
underlying CyTOF-based X-CODE detection are likely to be extensible to these
systems, further broadening the range of accessible platforms for high-throughput,

single-cell analysis of clonal dynamics.

The X-CODE framework also supports spatial clonal readout across high-parameter
imaging platforms, including multiplexed fluorescence imaging and imaging mass
cytometry. Using shared reagents and closely related protocols, barcode units were
robustly detected at single-cell resolution across both modalities, despite inherent
differences in image characteristics between fluorescence and mass cytometry data.
Furthermore, the development of a unified spatial decoding strategy, implemented
within a QuPath-based analysis pipeline, enabled consistent assignment of X-CODE
barcodes. While visual features such as signal granularity and segmentation quality
varied across platforms, computational identification of barcode units remained robust.
This unified approach lowers the technical barrier to spatial clonal analysis and enables
direct analysis of results across imaging modalities without reliance on platform-specific
analysis software. These shared sample-preparation workflows, detection protocols,
and analysis pipelines highlight the X-CODE framework's versatile, readout platform-

independent design.

Beyond the platforms directly evaluated in this thesis, the probe-based detection design
of X-CODE positions it for integration with additional high-parameter spatial detection
technologies. The mass spectrometry-based imaging approach termed multiplexed ion
beam imaging (MIBI) was designed for targeted visualisation of isotope-labelled
antibodies in situ 23°. While conceptually similar to imaging mass cytometry, the physical

processes and demands of each technique differ. Nonetheless, MIBI’s high multiplexing
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capacity could represent a natural extension of the X-CODE framework to an orthogonal
detection strategy. Furthermore, there are increasing efforts to adapt lineage-tracing
systems for readout by spatial transcriptomic assays, enabling simultaneous cellular
RNA profiling. Recent approaches have demonstrated compatibility between evolvable
barcodes and spatial transcriptomic platforms 159160 Nonetheless, evolvable systems
often require more optimisation for tracing deployment and impose greater analytical
demands than static systems, owing to their complexity. Additionally, barcodes can be

context-specific, thereby limiting their widespread application.

These developments highlight the need for a flexible, accessible static barcoding
method compatible with modern spatial transcriptomic platforms. Within the context of
the X-CODE framework, integration with probe-based spatial transcriptomics platforms
is particularly significant. The 10x Genomics Xenium platform employs probe-based
transcript targeting and rolling-circle amplification, which aligns with the chemistry
underlying X-CODE barcode readout. Based on this shared methodology, X-CODE is
anticipated to integrate with Xenium's spatial transcriptomic workflows. Optimisation of
this integration is currently being pursued as an extension of this work, but lies beyond
the scope of the results presented here. Nonetheless, this potential of readout
adaptation highlights the X-CODE'’s forward-looking design and presents an opportunity
to integrate an additional layer of in situ phenotyping. Moreover, by carefully redesigning
probe architectures, X-CODE detection may be extendable to other probe-based spatial
transcriptomic platforms, such as the NanoString CosMx, without requiring construct-

level redesign of the X-CODE libraries.

Despite its broad flexibility, effective deployment of the full-scale X-CODE 15K and 2M
libraries across technologies may require platform-specific optimisation and careful
parameter allocation. Detection of high-complexity libraries requires dedicating a subset
of available measurement channels to barcode units, and probe-level variability must be
accounted for during analysis. These considerations reflect trade-offs inherent in probe-
based detection of RNA sequences compared to sequencing-based readout. For
instance, decoding cells from the 15K and 2M X-CODE libraries requires successful
positive detection of only 8 or 12 BUs per cell, respectively. Resolving multiple barcode
parameters per cell within densely packed tissue sections can therefore pose
challenges for accurate in situ decoding. In addition, barcode units that exhibit

consistently lower detection efficiency across platforms may disproportionately reduce
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overall barcode assignment rates. However, these effects can be partially mitigated by
computational decoding strategies, including optimised cellular segmentation, attentive
BU signal thresholding, and spatially informed reassignment approaches that leverage

confidently decoded neighbouring cells.

9.3 Multimodal integration: linking clonal identity and phenotype

It is increasingly recognised that resolving clonal behaviour requires integration of
lineage information with phenotypic, molecular, and spatial contexts. Across
developmental biology and cancer research, recent work has emphasised that lineage-
only approaches lack the resolution to account for functional heterogeneity, whereas
phenotype- or state-based measurements alone cannot distinguish inherited from
adaptive behaviours 48, This has driven a broader shift toward multimodal and multi-
omic workflows, particularly in cancer, to better understand therapeutic response and
resistance that arise from interactions between clonal identity, cellular state, and the
microenvironment 32. Within this landscape, lineage tracing strategies that can be
directly integrated with protein, transcriptional, and metabolic measurements are
especially valuable. X-CODE was explicitly designed to operate within this emerging
multimodal paradigm, enabling mapping of clonal identity as a foundational layer that

can be linked to multiple biological readouts.

