iIScience

Intrinsically disordered proteins
and conformational
noise: The hypothesis a decade later
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SUMMARY

Phenotypic plasticity is the ability of individual genotypes to produce different
phenotypes in response to environmental perturbations. We previously postu-
lated how conformational noise emanating from conformational dynamics of
intrinsically disordered proteins (IDPs) which is distinct from transcriptional
noise, can contribute to phenotypic switching by rewiring the cellular protein
interaction network. Since most transcription factors are IDPs, we posited that
conformational noise is an integral component of transcriptional noise implying
that IDPs may amplify total noise in the system either stochastically or in response
to environmental changes. Here, we review progress in elucidating the details of
the hypothesis. We highlight empirical evidence supporting the hypothesis,
discuss conceptual advances that underscore its fundamental importance and im-
plications, and identify areas for future investigations.

INTRODUCTION

The ability of a single cell, for example the fertilized oocyte, to differentiate and give rise to myriad cellular
phenotypes without any change to the DNA sequence is a striking example of phenotypic plasticity (terms
indicated in blue are defined in Glossary). While terminally differentiated cells in a multicellular organism
typically lose their plasticity permanently, some precursors such as stem cells, progenitor cells, and transit
amplifying cells, retain it to a certain degree to replenish the population.’ However, some terminally differ-
entiated cells, upon malignant transformation, regain phenotypic plasticity to enhance their fitness.” Pro-
tists on the other hand, retain this potential throughout their lifetime since phenotypic plasticity directly
influences their ability to adapt to the ever-changing environment, they live in.? Such adaptive changes
can potentially be inherited transgenerationally both in unicellular as well as in multicellular organisms
and therefore, contribute to the evolution of new species.*® Thus, consequently phenotypic plasticity
and hence, phenotypic switching, play a fundamental role in ecological, evolutionary, and developmental
biology (eco-evo-devo), as well as in diseases such as cancer.”’™”

Although well recognized and much appreciated, how a cell or an organism can switch phenotypes
whether stochastically'®"" or in response to a specific environmental input'? leading to permanent herita-
ble changes, is not fully understood.®'* Ten years ago, using malignant transformation of a normal cell as a
paradigm, we proposed a hypothesis'* postulating how the configuration of the cellular protein interaction
network (PIN) which defines the phenotypic identity of a cell/organism, determines its repertoire of pheno-
typic plasticity. More specifically, we postulated that “conformational noise” that is noise emanating from
intrinsically disordered protein (IDP) conformational dynamics which is distinct from the well-recognized
transcriptional noise, guides cell fate decisions by rewiring the PIN. Because most transcription factors
(83-94%)'° are IDPs, the model posited that conformational noise is an integral component of transcrip-
tional noise implying that IDPs may amplify total noise in the system either stochastically or in response
to environmental perturbations.

IDPs typically tend to occupy hub positions in PINs and are well suited to contribute to network plasticity
because they have fast interaction kinetics. Furthermore, unlike the energy landscapes of highly ordered
proteins, IDP energy landscapes are rugged with many local minima separated by low-energy barriers'®
enabling stochastic fluctuations between numerous conformational states in response to subtle perturba-

tions. Thus, we hypothesized that conformational noise and fast interaction kinetics together allow IDPs to
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interact with multiple partners to rapidly sample the network search space. This heuristic rewires the PIN
and, in the process, uncovers cryptic/latent network configurations to drive phenotypic switching and
hence, contributing to phenotypic heterogeneity. Further, we posited that the acquired phenotype can
be either temporary so that the system can return to the original state or can be permanent and inherited
transgenerationally. More importantly, in contrast to the discrete (binary) state model, we envisaged the
existence of hybrid (transition) states with distinct phenotypes. To account for how the acquired informa-
tion may be transmitted to the offspring, we hypothesized that since the vast majority of transcription fac-
tors and chromatin modifiers are intrinsically disordered, it is likely that the ripple effect of transcriptional
noise and conformational noise emanating from IDPs could be coupled to permanent changes in the
genome facilitating transgenerational information transfer'” akin to the phenomenon of “soft
inheritance.”'®

