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a b s t r a c t

Hypospadias is a developmental defect of urethral tube closure that has a complex etiology involv-
ing genetic and environmental factors, including anti-androgenic and estrogenic disrupting chemicals;
however, little is known about the morphoregulatory consequences of androgen/estrogen balance dur-
ing genital tubercle (GT) development. Computer models that predictively model sexual dimorphism
of the GT may provide a useful resource to translate chemical-target bipartite networks and their
developmental consequences across the human-relevant chemical universe. Here, we describe a mul-
ticellular agent-based model of genital tubercle (GT) development that simulates urethrogenesis from
the sexually-indifferent urethral plate stage to urethral tube closure. The prototype model, constructed
in CompuCell3D, recapitulates key aspects of GT morphogenesis controlled by SHH, FGF10, and andro-
gen pathways through modulation of stochastic cell behaviors, including differential adhesion, motility,
proliferation, and apoptosis. Proper urethral tube closure in the model was shown to depend quantita-
tively on SHH- and FGF10-induced effects on mesenchymal proliferation and epithelial apoptosis—both
ultimately linked to androgen signaling. In the absence of androgen, GT development was feminized and
with partial androgen deficiency, the model resolved with incomplete urethral tube closure, thereby pro-
viding an in silico platform for probabilistic prediction of hypospadias risk across combinations of minor
perturbations to the GT system at various stages of embryonic development.

© 2016 Elsevier Inc. All rights reserved.

1. Introduction

Alterations in male urological development may be invoked by
genetic errors and/or chemical disruption at critical times dur-
ing embryo-fetal development, leading to clinical conditions such
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factor 10; GT, genital tubercle; HTS, high-throughput screening; LM, lumen; MCS,
Monte Carlo steps; PM, preputial mesenchyme; RAR, retinoic acid receptor; RXR,
retinoid X receptor; SHH, sonic Hedgehog; UPE, urethral plate endoderm; UTDs,
urethral Tube Closure Defects; WNT, wingless-int.
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as microphallus (micropenis), chordee, and hypospadias [1–3].
Hypospadias is a neotenous defect in urethral tube closure dur-
ing male genital tubercle (GT) development, resulting in one of the
most common human birth defects (1 case per 200–300 liveborn
males) [4,5]. The developmental origins of hypospadias encom-
pass embryonic stages during which the sexually indifferent GT
primordium is specified and then patterned into male or female
phenotypes [6,7]. Male GT development, as for most embryology,
is composed of many interacting parts (molecules, cells, tissues)
in an intricate arrangement. As such, GT specification, patterning,
and differentiation are precisely orchestrated by genetic path-
ways and cellular processes. Networks of individual interactions
ultimately govern how the system behaves in response to chemical-
induced perturbation. Multiscale modeling and simulation are thus
an important approach for discovery and synthesis of biological
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design principles underlying the response of complex adaptive sys-
tems to perturbation. Such is the case for developmental toxicity.

Our capacity to predict adverse developmental outcomes in a
complex adaptive system utilizing computational (in silico) mod-
els may be advanced by knowledge-driven architectures of cellular
networks that are both dynamic in their control and resilient in
their response to chemical-induced perturbation. Prior to sex-
ual differentiation, GT development is directed by a number of
signaling pathways, including SHH/IHH, FGF, BMP, HOX, WNT,
RAR/RXR, and ephrin/EphB2 [3,8–15]. Subsequently, the GT devel-
ops into a male or female phenotype depending on androgen
production from the fetal testis [16–19] and estrogen production
from maternal and other sources [20–23]. In human populations,
an increased risk of hypospadias has been associated with single
nucleotide polymorphisms (SNPs) in the SHH and FGF pathways
[24,25]. In mouse genetic models, hypospadias has been linked
to functional inactivation of morphoregulatory pathways such
as SHH-FGF10 signaling [10,16] and to disruption of androgen
synthesis/signaling. The latter follows from prenatal exposure to
environmental chemicals that may alter endocrine balance in the
developing fetus, such as bisphenol A, flutamide, phthalates, and
vinclozolin [26–28]. Although disruption of androgen-responsive
pathways is a primary cause of hypospadias [29–31], knocking
out morphogenetic signaling pathways such as SHH/IHH or FGF10
in mice causes profound changes in GT development, including
changes in epithelial structure [32], suppression of mesenchy-
mal proliferation, and the distribution of programmed cell death
(apoptosis) [3,10,16,18]. Still, relatively little is known about the
morphoregulatory consequences of androgen/estrogen balance
during GT development [3,32–35].

Earlier investigations have highlighted some of the interplay
between androgen/estrogen balance, morphoregulatory signals,
and cellular behaviors underlying the patterning and sexual
dimorphism of GT development. For example, normal urethral
development in male embryos requires closure and separation
of the urethral plate endoderm from the overlying ectoderm on
the ventral surface of the GT. This process is linked to sexually-
dimorphic patterns of programmed cell death (apoptosis) and the
local regulation of mesenchymal cell proliferation by signaling
pathways such as hedgehog (SHH/IHH), FGF (FGF8, FGF10), WNT
and BMP [3,35–38]. Other investigations have focused on the inte-
gration of functional genetics and epidemiology [1,2,29,33,39–42].
These are primarily qualitative models that detail the mechanisms
of GT development based on functional tests of specific molec-
ular pathways, but they lack predictive power. None provides a
quantitative platform for evaluating hypotheses and generating
experimentally testable predictions.

