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The role of genetic heterogeneity within neoplasms is increasingly recognized
as important for understanding the dynamics of cancer progression, cancer
stem cells, and therapeutic resistance, and there is interest in intratumoral
heterogeneity measurements as potential biomarkers for risk stratification.
In this issue of the JCI, Park et al. characterize this genetic diversity in carci-
noma in situ and in invasive regions from 3 types of human breast cancers
and lay the groundwork for translation of these measures to the clinic.

Although there are clear suggestions that
diversity may be important in the estab-
lishment and progression of cancers (1), it
is unclear how diversity should be defined.
Should we use genetic or phenotypic mark-
ers? How can we account for epigenetic
diversity? Should we look at large samples
or small ones, and how many biopsies
should we sample in order to accurately
estimate the underlying diversity of the
neoplasm? The problems of defining diver-
sity and characterizing the number of can-
cer clones are not new and have parallels
to problems encountered in other fields.
Ecologists have created various measures
to estimate the number and abundance of
species (2); even in literature, calculating
the number of words Shakespeare knew
from his existing corpus (3) is analogous to
determining the number of cancer clones
in a tumor from a small number of sam-
ples. Heterogeneity in neoplasms has long
been recognized (4-7), but has only recently
been systematically investigated, and much
can be gained by applying these method-
ologies to cancer and precancerous lesions
(8-10). As Park et al. clearly demonstrate in
their study in this issue of the JCI (11), this
is not merely an academic exercise, as the
level of heterogeneity in a neoplasm may
have important clinical implications as a
biomarker of risk stratification.

Genetic diversity as a biomarker

It is important to note that measures of
genetic or epigenetic diversity are a novel
form of biomarker. Most previous bio-
markers in cancer measure the presence of
an abnormality, like loss of heterozygosity
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(LOH) in the tumor suppressor TP53 (12),
amplification of the tyrosine kinase recep-
tor HER2, or the level of some mRNA or
protein, such as prostate-specific antigen
(13). In contrast, by measuring genetic
diversity, we are measuring a parameter of
the underlying dynamics driving neoplas-
tic progression, regardless of the particular
loci in question. Because neoplastic pro-
gression is a process of somatic evolution,
in which genetic and epigenetic alterations
generate diversity, and ecological interac-
tions like competition between clones lead
to natural selection among that diversity,
the generation and maintenance of diver-
sity in heritable alterations, such as genetic
and epigenetic changes, determines the
rate of somatic evolution. Thus, it is pos-
sible to gather information on the rate of
progression even if we do not know the
specific tumor suppressor genes and onco-
genes (i.e., driver mutations) that provide
fitness benefits to neoplastic clones in a
given organ. Other measures of the rate of
somatic evolution, such as mutation rate,
population size of self-renewing cells, and
generation time, should also be robust and
general biomarkers of progression (14).
We have previously shown that genetic
clonal diversity is predictive of progression
in a precancerous lesion (10). In their cur-
rent study, Park et al. extended this idea to
cancers, characterizing heterogeneity from
4 samples from each of 15 human breast
cancer lesions, including a mix of ductal
carcinoma in situ (DCIS; the most common
type of noninvasive breast cancer) and inva-
sive regions (11). They report a high level
of heterogeneity within the tumor sam-
ples, and their analyses hint that measure-
ments of the diversity in one phenotypic
subpopulation (CD24" cells in DCIS) may
be a useful predictor of a variety of histo-
pathological characteristics, such as tumor
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stage, presence of intratumoral and/or
peritumoral DCIS, and estrogen receptor
(ER) status. ER status is important because
ER* tumors tend to be responsive to selec-
tive ER modulators, such as tamoxifen and
raloxifene. Thus, it is possible that a single
diversity measure could provide a snap-
shot of a variety of tumor processes. Sur-
prisingly, they also found that diversity in
DCIS and invasive regions is similar, which
suggests that diversity does not increase
in a systematic manner as the neoplasm
becomes invasive. These studies together
suggest that measurements of diversity
may be clinically important at all phases of
disease progression. The studies have used
different types of lesions to measure diver-
sity: microsatellite shifts, LOH, mutation,
methylation, and copy number variation
measured by FISH (as in our previous work;
see ref. 10). The fact that clinically relevant
information can be extracted from diversity
measures based on such a variety of mark-
ers implies that diversity measurements are
potentially robust biomarkers.

