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Stem cells maintain tissue homeostasis by driving cellular turnover and regeneration upon
damage. They reside within specialized niches that provide the signals required for stem cell
maintenance. Stem cells have been identified in many tissues and cancer types, but their
behavior within the niche and their reaction to microenvironmental signals were inferred
from limited static observations. Recent advances in live imaging techniques, such as live cell
imaging and intravital microscopy, have allowed the visualization of stem cell behavior and
dynamics over time in their (near) native environment. Through these recent technological
advances, it is now evident that stem cells are much more dynamic than previously antici-
pated, resulting in amodel in which stemness is a state that can be gained or lost over time. In
this review, we will highlight how live imaging and intravital microscopy have unraveled
previously unanticipated stem cell dynamics and plasticity during development, homeosta-
sis, regeneration, and tumor formation.

Decades ago, clonogenic assays suggested
that adult tissues are composed of hetero-

geneous cells that are hierarchically organized.
Long-lived and self-renewing adult stem cells
(SCs) are at the top of the hierarchy, whereas
short-lived progenitors and differentiated cells
with limited clonogenic capacity are at the bot-
tom. Over the years, various techniques con-
firmed the existence of SC populations that
maintain the dynamic equilibrium of tissue ho-
meostasis in adult organs. In this review, we will
highlight recent advances in the SC field, focus-
ing on the new insights provided by live cell
imaging and intravital microscopy (IVM). First,
we will briefly describe the history of techniques
used to study SCs and the advantages that live

cell imaging brings to the field. Next, we will
highlight how live imaging has revealed previ-
ously unanticipated dynamics and plasticity of
SCs during development, homeostasis, and re-
generation. Last, wewill touch on the role of SCs
in tumor initiation and progression.

REVEALING THE PRESENCE OF SCs—A
PLETHORAOF TECHNIQUES

For a long time, clonogenic assays were used as
the gold standard to identify adult SC popula-
tions in vitro (Withers and Elkind 1970; Barran-
don and Green 1987). Similarly, transplantation
studies enabled the first identification of adult
SCs in vivo (Deome et al. 1959; Spangrude et al.
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1988). These methods proved the capacity of
specific subpopulations of cells, that is, the SCs,
to give rise to progeny (form cell colonies in
vitro) or repopulate organs (in vivo). Although
powerful, these methods were based on repopu-
lation of ablated or damaged niches, or intro-
duction of cells in ectopic environments. These
nonphysiologic contexts might affect and alter
the behavior of the transplanted cells, triggering
regeneration-like responses, rather than recapit-
ulating homeostatic cell turnover.

The advent of lineage tracing contributed to
resolve tissue hierarchy in an unperturbed tissue
or tumor. Lineage tracing is the identification
of all the progeny of a single cell by a heritable
mark such as (multi)color fluorescent reporters,
Brainbow (Livet 2007), or Confetti (Snippert et
al. 2010b; Kretzschmar and Watt 2012). When
crossed with a line expressing an inducible Cre-
recombinase under a promoter of choice (e.g.,
tissue or cell-type-specific promoters), expres-
sion of the reporter construct can be precisely
induced through the activation of the Cre-re-
combinase by Tamoxifen injection. In contrast
to transplantation-based or in vitro approaches,
static lineage tracing provides quantitative infor-
mation on the number, localization, and differ-
entiation status of the progenyof amother cell in
its intact and native in vivo environment at a spe-
cific chosen time. Nevertheless, most lineage-trac-
ing approaches rely on static images that fail to
describe the full dynamics of a complex tissue.

The implementation of fluorescent probes
together with high-resolution microscopy tech-
nologies (such as confocal, multiphoton, and
light-sheet microscopy) opened a whole world
of opportunities to study real time (stem) cell
dynamics in living organisms (Fig. 1A). Live
cell imaging and IVM are unique compared
with any other technique because they allow
tracking of the same cells over time, thereby col-
lecting coupled spatial and temporal informa-
tion. For this reason, these techniques have
made a strong contribution to the SC field, re-
vealing SC dynamics in development, homeo-
stasis, as well as in regeneration and cancer.
Over the years, live cell imaging has been widely
applied to in vitro 2D culture systems to study
SC maintenance and differentiation. However,

cell lines cultured in 2D fail to recapitulate the
complexity of cell–cell interactions within living
tissues. During the last decade, in vitro 3D cul-
tured organoids allowed for the application of
live cell imaging in more organotypic settings
(Sato et al. 2009). Organoids representminiature
reconstructions of epithelial tissues that can be
propagated indefinitely in vitro, whereby the
epithelial hierarchy of the tissue of origin is
maintained (i.e., adult SCs generate all the tis-
sue-specific differentiated cells) (Kretzschmar
andClevers 2016). Although very useful to study
cell–cell interactions over time, these 3D in vitro
studies are largely lacking the context and natu-
ral niches in which the SCs reside.

The development of IVMmarks a huge step
forward in the need to visualize cells in their
native environment. Most IVM studies make
use of microscopes equipped with a multipho-
ton laser that generates long wavelengths (i.e.,
within the infrared spectrum) and ultra-short,
high-energy laser pulses, which confine ex-
citation (by simultaneous absorption of two
photons) to the focal plane, creating optical sec-
tioning while minimizing light scattering and
allowing high-imaging quality up to 1 mm im-
aging depth (Helmchen and Denk 2005; Dunn
and Young 2006). In addition, the usage of low-
energy wavelengths and excitation only at the
focal plane reduces photobleaching and photo-
toxicity. Although the imaging quality of multi-
photon excitation is not hampered as much as
single-photon excitation at great imaging depth,
the anatomical location of many different
organs is too deep in the animal to obtain
high-resolution images. To image these organs,
tissues of interest can be surgically exposed;
however, this does not allow imaging over mul-
tiple days (Fig. 1B). To overcome this, different
optical imaging windows have been developed;
small devices equipped with a cover glass that
can be surgically implanted onto the organ of
interest to reach deeper tissues and to image for
longer times. This approach allows visual access
to the mammary gland, intestine, liver, pancre-
as, kidney, spleen, lungs, and brain, enabling
visualization of the dynamic behavior of indi-
vidual cells in their natural environment (Fig.
1C; Huang et al. 1999; Trachtenberg et al. 2002;
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Kedrin et al. 2008; Ritsma et al. 2013; Alieva
et al. 2014; Entenberg et al. 2018).

