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Abstract

Ductal Carcinoma /n Situ (DCIS) is the most frequently diagnosed early stage breast cancer. Only
a subset of patients progress to invasive ductal carcinoma (IDC), and this presents a formidable
clinical challenge for determining which patients to treat aggressively and which patients to
monitor without therapeutic intervention. Understanding the molecular and genomic basis of
invasion has been difficult to study in DCIS cancers due to several technical obstacles, including
low tumour cellularity, lack of fresh-frozen tissues, and intratumour heterogeneity. In this review
we discuss the role of intratumour heterogeneity in the progression of DCIS to IDC in the context
of three evolutionary models: independent lineages, evolutionary bottlenecks, and multiclonal
invasion. We examine the evidence in support of these models and their relevance to the diagnosis
and treatment of patients with DCIS. We also discuss how emerging technologies, such as single
cell sequencing, STAR-FISH and imaging mass spectrometry are likely to provide new insights
into the evolution of this enigmatic disease.
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Introduction

The most common type of malignant breast cancer, invasive ductal carcinoma (IDC), is the
presumed endpoint in a progression initiated by ductal hyperplasia (DH) [1]. The simplicity
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of sequential progression from DH to IDC (Figure 1A) is appealing, however, much
epidemiological evidence shows atypical ductal hyperplasia (ADH) and ductal carcinoma /in
situ (DCIS) often never progress to IDC [2-4]. DCIS is termed a non-obligatory precursor to
IDC [1,5-7], and some experts question the use of the term ‘carcinoma’ to label this disease
[8,9]. The difficulty in predicting progression is a major clinical challenge to the diagnosis
and treatment of patients [4,10-13]. When treating patients with DCIS, clinicians are faced
with the difficult decision of “active surveillance’ or aggressive therapy without knowing
which patients are likely to progress to IDC. Traditionally, most oncologists have erred on
the side of caution, leading to over-treatment of many patients with DCIS [11-13].

Despite efforts to identify DCIS-IDC progression markers, few useful prognostic biomarkers
have been discovered [14-16]. Genomic biomarker studies mainly applied gene expression
microarrays or array copy genomic hybridization (aCGH) [17-24]. Many of these studies
reported highly similar copy number profiles and gene expression signatures of synchronous
DCIS-1DC regions [20,25-28]. With the development of next-generation sequencing (NGS)
technologies, studies have begun to apply higher resolution methods to study invasive-
specific mutations and copy number events in patients with synchronous DCIS-IDC [27-
31]. Many of these studies have identified concordant and discordant mutations in patients
with synchronous DCIS-IDC [26-28,30,31]. However, these initial genomic studies faced
several technical obstacles, including low tumour purity, the unavailability of fresh-frozen
tissues, and intratumour heterogeneity (ITH). Consequently, the genomic and molecular
basis of invasion in DCIS breast cancers remains poorly understood.

Clinical Features of DCIS

Histopathology of DCIS material using H&E staining has identified different classes of
patients. Some patients show evidence of pure DCIS, in which tumour cells are constrained
by ductal boundaries (Figure 1B—C); others show evidence of synchronous DCIS-IDC, with
adjacent microinvasion or distant invasion within the same patient (Figure 1D-E). In about
twenty percent of IDC cases both /n situ disease and invasive subpopulations are observed in
isolated regions without evidence of microinvasion [32]. Patient samples with synchronous
DCIS-1DC provide a golden opportunity to study the genomic and molecular basis of
invasion without confounding effects of inter-patient heterogeneity.

