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A Negative Feedback Loop and 
Transcription Factor Cooperation 
Regulate Zonal Gene Induction by 2, 3, 
7, 8- Tetrachlorodibenzo- p- Dioxin in the 
Mouse Liver
Yongliang Yang ,1,2 David Filipovic ,1-3 and Sudin Bhattacharya 1,2,4,5

The cytochrome P450 (Cyp) proteins Cyp1A1 and Cyp1A2 are strongly induced in the mouse liver by the potent 
environmental toxicant 2, 3, 7, 8- tetrachlorodibenzo- p- dioxin (TCDD), acting through the aryl hydrocarbon recep-
tor (AHR). The induction of Cyp1A1 is localized within the centrilobular regions of the mouse liver at low doses of 
TCDD, progressing to pan- lobular induction at higher doses. Even without chemical perturbation, metabolic functions 
and associated genes are basally zonated in the liver lobule along the central- to- portal axis. To investigate the mecha-
nistic basis of spatially restricted gene induction by TCDD, we have developed a multiscale computational model of the 
mouse liver lobule with single- cell resolution. The spatial location of individual hepatocytes in the model was calibrated 
from previously published high- resolution images. A systems biology model of the network of biochemical signaling 
pathways underlying Cyp1A1 and Cyp1A2 induction was then incorporated into each hepatocyte in the model. Model 
simulations showed that a negative feedback loop formed by binding of the induced Cyp1A2 protein to TCDD, to-
gether with cooperative gene induction by the β- catenin/AHR/TCDD transcription factor complex and β- catenin, help 
produce the spatially localized induction pattern of Cyp1A1. Although endogenous WNT regulates the metabolic zona-
tion of many genes, it was not a driver of zonal Cyp1A1 induction in our model. Conclusion: In this work, we used 
data- driven computational modeling to identify the mechanistic basis of zonally restricted gene expression induced by 
the potent and persistent environmental pollutant TCDD. The multiscale model and derived results clarify the mecha-
nisms of dose- dependent hepatic gene induction responses to TCDD. Additionally, this work contributes to our broader 
understanding of spatial gene regulation along the liver lobule. (Hepatology Communications 2022;6:750-764).

2, 3, 7, 8- tetrachlorodibenzo- p- dioxin (TCDD) is 
a potent environmental pollutant that binds the 
aryl hydrocarbon receptor (AHR) and induces 

multiple adverse responses in animals at high doses.(1,2) 

As one of its early low- dose effects, TCDD induces 
phase I drug- metabolizing enzymes, specifically 
the hepatic cytochrome P450 proteins Cyp1A1 and 
Cyp1A2. Cyp1A1 is induced in centrilobular regions 

Abbreviations: AHR, aryl hydrocarbon receptor; APC, adenomatous polyposis coli; BAT, β- catenin/AHR/TCDD; Cyp, cytochrome P450; Cyp1A1, 
cytochrome P450 1A1; Cyp1A2, cytochrome P450 1A2; PBPK, physiologically based pharmacokinetic; RNA- seq, RNA- sequencing; TCDD, 2, 3, 7, 
8- tetrachlorodibenzo- p- dioxin.
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at low doses, with the induction pattern spreading to 
the whole lobule at high doses(3) (Fig. 1A). Although 
transcriptional effects of TCDD in hepatocytes have 
been widely investigated, the mechanisms underlying 
zonal gene induction in the liver are poorly under-
stood, hindering low- dose extrapolation for hepatic 
dose- response assessment of TCDD.(4,5)

Basal metabolic functions in liver lobules vary 
along the central- to- portal axis, in a process known 
as “metabolic zonation.”(6) A key regulator of meta-
bolic zonation is the WNT signaling pathway,(7- 10) 
to which nearly one third of zonated hepatic genes 
are functionally related.(11) Multiple signaling com-
ponents of the pathway, including Disheveled (DVL), 
adenomatous polyposis coli (APC) and β- catenin, are 
zonally expressed along liver lobules.(7,11) Prominently, 
APC has been described as the maintainer of met-
abolic zonation.(7) In parallel, the WNT signaling 
pathway also regulates Cyp1A1 expression.(12- 15) 
Specifically, the WNT pathway component β- cat-
enin, acting as a transcription factor, controls the basal 
expression of both AHR and Cyp1A1. Preceding acti-
vation by WNT, β- catenin is sequestered to the cyto-
sol by the β- catenin destruction complex composed 
of APC, Axin, CK1- α, and GSK- 3β. This complex 
suppresses β- catenin through sequestration (through 
Axin and APC), phosphorylation (through CK1- α, 
and GSK- 3β), and subsequent proteasomal degrada-
tion.(16) Before TCDD exposure, AHR is found in its 
inactive form in the cytosol, bound to its chaperone 
proteins— a dimer of 90- kDa heat shock proteins, 
hepatitis B virus X– associated protein 2 (also known 
as AHR- interacting protein), p23, and protein kinase 
SRC. TCDD- liganded AHR disassociates from its 
chaperones, translocates to the nucleus, and binds to 
the AHR nuclear translocator protein. This heterod-
imeric transcription factor cooperates with activators 

