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Purpose—Although most human cancers display a single histology, there are unusual cases
where two or more distinct tissue types present within a primary tumor. One such example is
metaplastic breast carcinoma, a rare but aggressive cancer with a heterogenous histology,
including squamous, chondroid, and spindle cells. Metaplastic carcinomas often contain an
admixed conventional ductal invasive or in situ mammary carcinoma component, and are typically
triple-negative for estrogen receptor, progesterone receptor and human epidermal growth factor
receptor 2 (HER-2) amplification/overexpression. An unanswered question is the origin of
metaplastic breast cancers. While they may arise independently from their ductal components,
their close juxtaposition favors a model that postulates a shared origin, either as two derivatives
from the same primary cancer, or one histology as an outgrowth of the other. Understanding the
mechanism of development of these tumors may inform clinical decisions.

Experimental Design—We performed exome sequencing for paired metaplastic and adjacent
conventional invasive ductal carcinomas in eight patients and created a pipeline to identify somatic
variants and predict their functional impact, without having normal tissue. We then determined the
genetic relationships between the histologically distinct compartments.

Results—In each case, the tumor components have nearly identical landscapes of somatic
mutation, implying that the differing histologies do not derive from genetic clonal divergence.

Conclusions—A shared origin for tumors with differing histologies suggests that epigenetic or
noncoding changes may mediate the metaplastic phenotype, and that alternative therapeutic
approaches, including epigenetic therapies, may be required for metaplastic breast cancers.

Translational relevance—Metaplastic breast cancers are a rare but treatment refractory
subtype of breast cancer. It remains unclear whether these tumors are separate cancers that arise
independently from their ductal counterparts, or are genetically related, resulting from
dedifferentiation of cells. Knowledge of the origin of metaplastic breast cancers may help to
develop therapeutic strategies for this group of recalcitrant cancers. Using whole exome
sequencing and new bioinformatics tools, we compared variants between paired breast cancer
samples exhibiting invasive ductal carcinoma and metaplastic components. Based on the high
degree of shared variants between paired tissue types from eight patients, we conclude that
invasive ductal carcinomas with an associated metaplastic component are genetically related, and
likely the result of epigenetic changes leading to multiple histologies. These results provide new
insights into the origin of metaplastic breast cancers that could have implications for treatment
strategies.

Keywords

metaplastic breast cancer; exome sequencing; cancer evolution; cancer histology; cancer genetic
variation

Introduction

A primary cancer originates from cells with strongly oncogenic mutations that grow and
accumulate additional mutations. At some point, cells from the cancer gain mutations that
enable metastasis. A clinically apparent cancer thus harbors thousands of genetic and
epigenetic changes, some of which contribute to the cancer phenotype and most of which do
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not. This complexity is compounded by tumor heterogeneity; expansion of cells with highly
compromised DNA repair systems within the tumor creates geographically and genetically
distinct populations. Metaplastic breast carcinoma presents an interesting challenge to this
paradigm, as it is a histologically unique tumor but is often intertwined with other common
histologic subtypes of breast carcinoma.

Metaplastic breast carcinoma is a heterogenous group of primary breast carcinomas that
display heterologous differentiation, with or without an associated conventional invasive
mammary carcinoma component (1). The heterologous elements may be pure or mixed and
include squamous, chondroid, osseous, spindle and pleomorphic differentiation (1-5).
Although accounting for less than ~0.2-5% of all primary breast carcinomas, metaplastic
carcinomas present a significant challenge, diagnostically and clinically. Histologically,
metaplastic carcinomas of pure mesenchymal differentiation are difficult to distinguish from
primary breast sarcomas, phyllodes tumors and metastatic sarcomas, which have differing
therapies and prognoses. Metaplastic carcinomas are commonly triple-negative for the
estrogen receptor (ER), progesterone receptor (PR) and human epidermal growth factor 2
receptor (HER-2) (6) and thus do not benefit from targeted anti-hormonal or anti-HER-2
therapy. By molecular profiling, metaplastic carcinomas segregate as basal-like (7, 8) or
claudin-low(8-11) phenotypes, though by transcription profiling, they subtype as
mesenchymal-like, unstable or mixed type (8). They are more often resistant to neoadjuvant
chemotherapy (12), more likely to present with metastatic disease (13-15), and carry a worse
overall prognosis (12, 13, 16) than conventional triple-negative carcinomas.