Cancer stem cells or

independent clones?

The present study by Park et al. extends
previous work of the Polyak lab (15) ques-
tioning the cancer stem cell paradigm in
breast cancers, an idea that has important
implications for the evolutionary dynamics
in neoplastic progression. The cancer stem
cell hypothesis posits that only a minor-
ity of cells in a neoplasm are self-renew-
ing and are responsible for the long-term
propagation of the neoplasm, analogous to
stem cells in normal tissues. In breast can-
cer, CD44 has been proposed as a marker
of breast stem cells, while CD24" cells are
thought to derive from the CD44" cell pop-
ulation. In their study, Polyak et al. found a
clone in the CD24* population not present
in the CD44" population (15), which sug-
gests that the cancer stem cell and linear
differentiation model is inaccurate in this
case. If CD24" cells have only diverged from
CD44* cells for a few cell divisions, then the
CD44* and CD24" cells should have essen-
tially the same genetic diversity (Figure 1).
In the current study, Park et al. found that
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Figure 1

For neoplasms maintained by stem cells, somatic evolution will be dominated by evolution
within the stem cell compartment. Here, the blue stem cell subclone may have a competitive
advantage and expand relative to the other stem cell subclones. Thus, the cancer stem cell
hypothesis and the somatic evolutionary theory of cancer are not mutually exclusive. Because
the non—stem cells are, by definition, not self-renewing, they are evolutionary dead ends. How-
ever, the genetic diversity in the non—stem cell compartment should reflect the genetic diversity
in the stem cell compartment, with the exception of differences in the proliferation rates of the
different non—stem cell subclones, which might slightly skew their frequencies relative to the
stem cell pool, and rare genetic alterations that occur during the few cell divisions that sepa-
rate a non—stem cell from its stem cell ancestor. If neoplastic non—stem cells can revert to a
stem cell phenotype, then the evolutionary dynamics become more complex and some of the
non-stem cells may not be evolutionary dead ends. The results reported by Park et al. in this
issue of the JC/ (11) suggest that CD44 and CD24 do not distinguish between stem cells and

non-stem cells in breast cancer.

diversity generally differs, sometimes dra-
matically, between CD24" and CD44" cells
(see Figure SA in ref. 11). Either the linear
differentiation model needs to be reevalu-
ated, or we need to develop better markers
of breast cancer stem cells. The authors also
found diversity differences between cells in
invasive and DCIS areas, although it can be
difficult to interpret this in relation to the
cancer stem cell hypothesis. If the stem cell
pool is large enough (16) or the mutation
rate high enough, a neoplasm might con-
tain a highly diverse pool of cells.

The cancer stem cell hypothesis and the
theory of clonal evolution are not mutu-
ally exclusive (Figure 1). The presence
of cancer stem cells simply moves the
dynamics of evolution from the cancer
cell population as a whole to the stem cell
compartment. Thus, clonal expansion and
competition would occur within the stem
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cell pool. This may make genetic drift (i.e.,
stochastic changes in mutation frequen-
cy) amore important process in neoplastic
progression when the total pool of evolv-
ing cells is small. The dynamics of puta-
tive cancer stem cell compartments are
largely unknown. If a stem cell pool is to
expand, stem cells must divide symmetri-
cally at least some of the time and either
replace slower-dividing cells or expand the
population size of the stem cell compart-
ment. We do not yet know whether the
putative stem cell pool in a neoplasm acts
as a single population or if there exists
a variety of potentially cooperative or
competitive subpools of stem cells. Stem
cell-like behavior may also be a product of
the microenvironment, and the feedback
between microenvironment and cancer
initiation, invasion, and metastasis is an
area of active study (17, 18).
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Open questions

