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Abstract

The use of Xenopus embryonic skin as a model system for the development of ciliated epithelia is
well established. This tissue is comprised of numerous cell types, most notably the multiciliated
cells (MCCs) that each contain approximately 150 motile cilia. At the base of each cilium lies the
centriole-based structure called the basal body. Centriole biogenesis is typically restricted to two
new centrioles per cell cycle, each templating from an existing “mother” centriole. In contrast,
MCC:s are post-mitotic cells in which the majority of centrioles arise “de novo” without
templating from a mother centriole, instead, these centrioles nucleate from an electron-dense
structure termed the deuterostome. How centriole number is regulated in these cells and the
mechanism by which the deuterosome templates nascent centrioles is still poorly understood.
Here, we describe methods for regulating MCC cell fate as well as for visualizing and
manipulating centriole biogenesis.

INTRODUCTION

The ability of cells to duplicate their centrioles each cell cycle is a critical step in proper
chromosome segregation and cell division. During interphase, centrioles act as important
microtubule organizing centers (MTOCS) creating inward-outward directionality to
microtubule-based transports. Moreover, in many differentiated cells the older of the two
centrioles, termed the “mother” centriole, acts as the basal body nucleating a primary cilium.
When this process goes awry, supernumerary centrioles can form, which has been observed
in numerous types of cancer and is considered to correlate with cancer progression (Vitre &
Cleveland, 2012). Additionally, genetic disruption of numerous centriolar proteins results in
a wide range of phenotypes, most notably microcephaly and dwarfism (Nigg, Cajanek, &
Arquint, 2014). For the reasons above, the study of centriole biogenesis has been the focus
of many labs and there are a number of elegant systems with which to study centriole
formation. The focus of this chapter will be to highlight a variation on the main theme of
centriole biogenesis. Specifically, in post-mitotic MCCs there is a massive centriole
amplification process that results in the production of more than 100 centrioles that nucleate
the numerous matile cilia that project from the apical surface of these cells (Figure 1(A) and

(B))-
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During cell cycle-regulated centriole duplication, the two centrioles that comprise the
centrosome separate, and a new daughter centriole nucleates orthogonally from the side of
each mother centriole (Figure 2(A)). In cells in which key regulators of centriole duplication
(e.0., PIk4 or Cep152) are disregulated, it has been observed that numerous centrioles can
simultaneously nucleate off of a single mother centriole (Figure 2(B)) (Brownlee & Rogers,
2013). Interestingly, in MCCs it has been observed that numerous centrioles simultaneously
nucleate from the mother centriole, suggesting that the critical regulators might be
differentially regulated. However, it has been suggested from the Electron-Microscopy
literature that this form of centriole biogenesis accounts for only a small portion of the
centrioles that are generated. In contrast, the vast majority of centrioles in MCCs arise “de
novo” without a mother centriole to template from. Instead, these centrioles nucleate from a
nondescript electron dense structure termed the deuterosome (Figure 2(C)) (Kalnins &
Porter, 1969; Sorokin, 1968; Steinman, 1968). Recent papers have described several
molecular components of the deuterosome; however, the functional regulation of this
structure is still poorly understood (Klos Dehring et al., 2013; Zhao et al., 2013). The
ciliated epithelium that lines the skin of Xenopus embryos represents an ideal system for
characterizing this structure due to the facile nature of molecular manipulations and the ease
of microscopic analysis (Figure 1(A) and (B)). Here, we present a detailed summary of the
tools and techniques available to study centriole biogenesis in the MCCs of the Xenopus
skin.

The well-characterized centriole duplication regulatory proteins PlIk4 and Cep152, as well as
the core structural protein Sas6, have all been observed at the deuterosome suggesting that
key elements between centriole-centriole and deuterosome-centriole biogenesis are
maintained (Klos Dehring et al., 2013). However, there are obvious fundamental differences
that account for the abilities to (1) generate centrioles in the GO phase of the cell cycle and
(2) generate greater than a hundred centrioles. A significant milestone in the study of
deuterosomes in Xenopus was the observation that a green fluorescent protein (GFP)-tagged
version of the protein CCDC78 localizes specifically to the deuterosome (Klos Dehring et
al., 2013). This allowed the first detailed characterization of the structure. Importantly, the
depletion of CCDC78 leads to a loss of deuterosome localization of Cep152 and
subsequently a severe reduction in centriole amplification. Another deuterosome-specific
protein CCDC67, which has been named Deupl, also localizes to the deuterosome in mouse
(Zhao et al., 2013). Deupl is thought to provide a counterbalance to the mother centriole-
driven centriole biogenesis from its paralogue Cep63 (Zhao et al., 2013). This again
suggests that there are both similarities and unique features that distinguish centriole-
centriole and deuterosome-centriole biogenesis. Finally, it has been recently proposed from
work in the MCCs of mouse ependymal cells that deuterosomes nucleate exclusively from
the daughter centrioles (Al Jord et al.,2014). This suggests that centriole biogenesis is not
entirely “de novo” but, instead, deuterosomes act as amplifiers that acquire some signal from
existing centrioles to increase the centriole nucleating capacity. While these recent studies
have begun to provide a better picture on this structure, clearly there is still much to be
learned. Many of the techniques used to study centriole biology in Xenopus rely on standard
approaches that have been described in detail elsewhere (Mimoto & Christian, 2011;Sive,
Grainger, & Harland, 1998, 2007c, 2007e, 2010a; Werner & Mitchell, 2013). Here, we aim
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to highlight specific tools, reagents, and experimental conditions that will facilitate the study
of centriole amplification in MCCs.

