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Abstract
The growth cone, residing at the helm of elongating neurites, is characterized by the
superposition of two geometrically distinct actin networks regulated by RhoGTPase signaling patterns.
This complex, dynamic structure, plays an essential role in neuronal development, integrating a variety of
extrinsic environmental cues, which serve to both guide the elongating neurite along its route, and ensure
the appropriate temporal coordination of many simultaneous neurite elongation events. While much
progress has been made in the identification of the molecular players important for neurite elongation and
guidance, much less is known about how intra-cellular signaling events coordinate in space and time to
control growth cone morphology and function. High resolution imaging of growth cones expressing
fluorescent biosensors provide a means to monitor fundamental signaling nodes and directly measure
cellular signaling relationships in real time. However, a dearth of automated tools for the extraction of
biosensor measurements remains a primary bottleneck for application of this technology to higher
throughput studies. Here we remove this bottleneck by developing Growth Cone Analyzer, a computer
vision software tool that fully automates the extraction of fluorescent signal in relationship to biologically
relevant morphological/dynamic landmarks, from growth cones exhibiting select behaviors. We showcase
the tool by focusing first upon the morphological analysis of a structurally heterogeneous set of growth
cones. Using these data, we demonstrate that morphodynamic features extracted using Growth Cone
Analyzer can be employed to 1) identify latent correlations between growth cone architecture and neurite
elongation rate, 2) distinguish subtleties in growth cone morphology/dynamics upon perturbation of
seemingly redundant regulators of the RhoGTPase signaling network, and 3) detect the timing of
significant transitions in growth cone morphology as a neurite progresses along its trajectory. We then
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illustrate how Growth Cone Analyzer’s utility may be extended beyond morphological studies to facilitate
the extraction of high-fidelity spatial profiles of RhoGTPase activation patterns measured via FRET
biosensors. Hence these tools provide a vital first step towards future studies aiming to quantify the
RhoGTPase signaling patterns regulating neurite elongation and determine how specific RhoGTPase
regulators may cooperate to maintain these motifs.
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Chapter 1 : Introduction
The Challenges and Importance of Quantifying Cellular Morphological Dynamics
“Cell and tissue, shell and bone, leaf and flower, are so many portions of matter, and it is in obedience to
the laws of physics that their particles have been moved, molded and conformed….Their problems of
form are in the first instance mathematical problems, their problems of growth are essentially physical
problems...”
D'Arcy Wentworth Thompson from On Growth and Form

Much like the movements of the ocean, a cell’s dynamic architecture tends to inexplicably capture
the human imagination. What makes them both ultimately so intriguing, even poetic, is that both are
ultimately manifestations of a culmination of unseen, underlying physical forces governing our world. The
diversity of cell morphologies observed, ultimately arises organically from natural fluctuations in the
underlying cytoskeletal, cell membrane, and adhesive structures (Mogilner and Keren, 2009). Hence
morphology ultimately lends clues as to the intracellular state of the cell, and quantification of cell
morphology (Yin et al., 2014), and its corresponding change in time (Gordonov et al., 2016), provides a
relatively perturbation free way to identify transitions in the cellular system under investigation- transitions
which are typically linked to changes in the cell’s larger scale behavior. For example, it has been shown
that enabled/vasodilator-stimulated phosphoprotein (Ena/VASP), an actin remodeling protein, induced the
stereotypical smooth-edged, “canoe” morphology stereotypical of keratocytes, and this specific
morphology facilitated larger-scale persistent migration (Lacayo et al., 2007).
While keratocytes represent one of the simplest cellular structures, and have thus been the focus
of studies aiming to derive mathematical models of cell shape and its relationship to migration (Keren et
al., 2008) , many cellular architectures are quite more geometrically complex (Mogilner and Keren, 2009).
A striking example of such a structure is the neuronal growth cone, which serves as a navigation platform
for an elongating neurite. The canonical growth cone’s “hand-like’ structure results from the integration of
two actin networks, filopodia actin bundles and veil-like actin structures comprising the lamellipodium, this
composite corresponding to what is typically referred to as the peripheral (P) domain of the growth cone.
In contrast, the central (C) domain is comprised of stable bundles microtubules from the axon stem, while
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the transition (T) domain is characterized by its position between the P and the C domain and its
contractile actomyosin arcs (Lowery and Van Vactor, 2009). Integration of these domains ultimately
governs cell shape.
For simpler cell shapes, imaged at low resolution, shape metrics can be extracted from images
masked using relatively simple methods, such as global thresholding (Gordonov et al., 2016). However,
in the case of complex geometries such as growth cones, more refined image analysis is required. In
Chapter 2, I further introduce the challenge of growth cone shape quantification, and address this issue
by developing a novel image analysis framework to study the relationship between growth cone shape
and neurite elongation.

Beyond Cellular Morphological Dynamics: Image Processing and the Quantification of Signaling
Patterns in Space and Time
“To understand is to perceive patterns.”
Isaiah Berlin

Important regulators of downstream actin cytoskeletal effectors, and hence cellular morphology,
are the RhoGTPases, the most well-known being, RhoA, Rac1, and Cdc42 (Hall and Lalli, 2010). These,
proteins are essentially molecular switches, activated when bound to GTP and deactivated when bound
to GDP (Jaffe and Hall, 2005). Pioneering studies using constitutively active and dominant negative
RhoGTPases in fibroblasts founded the simplistic dogma that Rac1 controls lamellipodia formation,
CDC42 initiates filopodia, and RhoA induces stress fibers (Hall, 1998).

Studies employing similar

constructs in neurites initiated the early doctrine that Rac1/Cdc42 regulate neurite extension, whereas
RhoA controls neurite retraction (da Silva and Dotti, 2002; Hirose et al., 1998). However, since that time
numerous studies have reported initially non-intuitive, and seemingly contradictory results pertaining to
RhoGTPase function, almost certainly because the ubiquitous RhoGTPases fall within a much larger, and
very complex system of signaling (Hall and Lalli, 2010). For example, depletion of Rac1 via siRNA can
results in shorter neurite lengths (Fusco et al., 2016), while hyper-activation of Rac1 activity can likewise
produce neurite length deficits, likely through its regulation of LIM-kinases 1 and 2 (LIMK1/2), which
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ultimately propagates to inhibition of the actin regulator cofilin (Sivadasan et al., 2016). These results
highlight the complexity of signaling required for neurite elongation.

Indeed, RhoGTPases have a

multitude of both positive (guanine-nucleotide-exchange factors, ie. GEFs) and negative (GTPase
activating proteins, ie. GAPs) upstream regulators, and it is hypothesized that an intricate spatial
compartmentalization of these GEFs and GAPs helps match specific RhoGTPases with specific effectors
to ultimately create signature spatiotemporal RhoGTPase activation patterns associated with a given
morphological output (Pertz, 2010).
The advent of Förster resonance energy transfer (FRET) biosensor technology (Kraynov et al.,
2000; Pertz, 2010) provides a means to monitor intracellular RhoGTPase activation in real time with
unprecedented spatial resolution and test the above hypothesis. However, fast, robust quantification is
required, and visual interpretation of FRET biosensor data is insufficient. Therefore, development of
technology for the automated identification and extraction of high quality FRET signal from images, as
well as the evolution of cell-biology specific signal processing methodology that will synthesize this
information is imperative (Vilela et al., 2013). While such marriage of biosensor technology and image
analysis/signal processing has revealed dogma-breaking revelations regarding the role of RhoA in the
regulation of cellular protrusion in fibroblasts, this technological union has not been applied for the study
of growth cone biology (Machacek et al., 2009).

In Chapter 3 I further introduce FRET biosensor

technology and the challenges of quantifying these signals in growth cones.

I then show how the

framework developed in Chapter 2 can be extended to test for potential spatial gradients/domains of
RhoGTPase activity within individual growth cone filopodia. In Chapter 4 I comment on developing
technology for the analysis of growth cone images, as well as potential future applications for the
methodologies established in this work.
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Chapter 2 : Putting a Number on Nature’s Kinetic Sculptures- Computer vision profiling of growth
cone heterogeneity reveals growth cone morphology-motility relationships
Introduction
Already in the mid-eighties (Bray and Chapman, 1985) postulated that a detailed, systematic
quantitative assessment of local features of growth cone morphology/dynamics would be essential for
unraveling the principles governing growth cone locomotion and navigation, events fundamental for
neuronal development. Recent studies continue to test for correlations between neurite elongation rates
and morphological/dynamic growth cone features for the purpose of identifying relationships that facilitate
elongation. (Hyland et al., 2014; Ren and Suter, 2016; Steketee et al., 2014) However, in all of these
studies quantification of growth cone morphology has been performed by visual inspection, which is
tedious, and thus sample sizes are limited and inherently biased by user selection. Hence, growth cone
morphology quantifications at high resolution are typically still limited to global measures such as the
growth cone area (Ren and Suter, 2016; Suo et al., 2015) or eigenshape (Goodhill et al., 2015), without
considering finer-grained architectural features. Alternatively, many studies have simply analyzed the
effect of putative perturbations of growth cone regulation using endpoint metrics of neurite length
observed at low resolution (Briancon-Marjollet et al., 2008; Chandran et al., 2016), without considering
the effects on growth cone architecture. Hence, a proper validation of Bray’s paradigm that growth cone
morphology and motility are coupled and if so, which morphological features are determining motility, is
still outstanding.
At high resolution growth cones with seemingly identical molecular make up and subjected to the
same experimental conditions display an array of local morphological and larger scale dynamics. Often
ignored as noise, these variations in morphology and motility properties offer an opportunity to relate
growth cone structure to neurite elongation and possibly allow even the prediction of future responses to
perturbation.

