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BACKGROUND:Membrane-bound intracellular organelles are biochemically distinct compartments used by eukaryotic cells
for serving specialized physiological functions and organizing their internal environment. Recent studies revealed surprisingly
extensive communication between these organelles and highlighted the network nature of their organization and
communication. Since organization and communication of the organelles are carried out at the systems level through their
networks, systems-level studies are essential for understanding the underlying mechanisms.
METHODS: We reviewed recent studies that used systems-level quantitative modeling and analysis to understand
organization and communication of intracellular organelle networks.
RESULTS:We first review modeling and analysis studies on how fusion/fission and degradation/biogenesis, two essential and
closely related classes of activities of individual organelles, collectively mediate the dynamic organization of their networks.
We then turn to another important aspect of the dynamic organization of the organelle networks, namely how organelles are
physically connected within their networks, a property referred to as the topology of the networks in mathematics, and
summarize some of their distinct properties. Lastly, we briefly review modeling and analysis studies that aim to understand
communication between different organelle networks, focusing on cellular calcium homeostasis as an example. We conclude
with a brief discussion of future directions for research in this area.
CONCLUSIONS: Together, the reviewed studies provide critical insights into how diverse activities of individual organelles
collectively mediate the organization and communication of their networks. They demonstrate the essential role of systems-
level modeling and analysis in understanding complex behavior of such networks.

Keywords intracellular organelle, organelle network, organelle communication, network analysis, systems modeling

Introduction

Formation of membrane-bound intracellular organelles is a
basic strategy used by eukaryotic cells for organizing their
internal environment. With different organelles serving as
biochemically distinct compartments for specialized physio-
logical functions, this strategy of compartmentalization and
specialization provides important structural and functional
benefits. In the meantime, however, it makes communication
between the organelles crucial because their specialized

functions must constantly be coordinated and integrated for
cell physiology. To date, organelle communication mechan-
isms such as vesicle trafficking (Bonifacino and Glick, 2004;
Lee et al., 2004) and membrane fusion (Martens and
McMahon, 2008; McNew et al., 2013) have been extensively
studied. Vesicle trafficking, for example, has been shown to
mediate communication between heterotypic organelles, such
as the endoplasmic reticulum with the Golgi apparatus,
whereas membrane fusion has been shown to mediate
communication between homotypic organelles, e.g., endo-
some with endosome, as well as heterotypic organelles, e.g.,
endosome with lysosome. Despite these connections, until
recently, organelles were often thought to be autonomous,
i.e., structurally and functionally independent of each other,
and different types of organelles were thought to act as

Received August 28, 2016; accepted November 14, 2016

Correspondence: Ge Yang

E-mail: geyang@andrew.cmu.edu

Front. Biol. 2017, 12(1): 7–18
DOI 10.1007/s11515-016-1436-9



isolated islands, with little communication between them
except for the few cases known. However, new evidence from
recent studies has started to fundamentally change this notion
and suggests a very different view in which organelles
communicate and interact with each other much more closely
and extensively than previously thought.

An important line of evidence comes from studies of
mitochondrial fusion and fission (Chan, 2012; Youle and van
der Bliek, 2012) as well as transport and anchoring mediated
spatial distribution (Frederick and Shaw, 2007; Sheng and
Cai, 2012; Sheng, 2014). The initial notion of mitochondria
as autonomous and separate compartments was motivated in
part by observations of discrete mitochondria in neurons and
various other cell types (Frazier et al., 2006; Kuznetsov et al.,
2009) as well as findings of substantial heterogeneity in
mitochondrial structural organization and function (Kuznet-
sov and Margreiter, 2009; Wikstrom et al., 2009). However,
this notion could not be easily reconciled with observations of
highly interconnected tubular networks of mitochondria in
budding yeast and many higher eukaryotic cells (Okamoto
and Shaw, 2005; Frazier et al., 2006; Kuznetsov et al., 2009)
as well as findings of connectivity and continuity in
mitochondrial structural organization and function (Rutter
and Rizzuto, 2000; Jakobs et al., 2003; Karbowski et al.,
2004). Recent findings on the molecular machineries and
mechanisms of fusion and fission (Chan, 2012; Hoppins et al.,
2007; Labbé et al., 2014; Sheng, 2014) as well as transport
and anchoring (Frederick and Shaw, 2007; Sheng and Cai,
2012) of mitochondria firmly established a new under-
standing of their intracellular organization, namely, individual
mitochondria are far from being autonomous. Instead, they
work together through fusion and fission as well as transport
and anchoring as a network to respond to internal or external
stimuli. The heterogeneity observed in mitochondrial orga-
nization and function within a single cell as well as among
different cells (Frazier et al., 2006; Kuznetsov et al., 2009;
Kuznetsov and Margreiter, 2009; Wikstrom et al., 2009)
likely results from differential structural and functional
responses of mitochondrial networks to diverse intracellular
and/or extracellular stimuli. In addition to mitochondria,
organelles such as endosomes (Brandhorst et al., 2006;
Gautreau et al., 2014) and lysosomes (Luzio et al., 2007) have
also been shown to form networks through fusion and fission.
Increasingly, related studies suggest that network formation
through fusion and fission may serve as a general mechanism
for organizing homotypic organelles.

