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Abstract

Cell polarity, the asymmetric distribution of proteins, organelles, and cytoskeleton, plays an
important role in development, homeostasis, and disease. Understanding the mechanisms that
govern cell polarity is critical for creating strategies to treat developmental defects, accelerate
tissue regeneration, and hinder cancer progression. This review focuses on the role of cell polarity
in a number of physiological processes, including asymmetric division, cell migration, immune
response mediated by T lymphocytes, and cancer progression and metastasis, and highlights
microfabrication techniques to systematically parse the role of microenvironmental cues in the
regulation of cell polarity.
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2. INTRODUCTION

Cell polarization, defined as the asymmetric distribution of proteins, organelles, and
cytoplasm, occurs in many forms (1). The most commonly known is the apical-basal polarity
of epithelial cells. However there also exists front-to-back polarity of migrating cells and
planar polarity, which organizes and polarizes the cells found in one plane of the tissue (2,
3). The mechanisms by which cells polarize have been studied in a wide range of organisms
and appear to be evolutionarily conserved (4). However, there are various pathways for each
type of polarity that requires the interaction of multiple signaling molecules (5, 6).

Polarization of cells has been demonstrated as a critical event in evolutionary biology. For
single-cell organisms, such as budding yeast, polarization is the mechanism by which
reproduction occurs (1). For more complex organisms, such as Caenorhabditis elegans (C.
elegans) and Drosophila melanogaster (D. melanogaster), polarization results in the
development and organization of different body parts, including the nervous system and
wing organization (6, 7). Without polarization, complex organisms with a multitude of cell
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types would not exist, migration of cells would be impossible, and cells would not be able to
properly perform their functions (8).

In this review, we examine the different ways cell polarization is involved in development,
homeostasis, and disease. Table 1 summarizes provides a synopsis of published work on the
role of cell polarity on cell function. We proceed to discuss how microfabrication techniques
have enabled systematic studies of cell polarization, and we discuss the future efforts needed
to improve these techniques.

3. POLARIZATION AND CELL FUNCTION

The morphology of cells is optimized to fulfill its function such as the propagation of signals
through a neuron’s axon, or the squamous shape of epithelial cells that allow for selective
solute transport (Figure 1) (1). The distinct shapes of cells seen in Figure 1 allow different
cell types to perform their function of migrating or initiating immune responses. Cells that
create compartments (e.g., epithelia) must be polarized to maintain contents in their
corresponding partitions (9, 10). Epithelial cells have apical-basal polarity that allow
specialized trafficking of solutes and planar polarity for organogenesis (6). The apical-basal
polarity is a result of cell-cell and cell-extracellular matrix (ECM) interactions. Tight
junctions between cells prevent proteins and ions from flowing freely between the apical and
basal sides, effectively creating a barrier to prevent unwanted material from entering the
body (Figure 1) (11). The development and maintenance of cell polarity is a result of
multiple signals from polarity proteins, epithelial cadherin (E-cadherin) and focal adhesion
contact with the ECM. These signals organize the cytoskeleton and aid in organelle
localization. Loss of these signals results in differentiation from epithelial to mesenchymal
cell types and front-to-back polarization (11).

Planar cell polarization is more complex since it is not a direct result of cell-cell contact, but
rather the positioning of the cell with respect to the organism’s body axes (6). This type of
polarity is responsible for the organization of feathers on a bird or the orientation of a fly’s
wing. Disruption of this type of polarity can result in improper development of the eye or the
inner ear, resulting in blindness or deafness,(6) demonstrating how polarity plays a large role
in cell function and the lack of appropriate polarization can have dire consequences to the
organism.

Neurons must also be polarized to serve their function of propagating signals to distant parts
of the body (Figure 1) (1). Neuronal development in vitro begins with the spreading of
filopodia that grow into small neurites. One of these neurites is selected to become the axon
and begins to grow more quickly than the others. Finally, the remaining neurites become
dendrites and polarize (12). The process is slightly different in vivo but all neurons require
polarization to function. The polarization is a result of signaling from various secreted
factors and the formation of complexes, such as Par6-Par3-aPKC (important in asymmetric
division and development of D. melanogaster) (12). Other important factors for neuronal
polarity include cell division control homolog 42 (Cdc42), the Ras homolog gene family,
member A (RhoA), and Ras-related C3 botulinum toxin substrate 1 (Racl) (13, 14). These
factors highlight the importance of the cytoskeleton in polarization of cells.
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4. POLARIZATION IN ASYMMETRIC DIVISION AND DEVELOPMENT

