ELSEVIER

The role of microheterogeneity in cell fate decisions in
neural progenitors and neural crest

Available online at www.sciencedirect.com

ScienceDirect

Current Opinion in

Neurobiology

Check for
Updates

Dmitrii Kamenev', Polina Kameneva® and Igor Adameyko'®

Neuroprogenitors must integrate a multitude of signals, including
gradients of morphogens, transcriptional programs, and temporal
cues to generate an astonishing diversity of cell types inhabiting
the nervous system. How do these different layers of information
come together to influence cell fate in progenitor cells in a coor-
dinated way? Here we provide a nuanced perspective on cell fate
selection in the nervous system and neural crest lineage,
suggesting that it is not a straightforward, deterministic process
governed by rigid on-off switches. Instead, the process involves
probabilistic transitions influenced by small variations - termed
“microheterogeneity” - within a progenitor cell population. These
minuscule differences between individual neural progenitor cells
can resultin significantly different outcomes, making certain fates
more probable for some cells than others. Here we discuss the
diversity of such examples and the theory behind, also providing
future perspectives.
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Introduction

Neural development is one of the most complex and
finely tuned processes in biology. The central challenge
lies in generating the enormous diversity of neuronal
and glial cell types necessary to form the brain, spinal
cord, and peripheral nervous system. In this process,

different regions of the nervous system - the neural
plate, neural crest, and neurogenic placodes - are
patterned early on, and from these regions arise distinct
neural progenitors that will give rise to the diversity of
cell types [1—3]. But how does a system starting from
relatively uniform early progenitors such as neuro-
ectoderm or premigratory neural crest creates such a
wide array of specialized cells, ensuring not only the
diversity required for function but also balanced pro-
portions, correct positions and proper patterning,
preventing over-competition for any particular cell type?
We know that neural progenitors receive a complex array
of signals that vary by region, time, and context. How do
cells interpret these signals in a context-aware manner
to generate the appropriate cell types for their location
in the nervous system?

One of the earliest conceptual models for understanding
cell fate decisions is Waddington’s ‘landscape’ metaphor,
introduced in 1957 [4]. This metaphor has been re-
imagined by modern scientists, depicting cells as ‘roll-
ing’ from a pluripotent state into a differentiated state,
guided by ’valleys’ shaped by underlying gene regulatory
networks. In contemporary interpretation of this land-
scape, cells integrate numerous signals and, based on
their current state, determine their path of further dif-
ferentiation. Such signals and conditions include cell
neighborhoods and proximity signals, cell migration
terrains, biomechanics, morphogens, accumulated cell
history and epigenetic states, transcriptional noise and
other random fluctuations, as well as cell cycle and
circadian oscillations [5,6]. These factors jointly and
often simultaneously act on the progenitor cells at
different time points driving the development of the
spectrum of the terminal cell types [7].

In one of the key examples, the migrating neural crest
progenitors generate an astonishing microheterogeneity
of fate-biased states at the population level. This
microheterogeneity is linked to genetic programs
forming a particular fate bias, which is detectable early,
even during the process of neural crest cell delamination
from the neural tube [8]. The molecular nature of these
biases is diverse, encompassing transcription factors,
and various other components that collectively reflect
the combination of epigenetic differences, integrated
extrinsic signals, and molecular noise within individual
neural crest cells (see Figure 1a) [8]. Such
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The diversity of processes and features accounting for microheterogeneity in cell populations. (a) Subtypes of spatial, intrinsic, extrinsically-driven
and temporal microheterogeneity hierarchically affecting the fate selection and phenotypic plasticity. Note that different subtypes of microheterogeneity
may exist at distinct hierarchical levels and are not mutually exclusive. For instance, cell neighborhoods can significantly influence microheterogeneity
through extrinsic signaling. Furthermore, cell fate bias and the competition between fate-related programs are shaped by multiple upstream mechanisms,
including extrinsic signals, epigenetic memory, oscillatory dynamics, and molecular noise. Grey arrows illustrate hierarchical influences, while dotted
arrows depict the interactions and mutual influences among the various types of microheterogeneity. (b) The explanatory scheme for the 3-step fate
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microheterogeneity of biasing gene expression programs
is the result of a simultaneous co-activation and then
antagonistic repulsion of competing gene regulatory
modules before a cell will commit to one of the available
fates (also known as the 3-step mechanism [8], see
Figure 1b and c). This process varies in each individual
progenitor cell defining the final proportions of resulting
cell types at a cell population scale, which is a key for
mature tissue functional state and integrity. Via such
mechanisms, the microheterogeneity of progenitors
plays a crucial role in ensuring the generation of correct
proportions of diverse cell types during neural devel-
opment, particularly among the neural crest derivatives.
In line with this, Figure 1C outlines different ways for a
progenitor cell population to accumulate micro-
heterogeneity while approaching a point of committing
to a specific fate.