Another important line of evidence comes from recent
findings on membrane contact sites (MCSs) between different
types of organelles (Helle et al., 2013; Prinz, 2014; Schrader
et al., 2015). To date, MCSs have been identified between
nearly all types of intracellular organelles, and direct contact
between them through MCSs has been shown to mediate
many important physiological functions (Helle et al., 2013;
Prinz, 2014; Schrader et al., 2015; Levine and Patel, 2016).
Thus, communication between different types of organelles is

far more common than previously thought. Together, the
different lines of evidence highlight the network nature of
intracellular organelle organization and communication:
organelles of the same kind work closely together by forming
a network through mechanisms such as fusion/fission and
transport/anchoring, whereas different organelle networks
communicate extensively through mechanisms such as
vesicle trafficking, membrane fusion, or membrane contact.

Since organization and communication of intracellular
organelles are carried out at the systems-level through their
networks, systems approaches are required for understanding
related mechanisms and for linking such mechanisms with
their molecular machineries. To date, significant advances
have been made in dissecting the molecular machineries of
organelle network organization and communication, and
there are comprehensive reviews of related studies (Prinz,
2014; Schrader et al., 2015; Levine and Patel, 2016; Phillips
and Voeltz, 2016). However, detailed knowledge of the
molecular machineries must be integrated at the systems level
for a holistic understanding of organelle network organization
and communication. In this paper, we review recent studies
that use systems-level quantitative modeling and analysis for
achieving such an understanding.

This review consists mainly of three parts. In the first part,
we survey studies that use systems-level modeling and
analysis to understand how fusion and fission as well as
degradation and biogenesis of individual organelles, two
essential and closely related classes of activities, collectively
mediate dynamic organization of their networks. In the
second part, we focus on another key aspect of the dynamic
organization of the organelle networks, namely their
topology, which defines how organelles are physically
connected within their networks. Using concepts from
network analysis (Newman, 2003; Zhu et al., 2007; Barrat
et al., 2008; Newman, 2010), we identify several distinct
properties of the organelle networks that distinguish them
from other biological networks such as gene regulatory
networks or protein interaction networks. In the third part, we
briefly survey systems-level modeling and analysis studies
that aim to understand communication between different
organelle networks, focusing on cellular calcium homeostasis
as a specific example. We conclude with a brief discussion of
future directions for research in this field. Together, the
systems-level studies reviewed provide critical insights into
some of the fundamental principles governing organization
and communication of the organelle networks. They
demonstrate the crucial role of systems-level modeling and
analysis in understanding their complex behavior.

Understanding dynamic organization of
organelle networks through systems-level
modeling and analysis of fusion/fission and
degradation/biogenesis

Intracellular organelle networks must be dynamically
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organized to respond to changing internal and external
stimuli. This dynamic organization ultimately is achieved
through activities of individual organelles. An important class
of such activities is the fusion and fission of organelles, which
enable them to exchange their soluble and membranous
contents. Mitochondria, endosomes, and lysosomes all
undergo homotypic fusion and fission within their networks
(Brandhorst et al., 2006; Luzio et al., 2007; Chan, 2012;
Youle and van der Bliek, 2012; Gautreau et al., 2014). Since
fusion requires spatial proximity of organelles whereas fission
requires spatial separation of organelles, they must be closely
coordinated with organelle transport and anchoring, which
mediate spatial distribution of the organelle networks
(Frederick and Shaw, 2007; Sheng, 2014). While organelles
are serving their specialized physiological functions, their
health is constantly monitored for quality control, and
dysfunctional or damaged organelles are targeted for
degradation through autophagy (Mizushima, 2007; Nakato-
gawa et al., 2009). Removal of dysfunctional or damaged
organelles must be balanced by addition of new organelles
through biogenesis to maintain homeostasis (Nunnari and
Walter, 1996; Palikaras and Tavernarakis, 2014). Together,
degradation and biogenesis constitute another important class
of organelle activities. Here, we focus on mitochondrial and
endosomal networks as examples and review recent studies
that use systems-level modeling and analysis to understand
how fusion/fission and degradation/biogenesis of individual
organelles collectively mediate dynamic organization of their
networks.

