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General hypothesis

Alan Turing made the initial propos#hat it is feasible tonathematicdy modelspecific

patterrs ebserved imulti-cell systers in his 195Zeminal paper “The ChemicBhsis of
Morphogenesisfl]. He mentioned that “The purpose of this paper is to discuss a possible
mechanism by which the genes of a zygote may determine the anatomical structure of the
resulting organism.”, he also suggested that “The genes themselves may also be considered to
be morphogens[1]. Turingwaslimited by thelack of availability of appropriatdata:

“There are probably many biological examples of this metabolic oscillation, batlp r
satisfactory"oneiis known to the authdd.]. TheNIH launched the 4D Nucleome program to
understand‘the"principles behind the 3D organization of the nucleus in space aniktitle (t
dimension), the role nuclear organization plays in gene expression and cellulanfuenatio
how changes in the nuclear organizationcffeermal development as well as various
diseased-ollowing Turing’s inspiration, 30~ISH has been employed to track movements of
oscillatory genes in synchronized cells to generate data requirpbthrcingdD Nucelome
algorithms of the genome [2,8male &Rajapaksexpanded the Turing “gene morphogen”
proposainpublicationghatupdatednathematicamodels able to handle extra dimensions in
addition to 2D Furing pattering and proposexgblications relevant to théD Nucleome
initiative [2,4,5]. Colon cryptsare viewed as aD Turing patterning multcell system based
on cell-cell junctioral forcesor transcription facta@HES1andMATH1 mathematical

analysis [6,7]The reuroectoderm Turing patterning DeN{ch lateral inhibition
medanismhas beemathematicallyerified in colon crypt$6]. Relewant to this aritle,
overexpression of colon epithelill tight junction protein CLDN1 (claudin 1ncreases
Notch activity measured by HES1 and MATH1 expresfdnNotch signallingarget HES1
transcription canbe triggered by mechanical fothaspull cells apart which activadeNotch
cleavagd9}=CLDN1 holds cells togethewhich counteracts the pulling force. These features
provide a potential linkage between oscillatory actomyosin forces and osgitES1
expression 10,11[Gene regulatory circuits containicgll anddevelopmerdl stagespecific
transcriptionsfactorforming“a two-gene network with two repressotlatbind each other’s
promoters haveeenproposed asHardwiring' required for stable equilibrium of cell types
“Mathematics of the Genorhmvolving “n-Dimensional Dynamicabystems’[5]. We
observed potentidtoggle gene circuits” as proposew/olving the transcription factotsES1
andNR3C1(glucocorticoid receptoGR) thatregulateCLDN1 alongthe human colon crypt
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axis, andn vitro Cace?2 cell differentiation5,12-14]. We proposthatmodelling the 4D
Nucleome dynamics, 4D mRNA distribution and actomydésioes that regulatéght

junction protein expression and function will predie selforganizingof epithelial cellsn a
cell type, developmeral stagespecific mannefThis informationwill be useful in generating
aprecisesmathematical model of human colon crypts, which could be empisypdwerful
algorithm t0 help desigprecision medicin@pproaches for targetetdiseasespecific
treatments’in‘a variety of medical ailments, includinctional bowel disorder$-BD) and
colorectal gancer (CRC|5,12,14-17].

To generate “proof of concept” data, we tracked the formation of a coordinatedi&pitie
sheet during*Caea cell differentiation on a smooth, flat and hard glass surfaae
recapitulates known gene expression patterns that occur along the colon crpetiied
in-depth description and discussion of the rotational 3D mechanogenomic Turing patterns
observediuring differentiatiorare included in the supplementary and ontireerial

(Figure.1 &supplementary Figupghttp://www.socr.umich.edu/projects/del-
morphometry/data.htm[}L8-21].