and repressors to control gene expression by bind-
ing to dioxin response elements containing the core 
DNA motif 5’- GCGTG- 3’.(17) β- Catenin is one such 
co- activator, which binds to TCDD- liganded AHR, 
forming a transcription factor complex that induces 
Cyp1A1 and Cyp1A2(13) (Fig. 1B). Previous computa-
tional models of the WNT signaling pathway(18) have 
captured different characteristics of the pathway: from 
detailed molecular models(19) to simplified dynamic 
representations.(20,21) A recent model investigated the 
role of the pathway in epithelial- mesenchymal tran-
sition.(22) A thermodynamic model based on mutant 
constructs of the Cyp1A1 promoter was recently 
proposed to explain cooperative interactions between 
the AHR transcription factor complex and individ-
ual binding sites on the Cyp1A1 promoter.(23) These 
models, however, are either too complex to function 
as a subsystem within an integrated multiscale tissue 
model, or lack key molecular components involved in 
liver metabolic zonation.

Computational modeling is widely used in toxicol-
ogy and pharmacology for dose- response assessment. 
Physiologically based pharmacokinetic (PBPK) mod-
els that consider the liver as a homogeneous com-
partment have been developed for the Cyp1A1 gene 
induction system.(24) Zonal induction of cytochrome 
genes was incorporated into a multi- compartment 
geometric model of the liver lobule.(25,26) Given the 
lack of single- cell data at the time, both the cell sig-
naling network and spatial resolution in these models 
were limited. Recently, “virtual tissues” have emerged 
as a versatile multiscale quantitative framework to 
simultaneously model the behaviors of intracellular 
signaling pathways, cells, tissues, and organs.(27- 31) 
Virtual tissues extend the concept of compartmen-
tal models down to the basic biological unit of life, a 
cell,(28,29) and have been used for risk assessment, as 
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well as simulation of physiological processes and tumor 
development.(27,29,32,33) Recently, virtual liver lobule 
models have been used to simulate the physiological 

effects and metabolism of chemicals.(34,35) Embedding 
systems biological models based on biochemical reac-
tions within these spatial models allows us to study a 

Fig. 1. A multiscale computational model simulates hepatic zonal induction of Cyp1A1 by TCDD. (A) Zonal induction of Cyp1A1 
in the mouse liver lobule by TCDD. The central- to- portal axis is segmented into nine zones following Halpern et al.(11) The area of the 
liver lobule expressing Cyp1a1 increases with increasing TCDD dose. (B) Schematic representation of the AHR and β- catenin pathways 
and their intersection (made in BioRender [biorender.com]). (C) Intracellular model of the Wnt signaling pathway and downstream gene 
regulatory network for induction of Cyp1A1 by TCDD. (D) Multiscale virtual liver lobule model. The locations of the cells are calibrated 
from a single- cell resolution image of the lobule in Halpern et al(11); the signaling pathway from (C) is implemented in each cell of the 
lobule model. The colors of the cells represent the expression level of Cyp1A1. Abbreviations: CV, central vein; and PV, portal vein.
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physiological phenomenon at a resolution down to the 
molecular scale.(36) Systems biology models have so 
far seen limited use in toxicology.(37) Combining sys-
tems biology models with virtual tissues creates mul-
tiscale tissue models that can be used to investigate 
collective cellular behaviors and capture within- tissue 
spatial heterogeneity.

To systematically investigate the zonal induc-
tion of cytochrome P450 genes by TCDD, we have 
developed a multiscale virtual model of a mouse liver 
lobule with embedded individual hepatocytes. WNT 
signaling molecules were modeled in the extracel-
lular space of the tissue, while intracellular compo-
nents of the WNT pathway were implemented in 
each hepatocyte. This virtual tissue model provides a 
platform to visualize zonated induction of Cyp1A1 
in an intuitive way. The parameters of the WNT 
model were calibrated using previous experimen-
tal results, and were used the model to investigate 
the mechanisms of zonal induction of Cyp1A1 by 
TCDD. Our results indicate that binding between 
TCDD and the Cyp1A2 protein, zonal expression 
of β- catenin, and cooperation among transcription 
factors (β- catenin and β- catenin/AhR/TCDD com-
plex) together regulate zonal induction of Cyp1A1. 
In this work, we have explained the zonal induction 
of cytochrome proteins by TCDD using a systems 
biology approach. In addition to generating new 
hypotheses about hepatic gene induction by TCDD, 
the model suggests that a negative feedback loop 
architecture may be shared as a general mechanism 
of zonal gene expression in biological systems.