While targeted analysis of cell-cell variation has been adopted recently by numerous

studies in other cell types (Altschuler and Wu, 2010; Keren et al., 2008; Lacayo et al., 2007; Slack et al.,
2008; Yin et al., 2013; Yin et al., 2014), interestingly, in the case of the growth cone, the role of
morphological heterogeneity has not been comprehensively studied, likely because of the current
limitations in robust quantification methodology.
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To enable acquisition of an unbiased inventory of growth cone morphologies and their motility
output we developed Growth Cone Analyzer for the automated analysis of growth cone fluorescent
movies imaged at near diffraction limited resolution. Unlike recent software (Costantino et al., 2008; Fanti
et al., 2011; Tsygankov et al., 2014) developed for growth cone analysis, Growth Cone Analyzer is fully
automated and incorporates initial detection schemes specifically designed for the lamellipodia and
filopodia actin networks, enhancing the fidelity of measurements corresponding to fine structural features
such as filopodia.
To showcase Growth Cone Analyzer as a biologically relevant tool, we focus upon providing a
complimentary high resolution analysis of a low-resolution, computer vision-based screen, in which they
systematically perturbed a previously defined network of 219 proteins forming a Rho GTPase interactome
(Fusco et al., 2016; Pertz et al., 2008). Using high resolution microscopy, it was confirmed that many of
the RhoGTPase pathway perturbations exhibiting neurite elongation phenotypes at low resolution likewise
produced interesting deformations in the growth cone architecture (Fusco et al., 2016; Pertz et al., 2008).
However, the cytoskeletal alterations underlying these changes in growth cone architecture have not
been systematically quantified, nor their relationship with neurite elongation behavior defined.
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Results
Morphological heterogeneity of growth cones
Using, N1E-115 neuroblastoma, an established model system for the study of neurite elongation
(Kozma et al., 1997; Sarner et al., 2000), the Pertz lab previously performed a comprehensive proteomic
analysis to identify neurite-enriched proteins (Pertz et al., 2008), then used this information to conduct a
low-resolution, computer vision screen documenting neurite dynamic phenotypes upon systematic
depletion of a putative 219 RhoGTPase interactome (Fusco et al., 2016). Hence, to maintain continuity
and facilitate comparison with these prior studies, here we examined the relation between growth cone
morphology and neurite elongation in this same system. Even when plated on standardized laminin
surfaces and in the absence of explicit experimental perturbations, growth cones display a wide variety of
shape configurations (Figure 2.1 A). Furthermore, genetic manipulations involved in cytoskeleton
regulation can exacerbate the morphological heterogeneity by either 1) generating novel architectural
states, or 2) amplifying the stability of “outlier” structures in the control population (Figure 2.1 B). A
comprehensive analysis of the similarities and differences among these structures can only be
realistically achieved via an automated, unbiased method providing multiple, high fidelity measurements,
which together provide a quantitative description of the growth cone in its entirety.
Growth cone morphology is dictated by two stereotypically-shaped, integrated actin structures: a
veil-like lamellipodium interspersed with thin filopodia (Lowery and Van Vactor, 2009). Filopodia are
characterized by a well-defined, archetypical shape, which conforms well to the models of curvilinear
image features that can be identified by common ridge detectors (Frangi et al., 1998; Jacob and Unser,
2004) (Figure 2.1 C (i)). In contrast, lamellipodial veils can be quite amorphous and therefore are difficult
to identify using similar image processing methods (Figure 2.1 C (ii)). The veil-like regions are likewise
interjected by consolidated, ridge-like segments of the neurite, referred to here as the stem (Figure 2.1 C
(iii-iv)). Therefore, the terminal end of the growing neurite can be viewed as a conglomerate of several
distinctive geometric features requiring differential image processing methods to ensure optimal detection
of each component.

7
Current algorithms for growth cone morphology quantification typically attempt to extract the
complete growth cone outline using a single image processing approach, typically via either global
thresholding (Costantino et al., 2008; Tsygankov et al., 2014) (Figure 2.1 D) or an active contour (Misiak
et al., 2014), before isolating the

geometric features of interest via morphological operations.

Unfortunately, the resulting binary masks (1 for regions inside the growth cone, 0 for regions outside)
often miss finer features, such as filopodia or thin regions of the neurite stem, that are characterized by
less favorable signal to noise conditions (Figure 2.1 (i-iii)). Any errors in this initial step will propagate to
subsequent steps in the analysis. Moreover, in 2D images the projection of the 3D growth cone structure
frequently results in filopodia arrangements that appear to cross (Figure 2.1 D (iv)). None of the available
software packages for growth cone analysis address this image processing challenge.
Such measurement error/data loss may appear relatively inconsequential in a control population
with moderate morphological complexity.

However, some perturbations of functional interest can

increase the frequency of difficult-to-process morphological features.

Hence, any growth cone

segmentation algorithm must be sufficiently adaptable to perform unbiased quantification on a diverse
array of structures.
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Figure 2.1: Challenges of growth cone segmentation at high resolution.
Representative images of N1E-115 growth cones expressing LifeAct-GFP plated on laminin.
(A and B) Growth cones in both control (A) and perturbation (B) conditions are morphologically diverse.
Respective siRNA perturbation conditions targeting select nodes in the RhoGTPase signaling pathway
are indicated. (GAPs: GTPase activating proteins, GEFs: Guanine nucleotide exchange factors).
Perturbation condition images in (B) are shown in the context of their putative network interactions and
color-coded by their neurite elongation phenotype based on previous studies. (Red enhanced, blue
decreased, neurite lengths relative to control).
Arrow heads indicate activation of respective
RhoGTPase while circles indicate inhibition. (See text for corresponding references)
(C) Complex growth cone geometries arise from the superposition of stereotypical, multi-scale features.
These include, filopodia actin bundles (i), the lamellipodia/veil actin network (ii), the consolidated, ridgelike stem (iii), and more amorphous, deconsolidated, veil/stem regions (iv). Color of boxes indicates
portions of the neurite generally well-detected (orange) and ill-detected (yellow) using a ridge detector.
(D). Global thresholding based methods for segmentation (blue lines) are frequently insufficient for
automated, high-fidelity, morphological quantification of biologically interpretable growth cone features.
Illustration of common problems (i-iv).
Fluorescent images are shown in inverted black/white contrast. Scale bar 10 µm
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Growth Cone Analyzer Pipeline: Segmentation
To address the challenges of quantifying growth cone morphology we developed Growth Cone
Analyzer (Figure 2.2). Algorithmically, Growth Cone Analyzer is distinct from other available automated
growth cone/filopodia detection methods (Barry et al., 2015; Costantino et al., 2008; Goodhill et al., 2015;
Misiak et al., 2014; Tsygankov et al., 2014) in that it detects the veil/stem and filopodia/branch system in
two separate steps, prior to image binarization, using detection methods optimized for the different actin
geometries (Figure 2.2 A ii-v). It then recombines this information to create a high fidelity final growth
cone segmentation (Figure 2.2 A (vi-x)). Figure 2.2 outlines the general workflow of the algorithm for a
canonical growth cone expressing fluorescent Life-Act (Figure 2.2 A and C), and highlights intersections
where the algorithm automatically deviates from the canonical workflow to address segmentation
challenges posed by the non-canonical growth cone morphologies (Figure 2.2 B and D). Figure 2.3,
compliments Figure 2.2, providing an extended segmentation flow-chart (see also Materials and
Methods).
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Figure 2.2: The Growth Cone Analyzer pipeline facilitates automated segmentation of canonical
and non-canonical growth cones morphologies.

(A) Growth Cone Analyzer segmentation pipeline for a canonical LifeAct-GFP, N1E-115 growth cone.
Thin (i.e. small-scale) ridge detection (ii) and a veil/stem detection scheme (iii-v), comprising a
combination of large/scale ridge detection (iii) and local-thresholding/morphological opening steps (iv),
are performed on the raw growth cone movie images (i) to detect the filopodia and veil/stem respectively,
and to locate the neurite entrance point in the image (black star). This information is combined (ii+v) to
generate a high confidence growth cone seed (vii) and candidate filopodia segments (vi). Shorter,
linearly aligned (qij approaching 0), filopodia segments of low gap distance, dij, are matched. Filament
segments (orange) are then iteratively attached (black links) to the appropriate part of the seed (green)
and labeled (Branch, End-on, Veil) (viii) depending on their attachment site. Once filopodia/branch
reconstruction is complete, local intensity signal is extracted from veil/stem to the tip of the filopodia
(arrow) along the detected filament (green), as well as an additional small sample region extrapolated in
the direction of the filament (purple) (ix). From the extrapolated region a mean value for the local
background intensity (dotted line) is estimated (purple crosses indicate pixels used for background
estimation). Local minimum (green circles) in the slope of the weighted average intensity profile are
estimated, and a Gaussian survival function fit around the first local minimum above the background
estimation. The parameter µFilo (blue dot) is extracted from the fit, to further localize the endpoint of
each filopodia segment (shown as scatter points in x). Colors of filopodia segments in x were chosen
randomly for visualization.
(B) Growth Cone Analyzer is designed to segment growth cones with a variety of veil stem complexity. In
a test population of growth cone images veil/stem morphology may be more complex than the example of
a canonical growth cone in A. Three examples of these more complex veil/stem morphologies displaying
the neurite orientation selection step (i), the use of ridge and local thresholding information to ensure
multi-scale veil/stem detection (ii), and the resolution of potential veil/stem cycles (iii). Fluorescent labels
and siRNA treatments are as follows: LifeAct-GFP/Control siRNA (i), LifeAct-GFP/srGAP2 siRNA (ii),
CAAX-GFP/Control siRNA (iii).
(C) Optional detection of embedded actin bundles in the case of F-actin labeled cells. The high
confidence seed generated in A (v) can be used to facilitate high fidelity detection of embedded actin
bundles. Veil embedded, actin bundle candidates (orange) that meet appropriate geometric criteria are
linked (yellow) with their corresponding veil-exposed filopodia (green) in a graph matching step so that
the full actin bundle length can be estimated C (i). Similar signal intensity fitting approaches as
documented in A (ix-x) allow for sub-pixel endpoint localization of the veil-embedded portion of these
actin bundles C (ii-iii). Scatter points in iii indicate µ Filo.
(D) Growth cone analyzer is designed to segment growth cones with a variety of filopodia/branch
complexity. In a test population of growth cone images filopodia/branch morphology may be more
complex than the example of a canonical growth cone in A. Panel D shows two examples of these more
complex filopodia/branch morphologies including a LifeAct-GFP, Dock7 siRNA cell displaying crossing
filopodia (upper panel), and a LifeAct-GFP, Trio siRNA cell displaying an extensive filopodia branch
network (lower panel). Similar signal intensity fitting approaches as documented in A (ix-x) allow for subpixel endpoint localization of complex filopodia segments (iii). Data points used in the fitting are
determined by estimating the mean of the local background (dotted line), the local minimum (green) and
maximum (red) in the slope of the weighted average intensity profile. Colors of the final individual
segments and branch groups (iv) were chosen randomly for visualization.