Thus, the conformational noise hypothesis not only identified conformational noise as the most funda-
mental in the hierarchy of biological noise, but it also provided systems level insight into the fundamental
basis of nongenetic phenotypic heterogeneity which could also serve as a bet-hedging strategy by giving
rise to “persisters” in the population.'” Indeed, the involvement of IDPs in the early evolution of complex
multicellularity,”® and in sculpting the shape of the beak of Darwin's finches which respond to the pres-
sure of natural selection,”’ are illuminating examples of how IDPs mediate epigenetic interactions be-
tween the organism and the environment and influence evolution. In fact, in the anticipation of its
broader implications, we had suggested that “Although we have focused on cancer, we believe our thesis
is not restricted to cancer and may be more generally applicable to address state-switching in biology.”'*
Nonetheless, convincing evidence supporting the key aspects of the hypothesis was lacking or scanty
at best.

Over the past decade however, the hypothesis has grown in scope and although several details in terms of
IDP conformational dynamics and how it impacts the energy landscape have been elucidated, many of the
fundamental aspects of the hypothesis are still intact. Here, we highlight empirical evidence that supports
and extends the scope of the hypothesis from cellular transformation to include embryonic development,
reprogramming, transdifferentiation, lineage switching, drug resistance, and the transition of unicellular
forms to multicellularity during evolution, underscoring its fundamental nature and importance in biology
and medicine. We conclude with a summary of the highlights and identify aspects that warrant additional
studies in the future.

EVIDENCE SUPPORTING THE CONFORMATIONAL NOISE HYPOTHESIS
Disorder is critical for intrinsically disordered protein function

Previous reports in the literature drew attention to the striking correlation between IDP expression and
phenotypic plasticity.”” However, recent studies have provided convincing experimental evidence sup-
porting the involvement of IDPs in phenotypic switching. For example, in Molecular Dynamics simulations
aimed at discerning the effect of disease-causing missense mutations (DCMMs) on intrinsically disordered
regions (IDRs), three different proteins with functionally important IDRs with known DCMMs were exam-
ined.” The results indicated that the DCMMs attenuated the conformational heterogeneity of IDRs which
is critical for their function. The studies also showed that DCMMs stabilize very few structural possibilities of
IDRs either by the newly formed interactions induced by the substituted side chains or by means of
restricted or increased flexibilities of the backbone conformations at the mutation sites. More importantly,
the conformational preferences favored by DCMMs, did not appear to support the native functional roles
of the IDRs which would lead to disease conditions.

Similarly, a proteome-wide comparison of the distribution of missense mutations from disease and non-
disease mutation datasets revealed that, in IDRs, disease mutations are more likely to occur within short
linear motifs (SLiMs) than neutral missense mutations. Further, compared to neutral missense mutations,
disease mutations more frequently impact functionally important residues of SLiMs, cause changes in
the physicochemical properties of SLiMs, and disrupt more SLiM-mediated interactions.”* And in yet
another example, employing a combination of a variety of computational and experimental techniques,
it was shown that mutations in the IDR constituting the transactivation domain (TAD) of the tumor suppres-
sor p53 can significantly perturb its interactions with key regulators.”” Importantly, the authors showed that
many of these mutations do not directly disrupt the known interaction interfaces but impact the disordered
state of TAD domain to disrupt the interaction of p53 with its partners. More specifically, they observed that
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these mutations modulated the level of conformational expansion and the rigidity of the disordered state.
Taken together, the data support the idea that an IDP conformational ensemble serves as a conduit in
transducing signals from cellular stimuli at the protein-protein interaction level which is one of the funda-
mental tenets of the conformational noise hypothesis.