1. VISUALIZATION OF CENTRIOLES AND RELATED STRUCTURES IN
XENOPUS MCCs

1.1 VISUALIZATION OF CENTRIOLES VIA EXPRESSION OF FLUORESCENTLY LABELED
CENTRIOLE-RELATED PROTEIN FROM EXOGENOUS MESSENGER RNA

One significant advantage of using Xenopus as a model organism is the ease of inducing
localized protein expression via direct injection of in vitro synthesized messenger RNA
(mRNA) without the requirement of genome-level manipulations (Mimoto & Christian,
2011; Sive et al., 2007e, 2010a; Sive, Grainger, & Harland, 2010b). The detailed protocols
for manipulating early Xenopus embryos using mRNA injection method has been
extensively described and profiled. Here, we will briefly describe these methods and focus
on the slight modifications that we have found useful. These methods can be used to
introduce proteins that will modulate developmental processes (e.g., transcription factors or
signaling molecules) or simply to introduce fluorescently tagged proteins for visualization.
In MCCs, the ability to fluorescently tag centrioles and deuterosomes allows the initiation of
analysis of the process of centriole amplification.

Prior to mRNA synthesis, it is recommended to use column-based DNA purification of
linearized plasmid DNA to prevent carry-over contamination of residual phenol-chloroform
that may severely inhibit mMRNA synthesis (e.g., Qiagen PCR Purification kit; Cat. No.
28104). The quality of mRNA for injections is critical for reproducibility. Techniques for
generating mRNA are well established and there are numerous commercial kits available to
facilitate optimal production (e.g., Life Technologies mMessage mMachine kits Cat. No.
#1340/1341/1342). Additionally, column-based mRNA clean-up kits such as Life
Technologies MegaClear kit (Cat. No. #AM1908) or Qiagen minElute clean-up kit (Cat. No.
74204) are preferable over the traditional phenol-chloroform method to minimize loss and
prevent carry-over contamination. Column-based purification is essential if MRNA is to be
combined with morpholino oligos (MOs) for injection. While these purification methods are
not always essential and they do slightly increase the cost of mMRNA synthesis, it is our
experience that quality, yield, and reproducibility are all significantly enhanced with these
techniques.

Eggs collected from mature adult females are in vitro fertilized with isolated testes (Sive et
al., 1998, 2007e; Sive, Grainger, & Harland, 2007b, 2007d). Typically, injections are
performed at the two or four cell stage. This is done so that the quality of the eggs can be
evaluated by the quality of the first and second cell divisions. It is not recommended to
inject embryos with poor cleavage planes as these rarely develop properly. Since the
ectoderm gives rise to the ciliated epithelium, injection sites should be located on the animal
hemisphere of the embryo, away from the midline and towards the center of the embryo
within each blastomere. While the proper amount of mMRNA to inject is empirical and
requires titration, a reasonable starting point is a 10e20 pL injection of 50e200 pg mRNA.
(Helpful hint: if using fluorescent proteins within the blue spectrum [BFP/CFP] it is
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preferable to use albino frogs since pigment granules exhibit strong autofluorescence in that
range.)

Injected embryos are allowed to develop until the desired stage. The developmental rate of
embryos can be artificially controlled by incubating embryos under different temperatures
(Khokha et al., 2002). Generally, the earliest expression of MCC-specific genes initiates at
stage 11.5, with high levels of expression observed at stage 14. Radial intercalation, the
process by which MCCs interdigitate from an inner layer to the superficial layer, starts at
stage 14 and can be optimally visualized at stage 17e18 (Stubbs, Davidson, Keller, &
Kintner, 2006; Werner et al., 2014). At this stage, the formation and dynamics of centrioles,
as well as the acentriolar structure, the deuterosome, can be observed. Centriole
amplification typically occurs between stage 15 and 18 and ciliogenesis occurs after cells
have completed radial intercalation (stage 19e20). While cilia are formed around stage 20,
the process of properly polarizing these cilia occurs over time based on a combination of
planar polarity signaling and a flow-mediated positive feedback loop, both of which impinge
on the regulation of cytoskeletal dynamics (Mitchell, Jacobs, Li, Chien, & Kintner, 2007;
Mitchell et al., 2009; Park, Mitchell, Abitua, Kintner, & Wallingford, 2008; Werner et al.,
2011). Generally, the structure and formation of centrioles in Xenopus MCCs can be
conveniently observed using fluorescently tagged centriolar proteins.

A list of molecular markers for centrioles and related structures as well as fixation
conditions and optimal concentrations has been provided in Table 1.

1.2 VISUALIZATION OF CENTRIOLES IN FIXED EMBRYOS

Several techniques have been described for fluorescent imaging in whole Xenopus embryos
(Kieserman, Lee, Gray, Park, & Wallingford, 2010; Lee, Kieserman, Gray, Park, &
Wallingford, 2008). A simple method of mounting the relative-flat embryos for imaging can
be achieved by sandwiching the fixed embryos between two pieces of coverglass, while
using several layers of electrical tape as a spacer (Figure 1(C)) (Werner & Mitchell, 2013). It
should be noted that for optimal imaging of samples fixed in MeOH or Dent’s, sufficient
rehydration time (approximately 4 h) should be allowed for fluorescent proteins to return to
their native conformations.

