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Abstract
Metastatic disease is themain cause of cancer-relatedmortality due to almost universal therapeutic resistance.

Despite its high clinical relevance, our knowledge of how cancer cell populations change during metastatic
progression is limited. Here, we investigated intratumor genetic and phenotypic heterogeneity during metastatic
progression of breast cancer.We analyzed cellular genotypes and phenotypes at the single cell level by performing
immunoFISH in intact tissue sections of distant metastatic tumors from rapid autopsy cases and from primary
tumors andmatched lymph nodemetastases collected before systemic therapy.We calculated the Shannon index
of intratumor diversity in all cancer cells and within phenotypically distinct cell populations. We found that the
extent of intratumor genetic diversity was similar regardless of the chromosomal region analyzed, implying that it
may reflect an inherent property of the tumors. We observed that genetic diversity was highest in distant
metastases and was generally concordant across lesions within the same patient, whereas treatment-na€�ve
primary tumors and matched lymph node metastases were frequently genetically more divergent. In contrast,
cellular phenotypes weremore discordant between distant metastases than primary tumors andmatched lymph
nodemetastases. Diversity for 8q24 was consistently higher in HER2þ tumors compared with other subtypes and
in metastases of triple-negative tumors relative to primary sites. We conclude that our integrative method that
couples ecologic models with experimental data in human tissue samples could be used for the improved
prognostication of patients with cancer and for the design of more effective therapies for progressive disease.
Cancer Res; 74(5); 1338–48. �2014 AACR.

Introduction
Metastatic dissemination and the growth of tumors at

distant sites is a key step of tumor progression that is
responsible for most cancer-related deaths. The accurate
prediction of which patient will develop metastatic disease
and the prevention and treatment of metastatic lesions
remain major challenges largely due to the relative scarcity
of studies of distant metastases. Difficulties associated with
tissue acquisition, especially repeated sampling of multiple
lesions during disease progression, and lack of faithful
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Major Findings
By defining quantitative measures of intratumor cellular

genetic and phenotypic heterogeneity in primary and met-
astatic breast tumors and by assessing tumor topology, we
determined that distant metastatic tumors are the most
diverse, which can explain the frequent therapy resistance
of advanced stage disease.
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models of metastatic disease hamper progress in this area.
However, a detailed molecular understanding of metastatic
tumors is a prerequisite for the development of more
effective cancer therapies.
In breast cancer, the risk of distant metastasis and the

preferred sites for these lesions strongly correlate with tumor
subtype (1). Luminal estrogen receptor positive (ERþ) tumors
tend to have low probability of metastatic spread and prefer-
entially form bone metastases. In contrast, Her2þ and triple-
negative (negative for estrogen and progesterone receptors
and HER2) tumors have higher propensity for metastatic
progression and form visceral and brain metastases.
Metastatic spread traditionally thought to be a late event in

tumorigenesis that occurs after substantial tumor growth at
the primary site (2). However, recent data in model organisms
(3) and in patients with cancer (4) suggest that tumor cells may
disseminate early, leading to parallel progression of primary
and disseminated tumors (5), although clinically relevant
distant metastases are still detected relatively late. A limited
number of prior studies have analyzed the genetic profiles of
primary andmetastatic lesions in breast and other carcinomas
and in general found a large extent of clonal relatedness
between lesions (6–8). However, almost all of these studies
used bulk tissue samples that do not allow for detailed char-
acterization of clonal composition, and very few compared
multiple lesions in the same patient.
Besides genetic alterations, the presence of cancer cells with

more mesenchymal, stem cell–like features has been associ-
atedwith increased risk ofmetastatic disease (9, 10); yet distant
metastases are largely composed of more differentiated epi-
thelial cells implying sequential epithelial-to-mesenchymal
transition followed by mesenchymal-to-epithelial transition
during dissemination and metastatic growth, respectively.

"Self-seeding" of cancer cells among multiple lesions within
the same patient may also contribute to heterogeneity both
within and among tumors (11). Here, we describe the com-
bined analysis of genetic and phenotypic heterogeneity in
breast cancer distant and lymph node metastases at the single
cell level.

