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Cell polarity is an evolutionarily conserved process of asymmetric spatial organization
within cells and is essential to tissue structure, signal transduction, cell migration, and
cell division. The establishment and maintenance of polarity typically involves extensive
protein-protein interactions that can be made further intricate by cell cycle-dependent
regulation. These aspects can make interpreting phenotypes within traditional in vivo
genetic systems challenging due to pleiotropic effects in loss-of-function experiments.
Minimal reconstitution methods offer investigators the advantage of stricter control of
otherwise complex systems and allow for more direct assessment of the role of individual
components to the process of interest. Here I provide a detailed protocol for a cell
adhesion-based method of inducing cell polarity within non-polarized Drosophila S2
cells. This technique is simple, cost effective, moderate throughput, and amenable to
RNAi-based loss-of-function studies. The ability to “plug-and-play” genes of interest
allows investigators to easily assess the contribution of individual protein domains and
post-translational modifications to their function. The system is ideally suited to test not
only the requirement of individual components but also their sufficiency, and can provide
important insight into the epistatic relationship among multiple components in a protein
complex. Although designed for use within Drosophila cells, the general premise and
protocol should be easily adapted to mammalian cell culture or other systems that may
better suit the interests of potential users.

Keywords: cell polarity, spindle orientation, mitosis, reconstitution, neuroblast

INTRODUCTION

Broadly defined, cell polarity can refer to any asymmetric assembly, organization, or segregation
of cellular components. Polarity can involve different subcellular structures, including the
cytoskeleton, organelles, and protein complexes at the cell membrane (referred to as “cortical
polarity” herein). Cortical polarity involves segregation of protein complexes to discrete regions
of the cell cortex, such as apical-basal polarity seen classically in epithelial cells as well as several
other diverse cell types (Rodriguez-Boulan and Macara, 2014). One critical function of cortical
polarity complexes, which will be the focus of my discussion herein, is directing the orientation
of cell division by instructing the positioning of the mitotic spindle. Oriented cell divisions ensure
that tissue architecture is properly maintained and also facilitates cell fate acquisition following
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asymmetric stem cell divisions (Ragkousi and Gibson, 2014). In
this paradigm, cortically polarized factors serve as positioning
cues for the spindle, which is carried out by microtubule
(MT)-associating factors within the polarity complexes. For
example, in Drosophila neural stems cells (called neuroblasts,
NBs) the spindle orientation complex is apically polarized
and facilitates spindle positioning through interactions with
the Dynein/Dynactin complex and the kinesin protein Khc-
73, both direct MT-binding motor proteins (Lu and Johnston,
2013). Although the precise molecular details can differ, similar
processes have been identified in epithelial cells of the developing
wing disc and ovarium, as well as in the mammalian epidermis,
gut epithelia, and developing neocortex (Dewey et al., 2015b;
di Pietro et al., 2016). Thus, coupling of cortical polarity with
spindle MTs is an evolutionarily conserved mechanism for
orienting cell divisions during development.

Much of our knowledge regarding the components involved
in this complex process has come from genetic mutants and
knockdowns in model organism tissue. While these systems
represent ideal models for examining the requirement of a
particular gene, and the in vivo setting has imminent biological
relevance, they are not without potential inherent disadvantages.
For example, if the gene of interest is essential for viability
of the organism it may not be possible to examine its effects
at the desired developmental stage (although this can often
be overcome through cell/tissue-specific knockdown strategies).
Moreover, loss-of-function in one polarity component can often
have deleterious consequences on the expression or localization
of one or more other factors, leading to complications in
phenotype interpretation. Such outcomes make it challenging to
build accurate molecular models and to ascertain the sufficiency
of one component or complex. Finally, genetic or functional
redundancy in a system can mask otherwise important functions
of a single mutated gene.

One way to overcome such drawbacks is through the
use of minimal reconstitution systems. “Bottom-up” synthetic
approaches offer users a simpler environment to observe complex
processes while also providing them with greater experimental
control over the construction and operation of the chosen
system and its spatial-temporal dynamics (Thery, 2010; Kim
et al., 2016; Carbone et al., 2017; Ganzinger and Schwille,
2019). This often results in unique molecular insights that
synergize with knowledge obtained from traditional in vivo
genetic experiments. Such approaches can range from cell-free
in vitro reconstitutions to fabrication of a minimal network
within simple cell culture model and can be used to study
a diverse range of cellular processes. Cell polarity is an ideal
process to study in a minimal system as it suffers from many
of the caveats described above. In recent years, several methods
have been developed that offer novel means of reconstituting
polarity in non-polar environments (Table 1). Several approaches
have also been developed for prokaryotic and simple eukaryotic
yeast cells (Vendel et al., 2019). Here, I describe an “induced
polarity” assay protocol used in cultured Drosophila S2 cells that
utilizes the cell adhesion protein, Echinoid (Ed), to reconstitute
cortical polarity in these otherwise non-polar cells (Figure 1;
Johnston et al., 2009). The method is simple, time- and

cost-effective, amenable to RNAi-based loss-of-function analysis,
and can be easily adapted for use in other cell culture systems
(di Pietro et al., 2017).