Integration of RNA-based barcode detection with multiplexed protein phenotyping
enables direct association of clonal identity with functional cellular states. This thesis
demonstrated the spatial association between specific MyC-CaP clones and their
immunophenotyped states under androgen deprivation by analysing consecutive tissue
sections. This reflects the practical challenges of same-section RNA-protein co-
detection, which are not unique to the X-CODE workflow. Multimodal RNA—protein
assays generally require careful optimisation of fixation, permeabilisation, and staining
conditions to balance RNA preservation with antigen accessibility, and established
workflows demonstrate that such integration is feasible but non-trivial ''°. The results
presented here show that spatial X-CODE barcode mapping is compatible with protein
phenotyping, while highlighting that same-section integration of clonal identities with full
antibody panels will require target-specific optimisation. These constraints represent

tractable technical challenges rather than conceptual barriers, and established RNA-
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protein co-detection methodologies provide a foundation for optimising X-CODE

protocols toward fully integrated workflows in future studies 147:183,

Beyond integration with protein phenotyping, linking clonal identity to unbiased
molecular features provides an additional layer of biological context. Combining X-
CODE with mass spectrometry imaging (MSI) enables association of clonal identity with
spatially resolved metabolic landscapes of tumour heterogeneity. However, MSl-based
workflows impose distinct constraints on RNA integrity, reflecting an inherent trade-off
between efficient molecular ionisation and nucleic acid preservation. This challenge is
not unique to X-CODE and has been reported in prior MSI-RNA in situ hybridisation
workflows that explored the integration of matrix-assisted laser desorption/ionisation
(MALDI) 2%, Laser energy, matrix chemistry, and acquisition parameters directly
influence transcript preservation and MSI data quality. Within this thesis, optimisation of
MALDI acquisition parameters and matrix selection defined practical operating regimes

that retained sufficient barcode unit detection while yielding informative MSI data.

Application of this optimised regime to samples from the in vivo barcoded prostate
cancer evolution model resulted in reduced recovery of computationally decodable
barcode identities after MSI acquisition, consistent with partial RNA loss under MSI
conditions. Nonetheless, integration of clonal identity using consecutive tissue sections
enabled robust association of dominant clones with spatially localised metabolic
features. Overall, these findings suggest that with present workflows, X-CODE-MSI
integration is most effective for specifically linking dominant clones to molecular
features, rather than providing comprehensive clonal-molecular integration across all
cells. Nonetheless, recent studies that integrate spatial transcriptomics after MSI
acquisition demonstrate that, under carefully optimised conditions, RNA integrity can be

preserved sufficiently to enable downstream transcriptomic profiling 194155 .

These advances highlight experimental strategies that mitigate RNA degradation and
suggest that further optimisation of RNA-compatible MSI workflows is feasible. In this
context, alternative ionisation approaches, such as desorption electrospray ionisation
(DESI), may advance integrated workflows compared with MALDI. DESI operates under
milder acquisition conditions than MALDI because ionisation is achieved through
solvent-mediated desorption at ambient pressure rather than laser-induced ablation 39,

thereby reducing thermal and physical disruption of nucleic acids. Implementation of
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DESI-X-CODE workflows may improve compatibility with post-MSI RNA detection and
offer promising avenues for future optimisation of X-CODE-MSI integration. However,
the choice of ionisation strategy must also account for the specific classes of
metabolites and molecular species of interest, as DESI and MALDI differ in their

ionisation efficiencies, spatial resolution, and molecular coverage.

Furthermore, spatial transcriptomics platforms present the opportunity for in situ
detection of cellular RNA barcodes with simultaneous transcript-based profiling, as
implied in Section 9.2. While recent lineage-tracing studies have demonstrated
evolvable barcode readout within spatial transcriptomic assays, these approaches use
dynamic barcodes that prioritise lineage ancestry over stable clonal identity. In contrast,
X-CODE provides a static clonal identifier that can serve as a lineage anchor within
spatial transcriptomic workflows, enabling interpretation of transcriptional states in the
context of clonal identity. As discussed, compatibility with probe-based spatial
transcriptomics platforms provides a practical means to integrate these data types.
Therefore, demonstrating X-CODE detection on the 10x Xenium platform would show
that clonal identity can be recovered alongside spatially resolved transcriptional

information while preserving tissue architecture.

