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Recent advances in live imaging and genetics of mammalian

development which integrate observations of biochemical

activity, cell–cell signaling and mechanical interactions

between cells pave the way for predictive mathematical multi-

scale modeling. In early mammalian embryo development, two

of the most critical events which lead to tissue patterning

involve changes in gene expression as well as mechanical

interactions between cells. We discuss the relevance of

mathematical modeling of multi-cellular systems and in

particular in simulating these patterns and describe some of the

technical challenges one encounters. Many of these issues are

not unique for the embryonic system but are shared by other

multi-cellular modeling areas.
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Introduction
The early mammalian embryo development is character-

ized by cell differentiation events leading to the for-

mation of two extraembryonic lineages: trophectoderm

(TE) and primitive endoderm (PE). Valuable insights

into this process have been gained with single cell expres-

sion studies and live imaging techniques [1–4,5�,6]. Most

efforts have focused on determining the gene expression

patterns that characterize the different lineages. Ident-

ified transcription factors for specific cell fates are, for

example, Cdx2 and Gata6, accompanied by pluripotency

genes: Nanog, Oct4 and Sox2 (Figure 1). The dynamics of

the genetic network involving these genes has been

explored in several deterministic [7,8] as well as stochastic

models [9,10]. Single cell experiments [11] could provide

the impetus to understand what drives cell commitment,

that is, permissive versus instructive cell fate decision

[12,13]. While genetic network approaches offer invalu-

able insight into tissue differentiation at the genetic level,

embryogenesis involves also co-ordination of cell
www.sciencedirect.com 
division, movement and cell differentiation leading to

tissue formation [14��]. The high plasticity of single cell

developmental fate and adaptivity to changing conditions

within early embryo [6,15�] suggests that robust formation

of precisely localized specialized tissue precursors

involves mechanisms going beyond single cells. Events

like cell polarization during specification of the TE,

directional cell migration and selective apoptosis during

PE formation, require cell–cell signaling and interactions

which convey relative positional information to cells

[16��]. Hence, a complete understanding of early embry-

ogenesis regulation must consider different scales of

multicellular interactions, including intracellular and

intercellular biochemical signaling. In addition to these

effects, the importance of mechanical properties of cells

in the processes of morphogenesis has been recognized

[17]. Therefore, successful models of embryogenetic

events should integrate genetic, biochemical and mech-

anical interactions at the cellular level. Recent research in

the plant sciences has shown the success of the tight

integration of theory and experiment in understanding

how bio-chemistry and mechanics leads to the develop-

ment of organs such as the shoot, roots and leaves [18].

Here we discuss computational multicellular, multiscale

modeling techniques [19,20] and their implementations

in early developmental events of mammalian embryogen-

esis. In addition to the current state-of-the-art in model-

ing, we describe future challenges that must be met to

successfully integrate multicellular models of different

scales. We also suggest how these models could be useful

in other areas such as models of tumor evolution in cancer

and stem cell regeneration.

Models of embryo development
Despite the wealth of information gained from exper-

iments [21–24], our understanding of early mammalian

embryogenesis is far from complete [25]. One reason is

the complexity of biological systems in general where

interactions between even a few components can lead to

complicated and unpredictable behavior making it diffi-

cult to deduce interaction rules from observations of the

entire system. Also, some important interactions might

not yet be identified. In both cases computational mod-

eling offers valuable contribution. It allows for hypoth-

eses testing, quantifying observations, complementing

missing elements and isolating crucial components during

iterative validation of models with experimental results.

From a modeling perspective, the early mammalian

embryo is both interesting and challenging system to

study. Starting from a single cell, it develops over 4.5

days, through the cell cleavages forming a blastocyst

which consists of more than 120 cells (Figure 1). At this
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Figure 1
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Developmental events in early mouse embryogenesis (left). During the first 4.5 days the embryo develops from a single cell to the late blastocyst.