Ed is a key component of the adherens junction complex
that, cooperating with DE-cadherin, controls cell-cell adhesion
in Drosophila through homotypic, intercellular interactions (Wei
et al., 2005). In addition to this structural role, Ed also functions
in numerous intracellular signaling pathways that contribute to
tissue development and dynamics (Shimono et al., 2012). The Ed
domain architecture, shown in Figure 1A, is typified by a series of
extracellular Immunoglobulin (Ig) and fibronectin (FN) adhesion
domains, followed by a transmembrane insertion region and
an intracellular C-terminal tail. This short intracellular tail is
responsible for protein-protein interactions, most notably with
the actin-associated factor Canoe (Afadin in mammals) (Wei
et al., 2005; Sawyer et al., 2009). The method presented here
capitalizes on this rather simple topology in two principal ways:
(1) upon extracellular Ig domain-mediated adhesion, membrane-
inserted Ed molecules redistribute specifically to cortical regions
at the sites of cell-cell contact, and (2) a specific gene of interest
is cloned in-frame with a truncated intracellular tail lacking
interactions with other known polarity factors (Figure 1B).
Together, these factors lead to the induction of Ed-mediated
cortical polarity of ostensibly any protein of interest within non-
polar S2 cells (Figure 2). Users can then design experiments
that address specific research questions related to polarity
or linked processes such as mitotic spindle orientation. This
system is highly adaptable and should therefore be useful in
reconstituting diverse polarity components that emulate diverse
native systems, with Drosophila neuroblasts being an ideal
example used for illustration and discussion herein (Figure 2A).
Expression vectors are designed for simple, “plug-and-play”
molecular cloning, and S2 cells are ideally suited for RNA
interference (RNAi) loss-of-function screens (Rogers and Rogers,
2008). Overall, this system offers researchers a simple and rapid
means of studying cell polarity that can complement studies in
traditional genetic systems.

MATERIALS AND EQUIPMENT

Cell Culture
The protocol detailed below is specifically adapted for Drosophila
Schneider 2 (S2) cells, a cell line originally isolated from late
stage embryos thought to be derived from a macrophage-like
origin (Schneider, 1972). S2 cells are grown and maintained
in Schneider insect media (SIM; Invitrogen) supplemented
with 10% fetal bovine serum at 25–29◦C without the need
for CO2 humidification. Standard S2 cell stocks can be
purchased from Invitrogen or the Drosophila Genomics Resource
Center (DGRC;1), which also maintains additional lines stably
expressing fluorescent markers for various cell structures
(e.g., tubulin). Growth medium can be supplemented with
penicillin-streptomycin, although this is not necessary in our
experience and should be considered optional. As with other cell

1https://dgrc.bio.indiana.edu/Home
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TABLE 1 | Comparison of various in vitro methods for reconstituting polarity.

Method Utility Notable examples of applications and key discoveries

Cell-free Most minimal in vitro system using specific
components selected by user in isolation.
Specific concentrations of all components
determined by user.
Can assess direct interactions among
components.
Easily adapted to variety of microscopy
approaches (e.g., TIRF).

Defining the role of spatial protein concentration gradients in cellular organization
and cell division placement site (“Min System”) (Zieske and Schwille, 2014).
Determining the molecular organization and function of T-cell immunological
synapse (Carbone et al., 2017) [Also see (James and Vale, 2012) for a cell-based
method].
Delineating the role of actin-myosin dynamics in symmetry breaking during polarity
initiation (Abu Shah and Keren, 2014).

Micropatterning User-controlled cell shape dynamics.
User-controlled extracellular environment,
particularly related to mechano-sensitive signals
and cell stiffness.
Ability to alter and mimic diverse extracellular
matrix patterns.

Determining the role of the extracellular matrix in oriented cell division
(Thery et al., 2005).
Defining how cell adhesion influences orientation of cell polarity axis
(Thery et al., 2006).
Identifying a role for cadherins in nuclear and centrosome positioning
(Dupin et al., 2009).
Defining how extracellular cues and cortical forces influence spindle orientation
(Thery et al., 2007).

