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Abstract

Biological systems across various length and time scales are noisy, including tissues. Why are biological tissues inherently

chaotic? Does heterogeneity play a role in determining the physiology and pathology of tissues? How do physical and biochemical

heterogeneity crosstalk to dictate tissue function? In this review, we begin with a brief primer on heterogeneity in biological

tissues. Then, we take examples from recent literature indicating functional relevance of biochemical and physical heterogeneity

and discuss the impact of heterogeneity on tissue function and pathology. We take specific examples from studies on epithelial

tissues to discuss the potential role of inherent tissue heterogeneity in tumorigenesis.

Introduction:

Noise serves functional roles in biology across different scales, contrary to intuition. At the micro-scale,
biased Brownian motion of the Myosin head over the Actin filament results in muscle contraction1,2. At the
macro scale, intrinsic variations in velocity and direction among individual fishes bring about collectivity
in fish schooling3. At the intermediate mesoscale heterogeneity in the position and alignment of ciliated
cells in the lung tissue facilitates optimal ciliary flow clearance4. Biological tissues display heterogeneity in
terms of biochemical and mechanical processes within the cells5. Part of this heterogeneity is deterministic,
such as variations arising from cellular differentiation into distinct cell types6–9. However, a lot of biological
heterogeneity is observed as stochastic noise10–14. While the role of deterministic heterogeneity in tissues
is intuitive, stochastic heterogeneity is often characterized as noise15 and the physiological relevance of this
noise remain largely elusive. We explore the relevance of stochastic heterogeneity in epithelial function in
the following section.

Stochastic heterogeneity, not just noise:

Stochastic heterogeneity within biological tissues represents the inherent randomness in the biochemical
processes within the cells. Various factors, such as asynchronized cell cycles16,17, differential metabolic18,19

& epigenetic states20,21, and the asymmetric distribution of organelles17,22, contribute to this randomness.
Multiple studies have characterized the biological noise using single-cell measurements20,23,24 such as flow
cytometry25,26, fluorescence microscopy27,28, real-time PCR29 and microfluidics30. Additionally, cellular vari-
ations in the gene expression over time31–34 due to transcriptional bursts35–37 also contributes to stochastic
heterogeneity. In addition to this biochemical heterogeneity, physical heterogeneity has been reported in
tissues of epithelial origin, initially revealed by spatiotemporal variations in cell-cell and cell-substrate forces
across epithelium38(Fig 1B.).
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Several studies point to possible functional roles for stochastic heterogeneity in epithelia. For instance,
the patchy arrangement of cilia in the mouse airway epithelium generates a locally heterogeneous flow of
airway clearance that is globally efficient39. Heterogeneity and stochastic growth have also been proposed
to regulate biliary epithelial tissue remodelling, which is central to liver regeneration11. Further, T cells can
infiltrate through the endothelial Basement membrane containing Laminin 4 but not through endothelial BM
containing Laminin 540 during Experimental Autoimmune Encephalomyelitis (EAE) (Fig.1c). Heterogeneity
is also associated with pathological conditions such as ageing41,42. For instance, cell-cell variations in levels
of protein expression is higher in old mice as compared to young mice43. Additionally, stochastic physical
heterogeneity is shown to regulate essential physiological functions of the tissues. For instance, mechanical
heterogeneity regulates collective cell migration during epithelial wound closure44,45. Another evidence was
reported in developing zebrafish where fluctuations in cellular stresses regulates anteroposterior body axis
formation46,47. Studies also implicate physical heterogeneity in pathological situations such as Asthma48,
pulmonary fibrosis49 and cancer metastasis50,51.

Overall, these studies indicate functional relevance of heterogeneity in biological tissues. The relevance of
inherent heterogeneity on disease initiation remains largely unexplored. In the next section, we summarize
reports suggesting that inherent tissue heterogeneity might regulate both the initiation and progression of
diseases, emphasizing on cancer initiation.

Heterogeneity and Cancer initiation:

Cancer initiates within the habitat of the tissue and cancer cells grow in the space of host cells52. Lately, it
has been recognized that cancer cells enter into a survival battle with the surrounding host cells during tu-
morigenesis, and can kill the host cells to make space for their growth52–57. Excitingly, in many cases, similar
competitive interactions allow host cells to recognize the emerging cancer cells and extrude them out of the
tissue58–64. An understanding on how cancer cells outcompete the surrounding host cells during cancer initi-
ation may open doors to novel targeted therapies52. Studies in the past few years have demonstrated clonal
competition and selection during tumorigenesis in both in-vitro 65–67 andin-vivo 52–57,66–77 model systems.
In addition, signalling molecules playing mechanistic roles in cellular-competition during tumorigenesis have
been described in several studies78–87. However, description of cell competition remains incomplete without
factoring in the inherent cellular heterogeneity within the tissues. How does tissue heterogeneity affect selec-
tion of mutants during cancer initiation and progression? Do biochemical and physical heterogeneity within
the tissues affect the competitive interactions within cancer cells and host cells? Slaughter’s concept of
field cancerization88 suggest that biochemical heterogeneity caused by the genetic and epigenetic differences