Images are shown in inverted black and white contrast. Scale bar 10 µm.
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Figure 2.3: Flow-Chart of the Growth Cone Analyzer algorithm for segmentation.
Colored blocks indicate different steps in the Growth Cone Analyzer Segmentation. Function names
corresponding to each module are located along the side of each block.
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Veil/Stem Reconstruction
To detect the veil/stem of the neurite (Figure 2.2 (iii-v), Figure 2.3 (Steps I-III)) the algorithm
combines a large-scale ridge filter (Jacob and Unser, 2004) (Figure 2.3 (Step I-II)), with local intensitybased thresholding (Niblack, 1985)/morphological opening (Maitre, 2008) (Figure 2.3 (Step III)). While
the former detects the thick, ridge-like, consolidated regions of the neurite stem and its entrance into the
image (Figure 2.2 A (iii)), the second step facilitates detection of those more amorphous portions of the
neurite that fail to conform to a ridge detector (i.e. the actin veil) (Figure 2.2 A (iv)).
When the stem is relatively thick, and of high signal to background (e.g. in (Figure 2.2 A (iii-v)),
the veil/stem reconstruction is trivial. The ridge information mainly serves to identify the neurite entrance
point in the image (Figure 2.2 A (iii), black star). However, images of growth cones positioned within
more complicated local environments (Figure 2.2 B (i)) and/or exhibiting more complex veil/stem
morphologies (Figure 2.2 B (ii-iii)) require the integration of the ridge information for successful
segmentation. Specific challenges to veil/stem detection include, I) “distractor” objects in the image, such
as neighboring neurites Figure 2.2 B (i), II) breaks in the veil/ stem due to branching and severe changes
in the veil/stem thickness (i.e. scale) Figure 2.2 B (ii), and III) complicated veil/stem detection due to
regions of extensively overlapping filopodia (Figure 2.2 B (iii)). To solve these challenges, the veil/stem
detection algorithm first uses intensity, length, and temporal information, to automatically select the most
probable candidate neurite entrance ridge Figure 2.2 B (i), Figure 2.3 (Step I and II),Figure 2.4 Starting
with this entrance ridge, the veil/stem reconstruction iteratively finds pieces of the veil (yellow in Figure
2.2 B) that overlap with the stem detections (orange in Figure 2.2 B). To this end, the veil pieces are
treated as nodes on a simple graph and the edge path between them are the paths from the large scale
ridge detection. Occasionally cycles are formed in this veil stem graph and these are resolved by solving
for a minimal spanning tree on the graph (Prim, 1957) Figure 2.2 B (iii) where the weights of the edges
are dictated by the scale (ie. thickness) and filter response strength of the connecting large scale ridge,
as well as its underlying original image intensity Figure 2.3 (Step III).
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Figure 2.4: Temporal information can be used to automatically correct a misidentified neurite
entrance point.
(A) Example of a misidentified entrance point as a result of a transient distractor object in image.
(B) Automated selection of region corresponding to the temporal majority.
(C) Automated correction of the neurite entrance point.
Black star indicates neurite entrance point in image.
Scale bar 10 µm
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Filopodia/Branch Network Reconstruction
The images of filopodial actin bundles conform extremely well to the geometric models underlying
well-established ridge detectors (Frangi et al., 1998; Jacob and Unser, 2004). A ridge detector returns for
each pixel in the image a response scoring the confidence that the pixel belongs to a curvilinear feature.
Along with the score, the detector also defines the local orientation of the putative curvilinear feature and
this information can be used to localize the center line of the ridge (Canny, 1986) (Figure 2.2 A (ii)).
However, as the width of filopodia approaches the diffraction limit of the microscope (~ 200 nm), the high
sensitivity of a ridge detector capable of capturing weak curvilinear image signals increases the
probability of detecting high frequency noise. Hence, one challenge in the final growth cone segmentation
is the separation of true from false positive ridge detections. Conversely, a ridge detector will return a
weak response, and hence discontinuities in detection, in regions where filopodia cross, branch, or
connect to the veil as these geometries fail to match the geometric model. Accordingly, the second
challenge is connecting the individual pieces of the growth cone after both the veil/stem (Figure 2.2 A (v))
and putative filopodia segments have been identified (Figure 2.2 A (ii)).
We solve both problems by first combining the veil/stem with the thin-ridge information to create a
“high confidence seed” (Figure 2.2 A (vii)), i.e. only filopodia segments attached to, and residing outside
of, the veil/stem are maintained) (see also Figure 2.3 Step VI). These seed pixels serve as an anchor for
i) re-attachment of filopodia segments that may have been disconnected from the veil/stem due to weak
ridge detector responses at junctions (Figure 2.2 A (viii-Veil)), ii) identification and resolution of crossing
filopodia Figure 2.2 D (iv)), iii) grouping thin filopodia/actin branching structures (Figure 2.2 A (viiiBranch), Figure 2.2 D (viii)), and iv) accurate detection of filopodial actin bundles embedded in the factin veil (Figure 2.2 C).This is accomplished by an iterative matching in a graph, in which each filopodia
segment is a graph node as is each pixel of the initial seed (Figure 2.5 (i-ii)). Possible graph paths
between these nodes are defined as linear connections between each end of a filopodia segment and
those seed pixels within a user-adaptable, search radius (Figure 2.5 (ii), Supplemental Table 1 Step VI
(iv)). Weights of these paths are calculated based on a linear combination of mean path intensity,
Euclidean distance, and metrics corresponding to local orientation continuity between the seed at the site
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of putative attachment, the connection, and the segment (Figure 2.5). For each iteration, the graph is
resolved by finding the subset of paths that maximize the sum of the weights, subject to the constraint
that each node connects not more than once (Kolmogorov, 2009). Hence, filopodia segments maintain
only a single connection to one seed pixel (Figure 2.5 C). Similar graph matching procedures were
implemented to reconstruct complete filopodia from linearly aligned smaller segments (Figure 2.2 A (vi))
and to associate veil-embedded actin bundles with filopodia (Figure 2.2 C).
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Figure 2.5: Formulation of Filopodia/Branch Reconstruction as an iterative graph matching
problem.
(A) Detected components of the growth cone can be defined in terms of a graph. At each iteration the
candidate ridge (orange) is considered a single node of a graph, as is each pixel of the seed (green) (i).
Seed pixels (green highlights) within a user defined radius (orange circles) of each ridge candidate’s two
endpoints are identified and paths (ie. edges) of the graph are generated through linear interpolation
between endpoint and each seed pixel within this radius (orange rays) (ii). This creates the final
unweighted graph (iii), where each gray line is an unweighted path and all seed pixels considered as
nodes in the graph are filled in black. Lower panels show zoom of boxed example region in the upper
panel.
(B) Definition of Graph Weights. Graph paths are first weighted by the geometry continuity of the local
ridge candidate and the linked path (i). As some of these geometries are nonsensical, paths with
continuation geometries below a user defined cut-off are not considered for matching (iv). Besides
continuation geometry (iv), the Euclidean distance (ii), the mean intensity (iii), and the local orientation of
the seed and the candidate ridge of each path are summed to define a final path weight (vi), which will be
used in the subsequent graph matching step. Each path is colored by its respective value for each metric
such that warmer colors indicate higher values, which translates to more favorable connections. Middle
panels show zoom of boxed example region in the upper panel. Lower panels show normalized
histograms corresponding to the distribution of all individual path scores (ii-v), contributing to the final path
weights (vi), shown in the upper panel.
(C) Resolved Graph. The maximum weighted graph matching solution (black paths), selects a subset of
the original graph paths that maximize the summation of the path weights, such that each ridge candidate
(orange) cannot be attached to the seed (cyan) more than once, facilitating the correct detection of
complex crossing architectures. Lower panel shows zoom of boxed example region in the upper panel.
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Filopodia End-Point Localization
After the graph matching the filopodia tip locations are determined by the threshold used to
identify high-confidence pixels in the ridge detector response. However, at the filopodia termination point,
the definition of high- vs low-confidence curvilinear signals is unstable, both because of the often weak
signal in these regions and because any signal at the ridge end inherently deviates from the geometric
model underlying the detector, which assumes the ridge to be of infinite length. To enhance the
localization accuracy of the tip position we modified the intensity fitting approach used previously to
localize microtubule tips (Demchouk et al., 2011). In this approach, the tip location was defined as the
midpoint of a Gaussian survival function fitted along the microtubule axis in a manually defined region of
interest. However, in contrast to the tip of a single microtubule, filopodia tips are not always best
described by a simple, single decay model. They rather often taper off in a conical shape, an architecture
possibly resulting from spatial gradients in actin polymerization due to steric restriction of G-actin diffusion
(Dobramysl et al., 2016).

Thus unlike microtubules, f-actin labeled, filopodia bundles may exhibit

complex, multiple-decay intensity profiles along their axes. To nonetheless localize filopodia end-points
with sufficient robustness, in a completely automated fashion, we first identified the local minima (red) and
maxima (green) in the slope of the intensity profile and extracted the local background intensity
distribution (purple crosses) to estimate the background mean (dotted lines) (Figure 2.2 A (ix), Figure
2.2 D (iii)).

The first local minimum maintaining an intensity above the estimated background was

detected and the local intensity profile surrounding this extrema extracted for local fitting. Currently this
width is defined by a user adaptable segmentation parameter (Supplemental Table 1). However, if
within the initial fit region, a second local-extrema is detected, the width of the fit region will be adjusted
so to exclude it, as its presence typically indicates confounding complexity in the signal that does not
conform to the single sigmoidal model. Specifically, the examples in Figure 2.2 D (iii) show complex
decay profiles with multiple local extrema and how we apply these rules to determine the data points for
end-point localization fitting. Figure 2.2 C (iii) illustrates the same approach applied to endpoint
localization of embedded actin bundles.
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Validation

Figure 2.6 shows an example of the segmentation performance of the algorithm for the set of
images outlined in Figure 2.1 A. Notably, the same filopodia/branch network segmentation parameters
(Table S1) were used for the entire dataset (77 growth cones) tested in this study. This set included
images of variable signal to background due to varying absolute expression levels of the fluorescent
protein (Figure 2.7), images with a significant degree of morphological diversity due to manipulation of
RhoGTPase associated pathways (Figure 2.6), as well as images where the membrane, not the actin
filament network, was fluorescently labeled. Figure 2.7. Together these tests underline the stability of the
segmentation pipeline and indicate that while some heuristic controls were necessary to design the
algorithm, the pipeline can be applied to vastly diverse image data with essentially no user input.
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Figure 2.6: Example segmentations via Growth Cone Analyzer.
Same representative images of N1E-115 growth cones expressing GFP-LifeAct plated on laminin as in
Figure 2.1 A, but with Growth Cone Analyzer segmentation overlays. Filopodia (ie. actin bundle to
veil) detections are color-coded by their corresponding length measurements. Scatter points denote
the site of filopodia actin bundle termination (µFilo) as determined from automated fitting of the local
fluorescence intensity along each individual filopodia. Embedded actin bundle detections are not
shown for clarity.
Perturbation condition images, as in Figure 2.1, are shown in the context of their putative network
interactions based on previous studies (see text for respective references).
Fluorescent images are shown in inverted black/white contrast. Scale bar 10 µm
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Figure 2.7: High fidelity detection of filopodia of varying signal to background and differential subcellular targeting of the fluorescent labels.
(A) Boxplots corresponding to the IFilo values (as determined from the filopodia end-point fit and defined
in Figure 2.2 (ix)) extracted from three example neurite movies corresponding to two LifeAct neurites
exhibiting comparatively low vs. high signal to background, and a neurite expressing GFP-CAAX, a
membrane marker.
(B) Growth cone images raw (left) and segmented (right) from the three movies used to calculate the IFilo
distributions in A. Images are scaled to facilitate visualization. Scale bar is 10 µm
(C) Example filopodia fits for the three movies used to calculate the IFilo distributions in A. Black arrows
in B indicate respective filopodia and correlate to the black arrows above the zooms of the respective
filopodia detection. Zooms of filopodia detections are scaled to facilitate visualization. Fits are visualized
as described in Figure 2.2 A (ix), where the red bar indicates the amplitude of the fit region above
background (IFilo), the yellow bar indicates σ of the fit, and the black line indicates µFilo. FI stands for
fluorescence intensity.