FILMING ORGAN DEVELOPMENT AND THE
ORIGIN OF SCs

Tissue-specific SCs and their niches are formed
during organogenesis in the developing embryo.
Starting from the multipotent blastula, cells
proliferate and migrate while undergoing a se-
quence of developmental decisions that force
them in more and more differentiated lineages.
This ultimately results in the formation of adult
SCs that sustain the tissue for the lifetime of the
organism. Although static analysis can reveal
different (stem) cell populations at different
embryonic stages, live imaging enables linking
these populations over time. An early example of
this is the imaging of hematopoietic stem cell
(HSC) generation from the aortic hemogenic
endothelial cells. Although it had been postulat-
ed before, live imaging in zebrafish embryos
showed that HSCs emerge from the aortic floor

into the subaortic space through a process called
endothelial hematopoietic transition. This live
imaging allowed for direct visualization of the
emergence of HSCs in the embryo that had not
been possible through static analyses (Boisset
et al. 2010; Kissa and Herbomel 2010). The re-
cently developed adaptive light-sheet technolo-
gy now enables to even follow every single cell,
and its fate in a developing postimplantation
mouse embryo in real time (McDole et al.
2018). These emerging techniques have the
power to reveal the role of SC dynamics and
plasticity during organogenesis and adult SC
formation.

An excellent example showing that cell dy-
namics play a crucial role in the formation of SC
niches can be found in the fetal intestine, which
consists of a continuous sheet of nonprolifera-
tive Lgr5− villi and proliferative Lgr5+ intervillus
regions. Adult crypts harboring the intestinal
Lgr5+ SCs arise from these intervillus regions
(Noah et al. 2011). However, how these crypts
form and multiply while the developing intes-

Confocal/light-sheet
microscopy

A

B C

Intravital imaging of exposed tissue

Skin flap

Cranial imaging window

Skin fold chamber

Abdominal
imaging window

Skeletal muscle
imaging window

Mammary
imaging window

Lung
imaging window

Figure 1. Overview of techniques for live cell imaging and intravital microscopy. (A) Confocal and light-sheet
technologies to visualize stem cell dynamics in 3D organoids and embryo explants enabling high-throughput and
high-resolution time-lapse imaging. (B,C) Intravital microscopy combined with multiphoton excitation allows
in vivo stem cell imaging at great imaging depth at high resolution over time, either by surgically exposing the
tissue for multiple hours (B) or by implantation of optical imaging windows for multiple days to weeks (C).
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tine elongates remained unknown. Only recent-
ly, live imaging of intestinal explants from E16.5
mouse embryos showed that fetal villi undergo
gross remodeling and fission thereby increasing
intestinal length (Fig. 2A; Guiu et al. 2019).
These fission events bring the nonproliferative
villus cells into the proliferative intervillus re-
gion where they are exposed to SCs-inducing
factors and become a new intestinal SC pool.

As a result of this cellular plasticity, villus and
intervillus cells have similar capacity to contrib-
ute to the growth of the intestinal epithelium
during development, as shown by lineage-trac-
ing experiments (Guiu et al. 2019). Thus, live
imaging showed that adult intestinal SCs arise
from equipotent precursors that get into the
right niche through villus fission (Guiu et al.
2019).
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Figure 2. Intravital microscopy of organ development and the origin of stem cells. (A) Live imaging of intestinal
explants (E16.5) shows the dynamics of crypt formation through extensive remodeling and fission events. Fission
event is indicated with the red star, white circles indicate villi. Scale bar, 50 µm. (Photos in panel A are reprinted
from Guiu et al. 2019, with permission, from Springer Nature © 2019.) (B) Live embryo imaging reveals that
embryonic skin development is regulated by a process of cell competition. During early skin development, less fit
cells (depicted in green) are actively eliminated and engulfed by neighboringmore fit cells (depicted inmagenta).
Scale bar, 10 µm. (Photos in panel B are reprinted from Ellis et al. 2019, with permission, from Springer Nature ©
2019.) (C) Intravital microscopy of the developingmammary gland uncovers the terminal end bud (TEB) cells as
the driving forces of ductal extension and bifurcation, in contrast to the ductal cells that stay static and non-
proliferative. (Photos in panel C are reprinted from Scheele et al. 2017, with permission, from the authors.)
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Because adult SCs are dedicated to sustain
tissue renewal for the entire lifetime of an organ-
ism, quality control mechanisms take place in
the developing embryo to select and optimize
tissue and organ development, including cell
competition. This protective mechanism of cell
competition, in which more fit “winner”
cells actively sense and eliminate less fit “loser”
cells was originally discovered inDrosophila (for
review, see Amoyel and Bach 2014). Live embryo
imaging, in combination with lineage tracing
and single-cell transcriptomics, revealed two
distinct modes of cell competition during skin
development in mice (Fig. 2B; Ellis et al. 2019).
In the early single-layered epithelium, loser cells
are actively killed and subsequently engulfed by
neighboring winner progenitors. Later, when
the tissue begins to stratify, loser cells are ex-
pelled from the proliferative basal layer from
which later the epidermal SCs will arise through
differentiation. Loser cells more often divide
perpendicular to the basal layer than their win-
ner counterparts, a mechanism that also has
been shown to play a role in SC competition in
the aging skin (Liu et al. 2019). Together, these
mechanisms serve as quality control for the bar-
rier function of the skin (Ellis et al. 2019). Future
live imaging studies will have to show how cell
competition plays a role in the development of
other mammalian organs.