To our knowledge, measures of heteroge-
neity have not been systematically studied
in cancer itself until now. Several key areas
remain unexplored. Most importantly,
the relationship between diversity mea-
surements in cancer samples and survival
has yet to be systematically investigated.
Our previous study demonstrated a link
between progression and diversity in pre-
cancerous esophageal neoplasms (10),
but it is difficult to measure most tumors
in their precancerous states. With only a
small number of samples, the data reported
by Park et al. hints at a link between diver-
sity and histopathology (11), but this
needs to be evaluated in a larger sample
pool and correlated with longitudinal fol-
low-up, including treatment outcome. A
second key area yet to be examined is the
relationship between genetic diversity and
therapeutic resistance. In studying resis-
tance, we are battling the underlying evo-
lutionary forces that lead to diversity in
a cancer, the interplay between mutation
and selection. It is clear that therapy can
select for the expansion of rare clones (19,
20). Logic would suggest that more het-
erogeneous cancers are more likely to har-
bor one of these resistance mutations, but
this has yet to be demonstrated. Finally,
determining the best measures of hetero-
geneity and loci must take into account
their robustness as biomarkers and ease
of clinical translation.

The study presented here (11) provides a
glimpse of the high level of genetic hetero-
geneity found in stem cell-like and more
differentiated populations from invasive
and in situ breast cancer lesions. This
should be the first of many such studies to
elucidate the role and dynamics of diversity
within neoplasms.
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TGF-p in the pathogenesis and prevention
of disease: a matter of aneurysmic proportions
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TGF-f regulates many aspects of cellular performance relevant to tissue
morphogenesis and homeostasis. Postnatal perturbation of TGF-f signaling
contributes to the pathogenesis of many disease states, as recently exempli-
fied through the study of Marfan syndrome (MFS), including aortic aneu-
rysm and skeletal muscle myopathy. Heterogeneity in the regulation and
consequences of TGF-f signaling, amplified in the context of disease, has
engendered confusion and controversy regarding its utility as a therapeu-
tic target. Three studies recently published in the JCI, including one in this
issue, underscore the complexity of this subject. Heydemann and colleagues
implicate dimorphic variation in latent TGF-f-binding protein 4 (LTBP4),
a regulator of TGF-f} bioavailability and activation, as a modifier of mus-
cular dystrophy in y-sarcoglycan-deficient mice. In contrast to experience
with ascending aortic aneurysm in MFS, Wang and colleagues show that
systemic abrogation of TGF-f signaling worsens (rather than attenuates)
Ang II-induced abdominal aortic aneurysm progression in mice. Tieu and
colleagues define alterations in the regulation of vascular inflammation in
the pathogenesis of Ang II-induced aneurysm and dissection in mice, which
may help shed some light on this apparent paradox.

Historically, perturbation (largely enhance-
ment) of TGF-f signaling has been strongly
implicated in the pathogenesis of diverse
disease states, prominently including the
initiation and progression of cancer and
tissue fibrosis. Despite decades of inten-
sive study in these contexts, the net effects
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of TGF-f signaling in disease pathogenesis
and, perhaps more importantly, the incor-
poration of its antagonism into therapeu-
tic strategies, remain controversial. This is
nicely illustrated by the so-called TGF-§
cancer paradox. In brief, TGF-f plays
a prominent role in the suppression of
tumorigenesis through induction of cell-
cycle arrest and apoptosis and maintenance
of cellular differentiation, as evidenced by
the frequent biallelic loss of genes encod-
ing TGF-f receptors or intracellular media-
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tors of signaling in multiple tumor types
(for example, see ref. 1). Attenuation or
loss of tumor responsiveness can induce
upregulation of TGF-f ligand expres-
sion, resulting in excessive stimulation of
the signaling-intact neighboring stroma
(reviewed in ref. 2). Attributable conse-
quences include impairment of tumor sur-
veillance through inhibition of adaptive
immunity, acceleration of tumor growth
through enhancement of angiogenesis,
and induction of tumor invasion and
metastasis through stimulation of innate
immunity (including mast cell, mono-
cyte, and macrophage chemotaxis), com-
promising of endothelial boundaries, and
promotion of epithelial- or endothelial-
mesenchymal transition (EpMT [ref. 2]
and EnMT [ref. 3], respectively; collectively
EMT). Amplification of TGF-f signaling
can occur due to enhanced TGF-f ligand
expression (e.g., by recruited mast cells or
macrophages) or activation (e.g., by MMPs
or simple fibrosis-dependent enhance-
ment of shear stress within the tumor
microenvironment; ref. 4). Additional
TGF-B-related paradoxes are evident. For
example, TGF-f can either induce or sup-
press angiogenesis depending upon its
concentration and repertoire of TGF-f
receptors and accessory proteins (2).
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