24
Growth Cone Analyzer Pipeline: Measurement Extraction
Segmentation via Growth Cone Analyzer enables the automated measurement of a number of features
that characterize growth cone morphology and morphodynamics (Figure 2.8). These features include
“global/functional” measurements, such as neurite length and elongation rate (Figure 2.8 A), as well as
more spatially localized measurements corresponding to the veil thickness and dynamics (Figure 2.8 B),
the filopodia geometry and its integration with the veil (Figure 2.8 C), and the branching pattern (Figure
2.8 D). Detailed definitions of each feature are outlined in Materials and Methods.
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Figure 2.8: Automated Extraction of Biologically Interpretable Morphological/dynamic
Measurements via Growth Cone Analyzer.
(A) Global/Functional neurite measurements. White lines indicate the skeleton of the veil/stem (black).
Orange line indicates the longest path through the skeleton of the veil/stem, from the neurite entrance
point in the image (black star) to the skeleton endpoint fulfilling the longest path criteria (white star). This
point can be considered a good approximation for the tip of the veil/stem’s leading protrusion. Orange
circles indicate nodes in the skeleton graph. Those outlined in black are endpoints that do not fulfill the
longest path criteria.
(B) Local Veil Dynamics Measurements. The thickness of the veil/stem can be calculated from the
distance transform values along the longest path through the skeleton as documented in (A). Colors in (i)
indicate distance transform values (ie the shortest path to two or more of the neurites boundary edges
from that point- orange and blue circle demonstrate this definition). One means to standardize the veilthickness calculation to compare growth cones of different shapes/sizes is to truncate the measurement
at a set distance along the skeleton (Here ~20 um black line) from the tip of the leading protrusion (white
star). Local Veil/Stem dynamics can be calculated from averaging of protrusion vectors from local
windows (ii-v). (ii) shows a snapshot of a growth cone undergoing coordinated veil motion extracted from
the full veil/stem protrusion/retraction map shown in (iii). Colors indicate veil velocity of local windows at
that time frame where red is equivalent to high protrusion velocities, blue higher retraction velocities, and
white is quiescent veil. Numbers in (ii) indicate window ID. Black arrow marks the approximate spatial
region of coordination (window 40 – 60). Individual time series are processed using Empirical mode
decomposition to obtain a noise threshold and persistent protrusion (iv) and retraction events (v) are
detected.
(C) Filopodia/Actin Bundle Measurements. A variety of measurements corresponding to the veilassociated actin bundles can be extracted. Actin bundles are colored coded by respective measurement
where applicable. Note the longest path of the skeleton as defined in 4A and denoted as a black line here
(i) can be used to define a directionality for the local filopodia orientation calculation relative to the veil
spanning from 0 – 180 degrees. Local directional vectors of the filopodia relative to the veil/stem are
calculated (red arrows) and those perfectly aligned with the veil in the direction of the leading protrusion
are 0 (blue), while those aligned with the veil in the direction opposite from the leading protrusion are 180
(red). Example is from an N1E-115, Dock 7 KD neurite expressing GFP-LifeAct. Black arrows (ii) indicate
the site of maximum curvature for the two example filopodia. Example is from an N1E-115, Dock7 KD
neurite expressing GFP-LifeAct. Scale bar is 1 µm.
(D). Measurements of Actin Branching From Filopodia Structures. A variety of measurements
corresponding to thin bundled actin branches can be extracted. 2nd order and higher branches are defined
here as thin actin bundles emanating from filopodia like structures (colored red in (i)). Note each branch
group is decomposed into its respective order number, where 1st order branches (ii) remain attached in
the veil, while 2nd order are attached to 1st order and so on. Branches are colored coded by respective
measurement where applicable.
All images are shown in black and white contrast. All Scale bars = 10 µm unless otherwise noted. All
visualizations are from control N1E-115 growth cones expressing Life-Act GFP and plated on laminin
unless otherwise noted.
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Figure 2.8 (Continued)
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Relationships between Neurite Elongation Rate and Local Dynamics/ Architecture of the Growth
Cone
Equipped with this analytical pipeline we returned to the question whether a relation exists between
growth cone morphology and growth cone motility. While molecular perturbations, such as RNAinterference with cytoskeleton regulators (Pertz et al., 2008), can indeed change morphology (Figure 2.1
A), they are also often accompanied by larger system adaptations that complicate interpretation of motility
phenotypes. Therefore, we first sought to utilize the sensitivity of our newly developed analytical tool, and
the unbiased, complete statistical distribution of extracted features, to elucidate morphology-motility
relationships latent within the visually heterogeneous control population (Figure 2.1 A). To this end, we
analyzed 20 high resolution movies of control N1E-115 neuroblastoma neurite outgrowth filmed over 10
minutes and quantified the potential coupling between variations in elongation rate and variations in
morphology. In a first step we correlated the neurite-to-neurite variation in elongation rate (Figure 2.9 A)
to the neurite-to-neurite variation in morphological parameters, such as actin bundle length (Figure 2.9
B), i.e. the temporal variation in these parameters was pooled to a single value per movie (Figure 2.9 A
(ii) and Figure 2.9 B (ii)).
To screen for monotonic relationships between the neurite-to-neurite variation in parameters we
calculated Spearman correlation coefficients between all parameter pairs Figure 2.9 (i), As an example,
the highest correlation was found between filopodia length and curvature (Figure 2.9 (ii)), the lowest, i.e.
negative, correlation was found between filopodia length and veil protrusion persistence.

We were

particularly interested in identifying correlations between neurite elongation rate and local growth cone
morphology (Figure 2.9 (iii)). Surprisingly while we anticipated strongest correlations between elongation
rate and parameters quantifying veil dynamics, e.g. veil velocity and protrusion persistence, these
relationships were relatively weak.

Instead, significant correlations included an inverse relationship

between neurite elongation and filopodia length, as well as a positive relationship between elongation rate
and the percentage each filopodium was embedded by veil Figure 2.9 (iii). Interestingly, this relationship
with filopodia length was not reliant upon the site of attachment. Both veil-attached and branch-attached
filopodia demonstrated a similar correlation with neurite elongation rate.

Other measurements

corresponding to actin cytoskeleton organization such as filopodia density, filopodia orientation relative to
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the veil, and the filopodia branch complexity showed surprisingly little variability in this system and were
not significantly correlated to net neurite elongation in 10 minutes.
As the spearman correlation coefficient only screens for monotonic relationships among
variables, more complex relationships may be missed. Hence, we assessed the raw scatterplots for
select features (Figure 2.9 D). This data visualization revealed that differential populations of neurite
elongation behavior may provide an explanation for the muted correlation coefficient values observed
between the local veil dynamic parameters and the net elongation rates. For certain neurites, veil velocity
became less coupled to elongation as long as the veil was highly persistent Figure 2.9 D (iii, iv). Though
the percentage of each actin bundle veil-embedded was a strong predict elongation rate in the control
population, interestingly the veil stem thickness at the leading protrusion was a poor predictor of net
elongation rate, in line with a recent study (Hyland et al., 2014).
Finally, visual inspection of the growth cone movies confirmed that indeed longer, non-veil
embedded, actin bundles, from which long actin bundled branches emerge, was a structural correlate of
low net elongation rates, while shorter actin bundles, engulfed by an actin veil exhibiting spatially
correlated persistent motion, were hallmarks of an effectively elongating neurite (Figure 2.9 E). The
consistency of our automated conclusions with human examination further validates the accuracy of the
automated measurements extracted from Growth Cone Analyzer.
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Figure 2.9: Automated screening of Growth Cone Morphology/Motility Relationships within an
unperturbed, heterogeneous population.
(A) Control growth cones may exhibit a variety of elongation behaviors within a 10 minute sampling
window. Median filtered neurite length trajectories are shown color-coded by net neurite elongation rate
(ie. the net distance divided by net time) within 10 minutes (inset), where warmer colors indicate higher
net elongation rate. Inset summarizes the per-neurite, net elongation rate distribution for the control
population where the black line indicates the mean of this distribution, the dark gray region indicates the
95 % confidence interval, and the light gray regions indicate one standard deviation (N = 20 neurite
movies).
(B) Example of per neurite, trajectory pooled, measurement distributions for an example growth cone
metric, full actin bundle length. Measurements are extracted from the same movies as in A. Boxplots are
colored by each neurite’s respective net neurite elongation rate within 10 minutes, where warmer colors
indicate higher net elongation rates. Each boxplot is comprised of 1995 to 7820 actin bundle
measurements. The upper, middle, and lower lines of the boxplots represent the 75th, median, and 25th
percentile of the actin bundle length distribution for a given neurite movie, whereas the scatter point
indicates the mean (collected in inset). Data beyond the lower and upper quartiles was included in
subsequent calculations, but not visualized for clarity. The per neurite movie, mean actin bundle length,
was collected to achieve an estimate of the cell-to-cell variability (inset), where the black line indicates the
mean of this distribution, the dark gray region indicates the 95 % confidence interval, and the light gray
region indicates +/- one standard deviation of the distribution about the mean (N = 20 neurite movies).
(C) Spearman correlation matrix assessing the relationships among all 23 growth cone measurements for
the same control population of 20 neurites as in A and B. Inset (ii) shows an example of the underlying
data for each matrix block in (i), whereby red, blue indicates positive and negative correlations
respectively. Correlation coefficients with a corresponding p-value of > 0.1 were set to zero (white). To
facilitate visualization of connections between function and various structural/locally averaged dynamic
measurements, the structure-function relationship screen is shown as inset (iii) which provides a schema
ball representation of the final row of the correlation matrix in (i) Correlations with P-values < 0.05 are
starred.
(D) Select examples of the underlying data for the final line of the correlation matrix in C. Each point
represents data from an individual neurite movie. Individual points are colored by per-neurite net
elongation rate as shown in A and B, where warmer colors indicate higher net elongation rates. (i-vii) are
ordered from no correlation to strong correlation, and v is the same data as in A and B.
(E) Select examples of raw (left) and segmented (right) growth cone images from the 20 cell control
population measured in A-D (upper panel) and their corresponding local veil velocity maps (lower panel).
Box outline colors correspond to per-cell net neurite elongation rate as first assigned in A. Filopodia in the
upper panel images are colored by actin bundle length. (i) and (iv) show the example images from
growth cones exhibiting the highest and lowest elongation rates in the control population, while (ii) and (iii)
show two prototypical growth cones (ie. neurite elongation rates were within +/- 1 std of the mean
exhibiting higher (ii) and lower (iii) net elongation rates. Gray dots overlaid on veil velocity maps denote
veil windows exhibiting outlier velocity measurements removed from analysis. Stars indicate the neurite
entrance point/site of the first veil window.
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Figure 2.9 (Continued)
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Shifts in growth cone morphology upon perturbation in RhoGTPase signaling
We next sought to test if genetic perturbations of pathways implicated in the regulation of growth cone
morphology would support the relations between morphology and motility we deduced from correlative
analysis of natural variation. One would expect that such perturbations extend the range of morphologies
covered by the available population of unperturbed growth cones and thus potentially more robustly
corroborate our conclusions thus far. Thus, we focused upon a small subset of knock-downs found to
induce neurite elongation defects within a ~ 20 hour time-scale (Fusco et al., 2016). These include Rac1,
and three neurite enriched, positive regulators of Rac1 activity, β-Pix (also known as ARHGEF7) (ten
Klooster et al., 2006), Trio (Briancon-Marjollet et al., 2008; Debant et al., 1996), and Dock7 (WatabeUchida et al., 2006). They were also chosen for their differing protein structural domains, which may
widen the range of observable morphologies.
Conversely, and as a control, we quantified the growth cone morphologies associated with knockdown perturbations resulting in enhanced neurite elongation (Fusco et al., 2016). This set included siRNA
knockdown of a putative negative regulator of Rac1 activity, srGAP2 (Guerrier et al., 2009), RhoA, a
GTPase, whose downstream signaling via its effector ROCK has been implicated in neurite retraction in
response to inhibitory stimuli, (Amano et al., 1998; Kozma et al., 1997; Zhang et al., 2003), and CDC42, a
perturbation typically associated with shorter neurite lengths (Chandran et al., 2016), but exhibiting
robust, upregulation of neurite length in our system, similar to that observed upon RhoA depletion (Fusco
et al., 2016; Pertz et al., 2008).
Despite the morphological diversity/complexity of the growth cones resulting from these
perturbations high resolution growth cone images can be automatically segmented with high fidelity via
Growth Cone Analyzer (Figure 2.2). To maintain information regarding cell-to-cell heterogeneity in a
perturbed condition, the distribution of values for each measurement was averaged per neurite movie and
a z-score between control and perturbation calculated (Figure 2.10 (left panel)). This z-score vector
across all measurements defines a high resolution morphodynamic signature of the perturbation
compared to control, similar to the low resolution morphodynamic profiles, extracted previously in this
same system (Fusco et al., 2016). Hierarchical clustering of the high resolution signatures generally
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grouped the perturbations according to their previously characterized low resolution morphodynamic
phenotypes
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Figure 2.10: Automated comparison of growth cone morphology/ local dynamics profiles under
perturbation of RhoGTPase signaling.
(A). Hierarchical clustering of z-score difference metric between control and perturbations listed in Figure
2.1. An example of how the z-score for each perturbation is derived is shown in the left panel whereas
the right panel provides the results of the hierarchical clustering of this difference metric
(B).All neurite movies in test set exhibit significant positive correlations between traditional filopodia length
and the maximum filopodia curvature along that length. Each scatter point in (i) represents the spearman
correlation coefficient calculated per neurite movie, while (ii-vi) show representative examples the
individual filopodia measurements used to calculate each correlation data point in (i). Note each scatter
point in (ii-vi) represents a single filopodium from a single neurite movie (insets in vi) Only non-branching,
veil attached filopodia were considered here so to remove any curvature artifacts that may arise from
ambiguities in the filament tracing along branching structures.
(C).For select lengths the enhancement of filopodia curvature observed can be explained by the positive
correlation between traditional filopodia length and filopodia maximum curvatures. Sampling of filopodia
measurements selectively between 5 and 6 µm (i). Boxplots represent the selected filopodia
measurement distribution range pooled across off movies for each perturbation (~5835-1560
measurements per condition). Such selection normalizes the traditional filopodia length differential seen
between perturbation conditions (ii).
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(Figure 2.10). For instance, depletion of the Rac1 GEFs, Dock7 or Trio, reduced neurite dynamics at
larger scales and resulted in a high resolution phenotype characterized by long filopodia and reduced veil
dynamics that resembled the Rac1 knockdown.