Another developmental process during
which cell dynamics is key, is branching mor-
phogenesis. Branching morphogenesis leads to
epithelial expansion generating extensively
branched but compact organs, like the kidney,
pancreas, lungs, and glands, including the sali-
vary,mammary, and prostate glands (for review,
see Varner and Nelson 2014). An organ where
branching morphogenesis can be followed by
IVM is the mammary gland as it occurs after
birth. During embryonic development, a rudi-
mentary tree is formed by multipotent progen-
itors that give rise to both basal and luminal cells
(Lilja et al. 2018; Wuidart et al. 2018). After
birth, multipotent progenitors are rapidly re-
placed by lineage-restricted progenitors but
these cells are quiescent until puberty. During
puberty, the lineage-restricted developmental
progenitors that drive branching morphogene-

sis are localized in the terminal end buds (Davis
et al. 2016; Scheele et al. 2017). IVM revealed
that cells in the terminal end buds are the driv-
ing forces of ductal extension, whereas cells ap-
peared to be static along the ducts (Fig. 2C;
Scheele et al. 2017). Cells in the terminal end
buds were shown to continuously proliferate
and intermix, resulting in an equipotent pool
of developmental progenitors in the terminal
end buds equally contributing to ductal growth.
Because of the proliferation in the end bud, cells
at the edge are left behind to elongate the duct
while the end bud is pushed further (Scheele
et al. 2017). From these dynamic insights, in
combination with static analysis of the branch-
ing networks in the mammary gland, kidney,
and human prostate, a simple parameter-free
model for branching morphogenesis could be
deducted. Branched organs self-organize into a
network of ducts following three rules: (1) equi-
potent ductal tips proliferate and stochastically
branch, (2) they randomly explore their envi-
ronment, and (3) they become proliferatively
inactive when they come into close proximity
with neighboring ducts (Hannezo et al. 2017).

IMAGING SC PLASTICITY DURING TISSUE
HOMEOSTASIS

Over the past years, lineage tracing and clonal
analysis have enabled quantitative modeling of
SC behavior in adult organs, resulting in precise
models of SC behavior of the different SC com-
partments. However, these analyses relied on
static views of very dynamic processes, urging
for techniques that allow for dynamic measures
of SC fate (Krieger and Simons 2015). In this
section, we will highlight how in vivo imaging
exemplified the role of SC plasticity in space and
time under homeostatic conditions.

In the skin, lineage-tracing studies have
led to a detailed model of tissue turnover, with
distinct unipotent SC populations driving the
homeostatic turnover in their specific compart-
ment (Jaks et al. 2008; Jensen et al. 2009; Snip-
pert et al. 2010a; Mascré et al. 2012; Lim et al.
2013; Page et al. 2013; Füllgrabe et al. 2015).
However, this dogma of static SC compartments
has been challenged by several studies. IVM of
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individual SCs over multiple generations re-
vealed that each hair follicle SC has an equal
potential to differentiate or divide (Rompolas
et al. 2016). More recently, it was shown in
mouse ear and paw skin that SC fate decisions
(division or differentiation) are a direct conse-
quence of neighboring cell behavior (Mesa et al.
2018). Differentiation of an SC and the subse-
quent transit into the upward layers of the skin,
thereby leaving the niche partially vacant, is the
trigger for neighboring SCs to divide symmetri-
cally (Mesa et al. 2018). These two in vivo im-
aging studies clearly show that SC fate (symmet-
ric or asymmetric division) is not a hard-wired
intrinsic feature, but a flexible trait defined by
the environment of an SC. Similarly, in the
mouse hair follicle, in vivo imaging revealed
that hair follicle SC fate is dictated by its location
in the hair follicle niche (Rompolas et al. 2013).
During the hair growth cycle (anagen), in vivo
imaging with high spatial and temporal resolu-
tion uncovered what dynamic cellular processes
take place, including long-range migration and
major reorganization of epithelial SC progeny,
that could not have been observed in static anal-
yses (Rompolas et al. 2012). By tracking the
same SC and their progeny over multiple days,
it was shown that hair follicle SC location
changes during the hair follicle growth cycle
(Xin et al. 2018). As each hair follicle SC moves
along its niche, it produces distinct differentiat-
ed cell types based on its location, indicating that
hair follicle SCs have a flexible fate and differen-
tiation potential determined by the direct envi-
ronment (Fig. 3A; Xin et al. 2018). Upon hair
follicle regression, the same SCs can act as
phagocytes to clear the dying neighboring cells
and thismechanismwas shown to be essential to
maintain tissue homeostasis and prevent over-
growth after hair follicle regression (Mesa et al.
2015). In conclusion, these studies show a pre-
viously unanticipated plasticity of SC commit-
ment in the homeostatic hair follicle and inter-
follicular epidermis of the skin, enabling them to
respond to changing conditions in the tissue.

Such plasticity of cellular identity has also
been observed in the testis during spermatogen-
esis. Sperm SCs mainly undergo incomplete di-
visions generating syncytia of undifferentiated

spermatogonia. Classically, spermatogonia are
subclassified into differentiated and undifferen-
tiated subpopulations, based on relative expres-
sion levels of GFRα1 (SC marker) and receptor
tyrosine kinase KIT (differentiation marker).
Based on fixed samples, it was thought that SC
activity was limited to the undifferentiated sper-
matogonia (mainly expressing GFRα1), whereas
more differentiated spermatogonia (mainly ex-
pressing Kit) irreversibly lost SC potential (Shi-
nohara et al. 2000). However, in vivo time-lapse
imaging unraveled that these syncytia are not
irreversibly committed, and can undergo frag-
mentation and subsequently cells can regain
stemness (measured by reexpression of the
GFRα1 SCmarker) (Hara et al. 2014). Although
cellular plasticity is rare in homeostatic sperma-
togenesis, it increases when the tissue is dam-
aged upon administration of busulfan, a drug
toxic to spermatogonia including SCs, leading
to regeneration (Nakagawa et al. 2010; Hara
et al. 2014). In conclusion, these in vivo imaging
studies point toward a revised model of sperm
SC dynamics, in which stemness is more flexible
than previously anticipated.