Processes of trophectoderm and primitive endoderm formation involve specific gene expression (bottom) as well as cell and tissue mechanics and

cell–cell signaling (right). Taking into account interactions between all these processes requires multiscale and multicellular models integrating

biochemical and mechanical aspects of morphogenesis. The lower right shows results from such model [37] which correspond to (a) cell polarity, (b)

gene expression levels and (c) lineage information.

A part of the figure was adapted from Figure 1 in Cockburn and Rossant [6].
stage there are three well-specified differentiated cell

types — the trophectoderm cells, PE cells and the inner

cell mass (ICM). This limited number of cells constrained

by the pellucid zone, and well-defined morphological

events make this a tractable system to model. Availability

of good spatio-temporal resolution confocal microscopy

data renders this system a perfect target for studying

interactions of genetic and mechanical signals in a 3D

modeling context.

Systems biology has proven to be a powerful approach for

elucidating stem cell lineage decisions [26]. It facilitates

construction of theoretical models of gene interactions

regulating this process. An early model of the genetic

network describing cell fate [7] suggested that mutual

inhibition between pluripotency and differentiation

genes drive the switching between different develop-

mental states. In this model interplay between Oct4

and Cdx2 governs the trophectoderm fate. The core of

this model is mutual antagonism between Cdx2 and Oct4

as well as the self-regulation of each individual gene.

These key interactions lead to a bistable switch-like

behavior, in which either Oct4 is on, Cdx2 is off or vice

versa. This aspect of the model has been used in Kru-

pinski et al. [37�] with an input from the polarity network

to model the spatial patterning of the trophectoderm.

Interactions between Gata6 and Nanog determine endo-

derm formation. These two modules for the two distinct

developmental states interact through a network of con-

nections with other genes. This core network was

recently extended with Tead4 placed upstream of

Cdx2 and Eomes and Elf5, which form a positive feed-

back loop with Cdx2 stabilizing the trophectoderm fate

[25,27]. Interestingly, a plausible conceptual model of

trophectoderm differentiation [28�] involving Tead4, its
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co-activator Yap and the Hippo signaling pathway, con-

nected gene expression to a relative position of a cell in

the embryo mass (inside–outside) and the cell polarity.

Embryogenesis is essentially a multicellular process. The

mechanics of cells and tissues has been studied less

extensively and only recently has this important aspect

of morphogenesis gained some attention in different

organisms [29–32]. The simplest description of multi-

cellular systems is by population models in which indi-

vidual cell interactions are abstracted into average

behavior of cell classes. The observed time evolution

of cell numbers in each class can be then compared to

experimental data. This model was used for analysis of

different mechanisms of cell organization during PE and

epiblast separation [16��], concluding that the separation

is the most robust when gene expression induced cell

sorting is accompanied by the cell position influenced

gene expression induction.

In Honda et al. [33�], cell–cell mechanical interactions are

introduced leading to positioning of ICM and blastocoel

within the pellucid zone. Cells are represented by poly-

hedral compartments identified by their vertex positions.

This model successfully demonstrated the emergence

and positioning of the blastocoel cavity within the blas-

tocyst; however, it does not include genetic interactions

coupled to the spatial degrees of freedom and cell div-

isions. Another frequently used modeling technique for

describing mechanical interactions, especially cell sort-

ing, is the Cellular Potts Model [34], in which space is

divided into a grid with sites which consist of a set of

variables. Each biological cell is defined as a collection of

connected sites with identical index variables. Inter-

actions between sites contribute to the total free energy
www.sciencedirect.com
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of the system. The configuration of the entire multi-

cellular system is evolved in time by attempting to

minimize this energy through a Monte Carlo procedure.

This technique was used for modeling of the mechanics

of the early embryo evolution including the compaction

process [35].