Conformational noise and state switching

In biology, the term noise implies the random variation in quantities of biological molecules. Because of
such noise, even isogenic cells exhibit differences in gene expression and, consequently, the resulting pro-
tein levels.'%?*?” This is typically referred to as transcriptional noise. Translational noise is a term used to
define variation due to differences in translational rates of mRNA.?®?? In addition, noise from intrinsic pro-
miscuity of protein-protein interactions is also considered an important source of stochastic fluctuation in
cellular signal transduction.”®° Therefore, noise arising from various sources in the system can impact in-
formation flow that determines cell function and phenotype.

Although it is obvious from the forgoing that a cell is abuzz with noise, we postulated conformational noise
as a new and important source of biological noise that needs to be appreciated. As the term itself indicates,
conformational noise is defined as stochastic fluctuations in the conformational preferences of a protein,
especially of IDPs or IDRs within ordered proteins that can have long-reaching effects through the ampli-
fication of transcriptional as well as signaling noise (Figure 1).

Conformational noise may harbor spatial and temporal variations of protein conformation and the two var-
iations are distinct. For example, while spatial variation is intrinsic to the IDP sequence, temporal variation
can be sensitive to environmental cues such as phosphorylation. It is well established that IDPs are typically
more likely to be phosphorylated compared to ordered proteins.®' Phosphorylation of IDPs at multiple res-
idues is not always uniform and there can be considerable spatiotemporal differences in the extent to which
the different phospho-acceptor sites are phosphorylated. Indeed, differential phosphorylation is often
associated with the activation or inactivation of IDP function. Furthermore, at least in some cases, it has
been observed that the kinetics of differential phosphorylation also varies.*” Thus, while some residues
are phosphorylated at a fast rate (within a few minutes), others are intermediate (phosphorylation occurs
within several minutes to hours) and yet other residues are phosphorylated very slowly (take several hours).
The differences in the phosphorylation kinetics could be due to the same kinase or different kinases
involved in phosphorylating the various residues. More importantly, this fast/slow kinetic order can have
important functional consequences; for example, in the case of the intrinsically disordered Elk-1 transcrip-
tion factor, while fast phosphorylation can render the IDP functionally active, intermediate, and slow phos-
phorylation can render it inactive quantitatively and therefore, impact how it interacts with its partner
pro‘[eins.32

The data on the conformational dynamics of PAGEA4, a stress-response protein that plays an important role
in prostate cancer, complements the spatiotemporal distinction in ensemble conformation illustrated
above as well as provide further support for the conformational noise concept. PAGE4 is an IDP that func-
tions as a transcriptional regulator to potentiate the transactivation of the AP-1 transcription factor com-
plex.®® The latter is a heterodimer of the oncogenes c-Fos and c-Jun and acts as a strong repressor of
the androgen receptor (AR) activity in the prostate.”*> Phosphorylation of PAGE4 at T51 by HIPK1 and hy-
perphosphorylation at all eight S and T residues by CLK2, can lead to conformational changes in the PAGE4
ensemble and significantly impact its function.>**” Thus, while site-specific (T51) phosphorylation by HIPK1
results is the compaction of the WT PAGE4 ensemble and enables transcriptional potentiation, hyperphos-
phorylation by CLK2, results in unfolding the ensemble that almost resembles a random coil and attenuates
its activity.3‘0’ Furthermore, HIPK1, PAGE4, AP-1, AR and CLK2 constitute a regulatory circuit with oscillatory
dynamics and can modulate the degree of androgen dependence of a PCa cell.?® Cells with high levels of
HIPK1 phosphorylated PAGE4 (i.e., activated PAGE4) are predicted to be androgen dependent. In
contrast, cells with high levels of hyperphosphorylated PAGE4 (i.e., inactivated PAGE4) by CLK2 are
androgen independent. Thus, consequently depending on the HIPK1/CLK2 level, PCa cells can have
differing propensities for androgen dependence (Figure 2).