Modeling and analysis of fusion/fission and degradation/
biogenesis in dynamic organization of mitochondrial
networks

Mitochondria undergo repeated cycles of fusion and fission,
which enable mixing of their soluble and membranous
contents. This process is thought to serve as a quality control
mechanism by maintaining a healthy and homogeneous
network (Chan, 2012), whereas degradation of damaged
mitochondria through autophagy (mitophagy) provides
another quality control mechanism (Youle and Narendra,
2011). Extensive experimental evidence has shown that these
two processes are closely related (Chen and Chan, 2009; Ni et
al., 2015). To understand how they collectively mediate
dynamic organization of mitochondrial networks, Shirihai
and colleagues developed systems-level kinetic models of
mitochondrial fusion, fission, damage, degradation, and
biogenesis (Mouli et al., 2009). Using simple event
probabilities as kinetic parameters, their fusion/fission
model characterized frequency and duration of fusion as
well as asymmetry of fission. Their damage model character-
ized frequency and extent of mitochondrial damage, and their
degradation/biogenesis model characterized frequency of
degradation of damaged mitochondria as well as frequency
of addition of new mitochondria through replication. Their

modeling and simulation study was motivated by their
experimental study of the mitochondrial network in insulin-
producing β-cells, which indicated that fusion and fission
work synergistically with autophagy to facilitate removal of
damaged mitochondria (Twig et al., 2008a). Two key
assumptions based on experimental studies were made.
First, fusion followed by fission mediates asymmetric content
distribution between two daughter mitochondria (Barsoum et
al., 2006; Twig et al., 2008a). Second, fusion is selective in
that only healthy and polarized mitochondria can undergo
fusion. Depolarized mitochondria are excluded from fusion
and are targeted for degradation by autophagy (Elmore et al.,
2001; Priault et al., 2005; Twig et al., 2010). Based on their
systems-level models, the authors conducted Monte-Carlo
simulations to understand the relations between fusion/fission
and degradation/biogenesis in network quality control, a
critically important aspect of the dynamic organization of
mitochondrial networks.

The study found that by mediating asymmetric exchange of
mitochondrial contents, fusion and fission accelerate removal
of damaged mitochondria (Mouli et al., 2009). The study also
found that the selectivity of fusion, which excludes
depolarized mitochondria from fusion and leaves them for
targeted degradation by autophagy, is crucial because it
makes fusion/fission and autophagy complementary rather
than competing processes. Based on these findings, the
authors proposed that fusion, fission, and autophagy work
synergistically as a bioenergetic quality control system (Twig
et al., 2008b). Overall, the study demonstrates the power of
systems-level modeling and simulation in understanding
complex and non-intuitive relations between fusion/fission
and degradation/biogenesis and how these diverse activities
of individual mitochondria collectively mediate dynamic
organization of their networks.

One of the limitations of the study is that its fusion/fission
model does not take into account spatial distribution of the
mitochondrial network (Mouli et al., 2009). Consequently,
the kinetic rates of mitochondrial quality control estimated
from the theoretical models could not be directly compared
with actual measured rates from experiments. This limitation
was resolved in a follow-up study (Patel et al., 2013), in
which mitochondrial fusion and fission were modeled
spatially within a simple square cell geometry. Attaching
and detaching between mitochondria and microtubules were
characterized by first-order kinetic rates (Patel et al., 2013),
with parameters taken from experimental studies (Liu et al.,
2009). Mitochondrial degradation was modeled largely as in
(Mouli et al., 2009), but mitochondrial biogenesis was
modeled explicitly as a separate replication process. An
integrative systems-level model was developed, which took
into account all activities of individual mitochondria,
including fusion, fission, transport, damage, degradation,
replication, and microtubule attaching and detaching, in a
spatially dependent manner. Based on the model and Monte-
Carlo simulations, the study made several findings. First,
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spatial density and motility of mitochondria affect their
quality control by modulating frequency of fusion. Second,
optimized quality control is achieved when selectivity of
fusion and autophagy, defined by thresholds of inner
membrane potential Ym, is matched. Third, discrete content
exchange in fusion is critical for mitochondrial quality
control. The study further demonstrates the power of
systems-level modeling and simulation in understanding
how complex and diverse activities of individual mitochon-
dria collectively mediate organization of their network.