In contrast, the Rac1 GEF, β-Pix, displayed

comparatively unperturbed neurite dynamics at low resolution (Fusco et al., 2016), and likewise exhibited
a more muted high resolution growth cone morphodynamic profile (Figure 2.10).

Therefore, in

agreement with our earlier conclusion on the relationship between growth cone motility and morphology,
here we found that the similarity in response between GTPase- and associated GEF-depletion was
translated to the much finer scales of filopodia associated metrics, including increases in the lengths of
both filopodia and 2nd order branches, and decreases in the percent length each actin bundle was
embedded in the veil.
Conversely, srGAP2 depletion, a perturbation which likely enhances Rac1 activity (Guerrier et al.,
2009), and is favorable for neurite elongation (Fusco et al., 2016; Pertz et al., 2008), resulted in a unique
high resolution phenotypic profile characterized primarily by large increases in local veil protrusion
velocities relative to control (Figure 2.10 A). Importantly, the srGAP2 KD profile was likewise quite distinct
from the other neurite length enhancing perturbations tested; RhoA and CDC42 depletion failed to induce
similar, large increases in the local veil velocity. In addition, unlike, srGAP2 knockdown, CDC42 depletion
resulted in a strong enhancement in filopodia lengths compared to control. Thus, curiously, despite the
fact that the sampled CDC42 depleted neurites predominantly exhibited robust elongation within our
observation window of 10 minutes, their corresponding growth cones exhibited a relationship between veil
and filopodia similar to that observed for the poorly elongating neurites both in our control population and
upon Rac1 knock-down. Hence, the CDC42 depleted system is of particular interest, as the canonical
relationships between morphology and elongation rate appear to be modified.
We also used the sensitivity of Growth Cone Analyzer to test for potential differences in filopodia
structural integrity among the perturbations demonstrating an enhanced filopodia phenotype.

Visual

assessment of the Dock7 and Trio KD growth cones indicated potential perturbation of filopodia structural
integrity, as kinks and buckling in the filopodia architecture were often observed (Figure 2.1 A, Figure
2.6, and Figure 2.8 maximum filopodia curvature example).

This phenotype was confirmed

quantitatively by the observed increases in maximum curvature upon these perturbations (Figure 2.10 A).
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However, examination of the full perturbation set indicated correlations between filopodia length and
filopodia maximum curvature. Further assessment of the natural length and curvature variation in the
control population confirmed a strong correlation among these two measurements, both among the
averaged neurite movie values (Figure 2.9 (ii)), and at the level of individual filopodia. (Figure 2.10 B).
These findings

agree

with

qualitative observations

of

filopodia

buckling beyond

a certain

length(Bornschlogl, 2013; Sheetz et al., 1992), and with theory how filopodia length may be limited by
buckling caused by membrane resistance to growth (Mogilner and Rubinstein, 2005). However, the
interdependence between length and buckling makes it more difficult to disentangle effects of changes in
filopodia structure, such as alterations in actin cross-linking/bundling that affect the mechanical rigidity
from effects of changes in filopdia length control.

To assign our perturbation set to either one of these

changes, we normalized for the effect of filopodia length on curvature by directly comparing between
perturbation conditions filopodia of identical length distributions (Figure 2.10 C). As an example, for the
cohort of filopdia with a length of 5 – 6 um, the curvature differences among perturbations was largely
diminished. This indicates that the increases in filopodia curvature observed upon these perturbations
was primarily a secondary effect due to increases in filopodia length.
Identification of morphological transitions along a neurite elongation trajectory

In light of the strong relation between growth cone morphology and neurite elongation we found
based on time-averaged analysis of the variation between growth cones in a control population and
between growth cones subjected to different molecular perturbations, we wondered whether changes in
morphology over the time course of a single movie would be associated with changes in elongation rate
and vice versa. We reasoned that temporal transitions between morphologies would be most robustly
identified by combining multiple measurements afforded by Growth Cone Analyzer
A recent study, facing a similar problem in a different cellular system, developed an analytical
approach for identifying morphological transitions based on multivariate image measurements (Gordonov
et al., 2016). Their high-dimensional vector of measurements extracted simultaneously per frame was
reduced to two dimensions using principle component analysis, allowing for visualization of the cell
trajectory through a simplified morphology space. Hidden Markov modeling (Monnier et al., 2015) of the
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trajectories was then employed to identify the number of underlying “shape states”, as well as the timing
of transitions between states. Contrary to the fairly abstract and biologically hard-to-interpret image
measurements of breast cancer cells employed in (Gordonov et al., 2016),

Growth Cone Analyzer

extracts direct measurements of finer detailed, cellular structures from images of higher resolution. To test
the power of morphology states extracted from these data to predict elongation rate, we first applied an
acute perturbation by the small molecule inhibitor CK666 (Nolen et al., 2009) against the Arp2/3 complex.
Manipulation of the ARP2/3 pathway, which is downstream of Rac1 (Takenawa and Suetsugu,
2007), has resulted in conflicting phenotypes in both neuronal and in other cellular systems (Korobova
and Svitkina, 2008; San Miguel-Ruiz and Letourneau, 2014; Strasser et al., 2004; Swaney and Li, 2016).
However, our recent study of low spatial/temporal resolution phenotypes in N1E-115 did confirm that
depletion of WAVE2 and N-WASP, members of the ARP2/3 interaction network (Takenawa and
Suetsugu, 2007), induced a significant reduction in steady-state neurite length on the timescale of hours,
similar to the effects of the Rac1 knockdown (Fusco et al., 2016). Previously, it was found that 25 µM of
CK666 treatment of Aplysia bag growth cones resulted in increased “exposed” filopodia (ie. filopodia
length to veil) (Yang et al., 2012). Given this precedence for elongation and morphology defects, we
imaged N1E-115 growth cones plated on laminin, before, and immediately after, treatment with 25 µM
CK666. In line with (Yang et al., 2012), CK666 treatment resulted in a significant increase in filopodia
length to veil compared to DMSO, as well as a decrease in the veil-embedment of individual actin
bundles. (Figure 2.11 A). To confirm our prediction that these structural changes would be correlated
with a dampened elongation rate, we partitioned the neurite elongation trajectory into states of retraction,
pausing, accelerating elongation/decelerating elongation. Neurites treated with CK666 consistently
induced increases in the percent time the neurite spent paused or retracting, whereas DMSO treatment
resulted in changes of opposing direction and/or lower magnitude (Figure 2.11 B).