Materials and Methods
Human breast cancer samples

Formalin-fixed paraffin-embedded (FFPE) human primary
tumors and metastases from patients with breast cancer were
obtained from the Johns Hopkins University School of Medi-
cine (Baltimore, MD) using protocols approved by the Insti-
tutional Review Board. Samples were de-identified before
analysis. Tumor histology and expression of standard biomar-
kers [ER, progesterone receptor (PR), and HER2] were evalu-
ated at the time of diagnosis according to American Society of
Clinical Oncology/College of American Pathologists guidelines
(16). Subtype definitions in this study were as follows: luminal
A (ERþ and/or PRþ, HER2�), luminal B (ERþ and/or PRþ,
HER2þ), HER2þ (ER�, PR�, and HER2þ), and triple negative
(ER�, PR�, and HER2�). In total, we analyzed 11 patients with
distant metastases and 12 patients with matched primary
tumor and lymph node metastases.

Multicolor immunoFISH
The detection of the copy number gain for 1q32.1, 8q24.13,

10p13, 11q13.2, 12p13.1, 16p13.3, and 17q21 (including the
genes NUAK2, NSMCE2, ITGA8, CCND1, H2AFJ, MPFL, and
ERBB2, respectively) and the centromeric region of each
chromosome was performed using whole sections of FFPE
human breast cancer tissue or breast cancer metastasis. The

Quick Guide to Equations and Assumptions

H 0 ¼ �
XR

i¼1

pi ln pi; ðAÞ

where pi represents the proportion of individuals belonging to the ith type or specieswhen there are n types in total. This quantity is
known as the Shannon index of diversity or Shannon entropy. This index has been widely used in the ecological literature (12). It
was originally proposed by Claude Shannon to quantify the entropy (uncertainty or information content) in strings of text (13). His
idea was that the more different letters there are and the more equal their proportional abundances in the string of text, the more
difficult it is to correctly predict which letter will be the next one in the string. The Shannon entropy quantifies the uncertainty
associated with this prediction. In ecology, pi represents the proportion of individuals belonging to the ith species in the dataset of
interest. Then the Shannon entropy quantifies the uncertainty in predicting the species identity of an individual that is taken at
random from the dataset.

l ¼
XR

i¼1

p2i ðBÞ

where pi represents the proportion of individuals belonging to the ith type or specieswhen there are n types in total. This quantity is
known as the Simpson index of diversity. The Simpson index was introduced in 1949 by EdwardH. Simpson tomeasure the degree
of concentration when individuals are classified into types (14). The square root of the index had already been introduced in 1945
by the economist Albert O. Hirschman (15). Themeasure equals the probability that two entities taken at random from the dataset
of interest represent the same type. It also equals the weighted arithmetic mean of the proportional abundances pi of the types of
interest.

Heterogeneity of Metastatic Breast Cancer
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tissues were dewaxed in xylene and hydrated in a series of
ethanol. After heat-induced antigen retrieval overnight at 70�C
in citrate buffer (pH 6), the digestion with pepsin was per-
formed in a slide warmer at 37�C for 10 to 20 minutes
depending on the sample. The immunostainingwas performed
at room temperature and sequentially to avoid cross-reaction
between antibodies as follows: CD44 (Neomarkers, clone 156-
3C11, mouse monoclonal IgG2) for 1 hour, biotin-conjugated
rabbit anti-mouse IgG2a (Life Technologies; Cat#61-0240) for
30 minutes, CD24 (NeoMarkers, clone SN3b, mouse monoclo-
nal IgM) for 1 hour, streptavidin Pacific Blue-conjugated (Life
Technologies; Cat#S-11222), and Alexa Fluor 647 Goat anti-
mouse IgM (Life Technologies; Cat# A-21238). The samples
were then fixed in Carnoy for 10 minutes and dehydrated in a
series of ethanol. The probes [bacterial artificial chromosome
(BAC) probes] for the detection of 8q, 11q, 16p, 12p, 10p, and
17q were labeled with SpectrumOrange (Vysis), and the probe
for the detection of 1q with SpectrumGreen (Vysis) using a
Nick Translation (Abbot Molecular) according to the manu-
facturer's recommendations, mixed with the corresponding
centromeric probe (CEP) for each chromosome (Vysis), diluted
in hybridization buffer and applied to each sample. The
denaturalization was performed in a slide warmer at 75�C for
several minutes depending on the sample, and then the slides
were incubated in a humid chamber for 20 hours at 37�C.
Finally, the samples were washed with different stringent
saline sodium citrate buffers, air-dried, and protected for long
storage with ProLong Gold (Life Technologies). Different
immunofluorescence images from multiple areas of each
sample were acquired with a Nikon Ti microscope attached
to a Yokogawa spinning-disk confocal unit, 60� Plan Apo
objective, and OrcaER camera controlled by the Andor iQ
software.