The two studies reviewed thus far predict that increasing
mitochondrial fusion/fission rates would accelerate removal
of damaged mitochondria and therefore improve mitochon-
drial quality control. This prediction, however, was contra-
dicted by experimental observations in several aging models.
For example, rates of fusion and fission were found to be
significantly reduced in aged cells compared to young cells in
a human endothelial cell aging model (Jendrach et al., 2005).
Reduction of mitochondrial fission was also found to increase
life span and fitness of two fungal aging models (Scheckhuber
et al., 2007). To understand the mechanisms underlying these
observations, Meyer-Hermann and colleagues developed
systems-level models similar to those in the two previously
reviewed studies (Figge et al., 2012). However, different from
the two studies, they proposed that repeated cycles of fusion
and fission facilitate removal of damaged mitochondria but
also induce additional damages on daughter mitochondria,
which they referred to as “infectious damage” (Figge et al.,
2012). Their study could explain how decreasing fusion/
fission rates may improve mitochondrial quality control by
reducing “infectious damage.” Overall, the study provides an
example of applying systems-level modeling and analysis to
understand how small differences in activities of individual
mitochondria can lead to large differences in behavior of their
networks.

The studies we have reviewed so far focus on quality
control of mitochondrial networks without examining the
many specific processes involved in detail. One of such
processes is the maintenance of mitochondrial DNA.
Systems-level modeling and analysis were used to study
this specific process (Tam et al., 2013). It should be
emphasized that dynamic organization of mitochondrial
networks goes much beyond network quality control. Other
important aspects of the organization of mitochondrial
networks include maintaining their overall morphological
and spatial distribution, which are mediated by fusion/fission
and transport/anchoring of mitochondria. Systems-level
modeling and analysis have been used to understand these
aspects of mitochondrial network organization (Sukhorukov
and Meyer-Hermann, 2015).

Modeling and analysis of fusion/fission in dynamic
organization of endosomal networks

Fusion and fission also play important roles in mediating

dynamic organization of the early endosomal network by
enabling content exchange of cargoes to facilitate their
distribution and trafficking through the network (Gautreau et
al., 2014). Unlike removal of damaged mitochondria from
their network by autophagy, early endosomes leave their
network primarily through conversion to late endosomes
(Bucci et al., 1992; Rink et al., 2005). In addition to fusion
and fission, early endosomes can also take up additional
cargoes by fusing with endocytic vesicles, or unload cargoes
by budding off endocytic vesicles (Gautreau et al., 2014). To
understand how these diverse activities of individual early
endosomes collectively mediate the organization of their
network, Julicher and colleagues developed a systems-level
deterministic model of relations between the overall distribu-
tion of cargo contents and the activities of individual
endosomes over time (Foret et al., 2012). By a high-
throughput imaging assay, they experimentally measured
the level of low-density lipoprotein (LDL) as a representative
of cargo contents in individual endosomes over time. By
fitting the overall distributions of LDL based on measure-
ments from thousands of individual endosomes with their
theoretical model, they were able to estimate kinetic
parameters of cargo trafficking from the experimental data.
Their systems-level model could fully account for experi-
mentally measured LDL distributions over time. Overall, the
study found that homotypic fusion between endosomes plays
a key role in cargo trafficking through the endosome network
and that Rab GTPase conversion (Bucci et al., 1992; Rink et
al., 2005), rather than vesicle budding, is the main mechanism
of cargo transport from early endosomes to late endosomes.
Overall, this study demonstrates the power of systems-level
modeling and analysis in understanding dynamic organiza-
tion of a different type of organelle networks.

Discussion

Without systems-level modeling and analysis, it would be
very difficult, if not impossible, to fully and quantitatively
understand relations between complex and diverse activities
of individual organelles and dynamic organization of their
networks. However, systems-level modeling and analysis
studies such as those reviewed here have their limitations. In
particular, systems-level models must make substantially
simplified assumptions regarding the complex biochemical
processes underlying the activities of individual organelles.
Such assumptions, such as those on mitochondrial biogenesis
(Mouli et al., 2009; Patel et al., 2013) and on mitochondrial
damage (Figge et al., 2012), remain to be experimentally
validated. Furthermore, the systems-level models, such as the
integrative model in (Patel et al., 2013), also remain to be
experimentally validated to ensure they accurately recapitu-
late key dynamic behavior of the organelle networks.
Despite such limitations, the reviewed studies demonstrate
that systems-level modeling and analysis are essential in
understanding how complex and diverse activities of
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individual organelles collectively mediate systems-level
organization of their networks.