Optogenetic-based
approaches

Highly configurable system to examine
structure-function relationships.
Ability to test both requirement and sufficiency
of specific components.
Ability to control both spatial and temporal
aspects of polarization.
Adaptable to live-cell imaging.

Identifying organization of cortical force generators and establishing their sufficiency
in controlling spindle positioning in human cells (Okumura et al., 2018).
Molecular dissection of spindle orientation in C. elegans (Fielmich et al., 2018).
Probing cell cycle-dependent pathways sufficient to establish polarity in yeast
(Witte et al., 2017).

Induced polarity Similar to optogenetic systems but without
specific need for light-sensitive protein fusions.
Highly configurable, rapid, and cost-effective.
Simple cell shaking protocol for inducing
polarity.
No requirements for advanced microscope or
cell plating technologies.

Discovery of a phosphorylation-dependent Pins/Dlg spindle orientation pathway
(Johnston et al., 2009), as well as additional novel regulatory mechanisms for Pins
function (Wee et al., 2011; Mauser and Prehoda, 2012; Lu and Prehoda, 2013).
Discovery of an actin-mediated spindle orientation pathway involved in
Frizzled/Disheveled planar polarity (Johnston et al., 2013), as well as mapping
interactions with Mud and Dlg effectors (Segalen et al., 2010; Garcia et al., 2014).
Identification of actin regulators involved in spindle orientation in human cells
(di Pietro et al., 2017).

culture systems, users should routinely monitor for Mycoplasma
contamination using standard methods to avoid compromising
validity of results (Roth et al., 2020).

RNAi Preparation
Another distinct advantage of S2 cells is their ability to take up
dsRNA directly from media, which is subsequently processed
into small interfering sequences avoiding the need to clone and
transfect shRNA constructs (Rogers and Rogers, 2008). Rather,
dsRNA can be directly transcribed in vitro using standard T7
RNA Polymerase with PCR-amplified dsDNA as a template. We
typically use the MegaScript T7 synthesis kit (ThermoFisher),
although many alternatives are available. Primer design is carried
out using the SnapDragon dsRNA Design tool freely available
at the Harvard DRSC/TRiP Functional Genomics Resource
site2. Sequences are chosen based on predicted efficiency and
specificity for the selected target, and can be designed in an
isoform/spliceform-specific or -universal manner. All primers
are then synthesized with 5′ T7 recognition sequences appended
(5′-TAATACGACTCACTATAGGG-3′).

Immunostaining and Microscopy
Cells are plated on glass coverslips treated with poly-lysine
to increase their adherence. S2 cells are relatively small

2https://www.flyrnai.org/snapdragon

(diameter of ∼10 µm) and can be further flattened by coating
glass coverslips with the lectin molecule Concanavalin A
(ConA). We typically use 12 mm diameter coverslips placed
individually into 24-well culture dishes. Fixation conditions
should be chosen based on individual experiment outcomes,
but paraformaldehyde and ice-cold methanol are the most
commonly used agents. Primary antibodies must be adapted
to specific needs, and we typically use non-crossreactive
secondary antibodies from Jackson ImmunoResearch or
Invitrogen conjugated with desired fluorophores. Imaging
is conducted using a standard fluorescence microscope,
although the use of a confocal system may yield better
imaging resolution overall. Representative S2 cell images
presented below were acquired on an Olympus IX83 or Zeiss
780 m confocal.

Data Analysis
Data analysis is performed using the ImageJ software package3.
For example, spindle positioning can be measured using
the angle tool with vertices perpendicular to the midpoint
of the Ed crescent and through the spindle midzone. Excel
and GraphPad Prism are additional software programs
ideally suited for further analysis and graphical output
of the data.

3https://imagej.nih.gov/ij/download.html
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FIGURE 1 | Molecular framework for the Echinoid-based polarity reconstitution system. (A) Top: Domain architecture of the full-length Ed protein depicts an
extracellular region containing several Immunoglobulin (Ig; yellow) and Fibronectin (FN; orange) cell adhesion domains that participate in formation of cell clusters.
The transmembrane (TM; blue) region allows for insertion as an integral plasma membrane protein. The C-terminal tail (sequence following vertical dash line) resides
intracellularly and is responsible for protein-protein interactions that participate in maintenance of adherens junction function and signaling. Bottom: Cloning of Ed
for use in the induced polarity assay omits most of the intracellular tail to avoid interactions with known binding partners. This sequence is replaced with an in-frame
green fluorescence protein (GFP; green) coding sequence. (B) The modified Ed:GFP sequence (with GFP replacing native C-terminal sequence) is cloned into the
pMT/V5-His plasmid followed by 5′-BglII and 3′-SalI cloning sites. Standard molecular cloning can easily generate Ed:GFP fusions to ostensibly any gene or
sequence fragment the user wishes to examine. Cells are then transiently transfected with the cloned plasmid, and Ed:GFP fusion proteins are expressed using
copper sulfate activation of the pMT promotor (see “Stepwise procedures”).

