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Epithelial and mesenchymal
programs in metastasizing
tumor cells

Metastasis is a complex biological process
that has been studied for over two centuries
(1-4). Yet, it remains a major cause of death
for patients with cancer, and many aspects
of its mechanistic drivers remain elusive
(2, 4). Metastasis involves several steps,
including local invasion, survival in circu-
lation, and outgrowth at a distant site, and
during this process, metastasizing tumor
cells must evade immune surveillance (1,
2).Ithas been appreciated for over a decade
now that tumor cells that lose epithelial
properties and gain mesenchymal ones
— referred to as epithelial-mesenchymal
transition (EMT) — have an advantage in
metastasizing (1-3). However, many mac-
rometastases are observed to have retained
or reacquired epithelial properties, adding
nuance to the widely accepted concept that
EMT is associated with metastasis. EMT is

Many aspects of breast cancer metastasis remain poorly understood,
despite its clinical importance. In this issue of the JCI, Winkler et al.
have applied an elegant patient-derived xenograft (PDX) model to map
the transcriptomes of single cells in matched primary tumors and lung
metastases across 13 breast cancer PDX models. They identified distinct
transcriptional changes associated with metastatic evolution in lowly
and highly metastatic primary tumors. Furthermore, by classifying the
“epithelial-mesenchymal plasticity” (EMP) state of single cells, they
revealed that considerable EMP heterogeneity exists among primary
and metastatic human breast cancer cells. However, the EMP profile

of a tumor does not change substantially upon metastasis. These
findings give an unprecedentedly detailed view into the transcriptional
heterogeneity and evolution of metastatic human breast cancer.

now recognized not to be a sudden binary
switch from one state to another,but rather
a continuum of epithelial-like, intermediate
(or hybrid), and mesenchymal-like states
that tumor cells can exist along (2, 5-8).
Recent evidence suggests that cells exist-
ing in a hybrid EMT state may in fact be the
most metastatically aggressive (7, 8). Addi-
tionally, clusters of tumor cells that travel
together — referred to as circulating tumor
cell (CTC) clusters — have also been iden-
tified in patients with breast cancer and in
mouse models (9-12), and exhibit greater
metastatic efficiency than do single CTCs
(9,11, 12). Tumor cells participating in CTC
clusters maintain cell-cell contacts and
exhibit differences in transcriptional and
methylation patterns, including increased
expression of epithelial genes (12, 13) and
more open chromatin around stemness-as-
sociated genes (10), compared with solitary
CTCs. Thus, the journey to metastasis is far
more nuanced than a one-way trip toward
an increased mesenchymal program.
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In this issue of the JCI, Winkler and
colleagues have undertaken deep sin-
gle-cell transcriptomic characterization
of 13 highly and lowly metastatic human
breast cancer patient-derived xenograft
(PDX) models (14). The transcriptional
landscape of tumor cells was compared
between PDX-derived primary tumors
and matched, spontaneously arising lung
metastases. This elegant approach offers a
unique view into the transcriptional evolu-
tion of metastatic human breast cancer. In
patients with breast cancer, it is common
for primary tumors and metastases to be
separated by years, or even a decade or
more (4, 15). Not only does this make it
logistically challenging to collect matched
primary and metastatic tumor samples,
but it means latent or dormant metastatic
tumor cells can be subject to a whole range
of influences — from adjuvant treatments
to lifestyle changes or environmental
exposures the patient experiences — in
the years between the presentation of the
primary tumor and the metastasis. It is vir-
tually impossible to disentangle how these
factors impinge on the genetic and tran-
scriptional programs of tumor cells that
eventually grow out as metastasis (15).
In their clean PDX system, Winkler and
colleagues were uniquely able to directly
compare the transcriptional landscape of
matched primary and metastatic human
breast cancer cells.

Using an epithelial-mesenchymal plas-
ticity (EMP) score assigned to each prima-
ry-derived and metastasis-derived single
cell, Winkler and colleagues classified each
tumor cell in their PDX models as “epithe-
lial-like,” “EMP intermediate,” or “mes-
enchymal-like”(14). All 13 tumor models
contained cells belonging to at least two of
these three categories, demonstrating that
intratumoral heterogeneity of EMT and
EMP states is a strong feature of human
tumors, in line with predictions made
with murine models (7, 8). Furthermore, a
gene signature associated specifically with
“EMP intermediate” cells predicted worse
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Transcriptional evolution during metastasis

Figure 1. Transcriptional heterogeneity and evolution of metastatic breast cancer. Human breast cancer cells exhibit substantial intratumoral heteroge-
neity of EMP states. Within a given breast cancer subtype, more highly metastatic primary tumors are more likely to contain a larger proportion of mesen-
chymal-like cells compared with lowly metastatic tumors. Upon metastasis to the lung, the EMP profile of the primary tumor is retained. Transcriptional
evolution during metastasis, instead of involving changes in the EMP profile, is characterized by upregulation of stress response genes in highly metastat-
ic primary tumors, or of motility genes in lowly metastatic primary tumors.

recurrence-free survival in patients with
basal subtype or HER2-like breast cancer
(14). While this signature lacks prognostic
association in luminal subtypes, it is per-
haps worth noting that 10 of the 13 models
utilized in Winkler and colleagues’ study
were of the basal subtype, and their signa-
ture may have been particularly well suited
to identify “intermediate EMP” cells in the
basal subtype of breast cancer.