For successful observation of centrioles in mounted embryos, appropriate microscope
configuration for confocal microscopy is highly recommended. Traditional epifluorescent
microscopy may be challenging due to excessive fluorescence emitted from the underlying
tissue. As a general guideline, a 60e100x oil objective (1.4 n. a.) with sufficient working
distance is recommended for taking images on centrioles and subcortical structures. In order
to obtain clear images on centrioles without interference from background and cytosolic
particles, it is recommended to use Z-stacks (10e15 images) with a step size of 0.2¢0.5 mm.
Collecting too few images may result in decreased Z-axis resolution on centrioles and
associated subcortical structures, while collecting too many stacks may risk excessive
photobleaching to fluorescent proteins, especially red fluorescent protein (RFP). This
balance is particularly challenging while visualizing MCCs amplifying their centrioles as
this occurs below the surface of the embryo (see below).
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1.3 VISUALIZATION OF CENTRIOLES IN LIVE EMBRYOS

Batches of injected embryos should be prescreened under a fluorescent dissecting
microscope to identify embryos with sufficient fluorescence intensities. After
which,embryos can be mounted for live imaging. Mounting techniques and methods in
Xenopus embryos vary between stages of the embryos, as well as the desired timespan in
which the embryos are to be imaged. Generally, a detailed and comprehensive review of
over mounting Xenopus embryos has been published (Kieserman et al., 2010). Essentially,
mounted embryos are pressed against a flat coverglass to maintain a flat field of view for
live imaging, while maintaining sufficient level of access to the culture media to ensure
embryo survival and growth, especially for extended imaging during time course analysis.
Alternatively, instead of whole embryos, explanted tissue such as animal cap explants can
also be used for imaging, especially if the observed tissue is expected to undergo growth,
extension, or movement within one or more dimensions (Figure 3(A)). For a detailed
protocol on customized chamber making and embryo mounting, please refer to Ref. Werner
and Mitchell (2013). The “electrical tape” method described in the previous section can also
be used in live embryos as well as more traditional half-rose chambers or glass bottom Petri
dishes (Wadsworth, 2007; Werner & Mitchell, 2013).

For imaging centriole biogenesis in MCCs, several special considerations should be made.
As mentioned above, centriole biogenesis initiates around stage 16, prior to the cells
undergoing radial intercalation and joining the outer epithelium. This means that the MCCs
are approximately 10 mm below the surface when centrioles are amplifying. While this is
within the range of confocal microscopy, it is challenging to get high-resolution images.
Molecular solutions to this issue will be discussed below, but from an imaging perspective
there are several helpful hints.

The use of skin explants provides two advantages: First, the sample is much flatter than
whole embryos making deeper images more facile (Figure 3(A)). Second, the explants can
be flipped upside down and imaged from underneath, which in some situations allows
higher-resolution imaging (Figure 3(B)) (Stubbs et al., 2006). While other imaging
techniques such as two-photon or light sheet illumination would also be beneficial, the
detailed description of these methods is beyond the scope of this chapter. Additionally, other
groups have successfully imaged MCCs from mouse using super-resolution techniques, and
this will obviously be beneficial to translate into Xenopus (Al Jord et al., 2014; Zhao et al.,
2013).

1.4 VISUALIZATION OF CENTRIOLES VIA ANTIBODY STAINING AND
IMMUNOFLUORESCENCE

In addition to the fluorescent-tagged protein-based methods of visualizing centrioles as
described above, it is also possible and practical to visualize centrioles and associated
structures using immunofluorescence. For a detailed protocol in performing antibody
staining and immunofluorescence in Xenopus epithelium, please refer to Ref. Werner and
Mitchell (2013). In addition to the general protocol, several particular points should be noted
when performing immunofluorescence in Xenopus embryos, as described below.
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Fixatives need to be optimized for each individual antigen. Generally, it is advisable to try
the following fixatives as a starting point: 3% paraformaldehyde (PFA) in phosphate-
buffered saline (PBS), and MEMFA (one volume of 37% formaldehyde, one volume of
MEM salt including 1 M MOPS, 20 mM EGTA, 10 mM MgSO4, pH 7.4, and eight volumes
of ultra-pure H20). High-purity, methanol-free formaldehyde, such as SigmaeAldrich
F8775, is recommended since it will not interfere with phalloidin staining, or Dent’s fixative
(80% MeOH, 20% DMSO, v/v).

Different antibodies may have their own preferences over blocking buffers. Five percent
BSA in PBST (PBS p0.1% Triton X-100) or 10% heat-inactivated goat serum in PBST are
two good starting points for testing antibodies.

2. DRIVING SPECIFIC EXPRESSION IN XENOPUS MCCs

While targeted injection of mMRNA into specific embryo blastomeres does allow for a certain
level of spatial control over gene expression and protein synthesis in early Xenopus
embryos, it is sometimes desirable to achieve targeted gene expression both temporally and
spatially in MCCs alone. To achieve this goal, the a-tubulin promoter is placed upstream of
the desired gene in a plasmid construct (Stubbs et al., 2006). The a-tubulin promoter is
transcriptionally active specifically in MCCs starting at stage 13 and remains active
throughout MCC development. Generally, injection of 10e50 pg of plasmid DNA containing
the a-tubulin promoter is sufficient to drive the expression of the desired gene in MCCs.
However, it should be taken into account that a certain level of mosaicism may arise from
the injection as part of the inherited problems of DNA injection into early Xenopus embryos.
It is possible to circumvent this problem by using transgenic methods to generate stable
transgenic lines; however, significantly more effort and extended time are expected
(minimum 18 months for each Xenopus laevis generation and 6 months for each Xenopus
tropicalis generation) (Amaya & Kroll, 1999; Loeber, Pan, & Pieler, 2009). Alternatively,
FO transgenic animals can also be generated and analyzed. While a certain degree of
mosaicism still presents under these conditions, one can typically identify samples that
contain consistently strong expression. As will be discussed below, a certain level of
mosaicism is often preferable, as it provides an internal control for cell biological analysis.

