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Cellular decision-making

Hanahan & Weinberg, Cell 2011

• Cells receive diverse biophysical/chemical signals varying in (x, t).

• Cells in a population can respond differently to the same signals.

• Cellular decision-making is driven by interconnected complex networks.



How do we understand cellular decision-making?

What information does it lack?

• Timescale(s)
• Strength of regulation
• Direct/indirect 
• Spatial scale(s)
• Nonlinearity of interaction
• Combinatorial effects

Assumptions are implicit or hidden 
in a “black box” and can have 
unknown logical consequences

Wang et al. Comm Integr Biol 2012



• Dynamics of simplest 2-node decision-making network motifs

• Dynamics of 3-node, 4-node networks, and its implications in 
T-cell differentiation

• Impact of embedding 2-node, 3-node network motifs in larger 
networks 

Outline for today



Simplest two-gene circuits

Double negative 
feedback loop

Double positive 
feedback loop

Negative-positive 
feedback loop

Consider two transcription factors A and B that regulate each other:

Let us first understand the basic ‘design principles’ 
of a negative and a positive feedback loop:

• How does the system work?
• Why is the system designed the way it is?

“Nothing in biology makes sense except in the light of evolution”



Positive-negative feedback loop: body temperature



Positive-negative feedback loop: blood pressure



Positive-negative feedback loop: glucose levels

Why are vital signs mostly regulated by negative feedback loops?

http://www.psychology4a.com/uploads/3/0/2/1/30214259/1203971.jpg?674



(Broken) Negative feedback loops in cancer

Purvis et al. Science 2012
Magi et al. Curr Opin Sys Biol 2018

Intercellular NFL - Contact 
inhibition of proliferation

Intracellular NFL 
involves p53  - most 

common mutated 
gene in cancer



Amplification of response: Biological examples

http://schoolbag.info/biology/humans/12.html



Amplification of response: Biological examples

But can over-amplification be dangerous?
Unwanted clots – cause of heart attacks



Simplest two-gene circuits

Double negative 
feedback loop

Double positive 
feedback loop

Negative-positive 
feedback loop

Consider two transcription factors A and B that regulate each other:

Let us first understand the basic ‘design principles’ 
of a negative and a positive feedback loop:

• How does the system work?
• Why is the system designed the way it is?

“Nothing in biology makes sense except in the light of evolution”



Transcription factors: Activators and inhibitors
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Transcriptional regulation
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Transcriptional regulation

DNA-protein binding happens 
much faster (seconds) as 
compared to actual 
transcription (minutes/hours)



Transcriptional regulation

What’s the underlying assumption in the following case?



Transcriptional regulation









Bistability: Digital vs. analog response 

Chang et al. BMC Cell Biol 2006





Consequences of bistability in drug resistance

Chang et al. BMC Cell Biol 2006

Jolly et al. Front Oncol 2018







Beginning of synthetic biology: two Nature papers in 2000



Toggle switch: a ubiquitous network motif

Zhou & Huang, Trends Genet 2012

Toggle switch allows for multiple 
mutually exclusive cell-states



Toggle switch

A0 , B0  = Threshold concentrations 

Production

Regulation

Degradation

• Hallmark of cell-fate 
decision making during 
embryonic development

• One of the first 
synthetic bio circuits 
designed

Huang, PloS Biology 2013  
Gardner et al. Nature 2000

Bistability
(A, B) = (high, low)
(A, B) = (low, high)
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Is a toggle switch always bistable?

dA
dt

= gA
(B0 )

nB
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nB + BnB

− kAA

dB
dt

= gB
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nA

(A0 )
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− kBB

At steady-state, du/dt = dv/dt = 0 

What happens at β = γ = 1?