Materials and Methods
BioCHemiCal moDel oF Wnt 
signal patHWay anD tCDD- 
inDuCeD gene RegulatoRy 
netWoRK

The intracellular biochemical model includes key 
molecules regulating Cyp gene expression (Fig. 1B):  
WNT, DVL, APC, APC destructive complex, 
β- catenin, and the protein complexes formed by 
these molecules. Considering the slow degradation 
of Disheveled and APC, we treated their concen-
trations as constant in the time frame of WNT sig-
naling. Extracellular WNT molecules initiate the 

signaling cascade by activating Disheveled protein. 
Activated Disheveled protein then inhibits forma-
tion of the APC destructive complex.(19) β- Catenin 
is continuously synthesized and modeled by mass 
action kinetics. β- Catenin degradation was mod-
eled in two ways: degradation induced by the APC 
destructive complex, and basal first- order degrada-
tion in accordance with mass action kinetics. β- cat-
enin reversibly binds with APC to form a protein 
complex. AHR, Cyp1A1, and Cyp1A2 proteins 
are continuously synthesized and degraded, with 
the degradation following first- order mass action 
kinetics. Synthesis of these proteins is regulated 
by upstream β- catenin and, when present, TCDD. 
Without TCDD, the WNT signaling cascade main-
tains homeostatic expression of AHR, Cyp1A1, 
and Cyp1A2. β- Catenin induces both Cyp1A1 and 
AHR,(12,13,23) which in turn acts as a transcription 
factor to induce Cyp1A1 and Cyp1A2 (Fig. 1B).(13)

TCDD significantly enhances the expression of 
Cyp1A1 and Cyp1A2,(38) by forming a transcrip-
tion factor complex along with AHR and β- catenin 
(β- catenin/AhR/TCDD [BAT]), which binds to sites 
in the promoters of Cyp1A1(13,23) and Cyp1A2(12) 
genes. Cyp1A2 protein in turn binds and sequesters 
TCDD. By limiting the amount of free TCDD, this 
reaction adds a negative feedback loop to the system, 
attenuating TCDD- facilitated induction of Cyp1A1 
and Cyp1A2.

The equations for this model are provided in the 
Supporting Materials.

pBpK moDel FoR estimating 
tCDD ConCentRation in tHe 
liVeR loBule

In the experiments from which the bulk RNA- 
sequencing (RNA- seq) data was collected to cali-
brate the tissue model, TCDD doses applied to the 
mice were in units of μg/kg. To estimate TCDD 
concentration in the liver lobule corresponding 
to different administered TCDD doses, we used 
a PBPK model. We have adapted a previously 
developed PBPK model of TCDD disposition for 
C57BL/6J mice(24) to support multiple dosing every 
4 days for 28 days, as described in Nault et al.(39) 
For each of the doses used (0.01, 0.03, 0.1, 0.3, 1, 3, 
10, or 30 μg/kg), the model was used to estimate the 
final TCDD liver concentration in nanometers at 
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the end of the dosing regimen, corresponding to the 
time when RNA- seq was performed in the original 
studies. These estimates of final TCDD concentra-
tions in liver were used in the virtual tissue model 
(Supporting Fig. S1).

numeRiCal simulations
Our multiscale model consists of two parts: a sig-

naling pathway model and a single- cell- resolution 
liver lobule model. The signaling pathway model was 
developed in Jupyter notebook using Picotools(40) 
and COPASI.(41) The overall protein expression lev-
els were adapted from the literature.(42) Zonal gene- 
expression levels were estimated based on single- cell 
RNA- seq data(11) and immunofluorescence staining.(7) 
TCDD- induced gene- expression values were adapted 
from a recent transcriptomic study.(43) The experi-
mental data used in this research are summarized in 
the Supporting Materials. The biochemical cell sig-
naling model was exported from COPASI in SBML 
format and then incorporated into individual cells in 
CompuCell3D.(44) All figures were plotted in Jupyter 
notebook using the Python Matplotlib (version 3.0.3) 
package and Prism (version 9) from GraphPad.

The liver lobule model was implemented in 
CompuCell3D (version 3.7.4) with script written in 
Python 3.7. CompuCell3D is a spatial and dynam-
ical simulation environment for virtual tissues.(44) 
The liver lobule model was developed based on the 
Cellular Potts Model.(44) In this algorithm, the basic 
spatial unit is a lattice site, where each site can only 
be occupied by one cell. Based on their size, cells can 
occupy several lattice sites. The cells update their 
occupied sites based on an energy term, which the 
CompuCell3D algorithm tries to minimize.(44,45) In 
our study, hepatocytes were fixed in place; hence we 
set the energy term very low to freeze each cell at its 
predefined location. The spatial locations and sizes of 
cells in the lobule, as well as their zone membership, 
were collected from single- cell resolution images of 
hepatocytes in a mouse liver lobule. Additionally, the 
virtual liver lobule was segmented using concentric 
circles into nine zones with evenly distributed diam-
eters, starting from the central vein and continuing to 
the portal area as in Halpern et al.(11) Individual cells 
were assigned to different zones by distance from the 
central vein. CompuCell3D scripts and parameters are 
provided in the Supporting Materials.

Fitting oF paRameteRs
The parameters in our biochemical cell signal-

ing model were optimized to match a combination 
of modeling and experimental results in the liter-
ature. The parameters in the WNT signaling path-
way model were optimized in COPASI using particle 
swarm algorithm to match the total β- catenin nuclear 
concentration in previously published models.(19,40,46) 
The parameters describing downstream gene regula-
tion by TCDD were optimized to match published 
experimental data.(41) All model parameters are pro-
vided in the Supporting Materials.