While both of the above models were able to describe the

mechanical aspects of the cell dynamics in embryogen-

esis, recent experiments suggest that feedback between

cell mechanics and genetic networks could be important

[36]. In particular, cell polarization and segregation during

trophectoderm and PE formation involves such a feed-

back. Recently a model connecting mechanical and

genetic interactions was developed to analyze these

different scenarios of cell fate specification during these

processes of embryogenesis [37�]. Here each cell, which

hosts a simplified genetic network with Cdx2/Oct4 and

Gata6/Nanog, is represented by an ellipsoidal incompres-

sible elastic cell interacting with other cells and the

pellucid zone boundary through elastic, drag and

adhesion forces. In addition to a set of mechanical proper-

ties each cell contains parameters which describe cell

cycle, polarization, molecule concentration, etc. These

intrinsic cell properties are accompanied by division rules

which orient the direction of a cell division plane depend-

ing on the state of the cell. With this model, spatio-

temporal patterns were analyzed with emphasis on the

lineage specification in the pre-implantation embryo —

the trophectoderm and endoderm layer formations. The

coupling of gene expression with the mechanics is import-

ant for both cases. Two hypotheses have been suggested

for trophectoderm formation: the position determines

gene expression or the gene expression determines the

position [25,38]. In the model implementations of each

scenario the Cdx2/Oct4 mutual inhibition and self-inter-

actions which lead to a bistable switch mechanism played

a pivotal role of switching between pluripotent and tro-

phectoderm states with the differences how the transition

between states is triggered. In the first case, the outside

position of the cell promotes the Cdx2 expression and

hence determines trophectoderm fate. In the second case,

asymmetric cell divisions biased by high Cdx2 levels

together with apical polarization of Cdx2 mRNA provides

a feedback loop between gene expression and cell pos-

ition and lead to the emergence of spatially segregated

pattern of Cdx2 expression. The simulations suggested

that the requirement of robust emergence of Cdx2

expression in outer cells favors the first case

(Figure 2a). During endoderm formation, the tissue is

patterned by mechanical properties which depend on

gene expression. Cells express Nanog and Gata6 in a

non-overlapping way (which is assumed to arise from

the mutual antagonism between Nanog and Gata6)

and experience differential adhesion between different

cell types (Nanog cells have higher self-adhesion than

Gata6 expressing cells, with the cross-adhesion being the
www.sciencedirect.com 
lowest). In addition to this mechanism (Figure 2b), two

different models of mechanical interaction of cells with

blastocoel were tested: static boundary and dynamic

interactions via pressure forces. Both of these models

could lead to formation of the endoderm; however, the

former required additional assumption of directional sig-

nal from blastocoel attracting Gata6 cells.

The computational model was instrumental in comparing

different hypothesis for robust mechanisms in tissue

patterning.

Challenges in genetic-mechanical multiscale
modeling
There are several challenges in multi-scale modeling of

multi-cellular systems, for example, bridging different

spatio-temporal scales, handling of discrete events and

interactions, effective use of computational resources.

For example, the time scales at which mechanical and

biochemical interactions occur can be very different, as in

Krupinski et al. [37�]. To make the simulations efficient,

numerical solvers should treat these processes with sep-

arate time steps appropriately. To take care of inter-

actions between these processes or events such as cell

division, cell death, which could involve feedback be-

tween the mechanical and chemical degrees of freedom,

algorithms for scheduling the updates of variables oper-

ating at different time scales need to be implemented.

An important issue is how the computational demand

scales with system size. If the number of operations

required to perform the simulation grows too rapidly with

number of cells (N) the model might be unsuited to treat

some processes. With most cellular models, the inter-

actions are limited to direct neighbors and since the

number of neighbors (order of 10) does not grow with

system size, the complexity of those models only grows

like N, which is not too prohibitive. In models like the

cellular Potts, biological cells are defined by many com-

putational elements (sites m), and the computational

demand grows like N * m. If the model is to describe

intracellular processes we have to retain high cellular

resolution of the lattice (large m), which might lead to

excessive computational demands. In general high com-

putational cost of multiscale simulations will require de-

velopment of optimized algorithms or parallel

computations. A major future challenge is to integrate

the dynamics of processes at different spatial scales, for

example, intercellular processes within multicellular

models. This requires the direct representation of the

intercellular structure, for example, including description

of the cell membrane, nucleus and the transport of

molecules between them, or careful approximate treat-

ment of the dynamics of the components of this structure.