Inference of frequencies for cell phenotypes
The frequency of each phenotypically distinct cancer cell

subpopulation (i.e., CD44þCD24�, CD44þCD24þ, CD44�

CD24þ, and CD44�CD24�) was calculated by counting an
average of 300 cells in each sample.

Statistical analyses
Genetic diversity was determined essentially as described

(17), but we calculated diversity indices based on copy number
counts for (i) BAC, (ii) chromosome-specific centromeric, (iii)
ratio of BAC/CEP counts, and (iv) unique BAC and CEP count
combinations. Statistical differences in primary tumor versus
lymph node metastasis or between two different metastatic
lesions were calculated through 100,000 iterations of boot-
strapping the BAC and CEP counts from the larger cell pop-
ulation and comparing the mean counts of each bootstrap
repetition against the mean count of the smaller cell popula-
tion. Statistical differences in the BAC andCEP counts between
adjacent cells in two different metastatic sites were calculated
through 100,000 iterations of bootstrapping the absolute dif-
ference in BAC andCEP counts of adjacent cells from the larger
cell population and comparing themean absolute difference in
counts of each bootstrap repetition against the mean absolute
difference in count of the smaller cell population. Statistical

differences in BAC and CEP counts were evaluated using the
achieved significance level (ASL)method (18). This amounts to
using 100,000 iterations of bootstrapping the BAC and CEP
counts from the larger cell population and comparing the
mean counts of each bootstrap repetition against the mean
count of the smaller cell population. Statistical differences in
the BAC and CEP counts between adjacent cells were calcu-
lated through 100,000 iterations of bootstrapping the absolute
difference in BAC and CEP counts of adjacent cells from the
larger cell population and comparing the mean absolute
difference in counts of each bootstrap repetition against the
mean absolute difference in count of the smaller cell popula-
tion. Statistical differences in the BAC andCEP counts between
adjacent cells were also calculated using ASL, through 100,000
iterations of bootstrapping the absolute difference in BAC and
CEP counts of adjacent cells from the larger cell population and
comparing the mean absolute difference in counts of each
bootstrap repetition against the mean absolute difference in
count of the smaller cell population.

Topology analysis
For the analysis of the topologic distribution of cellular

subsets, 3 � 3 images (corresponding to 71,678 mm2 area)
were obtained using 60� Plan Apo objective with 5% overlap
between areas to be able to assemble them into one montage.
The loci for the BAC and CEP probes were automatically
detected using previously described algorithms (19). Cellular
phenotype was determined manually based on immunofluo-
rescence as described above. Both tumor and stromal cells
were analyzed, and both the signals and the coordinates for
each cell were recorded; however, further analysis was restrict-
ed to solely nonstromal tumor cells. For each patient, we
determined the distribution of BAC and CEP counts both
across all cell phenotype and independently for each pheno-
type. Statistical differences in the distribution of BAC and CEP
counts differences between two different metastatic sites were
then determined through bootstrapping. Additionally, to
assess the spatial distribution of different cell phenotypes and
the topologic genomic diversity we also focused on neighbor-
ing cells, which we defined as cells for which the shortest
distance between cell boundaries is smaller than 10% of the
average cell radius in each analyzed field of view. Significance
of the differences between neighboring cells was also deter-
mined through bootstrapping. The fraction of homotypic
neighbors was calculated by counting the number of pairs of
neighboring cells in which both cells were the same phenotype
and dividing by the total number of pairs of neighboring cells.
To assess the significance of this fraction independently
between two different metastatic sites, we used permutation
testing. We determined the fraction of homotypic neighbors in
the actual sample and compared this fraction against the
fraction of homotypic neighbors in 100,000 randomized
ensembles in which the cell phenotypes were randomly shuf-
fled. The null hypothesis of this permutation test is that the
pattern of homotypic neighbors seen in the sample falls within
the distribution expected under random migration. A two-
tailed P value was used to determine whether the fraction
detected fell outside the expected range.
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Results
Genetic and phenotypic diversity between distant
metastases
To explore genetic heterogeneity in metastatic lesions from