The phenomenon of asymmetric cell division was first observed and recorded by Edwin
Conklin in 1905 in the developing embryo of ascidians (15). Other organisms have since
been studied, in particular D. melanogasterand C. elegans, and have elucidated two
mechanisms of asymmetric cell division in development (16). In the intrinsic mechanism,
polarization of regulators within the cell causes an uneven distribution of proteins during
mitosis, resulting in daughter cells with different internal signals that lead to differing fates
(Figure 2). In D. melanogaster, the intrinsic mechanism is used in the development of the
nervous system. Here, asymmetric divisions of neuroblasts give rise to one neuroblast and
one ganglion mother cell (GMC), which then divides into differentiated neurons. The fate of
each cell is controlled by the polarized distribution of the protein Numb and the translational
inhibitor Brat (16). These fate determinants polarize the cell by localizing at the basal
membrane during mitosis and can only be found in the basal cell after division. The
localization of these fate determinants to the basal membrane is thought to occur because of
the accumulation of PAR (partition deficient) proteins and atypical protein kinase C (aPKC)
at the apical side (17). As a result of this protein polarization, the basal cell becomes a GMC
while the apical cell remains a neuroblast.

The second mechanism of asymmetric division is known as the extrinsic mechanism. Here,
cells rely on cues from the microenvironment, and asymmetric division occurs when the cell
divides in a perpendicular fashion, resulting in one daughter cell that is proximal to the niche
and the other that is distal (Figure 2) (17). This mechanism is more prominent in adult stem
cells and best studied in D. melanogaster ovaries and testes, where direct attachment to the
niche is required to maintain stemness (17-19). If a germline stem cell divides perpendicular
to the niche, one of the daughter cells loses contact, stops receiving signals from the niche
cells and begins to differentiate (19). The importance of polarity in asymmetric division has
been confirmed in the development of C. elegans. The oocyte is not polarized before
fertilization, however, the fertilization of the egg by the sperm causes a change in the
cytoskeletal integrity affecting the cell contractility and polarization of the anterior and
posterior PAR proteins (20-22). After the C. elegans egg is fertilized and polarized, the first
division is asymmetric and results in a larger anterior body and a smaller posterior cell (23).
The development of C. elegans is a continued series of asymmetric and symmetric divisions,
governed by anterior-posterior polarity, resulting in the generation of the three germinal
layers (ectoderm, mesoderm, and endoderm) (24, 25).

Asymmetric cell division is also critical in mammalian development but is not as well
understood or studied because of the long cell cycles in mammals. Studies of the developing
brain of mice show the complex development with changes from symmetric division to
asymmetric division throughout the developmental process (16, 26). The symmetric
divisions serve to increase the number of progenitor cells, while the asymmetric divisions
generate one differentiated nerve cell and a radial glia cell (progenitor cell) (27). Neural
development occurs in various stages that involve symmetric and asymmetric divisions and
migration of the progenitor cells to the basal region of the neuroepithelium for terminal
differentiation (17). The molecules that control asymmetric division in D. melanogaster are
conserved in mammals, however, their roles as fate determinants have not been fully
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established—uwith some studies indicating that not all conserved determinants play the same
role in asymmetric division in mammals (17). One determinant, Numb, has been shown to
be critical in asymmetric division and subsequent fate specification in both invertebrates and
vertebrates (27). Differential localization of Numb into only one of the daughter cells causes
that cell to differentiate into a neuron, while the other daughter cell remains a progenitor
cell. Recent findings by Jossin, et al. show how loss of the polarity protein Lethal giant
larvae (Lgl) alone can result in catastrophic brain development leading to cortical
heterotropia and drug resistant epilepsy (28). While this highlights the importance of
polarity in brain development, further studies are still required to establish the mechanisms
and the polarization of fate determinants that leads to asymmetric division in neurogenesis
and mammalian development.