The cell of origin of metaplastic carcinomas and the genomic relationship between the
various histologic components of metaplastic carcinomas are unclear. Early studies
suggested that the tumors are clonal, using several assays including karyotyping (17), loss of
heterozygosity assays (18, 19), 7P53 point mutations (20-23) and human androgen receptor
(HUMARA) X-chromosome inactivation assays (21, 24, 25). Microarray comparative
genomic hybridization and 7P53 sequencing and X-chromosome inactivation assessment on
six metaplastic carcinomas suggested clonality of the morphologically distinct components
in four cases (26), but with some evidence of subclone development.

We propose three models for the evolution of tumors containing cells of mixed histology.
Figure 1A depicts a model in which cells from two different primary tumors grow together
as a single mass with intertwined histologies. A different scenario is shown in Figure 1B, in
which two subclones from a primary tumor independently generate tumors with different
histologies, that happen to occupy the same anatomical space. Finally, Figure 1C depicts a
model in which a cell from a single subclone of a primary tumor forms a mass with two
different histologies, created perhaps from secondary mutations or epigenetic changes.
Interestingly, these models can be differentiated by the landscape of mutations shared by the
two histologic subtypes. Mutations can be characterized by their expected biological impact.
High impact variants include frameshift, stop gain, or splice site variants, which are likely
deleterious, and possibly driver mutations. Low impact variants, including silent and
evolutionarily tolerated synonymous changes, are often passenger mutations, with little
effect on the cell. Modifier variants generally lie in noncoding regions and have uncertain
impact. Moderate impact variants carry intermediate functional consequences. We reasoned
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that tumors that are independently propagated from two subclones of a primary tumor
(Figure 1B) may share high-impact variants (as these are more likely to be tissue-specific
driver mutations (27)), but their continued and separate evolution will produce low
frequency, low-impact variants that will be unique to each lesion. In contrast, two sections
from a tumor that has originated from a single cell (Figure 1C) will have a high rate of
shared low-impact, low frequency variants, a high proportion of shared copy number and
structural variants, and a common subclone structure. Importantly, a shared subclone
structure implicates that many cells from a mature tumor adopted a divergent histology.

In this study, we analyzed whole exome sequencing data from the metaplastic and
conventional invasive ductal components of eight primary breast metaplastic carcinomas,
and compared the types and frequencies of genetic variants in the two histological subtypes
to determine clonality. Without sequencing data from normal tissue, we could not
unequivocally determine whether a variant was somatic; therefore we filtered all variants
against public databases, to assign somatic versus germline status to each variant in a tumor.
In all eight cases examined, we evaluated single nucleotide variants (population SNPs as
well as somatic changes), indels, copy number variation, and subclone structure, in the
metaplastic and associated invasive components of the tumors. For all eight cases, we found
a similar proportion of shared variants in all impact categories and at very similar allele
frequencies, a high proportion of shared copy number variations and structural variants, and
similar subclone structure. Our work suggests that the invasive ductal and metaplastic
components are not separate cancers; rather, our study suggests that diverse histological
appearances are manifested by single cancers.

Materials and methods

Case selection of metaplastic breast carcinoma

These studies were conducted in accordance with the U.S. Common Rule, with written
consent of participants, and the Institutional Review Board of the Johns Hopkins Medical
Institutions reviewed and approved of this study. We searched the pathology archives
database for cases of surgically resected primary metaplastic breast carcinomas over the time
period of 1995-2013. Selection criteria included the diagnostic terms: “metaplastic breast
carcinoma,” “ductal carcinoma with metaplastic features,” “sarcomatoid carcinoma” and
“ductal carcinoma with sarcomatoid features.” Patients with a completed course of
neoadjuvant therapy prior to resection were excluded; one patient with a partial abbreviated
course of neoadjuvant therapy but progressive disease was included. Slides were available
for review on 33 patients’ tumors. A board certified pathologist with breast pathology
expertise (A.C.M.) verified the histologic diagnosis of all cases.