Some potential applications offuring pattern analysis in gastrointestinal
disorders

1. Funectional bowel disorders(FBD) and colorectal cancer

FBD including irritable bowel syndrome (IB®present dysfunction in the bidirectional
braingut axisyintestinal barrier integrjtgnd interactions with the microbiota asidtary
factors[22].Clinical colonoscopy biopsies harvested from diarrhesdominant IBS (IBD)
patients demonstrated decreased CLDNL1 levels, Whil@N1 was increased ioonstipation
predominantiB§IBS-C) patientd23]. The CLDN1 promoter is under the duaciprocal
regulationby HES1andNR3C1 in Cace? cells anda validated chronic, intermittentater
avoidancgWA) stresgat modelof stressinduced enhanced abdominal pain that mimics
several clinical features observed®8-D patientd12]. We observedownregulation of
both HES1 andNR3C1via aglucocorticoid negative feedback pathway\i -stressedat
colon crypts, angdimilar trends were observedtime hippocampus in a validatesktraint
stress mousmodel demonstrating anxiety and depression-like behaviours [12,24]. Deletion
of theNotch signalling ligandeltalike 2 (DLK2) increasedanxiety and depressivie
behaviows and altered theulnerability to restraint stresandreversed streseiduced down-
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regulationof NR3C1 and HE$[24]. HESL1is responsible for maintaining gut homeostasis
via preventing microbial dysbiosis the mouse, anHES1-knockoutaltered colon crypt
morphology [25].The gobiotic combination of. helveticus andB. longum helped reverse
WA-stressinduced changes in the mouse hypothalagpitigitary-adrenal axis anWA stress
inducedvisceral-hyperalgesiay blocking decrease of NR3CL1 in the hypothalamus,
hippocampus, and prefrontal cor{es]. These reports support the potential of HESDN1
and NR3C1 aatigasequilibriummaintaininggene circuis consists of three genes that
regulateeaeh other in a cyclid manner and their potentiadles in homeostasa the
MicrobiotaGut-Brain Axis. Future advances in personalized probiotics based, in part, on 4D
Nucleome'algorithms representpatentiallypromising therapeutic ar¢ha7,22,26].
Colorectalcancer (CRC) is the second most common cancer in women and the third most
common in“menCLDNL1 is recognized as aotential biomarker [27]Overexpression of
CLDNL1 inducedelevated levels of Wnt and Notch signallipgomoted colon tumorigenesis
in mice, andaltered goblet cell differentiatiomvhichconforms to 2D colon cry@delta-Notch
lateral inhibitionTuring patterning [6,8]. Turing modelsf metabolism in colon cancer link
Whnt signallingand genecircuits We propose that thesgenecircuits represenpotentially
promising novekolon cancetargets to model mathematicalli2,28] A preclinical confocal
colonoscopy studgemonstrated that CLDN1 binding peptide cawmisualizeoverexpressed
CLDNL1 in colenic adenomam vivo, and atomyosin meshworkneasuremesthave been
used to"demonstrate morphogenestserefore, it is feasible to combine these techniques to
assesgight junction geometric patterns potentially useful noonitor the transformation of
normal to ‘abnormafe.g., cancgractomyosin meshworgatterrgs) [3,29,30]. HHmancolon
epithelium’ demaonstrates various pattethsing colonoscopythat correlate with different
physiological and pathological conditions, which canrdmognizedusing recently developed
artificial intelligence algorithm$16,30]. 2D/3D patterns consistent with Turing’s hypothesis
appear torbe present in our cliniattaset(Figure. 2A) [31,32] We proposethat these
distinctive seolonr mucosa patterrs support the presencef morphogenetic feedback
mechanismsvhich are hypothesized tegulate th@opologicalarchitecture of tissug8,33].
Integrating.ouknowledge abougene circuitsand tissue topologynathematically may help
guide the “development ohovel interventionstargeting the glucocorticoid/Notch/Wnt
pathways [8,13,28,34]. yhamic 4D Nucleomealgorithmsmay provide a more powerful

predictive model of colonancer withthe application®f machine learning methods [16].