3. GENERATING MOSAIC XENOPUS EMBRYOS TO CIRCUMVENT EMBRYO
LETHALITY

Either overexpression or knockdown of certain genes or proteins at the whole embryo level
may result in developmental defects and/or poor embryo survival, since the desired genes
may be crucial for proper cellular functioning. These risks are especially prone to happen
during the investigation of centriolar proteins and present a challenge for analysis of MCCs,
as these cells only emerge later in development. Hence, it is often desirable to circumvent
such developmental defects by introducing a degree of mosaicism into the embryos to be
investigated in order to partially compensate for the lethal effects. Generally, the injection of
exogenous mMRNAs or MOs can be restricted to one or more cells at the 4, 8, 16, or 32-cell
stage, therefore restraining the overexpression or knockdown effects within a subset of cells
in the developed embryos. A more targeted approach, which may even allow population-
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specific expressions within certain tissues or regions can be executed at the 16e32 cell stage
with the reference from a fate map of individual blastomeres (Dale & Slack, 1987; Moody,
19874, 1987b). In all cases, it is recommended to label the cells that have been injected
using molecular tracers such as fluorescein isothiocyanate (FITC)-labeled dextran
(SigmaeAldrich 46945) or rhodamine-labeled dextran (micro-ruby, Life Technologies
D-7162). Strong fluorescence can be observed immediately after injection, and the
fluorescence persists after fixation and remains strong during immunofluorescence. Injection
of mRNAs encoding fluorescent proteins such as eGFP or mCherry as tracers can also be
adopted in experiments, although such fluorescent proteins usually result in lower signal
intensities compared to labeled dextrans and may not perform well after fixation and
immunofluorescence. If MOs are to be used in the mosaic knockdowns, MOs can be
prelabeled by either FITC or lissamine-rhodamine upon purchase for tracing the MO
presence within embryos, and the fluorescence is maintained after fixation. Finally, it is
often desirable to have centriolar markers (e.g., Centrin-RFP) in all cells and a specific MO
in a subset of cells. To accomplish this, one set of injections can be performed at the 2-cell
stage and a second set of injections can be performed at the 4, 8, 16, or 32-cell stage. This
allows for a direct comparison of “wild-type” and mutant cells in the same embryos and can
be a particularly powerful approach.

4. CILIATED EPITHELIAL SPHEROID CULTURE

During embryonic development, MCCs of Xenopus embryos undergo radial intercalation
into the outer epidermal layer, and the numerous centrioles within are subsequently
distributed to the apical surface (Figure 3(B)). This event provides a unique opportunity to
study radial intercalation and the essential role that centrioles play during this process
(Werner et al., 2014). However, performing time-lapse confocal imaging on intercalating
cells presents a challenge, since intercalation generally occurs perpendicular to the
coverglass surface in mounted embryos, which results in a severe decrease in resolution due
to the absorption of both excitation lasers and emission light from the tissue itself. In
addition, to obtain sufficient resolution of cell movements during the intercalation process,
deep Z-stacks are required, which further increases the potential threat of photobleaching.
Hence, it may be desired to mount the intercalating epidermis in a way that the plane of
intercalation is parallel to the coverglass and, therefore, parallel to the XY axis. To achieve
this, Xenopus epithelial spheres derived from ectodermal explants can be used, which are
much smaller in size compared to the whole embryo and, more importantly, enable confocal
imaging of intercalating cells from the side of the sphere, thus greatly reducing scan time
and hence the risk of photobleaching (Werner & Mitchell, 2013).

1. Use agarose-coated dishes in all experiments. The surfaces of certain high-quality
dishes for cell culture are specifically precoated with polymers and thus become
extremely adhesive to any exposed tissues. In such cases, isolated animal cap
explants will “cling” to the bottom of the dish and are difficult to manipulate and
transfer. To make agarose-coated dishes, pour hot 1% agar dissolved in 0.1x MMR
into the dishes to be used, let stand for 30 s, and aspirate out the remaining agar
solution. A very thin layer of agar coating will remain on the inner surface of the
dish and prevent any adhesion to explants.
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Isolate animal cap explants around stage 10 (Figure 3(A)) (Sive, Grainger, &
Harland, 2007a). Remove any residual white remnants that derive from the yolk-
rich inner embryo mass from the inside of semispherical ectodermal animal cap
explants. This is best done using an eyebrow knife to scrape off the white mass.

Cut the ectodermal explant into small pieces of approximately 20630 mm in
diameter using an eyebrow knife. This can be done in 0.1x MMR to circumvent
high salt concentration-induced quick involution of the explants, especially when
the operator is relatively inexperienced.

Transfer the small tissue explants obtained into another dish with 0.5x MMR plus
gentamycin. Use a wide-bore glass pipette and avoid getting explants into contact
with air or the surface tension will rupture the explants. Under normal conditions,
explants will naturally form spheres in 30 minel h.

Incubate explants until control (nonexplanted) embryos reach stage 16e20.

Prepare agarose pads for mounting and imaging. Melt 2% agarose in 0.1x MMR to
90 oC in a heat block or microwave oven. Apply a drop of agarose to a glass
microscopic slide that has been positioned between two other slides. The other two
slides must be fixed to the bench surface using two layers of electrical tape.Place
another glass slide on top of the agarose and perpendicular to all other three slides.
A thin layer of agarose will form inside the buffer zone created by two layers of
electrical tape between the two slides. For a graphical illustration of the procedure,
see Ref. Werner and Mitchell (2013).

Carefully remove the top slide from the agarose pad by sliding it along the other
ones. In most cases, some air bubbles will be trapped inside the buffer zone and
leaving small holes on the agarose pad, which can be immediately used for
mounting the epithelial spheres inside. Small holes can also be cut using fine
forceps or punching the pad with pipette tips to sit the spheres within.