Nonetheless, CLK2 phosphorylates PAGE4 to varying extents.”” While some residues are phosphorylated
~95%, other residues are only phosphorylated ~45% under the same steady-state conditions. Further-
more, it is likely that the phosphorylation of PAGE4 by CLK2 entails a spatiotemporal pattern with some
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Figure 1. Conformational noise amplifies transcriptional noise, and noise due to signal transduction

Following transcription (which is subject to transcriptional noise), the mRNA is translated, and the resulting intrinsically
disordered protein undergoes post-translational modifications (PTMs) such as phosphorylation for example. This can
result in different conformational preferences of the modified protein (different conformations are shown in different
colors) which facilitates interactions with different partners (small colored circles) resulting in rewiring of the protein
interaction network. Thus, conformational noise emanating from the conformational dynamics of the conformers in the
ensemble can amplify transcriptional noise to actuate phenotypic switching from A to B via an intermediary transition/
hybrid state.

S/T residues being phosphorylated faster than others as is seen in Elk-1, that is phosphorylated by ERK.*
Thus, the prevalence of the kinase(s) and phosphatases that act on a given IDP, and the residence times of
the IDP ensemble in a specific conducive conformation within the vast ensemble conformational space can
vary both temporally and spatially contributing to conformational noise in the system. This can give rise to
non-genetic phenotypic heterogeneity in the population. Consistent with this prediction, individual cells in
an isogenic population of LNCaP prostate cancer cells can have varying degrees of dependence on
androgen in the medium.*”

Several studies have shown that, much like Fisher's “lock and key” model where interaction specificity is
determined by the conformations of the interactors, the partners (or targets) with which an IDP can interact
with is also determined by its conformational state. However, unlike the former, IDPs are highly dynamic
and therefore, can interact with multiple partners albeit with high specificity but low affinity.*® Furthermore,
as discussed above, IDP conformational dynamics is influenced by posttranslational modifications, espe-
cially phosphorylation®’*" which in turn can have a huge impact on the functional output.’*"**° Collec-
tively, these studies support the idea of conformational noise as a novel source of biological noise with im-
plications in phenotypic plasticity. Furthermore, the observations on Elk-1 and PAGE4 show that the
conformational dynamics of an IDP ensemble can be modulated spatiotemporally.
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Figure 2. Modeling the PAGE4/AP-1/AR/CLK2 regulatory circuit

(A) Regulatory circuit for PAGE4/AP-1/AR/CLK2 interactions. Dashed red lines denote enzymatic reactions, and solid
black lines denote nonenzymatic reactions. CLK2 and HIPK1, the two enzymes involved, are shown in dotted rectangles.
(B) Dynamics of the circuit showing sustained and damped oscillations for HIPK1-PAGE4 (PAGE4M, shown in blue), CLK2-
PAGE4 (PAGE4H, shown in red), and CLK2 (shown in green).

(C) Distribution of androgen dependence for an isogenic population over a spectrum, as indicated by the shade of green.
Dark green boxes denote highly androgen-dependent (i.e., ADT-sensitive) cells, and white boxes denote androgen-
independent cells. Reproduced with permission from Kulkarni et al. (2017)*” Proc Natl Acad Sci USA. 114(13):E2644-
E2653.

Phenotypic switching can give rise to transient (hybrid) states (phenotypes) that can be
reversible

Contrary to prevailing wisdom, the conformational noise hypothesis envisaged a transient state that is
reversible. Indeed, several recent reports have unequivocally demonstrated the existence of such transient
states referred to as "hybrid” states or phenotypes. Epithelial-to-mesenchymal transition of EMT is a good
case in point. Unlike the popular belief that EMT is a binary process, it is now thought of as a continuum
including diverse hybrid E/M phenotypes manifested by varying degrees of transition during phenotypic
switching. Indeed, detailed investigations have revealed that the cells with hybrid phenotypes co-express
biomarkers characteristic of both epithelial (E) and mesenchymal (M) phenotypes. Furthermore, when
compared to cells with individual E or M phenotypes, cells with hybrid E/M or M/E phenotypes display
more aggressive characteristics.’” Likewise, a recent study on breast cancer discovered that there exist
multiple distinct single-cell clones that span the EMT spectrum in a population with diverse migratory, tu-
mor-initiating, and metastatic qualities.”®

