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How do complex cellular phenotypes emerge 
from the same biochemical network?   

Observations 

Modeling 

Biochemical Network 

? 



Lipid Droplet 

Adipose tissue is a storage depot for excess energy and 
 a key hormonal regulator of  whole-body energy balance  

Hormones 

Adipocyte 

Leptin, Resistin, Adiponectin 

Hormonal secretion is important for 
metabolic regulation & homeostasis 



Adiponectin (AdipoQ) is an adipocyte-secreted 
hormone that is inversely correlated with BMI 

• Involved in energy 
homeostasis, insulin 
sensitivity 

Adipocyte 

AdipoQ 

lipid  
droplet 



Why is adiponectin level 
lower? 

Lean Obese 

The Adiponectin Paradox 

“Plasma concentrations of  adiponectin in obese 
subjects were significantly lower than those in 
non-obese subjects, although adiponectin is 
secreted only from adipose tissue.” 



The differentiation of  adipocytes provides a constant 
renewal of  adipocytes throughout our lifetime 
 

• Adipogenesis is the process by which precursor cells 
differentiate into mature adipocytes. 

• Approximately 10% of  fat cells are renewed annually at 
all adult ages and levels of  BMI.  

• In vitro, stimulate terminal differentiation of  preadipocyte 
cell lines (e.g. 3T3-L1) using mixture including insulin, 
glucocorticoids, cAMP stimulating agents 

 

adipogenesis 
mature adipocyte 

preadipocyte 



• PPARγ directly or indirectly 
up-regulates hundreds of  
adipocyte-specific proteins, 
which include 
• adipogenesis regulators (C/EBPα) 
• lipolysis regulators (HSL, PLINA) 
• secretory proteins (adiponectin) 
• etc. 
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Adiponectin 

PPARγ is the master transcriptional 
regulator of  adipogenesis 



Adiponectin 
(Adipocyte-specific 
secretory protein) 

Lipid droplets 
(Triacylglycerols) 

PPARγ 
(Master regulator) 
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Adiponectin 

Adiponectin and lipid droplets are used 
as 

downstream readouts of  PPARγ activities 



Low LD 
High Adiponectin 

High LD 
Low Adiponectin 

Expression of  Lipid-droplet and 
adiponectin levels is highly 

heterogeneous! 

Loo et. al., JCB (2009) 
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Lipid Droplet 

Quantification of  Adiponectin and 
Lipid Droplets in 3T3L1 cells 

Loo et. al., JCB (2009) 



Quantification of  Adiponectin and Lipid 
Droplets in 3T3L1 cells 
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Loo et. al., JCB (2009) 

 “Early” adipocytes (10%) 

 “Mid” adipocytes (36%) 
 “High-Adiponectin” 

adipocytes (20%) 

 “High-Lipid” 
adipocytes (33%) 

Gaussian Mixture Model 



Differentiating cells transit from “High-
Adiponectin” to “High-Lipid” Populations 

• Loo et al. 2009 – showed the 
time course of  
heterogeneous adipocyte 
population in response to 
uniform stimulus. 

• What is the underlying 
mechanism? 

 



Idea: Three Coupled Transcription Network 
Motifs can Explain These Observations in 
Adipogenesis Data 



             Incoherent FFL 
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Feed-Forward Loop (FFL) Dynamics 

X Y 

Z 

X Y 

Z 

• Delayed rise to steady state 

• must accumulate enough Y to 
fully activate Z 

 

• Pulse then low steady state   

• inhibition of  Z delayed until 
enough Y accumulates 

Y “on” 

Y “on” 



Module 1: Bistable Differentiation Switch 



Steger D J et al. Genes Dev. 2010;24:1035-1044 



Transcriptional Regulation (Module 1) 

• peroxisome proliferator-activated receptorγ (PPARγ)  

• “master regulator” 

• CCAAT/enhancer-binding protein α, β(C/EBPα, C/EBPβ) 

 



Transcriptional Regulation (Module 1) 

• Park et al. (2012) – two consecutive positive 
feedback loops necessary to make terminal 
differentiation a bistable switch 
• necessary because of  cooperativity 

 



Mathematical Model (Module 1) 



Mathematical Model (Module 1) 

• Input Signal 

 
• Parameters 

 

 

 

“on” 

“off ” 



Coupled positive feedback loops enable persistent 
differentiation after a transient differentiation signal 



Mathematical Model (Module 1) 



Module I matches early adipogenesis time data 

Park et al. Cell Reports (2012) 



Module 2: Delayed Feed-Forward to Fat 
Production 



• Insulin activation of  PPARγ through protein kinase 
B (Akt/p-Akt) pathway 
• Akt inhibition delays onset 

 

• Fat synthesis 
• Feed-forward loop 

• C/EBPα accumulation  

    also delays onset 

 

Transcriptional Regulation (Module 2)  

C/EBPα 

PPARγ Fat 



Mathematical Model (Module 2) 