Long-term follow up studies of patients with DCIS have shown a substantial difference in
the progression of low-grade versus high-grade DCIS, with only 35% of low-grade DCIS
patients progressing to have IDC over 50 years, while 50% of high-grade DCIS progressed
to IDC over 3 years [2,33]. Previous reviews have discussed differences between low and
high grade DCIS in detail [34,35]. Low-grade DCIS are more often ER+/PR+/HER2- with
fewer copy number aberrations (CNAS) than high-grade DCIS [34,36-38]. A High-grade
DCIS has atypical nuclei and is more often ER- and PR- [34,39]. High-grade DCIS usually
has more genome-wide CNAs, including frequent events in 1q+, 5p+, 8p—, 8q+, 119-, 139-,
149-, and 17g+ and focal amplifications on 6922, 8922, 11q13, 17q12, 17q22-24, and
20913 [22,34,37,38,40,41]. Mutational markers of IDC include mutations in 7P53[27] and
PTEN [31], amplifications of chromosome 17 and 11q [18,27,42], and loss of PIK3CA
mutation [27,42]. In the United States, DCIS is routinely tested for oestrogen receptors (ER)
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and progesterone receptors (PR) to determine whether hormone receptor based therapy
should be recommended [43]. Analysis of hormone receptor status shows patients with ER+
and PR+ disease often have low-grade DCIS tumours and are less likely to progress than
patients with ER- and PR- disease and high-grade tumours [34,36-38]. While new a study
showed that intratumour heterogeneity in the HER2 receptor was also associated with poor
prognosis in DCIS patients [44], currently DCIS patients are not routinely tested for HER2
(ERBB2) amplification [45,46]. Gene expression tests, such as OncotypeDX, use a 21-gene
panel to double predictive accuracy and have been utilized as prognosis markers for DCIS
progression to IDC[47]. In summary, there are few useful clinical markers that predict which
patients will progress from DCIS to IDC, outside of histopathological grade.

DCIS and Intratumour Heterogeneity

Intratumour heterogeneity (ITH) is frequently reported in invasive breast cancers [31,48-53]
and in DCIS studies profiling DNA, RNA and protein levels [17,26,37,54-61]. ITH
complicates diagnosis and treatment, but is beneficial for evolutionary studies since it
provides a ‘permanent record’ of mutations during tumour growth [62]. Assuming
mutational complexity increases over time, and using phylogenetic inference, several studies
showed clonal lineages and evolutionary histories can be inferred from a single time-point
tumour sample [48,49,63]. This experimental approach is important for evolutionary studies
of DCIS, where often only a single time point sample can be obtained [26,28].

Early studies of ITH used cytological and histopathological methods. These methods
included fluorescence /n situ hybridization (FISH) to measure DNA copy number of targeted
genes or loci and immunohistochemistry (IHC) to measure protein levels across tissue
sections. A number of DNA-FISH studies reported ITH in DNA copy number states of
single tumour cells in the ducts of DCIS patients [19,23,61,64-68]. Multiple studies have
reported ITH in known receptors such as HER2 in DCIS [44,61,64,68]. Heterogeneity in
protein levels and targeted genes have also been reported using cytological and histological
methods [48,54,61,69,70]. Allred et al. used IHC to stain specific proteins in DCIS and
revealed spatial ITH in protein levels of p53 and HER2 [54]. However, these methods were
often qualitative and limited to single targeted genes or proteins.

NGS methods provided quantitative measurements of thousands of mutations and CNAS in
parallel. Three different experimental NGS approaches have been developed to resolve ITH:
1) deep-sequencing, 2) multi-region sequencing, and 3) single cell DNA sequencing. Deep-
sequencing involves sequencing bulk tumour at high coverage depths to cluster mutation
frequencies and identify clonal subpopulations. This approach has been applied to study ITH
and clonal evolution in invasive breast cancer patients [51,71,72]. Multi-region sequencing
involves spatially sampling different macroscopic regions of tumour mass, and sequencing
each region independently to resolve geographic heterogeneity [31,73,74]. These methods
enable the reconstruction of phylogenetic lineages to understand clonal evolution in breast
cancer patients [31]. Single cell sequencing (SCS) methods can measure genome-wide copy
number profiles [63,75], exomes [76,77], genomes [49,78] or targeted gene panels [79] in
single cells. SCS methods can fully resolve ITH by reporting genomic information on
individual tumour cells, but are more susceptible to sampling bias [80]. By sequencing and
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comparing multiple tumour cells, several studies have delineated the clonal substructure and
evolutionary lineages of invasive breast cancers [48,49,63]. However, these NGS approaches
have not yet been applied to DCIS.