Understanding dynamic organization of
organelle networks through network
analysis of their physical connections

Network analysis of physical connections of organelle
networks

The systems-level modeling and analysis studies we reviewed
so far addressed several important aspects of the dynamic
organization of organelle networks, including quality control
of mitochondrial networks and cargo distribution in endoso-
mal networks. However, a key aspect of the dynamic
organization of organelle networks not addressed by the
studies is the way in which their components are physically
connected, referred to as the topology of the networks in
mathematics. The topology of organelle networks is crucial to
their function. For example, a high level of connections
protects the mitochondrial network from degradation by
autophagy during nutrient starvation and allows it to maintain
ATP production to ensure cell survival (Gomes et al., 2011;
Rambold et al., 2011; Youle and van der Bliek, 2012). As
another example, dynamic connections of the ER network are
essential to its close interaction with the cytoskeleton and its
communication with other organelles through membrane
contacts (Westrate et al., 2015). Thorough and rigorous
understanding of connections of organelle networks requires
concepts and techniques of network analysis, a technical field
developed over the past few decades for studying basic and

common properties of networks, especially their topology
(Newman, 2003; Barrat et al., 2008; Newman, 2010).
Examples of networks are abundant in nature and society,
such as ecological networks, social networks, and transporta-
tion networks, and inside cells, such as metabolic networks,
gene regulatory networks, and cell signaling networks
(Barabasi and Oltvai, 2004; Zhu et al., 2007). Despite the
diverse sources of these networks, their connections can be
understood using the same concepts and techniques of
network analysis. Network analysis, for example, has been
applied to identify which connections within a network are
critical to its structural and functional integrity (Newman,
2003; Barrat et al., 2008; Newman, 2010).

A network is usually represented mathematically by a
graph (Fig. 1A), which is a set of components referred to as
nodes or vertices, with their connections. Nodes of graphs can
represent very different objects, e.g., organelles, genes, or
proteins, while their connections, also referred to as edges,
represent interaction or association between these objects.
Each edge can be assigned a number, referred to as its weight,
which represents the level of interaction or association
between the objects it connects. Dynamic networks are
those whose nodes and edges change over time (Fig. 1B and
1C). Network analysis concepts and techniques have become
standard tools in understanding many biological networks
(Barabasi and Oltvai, 2004; Zhu et al., 2007). Although
network analysis studies of organelle networks such as
(Sukhorukov et al., 2012) currently remain very limited,
extensive experimental studies on organelle networks already
revealed some fundamental properties of their connections.
Here, using concepts of network analysis, we review and
summarize several distinct topological properties of organelle
networks that differentiate them from other biological

Figure 1 Graph representation of a dynamic network. (A) Graph representation of a network with 7 nodes and 11 edges. (B) The
network in (A) after merging of node 1 with node 2. (C) The network in (A) after splitting of node 3 from node 2.
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networks such as gene regulatory networks. Given the
diversity and complexity of intracellular organelle networks,
an exhaustive summary of such properties is not our goal in
this paper.

Property I: Organelle networks are dynamic spatial
networks

A basic property of the organelle networks is that their
topology changes constantly because of organelle activities
such as fusion and fission. Figure 2A and 2B show
mitochondrial networks in the axon of a Drosophila motor
neuron and within a Muntjac skin fibroblast cell, respectively.
Individual mitochondria in such networks can be represented
by nodes of a graph, and the connection weight between two
nodes may be used to represent for example likelihood of
fusion between the two mitochondria they represent. Fusion
between two mitochondria can be represented by the merger
of two nodes into one (Fig. 1B), whereas fission of a single
mitochondrion can be represented by the split of one node
into two (Fig. 1C). For the highly interconnected tubular
network of ER (Fig. 2C), the branching points and the end/
terminal points can be naturally represented by nodes of a
graph, whereas their physical connections can be represented
by edges. In this case, branching of new tubules can be
represented by splitting of existing nodes and addition of new
connections, while merging of existing tubules can be
represented by merging of existing nodes and removal of
their connections. Since their topology changes constantly,
mitochondrial networks and ER networks are dynamic
networks by definition (Barabasi and Oltvai, 2004; Boccaletti
et al., 2006). They are different from, for example, gene
regulatory networks whose nodes, i.e., genes, do not merge or

split.
Another basic property of the organelle networks is that

their spatial distribution changes constantly because of
organelle activities such as transport and anchoring. Orga-
nelle networks generally maintain characteristic spatial
distributions, which enable them to serve their functions
within the heterogeneous intracellular environment. In
particular, proper spatial distributions of organelles are
essential for their communication through membrane fusion
or membrane contact because such interactions require
physical proximity between organelles. In response to
internal or external stimuli, organelle networks can drastically
change their spatial distributions. For example, under nutrient
starvation and autophagy induction, lysosomal networks can
change from their typically uniform distribution in the
cytoplasm to aggregation in the perinuclear region for fusion
with autophagosomes (Korolchuk et al., 2011; Li et al., 2016).
Since their function depends critically on their spatial
distribution, intracellular organelle networks are spatial
networks by definition (Boccaletti et al., 2006).