Previously, we used a systems toxicology approach [43] to
identify significant correlations between environmental chemicals,
molecular targets, and adverse outcomes across a broad chem-
ical landscape with emphasis on developmental toxicity of the
male reproductive system in the ToxCast library [44]. That study
demonstrated a phenotypic hierarchy of testicular atrophy, sperm
effects, tumors, and malformations that, in composite resembled
the human Testicular Dysgenesis Syndrome (TDS) [45]. A subset of
54 chemical compounds with male developmental consequences
had in vitro bioactivity on molecular targets that could be con-
densed into 156 gene annotations in a ‘chemical-target bipartite
network’. Although hypospadias was only one endpoint in the
study, the model supported the known role of androgen and estro-
gen signaling pathways in the TDS hypothesis and expanded the
list of molecular targets to include vascular remodeling proteins, G-
protein coupled receptors (GPCRs), cytochrome-P450s, and retinoic
acid signaling [44].

Given the biological complexity of GT development, computer
models that predictively model sexual dimorphism of the GT

may provide a useful resource to translate chemical-target bipar-
tite networks and their developmental consequences across the
human-relevant chemical universe. Here, we (i) construct a mul-
ticellular agent-based model (ABM) of GT development based on
available biological information, (ii) evaluate the model’s per-
formance in recapitulating cellular changes underlying urethral
tube closure, and (iii) use the model to examine how the inter-
play between SHH, FGF10, and androgen signaling is disrupted in
urethral closure defects. The ABM simulates the actions and inter-
actions of autonomous agents (cells) in a shared environment to
assess their quantitative effects on the system as a whole. These
models can distinguish key events leading to structural malfor-
mations, identify moments in development at which interventions
have extreme consequences, and use systematic parameter sweeps
to rank order system sensitivities [46–48]. The simulations make
hypotheses and assumptions explicit for ‘what-if’ and ‘what hap-
pens next’ questions that can help inform predictive toxicology.

2. Methods and implementation

2.1. Scope of the GT model

A major challenge to systems-level simulation of GT devel-
opment is defining an appropriately abstracted model and
boundary conditions. One key genetic model for the study of
biochemical signaling in GT development has been the mouse
[10,16,32,35–38,49–52]. Gestational days E12.5 to E19.5 encom-
pass the sequence of morphogenetic events from the urogenital
sinus stage to formation of the urethral canal and distal opening.
These events fashion GT development anatomically by temporal
and spatial (proximo-distal) progression of cellular changes that
are sensitive to fetal testosterone production, commencing at E15.5
after the onset of steroidogenesis during the Male Programming
Window (MPW) from E14.5 to E.16.5 (as extrapolated from E16.5
to E18.5 in rats [53,54]). The period from E12.5 to E19.5 also encom-
passes the window of vulnerability to both sexual dimorphism and
hypospadias in this species. Within this window, environmental
disruptions invoke a range of GT malformations and degrees of
hypospadias depending upon when exposure occurs and by what
extent urethral morphogenesis is disrupted [10]. By E17.5, the
male urethral primordium has divided into a central urethral tube
and residual ventral seam. Therefore, for this study we modeled
mouse GT development over the critical four-day period of ges-
tation (E13.5-E17.5) that encompasses three major events in GT
development: formation of endodermal urethral tube during elon-
gation of the urogenital sinus (E13.5); patterning of the preputial
mesenchyme during elevation of the urethral folds (E15.5); and
sexually dimorphic changes leading to urethral fusion/septation at
the ventral midline in males (E17.5).

We modeled gestational days E13.5 to E17.5 using an ideal-
ized two-dimensional (2D) cross-section (with dorso-ventral and
medio-lateral axes) that represents GT morphology midway along
its proximo-distal axis [10,51,52]. As shown in Fig. 1, the initial
rendering (E13.5) of the modeled 2D cross-section consists of an
exterior ectodermal jacket, an interior bud-like hillock of mes-
enchymal cells and an endodermal sinus; the entire structure was
surrounded by a fluid medium. Our previous systems toxicology
model of male reproductive developmental toxicity [44] identified
vascular/angiogeneic processes as one possible target for chemical
disruption (albeit not hypospadias). In mice, hypospadias is often
accompanied by gross enlargements of the GT vasculature and
reductions in HOXA13-dependent expression of EphA6 and EphA7
in the GT vascular endothelia [55]. The current GT model could be
thus expanded by incorporating ephrin-signaling and angiogenesis
as a future goal.
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Fig. 1. Cell and tissue geometry in the model of genital tubercle development. (Left) Three-dimensional structure of the early genital tubercle showing dorso-ventral,
medio-lateral and proximo-distal axes. (Right) Initial geometry of the modeled two-dimensional cross-section. Cell types as labeled.

2.2. Cellular dynamics

Simulations of GT developmental dynamics were constructed
using a multicellular agent-based model in CompuCell3D, Version
3.7.4 (CC3D; http://CompuCell3D.org). This is a cellular Potts model
[56,57] in which individual cells are treated as autonomous agents
influenced by mechanical forces and chemical signals. The cells
interact in a shared physical environment, modeled as a 2D lat-
tice, in which each cell occupies multiple lattice sites. Our targeted
cross-section of the GT is approximately 150 biological cells wide at
E13.5 [37], but this was quarter-scaled in the modeled to speed sim-
ulation time: i.e., ∼38 simulated cells (agents) spanning 1000 × 750
lattice sites (pixels). Within this lattice, cells change shape or move
by extending into an adjacent pixel or retracting from an occupied
one [58]. Although these movements are stochastic, they are gov-
erned by a pseudo-energy Hamiltonian (details below) following a
Metropolis Monte Carlo approach [59]. Model dynamics were thus
discretized in Monte Carlo Steps (MCS)—each MCS corresponding
to a sweep of calculations across the entire lattice. The conversion
to actual time is approximately 1000 MCS per day of gestation.
Each simulation began with a 200-MCS equilibration period and
then continued for 4000 MCS to cover both urethral plate mat-
uration during E13.5–E15.5 and urethral fusion/septation during
E15.5–E17.5.