Of these 33 tumors, 9 potential cases contained both conventional in situ or invasive
carcinoma and metaplastic components that were selected for microdissection for DNA
extraction, on the basis of geographically distinct regions of tumor of >3x3mm. Of these, 8
cases had sufficient quantity DNA extracted from the formalin fixed, paraffin embedded
blocks. We recorded clinicopathologic features from the chart review and review of all
slides, including patient age, gender, race, the conventional and metaplastic carcinoma
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components, tumor grade, tumor ER, PR and HER-2 status, tumor Ki67 proliferation index,
tumor size, tumor stage at diagnosis, and clinical outcome.

Genomic DNA extraction

We extracted DNA from formalin-fixed, paraffin-embedded tissue. After hematoxylin and
eosin (H&E)-stained slide review, and tumor tissue selection, we manually microdissected
the corresponding tissue from five unstained, 5-um-thick tissue sections using Pinpoint
reagents according the manufacturer's protocol (ZymoResearch, Orange, CA). We purified
DNA from the sample using QIAmp DNA kit (Qiagen, Valencia, CA) and quantified it by
spectophotometry.

Whole exome sequencing

DNA samples were submitted to SeqWright for Next Generation Sequencing on an Illumina
HiSeq after whole exome capture using the Agilent SureSelect 51Mb kit. Average read
depth was over 60x for most samples, ranging from 14x to over 100x (see supplemental
table 1 for details).

Alignment and variant calling

The analysis pipeline is depicted in Supplemental figure S1. We aligned paired end whole
exome sequencing reads to the human reference genome (GRCh38) using BWA mem (28),
with default parameters. We then optimized the alignments for MuTect2. We used
sambamba (29) to sort and index the alignments, Picard MarkDuplicates (http://
broadinstitute.github.io/picard) to identify duplicate artifacts, and GATK (version 3.6)
BaseRecalibrator with knownSites set to dbSNP build 147 (30), to account for systemic base
quality errors. We used GATK MuTect 2 (31), a cancer-specific variant caller with high
sensitivity and specificity, for variant calling, comparing both samples in each pair to the
reference genome (as both are tumor samples), with the common dbSNP build 147 database
and and COSMIC coding mutations database version 77 (cancer.sanger.ac.uk) (32). In the
absence of matched normals, we selected the EXAC (33) variant calls
(EXAC.r0.3.1.sites.vep.hg38.vcf) as our panel of normals; the EXAC database contains
genotypes of 60,706 individuals who are not known to have cancer. We used Picard
LiftoverVcf to convert the EXAC database file to GRCh38 using chain file
hg19toHg38.over.chain. Criteria for variant selection included 20 supporting reads for each
locus in both MC and IDC components, a base call quality greater than 30 (phred scale,
99.9% confidence), and a 10% allele frequency for the alternate allele. Command lines:
MuTect2 parameters. GenomeAnalysisTK .jar --analysis_type MuTect2 --
reference_sequence [GRCh38] --input_file:tumor [recalibrated and sorted bam file] --
normal_panel [PON from EXAC] --dbsnp [common dbSNP build 147] --cosmic [COSMIC
version 77]. BaseRecalibrator parameters. GenomeAnalysisTK.jar --analysis_type
BaseRecalibrator --reference_sequence [GRCh38] --input_file [sorted bam file] --
knownSites [common dbSNP build 147] > [recalibrated data table]. PrintReads
parameters. GenomeAnalysisTK jar --analysis_type PrintReads --reference_sequence
[GRCh38] --input_file [sorted bam file] --BQSR [recalibrated data table] > recalibrated
BAM file)
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We used SnpEff (34) to annotate single nucleotide variants and indels, only considering
canonical genes present in the GRCh38 genome build, and annotating variants existing in
dbSNP build 147 (30) or in the Catalog of Somatic Mutations in Cancer (COSMIC) database
version 77 (cancer.sanger.ac.uk) (32). We assessed functional outcomes of variants with
SnpEff (34), and we separately analyzed and visualized high, moderate and low impact
variants.

All variant calls are available in vcf files (Supplemental Data 1-16).