A quadratic equation in u or v => 
At most two real distinct solutions 

Gardner et al. Nature 2000



Toggle switch (positive feedback loop) can 
allow for:

a) Cells in a population having multiple 
steady states (phenotypes) => Bi-stability –
(A low, B high) and (A high, B low)

b) Cells being pushed from one state to 
another => Plasticity

c) Cells requiring different duration/ extents of 
signal to switch => Heterogeneity

Gardner et al. Nature 2000

Summary (Part 1)

Negative feedback loop can allow for 
sustained or decaying oscillations.

Double positive feedback loop between A and 
B can also allow for bistability – (A low, B low) 
and (A high, B high)



The ‘bifurcating’ cell-state tree

Zhou & Huang, Trends Genet 2011



Cell-state changes: bidirectional, reversible 

Granados et al. Int J Mol Sci 2020

Cells can also reversibly change their identity => “Controlled enthusiasm” 



CD4+ T-cell differentiation Epithelial-Mesenchymal Transition

Duddu et al. J R Soc Interface 2020
Duddu et al. Mol Biol Cell 2022
Duddu et al. bioRxiv 2024

What rules/principles cells follow in decision-making?

Hari et al. eLife 2022
Hari*, Rashid* et al. PLoS Comp Biol 2022
Hari et al. bioRxiv 2023

Atchuta S Duddu Kishore Hari



Toggle switch: a motif for bifurcating cell-states

Zhou & Huang, Trends Genet 2011



OK, so we 
understand a 
toggle switch 
(2 cell-states)!

What if a 
progenitor cell 
can give rise to 

more than 2 cell-
states together?



Differentiation of naïve CD4+ T cells into > 2 subsets

Magombedze et al. Front Physiol 2013



Network governing Th1, Th2, Th17 cell-states

Duddu et al. J R Soc Interface 2020

Th1 | { T-bet high, GATA3 low, RORγT low }

Th2 | { T-bet low, GATA3 high, RORγT low }

Th17 | { T-bet low, GATA3 low, ROR𝛄T high }

Can this toggle triad explain 
T-cell differentiation?

Atchuta



38

d 𝑋
d𝑡 = 𝑔!

1 + 𝜆𝑌𝑋 𝑌/𝑇𝑌𝑋 "!"

1 + 𝑌/𝑇𝑌𝑋 "!"
− 𝑘! 𝑋

d 𝑌
d𝑡

= 𝑔#
1 + 𝜆𝑋𝑌 𝑋/𝑇𝑋𝑌 ""!

1 + 𝑋/𝑇𝑋𝑌 ""!
− 𝑘# 𝑌

Here,
𝑔! and 𝑔" are the production rates of A and B
𝑘! and 𝑘" are the degradation rates of A and B
𝜆𝑋𝑌 and 𝜆𝑌𝑋 is the fold change in interaction
𝑛𝑋𝑌 and 𝑛𝑌𝑋 is the hill’s coefficient in interaction
𝑇𝑋𝑌 and 𝑇𝑌𝑋 is threshold value of the interaction

X Y

𝐻(𝑋) =
1+ 𝜆 𝑋

𝑇
!

1 + 𝑋
𝑇

!
d𝑌
d𝑡 = 𝑔𝐻(𝑋) − 𝑘𝑌

1+ 2 𝑋
1

"

1 + 𝑋
1

"

1 + 0.2 𝑋
1

"

1 + 𝑋
1

"

1 + 0.2 𝑋
2

"

1 + 𝑋
2

"

1 + 0.2 𝑋
2

#

1 + 𝑋
2

#

𝑋

𝐻
(𝑋
)

(2,1,6)

(0.2,1,6)

(0.2,2,6)

(0.2,2,3)

(𝜆, 𝑇, 𝑛)X Y

ODEs governing the dynamics



RACIPE - RAndomized CIrcuit PErturbation

Topology of network

User defined parametric space

Ensemble of kinetic models

Production

Deg
rad

atio
n

Link Strength

Parameter space

Dynamics over a kinetic parameter set ensemble

z-scores calculated over solutions 
across parameter sets * initial conditions

Huang et al. PloS Comp Biol 2017



{A high, B low, C low}
{A low, B high, C low}
{A low, B low, C high}

Toggle triad enables tristability

Abc | { A high, B low, C low }

aBc | { A low, B high, C low }

ABc | { A low, B low, C high }

ABc | { A high, B high, C low }

AbC | { A high, B low, C high }

aBC | { A low, B high, C high }



What are the defining traits of the topology? Are the traits unique?