Hybrid states are not specific to mammalian systems but are also seen in lower organisms. For example, in
the yeast, a novel phenotype referred to as the "gray" phenotype was discovered that in addition to the
well-known white and opaque phenotypes.’” The three cell types differ in several aspects including cellular
and colony appearances, mating competency, secreted aspartyl proteinase (Sap) activities, and virulence.
Gray cells exhibit the highest Sap activity as well as the ability to cause cutaneous infections underscoring
the fact that not only hybrid states exist but are also functional. More importantly, the master regulator
wor1 and the Egf1 regulator that are key to state switching, are both highly intrinsically disordered under-
scoring the link between IDPs and phenotypic switching.

Several reports in the literature have also documented reversal of the newly acquired phenotype both
within, for example in acute leukemias,*® and across Iineages‘“"47 including cancer stem cells (CSCs) to
non-CSCs, drug-sensitive to drug-tolerant states, and a spectrum of epithelial-hybrid-mesenchymal phe-
notypes.’®*? Together, these observations provide good evidence supporting the presence of transient
states and the possibility of reversal of phenotypes.

Involvement of intrinsically disordered proteins in phenotypic switching is universal

Phenotype switching plays a beneficial role in microbial populations by causing division of labor among
cells or ensuring that at least some of the population survives in the event of an unexpected environmental
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perturbation. In bacteria, tyrosine kinases (BY kinases) that do not appear to have any homology with their
eukaryotic counterparts and leverage the ATP/GTP-binding Walker motif for autophosphorylation and
substrate phosphorylation, and trpC that is essential for tryptophan biosynthesis, are involved in stochastic
phenotypic switching.””>" And they are both IDPs. Strikingly, phenotypic switching is also seen in choano-
flagellates, a group of protists that are considered as the closest living relatives of animals. A recent study
showed that choanoflagellates can switch their phenotype to become ameboid by retracting their flagella
and activating myosin-based motility”” (53). Indeed, one of the proteins involved is WASP which is an IDP.
Finally, emerging evidence suggests that IDPs are also involved in actuating phenotypic switching in
plants.”*>* Together, these observations illustrate the universality of the conformational noise hypothesis
and its implications in evolution.

Phenotypic switching and early evolution of complex multicellularity

Multicellularity is a major milestone in the history of evolution. It is generally held that the main drivers of
multicellularity were life history trade-offs between survival and reproduction in response to stress and/or
predation. Indeed, several lines of evidence suggest that the cooption of ancestral pathways from unicel-
lular organisms underlies multicellularity.”> >’ Nonetheless, how these ancient pathways were adopted to
serve new functions mechanistically speaking, is not well understood. Since IDPs, by virtue of their confor-
mational flexibility can rewire cellular PINs, the idea that they could be a source of the adaptive plasticity to
give rise to multicellularity seems like an attractive proposition.

Consistent with this line of reasoning, several proteins that are thought to be important in the origin of
multicellularity such as those involved in extracellular matrix expansion, cell adhesion, cell communication,
cell-cycle modifications, asymmetric cell division, and cell differentiation, are IDPs.°°% The observations
that several stress-response proteins are IDPs”'* and that the content of disordered residues increases
in proteomes from bacteria to single-celled and multicellular eukaryotes,®? lend further credence to
this proposition. In support of this argument, we proposed a theoretical model showing how conforma-
tional noise can act as intrinsic noise in the PIN and therefore, how phenotypic transitions are controlled
by the extent of disorder in the cell.**