The comparison between probabilistic collective cell
behaviors driven by plastic microheterogeneity and
hard-wired fate choices brings into focus the different
evolutionary advantages, flexibility, and robustness
these strategies provide for developmental systems like
the neural crest. In a probabilistic system where fate
selection emerges from subtle, intrinsic biases and col-
lective behaviors, cells can respond flexibly to environ-
mental cues and adapt to changing conditions. This
allows the system to dynamically adjust the proportions
of different cell types based on the context, such as local
tissue functions, signaling gradients, and extracellular
environments. For example, microheterogeneity in
neural crest cells ensures that a mixture of neuronal,
glial, and mesenchymal cells can be produced in pro-
portions that are adapted to the specific functions of the
developing tissue [9,10]. In principle, a hard-wired
system, where each cell acquires a fate based on on-off
dynamics of a few powerful confounding mechanisms,
offers far less adaptability. Such a system would be more
rigid, and any perturbation - such as an injury, change in
tissue environment, or genetic mutation - could disrupt
the balance of cell types, leading to developmental de-
fects or improper tissue function.

On the other hand, in some cases, microheterogeneity of
cell states might be an inevitable outcome due to the
numerous stochastic (random) factors that cells
encounter during their development. This micro-
heterogeneity might not necessarily confer a selective
advantage; instead, it could be considered evolutionarily
neutral or simply tolerated. The presence of this vari-
ability doesn’t disrupt the overall system because cells
have evolved regulatory mechanisms that maintain
robust and orderly development despite such variations.
While such microheterogeneity might be neutral, it
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could also provide a buffer against environmental fluc-
tuations or damage, offering some flexibility in the
developmental programs.

Microheterogeneity due to individual cell
history accumulated in epigenetic
modifications

The most widely acknowledged microheterogeneity
arises from individual cell histories, particularly through
persisting epigenetic modifications. This type of
microheterogeneity likely plays a crucial role in shaping
the diversity of cell behaviors and fates within a popu-
lation [11,12]. While cells may be genetically identical,
the epigenetic landscape comprising DNA methylation,
histone modifications, and chromatin structure varies
significantly between individual cells based on their past
experiences, exposures, and lineage histories [13,14].
These epigenetic changes can be stably inherited
through cell divisions or be transiently altered in
response to environmental cues, leading to functional
differences within seemingly similar cells. Many exam-
ples of such epigenetic memory are known to play a role
in the development of the CNS and neural crest line-
age [9,15—18].

A key mechanistic example includes epigenetic priming
mediated by modifications like histone methylation and
acetylation, and the activity of Polycomb and Trithorax
complexes, which altogether refer to the provisional
establishment of epigenetic marks in neuroprogenitor
cells, preparing the genome for future responses to
signaling cues. These primed states do not immediately
result in gene expression changes but set the stage for
morphogen-induced differentiation into neural lineages
[19]. Another key example is represented by bivalent
regulatory chromatin domains, marked by both acti-
vating (H3K4me3) and repressive (H3K27me3) marks,
which maintain biasing and cell differentiation genes in
a “poised” state, allowing rapid activation upon receiving
proper differentiation cues [20,21]. Such situations with
epigenetic priming and bivalent enhancers might be
differentially distributed in a population of neuro-
progenitors and neural crest lineage cells, ensuring a
dissimilar response to stimuli. For instance, the differ-
ential distribution of epigenetic marks in individual cells
might result from stochastic differences in exposure to
external signals throughout the cell lineage history.