The challenges in same-section integration of RNA, protein, and molecular imaging
modalities reflect broader bottlenecks in multimodal spatial biology '%. Achieving fully
integrated measurements often requires experimental compromises, including trade-offs
between sample throughput, phenotyping depth, cost, and protocol complexity. Specific
instances encountered in this work include limited spatial analyses of potentially
biologically relevant samples and the inability to conduct extensive per-target antibody
optimisation due to cost constraints. Also, compromising dataset quality when
combining conflicting analytical techniques. Overcoming the challenges encountered in
multiomic biology will be critical to maximising the performance of a multimodal X-
CODE framework. This thesis prioritised optimising the X-CODE framework to enhance
tool flexibility, library scalability, and cross-platform barcode readout compatibility.
Therefore, multi-modal integration strategies can be tailored and optimised to specific
biological questions in future studies. This is particularly relevant for in vivo applications,
where spatial resolution of clonal dynamics and their intersection with phenotype and

molecular state is essential for understanding biological behaviour.
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9.4 X-CODE reveals spatial clonal dynamics during tumour evolution

To demonstrate the biological utility of the X-CODE framework, it was applied to an in
vivo MyC-CaP model of prostate cancer progression under androgen deprivation. This
system provides a well-defined selective pressure that drives tumour adaptation and
resistance 225. By combining high-complexity clonal barcoding with longitudinal sampling
and spatially resolved analysis, this model enabled interrogation of how clonal dynamics
unfold over time and space during therapy response. Importantly, the experimental
design enabled multimodal assessment of clonal behaviour across bulk and single-cell
readouts with spatial resolution within the same biological samples. This provided a
setting to evaluate X-CODE’s ability to investigate clonal identity during tumour

evolution in vivo.

Longitudinal analysis revealed that castration resistance in the MyC-CaP model arose
from delayed clonal remodelling rather than from rapid selection of pre-existing
dominant clones. Early post-castration tumours retained high clonal diversity, indicating
that the initial therapeutic response did not immediately constrain the clonal landscape.
In contrast, resistant endpoint tumours were characterised by pronounced expansion of
a limited subset of clones. Notably, these dominant clones were not strongly enriched at
early time points, suggesting that resistance reflects differential adaptive potential that
develops over time under sustained selective pressure 232, This temporal pattern
argues against simple models of sudden clonal sweeps and instead supports a dynamic

process of clonal restructuring during therapy-driven tumour evolution.

Spatial mapping of clonal identities revealed that temporal clonal remodelling was
accompanied by marked reorganisation of tumour architecture. Whereas untreated and
early post-castration tumours exhibited highly intermingled clonal patterns, resistant
tumours were dominated by large, spatially segregated clonal regions. This separation
indicates that clonal expansion during resistance is spatially structured and likely
influenced by local microenvironmental conditions. By enabling direct visualisation of
clonal organisation in situ, X-CODE reveals that clonal dominance is not only a
population-level phenomenon but is also tightly linked to spatial niche occupation,
underscoring the importance of spatial context in shaping tumour evolution under

therapy.
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Integration of clonal identity with immunophenotypic profiling showed that dominant
resistant clones did not converge on a single phenotypic state. Instead, distinct clones
exhibited divergent expression patterns across epithelial markers, proliferation-
associated proteins, and microenvironment-related features. These differences were
spatially organised, with phenotypic variation aligning with clonal territories within the
tumour. This heterogeneity challenges simplified models of resistance based on uniform
lineage switching or phenotypic convergence and supports a view in which multiple
resistant clones coexist, each adopting distinct cellular states. Such diversity suggests
that resistance to androgen deprivation is a multi-lineage outcome shaped by both

intrinsic clonal properties and local environmental context.

Further integration with mass spectrometry imaging (MSI) enabled the association of
clonal identity with spatially resolved metabolic features. Despite reduced barcode
recovery following MSI acquisition, dominant clones from a consecutive section could
be linked to distinct, non-overlapping metabolic signatures. Subsequent putative
structure assignment revealed that predominantly lipid-associated compounds were
present. Importantly, distinct resistant clones exhibited different metabolic features,
reinforcing the observation that resistance does not converge on a single molecular
programme. These findings indicate that clonal dominance under androgen deprivation
is compatible with multiple metabolic configurations, highlighting metabolic plasticity as

an additional feature of clonal heterogeneity during tumour evolution.

Together, these results support a model in which prostate cancer evolution under
androgen deprivation is driven by multi-lineage, spatially structured adaptation rather
than deterministic progression toward a uniform resistant state, consistent with
observations in patients 0. Resistance emerges through delayed clonal remodelling,
spatial segregation of dominant clones, and divergence across phenotypic and
metabolic dimensions. By integrating clonal identity with spatial phenotype and
molecular state in situ, X-CODE enables direct resolution of this complexity within intact
tumours. This integrative view reveals how clonal dynamics, spatial organisation, and

cellular state interact to shape evolutionary trajectories during therapy.