NEW THEORETICAL DEVELOPMENTS

Though the idea of a landscape was envisioned in the original rendering, albeit with respect to IDP confor-
mational dynamics, we subsequently perceived phenotypic switching from Waddington’s epigenetic land-
scape metaphor perspective®® [65] and applied dynamical systems theory to model state switching.®>*’
The height of the ridges that separate bifurcating valleys (or creodes per Waddington's terminology) in
the landscape, is critical in determining cell fate. But mechanistically, how the ridge height is determined
is unclear. Perhaps, the conformational noise hypothesis may shed some light on this problem if we assume
that the topology or configuration of the PIN represents the high dimensional space embodying the valleys
and ridges. Thus, any change in the PIN topology due to rewiring by the IDPs, would directly impact ridge
height. Reprogramming of a somatic cell by the intrinsically disordered Yamanaka factors®® is a good
example of how rewiring can reorganize the rugged landscape by altering ridge height and uncovering
latent attractors that specify cell fate. A model capturing the quasipotential landscape of the stochastic dy-
namics of a canonical gene regulatory network (GRN) that determines cell fate revealed that the asymmetry
of barrier heights results in the time-directionality (“arrow-of-time”) observed during differentiation
lending further credence to the idea that PIN rewiring can modulate ridge height.®’

Conclusions and future directions

It is gratifying to see how the conformational noise hypothesis that provided a simple conceptual frame-
work for phenotypic plasticity has facilitated further progress. In retrospect, the hypothesis is paradigmatic
of a systems approach across scales and connects concepts as distinct as plasticity, epigenetic interactions,
protein biophysics, dynamical systems theory, network theory, ecology, and evolution. Furthermore,
although additional work is needed, the evidence accumulated to date supports the notion that conforma-
tional variations of IDPs likely contribute to regulate or fine-tune the network to cause phenotypic switch-
ing. Nonetheless, there are two important points that we wish to emphasize. First, we had previously
posited that conformational noise underlies the “promiscuous” nature of IDP interactions and impacts bio-
logical information transfer. Promiscuity in IDP interactions is evident when IDPs are overexpressed and can
have undesirable effects such as pathological states.”” On the other hand, conformational noise is
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consequential when the IDP copy number per se, or the “active” conformational species from the entire
ensemble, is low (even though the IDP in question is overexpressed). This distinction is critical and is
well supported by the differential phosphorylation of IDPs and the spatiotemporal differences in the phos-
phorylation kinetics®” both of which can have functional consequences. Therefore, developing a mathe-
matical model that can parameterize and quantify conformational noise is imperative to strengthen the hy-
pothesis. The second point is that GRNs are part (a subset) of the cellular PINs.

Although not explicitly stated in the original enunciation, we had implied that information regarding
phenotype specification can operate across diverse timescales. Thus, information which operates over rela-
tively short timescales may reside in the PIN topology implying that such information is nongenetic in na-
ture and is encoded in the design principles underlying PIN configuration. Consistent with this thinking,
recent work on elucidating the design principles of GRNs that guide cellular decision-making revealed
that network configuration encodes information determining phenotypic plasticity.”' But information oper-
ating over extended periods is transferred to the genome via genetic/non-genetic changes including
epigenetic changes. Regardless, both forms of information were envisioned to be transferred transgenera-
tionally.' More recent work demonstrated that rewiring could cause network frustration’? which can be
relieved by introducing specific mutations in the genome’? suggesting that PIN rewiring by IDPs can pro-
duce heritable genetic/epigenetic changes. Regarding the nongenetic mechanisms, the discovery that
overexpression of certain yeast prion-like IDPs resulted in traits that can be inheritable long after their
expression returned to normal underscores a protein (IDP) conformation-based inheritance mechanism un-
derlying the emergence of new traits and adaptive opportunities’ as postulated by the conformational
noise hypothesis.