As noted above, dynamics in the model were governed by
a pseudo-energy Hamiltonian, which had terms for cell incom-
pressibility and cell-cell contact energies. Incompressibility was
represented by pseudo-energy terms with a quadratic dependence
on how much each cell’s area (Ai) differed from its current target
area (Ai,0), i.e., Ei = �i (Ai − Ai,0)2, where �i denotes stiffness of the
ith cell. As cells grew in size, their target areas changed accordingly.
Mitosis was implemented as an equal division when the computa-
tional cell reached a particular size. If a cell grew above a defined
mitosis cut-off area, the cell would then be split into two daughter
cells, each having a target are equal to half that of the mother cell.
All cells in the model were initialized with � = 2, a mitosis cut-off of
134 pixels, and target areas randomly selected from 67 to 133 pix-
els. This initialization ensured asynchronous cell cycle progression
across the tubercle. The contact energy terms then determined how
cells segregated. These terms were proportional to the length of
each type of cell-cell (or more generally agent-agent) contact with a
different proportionality constant defined for each pair of cell/agent
types. The matrix of cell/agent contact energies is shown in Table 1.
In general, homotypic contact energies were set lower than hetero-

Table 1
Contact energy matrix for all agent/cell types in the genital tubercle model: Medium;
LM, lumen; EC, ectoderm; UPE, urethral plate endoderm; eUPE, excluded urethral
plate endoderm; CM, core mesenchyme; PM, preputial mesenchyme; and ECM,
extracellular matrix. Smaller values represent more favorable adhesive contacts.
The effective temperature (which determines the energy scaling) was 10.

Agent Type Medium LM EC UPE eUPE CM PM ECM

Medium 10 10 10 10 10 10 10 10
LM 2 10 10 10 10 10 10
EC 5 10 10 10 10 10
UPE 5 5 10 10 10
eUPE 5 10 10 10
CM 5 5 10
PM 5 10
ECM 10

typic ones to prevent extensive mixing of cell types. Apoptosis was
represented by a stochastic fragmentation, as described below.

The GT model prototype included five distinct cell types:
ectoderm (EC), urethral plate endoderm (UPE), excluded UPE
(eUPE), core mesenchyme (CM), and preputial mesenchyme (PM).
The specifics are defined below. The model also had ‘agents’ rep-
resenting the mesenchymal extracellular matrix (ECM), the lumen
(LM) of the prospective urethral tube, and the surrounding amni-
otic fluid (Medium). Epithelial ectoderm and endoderm tissues (EC,
UPE, and eUPE) in the model were made stiffer than mesenchyme
by including elastic pseudo-energy terms for connections between
adjacent cells, so called focal point plasticity [60,61].

2.3. Signaling network

The GT development model includes a minimal signaling net-
work with cell-type-specific responses to three key molecular
signals—SHH, FGF10, and androgen (Fig. 2). Note that in this ini-
tial prototype, the ectoderm plays no role in the minimal signaling
network; however, ectoderm may play a key role in GT organization
[32,35], but we focus here on endodermal-mesenchymal interac-
tions mediated by SHH and FGF10, which are in turn modulated by
androgen. SHH and FGF10 are the most well studied morphogen
gradients in GT development. SHH is secreted by endoderm cells
and induces mesenchymal growth and FGF10 secretion—acting
through PTCH1, SMO, GLI1, GLI2, and GLI3 [16,37,49,62]. The FGF10
secreted by mesenchymal cells acts through FGFR2IIIb to induce
endodermal growth and regulate epithelial stratification in endo-
and ectoderm [32,35]. These reciprocal actions form the central

http://CompuCell3D.org
http://CompuCell3D.org
http://CompuCell3D.org
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Fig. 2. Signaling network in the genital tubercle development model. This minimal
signaling network coordinates three primary pathways (SHH, FGF10, and androgen)
and was constructed based on previous experimental studies listed in Supplemen-
tary material S2. Boxes represent signaling molecules and linked behaviors that are
explicitly included in the model. Intermediate molecules in the relevant pathways
are noted along the connecting arrows. The two thickest arrows represent secretion
of SHH and FGF10. The arrows with dashed lines represent links that are present
in only one type of endodermal or mesenchymal cell (as noted along each dashed
line).

SHH-FGF10 positive feedback loop driving GT outgrowth. During
male sexual differentiation, androgen signals modulate this pos-
itive feedback through androgen responsive signaling (androgen
receptor, AR) by inducing further expression of FGFR2IIIb (which
has an upstream AR responsive element) and thus increase the
UPE’s response to FGF10 signals [16].

Several assumptions were made in the initial prototype model
to address additional controls of cell growth. First, experiments
suggest that the AR pathway promotes mesenchymal prolifera-
tion [10,18] although the mechanism is unclear. Thus, we added a
link from FGF10 to mesenchymal growth; our hypothesis was that
androgen signals induce increased expression of FGFR1, a receptor
that binds FGF10 in the GT mesenchyme [62,63]. This connection
leads to androgen-responsive growth of mesenchyme that paral-
lels that of the urethral endoderm. Second, in vivo histology reveals
differential growth of core and preputial mesenchyme from E15.5
to E17.5 [51,52]. To recapitulate this differential growth in the
GT model, we limited androgen-driven FGF10-responsiveness to
preputial mesenchyme (PM) in the lateral aspects of the GT and
added a link between SHH and growth of core mesenchyme (CM)
more centrally located in the model. Although these are hypotheti-
cal (implicit) connections, we state them explicitly as assumptions
to yield correct emergent tissue behaviors.