These results

demonstrate that Growth Cone Analyzer provides robust measurements corresponding to subtle, fastacting perturbations, and that acute CK666 treatment in our system provides an experimental means to
further test analytical methods that aim to identify time points of significant transitions in local growth cone
architecture/dynamics.
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Figure 2.11: ARP2/3 inhibition via CK666 treatment induces stagnation of neurite elongation and
growth cone morphological changes.
(A) ARP2/3 inhibition via CK666 treatment induces an increase in filopodia length to veil and decreases
the percent length each actin bundle is embedded in veil. Representative images pre (left) and post (right)
treatment with DMSO (i) or 25 µm CK666 (ii). Top panel raw images, bottom panel segmentation
overlays. Actin bundles are color coded by total length of bundle as measured by Growth Cone Analyzer.
Images are shown in black and white contrast. Scale bar = 10 µm. The complete analysis of select actin
bundle measurements extracted via Growth Cone Analyzer is summarized in (iii). Boxplots of filopodia
measurement distributions corresponding to the actin bundle length to veil (top) and the percent length of
the filopodia veil embedded (bottom) before and after treatment with DMSO (iii) or 25 µM CK666 (iv) for 6
individual neurite movies. *** indicates pValue of < 0.001 as measured by a permutation test for changes
in the median of the distribution before and after treatment. N = (~500-3500) actin bundle measurements
per boxplot. The data corresponding to the example neurite trajectories shown in B and selected images
in (i-ii) are marked by black (DMSO) and blue (CK666) boxes respectively. The corresponding percent
change in the median of the actin bundle distribution for the respective measurement, before and after
treatment for both conditions is summarized in (v). (N = 3 neurites per condition). Scatter points in v.
represent the percent changes for individual neurites, lines indicates the mean of the distribution of the
percent change values per treatment condition, and the dark shaded regions indicate the 95 %
confidence intervals

(B) Example of neurite elongation trajectories measured using Growth Cone Analyzer and colored by
elongation category for two example N1E-115 neuroblastoma neurite movies growing on laminin. Movies
were imaged for 5 minutes, treated with either DMSO (i) or 25 µM CK666 (ii), and then imaged for
another 5 minutes. Dashed lines show the pause threshold for elongation state classification.
A
summary of the percent time individual neurites were paused or retracting before and after treatment (N =
3 neurite movies per condition) is provided in (iii). The data corresponding to the example neurite
trajectories shown in (i) and (ii) are marked by black and blue boxes respectively.
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Figure 2.11 (Continued)
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Next, we selected seven morphological measurements, which could be calculated robustly per
frame from the list of available measurement features in Growth Cone Analyzer (Figure 2.8) to generate
a per-frame feature vector (Figure 2.12 A) for the entire data set of 72 neurite movies expressing GFPLifeAct, including the siRNA (Figure 2.1, Figure 2.6, and Figure 2.10) and the acute CK666 drug
treatments (Figure 2.11). As the first two principal components of these data explained only ~50% of the
variability in the original morphological features, we reduced the dimensionality of these features to two
dimensions via Multi-Dimensional Scaling (MDS) (Figure 2.12 A). Overlay of the probability density
estimates, corresponding to the pre-treatment frames of the 6 movies where the neurite was submitted to
acute perturbation, indicated cell to cell heterogeneity in the growth cone’s shape state prior to
DMSO/drug application (Figure 2.12 B). We chose the DMSO and CK666 treated neurites with the most
similar pre-treatment morphology for initial visual comparison, and plotted the full trajectories of the
neurite movies in reduced feature space for both the DMSO and CK666 treatment (Figure 2.12 C).
Visually pre- and post-CK666 treatment regimens diverged in the shape space, while the DMSO
trajectory showed less structured variance (Figure 2.12 C (i)). This is consistent with the transition of the
neurite’s morphological state upon CK666 treatment, which correlates well with the functional transition
from elongation to pausing/retracting (Figure 2.12 C (ii)).
Hidden Markov modeling as described in (Gordonov et al., 2016) was applied to the two
dimensional MDS coordinates for the DMSO and CK666 treated trajectories to identify potential
morphology state transitions in the shape space trajectory (Figure 2.12 C (iii)). To test for consistency in
the state transitions induced by CK666, we specifically analyzed state transitions for all 6 movies within a
90 sec window post application of treatment (either DMSO or 25 µM CK666).

While after DMSO

treatment, fluctuations in state space were still sometimes observed, these state transitions were
unstable, and resulted in a negligible net transition (Figure 2.12 D). In contrast, CK666 treatment
consistently resulted in stable shape space state transitions of similar direction, magnitude and timing
(Figure 2.12 D).
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Figure 2.12: Timing of significant transitions in growth cone architecture can be detected and
correspond to changes in the state of neurite elongation.
(A) Dimensionality reduction of local morphological dynamics measurements. 7 structural/ local dynamics
measurements per frame were calculated for 72 neurite movies (8454 frames) exposed to the various
siRNA (Figure 2.1 A) or drug (Figure 2.11) perturbation conditions, and the dimensionality of each (7
dimensional) data point reduced to 2-D using multi-dimensional scaling (gray scatter points). Contour
lines indicate the isocontours of the estimated probability density function of this pooled distribution.
(B) Testing for cell-to-cell heterogeneity prior to treatment. Lines indicate the mid isocontour of the
estimated probability density function, calculated from data corresponding to the pretreated frames for
each DMSO (black) or CK666 (blue) treated neurite trajectory.
(C) Hidden Markov modeling (HMM) of select DMSO and CK666 neurite trajectories in reduced local
morphological dynamics space. Two example trajectories (DMSO treated at 300 s, left, and 25 µM CK666
treated at 300 s, right, are highlighted, and data points corresponding to each frame are colored by prepost treatment (i), neurite elongation state (ii), and the maximum likelihood hidden state ID inferred from
the HMM model (iii). Crosses in iii indicate the mean of the identified state distribution and the rings
indicate the first and 2nd standard deviations of the distribution. Select images of these two neurite
trajectories before and after treatment are shown in Figure 2.11 A.
(D) CK666 treatment induces reproducible growth cone architectural state transitions that are similar in
timing, magnitude, and direction as compared to DMSO treatment. Individual MDS space transitions for
each treatment movie analyzed (6 total) within a 90 s window after either treatment with DMSO
(gray/black shaded vectors) or 25 µM CK666 (blue shaded vectors) (i). Numbers and color shade
indicate the movie ID, as multiple transitions can occur in this time window. The position along the y-axis
indicates the timing of each transition. Magnitudes of the vectors are scaled to fit on the graph, while
maintaining relative differences between vectors. The sum of all vectors within the 90 s window for a
given movie is shown as net transition vectors (ii), where color shade again indicates movie ID. The
magnitude or the net transition vectors in (ii) is plotted in (iii).
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Figure 2.12 (Continued)
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We next sought to assess how the structural transitions upon acute ARP2/3 perturbation
compared to the full population of growth cone morphologies documented in this study. To this end, we
first examined the relative positioning of four control movies within the reduced dimensionality
morphological feature space (Figure 2.13 A), focusing on movies that had been previously identified in
Figure 2.9 E to be representative of the diversity in both structure and elongation behavior, among the
unperturbed population. The probability density estimation in reduced structural space was calculated for
each movie, the mid-contour extracted, and color-coded by the net neurite elongation rate for the 10
minute movie (Figure 2.13A). This revealed a rough gradient, whereby higher MDS1 values correlated
with poor elongation rates within the control population (Figure 2.13 A). Notably the direction of the
observed CK666 induced transitions in neurite structure (arrows in Figure 2.13 identified in Figure 2.12),
corresponded well with the direction of this general functional gradient identified in the control, consistent
with the observed switch from neurite growth to pausing/retraction upon CK666 treatment (Figure 2.10 B
and Figure 2.11).
We then considered the localization of the siRNA perturbations within the reduced morphology
space. Mid-contour overlays of the probability density estimations for each neurite movie, colored by their
respective siRNA perturbation (Figure 2.13B), likewise reinforced general structure/function patterns
found in the control (Figure 2.13). For example, Rac1, Dock7, and Trio depletion, perturbations which
had been previously shown to produce the most profound low resolution neurite dynamic
phenotypes(Fusco et al., 2016), maintained the highest MDS1 values (Figure 2.13 B (v-vii)) and showed
the best separation from the control, inducing unique neurite structures not observed in the unperturbed
system. In contrast, the majority of the β-Pix depleted neurites maintained structures that were more
similar to control (Figure 2.13 B (ii)). Perturbations increasing neurite elongation, also tended to show
lower levels of separation from the control when considering a composite of morphological features in
reduced space (Figure 2.13 B (i,iii,iv).