Results
The intracellular signaling model and virtual 

liver model together enabled us to analyze regula-
tory mechanisms of zonal induction of Cyp1A1 and 
Cyp1A2 by TCDD in the mouse liver lobule. We 
found that two factors are key regulators of this phe-
nomenon: (1) the negative feedback loop formed by 
binding and sequestration of TCDD by Cyp1A2, and 
(2) cooperative gene induction by the transcription 
factors β- catenin and BAT protein complex.

moDeling tHe intRaCellulaR 
signaling patHWay anD gene 
RegulatoRy netWoRK

To capture key characteristics of the WNT sig-
naling pathway, our simplified model (red, dashed 
line in Supporting Fig. S2) was compared with a 
detailed model from the literature (black, solid line 
in Supporting Fig. S2).(19,46) Under 1- nM WNT 
stimulation, our model responded slightly faster, and 
arrived at the same steady state as the detailed model 
(Supporting Fig. S2A). Next, we scanned the levels of 
WNT, APC, and Disheveled to evaluate their effects 
on steady- state nuclear localization of β- catenin. The 
results from our model were virtually identical to the 
detailed model (Supporting Fig. S2B- D). Overall, 
our simplified model captured the major quantitative 
characteristics of the WNT signaling pathway. The 
detailed model(19) was developed from experiments 
in Xenopus eggs, in which the protein expression lev-
els are quite different from those in mammalian cells. 
Setting the concentrations of APC and Disheveled 
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at the level of mammalian cells (APC, 10.28 nM; 
Disheveled, 2.05 nM),(43) the temporal response of 
β- catenin activation to reach steady state doubles 
compared with the detailed model. (Fig. 2A and 
Supporting Fig. S2A). We further scanned WNT 
and APC with concentrations around their expression 
levels in a mammalian cell. APC affects β- catenin 
activation similarly to the detailed model (Fig. 2B 
and Supporting Fig. S2C). The effect of WNT, how-
ever, differs from the detailed model, as the nuclear 
localization of β- catenin did not reach a plateau in 
our model due to the narrower expression range of 
WNT in mammalian cells (Fig. 2C and Supporting 
Fig. S2B).

The second part of the intracellular model describes 
AHR and β- catenin coordinately regulating Cyp1A1 
and Cyp1A2 expression. The gene- induction pro-
cesses were modeled using the Hill equation.(47) 
The expression levels of all genes were extracted 
from RNA- seq data in the literature (GSE62903 
and GSE87543).(39,43) As per the experimental data, 
TCDD does not appear to significantly affect β- cat-
enin and AHR expression (Supporting Fig. S3). The 
nuclear concentration of the key transcription factor 
complex, BAT, is proportional to the concentration of 

TCDD (Fig. 2D). The steady- state fold changes of 
Cyp1A1 and Cyp1A2 in our model were calibrated 
with experimental results (Fig. 2E,F). Cyp1A1 and 
Cyp1A2 showed a switch- like response with respect 
to TCDD concentrations with a steeper slope for 
Cyp1A1 (Fig. 2E,F).(48) The effective Hill coefficients 
of the dose- response for Cyp1A1 and Cyp1A2 were 
3.36 and 1.87, respectively. At high doses of TCDD 
(1,072 nM), the simulated expression of Cyp1A1 
is higher than experimental results. This discrep-
ancy might be a result of the toxic effects of TCDD 
reducing the physiological fitness of the cells in vivo. 
Overall, our intracellular biochemical model cap-
tured the experimentally observed behaviors of both 
the WNT signaling cascade and the TCDD- induced 
gene induction pathway.

moDeling Basal ZonateD 
eXpRession oF Cyp1a1 anD 
Cyp1a2

Low and intermediate doses of TCDD zonally 
induce Cyp1A1, with higher expression in the cen-
trilobular zones.(3) To model basal zonation in gene 
expression in the mouse liver, we segmented the 

Fig. 2. Calibration of the integrated intracellular model for TCDD induction of Cyp1A1. The dashed red lines show model simulations, 
while the black squares represent RNA- seq data from the Gene Expression Omnibus (GSE62903 and GSE87543). (A) Dynamics of the 
WNT signaling pathway: time course of β- catenin nuclear localization. (B,C) Effects of APC and WNT molecules on the steady- state 
nuclear concentration of β- catenin. (D- F) Dose- response curves of the β- catenin/AHR/TCDD transcription factor complex, Cyp1A2, 
and Cyp1A1 with respect to TCDD concentration.

http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE62903
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE87543
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE62903
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE87543
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lobule into nine zones along the central- to- portal axis 
with one to two cells in each zone, following Halpern  
et al.(11) The zonated expression of key proteins in our 
biochemical model was extracted from multiple exper-
imental data types, including single- cell RNA- seq(11) 
and immunostaining(7) results. APC messenger RNA 

(mRNA) expression increases exponentially from the 
central to portal area (Fig. 3A).(7) Disheveled mRNA 
expression likewise increases from the central to por-
tal area (Fig. 3B).(11) Unphosphorylated β- catenin 
(undergoing nuclear localization) presented a switch- 
like expression pattern along the lobule in experimental 

