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Cancer is thought to arise from a single 
cell that proliferates to form a clonal 
population. Cells in that population 

then progressively acquire distinct mutations, 
leading to rampant tumour-cell diversification. 
Ideally, this intratumoral heterogeneity would 
be studied at the single-cell level — but such 
explorations are limited because single cells 
contain very little material for analysis. On 
page 457, Roerink et al.1 overcome this limita-
tion using methods for growing 3D cultures 
from single cells isolated from colorectal 
cancers. These organoid cultures can be used as 
proxies for the single cells from which they are 
derived, enabling in-depth analysis of tumour 
diversity.

Different studies of intratumoral hetero-
geneity have inferred distinct models of 
tumour evolution. According to the ‘big bang’ 
model, most detectable heterogeneity arises 
early in a cancer’s evolution, coincident with 
the cells becoming cancerous. This is fol-
lowed by proliferation of a range of subclones 
that are effectively equally fit2,3. In another 
model, tumours diversify gradually, through 
on going sequential selection of subclones that 
gain mutations conferring increased fitness3–5. 
Regardless of how it arises, heterogeneity is 
inextricably linked with intratumoral differ-
ences in growth, aggressiveness and sensitivity 
to therapy, so an in-depth understanding of the 
phenomenon would be valuable6,7.

Organoid techniques were initially developed 
to grow normal tissues in vitro in 3D, but have 
proved equally useful for propagating clini-
cal tumour specimens8–12. Roerink et al. set 
out to examine intratumoral hetero geneity 
using organoids. The authors took tissue from 
between four and six sites in tumours from three 
patients, and isolated single cells from each site 
(Fig. 1). Growth of these cells in specific culture 
conditions produced clonal organoids, in which 
all cells are nominally identical. In addition, the 
researchers grew clonal organoids from cells 
taken from the normal colorectal tissue sur-
rounding each tumour, for comparison. The 
essentially unlimited proliferation of these  
single-cell-derived organoids generated suffi-
cient material for deep genomic analysis,  
yielding numerous insightful conclusions.

The authors analysed the mutations in 

multiple cancer- and healthy-tissue-derived 
clonal organoids, and used this information 
to construct phylogenetic trees describing the 
lineage relationships between individual cells 
in a given tumour. In general, the trees recapi-
tulated the geographic diversity of the sites 
from which the cells were taken. However, 
Roerink et al. found that clonal organoids from 
the same site were highly diverse, reflecting 
heterogeneity at the single-cell level. 

The authors found mutations common 
in colorectal cancer (such as those in the 
genes APC, KRAS and TP53) in the trunks 
of the phylo genetic trees — that is, present 
in all cancer-derived organoids from a given 
person. But most mutations resided in 
the distal branches of the phylogenetic tree, 
arising after the cancer had undergone rapid 
proliferation. Overall, these results might be 
seen as providing support for the big-bang 
model in colo rectal cancer, in which poten-
tial aggressiveness is determined by the early 
accrual of crucial driver mutations, rather 
than by the mutations that accumulate later in 
tumour growth2.

Next, Roerink et al. evaluated the muta-
tional processes associated with tumour  

progression by analysing mutational signatures 
and then estimating the contribution of differ-
ent signatures (which indicate different muta-
tional processes) to the trunk and branches of 
phylo genetic trees. Certain mutational pro-
cesses were acting in cancer cells but largely 
absent in healthy colon cells — and many more 
mutations were present in the cancer cells. 
Mutational signatures also differed between 
the branches of an individual tumour, high-
lighting the contribution of different muta-
tional processes across the tumour. On the 
basis of the mutational signatures and muta-
tion burden, the authors inferred that the rates 
of both cell division and mutations per cell 
division were elevated in cancers compared 
with healthy cells. Consistent with an elevated 
mutation rate, the phylogenetic trees reveal 
rapid diversification in the tumour genome 
after the first cell becomes cancerous. 