Spatially and temporally varying concentrations of SHH and
FGF10 were specified in the model as secreted diffusible chemicals.
All endodermal cells were assumed to secrete SHH at a constant
rate, which is consistent with patterns of Shh gene expression dur-
ing these stages [41,42]. Each CM and PM cell secreted FGF10 in
response to SHH according to a saturable sigmoidal function

V = Vmax × [SHH]
EC50 + [SHH]

,

where V is a cell’s rate of FGF10 secretion, Vmax is its maximum rate,
[SHH] is the local SHH concentration, and EC50 is the SHH concen-
tration yielding a half-maximal effect. The model parameters used
in this equation are listed in the “Secretion of FGF10” entries in
Table 2. Note that chemical concentrations were recorded in arbi-
trary concentration units (cu), but were only important in terms
of ratios to the matching EC50 values. Within cells of the GT, the
diffusion constant of SHH was set to one-eighth that of FGF10 (0.5
versus 4.0 pixels2/MCS), reflecting the rate difference between tran-
scytosis (SHH) and simple diffusion (FGF10) [64]. To appropriately

limit the range of these diffusible signals, decay constants for both
SHH and FGF10 were set to 1.0 × 10−3 per MCS. To represent loss
of any SHH or FGF10 that diffused into the surrounding amniotic
fluid, the decay constants in the surrounding amniotic fluid (e.g.,
Medium) were set to 1000 per MCS.

Table 2 also includes parameters that determine how SHH and
FGF10 drive cell growth. The rate at which a particular cell grows is
an additive combination of its basal growth rate (0.02 pixels/MCS
for all cell types) and the rate(s) induced by SHH and/or FGF10.
These induced rates follow a saturable sigmoidal function, similar
to that given above, such that

R = Rbasal + Rmax,FGF10 × [FGF10]
EC50,FGF10 + [FGF10]

+ Rmax,SHH × [SHH]
EC50,SHH + [SHH]

,

where R is a cell’s growth rate and each signal has an indepen-
dent maximal effect (Rmax) and concentration at which its effect is
half-maximal (EC50). If a cell type’s growth rate does not depend
on SHH, then its Rmax,SHH is zero (and is not listed in Table 2).
The model treated the effects of androgen signaling on FGF10-
responsive growth rates as a switch between androgen-negative
and androgen-positive parameter values (An- and An+ in Table 2).
In the presence or absence of androgen signals, Rmax,FGF10 was
three-fold higher in PM than UPE or eUPE. This difference in growth
rates was needed to ensure faster growth of bulk mesenchyme
(which needs to grow as the square of the GT radius, r2) compared
to surface epithelium (which only needs to grow linearly with r).

2.4. Programmed cell death

Cells in the model stochastically committed to programmed
cell death according to a cell-specific apoptosis probability. The
basal probability for mesenchyme and endoderm cells (CM, PM,
UPE, and eUPE) was 1.0 × 10−5 per MCS. This probability was then
reduced via a sigmoidal function to model SHH inhibition of apo-
ptosis [38,49]

P = Pbasal − Pmax,SHH × [SHH]
EC50,SHH + [SHH]

,

where P is a cell’s apoptosis probability, Pbasal is the basal proba-
bility, and Pmax,SHH is the maximum amount by which SHH could
reduce the probability. As shown in Table 1, Pmax,SHH was always
chosen to be less than Pbasal to make sure the total probability
never went below zero. Apoptosis in the UPE is also promoted by
androgen signals through TNF� [18]. This effect was included by
switching Pbasal and Pmax,SHH to 100-fold higher values for UPE cells
when androgen signaling was active. These parameters resulted
in 2–4% of the cells undergoing a basal rate of apoptosis over the
course of the simulation. We do not make an assumption that this
basal apoptotic rate is biologically relevant for GT development—it
was introduced primarily to enhance biological variability across
multiple GT simulations.

2.5. Androgenization

Sexual dimorphism from E15.5 to E17.5 (2000–4000 MCS) that
follows from androgen signaling was implemented in the model
as the previously noted switching of parameters from androgen-
negative (An-) to androgen-positive (An + ) values. Since the model
does not simulate vascular perfusion, we assumed that dispersal
of blood-borne hormonal signals was rapid and uniform across dif-
ferent embryonic tissues [38,65]. Thus, we implemented the switch
to androgen-positive parameter values simultaneously for all cells
at E15.5 (2000 MCS). This corresponds to the anticipated onset of
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Table 2
Cell behaviors and control signals represented in the multicellular agent-based model of genital tubercle development. Growth rates reported in pixels/MCS, secretion rates
in cu/cell/MCS, and apoptosis as a probability per cell per MCS. Each EC50 is reported in cu. Androgen-negative and androgen-positive parameter values are indicated as An-
and An+.