Models of Invasion

In this review, we discuss three models of invasion during progression of DCIS to IDC: 1)
independent evolution, 2) evolutionary bottlenecks and 3) multiclonal invasion (Figure 2).
The independent evolution model posits that two different initiating cells (N1, N») in normal
breast tissue give rise separately to DCIS and IDC subpopulations (Figure 2A). The
independent lineage model is in contrast to the direct lineage models (evolutionary
bottlenecks and multiclonal evolution), which assume a single normal breast cell (N1) gave
rise to both DCIS and IDC populations. The main difference between the direct lineage
models is that the evolutionary bottleneck model posits that a clone in the ducts is selected
during invasion and migrates into adjacent tissue, forming the invasive tumour (Figure 2B).
In contrast, the multiclonal model posits invasion occurs through escape of multiple clones
from the duct, through a coordinated process or a stochastic escape after the degradation of
basement membrane (Figure 2C).

Independent Genomic Lineages

In the independent lineage model, two independent normal cells are assumed to give rise to
/n situand invasive subpopulations. This model assumes the evolution of DCIS and IDC are
independent, and cell lineages do not share any overlapping mutations or CNAs. The data
supporting this model comes from histopathological sections, in which about 20% of cases
have DCIS and IDC in different regions of the breast [32], and from a number of single
marker studies showing discordance between synchronous /n situ and invasive
subpopulations[18,54]. Often, spatially distant synchronous DCIS-IDC cases show genetic
and histopathological ITH, and are sometimes classified as different grades [20,31,54,60,81—
83].

The emergence of multiple tumour lineages may be explained by cancer field effects giving
rise to multiple tumour-initiating cells. Cancer field effects have been reported in tumours
with external mutagens, such as UV exposure in eye lid cancers [84] and cigarette smoke in
lung adenomas [85], as well as in tumours such as breast cancer, with no known external
mutagens [86]. Cancer field effects may also occur in patients with germline mutations (eg.
BRCA1, BRCAZ, TP53) predisposed to cancer, often giving rise to multifocal tumours [87—
89].

Support for independent lineages mostly comes from single targeted genes or protein
studies, where targeted markers are discordant within a patient [20,90]. A study sequenced
PIK3CA mutations in patients with matched IDC and DCIS reported only 30% concordance
between /n situ and invasive regions [90]. Deep-sequencing of the mitochondrial D-loop in
DCIS patients suggested 61% of tumours were of non-clonal, or independent, origins [20].
Mathematical modeling studies also support parallel development of DCIS and IDC in some
tumours [91]. In summary, the experimental support for the independent lineages model is
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based mainly on single marker studies that may miss general concordance due to limited
profiling of other genomic mutations.

Direct Genomic Lineages

Direct lineage models provide an alternative explanation for the evolution of the DCIS and
IDC subpopulations, through a single initiating cell (N1) in normal breast tissue (Figure 2B—
C). Direct lineage models are supported by numerous genomic studies, using aCGH
[26,42,92-97] and NGS [27,28,30,31] to profile synchronous DCIS-IDC. These studies
report a high correlation in copy number profiles of /n situ and invasive subpopulations in
synchronous DCIS patients [19,23,27,42,93,97-99], and many concordant point mutations
[26-28,100]. A recent meta-analysis pooled data from 38 studies and examined the
relationship between /n situ and invasive breast cancers, and found that 67% of the studies
showed strong direct lineage [101]. Concordant mutations between DCIS and IDC are often
referred to as ‘truncal’ mutations by evolutionary biologists, because they can be traced back
to the last common ancestor in the tumour. However, many genomic studies also report
discordant mutations and CNAs arising at later stages of evolution, specific to either /in situ
or invasive subpopulations [26-28,30,31,42,92-97,102]. These data suggest some DCIS
cancers may evolve through an evolutionary bottleneck and with selection of minor clones of
invasive phenotypes, while others may evolve through migration of multiple dominant
clones. Distinguishing between direct lineage models is challenging, since most bulk
genomic data has limited ability to resolve ITH and trace clonal lineages of invasive
subpopulations.