In the intestine, an epithelial system with
high-cellular turnover driven by SCs at the bot-
tom of the crypt, live imaging has also greatly
contributed to our understanding of the SC
niche dynamics and plasticity. In contrast to
the skin, only a single SC compartment is fueling
tissue renewal. Lineage-tracing studies have been
crucial to determine the SC identity and dynam-
ics in the intestine. After the identification of the
specific SCmarker Lgr5 in the intestine, lineage-
tracing studies revealed that these Lgr5+ cells at
the base of the intestinal crypts generate all the
differentiated cell types of the intestine along the
crypt–villus axis (Barker et al. 2007). Further
modeling of the clonal dynamics showed that
the intestinal SCs in each crypt are equipotent,
and by undergoing symmetric cell divisions they
neutrally compete for niche space (Lopez-Garcia
et al. 2010; Snippert et al. 2010b). Through this
neutral competition, SC clones can be lost over
time eventually leading to monoclonal crypts.
Although the static lineage-tracing measure-
ments revealed the long-term potential of the
intestinal SCs, the short-term crypt dynamics
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were not resolved. To this end, multiday IVM
was used to investigate the dynamic competition
between different SCs within their niche. Strik-
ingly, in vivo imaging revealed that positioning
in theniche space is an importantdeterminant of
SCs to win the competition, and that this poten-

tial is reversible (Ritsma et al. 2014). Monitoring
fluorescently labeled SCs (expressing the recom-
binedConfetti construct) in the same crypts over
multiple days revealed that “central” Lgr5+ SCs
(i.e., residing at bottom of the crypt base) are
likely to stay within the niche and give rise to
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Figure 3. In vivo imaging of stem cell plasticity during tissue homeostasis. (A) Intravital microscopy of the hair
follicle stem cells reveals a previously unanticipated plasticity of the stem cells dictated by their positioning in the
stem cell niche. Clones of progeny arising from a single stem cell are depicted in red. Scale bar, 20 µm. (Photos in
panelA are reprinted fromXin et al. 2018, with permission, fromNature PublishingGroup©2018.) (B) Intravital
microscopy of whole crypt dynamics reveals the presence of crypt fusion, as a counteractingmechanism for crypt
fission. Scale bar, 20 µm. (Photos in panel B are reprinted from Bruens et al. 2017 courtesy of the Creative
Commons CC BY-NC-ND 4.0 License.) (C) Intravital microscopy of the hematopoietic stem cells (indicated by
white arrows) shows that the localization of the hematopoietic stem cells and its niche is dynamically regulated
depending on the environmental cues (upper panel: normal conditions, lower panel: irradiation). Bone collagen is
depicted in blue (second harmonics generation), osteoblasts in green, and vascularization in red. Scale bar, 50
µm. (Photos in panel C are reprinted from Lo Celso et al. 2009, with permission, from the authors.)
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progeny that will colonize the entire crypt and
villus. Incontrast, Lgr5+SCsresiding in theupper
part of the crypt base (called “border cells”) are
more susceptible to be displaced into the above
transient-amplifying compartment (Ritsma et al.
2014). Moreover, IVM showed that SCs can
change position within the niche over time, so
that cells at a favorable position in the niche cen-
ter can lose their potential when entering the
border of the crypt, and vice versa (Ritsma et al.
2014). In addition, manipulation of the SC niche
by, for example, reducing Wnt secretion (e.g.,
with administration of the porcupine inhibitor
LGK974) down-regulates the expression of Lgr5
in the crypt base. Thereby, the number of SCs
decreases leading to less competitors resulting
in faster competition (Huels et al. 2018).

Live cell imaging of intestinal organoids was
used to further elucidate cell dynamics and fate
decisions in the intestine. Time-lapse phase
contrast imaging combined with fluorescent lin-
eage tracing confirmed that small intestinal
organoids contain crypt-like buds harboring
functional Lgr5+ SCs resembling the in vivo in-
testine (Sato et al. 2009). Lgr5+ SCs give rise to a
wide range of specialized cell types that intermix
into one intestinal epithelial lining, thus creating
a mosaic pattern of cell types. Time-lapse imag-
ing of organoids revealed that postmitotic posi-
tioning predicts long-term placement along the
crypt axis and subsequent differentiation poten-
tial of the daughter cells (Carroll et al. 2017).
This positioning occurs during cytokinesis on
the apical surface of the epithelium (toward
the lumen) in an actin-dependent manner (Mc-
Kinley et al. 2018). During this process, neigh-
boring cells can intrude within the cytokinetic
furrow as a consequence of the elongated cell
shape. Thus, neighboring cells can position
themselves in between the daughter cells. Inter-
ference with cell shape abrogated cell intermix-
ing, indicating that cell shape differences and
apicobasal positioning are essential determi-
nants of correct spatial organization of the in-
testinal epithelium (McKinley et al. 2018).