While this study demonstrates the biological power of spatial clonal tracing, several
limitations should be acknowledged. Multimodal integration was primarily achieved by

using consecutive tissue sections rather than by fully integrating measurements from
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the same section, reflecting current technical constraints in multiomic spatial biology as
discussed in Section 9.3. In addition, the time and resource demands of high-
dimensional spatial and multimodal acquisitions required balancing the number of
samples analysed against the depth of phenotypic and molecular information obtained
from each sample. These limitations do not detract from the development of the novel
barcoding technology, its detection, or the core biological conclusions. Instead, they
highlight areas for future workflow refinement. Importantly, the framework established
here provides a foundation for increasingly comprehensive evolutionary analyses as

multimodal methodologies continue to advance.
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Chapter 10 Thesis conclusions

This thesis aimed to create a flexible RNA barcoding system for scalable clonal tracing,
ensuring barcode retention across multiple platforms to provide spatial resolution and
integrated multimodal phenotyping. To achieve this, the X-CODE system was
engineered as a combinatorial, probe-detectable RNA barcode platform compatible with
sequencing, flow cytometry, and spatial imaging technologies. Through systematic
technical validation and application in an in vivo cancer model, this work establishes X-
CODE as a versatile framework for resolving clonal architecture and associated cellular

states across diverse experimental contexts.
The principal conclusions of this thesis are as follows:

» X-CODE establishes a scalable, combinatorial RNA barcoding strategy for

clonal tracing.

By assembling barcodes from predefined barcode units, X-CODE decouples
barcode diversity from detection burden, enabling libraries comprising tens of
thousands to millions of unique clonal identities to be resolved using a fixed,

reusable probe repertoire.
» Cross-platform barcode retention enables flexible experimental design.

X-CODE barcodes were reliably detected across sequencing, suspension mass
cytometry, and high-parameter spatial imaging platforms. This platform-agnostic
design allows adaptation of analytical strategies, using preliminary data to guide the

selection of downstream readouts without compromising clonal identity.

» Sequencing-free, high-throughput clonal analysis is enabled by mass
cytometry.

Integration of X-CODE with CyTOF supports large-scale, single-cell clonal analysis
alongside multiplexed protein phenotyping, providing sensitivity to rare clones and
extending lineage-aware analysis to contexts traditionally dominated by flow-based

approaches.
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» X-CODE supports spatial clonal mapping and multimodal integration.

Probe-based detection enabled spatially resolved barcode readout using multiplexed
fluorescence imaging and imaging mass cytometry, supported by a unified spatial
decoding pipeline. Integration of protein phenotyping and mass spectrometry
imaging further demonstrated that clonal identity can be linked to spatial phenotypic
and molecular features, with clearly defined trade-offs that are typical of multiomic

workflows.

» Application to an in vivo prostate cancer model reveals non-convergent clonal

evolution under therapy.

In a MyC-CaP in vivo model of androgen deprivation, X-CODE revealed delayed
clonal remodelling, spatial segregation of dominant clones, and divergence across
phenotypic and metabolic dimensions. These findings support a model of therapy
resistance driven by multi-lineage, spatially structured adaptation rather than

deterministic progression toward a single resistant state.

» The X-CODE framework is positioned for integration with emerging spatial and

multimodal technologies.

Compatibility with probe-based spatial transcriptomics platforms reflects X-CODE's
forward-looking design and supports its potential integration into emerging spatial

biology workflows as a stable clonal identifier.

Collectively, these findings demonstrate that X-CODE provides a robust and extensible
framework for clonal tracing that bridges sequencing, cytometric, and spatial imaging
modalities. By enabling direct integration of lineage identity with phenotypic and
molecular information, this work lays the foundation for future studies to dissect how
clonal architecture and cellular state interact to shape biological systems, particularly in

the context of tumour evolution and therapeutic response.
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Chapter 11 Supplementary information

11.1

Simple barcode cloning and detection probes

Supplementary Table 1. Primer sequences for Gibson cloning of barcodes A, B, and C.

Primers ‘ Sequence

A1+2
forward
A1+2
reverse
B 2+3
forward
B 2+3
reverse
C 3+4
forward
C 3+4
reverse

CCGGATCGTGACCAAACTCAGTCGTGGACACTCTGGGACGCTACTACACACACCTTCGAGACAAAT
ATCGTCCGGGACACTCTGGGACGCTACTTTTTTG
AATTCAAAAAAGTAGCGTCCCAGAGTGTCCCGGACGATATTTGTCTCGAAGGTGTGTGTAGTAGCG
TCCCAGAGTGTCCACGACTGAGTTTGGTCACGAT
CCGGCTTCGAGACAAATATCGTCCGGGACACTCTGGGACGCTACTACACACACCTGCCAATGAAAG
ATTCCTCGGGACACTCTGGGACGCTACTTTTTTG
AATTCAAAAAAGTAGCGTCCCAGAGTGTCCCGAGGAATCTTTCATTGGCAGGTGTGTGTAGTAGCG
TCCCAGAGTGTCCCGGACGATATTTGTCTCGAAG
CCGGCTGCCAATGAAAGATTCCTCGGGACACTCTGGGACGCTACTACACACACCAGGCTACTAAAC
TACCTTGGGGACACTCTGGGACGCTACTTTTTTG
AATTCAAAAAAGTAGCGTCCCAGAGTGTCCCCAAGGTAGTTTAGTAGCCTGGTGTGTGTAGTAGCG
TCCCAGAGTGTCCCGAGGAATCTTTCATTGGCAG

Supplementary Table 2. Barcode A, B, and C padlock and detection probes.