These three states can co-exist

Duddu et al. J R Soc Interface 2020



Dynamical traits of Toggle Triad

Negligible frequency of ‘all-high’ 
or ‘all-low’ monostable states

Similar frequency of three ‘single-
positive’ states

Similar frequency of three ‘double-
positive’ states

‘Single-positive’ states are more 
frequent than ‘double-positive’ states

Th1 Th2 Th17 Th17/Th1Th2/Th17Th1/Th2

Duddu et al. J R Soc Interface 2020



Negligible frequency of ‘all-high’ or 
‘all-low’ monostable states

Similar frequency of three ‘single-
positive’ states

Similar frequency of three ‘double-
positive’ states

‘Single-positive’ states are more 
frequent than ‘double-positive’ states

Dynamical traits of Toggle Triad 
are unique to this topology

Duddu et al. J R Soc Interface 2020



Stochastic switching among multiple T cell-states

Duddu et al. J R Soc Interface 2020



How is frustration resolved in toggle triad?

Monostable: Abc | { A high, B low, C low }

Link strength ~ n/(λ*H0/(g/k))

Bistable: Abc | { A high, B low, C low } and
aBc | { A low, B high, C low }

Duddu et al. J R Soc Interface 2020
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Model predictions Experimental validations

Existence of three 'single-positive' 
states

Th1 (T-bet high, GATA3 low, ROR𝛾T low)

The three states have been well establishedTh2 (T-bet low, GATA3 high, ROR𝛾T low)

Th17 (T-bet low, GATA3 low, ROR𝛾T high)

Existence of three 'double-positive 
states

Th1/2 (T-bet high, GATA3 high, ROR𝛾T low) Antebi et al., PLoS Biol. 2013

Th1/17 (T-bet high, GATA3 low, ROR𝛾T high) Chatterjee et al., Cell Metab. 2018

Th2/17 (T-bet low, GATA3 high, ROR𝛾T high) Tortola et al., Immunity 2020

Toggle triad in CD4+ T-cell differentiation

Duddu et al. J R Soc Interface 2020



RNA-seq data validates our model predictions

Duddu et al. Mol Biol Cell 2022



Toggle tetrahedron => Predominant ‘hybrid’ states

Duddu et al. bioRxiv 2024

A

C

B

D

None of the 4 node network structures allows for (1,0,0,0) states as prevalent.



Link strength analysis for toggle tetrahedron

Duddu et al. bioRxiv 2024



Duddu et al. bioRxiv 2024

Stochastic state-switching in toggle tetrahedron



Two-step decision-making in toggle tetrahedron

Duddu et al. bioRxiv 2024

Could this possibly explain why often 
binary/ternary branches are seen in 
developmental decision-making?



Extending toggle 
switch and toggle 

tetrahedron results 
to larger n-node 

mutually 
repressive 
networks 

Harshavardhan*, Billakurthi* & Jolly; manuscript in preparation



Extending toggle 
triad results to 
larger n-node 

mutually 
repressive 
networks 

Harshavardhan*, Billakurthi* & Jolly; manuscript in preparation



Summary (Part 2)

• Toggle triad explains the co-
existence and switching among 
differentiated (Th1, Th2, Th17) 
and hybrid (Th1/Th2, Th2/Th17, 
Th1/Th17) T-cell states.

• Toggle tetrahedron reveals 6 
hybrid states (Th1/Th2, Th2/ 
Th17, Th1/Th17, Th1/Treg, 
Th2/Treg, Th17/Treg)                
as the most frequent states, 
suggesting a two-step decision.

• Beyond toggle triad, no mutually 
repressive network allows for 
single-step decision-making.