Carefully transfer the epithelial spheres into the holes on the agarose pad using a
wide-bore glass pipette. Gently place a coverslip on the agarose pad and seal the
rim with melted petroleum jelly or silicon grease. The spheroid cultures are now
ready to be used for live imaging.

5. MANIPULATING MCC FORMATION

The MCCs that form on the surface of Xenopus embryos exhibit a stereotypical spacing
pattern that reflects the requirement for cell vertices during the process of radial intercalation
(Figure 4). For example, one can greatly increase the number of MCC precursors, but only a
fraction of these will intercalate due to the limitations of the number of proper vertices
(Stubbs et al., 2006). The transcriptional program that leads to MCC development has been
the focus of numerous studies and several factors are known to modulate MCC formation.
Here, we will describe several of these factors and how they can be exploited to study
centriole formation and function.
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Notch signaling appears to provide one of the first levels of regulation for MCCs at around
stage 12. Activation of the Notch pathway using mRNA injections to over-express the
intracellular domain of Notch (pCS2-NICD) leads to a severe decrease in the number of
MCCs, while conversely the inhibition of the Notch pathway via overexpression of a
dominant negative Mastermind (pCS2-dnMM) construct leads to an overproduction of
MCCs (Figure 4 and Table 2) (Deblandre, Wettstein, Koyano-Nakagawa, & Kintner, 1999).
However, the effect of each of these constructs is restricted to the initial cell lineage in that
ectopic expression within outer epithelial cells fails to convert these cells to the MCC’s
lineage. In stark contrast, the loss of multicilin (MCIDAS), which is a member of the gemini
family of proteins, results in a loss of MCCs. More importantly, ectopic expression of
MCIDAS using a dexamethasone inducible construct (pCS2-hGR-MCIN) leads to the
conversion of outer epithelial cells into MCCs, such that the entire epithelium is now
covered with MCCs (Figure 4 and Table 2) (Stubbs, Vladar, Axelrod, & Kintner, 2012).
Two downstream targets of MCIDAS are the transcription factors MYB and FoxJ1. MYB
controls centriole duplication and FoxJ1 controls ciliogenesis. Ectopic expression of MYB
leads to more MCCs but fails to convert outer cells into MCCs (similar to dnMM) (Tan et
al., 2013). In contrast, ectopic expression of FoxJ1 does not create more MCCs due to a lack
of centriole amplification but rather lead to the formation of ectopic cilia such that outer
cells will use their existing centrioles to nucleate one to two cilia per cell (Stubbs, Oishi,
Izpisua Belmonte, & Kintner, 2008).

While each of these factors can provide useful tools for the study of centrioles, MCIDAS is
particularly useful. The formation of ectopic MCCs (with temporal control using human
glucocorticoid receptor-fused version of MCIDAS, hGR-MCI together with dexamethasone
induction) eliminates the issues of imaging MCCs undergoing centriole amplification deep
in the tissue (see above). When outer cells are converted to MCCs, one can easily visualize
the formation of nascent centrioles budding off of the deuterosome. Additionally, it has been
observed that deuterosomes are formed in MCCs ectopically expressing both MCIDAS and
MY B, suggesting that these MCCs undergo typical deuterosome-mediated centriole
amplification. Table 2 outlines the optimal dose and experimental use of these constructs as
well as the expected outcomes.

6. FULLY-AUTOMATIC, PROGRAM-ASSISTED COUNTING OF CENTRIOLES
IN CONFOCAL IMAGES USING ImageJ

When investigating the molecular mechanisms related to centriole proliferation and/ or
development in ciliated cells, it is often necessary to make statistical analysis on the number
of centrioles within each ciliated cell in control versus experimental group(s). In most cases,
manual counting is applied to collect centriole counts from samples, which is both time-
consuming and labor-intensive. Several commercially available software packages, such as
Nikon NIS-Documentation™, have built-in functions that allow automatic cell border
tracking, image segmentation, and particle counting within each of the region of interests
(ROI) that greatly reduces both experiment time and human labor. However, one drawback
is that commercial software is often instrument-bound and/or expensive to buy, which
restricts their widespread application. Here, we introduce a method using the built-in macro
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function of the GNU Freeware ImageJ for both fully automatic and program-assisted
centriole counting. Essentially, two critical steps define the core conception of automatic
centriole counting. First, maximum-projected Z-stack confocal images need to be segmented
into single cells that contribute to multiple ROIs. Secondly, centrioles within each ROI (i.e.,
cell) need to be counted separately without interference from neighboring cells.

1.

Prepare embryos or animal cap explants for confocal microscopy. Generally, at
least two channels are required in samples that will be imaged. The first channel
(CO0) labels centrioles using centriole-specific markers such as GFP-Centrin4, while
the second channel (C1) labels cell boundaries using membrane-specific markers
such as memRFP, LifeAct-RFP, or fluorescently labeled phalloidin
(recommended).

Prepare confocal images for analysis. An image size of at least 512 x 512 pixels
(1024 x 1024 or higher is ideal) is required for successful image
analysis.Instrument and scanning parameters: 40e60x oil lens, 2 mm thick Z-stack
in total, 10 optical sections with 0.2 mm distance in between. Final output images
should be multichannel (not RGB) images that have been superimposed using
maximum projection along the Z-axis with the centriole channel in the CO position.

Program requirements for imaging analysis: all the codes used within the section
have been tested using ImageJ 1.49h 64-bit version with adaptiveThr plugin
installed (downloadable at https://sites.google.com/site/qingzongtseng/
adaptivethreshold).