X-CODE

BU1
BU2
BU3
BU4
Universal
Fluro1
Fluro2
Fluro3
Fluro4
Iso1
Iso2
Iso3
Iso4

Size
(Y]
56 /5Phos/ACATTAACGACTGAGTTTGGTCACGATAAATTATTACCGGTGCATACACTAAAGATA
56 /5Phos/ACATTACGGACGATATTTGTCTCGAAGAAATTATTACCGGTGCATACACTAAAGATA
56 /5Phos/ACATTACGAGGAATCTTTCATTGGCAGAAATTATTACCGGTGCATACACTAAAGATA
56 /5Phos/ACATTACCAAGGTAGTTTAGTAGCCTGAAATTATTACCGGTGCATACACTAAAGATA
31 AGTAGCGTCCCAGAGTGTCTAATGTTATC*T*T

21 /5Alex488N/ACGACTGAGTTTGGTCACGAT

21 /5ATTO550N/CGGACGATATTTGTCTCGAAG

21 /5CY5/CGAGGAATCTTTCATTGGCAG

21 /5Alex750N/CCAAGGTAGTTTAGTAGCCTG

‘ Barcode Unit Sequence

21 (163Dy) /5ThioMC6-D/ACGACTGAGTTTGGTCACGAT
21 (Tb159) /5ThioMC6-D/CGGACGATATTTGTCTCGAAG
21 (165H0) /5ThioMC6-D/CGAGGAATCTTTCATTGGCAG
21 (173YDb) /5ThioMC6-D/CCAAGGTAGTTTAGTAGCCTG
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11.2 Probes for B-actin detection

Supplementary Table 3. Padlock and detection probes for B-actin.

B-actin detection sequences adapted from Wang et al. 118

Shell 1 /5Phos/ACATTAGCAGCGATATCGTCATCCATAATTATTACCGGTGCATACACTAAAGATA
Tail 1 AGCCGTTGTCGACGACCAGTAATGTTATCTT*T*T

Shell 2 /5Phos/ACATTAGGGCCGGACTCATCGTACTCAATTATTACCGGTGCATACACTAAAGATA
Tail 2 ACTTGCGGTGCACGATGGATAATGTTATCTT*T*T

Fluro1 /5CY5/GCAGCGATATCGTCATCCAT

Fluro2 /5CY5/GGGCCGGACTCATCGTACTC

Iso1 (Gd155) /5ThioMC6-D/GCAGCGATATCGTCATCCAT
Iso2 (Gd155) /5ThioMC6-D/GGGCCGGACTCATCGTACTC

11.3 X-CODE library cloning

Supplementary Table 4. Primer sequences for Gibson cloning of X-CODE library backbone.

Primers Sequence

Filler_Fwd | CGGTGCCTGAACGCGTTAAGGAAACACCGGAGACGGTTG
Filler_Rev = TCTAGAGTGTGTGTGTCGACAGAGACGTACAAAAAAGAGCAAG
LTR_Fwd | GTCGACACACACACTCTAGAGGGTCTCTCTGGTTAGAC
LTR_Rev GATGACATGAACTACTATACTGCTAGAGATTTTCCACAC

Supplementary Table 5. Primer sequences for add-ons of the X-CODE library construct.

Primers Sequence
scaffold-gRNA_Fwd ACACGAAGACGGGTTTTAGAGCTAGAAATAGCAAGT
scaffold-gRNA_Rev ACACTCTAGAAGTACAAGCAAAAAGCAGTGTCTCAAG

WPRE-SplitLTR-TSO-U6 _Fwd ACACGGATCCAATCAACCTCTGGATTACAA
WPRE-SplitLTR-TSO-U6 _Rev ACACGAATTCTTTCGTCCTTTCCACAAGAT
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11.4 Barcode unit sequences 1-27

Supplementary Table 6. Barcode sequences 1-27.

23 sequences adapted from PLAYR insert sequences. (*) indicates 4 additionally designed sequences, according to
PLAYR design strategy.