Microheterogeneity of responses due to cell
cycle and circadian oscillations

Depending on where a cell is in its cell cycle or circadian
phase, it may have a temporary bias toward responding
to certain cues. For example, a cell in a specific phase of

selection mechanism discovered in the neural crest cells [8]. (¢) The progression of future fate-related microheterogeneity in cells before the commitment

to a specific fate, according to the paradigm of the 3-step mechanism [8].
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the cycle might be more sensitive to differentiation
signals due to heightened expression of certain cell
cycle-regulated genes. Although these phases are tran-
sient, they could combine with other signals to direct
cell fate in a probabilistic manner [22,23]. Alternatively,
during specific phases, cells might be insensitive to
external influences, for instance, during the phase of
compacted chromatin, when cells cannot effectively
mount the transcriptional response. The degree of
desynchronization of a cell cycle in a specific cell pop-
ulation might decide the proportion of cells responding
or not responding to an extrinsic signal at a given

time [22].

Furthermore, in zebrafish, neural crest cells migrate in
organized streams, with leader cells undergoing faster
cell cycle progression than follower cells [24]. These
leader cells clonally give rise to sympathetic chain
ganglia, while follower sister cells tend to differentiate
into Schwann cells [25]. Such clonal competence might
result from oscillating sensitivity to extrinsic signals
during migration and requires further studies to check
this hypothesis.

Also, the coordination between the cell cycle and fate
decisions has been observed in the CNS radial glial cells,
which must coordinate progenitor state amplification
with neuronal differentiation to generate the multilay-
ered cerebral cortex. Lineage commitment in this
system depends on oscillating cyclins, with over-
expression of CYCLIN-B1/B2 resulting in more upper-
layer neurons at the expense of deep-layer neurons.
Overexpression at later developmental stages produces
fewer upper-layer neurons and more astrocytes, showing
that developmental timing and cell cycle genes are
interlinked [26].

In another example, oscillatory gene expression plays a
crucial role in introducing heterogeneity and establish-
ing distinct patterns in the previously uniform prolifer-
ating  posterior embryonic  tissue, such  as
neuromesodermal progenitors. This oscillatory process
differentiates the dividing cells into somitic (future
segments) and intersomitic (non-segmented) regions,
which is essential for the proper formation of somites
and the orderly elongation of the body axis during
development [27—29]. In another example, the 2-h
oscillations of HES1 have been shown to be crucial for
the transition from neuronal progenitors to differenti-
ated neurons and may play a significant role in neural
cell fate decisions in a context of cell cycle length [30].

In a conceptually similar way, the circadian rhythms
tightly regulate the expression of many genes involved
in cell cycle control, DNA repair, and metabolism. In
neural progenitors and adult neural stem cells, circadian
clocks might cause oscillations in the expression levels
of key neurogenic or gliogenic transcription factors,

growth factors, and signaling molecules [31—33]
Together with cell cycle oscillations, circadian cycles
introduce a concept of a temporal microheterogeneity
that could influence cell fate decisions, where cells in
different phases respond differently to differentia-
tion signals.

Microheterogeneity as the result of
molecular noise

The heterogeneity of the cellular states approaching a
cell fate decisions can be influenced by stochastic cell-
intrinsic processes resulting in variation in the amount
of proteins responsible for transcriptional activation,
transport of mRNA, translation, mRNA, and protein
degradation [34], collectively referring to as molecular
noise, where transcriptional noise is a significant
contributor [35]. Transcriptional noise is unavoidable
and has been perceived as something that needs to be
buffered or filtered to achieve a specific cellular
phenotype [35]. However, recently transcriptional noise
was suggested to have the potential to drive cell fate
decisions by distorting the epigenetic landscape
[36,37]. Also, noise can occur in signaling networks that
do not involve transcription, such as those based on
phosphorylation or changes in protein localization.
Additionally, variability in the number of proteins
distributed between daughter cells after division can
also contribute to noise.

Molecular noise in general can influence cell fate de-
cisions by flattening the landscape between attractors
and allowing the cells to switch between the states. Of
note, it’s important to distinguish between variation
(differences that exist) and chance (randomness). For
example, when cells divide, even if they start with
identical conditions (like flipping a coin), random fluc-
tuations (chance) in protein levels or transcriptional
noise can lead to different outcomes in each daughter
cell, resulting in variation. This implies that variation
can naturally arise due to random processes, even
without initial differences or active regulatory mecha-
nisms. Overall, noise isn’t just a result of pre-existing
variation but can increase due to the inherent random-
ness in biological processes [38—41].