Cell Type Behavior Control Direction Signal Max Effect An-; An+ EC50 An-; An+

Ectoderm (EC) Growth Basal – 0.02 –

Urethral Plate
Endoderm (UPE)

Growth Basal 0.02 200; 50
Activated by FGF10a,b 0.03; 0.12

Secretion of SHH Basal – 0.1 –
Apoptosis Basal 1 × 10−5 –

Inhibited by SHHc 5 × 10−6 40

excluded Urethral Plate
Endoderm (eUPE)

Growth Basal 0.02 200; 50
Activated by FGF10a,b 0.03; 0.12

Secretion of SHH Basal – 0.1
Apoptosis Basal 1 × 10−5; 1 × 10−3 –

Inhibited by SHHa,c 5 × 10−6; 5 × 10−4 40; 40

Core Mesenchyme
(CM)

Growth Basal 0.02 –
Activated by SHHd 0.05 40
Activated by FGF10d 0.05 200

Secretion of FGF10 Activated by SHHe 20 40
Apoptosis Basal 1 × 10−5 –

Inhibited by SHHc 5 × 10−6 40

Preputial Mesenchyme
(PM)

Growth Basal 0.02
Activated by FGF10b,d 0.1; 0.4 200; 50

Secretion of FGF10 Activated by SHHe 20 40
Apoptosis Basal 1 × 10−5 –

Inhibited by SHHc 5 × 10−6 40

a [16].
b [18].
c [80].
d [11,79].
e [49].

fetal Leydig cell function [66]. Delayed or reduced androgen lev-
els, defined here as ‘androgen insufficiency’, was modeled by a
linear reduction in the androgen-positive growth and apoptosis
rates. For example, 67% androgen sufficiency reduced the maximal
androgen-positive FGF10-driven growth rate of endoderm from
0.12 pixels/MCS to 0.09 pixels/MCS (i.e., 0.03 + 0.67(0.12 − 0.03)).
For interpreting the simulated phenotypes, ‘urethral fusion’ was
defined as the moment when initially separate endoderm layers
made contact and adhered to one another at the ventral midline and
‘urethral septation’ was defined as the post-fusion separation and
exclusion of eUPE from definitive urethral endoderm by invading
ventral mesenchyme.

2.6. Modeling software and computing platform

The model was scripted in XML and Python, Version 2.7
(http://python.org) using the CompuCell3D integrated develop-
ment environment (IDE), Twedit++. The python code for running
the simulation in CompuCell3D v2.7 is provided as Supple-
mentary material S1 (see Supplementary material S1 in the
online version at DOI: 10.1016/j.reprotox.2016.05.005). The ini-
tial cell configuration was rendered in a *.piff file using CellDraw
(http://www.compucell3d.org/). Individual simulations (n = 10 for
each parameter set) ran on a Mac Pro computer with dual 2.93
GHz 6-Core Intel Xeon processors and 32 GB 1333 Mhz DDR3 ECC
memory. For sensitivity analysis, batch simulations (n = 4) ran on
a 1400-CPU Linux cluster at EPA’s National Computer Center using
a combination of parallel methods, including workload manage-
ment, software image rendering, and R statistics post-processing
(Version 3.1.1) [67].

3. Results

3.1. Sex-Specific genital tubercle development

Model outputs corresponding to mouse gestation days E13.5
to E17.5 are shown in Fig. 3 and Supplemental materials S2 and
S3 (see Supplementary materials S2 and S3 in the online ver-
sion at DOI: 10.1016/j.reprotox.2016.05.005) (1 day = 1000 MCS).
GT development for modeled male and female embryos is the
same up to E15.5 (2000 MCS), but diverges thereafter. Pre-and
post-divergence growth of the endoderm and mesenchyme was
driven by SHH-FGF10 signaling. Both SHH and FGF10 concentra-
tions rose throughout the simulation; however, due to differences
in diffusion kinetics SHH signals remained in close proximity to
the endoderm whereas the FGF10 gradient reached laterally into
the mesenchyme (Fig. 3). Before sexual differentiation, the com-
bined effects of SHH and FGF10 signaling increased the number of
cells of all modeled cell types (Fig. 4).

Androgen was introduced to the simulation by switching
parameters in the male simulation at E15.5 (2000 MCS). This
demonstrated that urethral tube closure is an emergent property
of the simulation that is also sex-specific. After the switch to higher
androgen-positive responsiveness to FGF10 signals, mesenchymal
growth in the male simulation accelerated strongly (Fig. 4). By
E17.5, the number of PM cells in the male simulation was approx-
imately double the number of PM cells in the female simulation
(n = 10). The increased number of PM cells led to condensation
(i.e., increased cell density) in the ventral mesenchyme and forced
the physical fusion and septation of the male urethral tube, which
roughly recapitulates the anatomical features of urethral fusion
in the rodent [10,51,52]. Urethral fusion and septation created a
multi-layered endoderm that bordered, closed off and internalized
the prospective urethral lumen. In the feminized simulation, cells
continued to grow in response to FGF10 signaling, but at lower
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http://10.1016/j.reprotox.2016.05.005
http://10.1016/j.reprotox.2016.05.005
http://10.1016/j.reprotox.2016.05.005
http://10.1016/j.reprotox.2016.05.005
http://10.1016/j.reprotox.2016.05.005
http://10.1016/j.reprotox.2016.05.005
http://10.1016/j.reprotox.2016.05.005
http://10.1016/j.reprotox.2016.05.005
http://10.1016/j.reprotox.2016.05.005
http://10.1016/j.reprotox.2016.05.005
http://10.1016/j.reprotox.2016.05.005


156 M.C.K. Leung et al. / Reproductive Toxicology 64 (2016) 151–161

Fig. 3. CompuCell 3D model replicating sexual dimorphism in genital tubercle development. Male and female simulations show identical growth from E13.5 to E15.5.
Androgen signaling in the male lead to accelerated mesenchymal growth and urethral tube apoptosis from E15.5 to E17.5, resulting in fusion and septation of the urethral
plates (white arrow). The female urethral lumen remained open to the amniotic fluid medium at E17.5.