In addition to genomic data from each 
organoid, the authors profiled RNA tran-
scripts and patterns of DNA modification 
by methyl groups (which can lead to altered 
gene expression). The way in which these 
profiles diversified across organoids closely 
traced the mutation-based phylogenies for 
each tumour. One key concern about orga-
noid systems is that they cut cells off from 
the cues normally provided by the surround-
ing tissue — this might alter gene-expression 
or methylation patterns. That Roerink et al. 
observe stable diversification of these patterns 
indicates that tumour cells in organoids 
no longer rely on the surrounding micro-
environment to maintain gene expression or 
methylation, highlighting the power of this  
experimental system.

The researchers’ organoids also allowed 
them to analyse how mutational landscapes 
affect drug resistance. Certain targeted 
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Figure 1 | Cancer analyses using organoids. Roerink et al.1 extracted tissue from several sites from 
human colorectal cancers. They induced single cells isolated from these samples, and from nearby healthy 
tissue (not shown), to grow in vitro to form 3D cultures called organoids. They then performed a range of 
analyses, including DNA sequencing, on each organoid. The authors used the mutations in each organoid 
to construct phylogenetic trees that showed lineage relationships between the organoids’ genomes. Those 
derived from the same site (indicated by colour coding) bore most similarities. The analysis revealed 
that typical cancer-driving mutations arose in the trunk of the tree (that is, during early stages of tumour 
growth), but that diversification continued throughout tumour growth. (Tree adapted from Fig. 1 of ref. 1.)

B I O T E C H N O L O G Y

Organoids reveal 
cancer dynamics
Single-cell analyses in cancer are limited by the small biomass of individual cells. 
In vitro production of 3D organoid structures from single tumour-derived 
cells generates sufficient biomass for in-depth analyses. See Article p.457
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therapies acted as might be expected — 
for instance, nutlin-3a, which inhibits an  
inter action between wild-type p53 protein 
(which is encoded by TP53) and a binding 
partner, effectively killed cells in organoids 
in which TP53 was not mutated. By contrast, 
sensitivity to general chemotherapies did not 
correlate well with mutational status. The 
hetero geneity of drug response among sam-
ples from different regions of the same tumour 
provides a particularly sobering demonstra-
tion of the challenges of therapeutic resistance  
in cancer.

Overall, Roerink and colleagues’ study is 
a remarkable demonstration of the ability 
of organoid technologies to amplify rare 
cancer-cell populations and enable deep 
analyses. However, the current approaches 
have limitations. For instance, organoids do 
not provide a wholly accurate snapshot of the 
situation in a tumour, because the growth of 
organoids involves cell proliferation, which 
itself can lead to further mutations. To get 
around this problem, Roerink et al. focused on 

mutations present in all cells of an organoid 
in their analysis. Another caveat is that orga-
noid culture methods might also select for cells 
particularly adapted for in vitro growth, poten-
tially correlating with the most proliferative or 
aggressive cells. 

Nevertheless, this and other organoid 
methods should in the future prove invaluable 
tools for the genetic and functional dissection 
of cancer. A big help in this endeavour will be 
biobanks of patient-derived organoids9,10,13, 
which have been established in the past few 
years to encapsulate the genetic diversity 
of cancers from different anatomical sites. 
Eventually, organoids might also incorporate 
components of the tumour microenviron-
ment, enabling more-holistic cancer model-
ling. Finally, Roerink and colleagues’ method 
could be generalized beyond cancer to enable 
the expansion of limiting amounts of biopsy 
tissue from inflammatory, metabolic or genetic 
disorders. Here, as in cancer, this approach 
could reveal cellular heterogeneity and inform 
treatment strategies. ■
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E R I K  W.  T H O M P S O N 
&  S H I V A S H A N K A R  H .  N A G A R A J 

In cancers that arise from epithelial cells, 
some of the tumour cells adopt features 
of mesenchymal cells and lose their epi-

thelial characteristics. This phenomenon 
is known as the epithelial-to-mesenchymal 
transition (EMT), and the emergence of cells 
with mesenchymal features is often associated 
with a poorer prognosis for patients. How 
this transition occurs and the implications 
of EMT for metastasis, the process by which 
cancer spreads, are not fully understood. On 
page 463 , Pastushenko et al.1 report an analysis 
of mouse tumours undergoing EMT, revealing 
that distinct cell populations can be identified 
during this transition. 

