
© Translational Cancer Research. All rights reserved.   Transl Cancer Res 2017;6(Suppl 6):S1084-S1087 tcr.amegroups.com

Functional and phenotypic heterogeneity is a common 
feature of tumor cells. It can be caused by changes in the 
tumor microenvironment and genetic variations in the 
growing cell mass, while posing the problem in treating 
the tumor, considering various populations of heterogenic 
cells present. It has been also shown that cancer lesions 
may contain hierarchic populations of cells: some are 
tumorigenic and some are non-tumorigenic or even 
dormant (1). Immunohistochemistry and high-throughput 
single cell sequencing studies have reported that diverse 
cell subpopulations may contain different mutations, as well 
as protein expression profiles, resulting in varying degree 
of characteristics, including growth rates and responses to 
chemotherapeutics (2,3). 

In 2005, National Cancer Institute (NCI) and National 
Human Genome Research Institute (NHGRI) have 
launched the Cancer Genome Atlas project which produced 
multi-dimensional maps of the key genomic alterations 
in more than thirty types of cancer (4). Although this 
groundbreaking project provided highly important new 
data about the genes that contribute to cancer development 
and progression, it did not consider intrinsic heterogeneous 
cell populations in each tumor mass as well as the 
microenvironmental diversity of the tumors (5). Some of the 
differences in physical behaviors, phenotypes and protein 
expression profiles of metastatic and non-metastatic tumor 
cells were revealed in a comprehensive study conducted by 
NCI/NIH network of Physical Sciences-Oncology Centers 
(PS-OC) (6).

The heterogenic plasticity of cancer cells is important in 
many hallmarks of cancer, including growth, progression, 

invasion and dissemination. As an example, in the process 
of epithelial-to-mesenchymal transition (EMT) leading to 
tumor invasion, the epithelial protein expression is inhibited 
in some subpopulations of tumor cells, while mesenchymal 
protein expression is elevated. This results in the loss of 
cell-cell adhesion and gain in the cell polarity, causing 
migration, enhanced dissemination from primary tumor and, 
ultimately, tumor metastasis (7). Additionally, non-EMT 
cancer cells and cells in the tumor microenvironment can 
cross-talk with EMT cancer cells in a paracrine manner (e.g., 
exosome release) setting the stage for metastatic spread of the 
primary tumor (8) and making intratumoral heterogeneity 
an important factor in tumor dissemination. While single-
cell migration have been extensively studied, providing 
meaningful insights into the spread of blood-originated 
cancers and cells undergoing EMT, recent works show that 
besides the usually ascribed “solo” migrating individual cells, 
collective migration of a group of heterogeneous cancer cells 
increases their probability to disseminate to distant organs. A 
conventional clinically used assessment of tumor grades, for 
example, examines the morphology of the lesion and classifies 
invasiveness by identifying cell group(s) able to intrude into 
the normal tissue.

In collective cancer cell invasion, cohesive, multicellular 
structures further detach from the main tumor cell mass 
and disseminate using a blood or lymphatic vessel (9). In 
such a group, the cells maintain intercellular junctions and 
a “leader-follower cell” behavior may develop, as illustrated 
in Figure 1. In these cases, the leader cells, or phenotypically 
first cells in the group leading to tumor invasion, can 
generate traction forces by actomyosin-mediated protrusion 
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and contractility, as well as ECM cleavage by MMP14 to 
promote the forward movement (10). Alternatively, they 
may lack actin protrusions extending into the ECM, which 
causes their position instability and generation of the 
forward push force by the cells behind the leading edge (11). 

The question remains on how some of these cancer 
cells develop the EMT and migratory phenotype, and 
why the conversion is not uniform among the cells in the 
same lesion. Many efforts to characterize the molecular 
variations between tumors and even within the same tumor 
lesion have been pursued, but the topic remains a challenge 
to investigate. Organotypic models have been utilized to 
evaluate the multicellular invasion. Using 3D tumor cultures 
originated from primary breast cancers grown in K14-
GFP-actin mice, Cheung et al have confirmed that in the 
process of collective invasion, leader cells expressed basal 
epithelial markers, such as keratin-K14 (12). Another study 
by Westcott et al. found that leader cells form epigenetically 
and morphologically distinct, duct-like spheroids, which 
are significantly more invasive as compared to the follower 
cells (13). The phenotype was maintained in the daughter 

cells after multigenerational sub-culturing of the leader 
and follower cells, showing a heritable feature. The above 
studies were conducted via expression analysis (post-sample 
fixation), thus, evaluation of the genome changes of the 
subpopulation in situ would allow greater understanding of 
the genetic profile that causes the development of the leader 
and follower cells.

Image-guided technology has been successfully 
employed for a few decades in oncology. It has been a gold 
standard in the modern healthcare for various therapies and 
surgical procedures, by assisting in term-volume assessment 
in diagnosis and therapy planning (14). Along with the 
improvements in the technology and resolution of the 
imaging probes with laser and high-resolution fluorescence-
imaging strategies, the image-guided technology can 
nowadays enable a highly-specific tumor detection and 
image-guided surgery (15,16), as well as allow for image-
guided biopsy for molecular and genomic profiling (17) and 
cancer therapy (18). 