Clonal Evolution

Population bottlenecks are frequently reported in the evolution of natural species through
mechanisms such as allopatric speciation, where a small population of one species migrates
to a distant geographical region and adapts to a new environment that selects for different
traits [103]. In tumours, evolutionary bottlenecks have been reported in the context of
metastatic dissemination [28,31,104] and in response to therapy [105-108]. Genomic
analysis of synchronous DCIS-IDC has identified new mutations and CNAS in invasive
subpopulations that were not detected in /n situ ducts, suggesting that selection of minor
clones may have occurred during invasion [27,28,30,31].

Several NGS studies sequenced synchronous DCIS-IDC regions to reconstruct phylogenetic
lineages during invasion and study genome evolution (Table 1). Sidow and colleagues used
whole-genome-sequencing (WGS) to analyse six breast cancer patients with matched
longitudinal samples of atypical ductal hyperplasia (ADH), DCIS and IDC [30,109].
Lineage tracing using mutations, copy number changes and LOH identified truncal events
that were concordant between DCIS and IDC early in the lineage, in addition to many
specific CNAs and mutations that occurred later, consistent with an evolutionary bottleneck
model. In another study, the authors used multi-region sequencing to perform lineage-tracing
experiments in ER+/PR/HER2- synchronous DCIS patients by sampling from both /n situ
and invasive regions [31]. In one case, authors reported convergent evolution of two distinct
PTEN mutations in invasive regions not present in /n situ subpopulations, suggesting
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selection of a minor subclone during invasion [31]. In another study the authors reported a
higher concordance in CNAs (80-90%) than point mutations (40%) in 6 patients with
synchronous DCIS-IDC lesions [27]. The authors identified highly concordant mutations in
7P53, while other invasive-specific mutations included those of FANCE, ATM, BCOR,
PDGFRA, and PMS1. Reis-Filho and colleagues [26] performed aCGH profiling on 13
synchronous patients with DCIS and IDC and found 77% of patients had highly similar
genome-wide copy number profiles, while others showed additional amplifications in
invasive subpopulations (1941, 2924.2, 6g22.31, 7q11.21, 8q21.2 and 9p13.3), consistent
with an evolutionary bottleneck [110].

Other genomic studies did not perform evolutionary analyses, but instead reported
concordance of mutations and CNAs in patients with synchronous DCIS-IDC. Studies using
aCGH to profile microdissected DCIS and IDC regions often showed that while most CNAs
are concordant, there are also many invasive-specific amplifications of oncogenes and
deletions of tumour suppressors [26,42,92-97,111]. Similarly, sequencing and genotyping
analysis of synchronous DCIS-IDC regions have reported patients with invasive-specific
mutations consistent with an evolutionary bottleneck [18,19,26,27,30,31,42,60,96,99,112].

Collectively, these data are consistent with an evolutionary bottleneck model, in which a
clone is selected during invasion, leading to the expansion of a minor genotype in the
invasive carcinoma. An alternative explanation for discordant data has invasive clones
continuing to evolve new mutations and CNAs after tumour cells escape from the ducts. To
distinguish between these possibilities, higher resolution genomic methods are required to
resolve ITH and perform lineage reconstruction, and to determine if the invasive genotype
was pre-existing in the ducts in a minor subclone.