Cancers of epithelial tissues are called 
carcinomas and can give rise to cells with 
mesenchymal properties, such as an elongated 
shape. These mesenchymal cells have been 
implicated2 in tumour metastasis. The EMT 
process is also associated with cancer stem cells 
found in breast cancer and other cancer types, 
and is linked to the presence of the circulat-
ing tumour cells in the bloodstream that are a 

hallmark of tumour-relapse risk3. In numer-
ous mouse models2,  prevention of EMT or its 
reversal — a process known as MET, in which 
mesenchymal cells transition back to epithelial 
cells — can reduce the stem-cell-like proper-
ties of tumour cells and thereby reduce their 
ability to metastasize. 

Although some studies4,5 indicate that not all 
tumour metastases require EMT, considerable 
amounts of data implicate6 the process of MET 
as a requirement for metastatic cells to suc-
cessfully colonize locations beyond the initial 
tumour site. One way to address this contro-
versy would be to gain a better understanding 
of how the EMT process occurs. 

A hybrid EMT state, also known as a meta-
stable state or partial EMT, in which individual 
cells express both epithelial and mesenchymal 
markers, has often been observed in carci-
noma7, developmental processes and wound 
healing8. One model for how EMT might 
occur is that cells make a gradual transi-
tion from one state to the other along a 
continuous spectrum of change in which cells 
lose epithelial characteristics and concur-
rently gain mesenchymal ones. This is consist-
ent with gene-expression analysis of cell lines 

from various types of carcinoma9. However, 
computational-modelling studies7 and in vitro 
observations8 indicate instead that distinc-
tive, stable, long-lasting cell populations could 
represent discrete intermediate stages of EMT. 

Pastushenko and colleagues investigated 
whether stable EMT states in tumours could 
be identified in vivo.  The authors used geneti-
cally engineered mice that provide a model 
system in which to study skin carcinoma and 
have tumour cells10 that are known to exhibit 
EMT. Pastushenko et al. studied cells that had 
lost expression of the epithelial-cell marker 
EpCAM, and analysed the expression of 
more than 170 cell-surface proteins to try to 
identify useful markers of cell subpopulations. 
They then focused on three of these markers 
(CD61, CD51 and CD106) that are character-
istic of a mesenchymal-cell state. This enabled 
the authors to identify distinct cell populations 
that had lost expression of the epithelial-cell 
marker EpCAM and expressed different com-
binations of these three mesenchymal markers. 

Using the three markers as a tool to enable 
the isolation of cell populations present when 
EMT occurs, the authors isolated and charac-
terized six distinctive cell subpopulations that 
lacked EpCAM expression. The authors used 
an impressive array of biomolecular analyses to 
assess the cellular characteristics of these pop-
ulations, including their metastatic traits and 
their state of cellular differentiation. This work 
provides in vivo evidence of stable cell popula-
tions representing intermediate EMT states.

The authors also identified comparable 
cell subpopulations, characterized by the 
same markers, in both a mouse mammary-
tumour model and human tumour samples 
transplanted into mice, suggesting that these 
subpopulations represent stable transitional 
cellular states found in different cancer types. 

T U M O U R  B I O L O G Y 

Transition states that 
allow cancer to spread
Cancers of epithelial-cell origin often contain some tumour cells that have 
acquired traits of mesenchymal cells. How this leads to cancer spread has now 
been illuminated in mouse models. See Article p.463
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