the same patient, we first performed SNP (single nucleotide
polymorphism) array analysis of paired distant metastases
from 11 rapid autopsies of patients with breast cancer (Sup-
plementary Table S1; ref. 20). Overall, we detected a relatively
small degree of copy number divergence between two lesions

from the same patient (data not shown), potentially due to the
inability of SNP arrays to detect subclonal populations within
tumors when using bulk tissue samples. Thus, to obtain amore
detailed picture of the subclonal structure of metastatic
lesions, we performed iFISH (combined immunofluorescence
and FISH; ref. 17) to assess genetic and phenotypic variability
within tumors at the single cell level (Fig. 1A and Supplemen-
tary Table S1). Genetic heterogeneity was determined by
evaluating copy number variation for chromosomal regions

Figure 1. Genetic diversity in
distant metastases in the same
patient. A, representative images
of iFISH for the indicated probes
and markers. Dot plots depict
Shannon diversity indices
calculated based on unique BAC
and CEP counts in all cancer cells
combined (overall) and in
phenotypically distinct tumor cell
subpopulations. Dots, distinct
metastatic lesions or
phenotypically distinct tumor cell
subpopulations within lesions.
Asterisk above each tumor
indicates significant differences
(P < 0.05, statistical methodology
described in Supplementary
Methods). Details of tissue
samples and the Shannon index of
diversity calculations are listed in
Supplementary Tables S1, S3, and
S4, respectively. B, bar graphs, the
relative frequencies of CD44þ

CD24�, CD44þCD24þ,
CD44�CD24þ, and CD44�CD24�

cells in different metastases (A and
B) for a given (T1–T11) patient.
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commonly gained in each of the three major breast tumor
subtypes (i.e., luminal, HER2þ, and triple-negative tumors;
ref. 21) and corresponding CEPs. A probe for 8q24.13 was
used in all tumors, for 11q13.2 and 16p13.3 in luminal, for
1q32.1 and 17q21 in HER2þ, and for 12p13.1 and 10p13 in
triple-negative subtypes. Phenotypic heterogeneity was eval-
uated by staining for CD44 and CD24 cell surface markers,
which identify cells with more luminal epithelial and mes-
enchymal features, respectively, that have different biologic
properties relevant to metastasis, including invasiveness and
angiogenic potential (9, 22–26). We used hematoxylin–
eosine (H&E) staining to identify tumor cell-enriched areas
and morphologic features to discriminate between normal
and neoplastic cells. We also used autofluorescence to define
tissue architecture on the FISH images and neoplastic cells

were also identifiable based on the presence of copy number
gain.

Chromosomal region-specific BAC and CEP signals were
counted in approximately 100 individual cells in each of the
four phenotypically distinct tumor cell populations (i.e., CD44þ

CD24�, CD44þCD24þ, CD44�CD24þ, and CD44�CD24� cells;
Supplementary Table S2). Overall assessment of copy number
differences within phenotypically distinct cell populations in
metastatic lesions revealed divergent copy number gain for
multiple genomic loci in most cases (Supplementary Fig. S1);
this feature was also apparent in the relative changes of unique
cancer cells visualized by Kernel density and Whittaker plots
(Supplementary Fig. S2; refs. 12, 17).

Next, we calculated the Shannon and Simpson indices of
diversity (12) in four different ways based on measures of (i)

Figure 2. Genetic diversity of matched primary tumors and lymph node metastases. A, representative images of iFISH for the indicated probes and markers.
Dot plots depict Shannon diversity indices calculated based on unique BAC and CEP counts in all cancer cells combined (overall) and in phenotypically
distinct tumor cell subpopulations. Dots, primary tumors and lymph node metastases or phenotypically distinct tumor cell subpopulations within these
lesions. Asterisk above each cell type comparison indicates significant differences (P < 0.05, statistical methodology described in Supplementary Methods).
Details of tissue samples and the Shannon index of diversity calculations are listed inSupplementary Tables S5 andS6. B, differences in the Shannon diversity
index between primary tumors and matched lymph node metastases according to breast tumor subtype. C, bar graphs, the relative frequencies of CD44þ