Fig. 4. Male and female cell growth in the model of genital tubercle development
(n = 10). Androgenization in males begins at 2000 Monte Carlo Step. Male and female
simulations are indicated with solid and dotted lines respectively. Cell types are
indicated on each curve.

androgen-negative rates; without condensation/fusion/septation,
the female urethral opening remained open to the amniotic fluid
throughout the simulation.

The ventral urethral tube in male simulations also displayed
strong increases in apoptosis from E15.5 to E17.5. The degree

of endodermal apoptosis was specified in the model via the
androgen-positive apoptosis probabilities. These had to be large for
proper urethral tube closure—a result that supports the observation
of Baskin et al. [36] and Chen et al. [18] that AR modulates urethral
tube closure through endodermal apoptosis; as well as the observa-
tion of Griffith and Hay [68], Mori et al. [69], and Sun et al. [70] that
epithelial apoptosis plays a similar role in palate fusion. Genital
tubercle development is in some ways similar to other develop-
mental processes leading to fusion events and closures [71]; there
are, however, nuances on the cellular logistics of how fusion events
are regulated and implemented in different embryonic structures.
For instance, the current simulation did not support the hypothe-
sis that epithelial-mesenchymal transition played a role in urethral
tube closure [32,36].

3.2. Effects of SHH insufficiency

Varying degrees of SHH insufficiency were modeled func-
tionally, i.e., by reducing the maximal rate of SHH secretion.
This functional approach simulates hypothetical genetic and/or
environmental perturbations of SHH secretion, including genetic
polymorphisms that may impact the regulation of SHH synthe-
sis, or cholesterol deficiency that may impair SHH esterification,
or maternal alcohol consumption that may phenocopy the loss of
Shh genetic function [25,72,73]. As shown in Fig. 5A, reducing SHH
sufficiency resulted in non-linear decreases in all mesenchymal and
endodermal cell populations (CM, PM, UPE, and eUPE; n = 10). Some
of the decreases were directly linked to SHH insufficiency through
increased apoptosis (and reduced growth in CM), but most were
indirectly linked through reduced SHH-dependent FGF10 secretion
(Fig. 2).
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Fig. 5. Fold change of cell number with different levels of SHH and AR function in the model of genital tubercle development (n = 10). Fold changes are relative to 100% AR
and 100% SHH function.

Fig. 6. Effects of AR sufficiency and androgenization delay on emergent features of urethral tube closure (n = 10). (A) The incidence of three emergent features (condensation
of ventral mesenchyme, fusion of urethral folds, and septation of the urethral endoderm) decreased as AR sufficiency decreased. Simple averaging the incidence of the three
features resulted a ‘closure index’ that dropped monotonically from 0.80 for the masculinized condition (100% AR sufficiency) to 0.57 (67% AR sufficiency), 0.13 (33% AR
sufficiency), and finally 0.07 for the feminized condition (0% AR sufficiency). (B) The emergent features were also readily disrupted by delayed androgenization (normally
occurring at E15.5).

3.3. Effects of AR insufficiency

Recent attention has been devoted to defining how much reduc-
tion in fetal testosterone production was required to invoke adverse
effects on male reproductive tract development in rats exposed
in utero to phthalates [74,75]. Androgen-sensitive development
of the GT model was tested by varying the amount and tim-
ing of AR activation. Varying degrees of AR insufficiency were
modeled with a functional approach that reduced the maximal
androgen-positive effects of AR-linked behaviors (growth response
to FGF10 in UPE, eUPE and PM; apoptosis rates in eUPE). A ‘male’
simulation with no androgen (e.g., 0% AR sufficiency) was femi-

nized with respect to urethral fusion and septation. The feminized
model is not precisely a simulation of the ‘female’ GT phenotype,
because the simulation does not yet include estrogen-responsive
pathways, which play important roles during GT development dur-
ing the neonatal period [3]. The model can, however, be used
to test how incremental changes in androgenization would be
predictive of androgen-sensitive GT development. This was accom-
plished by running the model at 33% and 67% androgen sufficiency
and comparing the results to 0% (e.g., feminized) and 100% (e.g.,
masculinized) conditions. Incrementally decreased levels of AR suf-
ficiency resulted in progressively fewer PM and UPE cells, and more
CM and eUPE cells over the same time course (Fig. 5B). These
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Fig. 7. Sensitivity analysis of combined FGF10 and AR insufficiency. A total of 64
simulations were run with FGF10 and AR function varying independently from 70
to 100% sufficiency (all at 100% SHH function; four replicates for each combination).
Each location on the interpolated surface could be viewed as a simulated individual,
with the given average cell number achieved for that individual’s specific combina-
tion of FGF10 and AR functional sufficiency. The dashed line separates combinations
of FGF10 and AR function for which the number of preputial mesenchyme cells was
above or below the model’s inferred hypospadias cut-off.

effects on PM and UPE cell numbers follow from a reduction in
their normal androgen-positive growth rates whereas effects on
the eUPE resulted from reduced androgen-positive apoptosis. The
small effect on CM cells was a secondary result of reduced PM cell
number, which allowed CM cells to remain closer to the UPE and
thus be more strongly affected by SHH elaborated from the UPE.
These outcomes phenocopied the region-specific effects of andro-
gen signaling on both endodermal and mesenchymal growth in the
GT during sexual differentiation [10].