One example relevant to mammalian embryogenesis is

the spatio-temporal dynamics of cell polarity genes
Current Opinion in Genetics & Development 2012, 22:613–618
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Figure 2
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Examples of multicellular models connecting genetic and mechanical interactions in early embryogenesis from [37]. (a) Trophectoderm specification is

governed by a simplified gene network based on mutual repression between Oct4 promoting pluripotency and Cdx2 deciding the trophectoderm fate.

Expression of Cdx2 can, for example, be affected by simple positional signal in outer cells as in the ‘inside–outside’ model. Alternatively, it can be

regulated by a more intricate mechanism in which the Cdx2 mRNA polarization and its asymmetric distribution during division form a positive feedback

loop enhancing Cdx2 expression in outer cells indirectly. The bottom pane presents results of simulation of a polarity-based model showing

differentiation of outer cells expressing higher levels of Cdx2. (b) A schematic view of primitive endoderm formation with a genetic switch based on

mutual inhibition and self-activation of Nanog and Gata6. The Gata6 expressing cells, marking endoderm fate, locate themselves closer to ab-

embryonic part of the blastocyst, separating epiblast (expressing Nanog) from blastocoel (void space in the picture). (c, d, f) Results from a cell sorting

simulation illustrating the principles of differential adhesion. Top pane shows a perspective view, middle pane presents the cross section and the

bottom pane displays a view from blastocoel side. (c) Initial setup of the simulation with salt-and-pepper distribution of Nanog and Gata6 expressing

cells. (d) Distribution of Nanog and Gata6 cells after two rounds of cleavages when there is no difference in adhesion properties between cells. (f) If

Nanog expression is assumed to promote higher self-adhesion and lower cross-adhesion to Gata6 cells one observes a full separation of both cell

populations.
ultimately involved in the trophectoderm tissue

patterning [38].

Related areas of research
We have focused on the development of the early

embryo. The interplay between mechanics and gene

regulation is, however, a common feature of most devel-

opmental problems, such as limb formation [39].

Development of multiscale models is crucial for under-

standing of interactions also in such systems.

Some parallels can be drawn from modeling of stem cell

niches in plant meristems. There the genetic networks

are fairly well known [40] and their connection to spatial

and mechanical aspects of morphogenesis has begun to

emerge [30], suggesting some intricate interaction be-

tween biochemical processes within cell and physical

signals like mechanical stress [41].

The evolution of cancer cells share many properties with

embryonic development as biochemical reactions couple

to cell growth and mechanical properties that are import-

ant for migration. Furthermore, the recent concept of
Current Opinion in Genetics & Development 2012, 22:613–618 
cancer stem cells brings the two problems even further

together. Most cancer cell modeling so far has focused on

mechanical properties [42,43]. Recently, also multiscale

modeling approaches with both biochemical and mech-

anical interactions have been pursued [44�].

Future applications
The varied repertoire of final differentiated roles that

stem cells play makes them crucial in studies of tissue

regeneration. In their natural environment, stem cells are

harbored in niches which provide the appropriate growth

factors, cellular signals and mechanical cues. These main-

tain homeostasis as well as provide differentiation signals

upon request by the organism. Elucidating these mech-

anisms could pave the way for artificial generation of

differentiated cells, by mimicking the in vivo environ-

ment with an artificial niche [45–47]. Cells can be exposed

to a combination of diffusing signals, external shear

stresses due to fluid as well as the surrounding niche

surface. The latter can itself be subjected to external

stresses. The multiscale computational framework

described above can be gainfully used to study some of

these processes — simulating an in vitro stem cell niche.
www.sciencedirect.com
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The aim would be to simulate cell growth, division and

differentiation of cells which are subject to spatial and

temporal signals and mechanical perturbations. Some of

the challenges would be to explicitly describe cell–surface

interactions with the underlying niche which could exert

variable stress and adhesive forces; fluid interactions with

individual cells; cell–cell interactions and differentiation

events. The ultimate goal would be to engineer a specific

tissue starting with stem cells within a simulated niche [48].