STEPWISE PROCEDURES

Molecular Cloning of Ed Fusion
Constructs
Expression of Ed fusion constructs in S2 cells is achieved using
the copper inducible metallothionein promotor within the pMT
expression vector (Thermo Fisher). Cloning and construction
of pMT:Ed plasmids has been previously detailed (Johnston
et al., 2009). We have generated plasmids that yield either GFP-
or FLAG-tagged versions of the Ed fusion, with the general
structure of Ed:GFP-X, where X represents the desired cloned
gene of interest (Figure 1). Both plasmids are linearized using
5′-BglII and 3′-SalI restriction digest, which can be ligated with
identically digested inserts or those digested with isocaudameric
enzymes such as 5′-BamHI and 3′-XhoI. Cloning should be done
using standard molecular techniques and verified using Sanger
sequencing methods.

Transient Transfection of S2 Cells
One significant drawback to the use of S2 cells are their relatively
low transfection efficiency compared with many other cell culture
lines. However, liposome-based transfection reagents are still
recommended as standard practice. We typically use Effectene

(Qiagen), the protocol for which is described below, although
many alternatives exist.

1. Seed S2 cells in 6-well dishes at a density of 1–2× 106 cells
in 2.5 mL of SIM.

2. Prepare Effectene-DNA mixtures according to
manufacturer protocol. Cells are typically transfected
with a total of 0.5–1 µg of total plasmid DNA.

3. Add transfection mixtures dropwise to respective wells and
incubate for 24–48 h.

Note: For standard experiments proceed to step 4; for RNAi-
based loss-of-function studies see next section for additional
experimental steps.

4. Add 0.5 mM copper sulfate and incubate for an additional
24 h prior to proceeding to the Ed assay. Extending the
induction time to 48 h may improve expression of larger Ed
fusion constructs and should be optimized for individual
genes being tested.

RNAi Preparation and Treatment (For
Loss-of-Function Studies)
For studies examining the effects of specific gene knockdown,
transfected cells are treated directly with dsRNA.
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FIGURE 2 | Ed-induced polarity as a minimal reconstitution system to model Drosophila neural stem cell spindle orientation. (A) Drosophila neural stem cells
(neuroblasts) establish apical-basal polarity in the early stages of mitosis. Both apical and basal polarity complexes (blue and red, respectively) consist of numerous
components connected by a complex network of protein-protein interactions and regulatory relationships. At metaphase, the mitotic spindle aligns along this polarity
axis through the activity of the apical Pins/Mud/Dlg spindle orientation complex (green). Mitosis proceeds through an asymmetric cell division that is essential for
generating differentiated progeny (via the ganglion mother cell, GMC) while also maintaining the stem cell pool through self-renewal. (B) Illustration of how the
Ed-induced polarity assay can model Pins-mediated spindle orientation in a minimal reconstituted system (i.e., “X” would represent Pins in this case). Isolated S2
cells initially express an Ed:GFP-X recombinant protein uniformly around the entire cell membrane. Shaking causes collisions that generate cell adhesions wherein
cortical Ed:GFP-X proteins concentrate at sites of cell-cell contact within small clusters, the simplest of which is two adhered cells as shown. As cells enter and
proceed through mitosis, spindle orientation can be measured relative to the Ed:GFP-X induced crescent similar to how one would with the native Pins crescent in
the neuroblast. Note the simplification of this S2 cell system as compared with the complex environment established natively within NBs.

1. Centrifuge transfected cells (following step 3 above) for
3 min at 1,000× g.

2. Resuspend cell pellets in serum free media (SFM) at
2× 106 cells/mL.

3. Add 1 mL of resuspended cells to fresh wells of a 6-
well dish.

4. Add desired dsRNA to respective wells. In our experience,
10 µg of dsRNA (dissolved in ∼100 µL of RNAase-free
water) is sufficient for knockdown of most targets.

5. After 1 h incubation in SFM, add 2.5 mL of SIM and
incubate for an additional 3–5 days.

Note: The amount of dsRNA and incubation times may need
to be optimized for specific targets. Those listed above are a
standard guideline.