Copy Number Variant Calling

We determined copy number variations using CNVKit (35), run separately on each sample
with the following parameters: cnvkit.py batch [recalibrated and sorted bam file] —normal
--targets [exome regions bed file] --fasta [GRCh38] --split --annotate [ftp://
hgdownload.cse.ucsc.edu/goldenPath//hg38/database/refFlat.txt.gz] --access [cnvkit-master/
data/access-10kb.hg38.bed] --output-reference [SAMPLE].cnn. We plotted the metaplastic
carcinoma component and conventional invasive ductal carcinoma copy number calls across
the genome, for each patient, using the OmicCircos R package (36).

Subclone Analysis

We performed subclone analysis using the SciClone (37) R Package. With copy number
variant (CNV) segment calls from CNVKit and inferred somatic variants from our MuTect2
pipeline. SciClone parameters: minimumDepth=50, maximumClusters = 10,
copyNumberMargins = 0.25 (only consider variants with a diploid CN 2.0 +/- 0.25 regions) .

Correlations

We measured the relatedness of single nucleotide variant (SNV) and CNV profiles of any
two samples with Pearson correlation coefficients using R (cor.test). We generated the
genetic similarity score between MC and IDC variants in all categories, by calculating
#shared variants / (# shared variants + (# unique variants / 2).

Results

The clinicopathologic characteristics are illustrated in Figure 2a, with representative paired
ductal and metaplastic components in Figures 2b-d. The epithelial components of the tumors
were Elston grade I11, invasive ductal carcinomas (Figure 2b,d). Characteristics of the
metaplastic components are detailed in Figure 2a. All tumors were negative for ER, and
HER2 was amplified in one tumor. Two patients were germline BRCAZ2 mutation carriers,
and this was confirmed by the whole exome sequencing.

We first performed microdissection on formalin fixed, paraffin embedded sections of the
tumors for DNA extraction and whole exome sequencing, with alignment of sequencing
reads to the human reference genome (GRCh38) using BWA mem (28), followed by copy
number variation analysis with CNVKit (35). We used MuTect?2 to detect single nucleotide
variants (31); this program typically uses a matched normal sample to filter germline
variants, but in the absence of normal samples we used the ExaC (33) variant calls as our
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panel of normals. Finally, we used SciClone (37) to determine subclone populations. We
used SnpEff and SnpSift (34) to annotate variants and to categorize changes according to
predicted functional consequence (high, moderate and low impact).

To examine large-scale genetic changes, we used CNVKit to determine copy number across
each sample. Both the magnitude of copy number variations, as well as the position of the
breakpoints, were strongly correlated between metaplastic and ductal components within
each patient, but dissimilar among different patients, suggesting that the alterations are not a
feature of all tumors of this type, nor a sequencing artifact (Figure 3). Supplemental figure 2
has copy number profiles for all patients.

Turning to single nucleotide variants (SNVs), we compared the proportions of high,
moderate and low impact variants, as well as population polymorphisms (here defined as
non-pathogenic variants in dbSNP (30) or the panel of normal variants that we constructed),
that are shared between the metaplastic and ductal components of each tumor. For any
mutation detected in either the invasive ductal or metaplastic component of a patient's
cancer, we required that both samples have a minimum of 10 reads at that position, with a
Phred score of at least 20. This prevents false positives due to sequencing coverage
fluctuations. Figure 4 shows the numbers of shared variants in these categories, for the
metaplastic carcinoma and invasive ductal carcinoma components from each patient. Within
each patient, the proportions of SNVs shared by the metaplastic component and the
conventional ductal component in the different impact categories are the same
(Supplemental table 2). As expected, the metaplastic and ductal components of each
patient's tumor were highly concordant for the presence and allele frequency of the non-
pathogenic dbSNP variants, which are expected to be germline variants and thus present in
both components. Interestingly, we did observe the reported RPL39 (A14V) gain-of-function
mutation (38) in the metaplastic component only of one patient.

We also observe that the metaplastic and ductal components of each tumor have strikingly
similar allele frequencies for shared high, moderate, and low impact variants, as well as
SNPs, even when the comparison is restricted to diploid copy number regions. In Figure 5,
we show allele frequencies for shared mutations in low, moderate, and high impact
categories, as well as dbSNP variants, for patient B; mutant allele frequencies are nearly
identical for high, moderate, and low impact variants. Supplemental Figure 3 shows variant
allele frequency scatterplots for all patients.