The demonstration that several proteins in the green alga Volvox carteri that are critical to the evolution of
complex multicellularity in the lineage leading to the multicellular species are IDPs that by rewiring cellular
PINs facilitated the co-option of ancestral pathways for specialized multicellular functions,” is exciting.
Providing experimental evidence supporting this observation would be a worthy endeavor in the future.

Yet another important aspect that warrants further investigation is to discern the design principles of GRNs
because of which some IDPs, such as MYC for instance, can switch the phenotype of a normal cell to a ma-
lignant one yet, in concert with some other IDPs (Yamanaka factors), MYC can reprogram the same normal
somatic cell into a pluripotent stem cell. Therefore, elucidating the design principles of GRNs that govern
the intricate balance between robustness and plasticity, is important in understanding reprogramming as
well as in aiding the design of synthetic circuits.

Advances in computational studies coupled with the advent of more sophisticated bioinformatics algo-
rithms have enabled several studies which showed that the genomes of mammals as well as lower organ-
isms such as yeast and bacteria, contain short opening reading frames (sORFs) that encode “micropepti-
des” with interesting biological functions, especially in stress response.”””’” Remarkably, in most cases
these micropeptides are intrinsically disordered.”®’? Similarly, several proteins are now known to switch
folds (also referred to as “metamorphic” proteins),®” and a significant fraction of the proteins in the nonre-
dundant PDB is precited to encode such metamorphic proteins that respond to cellular stimuli by remod-
eling their secondary structures and changing their functions.®'"*” Indeed, proteins that are charged with
responding to diverse cellular signals in a tightly controlled and rapid manner (stress response), and
many transcription factors associated with phenotypic switching, may be among the best examples of
on-demand transformers (fold switching proteins).®* We anticipate that many sORF-encoded micropepti-
des and metamorphic proteins could be involved in modulating phenotypic plasticity thus extending the
IDP conformational dynamics-based paradigm advanced by the conformational noise hypothesis.

Glossary of terms

Cancer stem cells: a small subpopulation of tumor cells that are characterized by the presence of certain cell surface
markers such as CD44, CD24, and CD133, and possess capabilities of self-renewal, differentiation, and tumorigenicity
when implanted in a host.

Conformational noise: noise due to stochastic fluctuations in the conformational preferences of a protein, especially of
intrinsically disordered proteins, or intrinsically disordered regions within ordered proteins, that can have long-
reaching effects through the amplification of transcriptional as well as signaling noise.
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Epigenetic interactions: a term coined by Conrad Hal Waddington to help explain the complex and dynamic inter-
actions between the environment and the genome that ultimately shape the organism’s phenotype.

Epigenetic landscape: a metaphor in developmental biology by Conrad Hal Waddington where he portrayed the
landscape as an inclined surface with a series of bifurcating ridges and valleys, which represent the series of either/or
fate choices made by a pluripotent cell as it differentiates over time.

Gene regulatory network: a directed graph in which regulators of gene expression e.g., transcription factors, are
connected to target gene nodes by interaction edges.

Hybrid phenotype: a phenotype exhibiting characteristics of more than one well defined phenotype.

Lock and key model: proposed by Emil Fisher the model states that the active site of an enzyme precisely fits a specific
substrate.

Noise: noise is the coefficient of variation nx = ox/px, here nx is the noise, ux is the mean value of x,and ox is the
standard deviation of x. This measure is dimensionless, allowing a relative comparison of the importance of noise
without necessitating knowledge of the absolute mean.

Persisters: a subpopulation of dormant cells that form spontaneously and are highly resistant to drug treatment.
Phenotypic plasticity: the ability of an organism to switch phenotypes without involving genetic changes.

Reprogramming: the process of changing one cell fate to another, particularly in the context of converting a mature
differentiated cell into a less-committed precursor.

Yamanaka factors: a set of four transcriptions factors (Oct3/4, Sox2, KIf4, c-Myc) that are used in reprogramming a
differentiated somatic cell into an induced pluripotent stem (iPS) cell in vitro.
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