This included the CDC42 KD, which induced a significant

filopodia length phenotype compared to control (Figure 2.10A). Though interestingly, RhoA KD induced
some collective structural features paralleling that of the Trio KD, despite being previously shown to
induce an opposing, enhanced elongation phenotype in this system.
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Figure 2.13: Acute ARP2/3 inhibition shifts growth cone morphologies toward architectures
exhibiting poor elongation in the larger neurite population.
(A) ARP2/3 inhibition shifts growth cone morphologies toward neurite architectures poorly elongating in
the control population. Mid-contour overlays of the probability density function estimated from the
dimensionality reduced coordinates corresponding to the four representative control movies shown in
Figure 2.9 E, exhibiting diverse structure and function. Overlays are color coded by the net neurite
elongation rate calculated for each of the four neurite movies. Red, blue, and white, indicate positive,
negative, or no change respectively in growth cone length within the 10 minute sampling window. Colored
dots indicate the maximum of the estimated probability density function for each neurite movie and the
respective frame with the reduced coordinates closest to this maximum value was selected for
visualization (i-iv). Arrows indicate structural transitions of two individual neurites within 90 s post CK666
treatment (25 µM) as identified in Figure 2.12 D.
(B) Visualization of control and siRNA treated neurite movie trajectories in reduced morphology space.
Mid-contour overlays of the probability density function estimated from the dimensionality reduced
coordinates corresponding to individual movies in the control population (black) vs individual movies
corresponding to siRNA treated neurites (colored by perturbation group) N = 3-20 neurite movies per
condition (i-vii) Arrows indicate structural transitions of two individual neurites within 90 s post CK666
treatment (25 µM) as identified in Figure 2.12 D.
(C) Quantification of morphological separation of each siRNA perturbation population compared to the
control population. Simplified 2-D visualization of the Inverse Davies Bouldin Statistic used to quantify
separation between a control (black) and example siRNA perturbation (purple) (i). Dcp is the Euclidean
distance between the mean of the control and the mean of the perturbation (ie. the inter cluster distance),
while σiControl and σiPert are the Euclidean distances between the mean of the respective cluster and the
ith point within that cluster (ie.the intra-cluster distance, a metric of cluster variance). Summary of
separation statistics in 7 dimensional space for control and each siRNA perturbation are shown in (ii).
Bars indicate the bootstrapped 95 %confidence intervals for each respective separation measurement.
(D) ARP2/3 inhibition shifts growth cone morphologies toward neurite architectures induced by Rac1
depletion or depletion of select Rac1 activators. Mid-contour overlays of the probability density function
estimated from the dimensionality reduced coordinates corresponding to select movies of β-Pix (ii) Dock7
(iv), Rac1 (v) or Trio (vi) depletion via siRNA Overlays are color coded by the net neurite elongation rate
calculated for each of the four neurite movies. Red, blue, and white, indicate positive, negative, or no
change respectively in growth cone length within the 10 minute sampling window as in (A). Colored dots
indicate the maximum of the estimated probability density function for each neurite movie and the
respective frame with the reduced coordinates closest to this maximum value was selected for
visualization (ii, iv-vi). These structures are compared to the growth cone structure 90 s post-25 µM
CK666 treatment (i,iii). Arrows indicate structural transitions of two individual neurites, 90 s post 25 µM
CK666 treatment as identified in Figure 2.12 D
Example neurite trajectory, mid-contours shown in (A) and (D) are emphasized in (B) (thick lines).
Scale bar equals 10 µM.
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As Multi-Dimensional Scaling coordinates do not always faithfully represent the true distances
between points in higher dimensional space (Borg, 1997), we confirmed the separation patterns observed
visually in reduced space Figure 2.12 (i-vii) by calculating a multi-dimensional, separation statistic
between control and each perturbation population, directly using the seven normalized morphological
feature values, prior to dimensionality reduction (Figure 2.13 C). To this end, we utilized an inverse
Davies Bouldin statistic, a simple metric traditionally used to evaluate cluster separation as means to
assess optimal cluster number (Davies and Bouldin, 1979). In this study we formulate the score as a ratio
of the between cluster separation to the within cluster scatter, making a higher score coincide with better
separation between the two populations. Figure 2.13 C (i) shows a simplified example of this calculation
in 2-D space, while Figure 2.13 C (ii) displays the 7 dimensional separation statistic calculated between
control and each siRNA treated perturbation population. Consistent with visualization of the perturbation
morphologies within the reduced space (Figure 2.13 B), the separation score calculated between the
control and each perturbation confirmed the enhanced morphological deviation of the Rac1, Trio, and
Dock7 depleted systems in comparison to that of β-Pix reduction (Figure 2.13 C (ii)).
Finally we compared the CK666 induced morphological transitions in the context of the siRNA
perturbation morphologies. Importantly, inhibition of ARP2/3 activity via CK666 drug induced transitions
in reduced morphology space towards those perturbations predicted to decrease Rac1 activity and that
exhibited poor elongation behavior within the 10 minutes of our high resolution assay Figure 2.13 D.
Note that while the general direction of the drug induced morphological transition was always consistent,
the endpoint of each transition did depend upon the initial morphological state of the neurite at the time of
drug treatment, ie the neurite morphology appeared to only be able to deviate so far from its original
state. Figure 2.13 D for example highlights two different CK666 induced transitions (arrows). Note one
CK666 treated growth cone transitions into a morphology (Figure 2.13 D (i)) similar to that exhibited by
the highlighted β-Pix depleted trajectories (Figure 2.13 D (ii)), while a second CK666 treated growth cone
transitions into a more extreme morphology (Figure 2.13 D (iii)), similar to that observed for the
highlighted Dock7 (Figure 2.13 D (iv)), Rac1 (Figure 2.13 D(v)), and Trio (Figure 2.13 D(vi)) depleted
neurite trajectories.
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These results demonstrate how visualization of multi-dimensional Growth Cone Analyzer features
can facilitate data exploration corresponding to individual neurite growth cone trajectories within the
context of a larger population of observations. Furthermore, this proof of concept analysis, confirms that
Growth Cone Analyzer’s morphology measurements combined with time series modeling (Gordonov et
al., 2016) can be used to identify the timing of significant transitions in growth cone shape and to study
the relationship of such morphological transitions with the neurite’s elongation behavior.
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Discussion
Technological Advances for the Automated Analysis of Growth Cone Morphology
Despite being recognized as crucial for the understanding of growth cone function for many years
(Bray and Chapman, 1985), robust, unbiased quantification of the relationships between growth cone
structural features and elongation behavior, have remained elusive. This is primarily due to a dearth of
tools to perform such analysis. In this study, we removed this bottle-neck by introducing Growth Cone
Analyzer (Figure 2.2), a computer-vision tool for automated segmentation of 2-D, fluorescently-labeled,
growth cone movies, imaged at high resolution. Notably, unlike other available methods for growth cone
analysis (Costantino et al., 2008; Goodhill et al., 2015; Misiak et al., 2014; Tsygankov et al., 2014) or
generic filopodia detection (Barry et al., 2015; Saha; et al., 2016), our method employs highly sensitive
ridge filters (Jacob and Unser, 2004) to amplify low signal-to-noise curvilinear structures, such as
filopodia. In addition, we address a difficult computer vison problem more commonly associated with
lower resolution neurite tracing, namely the problem of assigning labels to crossing (Figure 2.2 D (iv) Top
Panel) versus branching ridge-like structures (Figure 2.2 D (iv) Bottom Panel) (Li et al., 2016; Turetken
et al., 2016; Turetken et al., 2011; Zhao et al., 2011). While traditional graph based approaches to
neurite tracing typically define the network reconstruction as the minimum spanning tree solution to a
graph (Turetken et al., 2011; Zhao et al., 2011), whereby vertices are points in the image maintaining a
strong curvilinear filter response, these solutions by definition do not allow for graph cycles and hence
cannot resolve crossings. Therefore, crossing structures have been consistently noted as a challenging
source of error in neurite tracing (Bas and Erdogmus, 2011; Li et al., 2016; Turetken et al., 2011), and the
problem has only recently been rigorously formulated in terms of a global optimization that allows for
loops in the graph while penalizing spurious junctions (Turetken et al., 2016).

However, unlike in

Turetken et al, information regarding the connectivity of these relatively small networks to a potentially
amorphous veil/stem structure is crucial to growth cone segmentation. Hence Growth Cone Analyzer
utilized the larger scale veil/stem information to filter high confidence ridge candidates and seed the
iterative maximum weighted graph matching Figure 2.5.

This refined analysis of the complex

filopodia/thin actin branch networks associated with the growth cone allowed us to quantify growth cone
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morphological changes during neurite elongation events with unprecedented detail. Therefore, while
previous computer-vision analyses have focused upon quantification of growth cone size (Tsygankov et
al., 2014), or underlying growth cone shape trends (Goodhill et al., 2015) with respect to elongation
behavior, Growth Cone Analyzer offers a complimentary, finer-resolution perspective.
Mining Heterogeneity of an Unperturbed Population to Assess Morphology/Motility Relationships
The quantification afforded by Growth Cone Analyzer allowed us to quickly mine, latent
information in neurite-to neurite heterogeneity observed within an un-perturbed population of N1E-115
neuroblastoma neurites plated on laminin (Figure 2.9). In doing so, we found that lower net neurite
elongation rates within a ten minute window are most strongly correlated with growth cone structures
characterized by enhanced filopodia lengths, as well as a perturbed relationship between these filopodia
actin bundles and the veil network.

Quantification of high resolution growth cones subjected to

intracellular perturbations that have been shown to decrease neurite elongation all further confirmed the
growth cone morphology/behavior relationships we observed in the control.

These perturbations all

converged on the Rac1 pathway and included siRNA depletion of Rac1, depletion of one of three Rac1
activity regulators, or acute treatment with an ARP2/3 inhibitor (Figure 2.1 and Figure 2.6), (Figure 2.11).
Identification of Subtle Phenotypes upon Modulation of Rac1 GEFs
Confirming these growth cone morphology/behavior relationships required identification of subtle
phenotypes, not immediately evident via human visualization alone.

For example, morphodynamic

differences among growth cones corresponding to Rac1 knock-down in comparison to control were
predominately overlooked in our initial studies (Pertz et al., 2008), but became clear after automated
analysis.

Automated analysis also revealed a subtle phenotypic difference between β-Pix depleted

growth cones and the other Rac1 GEFs tested (Figure 2.10 A). Specifically, β-Pix knock-down induced
only decreases in the veil-stem thickness at the leading protrusion, and veil protrusion persistence time,
while veil velocities and filopodia actin bundle length were primarily unaffected.

This more subtle

morphological phenotype observed for β-Pix growth cones is consistent with our previous low resolution
results (Fusco et al., 2016), which found that unlike Rac1, Dock7, or Trio knockdown, neurites depleted of
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β-Pix exhibited no change in the frequency with which neurite number or length increased relative to the
control, while still inducing an overall neurite length deficit on the timescale of ~ 20 hrs. These results
indicate that the β-Pix deficient neurites maintained slower neurite elongation rates and/or were
potentially unstable and eventually collapsed.

The combined high and low resolution results point

towards the requirement for β-Pix in the maintenance of the veil coordination necessary to elicit sustained
neurite elongation.

These findings for β-Pix, are likewise in line with observations in other cellular

systems, namely a human bronchial epithelial cell line, 16HBE (Omelchenko et al., 2014) and MCF10A
mammary epithelial cells (Sero and Bakal, 2017). In both these studies, cells depleted of β-Pix still
exhibited local protrusive behavior, but coordination of the veil movements was compromised. In the
former case, this randomization in the directionality of the individual protrusions ultimately inhibited
collective migration (Omelchenko et al., 2014), while in the latter case, the directional persistence of
individual cell migration was impaired (Sero and Bakal, 2017). In addition, β-pix has been previously
implicated a critical component of a positive feedback mechanism ensuring amplification of local Rac1
activity upon initial f-actin polymerization (Castro-Castro et al., 2011), again consistent with our findings of
normal veil protrusion velocity and dampened veil protrusion persistence upon β-Pix depletion (Figure
2.10 A). Notably while all three of the Rac1 GEFs tested in this study have been shown to induce defects
in either axon or neurite length in different systems via static, low-resolution analysis (Habig et al., 2013;
Peng et al., 2010; Pertz et al., 2008; Watabe-Uchida et al., 2006), this potentially distinct role of β-pix in
neurite elongation was only made manifest upon combined unbiased quantification of neurite morphology
and dynamics at multiple scales. As β-Pix proteins have been found to be targeted to adhesions in other
systems (Chang et al., 2007; Kuo et al., 2011; Nayal et al., 2006), future studies integrating Growth Cone
Analyzer with methods for automated detection and tracking of fluorescently labeled adhesion molecules
(Han et al., 2015) will likely further clarify intracellular dynamics differences corresponding to the above
knockdowns.

These distinctions will be useful for clarifying how these different Rac1 regulators