6. Add 0.5 mM copper sulfate and incubate for an additional
24 h prior to proceeding to Ed polarity induction.
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Inducing Ed-Based Cell Clusters
This protocol hinges upon the ability of transfected cells to form
Ed-based adhesions that generate small (2–3 cells) clusters in
which cortical Ed is redistributed and concentrated at sites of
cell-cell contact (Figures 2B, 3A). These cell clusters can easily
be induced using the steps outlined below:

1. Prior to starting the Ed cell adhesion assay, place the
desired number of glass coverslips in individual wells of
a 24-well dish. Add 0.2 mL of poly-lysine solution and
incubate at room temperature for 30–60 min. Aspirate and
allow coverslips to dry for 1 h to overnight.

Note: To maximize collection of a suitable number of
technical replicate measurements (typically≥30) during imaging,
it is recommended to prepare at least three coverslips
for each condition.

2. When ready to begin, centrifuge transfected cells for 3 min
at 1,000× g.

3. Resuspend cell pellets in 3–4 mL of fresh serum-containing
SIM supplemented with 0.5 mM copper sulfate.

4. Add cells to fresh wells of a 6-well dish. Agitate on
a platform shaker at ∼250 rpm for 1–3 h at room
temperature. Physical collisions among cells induces cell
adhesions and cluster formation. While shaking times
on the higher end of this scale may be needed for
poorly transfected or expressing constructs, users should be
cautious that longer shaking times may lead to formation
of large clusters (>3 cells) that are typically not suitable for
subsequent analysis (see description below).

5. Add 0.5 mL of fresh SIM to each coverslip-containing well
of a 24-well dish. Add 0.25 mL of cells from step 4 to each
well and allow to incubate at room temperature for 2 h.
This incubation allows cells to firmly adhere to coverslips
and begin to enter the cell cycle, increasing the percentage
of cells in mitosis during subsequent fixation.

Fixation and Immunostaining
Fixation of S2 cells can be achieved by several methods.
Formaldehyde and ice-cold methanol are fixatives typically used
by most labs, and below are steps for the simpler formaldehyde-
based approach.

1. Aspirate excess SIM from previous incubation step.
2. Gently add 0.5 mL of a 4% paraformaldehyde (PFA)

solution in 1× PBS. Allow fixation to proceed for 15 min
at room temperature.

3. Remove PFA and perform three quick washes with 0.5 mL
of wash buffer (0.1% Triton-X100 in 1× PBS).

4. Following washes, permeabilize cells by incubating in wash
buffer for 10 min.

Note: Permeabilization conditions may need to be optimized
for specific antibodies. Triton X-100 concentrations of 0.1–0.5%
and incubation times of 10–20 min should be adequate for
most experiments.

5. Add block buffer (wash buffer supplemented with 1% BSA)
and incubate for 1 h at room temperature.

Note: Users may find that alternative blocking agents,
such as 5% goat serum, produce better results and are
encourage to optimize blocking conditions for each specific
experimental condition.

6. Dilute desired primary antibodies to appropriate
concentrations in block buffer. For measuring spindle
orientation, we typically use a rat anti-alpha-tubulin at
1:500 dilution (Abcam) to mark the spindle along with a
rabbit anti-phosphohistone H3 (PH3) at 1:2000 dilution
(ThermoFisher) to mark mitotic DNA. In our experience,
natural GFP fluorescence is sufficient for visualizing Ed
crescents, although users may consider addition of an anti-
GFP antibody as well. Use of Ed:FLAG constructs requires
the use of an anti-FLAG primary antibody (e.g., Sigma).

7. Add 0.2 mL primary antibody solution and incubate
overnight at 4◦C.

8. The next day, remove primary antibody solution and wash
cells three times with block buffer.

9. Dilute desired secondary antibodies to appropriate
concentrations in block buffer. Keep in mind that, if
using Ed:GFP, polarity crescents will necessarily use the
488 nm (e.g., FITC) excitation filter channel. The use of
Ed:FLAG allows for additional flexibility when choosing
the conjugated fluorophore of the secondary antibody
used against the anti-FLAG primary antibody.

10. Add 0.2 mL secondary antibody solution and incubate
1–2 h at room temperature.

11. Remove secondary antibody solution and wash cells three
times with wash buffer.

12. Prepare microscope slides by adding a small drop
of preferred mounting medium. We typically
use VectaShield Hardset, but many alternatives
are available. Use of DAPI-containing media
should be considered as an alternative method of
visualizing DNA, although this will not be specific for
mitotic chromosomes.

13. Carefully remove coverslips from wells, dab dry, and
mount with cells facing mounting solution.

14. Allow slides to dry for at least 1 h prior to imaging. If
imaging on a later day, store slides at 4◦C and protected
from light.