Finally, we examined the subclonal architecture of each tumor. Using SciClone (37), we
computationally dissected the genomic clonal architecture of the tumors. Each pair of tumor
samples showed substantial overlap of the subclones. The plot in Figure 6a displays the
variant frequencies for alleles in each subclone, in the metaplastic carcinoma and invasive
ductal carcinoma components for patient B, in which eight shared subclones were identified
(represented by different shapes and colors). Each identified subclone, representing a set of
cells with very similar allele frequency and copy number variation profiles, is present in
roughly the same proportion in each of the two samples. In Figure 6b, we show
complementary data, this time restricting the allele frequency plot from Figure 5 to regions
that are copy number neutral (diploid) in both the metaplastic carcinoma and invasive ductal
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carcinoma components. Supplemental Figure 4 shows subclone analysis results for all
patients.

Discussion

Our workflow enables us to determine evolutionary relationships among cancer samples
from the same individual when germline genomic information is unavailable. Our
assumption, now common in the field, is that high impact variants are present in an initial
clone and that further divergence of subclones involves accumulation of low impact variants
(27). The high concordance of copy number variation profiles within but not between
patients (Figure 3) initially favors the mechanisms postulated in Figure 1B and 1C, as
evolution from two separate primary tumors is unlikely to produce the nearly identical copy
number changes seen in these samples.

SNV allele frequencies are especially useful. We expect that tumor evolution from two
subclones (Figure 1B) will produce cells that share a large proportion of high impact
variants but much smaller proportions of low and moderate impact variants, as the different
components would accumulate many such variants independently. Evolution from separate
primary tumors (Figure 1A) will result in very little sharing across all impact categories,
aside from germline dbSNP variants. Our SNV data (Figure 4) are instead consistent with
evolution from a single subclone (Figure 1C), as in each patient, the two components share
low and moderate impact variants in the same proportion as doSNP variants.

Simple concordance of the presence and absence of variants, with no further information, is
strong evidence in favor of the mechanism depicted in Figure 1C; yet, it could be argued that
very recent divergence of a cell from a very homogeneous tumor population would produce
similar results. Thus, we examined the frequency of shared variants in each tumor; the
highly concordant spectrum of shared allele frequencies is inconsistent with a stepwise
model as in Figure 1A or 1B, as mutations, even if gained independently in the evolution of
the tumors, would be extremely unlikely to attain the same allele frequencies in each tumor.

The history of a tumor's development is reflected in the landscape of genetic subclones
present in the tumor. If the metaplastic and ductal components arose independently from the
same seed tumor, they would in time develop different subclones, with different variants and
different variant allele frequencies. In fact, the metaplastic and ductal components of each
patient's tumor have consistent subclone profiles, suggesting that not only are the two
subtypes derived from the same lineage, but they are different phenotypic manifestations of
the same population of cells, as in Figure 1C.

Thus, in all eight patients examined, the metaplastic and ductal components of their cancers
have the same genotype, and we hypothesize that the differing histology is a phenotype
produced by factors other than accelerated clonal evolution. Interestingly, the results also
suggest that these tumors, despite the histological suggestion of substantial tumor evolution,
do not necessarily have a high mutational load (a feature that could predict a positive
response to immune checkpoint inhibitor therapies (39)).
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To date, studies of metaplastic breast cancer differ in conclusions on intra-tumor
heterogeneity, with some suggesting highly heterogeneous genomic and transcriptomic
features and others supporting clonality (40, 41). If, as our study suggests, an intertwined
metaplastic tumor is not a separate evolutionary event, the genomic landscape of these
tumors will largely be the same as the non-metaplastic component. Interestingly, this implies
that the strikingly different histology of these cancers may be driven largely by epigenetic
changes, which could have implications for therapy. For example, cancers with identical
targetable driver mutations have variable responses depending on the tissue of origin, as
demonstrated for BRAF inhibitors and VV600-mutation positive cancers (42). Therefore,
epigenetic therapies prior to conventional and targeted therapies could provide benefit for
metaplastic breast cancers; this is a testable hypothesis for this recalcitrant group of cancers.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Models of intratumoral heterogeneity
Mechanism A: The metaplastic and conventional ductal carcinoma components may arise