Fig. 3. Calibration of metabolic zonation and basal expression of Cyp1A1 and Cyp1A2. (A- C) Calibration of zonal protein expression 
profiles of APC, Disheveled, and β- catenin with experimental data. APC and β- catenin are calibrated with immunostaining data,(3) 
whereas Disheveled is calibrated with single- cell RNA- seq data.(11) (D- F) Zonal expression profile of AHR gene regulatory network 
molecules: AHR, Cyp1A1, and Cyp1A2.(11) Red lines show simulated curves, while black squares represent experimental data. (G- I) 
Zonated simulated concentration of β- catenin, AHR, and Cyp1A1 along the virtual liver lobule.
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studies (Fig. 3C).(7,11) Based on the zonated expression 
of APC and Disheveled, our biochemical model could 
reproduce the switch- like profile of β- catenin nuclear 
localization (Fig. 3C), and the basal expression of its 
downstream genes (AHR, Cyp1A1, and Cyp1A2) 
(Fig. 3D- F). Experimentally measured basal Cyp1A1 
and Cyp1A2 expression was lower in the mid- zonal 
regions of the lobule compared with our model sim-
ulations. Without TCDD stimulation, Cyp1A1 and 
Cyp1A2 show very low basal expression, which may 
be missed by single- cell RNA- seq because of its high 
dropout rate. To intuitively visualize the zonated gene 
expression, the biochemical model was implemented 
into each cell of the virtual liver lobule (Fig. 3G- I). 
In this model, virtual hepatocyte locations are based 
on the spatial distribution of cells in a high- resolution 
image of the liver lobule, adapted from Halpern  
et al.(11) For each cell, the initial expression levels of 
the genes were defined as a function of cell location. 
The zonated expression of β- catenin, AHR, Cyp1A1, 
and Cyp1A2 are illustrated along the lobular axis in 
the model (Fig. 3G- I).

moDeling ZonateD Cyp1a1 
anD Cyp1a2 inDuCtion By tCDD

TCDD induces Cyp1A1 in a switch- like man-
ner in individual hepatocytes.(48,49) We stimulated 
the cells in our model with TCDD concentrations 
ranging from 0.38 nM to 1072 nM in the liver, cor-
responding to 0.01- μg/kg to 30- μg/kg doses adminis-
tered by oral gavage. All cells in the model presented 
a switch- like response to TCDD, though the shapes 
of the response curves varied across the zones of the 
lobule (Supporting Fig. S4). To characterize the zonal 
induction of Cyp1A1, we defined a “zonation index”: 
the percentage change in Cyp1A1 expression from 
zone 1 to zone 9 relative to its expression in zone 1 
(Fig. 4C). Without TCDD stimulation, Cyp1A1 is 
zonally expressed at a very low level. In the presence 
of TCDD, Cyp1A1 expression increases both in the 
central and portal areas. The zonation index drops in 
a switch- like manner with increasing TCDD dose. 
However, even at high TCDD doses, the Cyp1A1 
gene is still zonally expressed (Fig. 4A,C). A critical 
regulator of Cyp1A1 induction is the transcription 
factor complex BAT. BAT concentration increases 
with the dose of TCDD, and is zonally distributed 
with highest levels observed in the centrilobular area 

(Fig. 4B). Unlike Cyp1A1, BAT does not attain pan- 
lobular nuclear concentration in the TCDD concen-
tration range we have simulated (Fig. 4B). The virtual 
liver lobule model enables us to visualize zonal gene 
induction intuitively, facilitating direct comparison to 
experimental results (Fig. 4E). The simulated zonation 
profiles of Cyp1A1 were aligned well with reported 
immunostaining results (right panels of Fig. 4E).(47)

A simplified signaling network diagram summa-
rizes the key factors regulating this dynamic process 
(Fig. 4D). The zonal induction of Cyp1A1 is affected 
by three components of this system: (1) the WNT 
signaling pathway (double line arrows), (2) the nega-
tive feedback loop formed by Cyp1A2- TCDD inter-
actions (purple arrows), and (3) the cooperation of 
transcription factors β- catenin and BAT (blue arrows). 
The WNT signaling pathway regulates β- catenin 
nuclear localization, which affects the concentration 
of BAT. BAT in turn induces Cyp1A2, which binds 
to TCDD (Cyp1A2_T in Fig. 4D), thus reducing the 
free pool of TCDD available to activate AHR and 
form the BAT complex. Furthermore, β- catenin coop-
erates with BAT in regulating Cyp1A1. Next we eval-
uate the relative contributions of these three factors.

ZonateD Cyp1a1 inDuCtion 
is not sensitiVe to tHe Wnt 
signaling leVel in ouR moDel

The WNT signaling pathway regulates the basal 
metabolic zonation of gene expression along the liver 
lobule, as well as the nuclear localization of β- catenin. 
Specifically, WNT2 is secreted by the sinusoidal endo-
thelial cells around the central vein and maintains the 
zonal profiles of hepatic genes.(2)