X-CODE Size (bp) Barcode Unit Sequence

BU1 41 ATCGTGACCAAACTCAGTCGTGGACACTCTGGGACGCTACT
BU2 41 CGCAAGTCTAAACTGCTCATGGGACACTCTGGGACGCTACT
BU3 41 CTGCCAATGAAAGATTCCTCGGGACACTCTGGGACGCTACT
BU4 41 CAGGCTACTAAACTACCTTGGGGACACTCTGGGACGCTACT
BUS 41 CACCAGTTGAAACTCTTCGAGGGACACTCTGGGACGCTACT
BU6* 41 CTCAATGCTCAATGCTCCAGGGGACACTCTGGGACGCTACT
BU7 41 CTACATGGCAAACCGCTTATGGGACACTCTGGGACGCTACT
BUS 41 CAACCTGGTAAACTCGATCTGGGACACTCTGGGACGCTACT
BU9 41 CATCCTGAGAAATACGTTCCGGGACACTCTGGGACGCTACT
BU10 41 CGCCATGATAAATCGCTACTGGGACACTCTGGGACGCTACT
BU11 41 CACACTTGGAAATACGCTCTGGGACACTCTGGGACGCTACT
BU12 41 CATGCGACTAAACGTCTTACGGGACACTCTGGGACGCTACT
BU13* 41 CCGTAACGTAAATCTCTCAGGGGACACTCTGGGACGCTACT
BU14* 41 CATCGACTGAAACCACTTGTGGGACACTCTGGGACGCTACT
BU15 41 CAACGCGTTAAACTCCGATTGGGACACTCTGGGACGCTACT
BU16 41 CAATTCCGGAAATTCGCACTGGGACACTCTGGGACGCTACT
BU17 41 CCGCTAAGTAAATCCTTCAGGGGACACTCTGGGACGCTACT
BU18 41 CTTAAGCGCAAACGTTACTCGGGACACTCTGGGACGCTACT
BU19 41 CTTCGAGACAAATATCGTCCGGGACACTCTGGGACGCTACT
BU20 41 CTCGGAATCAAATGACTCTCGGGACACTCTGGGACGCTACT
BU21 41 CACAGTGTCAAACTGTCTACGGGACACTCTGGGACGCTACT
BU22* 41 CCGGCCTCTAAACTTATGACGGGACACTCTGGGACGCTACT
BU23 41 CAGATGCCTAAACACTTGTCGGGACACTCTGGGACGCTACT
BU24* 41 CCATGCAGTAAACTAGTCTCGGGACACTCTGGGACGCTACT
BU25 41 CTGTAGACCAAATCTATCCGGGGACACTCTGGGACGCTACT
BU26 41 CTGGCACATAAACGCATCTTGGGACACTCTGGGACGCTACT
BU27 41 CCTCGAATGAAATCTCACGTGGGACACTCTGGGACGCTACT
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11.5 Padlock probes 1-27 and universal probe

Supplementary Table 7. X-CODE padlock probes 1-27 and the universal probe.

X-CODE ‘

BU1
BU2
BU3
BU4
BU5
BU6
BU7
BU8
BU9
BU10
BU11
BU12
BU13
BU14
BU15
BU16
BU17
BU18
BU19
BU20
BU21
BU22
BU23
BU24
BU25
BU26
BU27
Universal

Size
_(bp)
57

57
57

57
57
57
57
57
57
57
57
57
57
57
57
57
57
57
57
57
57
57
57
57
57
57
57

31

Probes

/5Phos/ACATTAACGACTGAGTTTGGTCACGATAAATTATTACCGGTGCATACACTAAAGATA

/5Phos/ACATTACATGAGCAGTTTAGACTTGCGAAATTATTACCGGTGCATACACTAAAGATA
/5Phos/ACATTACGAGGAATCTTTCATTGGCAGAAATTATTACCGGTGCATACACTAAAGATA
/5Phos/ACATTACCAAGGTAGTTTAGTAGCCTGAAATTATTACCGGTGCATACACTAAAGATA
/5Phos/ACATTACTCGAAGAGTTTCAACTGGTGAAATTATTACCGGTGCATACACTAAAGATA
/5Phos/ACATTACCTGGAGAATTTCGCATTGAGAAATTATTACCGGTGCATACACTAAAGATA
/5Phos/ACATTACATAAGCGGTTTGCCATGTAGAAATTATTACCGGTGCATACACTAAAGATA

/5Phos/ACATTACAGATCGAGTTTACCAGGTTGAAATTATTACCGGTGCATACACTAAAGATA
/5Phos/ACATTACGGAACGTATTTCTCAGGATGAAATTATTACCGGTGCATACACTAAAGATA

/5Phos/ACATTACAGTAGCGATTTATCATGGCGAAATTATTACCGGTGCATACACTAAAGATA

/5Phos/ACATTACAGAGCGTATTTCCAAGTGTGAAATTATTACCGGTGCATACACTAAAGATA
/5Phos/ACATTACGTAAGACGTTTAGTCGCATGAAATTATTACCGGTGCATACACTAAAGATA
/5Phos/ACATTACCTGAGAGATTTACGTTACGGAAATTATTACCGGTGCATACACTAAAGATA
/5Phos/ACATTACACAAGTGGTTTCAGTCGATGAAATTATTACCGGTGCATACACTAAAGATA
/5Phos/ACATTACAATCGGAGTTTAACGCGTTGAAATTATTACCGGTGCATACACTAAAGATA
/5Phos/ACATTACAGTGCGAATTTCCGGAATTGAAATTATTACCGGTGCATACACTAAAGATA
/5Phos/ACATTACCTGAAGGATTTACTTAGCGGAAATTATTACCGGTGCATACACTAAAGATA
/5Phos/ACATTACGAGTAACGTTTGCGCTTAAGAAATTATTACCGGTGCATACACTAAAGATA
/5Phos/ACATTACGGACGATATTTGTCTCGAAGAAATTATTACCGGTGCATACACTAAAGATA
/5Phos/ACATTACGAGAGTCATTTGATTCCGAGAAATTATTACCGGTGCATACACTAAAGATA
/5Phos/ACATTACGTAGACAGTTTGACACTGTGAAATTATTACCGGTGCATACACTAAAGATA
/5Phos/ACATTACGTCATAAGTTTAGAGGCCGGAAATTATTACCGGTGCATACACTAAAGATA
/5Phos/ACATTACGACAAGTGTTTAGGCATCTGAAATTATTACCGGTGCATACACTAAAGATA
/5Phos/ACATTACGAGACTAGTTTACTGCATGGAAATTATTACCGGTGCATACACTAAAGATA
/5Phos/ACATTACCGGATAGATTTGGTCTACAGAAATTATTACCGGTGCATACACTAAAGATA