Although the identification of organelle networks as
dynamic spatial networks is conceptually very simple, it
establishes connections to a wide range of analysis techniques
developed for studying dynamic and spatial networks
(Boccaletti et al., 2006; Barrat et al., 2008). For example,
robustness analysis techniques developed for studying
dynamic networks (Boccaletti et al., 2006) may be used to
determine whether partial damage of an organelle network
will cause cascading failure of the entire network, and
population analysis techniques developed for studying spatial
behavior of ecological networks (Campbell et al., 2007) may
be used to understand the spatial behavior of organelle
networks.

Figure 2 Examples of different topology exhibited by different organelle networks. (A) Discrete mitochondrial compartments in the
axon of a Drosophila motor neuron. Scale bar: 10 mm. (B) Partially connected mitochondrial tubules in a Muntjac skin fibroblast cell.
Scale bar: 2 mm. (C) Extensively connected ER network in a COS-7 cell. Scale bar: 2 mm.
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Property II: Organelle networks maintain size home-
ostasis in interphase but undergo size scaling and division
in cell division

Despite that organelle networks undergo constant turnover in
their components and connections, they maintain an overall
dynamic equilibrium in their structure and function, a concept
referred to as organelle homeostasis, an essential part of cell
homeostasis. A basic requirement of organelle homeostasis is
that individual organelles and their networks maintain stable
physical sizes. Several hypotheses regarding how cells sense
and regulate sizes of their organelles have been proposed
(Chan and Marshall, 2012; Marshall, 2015), and advances
have been made in dissecting molecular machineries and
mechanisms for size control of some organelles, such as the
Golgi apparatus (Sengupta and Linstedt, 2011) and certain
secretory granules (Ferraro et al., 2014). Overall, however,
our knowledge of related molecular machineries and
mechanisms remains limited. Remarkably, organelle home-
ostasis is temporarily broken during cell division when
intracellular organelle networks undergo doubling in size and
are then divided equally between the two daughter cells, a
process referred to as organelle inheritance (Warren and
Wickner, 1996). The ability of organelles networks to
maintain their sizes during interphase and to undergo
controlled size doubling during cell division is one of their
unique properties.

The dramatic changes of the organelle networks during cell
division provide unique opportunities to further understand
their dynamic organization. Organelle inheritance has been
studied extensively in yeast cells (Knoblach and Rachubinski,
2015). In a recent study, size scaling of the mitochondrial
network in budding yeast during its asymmetric cell division
was quantitatively analyzed (Rafelski et al., 2012). The study
found that yeast cells actively sense sizes of their mitochon-
drial networks and maintain a stable ratio between mitochon-
drial network size and cell size despite asymmetry in cell
division. An earlier study of HeLa cells found similar
mitochondrial network size scaling during cell division
(Posakony et al., 1977). Overall, the studies suggest the
existence of a mechanism for global organelle network size
control. After their size scaling, organelle networks can be
divided equally through cytokinesis without active regulation
(Warren and Wickner, 1996). However, recent studies have
indicated that division of at least some organelle networks
may be actively regulated (Rohn et al., 2014; Shneyer et al.,
2016).

Property III: Organelle networks are structurally and
functionally heterogeneous

The intracellular environment is dynamically organized and
highly heterogeneous. In response to this environment, many
organelle networks exhibit substantial heterogeneity in their
structure and function. For example, individual mitochondria

within their network were found to be remarkably hetero-
geneous in their morphology, spatial distribution, and
function in a wide variety of cell lines (Collins et al., 2002),
and potential mechanisms underlying such heterogeneity
have been discussed (Kuznetsov and Margreiter, 2009;
Wikstrom et al., 2009). Heterogeneity of the mitochondrial
network is also apparent in neurons, which are structurally
and functionally polarized. Within mature neurons, only
around 30%–40% mitochondria were found to be motile
(Kang et al., 2008; Yu et al., 2016), and stationary and moving
mitochondria were found to differ substantially in their
morphology, spatial distribution, and function (Yu et al.,
2016). As another example, the network of endosomes is also
heterogeneous because it consists of three structurally and
functionally different subgroups: early endosomes, late
endosomes, and recycling endosomes (Grant and Donaldson,
2009; Huotari and Helenius, 2011). Networks of single-copy
organelles such as ER and Golgi are also structurally and
functionally heterogeneous as they are organized into
different domains or modules (Klumperman, 2011; Naka-
mura et al., 2012; Westrate et al., 2015). Overall, structural
and functional heterogeneity of organelle networks is often
closely associated with their spatial distributions. Different
subgroups or domains of the networks are often spatially
separated or exhibit different spatial patterns. Although other
biological networks such as gene regulatory networks and cell
signaling networks are also organized into separate modules
(Barabasi and Oltvai, 2004; Zhu et al., 2007), these modules
are defined by structural and functional interactions between
genes or signaling molecules, whereas modules or domains of
organelle networks are defined by their actual physical
structures. Network analysis techniques developed for
heterogeneous networks (Newman, 2003; Boccaletti et al.,
2006; Newman, 2010) may be used for studying organelle
networks.