Multiclonal Invasion

Another direct lineage model is multi-clonal invasion. In this model, multiple clonal
subpopulations in ducts co-migrate into invasive regions, after breakdown of the basement
membrane, and together establish the invasive carcinoma (Figure 2C). This model assumes
clonal subpopulations found in ducts also occur in invasive regions. Multiclonal invasion can
be explained by two alternative scenarios. In one scenario, /17 situ clones cooperate through
non-cell-autonomous paracrine or juxtacrine interactions to escape the basement membrane
of ducts and invade surrounding tissues. This scenario implies selection of multiple clones
and cooperative interactions between clones, and possibly the tumour microenvironment.
Functional experiments in invasive breast cancer have shown non-cell-autonomous
interactions of clones can promote tumour growth through secreted growth factors and
cytokines [113] or through Wntsignalling in mouse models [114] to drive tumour
progression.

Another scenario invokes a single ‘leader clone’ that is responsible for breaking down the
basement membrane in ducts by genetic or non-genetic factors (eg. mechanical stress),
allowing other “follower’ clones to escape the ducts and invade surrounding tissues. This
scenario does not assume direct cooperative interactions between clones. Evidence for this
process is supported by histopathological images showing a complete breakdown of
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basement membrane and myoepithelial layers in some DCIS cases. Irrespective of
underlying mechanisms, both scenarios lead to similar mutations and variant allele
frequencies (VAFs) in ductal and invasive regions due to similar proportions of clones.
These data contrast with the population bottleneck model, in which a subset of mutations
increases in frequency due to positive selection of a clone during invasion (Figure 2B).

Genomic evidence for a multiclonal invasion model comes from studies using aCGH, in
which copy number profiles between /n situand invasive subpopulations were highly
correlated [26,42,92-97,111]. Oikawa et al. reported a 97% concordance between DCIS and
IDC genome-wide copy number profiles measure by aCGH [92]. Similarly, Hernandez et al.
used aCGH to profile patients with synchronous DCIS-IDC, and identified 10 of 13 patients
with highly similar copy number profiles. Johnson et al. used aCGH to profile 23 patients
with synchronous DCIS-IDC and determined on average 83% of genomic CNAs were
concordant, with many patients having highly similar copy number profiles [42]. NGS data
also supports multiclonal invasion in cases where the concordance of mutations and
subclonal mutation frequencies between /n situ and invasive regions is very high [27,28,30].
However, while these data are consistent with a multiclonal invasion model, they are largely
inferential and provide only indirect evidence.

Clinical Implications of Models

The models of invasion have different implications for diagnosis and therapeutic treatment
of DCIS patients. The independent lineage model assumes DCIS and IDC subpopulations
are genetically unrelated, and DCIS subpopulations are unlikely to ever progress to IDC.
Therefore, targeting any particular genetic aberration or protein marker in DCIS would
unlikely have clinical relevance in terms of preventing formation of a subsequent invasive
tumour. In contrast, both the evolutionary bottleneck and multiclonal evolution models
support a direct genetic lineage between DCIS and IDC subpopulations. These models
suggest targeting truncal mutations occurring early in tumour lineage, and subsequently
inherited by both DCIS and IDC subpopulations, provide ideal targets for eliminating all
tumour cells. Targeting truncal mutations has been proposed as a therapeutic strategy in
treatment of advanced carcinomas [115,116] and is currently being investigated in a lung
cancer clinical trial TRACERX [117]. The evolutionary bottleneck model suggests IDC
populations have a number of invasive-specific mutations and CNAs can be targeted in early
DCIS disease to prevent progression of invasive subclones. For example, in a multi-region
sequencing study of a synchronous DCIS-IDC patient, the authors identified loss-of-function
mutations in the PTEN tumour suppressor in invasive subpopulations not present in ducts
[31]. This invasive-specific PTEN mutation could potentially be targeted with PIK3CA,
AKTor mTOR inhibitors to treat the cancer [118]. The multiclonal invasion model has
important clinical implications by suggesting cooperative interactions of clones may be
exploited therapeutically to prevent invasion. This could be achieved by interfering with
cooperative clonal interactions via drugs or antibodies targeting secreted factors or receptors
that cells use in paracrine or juxtacrine interactions. However, such an approach requires a
mechanistic knowledge of underlying cell interactions and signalling pathways used for
cooperation, requiring detailed studies using /n vitro or in vivo systems, such as xenografts.
Direct lineage models also have important prognostic implications for measuring ITH using
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diversity indexes [52,63]. These models suggest DCIS patients with high diversity indexes
(eg the Shannon index or Simpson’s Index) would be more likely to progress to IDC [61].
Studies of invasive breast cancers show that high diversity indexes can predict which
patients’ tumours are more likely to metastasize or show poor therapy response [44,52,119].
Conversely, in a direct lineage model, a low genomic diversity would expect to predict a
lower risk of invasion in DCIS patients.