CD24�, CD44þCD24þ, CD44�CD24þ, and CD44�CD24� cells in matched primary tumors and lymph node metastases.
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copy number of the BAC probe, (ii) copy number of the CEP,
(iii) the ratio of BAC to CEP counts, and (iv) individual copy
number of both BAC and CEP probes in each cell (unique
counts). Overall, each of the four different calculations dis-
played similar relative differences among tumors, but as
expected, diversity indices were highest based on unique
counts (Supplementary Table S3). Measuring BAC probe and
BAC to CEP ratio provides information on copy number gain of
a specific locus, CEP counts alone report the degree of aneu-
ploidy,whereas uniqueBACandCEPcounts provide combined
information on both. Thus, to assess genetic diversity due to
both copy number gain and aneuploidy, we subsequently used
unique counts for all analyses unless otherwise indicated.
Overall, genetic diversity as measured by the Shannon index

was significantly different between two distant metastases in

the same patient for most genomic loci analyzed and in almost
all cases (Fig. 1A and Supplementary Table S3). Assessment of
genetic diversity within phenotypically distinct cell subpopu-
lations provided similar results (Fig. 1A and Supplementary
Table S4). However, in several cases, the differences in genetic
diversity between metastatic lesions were significant only for
certain loci and in specific cell populations; in some cases only
one cell population showed differences and some loci were
divergent only in one cell subpopulation. These results poten-
tially reflect the order of genetic events during tumor evolution
(27) or selection of a particular cell population by local
microenvironmental forces. The use of the Simpson index led
to similar results (Supplementary Tables S3 and S4).

To determine whether differences in cellular phenotypes
contributed to the observed cell type–specific genetic diversity

Figure 3. Differences in diversity betweendistant and lymphnodemetastases. A, box plots depict Shannon diversity indices of primary tumors and lymphnode
and distant metastases. Boxes show the 25th to 75th percentiles, whereas whiskers extend to the 5th and 95th percentiles. Outliers outside
of the 5th and 95th percentiles are shown as black dots. Significant differences by the Mann–Whitney test between two distant metastases within the same
patient and primary and lymph node metastases are shown. B, dot plots showing the differences in the Shannon index between each pair of distant
metastasis or between each pair of primary and lymph node metastases for the indicated chromosomal regions. C, differences in the Shannon index for
8q24.13 in each tumor subtype. Relative changes in the frequency of each of the indicated cell population is shown in metastases (D) and in matched
primary tumors and lymph node metastases (E). Details of tissue samples are listed in Supplementary Table S1. LN, lymph node metastasis.
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within and between metastatic lesions, we analyzed the rela-
tive frequencies of the four distinct cell subpopulations iden-
tified using CD24 and CD44 cell surface markers within
tumors. Correlating with prior results from our (28) and other
laboratories (29), the frequencies of the four different cell types
displayed tumor subtype–specific differences, with CD44þ

CD24� and CD44�CD24þ cells being more common in tri-
ple-negative and in luminal tumors, respectively (Fig. 1B).
Metastatic lesions within the same patient also displayed
substantial differences in the relative frequencies of the four
cell types, with the exception of two triple-negative breast
cancer (TNBC) cases in which metastases were almost entirely
composed of CD44þCD24� cells. Interestingly, patients with
TNBC had the shortest time interval from diagnosis to death
implying rapid emergence and growth of distant metastases,
which could potentially explain the higher similarity both for
cell types and genotypes between lesions within the same
patient. These results emphasize the value of combined genetic
and phenotypic characterization of individual cancer cells and
highlight the degree of biologic heterogeneity between meta-
static lesions within the same patient.