Discussion

Owing to the distinct properties of organelle networks, which
differentiate them from other biologic networks such as gene
regulatory networks and cell signaling networks, new
network analysis methods are required to fully understand
such properties.

Understanding communication between
different organelle networks through
systems-level modeling and analysis

So far, our focus has been on systems-level modeling and
analysis studies of dynamic organization of single organelle
networks. Since specialized functions of different organelle
networks must be coordinated and integrated for cell
physiology, communication between them is crucial. Vesicle
trafficking (Bonifacino and Glick, 2004; Lee et al., 2004)
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(Fig. 3A) and membrane fusion (Martens and McMahon,
2008; McNew et al., 2013) (Fig. 3B) have been extensively
studied as two key mechanisms for communication between
different organelle networks. Recent findings on membrane
contact sites (MCSs) (Fig. 3C) have established membrane
contact as another key communication mechanism (Helle
et al., 2013; Prinz, 2014; Schrader et al., 2015). Here, we
briefly review several systems-level modeling and analysis
studies for understanding communication between different
organelle networks.

Coupling between different organelle networks through
their communication

Vesicle trafficking and membrane fusion enable communica-
tion between a selected group of organelle networks,
including communication between the ER network and the
Golgi network and between the endosomal network and the
lysosomal network. In comparison, the range of organelle
network communication enabled by membrane contact is
much broader. To date, MCSs have been identified between
nearly all intracellular organelles (Helle et al., 2013; Prinz,
2014; Schrader et al., 2015) (Fig. 3D). While early studies on
MCSs have identified their roles in mediating ion and lipid
exchange between organelles, recent studies have also
revealed their roles in mediating cellular functions such as
intracellular cell signaling, organelle fission, distribution, and
inheritance (Elbaz and Schuldiner, 2011; Helle et al., 2013;
Klecker et al., 2014; Prinz, 2014; Schrader et al., 2015;
Levine and Patel, 2016; Murley and Nunnari, 2016). For
example, in addition to mediating lipid transfer and
biosynthesis (Murley and Nunnari, 2016; Phillips and Voeltz,
2016) as well as Ca2+ exchange and homeostasis (Csordás
et al., 2010; Murley and Nunnari, 2016), membrane contacts
between ER and mitochondria also mark sites of mitochon-
drial fission (Friedman et al., 2011). Owing to their extensive

communication, different organelle networks are structurally
and functionally coupled. As specialized functions of
different organelle networks must be coordinated and
integrated at the systems-level, systems-level modeling and
analysis are required for understanding related mechanisms.

Modeling and analysis of communication between
different organelle networks in cellular calcium
homeostasis

Ca2+ is an important cellular signal that regulates a broad
range of cellular processes. Ca2+ signaling is mediated by an
extensive molecular toolkit (Berridge et al., 2003). Major
organelle networks involved in Ca2+ signaling include
networks of the ER, Golgi, mitochondria, endosome, and
lysosome (Dupont et al., 2016). Their primary function is to
sequester and release Ca2+. To maintain a dynamic
equilibrium of Ca2+ signaling within the cellular environ-
ment, referred to as calcium homeostasis (Carafoli, 1987;
Brini et al., 2013), specialized functions of the organelle
networks involved must be coordinated and integrated
through communication between them. Systems-level mod-
eling and analysis have been used extensively in related
studies to understand detailed mechanisms.