The importance of asymmetric division in development is clear. Organisms use symmetric
divisions to clone cells and asymmetric divisions to give rise to new cells with different
roles. Asymmetric division allows for the development of new cell types while maintaining a
pool of progenitor cells. This physiologic process continues throughout the life of the
organism and is involved in wound healing and tissue regeneration, adult stem cell
differentiation, cancer, and immune responses (29, 30). All of these processes, however,
would not be possible without the polarization of proteins, such as fate determinants, to
induce these asymmetric cell divisions and create cellular diversity.

5. POLARIZATION AND MIGRATION

Migration of cells can occur in development, but also as a result of injury and disease
progression. Microenvironmental cues cause the cell to organize its actin cytoskeleton and
begin migration toward the signal. Some specialized cells, such as sperm, are always
polarized and have cilia or flagella to help them migrate, while other cells polarize by
growing lamellipodia or filopodia in response to stimuli (31). The stimuli cause activation of
Rho family proteins, which influence the growth and attachment of actin chains (31). Cell
migration can occur as a single cell or a sheet of cells, which is referred to as collective cell
migration. Although the same mechanisms are required for both migration methods,
collective cell migration requires synchronization among all the cells to move without
disrupting cell-cell contacts (32).

Regardless of migration type, all migratory cells express mesenchymal genes and have front-
rear polarity (11, 32). The front leading edge of migrating cells has proteins such as Cdc42,
PAR, and activated Rac, and in some cells a microtubule organizing center. These proteins
work by controlling microtubule growth and therefore where lamellipodia form. This control
in lamellipodia localization results in organized migration. Since the rear of the cell lacks
these proteins, protrusion extensions are prevented resulting in directional migration (31).

6. POLARIZATION AND CANCER

Cancer is caused by the abnormal over-proliferation of cells. This unchecked growth can be
caused by a large variety of mutations (33—-35). A contributing factor towards this
dysregulation is the mutation of fate determinants or polarity proteins leading to decreased
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asymmetric division. These mutations prevent asymmetric division from occurring but do
not stop the cell from cycling and dividing, thereby resulting in an increased number of
symmetric divisions and an increase in progenitor cells (36). This increase in progenitor
cells increases the amount of differentiated cells resulting in a neoplasm. This explanation
agrees with the hypothesis of cancer stem cells, which are cells capable of producing all the
cell types in a tumor and have stem cell markers such as those found in early progenitor cells
that have not differentiated (16, 37). Although the mechanisms of asymmetric division in
mammals are poorly understood, studies have focused on the loss of Numb regulation as a
possible explanation for cancer propagation as a result of an imbalance of asymmetric
division (38). Understanding the mechanisms by which healthy cells lose their ability to
divide asymmetrically can help us determine new targets for cancer treatment, including
possibly chemoand radiotherapy-resistant cancer cells.

While loss of polarization and asymmetric division is thought to play a large role in cancer,
the polarization of cancer cells can help advance the disease by causing metastasis (39-41).
Metastasis, the complex process of establishing a new tumor at a distant site, requires that
the cells first lose their epithelial polarity from cell-cell contact and regain front-to-back
polarity to migrate into the circulation and extravasate at distant sites (39). The process of
epithelial to mesenchymal transition, which is also important during development, is
believed to be the mechanism by which metastasis begins (39, 42, 43). As one of the key
regulators of cell polarity, Cdc42 has been shown to be upregulated in cancer cells and
integral in the metastatic process (31, 44, 45). Reymond et al. used siRNA to show that
silencing Cdc42, by even just a transient depletion, prevents metastases to the lung by
decreasing betal integrin levels and intercalation of cancer cells into the endothelial layers
(44). These results showed that Cdc42 was required for transendothelial migration and that a
reduction in Cdc42 levels was enough to reduce cancer cell migration and metastasis.
Another group found similar results including a target (miR137) that can reduce Cdc42
levels and reduce colorectal cancer cell invasion (46). Furthermore, Kamai et al. showed that
higher expression of Cdc42 correlated with more advanced disease, furthering evidence that
Cdc42 is crucial in cancer cell invasion and metastasis (47). Together, these studies show
how levels of Cdc42, a known polarity regulator, play an important role in cancer
progression and suggest mechanisms by which Cdc42 levels can be controlled.