Conclusion
The future is ripe for computational multi-scale modeling

as available data have matured with regard to appropriate

detail and resolution. Models provide hypothesis for

further testing and could significantly advance our un-

derstanding both for fundamental biology and the more

applied clinical setting of tissue regeneration. There are

several technical advancements required at multiple

scales to move these models forward.

There is now growing evidence from single cell exper-

iments that stochasticity plays an important role

[9,11,13,49] in cell fate specification, which suggests that

an important advance would be to include stochastic

simulations into intercellular and intracellular network

models. The role of cell shape and cellular adhesion,

critical in determining cell–cell interactions [29], needs to

be addressed in the next generation of models in which

each cell maintains the integrity of its own cellular

membrane. Furthermore, models should include mech-

anisms in which cells sense signals at their membranes

and relay them to the organelles, thereby simulating the

cell–cell interactions. A subject for the future is how these

varied complex processes could lead to predictable and

useful computational models of development.
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Garcia-Ojalvo J, Martinez�Arias A: Regulated Fluctuations in
nanog expression mediate cell fate decisions in embryonic
stem cells. PLoS Biol 2009, 7:e1000149.

10. Glauche I, Herberg M, Roeder I: Nanog variability and
pluripotency regulation of embryonic stem cells — insights
from a mathematical model analysis. PLoS ONE 2010,
5:e11238.

11. Wray J, Kalkan T, Smith AG: The ground state of pluripotency.
Biochem Soc Trans 2010, 38:1027-1032.

12. Cross MA, Enver T: The lineage commitment of haematopoietic
stem cells. Curr Opin Genes Dev 1997, 7:609-613.

13. Pina C, Fugazza C, Tipping AJ, Brown J, Soneji S, Teles J,
Peterson C, Enver T: Inferring rules of commitment in
haematopoiesis. Nat Cell Biol 2012, 14:287-294.

14.
��

Stephenson RO, Yamanaka Y, Rossant J: Disorganized
epithelial polarity and excess trophectoderm cell fate in
preimplantation embryos lacking E-cadherin. Development
2010, 137:3383-3391.

An elegant work investigating causal connection between cell adhesion,
cell polarization and early cell fate deciding Cdx2 expression in mouse
embryo. The results showed that E-cadherin mediated cell adhesion is not
directly necessary for TE-specific gene expression; however, it seems to
affect cell polarization which in turn is strongly linked to Cdx2 expression.

15.
�

Grabarek JB, Zyzynska K, Saiz N, Piliszek A, Frankenberg S,
Nichols J, Hadjantonakis AK, Plusa B: Differential plasticity of
epiblast and primitive endoderm precursors within the ICM of
the early mouse embryo. Development 2012, 139:129-139.

A recent work analyzing plasticity of lineage commitment, marker expres-
sion and spatial arrangement of cells during primitive endoderm forma-
tion. The results suggest that loss of plasticity is not connected with
expression of Gata-6 and Nanog markers but rather with restriction of
pluripotency gene Oct-4.

16.
��

Meilhac SM, Adams RJ, Morris SA, Danckaert A, Le Garrec J,
Zernicka-Goetz M: Active cell movements coupled to positional
induction are involved in lineage segregation in the mouse
blastocyst. Dev Biol 2009, 331:210-221.

In this work time-lapse microscopy imaging was used to show that active
cell movements play important role in primitive endoderm formation. The
connection of those movements with gene expression of a few genes was
analyzed and population model was used to match the experimental
results to most probable hypothesis of endoderm formation.

17. Stolarska MA, Kim Y, Othmer HG: Multi-scale models of cell and
tissue dynamics. Philos Trans Roy Soc A 2009, 367:3525-3553.

18. Roeder AHK, Tarr PT, Tobin C, Zhang X, Chickarmane V, Cunha A,
Meyerowitz EM: Computational morphodynamics of plants:
integrating development over space and time. Nat Rev Mol Cell
Biol 2011, 12:265-273.