Imaging: Rather than provide a detailed protocol suited for
our specific microscopes, below are general steps and important
considerations for imaging Ed-based cell clusters in experiments
assessing mitotic spindle orientation.

1. After staging the slide on the microscope, begin searching
for appropriate cell clusters suitable for imaging. In
addition to their relatively low transfection efficiency, S2
cells also suffer from a lower mitotic index compared with
many cell culture lines and, therefore, identifying clusters
of transfected cells undergoing mitosis is most commonly
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the bottleneck of the entire protocol. The following criteria
are a guideline for selecting candidate cells:

• Clusters containing 2–3 cells are typically preferred.
Clusters containing >3 cells often exhibit excessively
wide Ed polarity crescents or multiple, non-continuous
crescents per cell, both of which make accurate
assessment of spindle positioning challenging or
impossible. If cortical polarization of a potential
cytoplasmic binding partner of the Ed-fused protein
is the intended experimental outcome, rather than
spindle orientation, such large clusters may still be
suitable, however.
• The width of the Ed polarity should not exceed ∼30%

of the cell circumference. This estimation reflects that of
a typical Drosophila neuroblast, the native cell originally
mimicked by this approach (Figure 2A; Johnston et al.,
2009). However, this parameter should be considered
a priori and adjusted accordingly based on the specific
system that the user is attempting to reconstitute
or emulate.

Note: S2 cells can naturally adhere to one another in an Ed-
independent manner. In the case of one transfected cell adhering
to a non-transfected cell, the Ed distribution in the transfected
cell remains uniform cortical and not polarized. These can be
easily distinguished from dual transfected, polarized cells and can
be avoided in imaging experiments.

• For experiments measuring spindle orientation, cells
with intact, bipolar spindles should be selected whenever
possible to ensure accurate measurements. This criterion
should also include cells in which the spindle is parallel
to the slide surface and positioned at the approximate
cell center. Cells with spindles significantly decentered
should be avoided. Users should be especially cautious
when selecting cells following RNAi treatment against
genes that participate in spindle assembly, where bipolar
spindles are not evident. In such cases, DAPI or
PH3 staining of the congressed mitotic DNA may
aid in analysis.
• For experiments assessing cell cycle-dependent

endpoints, one should include markers of the desired
stage for additional selection.

2. Focus the selected cell cluster such that both poles of the
mitotic spindle are visible in the chosen focal plane.

3. Adjust other standard parameters (e.g., exposure time, laser
intensity, pinhole opening, etc.), then capture and save
image. Taking multiple images at evenly spaced z-stack
depths may aid in resolving a slightly non-parallel spindle.

4. This process should be repeated for a number of technical
replicates suitable for statistical power in data analysis.
This is typically achieved with ∼30 replicate images.
Biological replicates should then be obtained by repeating
the experiment from the beginning of the protocol (e.g.,
cell transfection).

• Note: as mentioned above, image acquisition is most
often the bottleneck of this protocol. To provide users
a useful context in this regard, in our experience
transfection efficiency of Ed fusions can approach
∼10%, with many of these cells ultimately forming
productive clusters (a conservative estimation would be
half, thus 5% of cells overall). The mitotic index of S2
cells is typically limited to 1–2%, leading to an overall
fraction of cells that are transfected, forming useful
polarity clusters, and undergoing mitosis at ∼0.1%.
Treatment of cells with RNAi against Cdc27 can improve
the mitotic index by accumulating metaphase cells
(Goshima et al., 2007).
• Although not applied to this specific protocol, others

have developed more advanced and high-throughput
imaging and processing approaches. For example,
RNAi-based screens have used automated imaging to
assess genes required in spindle assembly (Goshima
et al., 2007; Kwon et al., 2008). Khushi et al.
(2017) recently developed an automated image analysis
software for phenotypic descriptions of mitotic spindles.
Finally, utilization of machine learning approaches may
offer additional benefits to users with such expertise
(Sommer and Gerlich, 2013).

Data Analysis
The specific method of data analysis should be tailored to the
intended outcome metric. For brevity, a brief discussion of
spindle orientation analysis is outlined below:

1. Open selected image with ImageJ software.
2. Measure the width of the Ed polarity crescent in mitotic

cell and ensure it does not exceed ∼30% of the total cell
circumference (or an alternative size determined by the
user to best mimic the native system being reconstituted).
Use this measurement to identify the center of the crescent.

3. Select the “Angle tool” from the tool selection window.
This tool uses a 3-click input, with click-1 and -2
establishing the first vertex and click-3 defining the
second of the angle.