Genetic and phenotypic diversity between primary
tumors and lymph node metastases
Distant metastases in patients with breast cancer are usually

detected as recurrences after systemic adjuvant therapy,making
it difficult to study the natural course of the disease (30). Indeed,
all patientswithmetastatic lesions inour cohortwerediagnosed
with localized tumors (T1 or T2) and many did not even have
lymph nodemetastases at the time of diagnosis (Supplementary
Table S1). Therefore, the observed high degree of genetic and
phenotypic heterogeneity between metastatic lesions could be
due to selection pressure by the multiple rounds of treatment
the patients received. Thus, to investigate potential changes in
genetic and phenotypic heterogeneity during the natural pro-
gression of breast tumors to metastatic disease, we performed
iFISH analysis of primary tumors of different subtypes and
matched lymph node metastases (Fig. 2A and Supplementary
Tables S1 and S2) from patients who were not exposed to any
systemic treatment before tissue acquisition.
In general, the extent of genetic diversity in primary tumors

and lymph node metastases was lower and more variable than
that observed in distant metastatic lesions, yet the differences
in diversity between primary tumors and matched lymph
nodes were still statistically significant in almost all cases and
for all probes analyzed (Fig. 2A and Supplementary Table S5).
Interestingly, TNBCs in general had lower diversity scores for
8q24, the only probe that was analyzed in all tumors, than
luminal and HER2þ cases, and it was consistently higher in
lymph nodes compared with theirmatched primaries (Fig. 2B).

In contrast, diversity for 8q24 in HER2þ tumors was generally
high and it was higher in the primary tumors relative to
matched lymph nodes.

The differences in genetic diversity were in general observed
for all phenotypically distinct cell populations formostcases and
probes, althoughfora fewcaseswewerenotable toassessall four
cell types within both primary tumors and lymph node metas-
tases (Fig. 2A and Supplementary Table S6). Thus, in contrast to
distant metastatic lesions, we did not observe significant differ-
ences in diversity between primary and lymph nodes for certain
cell types, potentially indicating the lack of selection for a
particular phenotype.Correlatingwith thishypothesis,we found
that the relative frequencyof the four phenotypically distinct cell
populations was almost identical between lymph node metas-
tases and matched primaries (Fig. 2C).

Differences between distant and lymph node metastases
We observed several interesting differences in the genetic

and phenotypic diversity of primary tumors, lymph node and
distant metastases, and differences between lesions in the
same patient; these findings could potentially reflect tumor
evolution in unperturbed (e.g., no systemic therapy) and
perturbed (cancer treatment) environments. Primary tumors
and lymph node metastases had significantly lower genetic
diversity for almost all chromosomal regions analyzed than
distant metastases (Fig. 3A). In contrast, the difference in
genetic diversity between a primary tumor and its matched
lymph node metastasis was larger for some probes (e.g., 1q32
and 8q24) but smaller for others (e.g., 16p13, 11q13) than that
between two distant metastases (Fig. 3B). Triple-negative
tumors showed the highest differences in diversity for 8q24
between primary tumors and matched lymph nodes, whereas
the opposite was observed in distant metastases (Fig. 3C).
Importantly, genetic diversity indices were similar for each
genomic probe analyzed (Supplementary Table S7), implying
that this may reflect an inherent property of the tumor
independent of the way of measurement (31).

Contrary to genetic diversity, phenotypically distinct cell
populations were more commonly divergent between two
distant metastases than between primary tumor and matched
lymph node (Fig. 3D and E). Similar to diversity for 8q24,
differences in cellular phenotypes were less pronounced
between distant metastatic lesions of TNBCs than primary
TNBCand itsmatched lymphnode,whereas the opposite trend
was observed for luminal tumors.

Topologic mapping of genetic and phenotypic diversity
in metastasis

To further explore the impact of local microenvironments
on genetic and phenotypic diversity within and between