19. Setty Y: Multi-scale computational modeling of developmental
biology. Bioinformatics 2012 http://dx.doi.org/10.1093/
bioinformatics/bts307. published online: May 24, 2012.

20. Qu Z, Garfinkel A, Weiss JN, Nivala M: Multi-scale modeling in
biology: how to bridge the gaps between scales? Prog Biophys
Mol Biol 2011, 107:21-31.
Current Opinion in Genetics & Development 2012, 22:613–618

http://dx.doi.org/10.1093/bioinformatics/bts307
http://dx.doi.org/10.1093/bioinformatics/bts307


618 Genetics of system biology
21. Home P, Saha B, Ray S, Dutta D, Gunewardena S, Yoo B, Pal A,
Vivian JL, Larson M, Petroff M et al.: Altered subcellular
localization of transcription factor TEAD4 regulates first
mammalian cell lineage commitment. Proc Natl Acad Sci U S A
2012, 109:7362-7367.

22. Jedrusik A, Parfitt DE, Guo G, Skamagki M, Grabarek JB,
Johnson MH, Robson P, Zernicka-Goetz M: Role of Cdx2 and cell
polarity in cell allocation and specification of trophectoderm
and inner cell mass in the mouse embryo. Genes Dev 2008,
22:2692-2706.

23. Ralston A, Rossant J: Cdx2 acts downstream of cell
polarization to cell-autonomously promote trophectoderm
fate in the early mouse embryo. Dev Biol 2008, 313:614-629.

24. Yamanaka Y, Lanner F, Rossant J: FGF signal-dependent
segregation of primitive endoderm and epiblast in the mouse
blastocyst. Development 2010, 137:715-724.

25. Sasaki H: Mechanisms of trophectoderm fate specification in
preimplantation mouse development. Dev Growth Differ 2010,
52:263-273.

26. Peltier J, Schaffer DV: Systems biology approaches to
understanding stem cell fate choice. IET Syst Biol 2010, 4:1-11.

27. Niwa H, Toyooka Y, Shimosato D, Strumpf D, Takahashi K, Yagi R,
Rossant J: Interaction between Oct3/4 and Cdx2 determines
trophectoderm differentiation. Cell 2005, 123:917-929.

28.
�

Nishioka N, Inoue K, Adachi K, Kiyonari H, Ota M, Ralston A,
Yabuta N, Hirahara S, Stephenson RO, Ogonuki N et al.: The
Hippo signaling pathway components Lats and Yap pattern
Tead4 activity to distinguish mouse trophectoderm from inner
cell mass. Dev Cell 2009, 16:398-410.

This paper points to the importance of the Hippo pathway for growth and
the spatial patterning of the extraembryonic TE and the embryonic ICM,
perhaps by allowing the cell to sense its neighbors which leads to the
regulation of YAP-Tead4 activity which is required to specify the tro-
phectoderm (TE) lineage.

29. Barone V, Heisenberg C: Cell adhesion in embryo
morphogenesis. Curr Opin Cell Biol 2012, 24:148-153.

30. Hamant O, Heisler MG, Jonsson H, Krupinski P, Uyttewaal M,
Bokov P, Corson F, Sahlin P, Boudaoud A, Meyerowitz EM et al.:
Developmental patterning by mechanical signals in
Arabidopsis. Science 2008, 322:1650-1655.

31. Chiou KK, Hufnagel L, Shraiman BI: Mechanical stress inference
for two dimensional cell arrays. PLoS Comput Biol 2012,
8:e1002512.

32. Shirinifard A, Glazier JA, Swat M, Gens JS, Family F, Jiang Y,
Grossniklaus HE: Adhesion failures determine the pattern of
choroidal neovascularization in the eye: a computer
simulation study. PLoS Comput Biol 2012, 8:e1002440.

33.
�

Honda H, Motosugi N, Nagai T, Tanemura M, Hiiragi T: Computer
simulation of emerging asymmetry in the mouse blastocyst.
Development 2008, 135:1407-1414.