In the paper “Image-guided genomics of phenotypically 
heterogeneous populations reveals vascular signaling during 

Figure 1 Collective cancer cell migration behavior. During the migration, the cell clusters form two zones: zone 1 (red) where a “leader 
cell” generates proteolytic micro-track at the leading edge, and zone 2 (blue), where the follower cells widen this micro-track to form a 
larger macro-track. The crosstalk between leader and follower via VEGF-based signaling and other molecular cues allows for a successful 
formation of the penetrating cell cluster during the tumor invasion process. Follower cells support the survival of leader cells with their 
secretome and leader cells inhibit the growth of the follower cells, creating a symbiotic structure. Cellular, non-cellular and soluble tumor 
microenvironmental factors can affect the development, differentiation and interactions between leader and follower cells, however, their 
role in the process still has to be elucidated. VEGF, vascular endothelial growth factor.
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symbiotic collective cancer invasion” published in May 2017 
in Nat Communications, Konen et al. develop a novel in 
vitro technique, spatiotemporal genomic and cellular 
analysis (SaGa), which allows probing the heterogenic 
cancer populations in situ (19). The technique SaGa is 
utilized to specifically separate subpopulations of cells via 
cell transfection with a photoconvertible fluorophore of 
Dendra2, and the specific photoconversion in invading 
“leader” cancer cell. This method allows time-lapse live 
imaging, which tracks in vitro specific heterogenic sub-
populations that take part in the process of invasion. 
The cells can later be separated via flow cytometry, thus 
enabling the genomic profiling of the subpopulation. SaGa 
further allowed tracking of expression via transcriptome 
profiling of the heterogeneous sub-populations taking part 
in collective tumor cell invasion. Clear differences were 
seen between the phenotypically distinguished “leaders” 
and “followers”. The authors reported that 788 candidate 
transcripts were upregulated in the leader cells as compared 
to the follower cells, and vice versa: 684 transcripts were 
upregulated in the follower cells as compared to the leader 
cells. Particularly vascular endothelial growth factor 
(VEGF) signaling transcript was increased in leader cells 
compared to follower cells, however, incubation with anti-
VEGF antibody did not reduce the leader cells invasiveness, 
suggesting that the leader-follower cells utilize a non-
canonical vascular signaling. Fibronectin-focal adhesion 
kinase (FAK) transcriptome data also revealed the increased 
phosphorylation of focal adhesion kinase at Y397 (pFAKY397) 
in leader cells, imparting them an ability to generate 
traction forces during migration. While there is no invasion 
possible without a leader cell on the edge of the tumor 
mass, the leader-follower relationship is a symbiotic one. 
The proliferation rate of the follower cells is higher than 
that of the leader cell, thus, the follower cells are necessary 
to produce the invading mass and to “push” the leader. 
Additionally, 70% of the leader cells were found to have 
mitotic defects as opposed to only 6% of the follower cells. 
Moreover, the secretome of the follower cells significantly 
improved the mitotic success of the leader cells. SaGa 
technology can be useful in isolating a phenotypically 
dist inct  sub-populat ions within a  heterogeneous 
population of cells, such as in cancer lesions. Thus, 
it can in the future aid in isolating in situ cells based 
on their physical (e.g., migratory) or biological (e.g., 
proliferation rate, drug resistance) profiles, which can 
be phenotypically different when observed under the 
microscope. Further, SaGa can be utilized for evaluation 

of behavior of heterogeneous cell populations in the 
tumor and other tissues, as a function of internal and 
external stimuli which change phenotypic properties 
of the individual cells in the cell mass (20). Additional 
factors can be introduced to understand more about 
the role of microenvironmental effects on the change 
in cancer cell subtypes. As an example, the transition of 
tumor associated macrophages from anti-tumorigenic M1 
to pro-tumorigenic M2 can affect the survival (21) and 
aggressiveness via paracrine loop with cancer cells (22,23).

Combining clinically and pre-clinically used image-
guided technologies with SaGa may expand the platform 
from in vitro studies to in vivo approaches. As an example, 
image-guided micro-resection of tissue responding to 
the thermal stress after laser-induced injury enabled the 
analysis of genes involved. In this study Mackanos et al. 
used heat-shock-protein luciferase tagged transgenic 
mice to assess tissue heating profiles (24). SaGa is a novel 
important technique that can help to understand the 
drivers of tumor progression and develop novel anti-
cancer therapeutic strategies, especially targeting the 
migratory subpopulations typically resistant to therapies. 
There are still many questions related to the hierarchical 
collective behaviors in the tumor mass. What drives the 
naissance of the cells to become “leaders”? How the cues 
in the tumor microenvironment will affect the relationship 
between cells in the various hierarchical categories? And 
other important questions still have to be elucidated. 
However, we can now witness that the sociologically 
observed phenomenon of “collective behavior” is true also 
on the micro-scale. 
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