However, despite this association
between the “intermediate EMP” signa-
ture and poorer outcomes for patients, the
abundance of “intermediate EMP” cells
was surprisingly not different between
highly and lowly metastatic PDX models
(14). On the other hand, within each breast
cancer subtype, there was a notable shift
toward fewer epithelial-like and more
mesenchymal-like cells in the primary
tumors from highly metastatic models.
This raises a question about what features
of EMT and EMP are truly most relevant to
predicting metastasis: Is it the abundance
of intermediate cells, the abundance of
mesenchymal cells, or something else?
While future work will likely shed more
light on the answers to this question, a
limitation of single-cell RNA-Seq (scRNA-
Seq) is that it can only capture the distribu-
tion of single cells across states at a single
moment in time. Single-cell transcriptome
sequencing gives little visibility of the flux
between these states. Given that the pro-

cess of metastasis requires cells to rapidly
adapt to multiple environments and sourc-
es of cellular stress, it is possible that the
speed at which a tumor cell can transition
between EMT and EMP states is equally
important to its metastatic potential. Tech-
nologies that can assess this transcription-
al flux at scale will be important to future
advances in the field.

Transcriptional evolution
trajectories differ with
metastatic potential

The unique dataset generated by Win-
kler and colleagues enables an inquiry
into transcriptional evolution that takes
place between primary tumor and metas-
tasis, in a model system in which other
environmental factors can be completely
controlled. Surprisingly, the distribution
of EMP states found in metastases largely
matched that of their primary tumor of ori-
gin. This result means that the transcrip-
tional evolution during metastasis did not
include a shift in EMP states. Nonetheless,
each PDX model clearly underwent a tran-
scriptional evolution that was unique to
that model but that was consistent across
multiple mice bearing the same PDX (14).
While this trend did not correspond with
genetic evolution, it nonetheless suggests
that the evolutionary trajectory of metas-
tasis is precoded in some way in each
PDX. Winkler and colleagues looked for

commonalities between the trajectories
of tumors with similar metastatic poten-
tial. Genes associated with motility were
commonly upregulated in the metastases
of tumors with low metastatic potential,
whereas genes associated with the stress
response were commonly upregulated in
metastasis of cells with highly metastatic
potential (14). This finding raises the pos-
sibility that tumors have different require-
ments to reach the metastatic state,
depending on their starting transcription-
al state and phenotype. It is readily infer-
able that tumor cells in lowly metastatic
tumors may have a greater need to acquire
increased cell motility, while tumor cells
in highly metastatic PDXs — with more
cells already in a mesenchymal-like state
— have already acquired this feature.
However, less clear is the reason tumor
cells originating in highly metastatic
tumors are unique in their upregulation of
stress response genes upon metastasis. It
is possible that the upregulation of these
genes was simply dwarfed in lowly meta-
static tumors by a more critical upregula-
tion of motility genes. Alternatively, met-
astatic tumor cells originating from highly
metastatic tumors might experience more
aggressive competition with one another
to seed and expand at the metastatic site,
which could shape the evolutionary trajec-
tory of the cells that succeed in outcom-
peting their neighbors.
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Immune surveillance in
metastasis and EMT

Of course, a footnote to all studies in
immune-compromised mice relates to
their lack of an immune system. Success-
ful immune evasion is a critical compo-
nent of the full metastatic cascade (2). NK
cells, which were lacking in the NSG mice
used in this study, are particularly known
for having an important role in immune
surveillance of metastatic tumor cells (13,
16). Notably, NK cells are capable of pref-
erentially eliminating single CTCs over
CTC clusters (13). Thus, it is possible that
removing the pressure of NK cell surveil-
lance might lead to an overrepresentation
of metastases from single CTCs, relative
to those arising from CTC clusters, and
influence the transcriptome of metastases
that successfully grow out. Additionally,
an intriguing recent study carried out by
the Blanpain laboratory used anti-Csflr
and anti-Ccl2 antibodies to ablate macro-
phages; their data showed that tumor cells
in macrophage-deficient tumors were
more likely to adopt an epithelial or early
hybrid EMT state and less likely to adopt
a mesenchymal state (7). NSG mice do
have macrophages, and so while this point
may not have directly related to Winkler
et al., it highlights how much remains to
be learned about the interplay between
immune cells, metastasis, and EMT.

Conclusions

The study by Winkler and colleagues
sheds valuable light on the transcription-
al evolution of human metastatic breast
cancer. The authors define distinct tran-
scriptional trajectories — one relying on
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increases in cell motility, and the other
relying on increases in the stress response
— taken by lowly and highly metastatic pri-
mary tumors, respectively, to arrive at the
metastatic stage. Furthermore, despite the
importance of EMT and EMP in metasta-
sis and the ability of an intermediate EMP
signature to predict worse outcomes, the
distribution of EMP states does not change
between a primary tumor and its matched
metastasis (Figure 1) (14). In future work,
an interesting open question involves how
these patterns may differ between short
and long intervals of metastatic dormancy.
By necessity, Winkler et al. (14) focused
on metastases that arose within months
of the primary tumor occurrence. Future
studies may be able to test how the para-
digms put forth here translate to, or need
to be modified for, patients whose breast
cancer recurs after a decade or more, as
well as to metastases that spread to other
anatomical sites.
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