If using machine-assisted counting (which is more useful when the signals from
cell boundaries channel is not very strong), cell boundaries are manually drawn
using the built-in ROI function of ImageJ and added into the ROl manager on the
cell boundaries channel. Images need to be presplit into two independent images
before the ROIs are drawn (Image > Color > Split Channels). After all the ROIs
have been set up, transfer all ROIs to the centrioles channel (Edit > Selection >
Restore Selection or Ctrl p Shift p E).

Load the macro scripts below (Box 1; this only needs to be done once and the code
will remain open for all subsequent analyses) using Plugins > Macros > Edit. Make
sure the centriole window has the focus and press Ctrl p R to run the script. The
script will attempt to count the number of centrioles within each ROI in an
exhaustive pattern until all ROIs have been counted. After counting, the centriole
counts within each cell will be displayed in the summary window and can be
subsequently exported (column 2). If desired, the area size of each ROI (i.e., cell)
can be calculated by dividing the Total Area of the centrioles (column 3) over the
%Area (column 5). The threshold level in line 2 and centriole size in line 9 need to
be determined empirically.

The fully automatic script has the ability to batch-process whole folders containing
unlimited number of images, make analysis, and save the results into designated
folders as tab-separated text files. Several parameters, as displayed in the program
initiation page, need to be empirically determined and may differ on images
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obtained from separate sets of experiments. Hence, it is suggested to use images
from the same set of experiments during each batch run. The code itself is
extensively annotated and minor adjustments can be performed by referring to the
in-line comments when editing the macro.

CONCLUSION

Centriole biogenesis has been the focus of research in many labs. The vast majority of
studies have been performed in cell culture or the early Caenorhabditis elegans embryo.
This is due to the fact that many deletions of proteins involved in centriole formation are
embryonic lethal. In addition to the role that centrioles play in organizing microtubules
during interphase (MTOC) and mitosis (spindle pole), they also have the capacity to act as
basal bodies nucleating the microtubule-based cilium. While the regulation of cell cycle-
dependent centriole duplication has been widely studied, the massive amplification of
centrioles that occurs within MCCs is only starting to be addressed at a molecular level.
MCC:s are found in a variety of tissues including the mammalian lung, oviduct, and
ependyma. These tissues, as well as primary cultures, have proven to be extremely useful for
the study of MCC formation and function. Here, we have described the use of the skin of
Xenopus embryos as a source for addressing the molecular regulation of centriole
amplification. Xenopus has the advantage that the ciliated tissue develops on the external
surface of the animal, thus eliminating the need for tissue dissection or long-term tissue
culture. The ease of molecular manipulations and the speed of development have also made
Xenopus an appealing system with which to address the biology of MCCs and, specifically,
the fascinating question of how these cells uncouple centriole biogenesis from the cell cycle
and how they utilize the poorly characterized structure the deuterosome to nucleate
centrioles de novo. Xenopus has been instrumental in recent advances in understanding both
the transcriptional program leading to MCCS as well as the initial molecular
characterization of the deuterosome. However, clearly there is much to be learned about
these unique cells and we hope that the techniques provided here will be a spring board for
future work in this area.
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BOX 1
CODE FOR AUTOMATED QUANTIFICATION OF CENTRIOLE NUMBER

[/ Set global variables var
minimum_cell_size;
var maximum_cell_size;
var adaptiveThr_pixel _block size _cell; var
adaptiveThr_subtract_value_cell;
var gaussian_radius;
var minimum_centriole_size; var
maximum_centriole_size;
var adaptiveThr_pixel_block_size_centriole; var
adaptiveThr_subtract_value_centriole;
var edge_count;
var min_count_threshold; var output 2 file;
var watershed_count;
get_all_parameters(); //set all parameters for counting
dir_Input = getDirectory(“Choose Input Directory ); // Get Input
directory
dir_Output = getDirectory(“Choose Output Directory *); // Get Output
directory
list = getFileList(dir_Input); //Get file name
output_2_Tile = File.open(dir_Output + “output.txt”); //set output
summary file
for (i=0; i<list.length; i++)
{
//load image for processing
showProgress(i+1, list.length); open(dir_Input + list[i]);
Current_File_title = list[i];
/[ - Beginning of image processing
// Note: the 1st Channel is Centrin while the 2nd Channel is Phalloidin.
selectWindow(Current_File_title); //Get image
run(“8-bit”); //adaptiveThr only works on 8-bit images
run(“Split Channels); // separate Phalloidn and centrin channels
selectWindow(““C2-" + Current_File_title); // process Phalloidin to
identify cell boundaries
run(“adaptiveThr 7, “using=Mean
from=adaptiveThr_pixel_block_size_cell
then=adaptiveThr_subtract value_cell”); // Threshold
selectWindow(““C2-" + Current_File_title); // Reconfirm window
run(“Gaussian Blur.”, “sigma=gaussian_radius™); // Apply Gaussian Blur
wait(1000); //System wait time for medium-slow computers, necessary,