Figure 4. Analysis of tumor topology. A, maps show topologic differences in the distribution of genetically distinct tumor cells based on copy number for 8q24
BAC, chromosome 8 CEP, and cellular phenotype in liver and lung metastases of 3 patients with breast cancer. B, histograms depicting absolute
differences in copy numbers for BAC probe counts regardless of cellular phenotype in all cells or in adjacent cells in liver and lungmetastases. C, histograms
depicting absolute differences in copy numbers for BAC probe counts in all cells of the same phenotype or in adjacent cells of the same phenotype
in liver and lungmetastases. D, fraction of adjacent cellswith the samephenotype in liver and lungmetastases. Significance of the differenceswas determined
by calculating the homotypic fraction for 100,000 iterations of permutation testing over randomized cellular phenotypes; �, significant differences
(P < 0.05).
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tumors, we analyzed tumor topology—defined as the spatial
distribution of genetically and/or phenotypically different cells
within tumors–in liver and lung metastases of 3 patients. Two
cases (T5 and T7) were luminal A and one (T2) was triple-
negative subtype. We generated topology maps depicting
individual cancer cells with specific genotypes (copy numbers
for 8q24 BAC and chr8 CEP probes) and phenotypes (based on
the expression of CD44 and CD24; Fig. 4A). Next, we calculated
the variability for copy number in all cells and in all adjacent
cancer cells (Fig. 4B and Supplementary Figs. S3A and S4). Such
analysis can potentially discern different modes of tumor
evolution. Large variation in all cells but low variation in
adjacent cells could indicate the existence of independently
evolving spatially coherent clones. In contrast, large variation
between spatially adjacent cells could indicate that tumor cells
are either rapidlymigrating or thatmutation rates are extreme-
ly high. We detected significant differences in the distribution
of genetic variability in all cells and all adjacent cells of liver and
lungmetastases in cases T5 and T7, whereas in T2, a significant
differencewas only observed for all cells but not for all adjacent
cells (Fig. 4B). These results may potentially indicate the
differences in evolution between luminal (T5 and T7) and
triple-negative (T2) tumors with the latter ones having mul-
tiple spatially independently evolving subclones.

To determine whether the differences in the distribution of
genetic variability were present in all or only in some of the
phenotypically distinct subpopulations, we also performed
similar analyses in each of the four cell types (CD44þCD24�,
CD44þCD24þ, CD44�CD24þ, and CD44�CD24� cells). We
observed significant differences in the distribution of genetic
variability for all cells only in the CD44�CD24� subpopulation
in patient T2, whereas in patient T7, this was significant in all
adjacent cells in the CD44�CD24� population (Fig. 4C). We

also evaluated differences in the topologic distribution of
cellular phenotypes and found that the frequency of homotypic
interactions (i.e., adjacent cells with the same phenotype) was
significantly higher compared with the frequency of hetero-
typic interactions between two metastatic lesions within the
same patient (Fig. 4D). These data suggest that in metastatic
lesions, the distribution of genetic variability is fairly even in all
of the four cell types analyzed and adjacent cells aremore likely
to be phenotypically the same but genetically divergent.

These results again highlight the advantage of analyzing
tumors in situ at the single cell level as tumor topology can
reveal more detailed information on tumor evolution than the
assessment of spatially dissociated cancer cells.

Discussion
Tumor evolution culminates in metastatic disease that is

almost universally fatal due to the lack of effective therapy.
Despite being the main reason of cancer-related mortality,
distant metastases are still both rarely sampled and rarely
subjected to molecular analyses, especially in patients with
multiple metastatic lesions in different organs. Thus, our
knowledge of the clonal heterogeneity of multiple lesions
within the same patient is limited. Based on the traditional
clonal evolution model, cancer metastases are thought to
originate from a single clone present in the primary tumor,
sometimes at very low frequency (2), but experimental data
supporting this model are scarce. Recent high-throughput
sequencing studies have attempted to address this issue and
identified shared and divergent somatic variants between
primary tumors and matched distant metastases in breast
and pancreatic carcinomas (6, 32, 33). However, as these
studies were performed on bulk tumor samples, the cellular
origin and the topologic distribution of the somatic changes

Table 1. Brief summary of the major findings

Samples Results

Distant metastases Genetic diversity overall is high, especially in TNBCs
Genetic diversity indices are similar regardless of the probe used
Two lesions in the same patients have significantly different diversity in some
cases and some probes

In some cases, genetic diversity differs between the two metastatic lesions only
in some cell types

Two lesions in the same patient are frequently phenotypically distinct except
in TNBC cases

Matched primary tumors
and lymph node metastases

Genetic diversity overall is lower than in distant metastases, especially
true in TNBCs

Genetic diversity indices are similar regardless of the probe used
Genetic diversity is significantly different in most cases and most probes
Diversity for 8q24 is lower in some primary TNBCs and higher in the lymph
node metastasis