Another crucial factor determining tissue
patterning is symmetry breaking, the process in
which a pool of identical cells change their dif-
ferentiation potential with respect to neighbor-

ing cells creating asymmetric tissue structures,
such as the intestinal SC niche and crypt–villus
axis. Large-scale quantitative light-sheet imag-
ing of intestinal organoid development, com-
bined with single-cell genomics, identified
heterogeneity inYAP1 expression between iden-
tical cells as the driver of symmetry breaking in
intestinal spheres (Serra et al. 2019). Cell-to-cell
variability in YAP1 activation promotes lateral
inhibition through Notch and DLL1, which in
turn leads to the emergence of the first Paneth
cell and subsequent organoid asymmetry and
crypt-like bud formation (Serra et al. 2019). To-
gether, these intravital and live imaging studies
start to reveal the intricate anddynamic interplay
between SCs and its niche, and show that previ-
ously unnoticed features such as cell shape, cell-
to-cell variability, and relative cell position are
crucial determinants of SC potential.

Cell dynamics in the intestine are further
complicated by dynamics involving whole
crypts. In the epithelium, crypts can be found
in a bifurcating shape, which has been interpret-
ed as crypts undergoing a fission event, during
which one crypt splits into two. However, a re-
cent IVM study revealed the presence of a coun-
teracting mechanism called crypt fusion during
which two independent crypts fuse into one
(Fig. 3B; Bruens et al. 2017). Although produc-
ing opposite outcomes, crypt fission and fusion
appear as morphologically identical in static im-
ages, highlighting the importance of in vivo
imaging in studying dynamic processes. High-
resolution live imaging in intestinal organoids
was used to follow the cellular dynamics of crypt
fission. This imaging showed that upon the ini-
tiation of fission, the more rigid Paneth cells
form two clusters at either side of the crypt
flanking a more flexible Lgr5+ SC cluster. Sub-
sequently, an invagination is formed at this
Lgr5+ site, which splits the crypt into two in a
zipper-like fashion (Langlands et al. 2016). To-
gether, these observations point toward a model
in which the distribution and proportion of stiff
cells determines the likelihood of in vivo tissue
deformation events such as crypt fission (Almet
et al. 2018). In conclusion, these studies empha-
size the dynamic nature of SC potential and fate,
and illustrate the power of live cell and IVM
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approaches to unravel newmechanisms of tissue
organization and SC dynamics, otherwise indis-
tinguishable when inspecting fixed tissue sec-
tions.

FOLLOWING SCs DURING REGENERATIVE
PROCESSES

In many tissues, regenerative potential relies on
the presence of SCs that respond to cues from
the damaged niche by producing new cells re-
pairing the damage. This response is highly
dynamic as it relies on cell–cell interactions, mi-
croenvironmental changes, cell migration, and
proliferation. Therefore, tissue regeneration is
another example in which live cell imaging ap-
proaches can add important insights that cannot
be captured using static models.

The bone marrow harboring the HSCs rep-
resents a highly dynamic SC niche that rapidly
responds to various stress-inducing signals. Al-
though the location of the HSC niche had been
previously identified by immunohistochemis-
try, it still remained unknown how this niche
was established. Live imaging experiments of
the mouse calvarium revealed that HSCs inject-
ed in nonirradiated mice reside close to the vas-
culature but further away from the endosteum
(Fig. 3C; Lo Celso et al. 2009). However, when
the HSCs were injected in an irradiated setting
or in a niche with impaired endogenous HSCs
(carrying a c-Kit mutation) they localized more
closely to endosteum. This position within the
niche correlated with the differentiation state;
long-term and proliferative HSCs localized clos-
est to the endosteum and osteoblasts, whereas
more mature subsets resided progressively fur-
ther away (Lo Celso et al. 2009). Upon stress,
however (such as acute infection), quiescent
HSCs become motile and interact with wider
osteoblastic regions, indicating that the location
and behavior of the HSCs dynamically respond
to the environmental cues (Rashidi et al. 2014).

In the skeletal muscle, the SCs—called sat-
ellite cells—are reactivated upon damage and
proliferate and differentiate to replace damaged
muscle fibers. Although this is a relatively simple
repair mechanism, only recently the dynamics
of the response within the SC niche and the

necessary cues have been studied by IVM. Un-
der homeostasis, the satellite cells were found to
be nondividing and immobile. However, upon
injury remnants of the extracellular matrix of
damaged fibers, called ghost fibers, guide satel-
lite cells to proliferate and migrate along them.
This results in the spreading of progenitors,
which then form nascent myofibers replacing
the damaged fibers. These findings show that
the regeneration response in the skeletal muscle
is not solely an SC intrinsic reaction but that the
wound itself, in this case the ghost fibers, orches-
trate the repair (Fig. 4A; Webster et al. 2016).

In contrast to skeletal muscle, the skin is
easily accessible for IVM. Laser ablation of SCs
during the hair growth cycle (anagen) combined
withmultiday IVM showed that the position of a
hair follicle SC is predictive for its differentiation
potential into an uncommitted, committed, or
differentiated cell type (Rompolas et al. 2013).
When hair follicle SCs are ablated, more differ-
entiated epithelial cells can repopulate the SC
compartment and sustain hair growth (Rompo-
las et al. 2012, 2013). In addition, in vivo time-
lapse imaging has been used to study the cellular
dynamics during the repair of a punch wound.
During wound repair, directed division, differ-
entiation, and migration are balanced to effec-
tively repair thewound while maintaining tissue
homeostasis (Park et al. 2017). Static analysis
has shown that two zones appear after wound-
ing: a migratory front that surrounds the wound
edge surrounded by a ring of rapidly prolifera-
tion cells (Zhao et al. 2003; Usui et al. 2005;
Safferling et al. 2013). However, IVM revealed
that these zones spatially overlap, with some
cells performing both behaviors simultaneously
(Fig. 4B; Park et al. 2017). These zones do not
only serve as a source for new cells for wound
closure, they also restrict the area of unwounded
epithelium that is used for re-epithelialization
(Park et al. 2017). Together, this shows how ho-
meostatic mechanisms can be repurposed and
integrated with wound-specific behaviors to re-
store homeostasis after damage.