2
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within the cells would play a crucial role in determining growth or suppression of cancer cells. To this end, a
recent study demonstrate that genetic heterogeneity across the tissue plays an essential role in determining
survival of early neoplasms in mouse esophageal tissue89. Another study in mice thyroid tissue shows that
intrinsic properties of thyroid follicles determined fate of mutant cells. Follicular heterogeneity and thyroid
tissue organization dictated the fate of BRAF mutant cells90with an increased propensity of BRAF mutants
to develop tumor in the postnatal Thyroid.

Besides the genetic and mutational landscape of tissues, studies suggest that tumour initiation may also
depend on the mechanical landscape of tissues. While mutant HRas-V12 cells are successfully extruded
out from the epithelial monolayer cultured on soft substrates, extrusion of mutants is impaired on stiffer
substrates. Furthermore, mutant cells at the interface of soft and stiff substrates migrate to the stiff substrate
by durotaxis and evade extrusion84, suggesting that the ECM stiffness landscape may profoundly affect
tumorigenesis. In another study, in the pancreatic tissue, tumorigenesis was found to depend on the tissue
architecture. It was observed that in small pancreatic ducts, tumor growth was away from the duct, whereas
in large ducts tumor growth was inward towards the lumen, suggesting that tension imbalance and tissue
curvature may play a crucial role in epithelial tumorigenesis91 . Another study show that in stratified
epithelia of skin tissue, tumor progression in the early stages is shaped by forces exerted as a result of tissue
structure92. Cells with HRas mutation in mouse embryonic skin produce rigid cells with high Keratin levels
which are unable to dissipate compressive forces, and hence rupture the basement membrane and invade the
underlying tissue93.

To develop a framework explaining these experimental observations describing relevance of heterogeneity
and stochasticity in cancer initiation, application of concepts from physics such as non-linear dynamics and
critical transitions might be helpful, which will be the focus of the next section.

The physics of heterogeneity and cancer initiation.

Physicists and mathematicians view cells as high dimensional complex systems94,95 with thousands of genes
involved in gene regulatory networks. According to the framework of high dimensional complex systems,
interactions of gene regulatory networks in cells could result in multiple possible states. Out of the multiple
possible configurations, the stable states are called ‘Attractors’, and multipotent cells differentiate into one of
these stable states95–97. Cancer may be viewed as the change in cell state from a normal state to an aberrant
state98. Stochastic variations may provide cells with the impetus needed to overcome the potential barrier
required for a state-change. For instance, heterogeneity is high at tissue boundaries, and tissues boundaries
are also tumour hotspots in Squamous cell carcinoma61.

In the framework of chaotic systems, cancer progression is seen as a change in the type of attractor, from
the Torus attractor (see box 1) in premalignant lesions to the strange attractor (See box 1) in advanced
stages of cancer, resulting in chaos98,99 (see box). The change in the type of attractor is accompanied by
period-doubling(see box) and sequential bifurcations(see box), and cells are able to adopt multiple aberrant
metastable states as a result, which is proposed as Box 1: Glossary explaining the common vocabulary
associated with nonlinear dynamic systems and chaotic theory

an alternative explanation for Intra tumor heterogeneity98,99. The transition due to these bifurcations is
seen as an abrupt change in the state of the complex system, which may be predicted by Early Warning
Signals(EWS). EWS (see box 1)have been detected in cell-fate determination of multipotent blood progenitor
cells96, and studies have suggested the use EWS for the early detection of colorectal Cancer100and breast
cancer101.