4. Click on or directly above the midpoint of the Ed crescent
and draw a line perpendicular and toward the cell center,
which should be the approximate location of the spindle
midzone. Click a second time here and then extend a
line through the middle of the spindle toward the pole
closer to either side of the Ed crescent. Click a third
time to finish defining the desired angle and use the
“Analyze > Measure” command. A separate window will
appear with the measured angle listed.

Note: In this standard assay one cannot discriminate between
the two centrosomes as with neuroblasts and other cell types
(Roubinet and Cabernard, 2014). As such, the spindle pole
proximal to the Ed crescent should be selected and the measured
angle should never exceed 90◦. In other words, a perfectly aligned
spindle would measure 0◦, and a perfectly misaligned spindle
would measure 90◦.
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5. Repeat this process for all technical replicates.
6. Methods for plotting the data are at the user’s discretion.

Our style of choice is to plot the cumulative percentage of
cells with spindle measuring ≤ a given angle (y-axis) as a
function of spindle angle (x-axis). These calculations can
be made in Excel using an ascending rank order of angles
measured in steps 4–5.

7. Graphical representation is also a personal choice. Our
program of choice is GraphPad Prism (Figure 3D).

ANTICIPATED RESULTS

We and others have used this procedure to both confirm
in vivo results in a minimal system as well as a discovery
tool for novel components of cell polarity and mitotic spindle
orientation (Johnston et al., 2009, 2013; Dewey et al., 2015a;
di Pietro et al., 2017). Presented here are representative results
users can anticipate for a typical experiment examining known
components of a conserved spindle positioning complex, that
being the polarity protein Partner of Inscuteable (Pins; known
as LGN in humans) and its direct binding partners Mushroom

FIGURE 3 | Representative data for spindle orientation in the Ed-induced
polarity system. (A) Representative image of a mitotic spindle (red) aligned
under an Ed:GFP-X crescent (green; arrowhead). Dashed lines show vertices
of spindle angle. Such result should be expected for Ed:GFP-Pins, for
example. (B) Representative image of a misaligned spindle (red) relative to the
Ed:GFP-X induced crescent. Dashed lines show vertices of spindle angle.
(C) Representative image of a strongly misaligned spindle (red) relative to the
Ed:GFP-X induced crescent. Dashed lines show vertices of spindle angle.
(D) Plot of multiple technical and biological replicate spindle angle
measurements for the indicated example conditions. Measurements are
plotted as a function of the cumulative percentage of cells with an angle at or
below a given angle. Random spindle angles measured in cells expressing
Ed:GFP alone (gray circles) produces a line along the diagonal, whereas
efficient spindle alignment in cells expressing Ed:GFP-Pins (green squares), for
example, causes a steep, leftward deflection of this line. As an example of
spindle misorientation, knockdown of Mud or Dlg (blue triangles and red
diamonds, respectively), two effectors downstream of Pins, lead to different
degrees of spindle misalignment.

body defect (Mud; known as NuMA in humans) and Discs
large (Dlg; also called SAP97 in humans). Cortically tethered
Pins directs spindle orientation through these binding partners’
association with the Dynein/Dynactin and KHC-73 kinesin
microtubule motor complex complexes, respectively (Siegrist and
Doe, 2005; Bowman et al., 2006; Siller et al., 2006; Johnston et al.,
2009; Bergstralh et al., 2013). Loss-of-function in each of these
components leads to spindle orientation defects in Drosophila
neuroblasts as well as several other diverse cell types and
organisms (Figure 2A). Untangling the underlying molecular
mechanisms was facilitated greatly by the reconstitution system
described herein (Johnston et al., 2009, 2013).

Using Ed:GFP alone as a negative control, one should
anticipate spindle orientation measurements evenly and
randomly distributed between 0–90◦. Plotting such results as
cumulative percent of measurements as a function of spindle
angle should produce a nearly linear line through the diagonal
of the plot (Figure 3D). Additionally, calculating the mean of all
measurements should yield∼45◦ with a relatively large deviation
due to the expected randomness of measurements.