otherwise the current window may lose focus.
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run(“Make Binary’); // Transform to binary
run(“Invert LUT”); //Need BLACK cells over WHITE cell boundaries
//Determine whether edge counts should be included if (edge_count ==
true)
{
run(““Analyze Particles.”, “size=minimum_cell_size-maximum_cell_size
circularity=0.20-1.00 clear add”); //ldentify single cells, at least 500
in size
3
else
{
run(““Analyze Particles.”, “size=minimum_cell_size-maximum_cell_ size
circularity=0.20-1.00 clear exclude add”); //ldentify single cells, at
least 500 in size
3
selectWindow(“C1-" + Current_File_title); //Switch to basal bodies window
run(“adaptiveThr 7, “using=[Weighted mean] from
=adaptiveThr_pixel_block_size_centriole then
—adaptiveThr_subtract value_centriole ); // Apply threshold
run(“Invert LUT”); // Invert LUT, need to be BLACK centrin signals over
WHITE background
run(“Make Binary”); // Transform to binary, need to be BLACK cells over
WHITE cell boundaries
if (watershed_count == true)
run(“Watershed™); // Try to separate touching particles
selectWindow(“C2-" + Current_File_title);
run(“Select All”); //Get Selection from Phalloidin channel
selectWindow(“C1-" + Current_File_title);
run(“Restore Selection); //Transfer selection to Centrin channel
n = roiManager(*“count™); // Count centrin signals (i.e.: basal bodies)
for (J=0; j<n; j++)
{
roiManager(“select”, j);
run(“Analyze Particles.”, “size=min_centriole_size-
maximum_centriole_size clear summarize”);
3
// Save Summary window
selectWindow(“Summary™) ;
saveAs(“text”, dir_Output + Current_File_title + “_txt);
lines = split(getinfo(), “yn”); //save output to one large summary file
print(output_2_file, lines[0] + * yt” + “Mother Cell Area”); //Write
form titles
for (m=1; m<lengthOf(lines);m++)
{

Methods Cell Biol. Author manuscript; available in PMC 2016 May 27.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhang and Mitchell

Page 16

values = split(lines[m], “yt”); //False counts filter centriole_count
= values[1];
it (centriole_count > min_count_threshold)
{
centriole_area = parseFloat(values[2]);
centriole_area_percentage = parseFloat(values[4]);
cell_area = centriole_area / centriole_area_percentage * 100;
//Count the total area of mother cell
print(output_2_ file, lines[m] + " yt® + cell_area);//Write mother
cell area
3
3

/) End of Image processing
// Cleanup
close(); //Close Channel 1d close(); //Close Channel 2
// close(dir_Input+list[i]);
//setBatchMode(true);
3
L[ File selection function function
get_all_parameters()
{
Dialog.create(“Please set program parameters™);
Dialog.addMessage(“Parameters for detecting cell boundaries™);
Dialog.addSlider(“Minimum Cell Size”, 2500, 10000, 5000);
Dialog.addSlider(“Maximum Cell Size”, 3000, 100000, 50000);
Dialog.addSlider(“Pixel Block Size for Cell Boundary”, 3, 1000, 437);
Dialog.addSlider(“Subtraction Value for Cell Boundary”, -100, 100,
-12);
Dialog.addSlider(“Gaussian Blur Radius”, 0, 30, 3);
Dialog.addMessage(““Parameters for detecting basal bodies™)
Dialog.addSlider(“Minimum Basal Body Size”, 10, 100, 10);
Dialog.addSlider(“Maximum Basal Body Size”, 10, 100, 40);
Dialog.addSlider(“Pixel Block Size for Basal Bodies”, 3, 100, 60);
Dialog.addSlider(“Subtraction Value for Basal Bodies”, -100, 100, -11);
Dialog.addMessage(“Misc™);
Dialog.addCheckbox(“Including Edges?”, false);
Dialog.addCheckbox(“Watershed?”, false);
Dialog.addSlider(’Minimum Basal Bodies Count Threshold Per Cell?”, O,
50, 10);
Dialog.addMessage(““‘Basal Body Counter v0.1 by Siwei Zhang, 16 Oct
2014);
Dialog-show();

minimum_cell_size = Dialog.getNumber(); maximum_cell_size =

Dialog-getNumber();

Methods Cell Biol. Author manuscript; available in PMC 2016 May 27.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Zhang and Mitchell

adaptiveThr_pixel_block _size cell = Dialog.getNumber();
adaptiveThr_subtract_value_cell = Dialog.getNumber();
gaussian_radius = Dialog.getNumber();

minimum_centriole_size = Dialog.getNumber();
maximum_centriole_size = Dialog.getNumber();
adaptiveThr_pixel_block_size centriole = Dialog.getNumber();
adaptiveThr_subtract_value_centriole = Dialog.getNumber();
edge_count = Dialog.getCheckbox();

watershed_count = Dialog.getCheckbox();

min_count_threshold = Dialog.-getNumber();

return;

Page 17
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(A)

sanpredt

Figure 1.
Xenopus MCCs.

(A) Hlustration of the ciliated epithelia that covers the skin of Xenopus embryos. (B)
Confocal image of multiciliated cells with centrind-GFP marking centrioles/basal bodies
(green) and rhodamine-phalloidin marking actin in the cell periphery (red). (C) Illustration
of the mounting of Xenopus embryos using electrical tape as a spacer.

Methods Cell Biol. Author manuscript; available in PMC 2016 May 27.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Zhang and Mitchell Page 19

(A) (B)

mother centriole daughter centriole . deuterosome

Figure 2.
Centriole biogenesis.

(A) Standard centriole duplication with a single daughter (green (light gray in print
versions)) nucleating from a mother centriole (pink (dark gray in print versions)). (B)
Mother centriole-derived centriole amplification with numerous daughters (green (light gray
in print versions)) simultaneously nucleating from a mother centriole (magenta (dark gray in
print versions)). (C) Deuterosome-mediated centriole amplification with numerous
daughters (green (light gray in print versions)) simultaneously nucleating from the
deuterosome (orange (gray in print versions)).
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Figure 3.
Ciliated epithelial explants.

(A) Hlustration of dissecting off the animal cap of the embryo to generate an epithelial
explant. (B) Process of visualizing multiciliated radial intercalation in which the cells
migrate into the outer epithelium.
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Inhibition of Notch signalling or over-expression of MYB
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Figure4.
Modulation of multiciliated cell fate.