As in many other tissues, stemness in the
intestine has been shown to be highly plastic.
When Lgr5+ SCs are ablated, cells from higher
up in the crypt can fall back into the SC niche
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where they dedifferentiate and reexpress the SC
marker Lgr5 (Bankaitis et al. 2018). Multiday
IVM revealed that on ablation of all SCs, repop-
ulation is a sporadic event. Individual cells
transfer from the transit-amplifying zone into
the SC niche border where they clonally expand

and refill the SC niche (Fig. 4C; Ritsma et al.
2014). When only one Lgr5+ SC is ablated, pre-
existing SCs rearrange to restore the alternation
in pattern between Paneth and SCs within 2
hours and without cell division. Simultaneously,
the damaged cell is forced out of the crypt by
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Figure 4. Following stem cells during regenerative processes by intravital microscopy. (A) Intravital microscopy
reveals the dynamics of satellite cell-mediated repair of injured muscle fibers. Remnants of damaged fibers form
ghost fibers, which are used by satellite cells as guides for proliferation andmigration. Scale bar, 50 µm. (Photos in
panel A are reprinted fromWebster et al. 2016, with permission, from Elsevier © 2016.) (B) Imaging of the cell
dynamics during wound healing in the skin reveals themigratory and proliferative dynamics of the cells repairing
the wound (migratory and proliferative cells are shown in red). Scale bar, 50 µm. (Photos in panel B are reprinted
from Park et al. 2017, with permission, from Springer Nature © 2017.) (C) Multiday intravital microscopy shows
the highly plastic nature of the intestinal cells. After ablation of all the stem cells, transit-amplifying cells fall back
into the stem cell niche, adopt a stem cell fate, and repopulate the stem cell zone. Repopulating transit-amplifying
cells are depicted in green. Scale bar, 20 µm. (Photos in panel C are adapted from Ritsma et al. 2014, with
permission, from the authors.)
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peristalsis-like motion of the crypt lumen (Choi
et al. 2018). Thus, the intestinal crypt is highly
dynamic and plastic, and the location within it
defines stemness.

IMAGING OF SCs DURING TUMOR
INITIATION AND PROGRESSION

Mechanisms used to maintain tissue homeosta-
sis and regeneration, such as cell competition
and cellular plasticity, are hijacked by cancer
cells in the attempt to survive and infiltrate
healthy tissues (Condeelis et al. 2005; Ellen-
broek and van Rheenen 2014; Suijkerbuijk and
van Rheenen 2017). IVM experiments have un-
raveled differences and similarities between
healthy tissues and cancers, and provided un-
expected findings to increase understanding
of cancer initiation, tumor maintenance, and
spreading, and possibly contribute to fine tune
treatment strategies.

Tumor Initiation

The human body has developed robust mecha-
nisms to resist tumor growth and most of the
time healthy tissues succeed in outcompeting
mutant cells and reestablishing homeostasis.
Both in intestine and in skin, it has been shown
that tissue architecture and cellular turnover
present protective mechanisms to oncogene-in-
duced abnormalities. In the hair follicle, normal
tissue dynamics lead to upward movement of
the healthy hair follicle progenitor cells, result-
ing in relocation and subsequent differentiation
of the mutant progenitor cells (Xin et al. 2018).
Similarly, clonal analysis and in vivo imaging of
cell fate choices in epidermal SCs harboring on-
cogenic Pik3ca mutations showed that onco-
gene-induced differentiation restricts clonal ex-
pansion of mutant cells, and eventually leads to
the loss of oncogenic epithelial cells (Ying et al.
2018). In addition, the skin has been shown to
exploit regeneration processes that actively ex-
clude potentially harmful cancer cells. Cre-in-
duced activation of oncogenic β-catenin in the
hair follicle SCs of a genetic mouse model pro-
duces benign deformations (i.e., new axes of hair
growth), which expand in a way reminiscent of

early-stage embryonic hair follicle formation.
IVM showed that wild-type (WT) cells are re-
cruited to these new hair follicle branches and
that Wnt signaling is activated in WT cells on
the expression of Wnt ligands by neighboring
mutant β-catenin cells, influencing the behavior
of the WT cells (Deschene et al. 2014). Never-
theless, healthy tissue is able to counteract this
ectopic growth by encapsulating the mutant
cells (β-catenin or Hras) and actively eliminate
them from the tissue (Fig. 5A; Brown et al.
2017). Together, these in vivo studies present a
strong case for tissue autonomous mechanisms,
such as tissue architecture and cell dynamics,
that actively protect against the fixation of on-
cogenic mutations.

The removal of aberrant cells from the epi-
thelium has also been shown to occur in the
intestine. As in the skin, differentiated cells are
thought to be incapable of inducing tumor for-
mation because normal tissue dynamics push
them upward to the tip of the villus where they
undergo apoptosis giving them no time to form
aberrant clones (Barker et al. 2009). In addition,
neutral competition in the intestinal SC niche
may be a protective mechanism against the ac-
quisition of mutations, and subsequent tumor
initiation (van Rheenen and Bruens 2017). Sev-
eral studies have investigated the effect of spe-
cific mutations on the SC competition in the
niche (Vermeulen et al. 2013; Snippert et al.
2014). Indeed, introduction of sporadic muta-
tions, such as Apc loss, Kras activation, or p53
mutations in the SC compartment, leads to a
bias in the competition between WT and mu-
tant SCs. As a result, the mutant clones have a
slightly increased chance to expand and colo-
nize a crypt (Vermeulen et al. 2013; Snippert
et al. 2014). Nevertheless, because the number
of WT SCs exceeds the number of mutant SCs,
manymutated SCs are still replaced by the prog-
eny of WT SCs, confirming the hypothesis that
intestinal tissue architecture protects against
mutation accumulation. This notion was further
confirmed by a recent IVM study using a por-
cupine inhibitor to reduce the Wnt secretion,
resulting in a reduction of the number of
Lgr5+ SCs. Lineage tracing in an Apc-deficient
background showed that the fixation speed of
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Apc-deficient SCs was increased, leading to ac-
celerated adenoma formation (Huels et al.
2018). Together, these studies show that clonal
drift and SC competition are protective against
mutation fixation in the SC compartment.