Both PPARγAND C/EBPa activation 
needed for lipid accumulation to be 

significantly delayed  



Module 3: Incoherent Feed-forward loop to 
AdipoQ 



Transcriptional Regulation (Module 3) 

• Experimental evidence: PPARγ and C/EBPα 
promote transcription of  AdipoQ gene 

• With fat inhibition, results in an incoherent feed-
forward loop  
• Causes adaptation in AdipoQ levels 

PPARγ 

C/EBPα 

AdipoQ 

Fat 



Mathematical Model (Module 3) 



Module 3 – Characterizing Variability in 
Adiponectin 

0.15 ≤ degPPARγ≤ 1.5 

 within 8% noise 



AdipoQ Transient Behavior 

• Time-dependent AdipoQ pulse: amplitude and time 
reached 

 

 

 

 



Observation: Time to pulse more robust 
than amplitude 

 



Relative Local Sensitivity Analysis 

• From an initial parameter p0 and steady state s(p0), 
indicates relative change in steady state with respect 
to (small) relative perturbation ∆p0 

• Relative local sensitivity coefficient: 

 

 

• Mean of  ∆p0 = 1%, 3%, 5% 



Relative Local Sensitivity – Steady State 

• Significant amount of  sensitivity across all 
parameters (adaptation is not robust) 

• Both AdipoQ and fat ~3-10X more sensitive to fat 
degradation/synthesis than other parameters 

• AdipoQ shows positive local sensitivity to increased 
degradation of insulin receptors, pAKT 
• Seeming contradiction 



Counterintuitive Prediction: increase in degradation 
of  pAKT and insulin receptors may cause an 

increase in AdipoQ steady state 

• Both pAKT and insulin receptors  promote AdipoQ expression via 
PPARγ and C/EBPα 

• Both similarly promote lipid droplet accumulation 
• Up to a certain point, increased degradation has larger effect on 

lowering fat levels (less inhibition) than on lowering AdipoQ levels 
• Depends on strength of  AdipoQ inhibition by fat (KFAT, b3) as 

well as dissociation constants Kα, Kγ 

degpAKT ≈ 1.2 

degIR ≈ 0.12 

AdipoQ 



Relative Local Sensitivity – Transients 

• Similar patterns of  local variability and bistability 
• Amplitude less sensitive to fat than steady state 

• more sensitive to PPARγ and C/EBPα 

• Time to pulse more robust than amplitude 

 



Alternative Model for 
Adiponectin Module 

• Fat promotes breakdown of  AdipoQ by lysosome 
• Karki et al. (2011) 



Model 2 



Model 2 – Quantifying Variability 

• Similarly not robust 

• AdipoQ steady state most sensitive to fat but less so 
than Model 1 

• Amplitude of  time-dependent pulse is less sensitive 
to fat parameters than steady state but more so than 
Model 1 



Bifurcation Diagrams – Model 2 

AdipoQ 

AdipoQ 

AdipoQ 

AdipoQ 



Question: which way of  implementing LD inhibition 
of  adiponectin better fits the data? 
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Loo et. al., JCB (2009) 

 “Early” adipocytes (10%) 

 “Mid” adipocytes (36%) 
 “High-Adiponectin” 

adipocytes (20%) 

 “High-Lipid” 
adipocytes (33%) 

Gaussian-Mixture Modeling was used to 
group  cells with similar phenotypes into 

4 distinct “subpopulations” 

Loo et. al., JCB (2009) 



Experimental Data – Loo et al. 



Experimental Replication – Model 1 with 
30% noise in parameters 

Cell distribution on D9 PPARγ on D9 

• Incorporating typically observed noise in mammalian protein expression 
(30%). 



Experimental Replication – Model 2 with 
30% noise in parameters 

Cell distribution on D9 PPARγ on D9 



Stochastic Version of  Model 1 

Gillespie implementation, but parameters kept the same. 



Trajectory Variability in Stochastic Model 



Loo et al. Replication – Stochastic Model 1 

System is not internally noisy which is why we don’t see 4 truly distinct 
subpops  



Plasma Level mRNA Level 

• By considering an incoherent feedforward loop 
involving PPARγ and lipid droplets  we find that 
there is a pulse of adiponectin, so that “high-lipid” 
cells indeed have lower adiponectin levels. 
 
– This result matches the in vivo observations that 

adiponectin is negatively correlated to adipose 
tissue mass. 
 

– Phenotypic heterogeneity can be explained by 
parameter variability in an ODE model without 
stochastic effects.  

Conclusions 



Conclusions 

• Both models have significant amount of noise due 
to parameter variability 

• Noise sufficient to explain heterogeneity observed 
by Loo et al. in Model 2 only 

• Supports possible mechanism of AdipoQ 
inhibition 

• Ongoing directions 
• Add noise to input signal 
• Stochastic model (variability in molecule 

numbers) 
 

 

 



Questions? 
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