To evaluate the effect of different WNT concen-
trations on zonal Cyp1A1 induction by TCDD, we 
scanned the WNT concentration (relative profile 
shown in Supporting Fig. S5; data from Halpern 
et al.(11)) along the central- portal axis in our vir-
tual liver lobule model. By setting the simulated 
WNT concentration to one of 0.05, 0.5, 5, 50, or 
500 nM in zone 1, we set WNT concentrations in 
all other zones relative to zone 1, such that the rela-
tive WNT profile shown in Supporting Fig. S5 was 
maintained. This procedure enabled us to examine 
the differences in sensitivity of hepatocytes to WNT 
signaling, likely arising due to differences in WNT 
receptor concentrations across different zones. Our 
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results show that in zones 1 through 4, changes in 
WNT levels had little relative effect on changes in 
BAT nuclear concentration (Fig. 5b), as β- catenin 
was already maximally activated and concentrated in 
the nucleus even at low simulated WNT concentra-
tions. From the midlobular zone 5 to the portal area 
(zone 9), the impact of WNT on changes in BAT 
nuclear concentration increased, resulting in a 20% 
increase of BAT nuclear concentration relative to 
basal nuclear concentration (Fig. 5B and Supporting 

Fig. S6A). However, because Cyp1A1 and β- catenin 
are expressed at low levels in the portal area, the 
absolute changes in their expression and nuclear 
localization, respectively, were not significant when 
compared with their absolute expression and nuclear 
localization in the centrilobular area (Fig. 5A,B). The 
nuclear concentration of BAT, and expression pro-
files of Cyp1A1 and Cyp1A2, changed in a similar 
manner to β- catenin nuclear concentration, as WNT 
expression was varied (Supporting Fig. S6C- E).  

Fig. 4. Simulation of zonal induction of Cyp1A1 by TCDD. (A,B) Zonal induction profiles of Cyp1A1 and BAT at various doses of 
TCDD. (C) The zonation index, representing the percentage changes in Cyp1A1 expression across the lobule, relative to the TCDD 
doses. (D)Simplified diagram of the signaling pathway network to highlight the three main regulators of zonal Cyp1A1 induction by 
TCDD: Wnt signaling, negative feedback induced by Cyp1A2 binding to TCDD, and the cooperation of regulatory transcription factors 
β- catenin and the BAT complex. (E) Zonal induction of Cyp1A1 in the model compared with immunostaining results at different doses 
of TCDD. Immunostaining pictures reproduced from Tritscher et al.(3) Abbreviation: Cyp1A2_T, Cyp1A2- TCDD molecular complex.
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These results suggest that WNT receptors on 
hepatocytes in the centrilobular area might be sat-
urated even at very low concentrations of WNT, 
whereas that might not be the case for hepatocytes 
in midzonal and periportal areas. With respect to 
expression of AHR, surprisingly, cells at midlobular 
zones 5 and 6 were the most sensitive to changes 
in WNT concentration (Supporting Fig. S6B). The 
effects of WNT concentration on Cyp1A1 zonal 
induction were mapped onto the virtual liver lobule 
(Fig. 5C).

ZonateD Cyp1a1 inDuCtion 
is CooRDinately RegulateD 
By Cyp1a2- tCDD BinDing 
anD tHe CoopeRation oF 
tRansCRiption FaCtoRs

β- Catenin and the BAT complex cooperatively act 
as transcription factors inducing the Cyp1A1 gene 
(blue arrows in Fig. 4D).(12,13,23) The concentration of 
BAT is affected by the binding of Cyp1A2 protein to 

TCDD, which effectively reduces the amount of free 
TCDD. Thus, zonal induction of Cyp1A1 by TCDD 
is coordinately regulated by (a) Cyp1A2- TCDD 
binding and (b) BAT and β- catenin cooperation.

To evaluate the comparative effects of mechanisms 
(a) and (b), we decoupled them in the model. In agree-
ment with results in the previous section, WNT signal-
ing pathway– induced metabolic zonation by itself could 
not generate the zonal induction of Cyp1A1 unless at 
least one of the two regulatory mechanisms (a) and (b) 
was present in the model (Fig. 6A- D). Both Cyp1A1 
and BAT were expressed uniformly along the liver lob-
ule without any zonation when both the negative feed-
back produced by Cyp1A2- TCDD binding (mechanism 
[a]) and TF cooperation between BAT and β- catenin 
(mechanism [b]) were turned off in the model (Fig. 6A 
and Supporting Fig. S7). Either of the two mechanisms, 
Cyp1A2- TCDD interaction or cooperation of transcrip-
tion factors, by itself was able to reproduce zonal induc-
tion of Cyp1A1 (Fig. 6B,C). However, the effect of the 
negative feedback due to Cyp1A2- TCDD binding on 
zonal gene induction was more significant (Fig. 6B,D).

Fig. 5. Zonal induction of Cyp1A1 in our signaling pathway model is not sensitive to the concentration of WNT. (A,B) Zonal simulated 
concentration profiles of Cyp1A1 (A) and BAT transcription factor complex (B) at different concentrations of WNT show minimal 
sensitivity to WNT. (C) Visualization of Cyp1A1 induction in the virtual liver lobule at different concentrations of WNT.
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Without TCDD exposure, Cyp1A2 is minimally 
expressed. TCDD induces Cyp1A2 expression, which 
in turn binds to TCDD. This negative feedback reduces 
the pool of free TCDD available to form transcription 
factor complex BAT. The effect of this negative feed-
back loop on zonal Cyp1A1 induction was evaluated 
by scanning the forward reaction parameter k10 of 
the Cyp1A2- TCDD binding interaction (Supporting 