A system-level model was developed to study Ca2+

homeostasis globally in yeast cells (Cui and Kaandorp,
2006), in which vacuoles (yeast lysosomes) and ER/Golgi
were modeled as Ca2+ stores and uptake of Ca2+was modeled
using a Michaelis-Menten equation. The study could explain
how a low cytosolic Ca2+ level is maintained under a high
extracellular Ca2+ level through feedback control and why
this feedback control is robust against fluctuations in the
extracellular Ca2+ level. Exchange of Ca2+ through mem-
brane contact was not modeled explicitly (Cui and Kaandorp,
2006) but was studied in great detail by Patel and colleagues
(Penny et al., 2014), in which systems-level modeling and

Figure 3 Currently known mechanisms for communication between different types of organelle networks. (A) Communication through
vesicle trafficking. (B) Communication through membrane fusion and fission. (C) Communication through membrane contact. Upper
panel: membrane contact is mediated by tether proteins, shown in red. Lower panel: membrane contact mediates a wide range of cellular
functions, such as organelle fission. (D) A diagram that summarizes some currently known communication pathways between organelle
networks. All organelles except mitochondria belong to the endomembrane system, hence the different colors. ENDO, endosome; ER,
endoplasmic reticulum; GOLGI, Golgi apparatus; LD, lipid droplets; LYSO, lysosome; MITO, mitochondria; PM, plasma membrane; PO,
peroxisome.

14 Organization and communication of intracellular organelle networks



analysis were used to understand the behavior of Ca2+

microdomains (Csordás et al., 2010) at lysosome-ER contact
sites. The proposed systems-level model consisted of four
compartments including the lysosome, ER, microdomain, and
cytosol. The study found that the distribution and density of
lysosomal enzyme leakage largely determined the function of
microdomains (Penny et al., 2014). Neither of these two
studies took into account how different geometric shapes of
organelles may affect their function. This question was
addressed by a numerical simulation study of the propagation
of Ca2+ in realistic ER geometry (Means et al., 2006).
Overall, systems-level modeling and analysis studies have
been conducted extensively to understand how functions of
different organelle networks are coordinated and integrated in
mediating Ca2+ homeostasis, including howMCSs contribute
to the coordination and integration (Dupont et al., 2016). An
important strategy utilized by these studies is to characterize
MCSs at the functional rather than structural level. In this
way, detailed knowledge of diverse MCS molecular machi-
neries in different organelles can be effectively integrated for
understanding their roles in Ca2+ homeostasis.

Conclusions and outlook

Significant advances have been made recently in our
understanding of the molecular machineries and mechanisms
that mediate communication between intracellular organelles,
especially in our understanding of MCSs. These advances
highlighted the fact that the organelles are structurally and
functionally organized as networks. In this paper, we focused
on reviewing systems-level studies for a holistic under-
standing of the organization and communication of the
organelle networks. The studies reviewed demonstrate the
essential role of systems-level modeling and analysis in
understanding how complex and diverse activities of
individual organelles collectively mediate dynamic behavior
of their networks. Overall, understanding the organization
and communication of the organelle networks will provide
critical insights into how the internal environment of
eukaryotic cells is organized and will enable us to engineer
the organelle networks effectively for applications such as
targeted intracellular delivery for disease intervention
(Torchilin, 2006; Ma et al., 2016).

However, fundamental questions regarding the organiza-
tion of individual organelle networks remain to be answered.
For example, our understanding of the topological properties
of the organelle networks remains limited. We still cannot
explain how the networks of organelles such as mitochondria
not only maintain homeostasis against perturbations but also
rapidly break from such homeostasis to respond to the
changing needs of cells. Given our knowledge of the
substantial heterogeneity in the organelle networks, are
some parts of the networks structurally and functionally
more important than others? Are there common principles

that govern the topology of all organelle networks? Or, do
different organelle networks follow different principles?
Established network analysis techniques, which have found
broad applications in studying, for example, gene regulatory
networks and cell signaling networks, will help answer these
questions, but new network analysis techniques will also need
to be developed to fully understand the distinct properties of
organelle networks.

Fundamental questions regarding the communication
between different organelle networks also remain to be
answered. For example, a key requirement of communication
through membrane fusion or membrane contact is spatial
proximity of the organelles involved. Currently, however, our
understanding of how the organelle networks are spatially
distributed remains limited. Do contacts between organelles
change spatial distribution of their networks, or vice versa?
How are membrane contacts established in the highly
polarized neurons? Another important question is how
specialized functions of different organelle networks are
coordinated and integrated through their communication at
the whole-cell level to rapidly respond to different stimuli.
Answering these questions also requires new tools for
characterizing and modeling communication and coordina-
tion between different organelle networks. Techniques such
as agent-based modeling (Sukhorukov et al., 2012; Namtame
and Chen, 2016) may become essential for this purpose.
Despite the technical challenges ahead, there is no doubt that
the extraordinary intricacy and functionality of intracellular
organelle networks will provide many exciting opportunities
for discoveries.
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