This somehow resonates with how the traditional
models of cell fate specification depicted differentiation
as a series of discrete, stepwise transitions where cells
move from one clearly defined state to another, whereas
the more recent ATAC-seq single cell data and even the
single cell transcriptomics reflect this process in a much
more continual and “noisy” way [42]. This could mean
that the cellular environment and stochastic processes
(random fluctuations) play a larger role in fate deter-
mination than previously appreciated. The traditional
clean—cut transitions are replaced by a more dynamic
and probabilistic processes.
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Microheterogeneity as the result of extrinsic
signals

Microheterogeneity in a population of neural progenitor
can arise as a direct result of extrinsic signals that orig-
inate from the cellular environment rather than from
within the cells themselves. Even the slight variations in
an extracellular matrix surrounding cells can affect the
access to the signal and result in a differential response
within a cell population [43,44]. This aligns with ob-
servations where the single-cell RNA sequencing, for
instance, revealed specific gene modules in the chick
neural plate border, where genes, previously considered
specific markers of this region, exhibit dynamic
expression [45]. This makes the area of the neural plate
border not a defined line, but rather a contested terri-
tory, where cells express competing programs to decide
their fate, and their identities are not yet fixed [46].
Such instability might be acting in many instances
related to spatial patterning and fate selection. It might
be, for instance, at work during the final sorting of the
cell states between sister fates, for example, during
establishing the ratios between neural crest-derived
chromaffin cells, Schwann cells and sympathoblasts in
the developing human adrenal glands. Potentially, in
these adrenals, the extrinsic signal-driven micro-
heterogeneity in progenitors arises due to mosaic acti-
vation of Htr3a/b ion channel receptor to serotonin,
which probabilistically controls the proportions of
generated terminal fates [47,48].

Furthermore, when modeled as a network, extrinsic cell
signaling shows context-dependent information
processing, enabling individual cells to respond uniquely
to different stimuli depending on other signals and cir-
cumstances. This allows cells to make specific, context-
dependent decisions, which is crucial for the precise
regulation of cellular choices in multicellular organ-
isms [49].

Microheterogeneity in self-organization and
during signal-dependent patterning
Probabilistic and fluctuating expression of permissible
gene modules in individual progenitors might, in prin-
ciple, initiate the patterning of several domains of
specifically-biased cells. This is sometimes observed in
i vivo and ex vivo examples [50], including during
abnormal and normal development of a floor plate and a
roof plate in the neural tube [45]. Indeed, correct neural
tube formation requires only one domain of a floor plate
and of a roof plate [51]. The m vitro studies of this
process uncovered the roles of domain competition [49],
neighborhood-dependent  mechanisms  [52], and
enhanced mutual inhibition [53], all associated with
increasing microheterogeneity, gradual segregation,
altogether ensuring the survival of the largest cell clus-
ter [49,52]. Of note, such self-organizing mechanisms
observed 2 vitro in controlled conditions are working in
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conjunction with stochasticity and resulting micro-
heterogeneity (operating within the context of broader
regulatory mechanisms), as they seem to exist inde-
pendently of the key extrinsic patterning signal - SHH
from notochord - and can explain floor plate formation
independently of notochord, for example, in the most
anterior part of the embryo [49].

However, in the regions where SHH is secreted from
the notochord, SHH acts as a buffering signal to mini-
mize the microheterogeneity and stochasticity in the
neuroprogenitor cells, which is key for refining the floor
plate identity in a robust way [52].

Therefore, there are examples showing the ability of
progenitor cells to break the symmetry and self-initiate
the pattern formation even in the absence of the
instructive action of the key morphogenetic signals, due
to the probabilistic nature of expression of the permis-
sive genes operating in the context of ready-to-go
patterning and signaling mechanisms. The outcome of
such self-organization based on microheterogeneity and
assortative sorting may not be robust, because several
abnormal cell groups of equal strength might emerge. In
the absence of refining signals, the tiny differences in
receptor expression, extracellular matrix properties, or
signaling protein levels among progenitors might lead to
differential sensitivity to external cues, amplifying those
small initial differences into divergent fate outcomes.

Finally, microheterogeneity of any kind is not entirely
autonomous; it relies on various regulatory mechanisms
that interpret or manage it effectively. Each instance of
microheterogeneity is associated with a set of molecular
mechanisms that can either utilize or buffer it in a
meaningful way. For example, in models where
competing biasing programs influence fate selection,
microheterogeneity operates within a relatively narrow
range, tethered to the Waddingtonian landscape. This
microheterogeneity works in conjunction with other fate
selection mechanisms, enhancing the overall process.
Together, these elements drive or increase the likeli-
hood of specific fate decisions.