The authors present a vertex dynamics model of mechanical interactions
of cells during blastocoel formations. It is one of few spatial models of
embryonic processes.

34. Graner F, Glazier JA: Simulation of biological cell sorting using
a two-dimensional extended Potts model. Phys Rev Lett 1992,
69:2013-2016.
Current Opinion in Genetics & Development 2012, 22:613–618 
35. Le Guillou L, Dard N, Glisse J, Maro B, Louvet-Vallée S, Laforge B:
A 3D mechanical model of the early mammalian embryo. J Biol
Phys Chem 2009, 9:11.

36. Fleming TP, Sheth B, Fesenko I: Cell adhesion in the
preimplantation mammalian embryo and its role in
trophectoderm differentiation and blastocyst morphogenesis.
Front Biosci 2001, 6:D1000-D1007.

37.
�

Krupinski P, Chickarmane V, Peterson C: Simulating the
mammalian blastocyst-molecular and mechanical
interactions pattern the embryo. PLoS Comput Biol 2011,
7:e1001128.

In this work a cell-based multi-scale model is developed for mouse
embryogenesis that comprehensively hosts both a simplified genetic
network, cell divisions and mechanical forces like elastic adhesion forces.
It focuses on the trophectoderm and endoderm formation.

38. Yamanaka Y, Ralston A, Stephenson RO, Rossant J: Cell and
molecular regulation of the mouse blastocyst. Dev Dyn 2006,
235:2301-2314.

39. Boehm B, Westerberg H, Lesnicar-Pucko G, Raja S, Rautschka M,
Cotterell J, Swoger J, Sharpe J: The role of spatially controlled
cell proliferation in limb bud morphogenesis. PloS Biol 2010,
8:e1000420.

40. Xie M, Tataw M, Venugopala Reddy G: Towards a functional
understanding of cell growth dynamics in shoot meristem
stem-cell niche. Semin Cell Dev Biol 2009, 20:1126-1133.

41. Uyttewaal M, Traas J, Hamant O: Integrating physical stress,
growth, and development. Curr Opin Plant Biol 2010, 13:46-52.

42. Shirinifard A, Gens JS, Zaitlen BL, Poplawski NJ, Swat M,
Glazier JA: 3D multi-cell simulation of tumor growth and
angiogenesis. PLoS ONE 2009, 4:e7190.

43. Katira P, Zaman MH, Bonnecaze RT: How changes in cell
mechanical properties induce cancerous behavior. Phys Rev
Lett 2012, 108:28103.

44.
�

Deisboeck TS, Wang Z, Macklin P, Cristini V: Multiscale cancer
modeling. Annu Rev Biomed Eng 2010, 13:127-155.

This is a recent review of the status and prospects of in silico cancer
models. Its focus is on multi-scale modeling and it contains a compre-
hensive list of references. Attention is given to the evaluation of the
models’ capacity to account for in vitro and in vivo data as well as
hypothesis generation by computational findings.

45. Ashton RS, Keung AJ, Peltier J, Schaffer DV: Progress and
prospects for stem cell engineering. Annu Rev Chem Biomol
Eng 2011, 2:479-502.

46. High-throughput approaches for the analysis of extrinsic
regulators of stem cell fate. Curr Opin Cell Biol 2012, 24:236-
244.

47. Kobel S, Lutolf MP: Biomaterials meet microfluidics: building
the next generation of artificial niches. Curr Opin Biotechnol
2011, 22:690-697.

48. Diaz-Zuccarini V, Lawford PV: An in-silico future for the
engineering of functional tissues and organs. Organogenesis
2010, 6:245-251.

49. Wennekamp S, Hiiragi T: Stochastic processes in the
development of pluripotency in vivo. Biotechnol J 2012,
7:737-744.
www.sciencedirect.com


	Computational multiscale modeling of embryo development
	Introduction
	Models of embryo development
	Challenges in genetic-mechanical multiscale modeling
	Related areas of research
	Future applications
	Conclusion
	References and recommended reading
	Acknowledgements