When examining Ed:GFP-Pins, as a prototypical example,
spindle orientation is biased toward the Ed-induced Pins
polarity crescent center, similar to natively cortical Pins in
neuroblasts (Figure 2), thus skewing measurements to small
angles. Graphically, this leads to a steep and leftward shifted
curve compared to the Ed:GFP alone as a greater percentage of
cells accumulate within acute angles and few, if any, cells display
grossly misoriented spindles with large angle measurements
(Figures 3A,D). The resulting average spindle angle is ∼10◦ in
a typical Ed:GFP-Pins experiment. In the event that a predicted
spindle orientation factor does not produce these results, users
should consider several possibilities. If the Ed-fused component
being examined requires association with additional factors
(e.g., Pins requires several downstream factors listed above)
it is possible that S2 cells do not express these additionally
required proteins. Several additional cultured Drosophila cells
lines exist, are readily available for purchase4, and transcriptomic
analyses have shown differences in gene expression among them
that might help identify an alternative system in this scenario
(Cherbas et al., 2011). Similarly, if the component in question
requires posttranslational modification, such as phosphorylation,
it is possible that S2 cells do not express the necessary enzyme or
signaling pathway. If the Ed-fused component requires specific
structural features (e.g., oligomerization through sequences such
as coiled-coil domains) it is possible that fusion to the Ed protein
or its artificial tethering at the cell membrane does not allow such
topology or assembly. Finally, it is possible that the component
being tested is simply not sufficient to orient the spindle, even if
cells express other binding factors.

Once a specific component has been found to orient
mitotic spindles as an Ed fusion, users can design simple
RNAi-mediated loss-of-function experiments to identify
additional factors required for its function. For example,
treatment with RNAi against Mud reduces the efficiency of
spindle orientation to Ed:GFP-Pins crescents (Figures 3B,D),

4https://dgrc.bio.indiana.edu/cells/Catalog
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a result similar to its established role in neuroblasts (Bowman
et al., 2006; Siller et al., 2006). The observation that Ed:GFP-
Pins retained partial activity following Mud knockdown,
which was not initially anticipated, helped identify Dlg as a
second direct component in Pins-mediated spindle orientation
(Johnston et al., 2009). Knockdown of Dlg, in contrast, leads
to a strongly misaligned spindle orientation phenotype in
the Ed:GFP-Pins S2 cell system (Figures 3C,D). In addition
to RNAi-mediated knockdown experiments, the relative ease
with which users can generate point mutations, domain
deletions, and chimeric constructs with standard molecular
techniques allows for additional means toward rapid and
precise dissection of the underlying molecular mechanisms and
evolutionary conservation of a gene of interest. Collectively,
these experiments can help identify novel spindle orientation
pathways and their components as well as establish the epistatic
relationship among previously known components, both of
which can aid significantly in discerning molecular mechanisms
of spindle positioning.

DISCUSSION

Cell polarity and processes such as mitotic spindle orientation
linked closely with it are complex cellular events involving
numerous components and regulatory inputs. Understanding
how these components cooperate to control these processes and
the underlying molecular mechanisms controlling their function
can present challenges to traditional genetic approaches using
in vivo model systems. Minimal reconstitution systems have
proven powerful tools in addressing these drawbacks and provide
alternative systems to dissect these molecular complexities. The
protocol described here offers users a rapid and cost-effective
method for inducing polarity within a simple, non-polar cell line
that should help continue resolving unanswered questions in this
conserved and essential cellular process. Although specifically
designed for Drosophila cells, the protocol can be adapted for
use in mammalian systems. For example, a recent study used a
similar approach in HeLa cells, a mainstay in mitosis research in
human cells (di Pietro et al., 2017). Such adaptations will help
further define mechanisms of spindle positioning as well as in
comparisons among evolutionarily related genes.

It should be discussed that this approach, like most, is not
without limitations. First, as mentioned above, perhaps most
substantive is the potential bottleneck one may encounter during
imaging. Compounding issues of S2 cell transfection efficiency
and mitotic index can sometimes limit the throughput of data

collection. However, this has not been a terminal issue, as we and
others have used this protocol in numerous studies that required
extensive conditions to be tested using it as the primary method.
Users are, nevertheless, cautioned to anticipate such limits when
planning experiments. Second, studies using this protocol to
investigate cortical polarity have mostly focused on how Ed-
fused proteins affect localization of cytoplasmic proteins. As such,
its application to studying effects on other integral membrane
proteins has not yet been well-established. Finally, the system
obviously requires first identifying an Ed fusion that is sufficient
to evoke a measureable effect (e.g., Ed:Pins orienting the spindle).
While this allows subsequent dissection of the molecular aspects
of its function, the ability to specifically examine Ed fusions of
its downstream effectors may not be possible if their function is
required but not sufficient. For example, Pins functions through
two effectors, Mud and Dlg, and whereas Dlg is sufficient to
induce a partial orientation of spindles in this system, Mud is
not. Thus, the Ed system was ideal to probe the mechanism of
Dlg function further, but was limited in the information it could
provide for Mud activity (Johnston et al., 2009).
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