Another characteristic of complex non-linear dynamic systems is self-repeating fractal patterns. They are
fractional dimensional structures that appear similar at different magnification levels and are a common
theme in nature, observed in snowflakes, coastlines, and branching neurons. Fractal patterns have also been
reported in tumour growth patterns, and studies have used fractal dimension as an indicator of tumour
malignancy and carcinogenesis98,102,103.
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Conclusions

While genetic and molecular etiology of cells and the changes in the composition of surrounding extracellular
environment have been explored as therapeutic targets to treat many diseases originating from epithelial
tissues, including cancer104,105; how diseased conditions arise and how noise within the tissue may regulate
initiation of pathology remains elusive. Understanding the underlying heterogeneity in tissues and its role in
tumorigenesis will help us appreciate the organizational principles and emergent self-regulatory properties
of collective living systems. Acknowledging the role of heterogeneity in tissues might prompt biologists to
move away from time and population averaged studies, and lead to important discoveries. While the impact
of mechanical and biochemical heterogeneity on tissue function have been studied in isolation, the exciting
possibility of their interdependency being an inherent tissue property and contributing to emergent tissue
functions has not been explored. Extrapolating lessons from epithelia and pondering on the relevance of noise
in biological systems across multiple scales raises an intriguing question- could scale-invariant fundamental
principles rooted in noise contribute to the emergent self-regulatory properties unique to life?
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87. Pérez, E., Lindblad, J. L. & Bergmann, A. Tumor-promoting function of apoptotic caspases by an
amplification loop involving ROS, macrophages and JNK in Drosophila. eLife 6 , e26747 (2017).

88. Slaughter, D. P., Southwick, H. W. & Smejkal, W. “Field cancerization” in oral stratified squamous
epithelium. Clinical implications of multicentric origin. Cancer 6 , 963–968 (1953).

89. Colom, B. et al. Mutant clones in normal epithelium outcompete and eliminate emerging tumours. Nature
598 , 510–514 (2021).

90. Schoultz, E. et al. Tissue architecture delineates field cancerization in BRAFV600E-induced tumor de-
velopment. Dis. Model. Mech. 15 , dmm048887 (2022).

91. Messal, H. A. et al. Tissue curvature and apicobasal mechanical tension imbalance instruct cancer mor-
phogenesis.Nature 566 , 126–130 (2019).

92. Fiore, V. F. et al. Publisher Correction: Mechanics of a multilayer epithelium instruct tumour architecture
and function.Nature 586 , E9–E9 (2020).

93. Fiore, V. F. et al. Mechanics of a multilayer epithelium instruct tumour architecture and function. Nature
585 , 433–439 (2020).

94. Emmert-Streib, F., Dehmer, M. & Haibe-Kains, B. Gene regulatory networks and their applications:
understanding biological and medical problems in terms of networks. Front. Cell Dev. Biol. 2 , (2014).

95. Huang, S., Eichler, G., Bar-Yam, Y. & Ingber, D. E. Cell Fates as High-Dimensional Attractor States of
a Complex Gene Regulatory Network.Phys. Rev. Lett. 94 , 128701 (2005).

96. Mojtahedi, M. et al. Cell Fate Decision as High-Dimensional Critical State Transition. PLOS Biol. 14 ,
e2000640 (2016).

97. Zhou, J. X., Brusch, L. & Huang, S. Predicting Pancreas Cell Fate Decisions and Reprogramming with
a Hierarchical Multi-Attractor Model.PLoS ONE 6 , e14752 (2011).

98. Ahmed, E. Fractals and chaos in cancer models. Int. J. Theor. Phys. 32 , 353–355 (1993).

99. Coffey, D. S. Self-organization, complexity and chaos: The new biology for medicine. Nat. Med. 4 ,
882–885 (1998).

8



P
os

te
d

on
18

O
ct

20
22

—
T

h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
66

61
32

85
.5

09
54

60
4/

v
1

—
T

h
is

a
p
re

p
ri

n
t

an
d

h
a
s

n
o
t

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

.

100. Liu, L. et al. Identification of Early Warning Signals at the Critical Transition Point of Colorectal
Cancer Based on Dynamic Network Analysis. Front. Bioeng. Biotechnol. 8 , 530 (2020).

101. Chen, P., Liu, R., Chen, L. & Aihara, K. Identifying critical differentiation state of MCF-7 cells for
breast cancer by dynamical network biomarkers. Front. Genet. 6 , (2015).

102. Metze, K., Adam, R. & Florindo, J. B. The fractal dimension of chromatin - a potential molecular
marker for carcinogenesis, tumor progression and prognosis. Expert Rev. Mol. Diagn. 19 , 299–312 (2019).

103. Ieva, A. D. Fractal analysis of microvascular networks in malignant brain tumors. Clin. Neuropathol.
31 , 342–351 (2012).

104. Henke, E., Nandigama, R. & Ergün, S. Extracellular Matrix in the Tumor Microenvironment and Its
Impact on Cancer Therapy. Front. Mol. Biosci. 6 , 160 (2020).

105. Sawyers, C. Targeted cancer therapy. Nature 432 , 294–297 (2004).

9