Equation(10)), with the TCDD level set at 10 nM. 
The affinity of Cyp1A2 for TCDD strongly affects 
both the expression level and profile along the central- 
to- portal axis of Cyp1A1 (Fig. 6E) as well as other 
molecules (Supporting Fig. S8). As k10 increases, the 
concentration of BAT (Supporting Fig. S8A) and 
Cyp1A1 (Fig. 6E) decrease. Interestingly, cellular 
responses to alterations of k10 are zone- specific. In 

Fig. 6. Negative feedback formed by binding of TCDD by the Cyp1A2 protein, and transcription factor cooperation among BAT and β- 
catenin, together regulate the zonal induction of Cyp1A1. (A- D) Zonal induction profiles of Cyp1A1 expression with four combinations 
of the two mechanisms. Zonal induction of Cyp1A1 was not observed unless at least one of the two regulatory mechanisms was present 
in the model. (E) Affinity of Cyp1A2 for TCDD strongly affects the zonal induction pattern of Cyp1a1. The lines indicate the forward 
reaction rate k10 of Cyp1A2 binding to TCDD (1/nMol*min). (F) Level of transcription factor cooperation regulates the zonal induction 
of Cyp1A1. Different lines represent different capabilities of β- catenin to affect the transcriptional capacity of BAT (alpha in the model).
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the centrilobular region (zones 1- 3), the concentration 
of Cyp1A2- TCDD is maintained at a very low level 
until the parameter k10 is larger than 100 1/(nMo-
l*min). In the portal region (zones 7- 9), Cyp1A2- 
TCDD increases with increasing k10 and is saturated 
at k10 = 1,000 (Supporting Fig. S8B). At steady state, 
due to the low concentration of TCDD relative to 
that of AHR, β- catenin, and Cyp1A2, most of the 
TCDD molecules are either part of the BAT or the 
Cyp1A2- TCDD complex. Thus, BAT concentration 
has an inverse profile compared to Cyp1A2- TCDD 
(Supporting Fig. S8A,B). The switch- like zonal gra-
dient of BAT leads to similarly shaped zonal induc-
tion patterns for Cyp1A1 (Fig. 6E) and Cyp1A2 
(Supporting Fig. S8C).

To evaluate the effect of transcription factor coop-
eration, we varied the capability of β- catenin to affect 
the transcriptional capacity of BAT. The capability 
is defined as the percentage of BAT transcriptional 
capacity that can be affected by β- catenin (alpha in 
the model). At a capability of 100%, BAT would 
not be able to induce Cyp1A1 without β- catenin. A 
capability of 0%, on the other hand, would mean that 
β- catenin has no effect on the transcriptional capac-
ity of BAT. As this capability increases from 0% to 
100%, the expression of Cyp1A1 drops more sharply 
from central to portal regions (Fig. 6F). A recent ther-
modynamic model predicted the capability of β- cat-
enin to affect the transcriptional power of BAT to 
be approximately 50% (Fig. 3 of Schulthess et al.(23)). 
Therefore, when tuning other parameters, alpha was 
set as 0.5 (Fig. 6F).

Discussion
We have described a single- cell- resolution virtual 

liver lobule model to investigate the determinants of 
AHR- mediated zonal gene induction by TCDD. An 
intracellular model of the basal and inducible expres-
sion of Cyp proteins in the liver was developed and 
compared with published models.(19) We used our 
model to investigate the mechanisms of zonal induc-
tion of Cyp1A1 by TCDD. The results indicated that 
binding and sequestration of TCDD by Cyp1A2, and 
cooperation of transcription factors β- catenin and the 
β- catenin- AHR- TCDD complex, together with basal 
metabolic zonation determine the zonal induction of 
Cyp1A1.

The WNT pathway plays a key role in regulating 
metabolic zonation in the liver. Specifically, APC has 
been implicated as a hepatic “zonation- keeper.”(7) 
Simulations from our minimal WNT signaling model 
aligned well with a previously published detailed 
model of the pathway. Acting downstream of WNT, 
the BAT complex acts as a transcription factor induc-
ing Cyp family genes. Combining WNT and the 
downstream BAT complex, our model captured the 
dose- response of Cyp1A1 and Cyp1A2 genes to 
TCDD stimulation (Figs. 3 and 4).

The role of the WNT signaling molecule in main-
taining metabolic zonation has long been empha-
sized.(7,10,50) Activating Beta- catenin pathway via 
disrupting APC expression causes periportal genes 
to display a whole lobule expression. Activating the 
Beta- catenin pathway by increasing the concentra-
tion of WNT molecules may not achieve the same 
results.(7) Recently, endothelial cell– secreted WNT2 
was confirmed to regulate β- catenin expression in the 
liver.(50,51,52) Knocking out WNT secreted by endo-
thelial cells inhibited the expression of β- catenin tar-
geted genes, along with their zonal profiles. However, 
the cellular concentration of unphosphorylated β- cat-
enin was not reported in these studies.(51) Surprisingly, 
our model simulations showed that the concentra-
tion of WNT does not significantly affect the zonal 
induction by TCDD of Cyp1A1. Other components 
of the WNT signaling pathway may limit the power 
of WNT in regulating the zonal induction of Cyp1A1 
and Cyp1A2. WNT induces β- catenin nuclear local-
ization through regulation of APC and Disheveled. 
APC, a key player in the WNT signaling pathway, 
exhibits a gradient of increasing expression from the 
central to portal region,(7) and Disheveled exponen-
tially increases in the same direction (Fig. 3A,B).(11) 
At the high end of WNT concentrations, in the cen-
trilobular area, the low expression level of APC and 
Disheveled limits the regulative power of WNT mole-
cules (Fig. 5A,B). Unphosphorylated β- catenin main-
tains an expression plateau near the central region of 
the lobule.(7) WNT signaling pathway parameters in 
our model were calibrated to reproduce the experi-
mentally reported plateau of β- catenin expression in 
the centrilobular region.