Emerging Technologies

Several innovative technologies have recently been developed and have the potential to
provide new insights into invasion in DCIS, including Single Cell Sequencing [80,120],
specific-to-allele PCR-FISH [53] and Solid-phase Imaging Mass Cytometry [121] (Figure
3). Single Cell Sequencing methods were first reported for genomic copy number profiling
[48] and transcriptome analysis [122] and have been applied widely to study ITH and clonal
evolution in tumours [80,120]. In contrast to standard NGS methods, these methods have the
ability to fully resolve ITH and report genomic information on rare clones. However a
notable limitation is that most SCS methods require tissue to be dissociated into cell
suspensions, in order to isolate single cells using methods such as flow-sorting,
micromanipulation, microfluidics or microdroplets [123]. Unfortunately, such an approach is
not ideal for studying DCIS and IDC subpopulations, because tumour cells are defined by
spatial location in the duct or adjacent invasive regions in an H&E tissue section. Methods
such as laser-capture-microdissection (LCM) can resolve spatial locations of single tumour
cells in tissue sections, but have not been tested extensively in combination with SCS
methods. Technical issues such as UV lasers damaging DNA and RNA prior to amplification
or cells being cut in half during tissue sectioning using a cryomicrotome could lead to a
substantial loss of DNA or RNA. Encouragingly, a recent study combined LCM with single
cell RNA sequencing to compare single cell and bulk transcriptome profiles of motor
neurons and dopamine neurons, suggesting technical feasibility for RNA profiling [124].
Data from our own group has shown genomic copy number profiling of single cells from
breast tumour tissue sections is feasible by combining LCM with single-nucleus-sequencing
to retain spatial information (Figure 3A).

Another emerging technology with potential for studying invasion in DCIS is Specific-To-
Allele PCR-FISH (STAR-FISH) (Figure 3B) [53]. This method uses competitive probes to
measure point mutations in thousands of single cells directly in tissue sections by /in situ
hybridization. STAR-FISH was used to measure both P/K3CA mutations and HERZ2
amplifications in the same single cells from HERZ positive breast cancer patients in response
to trastuzumab treatment using FFPE tissue sections. Further development will enable
genotyping multiple mutations concurrently using different fluorophore combinations. These
methods are likely to have important applications for studying direct models of invasion, to
determine if invasive subclones are rare subpopulations pre-existing in the ducts or represent
dominant clones that co-invade surrounding tissues [53].

Recent advances in mass cytometry methods have led to the development of Solid-phase
Imaging Mass Cytometry (IMC) techniques (Figure 3C). IMC can be applied to fixed tissue
sections labelled with rare-earth metals conjugated to antibodies. The tissue sections are
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ionized by scanning lasers and mass-charge ratios are measured by a detector. The spatial
intensity of each metal is quantified by mass cytometry by time of flight (CyTOF). Currently
32 antibodies measurements have been quantified across one tissue section at a 1um
resolution [121], with a theoretical limit of more than 100 antibodies [125]. However, a
notable limitation of both IMC and STAR-FISH, is they are targeted approaches and require
prior knowledge of genes or proteins being measured. This may be complicated to perform
in DCIS patients, where inter-patient heterogeneity is extensive and common targets across
patients, other than 7P53and P/IK3CA, may be difficult to identify.