/5Phos/ACATTACAAGATGCGTTTATGTGCCAGAAATTATTACCGGTGCATACACTAAAGATA
/5Phos/ACATTACACGTGAGATTTCATTCGAGGAAATTATTACCGGTGCATACACTAAAGATA

AGTAGCGTCCCAGAGTGTCTAATGTTATC*T*T
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11.6 X-CODE isotope detection probes

Supplementary Table 8. Probes 1-18 for isotope detection of the X-CODE 15K library.

Size (bp) ::s:r:jc:;:;eation Probe sequence prior to conjugation

BU1 21 171Yb /5ThioMC6-D/ACGACTGAGTTTGGTCACGAT
BU2 21 158Gd /5ThioMC6-D/CATGAGCAGTTTAGACTTGCG
BU3 21 165H0 /5ThioMC6-D/CGAGGAATCTTTCATTGGCAG
BU4 21 152Sm /5ThioMC6-D/CCAAGGTAGTTTAGTAGCCTG
BU5 21 143Nd /5ThioMC6-D/CTCGAAGAGTTTCAACTGGTG
BU6 21 147Sm /5ThioMC6-D/CCTGGAGAATTTCGCATTGAG
BU7 21 145Nd /5ThioMC6-D/CATAAGCGGTTTGCCATGTAG

BU8 21 144Nd /5ThioMC6-D/CAGATCGAGTTTACCAGGTTG
BU9 21 146Nd /5ThioMC6-D/CGGAACGTATTTCTCAGGATG
BU10 21 153Eu /5ThioMC6-D/CAGTAGCGATTTATCATGGCG

BU11 21 168Er /5ThioMC6-D/CAGAGCGTATTTCCAAGTGTG
BU12 21 154Sm /5ThioMC6-D/CGTAAGACGTTTAGTCGCATG
BU13 21 167Er /5ThioMC6-D/CCTGAGAGATTTACGTTACGG
BU14 21 161Dy /5ThioMC6-D/CACAAGTGGTTTCAGTCGATG
BU15 21 172Yb /5ThioMC6-D/CAATCGGAGTTTAACGCGTTG
BU16 21 166Er /5ThioMC6-D/CAGTGCGAATTTCCGGAATTG
BU17 21 170Er /5ThioMC6-D/CCTGAAGGATTTACTTAGCGG
BU18 21 174Yb /5ThioMC6-D/CGAGTAACGTTTGCGCTTAAG
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Supplementary Table 9. Probes 1-27 for isotope detection of the X-CODE 2M library.

B
BU2
BU3
BU4
BUS
BU6
BU7
BUS
BU9
BU10
BU11
BU12
BU13
BU14
BU15
BU16
BU17
BU18
BU19
BU20
BU21
BU22
BU23
BU24
BU25
BU26
BU27

X-CODE Size (bp)
u1 21

21
21
21
21
21
21
21
21
21
21
21
21
21
21
21
21
21
21
21
21
21
21
21
21
21
21

[EYe] (o] o

conjugation

163Dy
158Gd
165Ho
173Yb
143Nd
164Dy
142Nd
144Nd
146Nd
162Dy
168Er

169Tm
167Er

176Yb
172Yb
166Er

170Er

174Yb
159Tb

151Eu

154Sm
150Nd
152Sm
141Pr

149Sm
153Eu

161Dy

Probe sequence prior to conjugation

/5ThioMC6-D/ACGACTGAGTTTGGTCACGAT
/5ThioMC6-D/CATGAGCAGTTTAGACTTGCG
/5ThioMC6-D/CGAGGAATCTTTCATTGGCAG
/5ThioMC6-D/CCAAGGTAGTTTAGTAGCCTG
/5ThioMC6-D/CTCGAAGAGTTTCAACTGGTG
/5ThioMC6-D/CCTGGAGAATTTCGCATTGAG
/5ThioMC6-D/CATAAGCGGTTTGCCATGTAG