Binding and sequestration of TCDD by Cyp1A2 
protein is a key determinant of the zonal induction 
of Cyp1A1 by TCDD. Basal metabolic zonation 
leads to zonal expression of β- catenin, and TCDD 
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has minimal effect on the expression of β- catenin 
(Supporting Fig. S3)(41) and AHR.(13,23) By limiting 
the freely available TCDD pool, Cyp1A2- TCDD 
binding serves as a negative feedback loop on the gene 
inductive effects of TCDD. β- Catenin and AHR are 
basally synthesized. Thus, the freely available TCDD 
is the limiting factor determining the concentration of 
the active BAT complex. Although the concentration 
of β- catenin varies significantly along the central- 
to- portal axis, the concentration of BAT is main-
tained at the same level along the central- to- portal 
axis without the Cyp1A2- TCDD negative feedback 
loop (Supporting Fig. S7). In this biochemical sys-
tem, Cyp1A2 competes with AHR and β- catenin  
for TCDD. Due to this competition, more BAT is 
formed at the centrilobular area, where β- catenin 
nuclear concentration is higher. As the affinity of 
Cyp1A2- TCDD binding increases, BAT concentra-
tion drops. Considering the extreme cases, in which 
all TCDD binds either to Cyp1A2 or to AHR and 
β- catenin, no zonation is observed in the level of 
the BAT transcription factor complex (Supporting 
Fig. S8). Thus, zonal induction of Cyp1A1 requires 
the affinity of Cyp1A2 for TCDD to be in a spe-
cific range. Our results show that switch- like zonal 
expressions of Cyp1A1 and Cyp1A2 are most sim-
ilar to experimentally observed patterns obtained at 
intermediate affinity of Cyp1A2 for TCDD (k10 = 
10,000 (nmol * min)- 1) (), as reported elsewhere.(23) 
The observation from our computational model that 
sequestration of TCDD by Cyp1A2 is required for 
zonal induction of Cyp1A1 has not been verified 
experimentally. Given the availability of Cyp1A2 null 
mice, however, the model’s prediction can be tested in 
future experiments.

Cooperation among transcription factors BAT and 
β- catenin also affects the zonal induction of Cyp1A1 
but to a lesser extent than the Cyp1A2- TCDD neg-
ative feedback loop. Simulations based on a previous 
thermodynamic model(23) support the contention 
that this transcription factor cooperation and basal 
metabolic zonation of β- catenin contribute to zonal 
induction.(23) β- Catenin has one binding site in the 
Cyp1A1 gene promoter, whereas BAT has four bind-
ing sites.(23) At TCDD concentrations producing 
saturated Cyp1A1 induction (3.83 nM), BAT con-
centration is much lower than that of β- catenin. We 
therefore assume that the β- catenin binding site at the 
promoter is always occupied. Without stimulation by 

TCDD, the capability of β- catenin to induce Cyp1A1 
is minimal. Thus, the role of β- catenin as a transcrip-
tion factor is primarily to augment the inductive capa-
bility of BAT. Without the Cyp1A2- TCDD negative 
feedback loop, BAT exhibits a uniform pan- lobular 
concentration profile, which would produce only a 
two- fold difference in Cyp1A1 expression from the 
central to portal area (Fig. 6C). This difference is 
negligible compared with the more than 2,000- fold 
change induced by BAT in the presence of the nega-
tive feedback loop (Fig. 6D).

Our multiscale virtual tissue model provides an intu-
itive way to visualize zonal gene expression in the liver 
lobule. This systems biology model integrates the molec-
ular, cellular, and tissue- level characteristics of the system. 
Through the work presented here, we demonstrated the 
utility of an integrated systems biology approach in elu-
cidating the mechanisms determining the zonal expres-
sion and induction of a prototypical cytochrome P450 
gene. Compared with prior compartmental liver models, 
our model offers a much higher spatial and biochemical 
resolution, enabling a dose- response assessment from 
intracellular to tissue scale. Such a multiscale model can 
help identify emergent gene- expression patterns at the 
tissue level. To reproduce tissue biology more faithfully, 
several factors can be added to further refine this model. 
First, intercellular communication can be integrated to 
mimic paracrine, juxtacrine, and endocrine aspects of 
cell signaling. Furthermore, non- parenchymal cells types 
can be added to the model to represent more complex 
and diverse hepatic cell signaling networks.
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