2. Analysis and bioengineeringof human colon crypts
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In addition to robust {mics analysisncluding RNAseq emerging 4INucleomealgoiithms
demonstrate thpotentialapplication to pharmacogenomics [17,35]. Clinical colonoscopy
biopsies can be used to isolate intact crypts thigtstructure similar to gastrulation as
mentioned by Turingl]. Given biopsy samples, clumptnormal/cancer cells can be fixed

and imaged-using the same confocal microscopy methods used for the coverslip. Then, the
same protocol for automated cell and subnuclear struetioeding can be applied to generate
solid volumetric ' masks of nuclear components. Our pipeline workflow protocol may need to
be tailored;to each new imaging data format, however, the overall design of the pratotol is
expected to drastically chanfje3-21,36]. Application of BAC-FISH methods to study colon
crypts is feasible inwr pilot study(Figure. 2B). Correlating morphogenesis with oscillatory
gene movementarekpressionncluding clarification of the biophysicatechanisms that
determineDNA-histone interactions and their regulatimncooperative transcription facsor

will be required to generate convincing proof of Tuisiene morphogessishypothesis” in
primary cellsandtissuemodelg[1-3,14,37].

We anticipate that application of vitro mechanobiology culture methods to isolated human
colon crypts.and'stem cells will replace the Caall model inesting the gee morphogen
hypothesiswith, programmable morphogenegpiarameter§38,39]. Readily available biopsy
specimens ‘demonstrating distiepitheliallumensurfaceTuring patterns can be used to

isolate crypts.to study stem cells present at the crypt base from healthy nwirabharmal
epithelium usingn vitro organoid preparatior(&igure. 2A [40]. We anticipate the
programmable “gut-on-a-chip” methodology will demonstrate epithelium morphologysimil
to the colon lumen surface. This system can be used to study the topology of colon epithelium
in response to morphogens including FGF2/glucocorticoids/microbiome, etc [26,41-43].
High-throughput “gut-on-a-chip” array methods allow automated experimental designs
incorporating various chemical, medicinal and mechanical morphogen conditions. These
approaches will generate large datasets requiring the concurrent developmeachine

learning algorithms to expedite analysiad potentially confirmation of the “gene morphogen
hypothesis®{16444,45].

3. Mathematical/computational problems unresolvedby Alan Turing’s
Model

Testing the hypothesis presead in this communicatiorwill require advanced analytical

techniquedo generatehe relevaninformation regarding the determinants of aeild tissue
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morphology patternanderphysiologic and pathophysiologic conditiofsior cmmputational
models suggested consideriig nucleus as‘@ellular decisioamaking unit that is gpivotal
componenin “cellular decisioamaking networks’[46]. Computational modellingf cellular
“decisiors” in response to multiple biochemical and biophysical euésequire a level of
mathematics==eapablef “handing” multiple dimensions[46]. Advanced mathematical
methods including chadkeory andractal geometryin addition to theé relatively elementary
linear models/and-differential equatiamsed by Alan Turingvill be requiredto explore“The
Secret Lifegof Chaos” of gut homestasis[1,4,5,47]. Fractal geometry was developed to
understand_selimilar structure at multiple scales. It providé® powerful strategies for
analyzing "sehksimilar shapes using efficient computational algorithnm®owth spiral
(Logarithmie Spiral) is a selimilar spiral cuve which often appears in nature, it is
frequently used to demonstrate fractal geometnyjch was known as known as expanding
symmetry or evolving symmetrySelf-similar spirals with various parameters are used to
illustrate bifurcationof two-gene networksesponsible forcellular decisiormaking and
“tissue homeostasig4,5]. Seltsimilar genome (DNA) and tight junction shapes are observed
in our preliminary study, rotational motion of the nuclddES1 mRNA/proteirdistribution,
tight junctientshapes labelled with occludin antibagBems contributed to those seap
(Figure [1,°S%S5, S9. Correlating visionarynathematical idealization and real subjests
very intriguing=and challenging, we hope our observation and thoaghtd benefit future

studies.
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Figures

Figure. 1. 'Fractal (self-similar) rotational patterns of tight junctions and nucleusDNA
Cacce2 BBe cells on day 6 cover clips are labelled with OCLN protein and DfitAyang
(YY) shapes,.small YY in big YY. YY shape may correlate with rotational motion and

symmetry breaking.

Figure. 2. [Human colon crypts could be isolated form Turing patterning epithelium for
4D-nucelome analysis

A. An example of colonoscopy image containing 2D/3D Turing patterns [31,32].

B. An example of BAGFISH analysis of 3D human colon crypts isolated from clinical

biopsy.
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