/5ThioMC6-D/CAGATCGAGTTTACCAGGTTG
/5ThioMC6-D/CGGAACGTATTTCTCAGGATG
/5ThioMC6-D/CAGTAGCGATTTATCATGGCG

/5ThioMC6-D/CAGAGCGTATTTCCAAGTGTG
/5ThioMC6-D/CGTAAGACGTTTAGTCGCATG
/5ThioMC6-D/CCTGAGAGATTTACGTTACGG
/5ThioMC6-D/CACAAGTGGTTTCAGTCGATG
/5ThioMC6-D/CAATCGGAGTTTAACGCGTTG
/5ThioMC6-D/CAGTGCGAATTTCCGGAATTG
/5ThioMC6-D/CCTGAAGGATTTACTTAGCGG
/5ThioMC6-D/CGAGTAACGTTTGCGCTTAAG
/5ThioMC6-D/CGGACGATATTTGTCTCGAAG
/5ThioMC6-D/CGAGAGTCATTTGATTCCGAG
/5ThioMC6-D/CGTAGACAGTTTGACACTGTG
/5ThioMC6-D/CGTCATAAGTTTAGAGGCCGG
/5ThioMC6-D/CGACAAGTGTTTAGGCATCTG
/5ThioMC6-D/CGAGACTAGTTTACTGCATGG
/5ThioMC6-D/CCGGATAGATTTGGTCTACAG

/5ThioMC6-D/CAAGATGCGTTTATGTGCCAG
/5ThioMC6-D/CACGTGAGATTTCATTCGAGG
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11.7 X-CODE fluorescent detection probes

Supplementary Table 10. Probes 1-27 for fluorescent detection of the X-CODE libraries.

X-CODE ‘ Length (bp) ‘ Probes

BU1 21 /5Alex488N/ACGACTGAGTTTGGTCACGAT
BU2 21 /5Alex488N/CATGAGCAGTTTAGACTTGCG
BU3 21 /5CY5/CGAGGAATCTTTCATTGGCAG

BU4 21 /5Alex488N/CCAAGGTAGTTTAGTAGCCTG
BU5 21 /5ATTO550N/CTCGAAGAGTTTCAACTGGTG
BU6 21 /5ATTO550N/CCTGGAGAATTTCGCATTGAG
BU7 21 /5Alex488N/CATAAGCGGTTTGCCATGTAG
BU8 21 /5ATTO550N/CAGATCGAGTTTACCAGGTTG
BU9 21 /5CY5/CGGAACGTATTTCTCAGGATG

BU10 21 /5Alex488N/CAGTAGCGATTTATCATGGCG
BU11 21 /5ATTO550N/CAGAGCGTATTTCCAAGTGTG
BU12 21 /5CY5/CGTAAGACGTTTAGTCGCATG

BU13 21 /5CY5/CCTGAGAGATTTACGTTACGG

BU14 21 /5ATTO550N/CACAAGTGGTTTCAGTCGATG
BU15 21 /5CY5/CAATCGGAGTTTAACGCGTTG

BU16 21 /5Alex488N/CAGTGCGAATTTCCGGAATTG
BU17 21 /5ATTO550N/CCTGAAGGATTTACTTAGCGG
BU18 21 /5CY5/CGAGTAACGTTTGCGCTTAAG

BU19 21 /5ATTO550N/CGGACGATATTTGTCTCGAAG
BU20 21 /5ATTO550N/CGAGAGTCATTTGATTCCGAG
BU21 21 /5CY5/CGTAGACAGTTTGACACTGTG

BU22 21 /5Alex488N/CGTCATAAGTTTAGAGGCCGG
BU23 21 /5ATTO550N/CGACAAGTGTTTAGGCATCTG
BU24 21 /5Alex488N/CGAGACTAGTTTACTGCATGG
BU25 21 /5Alex488N/CCGGATAGATTTGGTCTACAG
BU26 21 /5ATTO550N/CAAGATGCGTTTATGTGCCAG
BU27 21 /5CY5/CACGTGAGATTTCATTCGAGG
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11.8 Akoya PhenoCycler-Fusion cycle information

Supplementary Table 11. Akoya PhenoCycler-Fusion cycles for X-CODE 15K library readout.

Cycle Alexa Fluor 488 Cy5 / Alexa Fluor 647 ATTO 550

1 BU1 BU3 BU5

2 BU2 BU9 BUS8

3 BU4 BU12 BU11

4 BU7 BU15 BU17

5 BU10 BU18 BU6

6 BU16 BU13 BU14

7 B-actin

Supplementary Table 12. Akoya PhenoCycler-Fusion cycles for X-CODE 2M library readout.

Cycle Alexa Fluor 488 Cy5 / Alexa Fluor 647 ATTO 550
1 BU1 BU3 BU5
2 BU2 BU9 BU8
3 BU4 BU12 BU11
4 BU7 BU15 BU17
5 BU10 BU18 BU6
6 BU16 BU13 BU14
7 BU25 BU21 BU19
8 BU22 BU27 BU20
9 BU24 B-actin BU23
10 BU26
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