POLARIZATION AND THE IMMUNE SYSTEM

The effects of asymmetric cell division in the immune system have been more difficult to
study because of the motile nature of these cells. Studies are further complicated by a slow
differentiation rate and the subtle morphological changes that occur during differentiation.
The relatively few hematopoietic cells present in the body also make it difficult to find and
track individual cells undergoing asymmetric division /in vivo (23, 48). Because of these
hinderances, it is still unclear whether hematopoietic stem cells (HSCs) use asymmetric
divisions as the mechanism to differentiate into different lineages. Studies suggest that
Numb and alpha-Adaptin (an important protein in D. melanogaster asymmetric division)
may play a role in the asymmetric division of HSCs (49, 50). Other proteins have been
found to asymmetrically localize in HSCs, resulting in one daughter cell that is more
primitive than the other, confirming that intrinsic asymmetric division occurs (51).
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While studies have shown that asymmetric division does not appear to play a large role in B
cell development and differentiation, it does appear to influence T cells (23, 52). The
polarization and asymmetric division of polarity proteins and fate determinants is thought to
occur after activation of the T cell through the T-cell receptor and antigen-presenting cell
(53). The activation of the T cell results in divisions that create two types of T cells: the
memory T cell and the effector T cell. Memory T cells can further asymmetrically divide to
give rise to the more differentiated effector T cell phenotype and maintain the memory T cell
pool, indicating a stem cell-like behavior (54).

Mechanistic studies into asymmetric division of T cells show that different determinants
play a role during the primary and secondary immune response. In the primary response,
CD3 and Interferon-gamma receptor (INF-gammaR) asymmetrically locate in memory cells
but show little asymmetry in effector T cells (54). Further exposure to the antigen can cause
the central memory T cells to mount a secondary immune response. Here, they again divide
asymmetrically to produce daughter cells that are effector T cells and central memory cells.
CD25 and T-bet (T cell transcription factor regulating T helper cell lineage commitment)
polarize to the effector T cell, leaving low levels of both on the other daughter cell, which
remains a memory T cell (54). Interestingly, the polarization of protein kinase C zeta type
(PKC-zeta) differs between the primary response and the secondary response, suggesting
that PKC-zeta may play a role in establishing central memory (54).

Previous studies have discovered important proteins that are polarized in T cells and regulate
morphology, migration, and cell fate (55). For example, T cells exposed to antigen via
dendritic cells polarized aPKC and Par3 proteins distal to the dendritic cell while Scribble
and Discs large (DIg), two important polarity proteins that form the Scribble complex,
localized proximally (55). This proved that T cells use evolutionarily conserved mechanisms
found in many organisms and cell types to asymmetrically divide. This study further showed
that this polarity was important in memory T cell differentiation but not in effector T cell
differentiation (55). Another group found that Scribble plays a major role in polarity and
downregulation leading to decreased polarity and ability of T cells to migrate and present
antigen (56). Thus, polarity in T cells is important for differentiation and gives the T cell the
ability to perform the function of antigen presentation to mount an immune response.

8. MICROFABRICATION TECHNIQUES TO STUDY CELL POLARITY

Microfabrication techniques have been used to understand the mechanisms responsible for
asymmetric cell divisions and cell polarization and their effects on cell fate and behavior,
including the use of hydrogels, microfluidic devices, and cell encapsulating scaffolds (57,
58). By utilizing these systems, many biological parameters that cannot be manipulated in
ordinary cell culture can now be controlled, allowing for a systematic study of individual
cell properties of interest. These systems can also be utilized to better mimic biological
environments /n vitro, providing valuable insight into cellular behavior /n vive.

One of the simplest ways to create these environments is by using microcontact printing to
produce adhesive regions of varying geometries (59). This technique has been used to study
various biological phenomena such as the asymmetric division of mesenchymal stem cells
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(MSCs) and migration of fibroblasts and cancer cells (57, 60). Asymmetric patterns, created
using microcontact printing, were able to polarize the cell by asymmetric organization of the
actin and microtubule cytoskeleton and resulted in biased segregation of DNA (57). This
biased segregation was found primarily in stem cells and believed to play a role in stem cell
differentiation. Work by Thery et al. demonstrated that anisotropy in the ECM created via
micropatterns imposed polarity in epithelial cells by examining the organization of the actin
cytoskeleton as well as the localization of the nucleus and the Golgi apparatus (61). That
study not only showed the importance of ECM geometry but provided a tool for controlling
cell polarity to determine its effects on cell behavior.