Ilustration of multiciliated cell phenotypes obtained with the manipulation of various
transcriptional regulators (as labeled).

Methods Cell Biol. Author manuscript; available in PMC 2016 May 27.

Page 21



1duosnue Joyiny 1duosnuen Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Zhang and Mitchell

Table 1

Useful Molecular Markers for the Study of Multiciliated Cells
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Marker Name

Description

Labeled Structure

Fixatives

Suggested Concentration

Centrioles and basal bodies

g-tubulin

Centrin-RFP

GFP-HYLS

Sas6-RFP

RFP-Cep152

GFP-PIk4

GFP-Ccdc78

Ccdc78-GFP

GFP-Deupl

GFP/IRFP CLAMP (Spefl)

GFP-mid1ipl (Mig12)

Vinculin

Antibody sigma #T-6557

Tagged centrin4 (XI.
50473)

Tagged HYLS (XI. 13199)

Tagged SAS6 (XI. 33005)

Tagged Cepl152 (XI.
13956)

Tagged Plk4 (XI. 5660)

N-terminal GFP tagged
ccdc78 (XI. 4890)

C-terminal GFP tagged
ccdc78 (XI. 4890)

N-terminal GFP tagged
Deupl (CCDC67 cloned
from Xenopus laevis)

Tagged CLAMP (XI.
26316)

Tagged migl12 (XI. 47645)

GFP-tagged vinculin (XI.
21637)

Label basal bodies in
fixed tissue (Park et al.,
2008)

Strongly labels basal
bodies (Mitchell et al.,
2009; Park et al., 2008)

Strongly labels basal
bodies (Dammermann
et al., 2009)

Labels active
deuterosomes and
centrioles (Klos
Dehring et al., 2013)

Labels deuterosomes
and nascent centrioles
(Klos Dehring et al.,
2013)

Labels deuterosomes
and centrioles (Klos
Dehring et al., 2013)

Specifically labels
deuterosomes (Klos
Dehring et al., 2013)

Labels both
deuterosomes and
centrioles (Klos
Dehring et al., 2013)

Strongly labels
deuterosomes and
weakly labels centrioles
(unpublished
observation)

Labels striated rootlets.
Can be used to score
cilia orientation
(Mitchell et al., 2009;
Park et al., 2008)

Labels rootlet, striated.
Can be used to score
cilia orientation (Park et
al., 2008)

Labels rootlets in
ciliated cells
(Antoniades, Stylianou,
& Skourides, 2014)

100% MeOH; Dent’s

Variable results: 3%
PFA/EtOH

3% PFA or 3% PFA/
EtOH

Variable results:
100% MeOH; Dent’s

Dent’s

3% PFA/EtOH
3% PFA
Dent’s

3% PFA/EtOH
3% PFA
Dent’s

3% PFA/EtOH
3% PFA
Dent’s

3% PFA/EtOH
3% PFA
Dent’s

3% PFA/EtOH
3% PFA
Dent’s

3% PFA/EtOH
3% PFA

3% PFA

3% PFA or 3% PFA/
EtOH

Variable results:
100% MeOH; Dent’s

3% PFA or 3% PFA/
EtOH

Variable results:
100% MeOH; Dent’s
Live imaging is
recommended

3% PFA if fixation is
required
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1:300e1:500

40 pg mMRNA

250 pg mRNA; 20 pg DNA

250 pg mMRNA

250 pg mMRNA

250 pg mMRNA

200 pg mMRNA

200 pg mMRNA

200pg mRNA

250 pm mRNA; 20 pg
DNA

250 pm mRNA; 30 pg
DNA

250 pg mMRNA
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Marker Name

Description

Labeled Structure

Fixatives

Suggested Concentration

FAK

Paxilin

DvlI2

Bbofl

GFP-tagged FAK (XI.
6819)

GFP-tagged Paxilin (XI.

724)

GFP-tagged DvI2, (XI.

7670)

GFP-tagged Bbofl (XI.
66678)

Labels rootlets in
ciliated cells (Park,
Shen, Chien, & Guan,
2009)

Labels rootlets in
ciliated cells
(Antoniades et al.,
2014)

Labels adjacent to the
basal body (Park et al.,
2008)

Transiently associated
with basal bodies
(Chien et al., 2013)

Live imaging is
recommended

3% PFA if fixation is
required

Live imaging is
recommended

3% PFA if fixation is
required

3% PFA

3.7% Formaldehyde p
0.25% glutaraldehyde

250 pg mMRNA

250 pg mMRNA

250 pg mRNA

250 pg mRNA
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Table 2

Tools for Manipulating Multiciliated Cell Formation
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Regulator Dose Effects

Notch-ICD (intracellular domain of Notch) 175 pg mMRNA Overexpression in early embryos activates Notch signaling,
(Deblandre et al., 1999) thus reducing or preventing MCC formation

dnHMM (dominant-negative version of 1 ng mRNA Overexpression in early embryos inhibits Notch signaling,
mastermind) (Fryer, Lamar, Turbachova, thus promoting MCC formation

Kintner, & Jones, 2002)

FoxJ1 (Stubbs et al., 2008) 1e5 ng mRNA Overexpression induces nodelike ciliated cells;

MYB (Tan et al., 2013)

hGR-MCI (inducible version of multicilin)
(Stubbs et al., 2012)

75 ng Morpholino oligo

500 pg mMRNA

40 pg mRNA; 2 mM of
dexamethasone for induction
(Ryan et al., 2004);

50 ng MO

knockdown inhibits formation of both node and epidermal
ciliated cells

Overexpression promotes MCC formation in epidermis

Overexpression will convert all epidermal cells into MCCs;

knockdown prevents MCC formation in epidermis
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