Phenotypic plasticity contributes to
microheterogenity

Phenotypic plasticity is the ability of cells to adopt
different functional states in response to intrinsic or
extrinsic cues. It is a key factor in generating dynamic
microheterogeneity within populations of embryonic
neuroprogenitors or postnatal tumor cells. This plasticity
allows individual cells to transition between various
phenotypic states, which leads to functional diversity
even within a single cell type. Such dynamic behavior
might contribute significantly to the complexity of cell
fate decisions during development and cancer progres-
sion [54]. For instance, as neuroprogenitors progress
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through the developmental process, their phenotypic
plasticity allows them to respond to different sets of
signals depending on the timing of their differentiation.
This results in dynamic changes in their fate bias
[55—57]. In tumors, particularly cancers such as glio-
blastoma or neuroblastoma, phenotypic plasticity plays a
central role in creating dynamic microheterogeneity that
drives tumor progression, metastasis, and resistance to
treatment [58]. Tumor cells can transition between
states of stemness, differentiation, and drug resistance,
leading to fluctuating subpopulations of cells with
different characteristics.

Microheterogeneity and combinatorial
action of weak biasing signals of different
nature

The concept of microheterogeneity joined with the
combinatorial action of weak biasing signals offers a
fascinating avenue for understanding how cell fate de-
cisions are made. These signals - though individually
weak or subtle — potentially could collectively create a
robust bias driving cell fate outcomes within a progen-
itor population. By considering microheterogeneity
across multiple axes, such as epigenetic differences,
extrinsic signaling, molecular noise, and cell cycle/
circadian rhythms, we can form a complex landscape of
fate determination that is highly sensitive to initial
conditions and contextual inputs.

Here we suggest a new perspective: imagine a multidi-
mensional landscape where each axis represents a
different weak biasing signal (epigenetic marks,
extrinsic cues, transcriptional noise, etc.). Cells move
through this landscape based on their internal states and
external inputs. Each signal exerts a small force, grad-
ually pushing cells toward different regions of the
landscape, where specific fate outcomes are more likely.
Even tiny initial differences between cells (due to
microheterogeneity) will be amplified as cells integrate
multiple signals over time. This creates a sensitive
system where cells starting from very similar states can
end up with different fates depending on the unique
combination of weak signals they receive and compute.
In this setting, weak signals might work best when
combined with intrinsic noise (e.g., transcriptional
noise), a phenomenon known as stochastic resonance
[59]. In this scenario, noise does not disrupt the system
but enhances it by helping weak signals overcome
thresholds that would otherwise prevent the cell from
committing to a fate.

Of note, in this new perspective we focus on the deci-
sion areas within grander Waddington’s landscape, rather
than on the structure of the landscape itself. The
positioning of attractors and paths between attractors in
this landscape is largely influenced by regulatory

mechanisms acting on the microheterogeneous cell
population, an important point to consider. Therefore,
when we discuss the new perspective on decision-
making in a context of such landscape, we always oper-
ate within the limited fate decision area, instead of, for
instance, the sharp decision point or global landscape
spanning multiple fate decisions.

Conclusion: where the miniscule
differences decide on big outcomes

Rather than distinct paths, cell fate decisions resemble a
“cloud” of possible outcomes. This metaphor implies
that there is a distribution of cell states, for which some
future outcomes are more likely but not guaranteed,
with probabilities shaped by subtle cellular variations.
This is consistent with single cell RNA sequencing of
neural crest progenitor population, which revealed
differentially emerging biases in the expression of key
regulatory genes that correlate with eventual fate de-
cisions. The future perspectives shall focus on mathe-
matical modeling and experimental perturbation
addressing small shifts in expression of fate-biasing
genes, which might reveal threshold-dependent
switches in fate, with cells near the threshold showing
stochastic behavior. The other future efforts are ex-
pected to focus on time-lapse imaging of single cells
showing reporter activity reflecting fluctuating patterns
of regulatory proteins prior to commitment of a cell to a
specific fate, with the timing of fluctuations correlating
with specific outcomes. The genetic recorders of
incorporated signals acting on cells during fate selection
based on CRISPR scarring or base editing might become
another promising direction leading to better under-
standing of microheterogeneity-related agents and their
combinatorial actions in cell fate decisions in developing
nervous system.
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