Micropatterns have also been used to study the effects of cell polarization on cell migration.
Jiang et al. was able to demonstrate that the control of cell shape asymmetry via asymmetric
micropatterns could bias the direction of cell migration (62). In this study, cells were
confined to various symmetric and asymmetric micropatterns, then released to examine the
direction of migration. The results demonstrated that cell polarity biases the direction of
migration even after the cell was no longer confined to the original geometry. Similarly,
Mahmud et a/. created different symmetric and asymmetric “ratchet” micropatterns and
showed that they caused directional migration while the cells remained in contact with the
surface features (60). Various cell types (e.g., normal and cancer cells) were used and the
short-term and long-term directional biases were studied. The micropatterns polarized the
Arp2/3 complex and the actin cytoskeleton leading to directional movement of different cell
types and sorting cells into individual reservoirs (60).

Further studies into the mechanisms of biased cell migration using micropatterns have
shown mixed results. Kushiro et a/. found that lamellipodial extensions, controlled by Rac1,
play a major role in migration directional bias (63). However, Kumar et a/. found that
directional bias was not significantly altered by changes in Racl, RhoA, or Cdc42
expression (64). While these studies seem to contradict each other, there were various
differences between the two studies that provide further clues into biased cell migration
mechanisms. In the Kushiro study MCF-10A (human mammary epithelial) cells were used
while Kumar used NIH3T3 fibroblasts. Furthermore, the manipulation to the proteins of
interest was also different, Kushiro suppressed Racl expression while Kumar’s study
constitutively expressed Racl, RhoA and Cdc42. This suggests that Racl is important in
selecting migration direction, but an overexpression does not alter this directional bias.
Although not fully explained, these studies begin to unravel the complexities of regulating
cell migration of polarized cells.

Several groups have employed micro-patterning to study the role of polarity in cell fate
specification. A study by Peng, ef a/. found that cell anisotropy, induced as a result of the
increased aspect ratio of the underlying micropattern, decreased adipogenic differentiation in
MSCs and found that the optimal aspect ratio for osteogenesis was 2 (65). While the
mechanism for this phenomenon was not fully explained, it was suggested that anisotropy
alters forces from the cytoskeleton and results in modified gene expression and stem cell
differentiation. A study by Harris et a/. showed that MSCs on rectangles differentiated to
osteoblasts in both soft and stiff matrices, while cells on squares only favored osteogenesis
on the stiff matrix (66). While the aspect ratio of the rectangle was not reported, this study
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corroborates the results of Peng’s work that shape and polarization caused by changes in
geometric aspect ratio play a role in stem cell fate (66). Recently, we created symmetric and
asymmetric micropatterned hydrogels to study the role of polarity in MSC differentiation.
We found that cells seeded on asymmetric micropatterns had a higher amount of
osteogenesis compared to cells on symmetric micropatterns and therefore concluded that
polarity signals increase osteogenic differentiation in human MSCs (67).

Micropatterning of macrophages onto elongated patterns showed that anisotropy caused M2
polarization without the presence of cytokines (68). Mechanistic studies found that the
cytoskeleton played a critical role in the M2 polarization. While only a few studies of these
phenomena are published, the results show the importance of cell polarity on the
cytoskeleton organization and how this organization affects cell fate. Follow up studies are
needed to determine the mechanisms behind polarity and cell differentiation so better tissue
engineering strategies can be developed.

Asymmetric divisions depend on the orientation of the division axis, which is controlled by
cortical cues including cell polarity and cell-ECM contact. Théry was able to show that
asymmetric micropatterns could affect these cortical cues and change the orientation of the
division axis in HelLa cells. This study shows that not all asymmetric micropatterns result in
a spindle orientation that would result in asymmetric division. Instead the orientation is
controlled by the torque generated by the retraction fibers and the cortical cues (58). This
again demonstrates the importance of the cytoskeleton and how its organization can
influence cell polarity and asymmetric division. Further investigation into these
micropatterns that bias asymmetric division can provide insight into their effects on cell fate
and other cellular behaviors.