from independent primary tumors. This trajectory would result in shared germline variants
but few, if any, shared somatic variants in any impact category. Mechanism B: The
metaplastic and conventional ductal carcinoma components arise from different subclones in
the same primary tumor. This would result in shared high impact alleles (potential driver
mutations), but minimal overlap in low impact alleles. Mechanism C: The metaplastic and
conventional ductal carcinoma components appear as different phenotypes but share a
genotype, as they are derived from a single clone. In this model, the ductal and metaplastic
cells share both the high impact and low impact alleles, as well as copy number variation
structure and subclone architecture.
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a — -
Characteristic Patients
Total patients 8
Age (years)
Median age (range)| 54 (42-89)
<50| 3(38%)
=50 5(62%)
Patient race

Black| 3 (38%)
White| 5 (62%)

BRCA1 or BRCA 2 mutation status
Unknown| 6 (75%)
BRCA 2 Mutation Positive| 2 (25%)

Conventional carcinoma component
Invasive ductal carcinoma| 8 (100%)

Invasive lobul; 0

Metaplastic carcinoma component
Chondroid| 3 (38%)
Pleomorphic| 1(13%)
Mixed Chondroid/Pleomorphic| 1 (13%)
Mixed Chondroid/Spindled| 1 (13%)
Mixed Spindled/Pleomorphic| 2 (25%)
Histologic grade

Grade 1 0
Grade 2 0
Grade 3| 8 (100%)

Tumor size (centimeters, cm)
Median size (range)| 3.1 (2-6)

<=2cm| 1(13%)

2-5cm| 6(75%)

>5cem|  1(13%)

Estrogen receptor status
Positive 0
Negative| 8 (100%)

HER2 status
Positive| 1 (13%)
Negative| 5(63%)
Not performed| 2 (25%)
Ki67 (%); median (range) 67 (50-90)
Stage at presentation

1(13%)
6 (75%)
1(13%)
0
(range) | 26 (11-192)

e b

T

Follow-up time (months);
Outcome at last follow-up
No evidence of disease| 4 (50%)

Progressive disease| 2 (25%)

Death| 2 (25%)

Figure 2. Clinical and pathologic characteristics
(a) Clinicopathologic characteristics of eight patients with metaplastic breast carcinoma

containing both metaplastic and conventional invasive ductal components. (b-c) Paired
samples from one patient's tumor (Patient F) contain regions of high grade invasive ductal
carcinoma (b) with an adjacent metaplastic component showing chondroid differentiation
(c). (d-e) Paired samples from a second patient's tumor (Patient A) contain regions of high
grade invasive ductal carcinoma (d) with an adjacent metaplastic component showing
spindled and pleomorphic differentiation (e).
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Figure 3. Copy number variation (CNV) for metaplastic (M C) and invasive ductal carcinoma
(IDC) aresimilar

A.CNV plots for patients B and C. Copy number in IDC component is on the outer ring, MC
is on the inner ring. B. Pearson correlation coefficients for copy number profiles of all 16

samples sequenced.
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Figure 4. Variants shared by paired metaplastic (M C) and invasive ductal carcinoma (IDC),
represented by one stacked bar per patient

Variants are separated by dbSNP and non-dbSNPs of high, moderate, and low impact. The
proportion of variants shared by the specimens is high in the dbSNP category, as expected,
and relatively constant across the three stratifications of variant effect.
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Figure5. Allele frequencies are similar for variantsin metaplastic (M C) and invasive ductal

carcinoma (IDC) samples

Shown are representative plots from patient B, with canonical mutations highlighted. X and
Y axis represent allelic frequencies for MC and IDC components, respectively.
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Figure 6. Subclone analysisreveals nearly identical structurein the metaplastic (M C) and
conventional invasive ductal carcinoma (IDC) components

Shown are representative examples from Patient B. (a) Variants shared by the MC and IDC
components are assigned to subclones (designated by different colors and shapes) and
suggest nearly identical population architecture. (b) Variant allele frequency plots show the
same striking shared allele frequencies when restricted to copy number neutral (diploid)
regions of the genomes. In this case, skewing of the allele frequencies around 0.5 may
reflect either differential normal contamination or an evolutionary process. X and Y axis
represent allelic frequencies for MC and IDC components, respectively.
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