Diversity for 8q24 is higher in some primary Her2þ tumors and lower in the lymph
node metastasis

Primary and matched lymph node metastases are phenotypically more similar
in most cases
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could not be determined. Here, we have investigated cellular
genetic and phenotypic heterogeneity in two different distant
metastatic lesions from patients who failed cancer treatment
as well as primary tumors and matched lymph node metas-
tases before any systemic therapy.We determined the extent of
genetic heterogeneity for chromosomal regions frequently
gained in breast cancer and for cellular phenotypes associated
with mesenchymal and more differentiated luminal cell fea-
tures thought to be relevant to metastatic progression and
therapeutic resistance. By the combined analysis of genotypes
and phenotypes at the single cell level and in intact tissue slices
in situ, we obtained a more detailed view of tumor evolution
than previously possible. Table 1 lists a brief summary of our
major findings.
Assessing diversity using different chromosomal regions

commonly yielded different results overall or when also con-
sidering specific cellular phenotypes. These differences could
be due to many reasons, including differences in the (i)
acquisition of a particular genetic change during disease
progression (i.e., it may reflect the order of events), (ii) genomic
instability for different loci, (iii) therapeutic sensitivity of
cancer cells with different copy number gain, and (iv) tumor
microenvironment—both within tumors and between organs
of metastatic sites.
Diversity for 8q24 was found to be significantly different

between two distant metastatic lesions within the same
patient in most cases both when considering the overall cell
population and also when considering distinct cellular phe-
notypes. The same is true for primary tumors and matched
lymph node metastases. The 8q24 chromosomal region har-
bors several important oncogenes such as C-MYC; however,
8q24 gain is almost always a reflection of gain of the whole 8q
arm, thus it is difficult to determine which gene drives the
selection for cancer cells with increased copy number for 8q24
(20). Copy number levels of 11q varied most often between
distantmetastases of luminal tumors, but not between primary
tumor and lymph nodes. This amplicon contains several
proliferation-related genes (e.g., CCND1), and thus, heteroge-
neity for this locus may result in differences in proliferation,
although several of these genes also influence sensitivity to
endocrine therapy (34).
Comparing the extent of diversity among lesions of different

progression stages revealed that distant metastatic lesions in
general have higher diversity for most loci compared with
primary tumors and lymph node metastases. Distant metas-
tases were also more commonly divergent for the relative
frequency of cells with different phenotypes, although this was
also influenced by tumor subtype. Interestingly, we did not see
a consistent selection for a particular cellular phenotype
during tumor progression; the phenotypic variability among
tumors was more a reflection of tumor subtype than stage.
Thus, the higher genetic and phenotypic diversity of distant
metastatic tumors could be due to themultiple lines of therapy
these patients received. It would be necessary to examine
matched primary and distant metastatic lesions at the time
of diagnosis and before any systemic therapy to differentiate
between natural and treatment-induced diversity. Fortunately
for patients, breast cancer is very rarely diagnosed at this late

stage; thus, the lack of such samples makes such a study
difficult to conduct.

We also observed several interesting differences between
tumors of different subtypes. Diversity for 8q24 was lower in
primary TNBCs and increased in both distant and lymph node
metastases, whereas the opposite trend was observed for
HER2þ cases. TNBCs are thought to metastasize at high
frequency and at an earlier stage and patients with TNBC who
fail treatment tend to have a shorter recurrence-free and
overall survival (35). Thus, their metastatic lesions may be less
likely to be divergent than those of luminal and Her2þ tumors
that typically have a much longer duration of disease. Luminal
tumors on the other hand are slower proliferating than TNBCs
and HER2þ cases, which may result in lower diversity. The
types of treatment given to each subtype may also influence
intratumor diversity.

In summary, we found higher genetic and phenotypic diver-
sity in distant metastases compared with primary tumors and
lymph node metastases. In contrast, two different metastatic
lesions were found to display lower differences in genetic
diversity than a primary tumor and its matched lymph node
metastasis. Because of difficulties to conduct these types of
studies, the cohorts we analyzed were relatively small and the
patients with metastatic lesions were autopsy cases who failed
treatment. Thus, the examination of large cohorts and all stage
lesions from the same patient before any systemic therapy
would be necessary to conclusively determine the natural
evolution of breast tumors.
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