In addition to SC competition in the crypt, it
has been shown that cell competition—dis-
cussed in the section “Filming Organ Develop-
ment and the Origin of SCs”—plays a role in
eliminating transformed cells from the villus ep-
ithelium. Time-lapse IVM in the intestine
showed that normal epithelial cells can recog-
nize RasV12 transformed cells resulting in active
elimination of the transformed cells (Fig. 5B;
Kon et al. 2017). On contact with neighboring
normal cells, the actin-binding protein epithelial
protein lost in neoplasm (EPLIN) accumulates
in transformed cells during a process called
EDAC (epithelial defense against cancer)
(Ohoka et al. 2015; Kon et al. 2017). EDAC in-
duces Warburg-effect-like metabolic changes in
the transformed cells via up-regulation of pyru-
vate dehydrogenase kinase 4 (PDK4), leading to
enhanced aerobic glycolysis and down-regula-
tion of mitochondrial function. This PDK-me-
diated mitochondrial dysfunction results in api-
cal extrusion of RasV12-transformed cells from
the intestinal epithelium (Kon et al. 2017).

Even though many transformed cells are
eliminated and do not have the chance to initiate
tumorigenesis, some transformed cells escape
these control mechanisms and give rise to can-
cer. When cancer progresses, the healthy tissue
inevitably succumbs and loses cell–cell compe-
tition within the niche. IVM of leukemic cell
colonization in the bone marrow revealed that
unlike healthy HSCs, these cells are highly mo-
tile, migrate irrespective of any bone marrow
subcompartment, and do not remain cohesive
after cell division (Hawkins et al. 2016). Infiltrat-
ing leukemic cells force remodeling of the bone
marrow and actively induce loss of osteoblastic
SCs (Hawkins et al. 2016; Duarte et al. 2018).
Thus, because of the lack of a supporting niche,
the fitness of resident healthy HSCs may be dra-
matically reduced, possibly leading to a progres-
sive loss of normal hematopoiesis (Duarte et al.
2018). Together, these studies highlight the im-
portance of the interaction between the SCs and

their niche during cancer initiation and progres-
sion.

Tumor Maintenance by Cancer Stem Cells

Although SCs are believed to be the tumor-ini-
tiating cells in most tissues, it still remains un-
clear whether SCs are driving tumor progression
and metastasis. At premalignant stages, lineage-
tracing studies have shown that tissue hierarchy
is largely maintained; cells with stem-like prop-
erties drive clonal expansion leading to multi-
clonal tumors, supporting the cancer SC (CSC)
hypothesis (Driessens et al. 2012; Schepers et al.
2012). According to the CSC theory, the major-
ity of tumor cells within a tumor mass have lim-
ited proliferative potential and die after a few
rounds of cell divisions, although a small pro-
portion of tumor cells, the CSCs, can self-renew
and sustain tumor (and metastasis) growth
(Batlle and Clevers 2017). In line with this
hypothesis, a recent lineage-tracing study in hu-
man primary colon cancer xenografts showed
evidence for a small subpopulation of CSCs,
driving long-term tumor growth and progres-
sion (Lenos et al. 2018). These CSC clones
were predominantly found at the tumor edge
in close proximity to osteopontin-producing
cancer-associated fibroblasts (Lenos et al. 2018).
CSC behavior, however, changed over time de-
pending on the location of the CSC within the
tumor, indicating that functional CSC proper-
ties can be defined by microenvironmental fac-
tors (Lenos et al. 2018).

What remains unclear from these static lin-
eage-tracing studies is whether CSCs show a
similar degree of plasticity compared with their
healthy SC counterparts and how CSC plasticity
contributes to tumor growth, progression, and
resistance. To understand the role of plasticity in
tumormaintenance, several live imaging studies
have been conducted to follow CSC dynamics in
their intact environment. For example,multicol-
or in vivo Confetti tracing of unperturbedmam-
mary tumors (MMTV-PyMT tumor model) re-
vealed that most cancer cells provide lineages
that disappear over time and that only a minor
population of cancer cells (i.e., CSCs) is able to
generate large, long-lived single-colored Confet-
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ti clones during both adenoma and carcinoma
stages (Fig. 5C; Zomer et al. 2013). In addition,
analysis of the clonal dynamics over time
showed that cancer cells can form clones with
delayed onset of growth or clones that suddenly
undergo regression. This indicated that stem-
like characteristics are highly dynamic and can
be either acquired (upon plasticity) or lost (with
differentiation) over time (Zomer et al. 2013).
Another study, in which human colorectal can-
cer organoids were followed by multiday confo-
cal imaging, showed that non-CSCs (identified
by the lack of expression of the fluorescent
ASCL2-specific SC reporter STAR) were able
to form organoids, and underwent cellular plas-
ticity, gaining SC identity (visualized by reex-
pression of the STAR reporter) to further fuel
organoid growth (Oost et al. 2018).