Several other microfabrication techniques have also been employed to induce cell polarity,
including carbon nanotubes, coated substrates and microfluidic devices. By aligning carbon
nanotubes, Cheng et a/. was able to control the distribution of focal adhesions, cell
alignment, and polarity in both human umbilical vascular endothelial cells and human
embryonic stem cells (69). Scaffolds with tailored substrates are another way to create three
dimensional (3D) structures which guide cell phenotype. These scaffolds can be made of
various materials, such as polymers, ceramics or metals and scaffold design should be
customized for the biological environment being mimicked and the cell type used (70-72).
As an example, Granziano et al. used scaffolds with tailored surface geometry to polarize
dental pulp stem cells to enhance differentiation as well as proliferation (73). In this study,
scaffolds with microconcavities that mimicked the architecture of bone marrow resulted in
greater osteogenesis. In another recent study, Wang et a/. successfully created collagen
scaffolds that resembled the small intestine in guiding epithelial cells apical-basal polarity
and directional migration (74). Cells in the crypt remained undifferentiated and migrated
toward the villi leading to the creation of tissue architecture of small intestine. This approach
has also been utilized using hydrogels of polyethylene glycol (PEG) to elucidate dynamic
cell-material interaction and matrix remodeling in cell migration in the context of
regenerative medicine (75).
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Microfluidic devices have also been proven to be powerful tools for modeling and studying
cell polarity and chemotaxis in 3D (76, 77). Because these devices are usually clear, they
allow for real time measurements and visualization of cell migration that other 3D culture
conditions cannot. These devices can be used to decipher the mechanisms involved in cell
migration and have most often been used to characterize cell migration in healthy and cancer
cells (77-79). A recent study created a microfluidic device using selective curing that
incorporated electrospun fibers (80). Breast cancer cells were able to migrate through the
membrane toward the chemoattractant. This new platform can control various aspects of the
tumor microenvironment to determine how they affect cell behavior and polarity. By using
this systematic platform, methodical testing can be performed to understand how the cell-
ECM interactions lead to specific cellular behaviors, such as metastasis in cancer cells.
Another group created a microfluidic device without a chemotactic gradient to monitor how
cancer cells move in confined spaces in response to chemotherapeutic drugs (81). The
authors found that migration still occurred when the cells were exposed to drug
concentrations above those required to stop proliferation, suggesting that these cells can
survive treatment, migrate to distant sites, and metastasize.

9. CONCLUSIONS

The importance of cell polarization is evident by the various functions it has in biology and
by the detrimental diseases caused by its dysregulation. Our current understanding of the
mechanisms used to induce cell polarity have been mainly limited to using C. elegansand D.
melanogaster mutants. This knowledge is the basis for examining mammalian development
and many key molecules have been found to be conserved between organisms. However, the
complexities of mammals make mechanistic studies /n vitro quite difficult. Microfabrication
techniques provide a powerful tool to systematically study polarization /n vitroto parse the
role of physiological cues that govern polarization and contribute to the progression of
disease states.

Further, this insight will provide a rational basis for designing stem cell culture systems and
facilitate their use in regenerative medicine.
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Apical-Basal Polarity of Epithelial Cells

Migrating Mesenchymal Cells
Front-to-Back Polarity

® "
Dendritic cells presenting antigen
Neurons polarize to send signals from their polarize naive T cells into cytotoxic T
dendrites down their axon to the synaptic clefts cells or memory T cells
Figure 1.

Cell polarity plays a critical role in cell function. A prime example is the epithelial cells
utilizing apical-basal polarity to provide a barrier function against pathogens. Another
example is cell migration which requires front-to-back polarity to allow cells to adhere to
and detach from the ECM. Polarity is also required for neurons to perform their task of
propagating action potentials and sending messages from the central nervous system to
distant body parts.
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Symmetric Division Asymmetric Division Asymmetric Division
Intrinsic Mechanism Extrinsic Mechanism
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Extrinsic signals

Figure2.
Cell divisions are controlled by internal and external signals. Symmetric divisions occur

when there is an equal distribution of proteins, organelles, and cytoskeleton in the mother
cell resulting in two daughter cells of the same fate. Asymmetric divisions through the
intrinsic mechanism have an unequal distribution of proteins and fate determinants often
resulting in daughter cells with different fates. Through the extrinsic mechanism, the cell
divides symmetrically but daughter cells receive different signals from the
microenvironment resulting in diverse cell fates.
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