Conclusions

This review has discussed the genomic literature on DCIS breast cancers in the context of
ITH and three models of invasion. Collectively, the genomic studies of synchronous DCIS-
IDC patients suggest that an independent lineage model is uncommon, by showing most
synchronous DCIS patients share a large number of concordant CNAs and mutations.
Instead, genomic data support a direct lineage model and indicate evolution from a common
origin: a single normal cell that gave rise to both DCIS and IDC subpopulations. However
current data cannot distinguish between evolutionary bottleneck and multiclonal invasion
models. Nevertheless, the concordance and discordance of mutations in DCIS and IDC
regions of synchronous patients provide circumstantial evidence for distinguishing these
models.

A number of reports are consistent with an evolutionary bottleneck model by showing DCIS
cases in which additional CNAs and mutations were identified in IDC regions of
synchronous DCIS patients that are absent in the DCIS regions [27,28,30,31,95,96]. These
data are consistent with selection of a minor subclone in ductal regions that expanded during
invasion. Another possibility is that invasive-specific mutations were acquired after invasion
as the carcinoma expanded. Other genomic studies [26,42,92] report cases of synchronous
DCIS-IDC patients with a high concordance of CNAs reported between DCIS and IDC
regions, consistent with the multiclonal invasion model. These data could be explained by a
single dominant clone migrating out of the ducts to establish the invasive carcinoma, but this
is not supported by the observation of subclonal mutation frequencies. The central problem
in distinguishing these models is that bulk genomic methods have limited ability to resolve
ITH and cannot determine if invasive subclones were pre-existing in the ducts at low
frequencies when cells migrated out of the ducts.

Future studies, using higher-resolution genomic methods, such as SCS and LCM, can
overcome technical obstacles such as tumour purity and ITH. An important consideration is
that non-genetic factors such as the tumour stroma may play an important role in invasion, as
discussed in previous review articles [110,126]. Following genomic profiling, other
techniques such as STAR-FISH and CyTOF will enable markers of invasive clones to be
traced in thousands of cells in tissue sections. Combining these technologies can provide
new insights into models of invasion in DCIS patients. To perform these studies high-quality
fresh and frozen tissue sections will be needed from patients with synchronous DCIS-IDC,
to directly compare DCIS and IDC subpopulations and understand invasion without
confounding effects of inter-patient heterogeneity. This work is expected to lead to new
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clinical prognostics, and will have a major impact on preventing unnecessary treatments in
patients where DCIS is unlikely to progress to IDC.
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Figure 1. Progression of breast cancer and the histopathology of DCIS
(A) Progressive stages of high-grade breast cancer as defined by histopathology (B-E) H&E

stained tissue sections of low-grade and high-grade DCIS at 200x magnification: (B) low to
intermediate grade cribriform type DCIS, (C) cross section of a duct involved by high grade
solid type DCIS, (D-E) synchronous high grade DCIS and IDC with evidence of
microinvasion.
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Figure 2. Evolutionary models of invasion in DCIS
(A) Independent Evolution Model shows the /7 situand invasive subpopulations evolving

from independent lineages that originated from two different normal cells (N1, N») in the
breast. (B) Evolutionary Bottleneck M odel shows the evolution of three clonal
subpopulations from a single ancestral (N4), from which a single clone is selected during
invasion and expands to form the invasive carcinoma. (C) Multiclonal Invasion M odel
shows the evolution of three clonal subpopulations from a single normal cell (N4), in the
breast. In this model all three clones escape the duct and co-migrate into the adjacent tissues
to establish the invasive carcinoma.
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Figure 3. Emerging technologies for investigating DCI'S progression

(A) Laser-Capture-Microdissection and single cell DNA sequencing to perform spatially
resolved genomic profiling of individual tumour cells. (B) STAR-FISH profiling of targeted
mutations in tissue sections. (C) Imaging CyTOF can perform proteomic analysis of up to
one hundred proteins in thousands of single cells in tissue sections, while preserving their
spatial context and organization.
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