For any single level of AR sufficiency, replicate simulations
(n = 10) had less than 2% variation in cell numbers. Nonetheless, the
simulations’ stochastic nature resulted in probabilistic outcomes
that could be assessed on three emergent features underlying ure-
thral tube closure: condensation, fusion, and septation (Fig. 6). At
100% AR sufficiency, all male simulation replicates resulted in con-
densation of the ventral mesenchyme, recapitulating the in vivo
observation [51,52]. Only 8 of 10 runs completed fusion and 6 of 10
completed septation during the course of the simulation. Simple
averaging these three features resulted a ‘closure index’ of 0.80 for
100% AR sufficiency. Reducing AR sufficiency decreased the inci-
dence of all three features, and therefore the closure index, in the
simulation runs (Fig. 6A). The closure index dropped monotonically
from 0.80 for the masculinized condition (100% AR sufficiency) to
0.57 (67% AR sufficiency), 0.13 (33% AR sufficiency), and finally 0.07
for the feminized condition (0% AR sufficiency). The incidences of
condensation, fusion, and septation were also reduced if androge-
nization was delayed from the critical time of introduction to the GT
model at 2000 MCS (E15.5; Fig. 6B). A one-day delay had no effect
on mesenchymal condensation but lowered the incidence rate of
successful fusion by half and led to a failure of septation in all repli-
cates. Complete urethral tube closure required the PM population
to achieve a quorum in numbers during the E15.5-E17.5 window.

3.4. Combined insufficiencies of SHH, FGF10, and AR

To examine how chemical perturbation of AR activity inter-
acts with genetic deficiency of SHH and/or FGF10 signaling, we
ran male GT model simulations at either 70% or 100% SHH suf-
ficiency and 70–100% sufficiency of FGF10 and AR function (128
total simulations with 4 replicates for each parameter set). Fig. 7
plots the number of PM cells observed at E17.5 (4000 MCS). As
a useful threshold reference, the number of PM cells observed at

E17.5 with a 0.5-day delay of androgenization was approximately
1600–a level that yielded a 50% incidence of endodermal fusion.
At full-strength SHH function the final PM population exceeded
this threshold value for all simulations having AR and FGF10 above
80% sufficiency (Fig. 7). In comparison, reducing SHH function to
70% pushed the PM population below threshold for either 70%
FGF10-/95% AR-sufficiency or 95% FGF10-/70% AR-sufficiency (data
not shown). This is the first in silico evidence to show how genetic
deficiencies can increase hypospadias risk with prenatal environ-
mental exposures.

4. Discussion

Computer simulations that predictively model sexual dimor-
phism of the GT provide a useful resource to translate
chemical-target bipartite networks and their developmental con-
sequences across the human-relevant chemical universe. The
‘virtual tissue’ prototype constructed here for the GT modeled
several morphoregulatory signals underlying differential growth
and sexual dimorphic patterning, including SHH, FGF10, and
androgen. The signals invoked local changes in cellular behav-
iors such as differential adhesion, cell motility, proliferation,
and apoptosis and collectively enabled GT growth, urethral
tube closure and internalization as emergent features real-
ized in an androgen-dependent manner. Simulating a complex
embryological system in this manner has potential applications
for high-throughput hypothesis-based testing and translating
chemical-biological interactions into tissue-level predictions.

The virtual GT model identified androgen-dependent mes-
enchymal proliferation and endodermal apoptosis as two key
events in urethral tube closure. This recapitulates the in vivo biol-
ogy of rodent GT development [36,51,52]. Although the present
cross-sectional (2D) spatial model had discriminatory potential for
sexual dimorphism of urethral closure, it missed aspects of male
urethrogenesis requiring the third dimension. Proximo-distal cell
migration and ECM expansion, for example, is not represented in
the current model. Histologically, the in silico model showed less
pronounced ECM in the ventral fusion zone than expected from
the in vivo studies, although the localized proliferation created a
high cell density region at the nascent site of septation that is con-
sistent with in vivo findings [11,52]. We did not consider a role
for biomechanical forces in this study, although mechanical com-
pression of mesenchyme is a differentiation factor in other systems
[76] and could be important here as well. As such, future improve-
ment in the virtual GT model should strive toward a more realistic
representation of the ECM and mechanical forces in 3D.

Apoptosis in the urethral epithelium of the virtual GT model
recapitulated at least some aspects of the in vivo biology of ure-
thral fusion and septation [3,18,35,36,38,50]. Recent studies of
mouse urethral closure, for example, demonstrated the necessity
of epithelial apoptosis at the ectoderm-endoderm junction to per-
mit androgen-dependent separation of urethral epithelium from
dermal (foreskin) ectoderm [3]. The virtual GT model recapitulated
the essential role of SHH- and androgen-dependent endodermal
cell death in urethral fusion and internalization for male embryos;
however, it did not faithfully recapitulate the residual apoptosis
observed in female embryos [3]. Therefore, future improvement
in the virtual GT model should strive toward a more realistic
representation of programmed cell death patterns during sexual
dimorphism.

The virtual GT model predicts a key role for the differential
androgenized growth response of preputial (PM) versus core (CM)
mesenchyme, consistent with the cellular localization of AR in vivo
[3,16,17]. This effect was mediated by androgen-dependent FGF10
signaling. FGFR1, a receptor that binds FGF10 in the GT mes-
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enchyme [62,77], has no identified ARE (AR-responsive element) in
its promoter region [78]; however, the critical receptor mediating
FGF10 signaling is FGFR2 [16]. This involves a reciprocal loop with
SHH that acts to sustain endodermal proliferation [11,49]. Although
SHH up-regulates FGF10, Shh expression is not thought to be a
downstream target of the androgen pathway; however, expression
of Fgfr2iiib (the epithelial isoform of Fgfr2) is up-regulated by AR
activation [79]. The virtual GT model’s capacity to reproduce male
GT development from E13.5-E17.5 in a manner that involved reg-
ulation by SHH-FGF10 signals and AR-FGFR2 pathways was thus
consistent with the known embryology. On the other hand, recent
studies demonstrated the importance of endoderm-specific dele-
tion of Fgfr2iiib results in mild hypospadias due to incomplete
septation and internalization of the urethra, whereas ectoder-
mal deletion causes severe hypospadias due to failure of urethral
fusion and internalization [32]. So although FGFR2 is a direct link
between hormonal and genetic regulation of external genital devel-
opment [10,37,38], urethral tubulogenesis and sexually dimorphic
patterning are controlled by discrete regions of FGFR2 activity.
Implementation of discrete regions of Fgfr2iiib activity in the GT
model remains for future development.