CSC plasticity not only plays a role in tumor
growth, but also in the metastatic cascade. It has
been extensively reported that cells that under-
go epithelial-to-mesenchymal transition (EMT)
may gain self-renewal potential (i.e., stemness),
which enables them to efficiently fuel metastatic
growth at distant sites (Kalluri and Weinberg
2009). This viewwas recently challenged by stat-
ic lineage-tracing experiments showing that
metastases are not seeded by cells that have
expressed specific mesenchymal markers (e.g.,
Fsp1) (Fischer et al. 2015; Zheng et al. 2015).
However, it remains unknown whether all mes-
enchymal cells express the classical mesenchy-
mal markers (such as N-cadherin, vimentin,
fibronectin, and Fsp1), especially in light of re-
cent findings revealing the existence of multiple
EMT stages in skin and in mammary tumors,
ranging from epithelial to completely mesen-
chymal states (Pastushenko et al. 2018). Cells
can be in different hybrid EMT states leading
to differences in cellular plasticity, invasiveness,
and metastatic potential (Pastushenko et al.
2018). IVM of EMT and mesenchymal-to-epi-
thelial-transition (MET) in mammary tumors
using a fluorescent E-cadherin expression re-
porter showed that only a small population of
cells undergoes EMT in an unperturbed system
(Beerling et al. 2016). This small population of
mesenchymal cells is motile and able to dissem-
inate to a distant site, both in early- and late-

stage tumors (Beerling et al. 2016; Harper et al.
2016). However, at the distant site, mesen-
chymal cells switch back to an epithelial state
already after a few cell divisions, rendering
potential differences in self-renewal capacity be-
tween seeding epithelial and mesenchymal cells
irrelevant (Beerling et al. 2016).

CSC identity and plasticity are also impor-
tant in the context of treatment efficiency and
treatment resistance. A recent study in basal cell
carcinoma showed that these tumor cells can
escape targeted therapy (smoothened inhibitor
Vismodegib) by adopting a different cellular
identity (Biehs et al. 2018). Normally, basal cell
carcinoma cells have an identity that closely re-
sembles hair follicle bulge cells. However, on
treatment with Vismodegib, a subset of basal
cell carcinoma cells initiates a transcriptional
program that resembles that of interfollicular
and isthmus SCs (Biehs et al. 2018). This in-
volves transcriptional changes leading to a rapid
Wnt activation, which renders these cells insen-
sitive to the Smoothened inhibitor (Biehs et al.
2018). Thus, cell identity switchesmay be a com-
mon way for tumor cells to escape drug-induced
cell death.

To systematically understand cell identity
switches as an escape mechanism in different
tumor types and identify new potential drug
combinations, more high-throughput methods
are required. Now, with proper culture condi-
tions, organoids can be efficiently generated
from patient biopsies. The recent establishment
of human tumor organoid libraries represents a
breakthrough in cancer biology and expands the
possibilities to look at tumor genetic heteroge-
neity (van de Wetering et al. 2015; Fujii et al.
2016; Seino et al. 2018). Moreover, these pa-
tient-derived biobanks offer large platforms to
test the response to old and new (combinations
of ) drugs. For example, a panel of human colo-
rectal cancer organoids in combination with
confocal live cell imaging was used to link ap-
pearance of chromosomal instability to specific
colorectal cancer mutations, by looking at seg-
regation errors over time in human colorectal
cancer organoids carrying increasing mutation-
al load (Drost et al. 2015; Bolhaqueiro et al.
2018). Similar approaches were used to monitor
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drug responses on a panel of KRAS-mutant ver-
sus KRAS-WTpatient-derived colorectal cancer
organoids and revealed that KRAS-mutant or-
ganoids are significantly less sensitive to EGFR
inhibitors (Verissimo et al. 2016). Together
with the development of new high-throughput
screening platforms and microscopy, organoids
systems will provide a powerful tool to un-
derstand cancer progression and mechanisms
of cellular drug resistance (Rios and Clevers
2018). Moreover, human tumor-derived orga-
noids can be engineered with fluorescent
markers, and subsequently be transplanted
orthotopically into animals, providing a unique
opportunity to track human CSC dynamics at a
cellular resolution by IVM. The relevance of this
unique combination of tools was recently shown
by a study using engineered human colorectal
cancer organoids to elucidate the contribution
of defined mutations to metastasis formation
(Fumagalli et al. 2017). The authors found that
metastatic ability is directly caused bymutations
that allow growth independent of certain niche
signals, thereby identifying the cellular mecha-
nisms of key drivers of progression in colorectal
cancer (Fumagalli et al. 2017).

CONCLUDING REMARKS

The combination of in vitro live cell imaging,
lineage tracing, and IVM has been essential to
define the SC dynamics of healthy and tumori-
genic tissues in the murine setting. Overall (in
vivo), live cell imaging studies challenge the con-
cept of fixed SCs populations with a determined
and hardwired self-renewal capacity. It now
appears that instead of a static one-way route,
cellular hierarchy ismuchmore plastic than pre-
viously thought, and stemness is a state that can
be gained or lost, especially during regeneration
responses and tumor growth.

Because most IVM data is based on imaging
in animal models, the next challenge will be to
understand whether these dynamics reflect the
human situation. In vitro, the advent of organoid
technology has allowed mapping cell dynamics
of primary human cells in a 3D cellular organi-
zation, closely resembling the tissue of origin.
However, these cultures are mostly limited to

the epithelial component, and do not allow to
study the interactions between cells and their
microenvironment. Recent efforts have succeed-
ed in integrating some components of the mi-
croenvironment such as mesenchymal stroma
(Ootani et al. 2009; Spence et al. 2011;McCracken
et al. 2014; Múnera et al. 2017) and immune cells
(Dijkstra et al. 2018; Neal et al. 2018) together
with patient-derived organoids. To go one step
further, orthotopic transplantation of human
(tumor) organoids can be combined with in
vivo live cell imaging techniques. For instance,
healthy human colon organoids—derived from
either iPS cells or adult tissues—can engraft and
reconstruct the human colon epithelium in a
mouse, allowing to study human tissue dynam-
ics in an orthotopic environment using IVM
(Múnera et al. 2017; Sugimoto et al. 2018). In
addition, orthotopic transplantation of human
tumor-derived organoids will open new avenues
to study the dynamic processes occurring during
tumor progression including the metastatic cas-
cade. In conclusion, the combination of state-of-
the-art live imaging techniques will have the
unique potential to ultimately resolve the intri-
cate dynamics of SCs and their niches.
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