The current GT model was able to simulate a virtual popula-
tion of individuals each incurring multiple low-level disturbances
across SHH, FGF10, and AR pathways. This virtual epidemiol-
ogy simulation demonstrated how the link between hormonal
and genetic regulation of external genital development could be
translated to the population level for assessing susceptibility to
endocrine disrupting chemicals. Hypospadias in humans has been
clearly associated with genetic variants in SHH and FGF10 [25], but
there is limited evidence associating hypospadias with endocrine
disrupting compounds [1,31]. Prenatal exposure to environmental
chemicals such as bisphenol A, flutamide, phthalates, and vinclo-
zolin may disrupt fetal androgen-responsive pathways in animal
models [27,28,36], and studies with phthalate exposure in pregnant
rats have begun to define how much reduction in fetal testosterone
production was required to invoke adverse effects on male repro-
ductive tract development [74,75].

Virtual disruption of urethral closure in the GT simulation gen-
erated a monotonic dose response with the effects observable at
the lowest drop in AR sufficiency tested here (33% reduction). This
in silico prediction is consistent with in vivo ‘biologically relevant
reduction’ (BRR) in fetal testosterone invoking elements of the rat
phthalate syndrome [74,75]. The BRR derives from logistic regres-
sion models of some but not all male reproductive outcomes. For
example, reproductive tract malformations were observed in 17%
of male rats prenatally-exposed to a phthalate mixture (GD8-PND3)
when fetal testosterone was reduced by about 25% [74], or to
dipentyl phthalate (GD14-18) when fetal testosterone production
was reduced by >45% [75]. A caveat, however, is that hypospadias
was “difficult to model” in vivo due it being a generally high-dose
phenomenon and a “very subtle effect that can be easily overlooked
during necropsy”. Dynamical simulations with the virtual GT model
indicate that circumstances underlying hypospadias are consistent
with BRRs <33% range. Furthermore, factors other than androge-
nization may contribute to developmental defects of the GT. Virtual
disruption of urethral closure in the GT simulation showed how a
minor disruption of AR signaling could be well tolerated by most
exposed fetuses, but lead to hypospadias in susceptible populations
with subnormal SHH and/or FGF10 function. Further investigation
is needed to understand (1) the spatio-temporal dynamics of fetal
testosterone reductions over the course of GT development; and (2)
how specific SHH and FGF10 variants or pathway-level disruptions
might affect SHH and FGF10 signaling and contribute to differential
endocrine-disruptor susceptibility in human populations.

The present model is a minimal representation of mouse GT
development. A number of additional features could expand its

scope and comprehensiveness. Since the model considers only a 2D
cross-section of the GT, it does not capture the proximo-distal cell
movements that at least partly cause internalization of the urethral
tube in males [10]. In addition, the model captures endodermal
cell growth, but not stratification—i.e., it omits the endoderm’s
functionally important development of epithelial structure [32].
The model marginally captures this stratification though the con-
tact energy matrix and elastic links between UPE cells but future
models could make epithelial polarization much more explicit.
The model should be extended to include the ectoderm’s FGF10
signaling and stratification, which are thought to play important
roles in urethral tube closure [32,35], and as well incorporate addi-
tion nodes such as signaling through Wnt, retinoid, estrogen and
ephrinB pathways as well as vascular tissue. The model should also
be expanded to incorporate the estrogenic pathway that is nec-
essary for female GT development [3] and that may contribute to
the risk for hypospadias [45]. Finally, it must be emphasized that
lower urinary and reproductive system development in mouse and
human are not equivalent [7]. Terms have been drawn from human
anatomy to incorrectly describe similar, but distinct structures
between rodent-humans and the common diagnosis of hypospa-
dias as applied to ventral defects of the GT, where diagnosing
hypospadias based only on analysis of gross morphology and trans-
verse sections of embryonic GTs should be confirmed at juvenile
stages or older [6].

In conclusion, this study demonstrates a proof-of-concept in
silico multicellular modeling and simulation approach to generate
and evaluate new research hypotheses and conduct virtual epi-
demiology of gene/environment interactions for a multifactorial
adverse developmental outcome potentially linked to endocrine
disruption. Chemical exposures may disrupt male reproductive
development through molecular targets other than AR, such as
cytochrome P450s, G-protein-coupled receptors, vascularization
remodeling proteins, and the retinoic acid signaling pathways [44].
Eventually the model can be expanded to capture these molecu-
lar targets in explorations of adverse outcome pathways on male
reproductive tract defects. This would facilitate incorporation of
in vitro profiling data from high-throughput screens such as Tox-
Cast, to knowledge-driven tissue architectures to predict adverse
outcomes, thereby providing an in silico platform for probabilis-
tic prediction of hypospadias risk across combinations of minor
perturbations to the GT system at various stages of embryonic
development.
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