coordinate to control Rac1 activity patterns which facilitate elongation
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Results of Automated Morphology/Motility Analysis Compared to Manual Assessment in Other
Systems
Importantly, the dominant relationships between growth cone morphology and elongation rate
discovered in our system using Growth Cone Analyzer corroborate, two classical, more qualitative,
studies, which tested for correlations between neurite elongation rate and two to five, visually defined,
growth cone morphological classifications (Johnson and Kleitman, 1989; Mason and Wang, 1997). In the
earlier study, the authors reported negative correlations between “filopodial” growth cone morphology and
neurite elongation rate in both embryonic (E21) and postnatal (P30) sympathetic neurons plated on
laminin in-vitro, and that the “filopodial” morphology is more prevalent in the postnatal population of
growth cones (Johnson and Kleitman, 1989). In the later study, using video time-lapse recording of dyelabeled retinal axon growth cones in a semi-intact preparation of the embryonic visual system, the authors
provided evidence that as growth cones advance, they maintain more streamlined morphologies,
whereas during pauses, they adopt more complex forms (Mason and Wang, 1997). That our correlation
analysis is consistent with these earlier, more qualitative, studies further validates the integrity of our
extracted measurements and re-enforces N1E-115 as a relevant model system of neurite elongation, at
least in some contexts. Furthermore, the latter study, which provides evidence that growth cones can
shift both their morphology and elongation behavior along their natural wiring trajectories, emphasizes the
potential future utility of unsupervised methods, such as we have tested in this study (Figure 2.12) for the
identification of significant changes in growth cone morphology along a neurite elongation trajectory.
Potential Changes in Morphology/Motility Relationships upon Perturbation of Intra-cellular
Signaling
Despite these parallels it is important however not to overly generalize and assume these
relationships are preserved for all neuronal subtypes under all extracellular conditions. In-vitro studies in
mammalian growth cone systems directly comparing different combinations of intrinsic and extrinsic
perturbations in-vitro frequently suggest potential for interesting and important divergences among
different systems. For example, it has been found that neuronal subtype can influence whether neurite
elongation is dependent upon select extracellular conditions such as substrate stiffness (Koch et al.,
2012). Conversely, growth cones from neurons of identical subtype have been shown to exhibit substrate
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dependent growth cone morphology , and growth cone motility responses to additional perturbations, both
extracellular and intracellular, are often reliant on the initial substrate induced state (San Miguel-Ruiz and
Letourneau, 2014). Therefore, while a concept not prevalent in the literature, one cannot exclude the
possibility that different mechanisms of neurite elongation likely exist, and these motility modes may be
governed by different morphology/behavior relationships. Screening, for changes in these relationships
upon experimental perturbation may provide a useful method for identification of different neurite
elongation regimes.
One of the most intriguing aspects of the previous RhoGTPase interactome screen (Fusco et al.,
2016) was the number of siRNA perturbations which led to enhancements in neurite elongation.
Interestingly, for one such perturbation, the CDC42 KD, we found morphology/motility correlative rules
learned from the control (Figure 2.9), and maintained for a majority of the perturbation conditions, tested
failed to be maintained in this population (Figure 2.10). While long filopodia lengths were a firm indicator
of growth cone pausing/retraction in the other populations tested (Figure 2.9, Figure 2.10), CDC42 KD
filopodia maintained enhanced lengths and decreases in the percentage each filopodia was veil
embedded, despite exhibiting normal elongation rates in our 10 minute sampling window (Figure 2.10).
This case, highlights the value of evaluating a multi-variate set of growth cone morphology features, as it
becomes clear from the composite feature set that CDC42 KD morphology as a whole deviates less than
those perturbations most profoundly dampening neurite dynamics such as Dock7 KD (Figure 2.13).
Interestingly, closer examination of the individual features revealed that the veil/stem thickness was
unperturbed in CDC42, while this value was often decreased in the perturbations eliciting neurite
elongation deficits. Hence, in the two cases the system has appeared to reach a different morphological
equilibrium. Measuring signaling directly within individual filopodia using a combination of Growth Cone
Analyzer segmentation and FRET biosensor technology (Fritz and Pertz, 2013) will likely further reveal
the intracellular differences between the long filopodia elicited in the two systems (see Chapter 3).
In summary, it is clear that the future challenge will be efficiently integrating information gleaned
from the combinatorically expansive number of cell intrinsic/extrinsic scenarios to pinpoint physiologically
relevant mechanistic commonalities and divergences governing neurite elongation and guidance.
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Automated growth cone morphological measurements will increase the feasibility of extracting
measurements and coordinating these experiments among multiple labs more realistic.
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Materials and Methods
Wetlab Experiments
Cell Culture and Transfection
N1E-115 neuroblastoma cells (American Tissue Culture Collection) were cultured in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% FBS, 1% L-glutamine, and 1% penicillin/streptomycin.
For differentiation, N1E-115 cells were starved for 24 h in serum-free Neurobasal medium (Invitrogen)
supplemented with 1% L-glutamine and 1% penicillin/streptomycin. Both siRNA and Lifeact-GFP reporter
were transfected simultaneously as previously described (Chong et al., 2006). Specifically, 400 ng of the
plasmid pLenti-lifeact-GFP, 20 pmol of the specific siRNA (Invitrogen Stealth Select), and 1 µl of
Transfectin (Bio-Rad) were used in one transfection reaction. 48 h post-transfection cells were starved in
Neurobasal medium. 72 h posttransfection, cells were detached with Puck’s saline and replated on a
glass-bottom 24-multiwell plate (MatTek), coated with 10 µg/ml laminin O/N at 4 °C (Millipore). 24 h after
plating, cells were imaged in Neurobasal medium (Invitrogen) in a heated closed chamber.

Microscopy, Image Acquisition
All the experiments were performed on an inverted Eclipse Ti microscope (Nikon) equipped with a
motorized stage, hardware based autofocus, a CoolLED light source, and controlled using Metamorph
imaging software (Universal Imaging) using a PlanApo 60x objective. The images were acquired every 5
sec for a total of 10 minutes. A Coolsnap HQ2 camera (Photometrics) was used for image acquisition. In
the CK666 experiments, the cells were first imaged for 5 minutes without drug, and then for an additional
5 minutes with DMSO, or DMSO + CK666 (corresponding to a final concentration of 25 µM CK666).

Overview of the Growth Cone Analyzer Segmentation Pipeline
Visuals corresponding to the Growth Cone Analyzer pipeline are shown in Figure 2.2 and the full
algorithmic scheme is fully outlined in more detail in Figure 2.3. Table S1 contains information regarding
the corresponding segmentation parameters employed at each algorithmic step, including the defaults
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used for this study with recommendations for the user. Block colors in both Figure 2.3 and Table S1
indicate a specific segmentation step within the pipeline and are consistent between figures to facilitate
visualization. Note that while many segmentation parameters are made accessible to the user, we found
almost all of these parameters required no adjustment to achieve quality segmentation of our diverse
image set of 77 movies. The one exception, was the local threshold patch size, which needed to be
roughly adjusted based on growth cone thickness (larger growth cones typically required larger patch
sizes). Full written details corresponding to each step in the algorithm are documented below.

Detection of Neurite Stem and Determination of Neurite Entrance Point
Currently the software is designed to segment the growth cone and a small portion of the neurite stem as
this was the primary biological region of interest (Figure 2.2). A small cropping tool to select this region
of interest is included in the package. As the first step of the algorithm is to locate the neurite entrance
point (black stars in Figure 2.2 B) it is helpful to ensure part of the neurite stem is included in the image.
This optional cropping is the only manual step required.
To identify stem-like regions of the neurite, Growth Cone Analyzer first filters the image using a
large-scale, 4th order, steerable ridge filter (Jacob and Unser, 2004) Figure 2.3 (Step I). Sigma (σ)
values, the standard deviation of the Gaussian kernel on which the filter is based, are set by the user via
the segmentation parameter BBScale (Table SI, Step I (i)).

The ridge filtering is performed on the entire

image for each sigma value assigned in the BBScale vector. For all movies in this study, large scale
ridge filtering was performed using a sigma value of 5-10 pixels (~ 1 – 2 um) sampled at 1 pixel intervals.
The final large scale ridge response map is achieved by finding the maximum filter response, over all
scales sampled, at each pixel. A non-maximum suppression (NMS) (Canny, 1986) is performed on this
multi-scale, ridge response to find the local maximum in the direction of the response gradient. Ideally,
this step effectively locates a ridge-like object’s central line in the image. Therefore, the NMS of the ridge
filter response effectively traces connected paths along the ridge-like portions of the veil/stem (shown as
orange lines in Figure 2.2 B).
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Two ridge cleaning steps are subsequently performed. Table S1 Step I (ii). First, an additional
per-pixel thresholding of the NMS response is performed to remove very weak local-maximum ridge
signal, which is often noise. The severity of this threshold is dictated by a user adaptable parameter
threshNMSResponse, set in this study to the 25th percentile of the total population of the NMS response
values. Second, connected component objects from the final NMS ridge response less than
MinCCRidgeBeforeConnect (set in this study to 3 pixels) are filtered, as it is difficult to extract high
confidence local orientation information, required for the subsequent connection step, in these cases.
If the veil/stem were a simple ridge with high signal to noise and invariant in thickness (ie scale),
the large scale ridge detector should trace a path continuously through the entire neurite. However, gaps
along this path are expected in larger and/or more amorphous regions of the veil/stem where the ridge
model is a poor assumption.

This specific problem will be addressed in the following Veil/Stem

Reconstruction section in the Materials and Methods below. However, additionally, gaps can arise due to
limitations in the ridge filter employed. Small, geometrically non-continuous gaps are often observed at
sites where the neurite veil/stem abruptly changes thickness or the stem of the veil has very asymmetric
filopodia density along either side. Larger, typically more geometrically aligned, gaps in the large scale
response may likewise be observed when the ridge response is weak due to poor signal to noise of the
original image or from subtle deviations of the image object from the underlying ridge model. Therefore,
we implement a small linking step to bridge endpoints corresponding to large-scale ridge connected
components detected in the previous step (Table S1 Step I (iii)). As the main goal of this step is to
simply find rough connected component veil/stem paths leading from the neurite entrance point, to each
larger amorphous veil/stem structure, we allow these linkages to assume relatively discontinuous
geometries, making the geometry constraint less stringent if the gap distance is smaller. If the gap
distance is less than a user-defined cut-off radius, MaxRadiusNoGeoTerm, set in this study to 3 pixels (~
0.6 um), are linked regardless of each corresponding ridges’ attachment geometry. Distances greater
than MaxRadiusNoGeoTerm, but below a user adaptable cut-off, MaxRadiusLargeScaleLink, are only
linked if they fulfill attachment geometry defined by the segmentation parameter GeoThresh. In our
study, this geometry constraint was relatively lenient, the angle (θRL) between the linking vector (L) and
the local orientation vector at the ridge endpoint (R) could not exceed 90°, (ie. the normalized dot product
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of the two vectors, cosθ, could not be less than 0). Potential linkages within a MaxRadiusLargeScaleLink
(set to 10 pixels (~2 um) in this study) are found using a K-Dimensional tree and linear linker path
interpolated between candidate endpoints. To ensure only a single linkage for each ridge endpoint, a
maximum weighted graph matching step is performed using weights based upon distance only if the
distance is below the MaxRadiusNoGeoTerm, or based on distance and geometry if the linkage distance
is greater than MaxRadiusNoGeoTerm and less than MaxRadiusLargeScaleLink.
After

this

initial

linking

step,

detected

endpoints

of

thick

ridge

candidates

within

MaxDistBorderFirstTry (10 pixels (~2 um) in our study) of the image edge are chosen as potential neurite
stem entrance ridge candidates

Table S1 Step I (iv). The software assumes a reasonable entrance

candidate for each frame of the movie exists, therefore while MaxDistBorderFirstTry is technically a user
defined parameter, the value is widened automatically if no ridge candidate in a given frame meets this
initial criteria. If more than one ridge candidate is found such as is shown in (Figure 2.2 B(i)), the
algorithm first filters candidate ridges based on length alone, as defined by a user adaptable parameter
MinCCEntranceRidgeFirstTry, (set in our study to 5 pixels), in order to filter out any potential high intensity
noise. Then using a summation of the mean fluorescence intensity and the length of the ridge candidate
as a score, the program determines on a per frame basis which candidate ridge path most likely
corresponds to the entering neurite stem. This ridge path then serves as the seed for the subsequent
veil/stem reconstruction.
Occasionally, however, an incorrect ridge candidate is chosen as the neurite entrance ridge. As
the orientation of the entering neurite stem within the image does not move significantly during the time
resolution of interest in this study (total movie time ~10 min), the correct orientation of the neurite within
all images is the most frequent orientation of the automatically determined seed ridge for the entire movie.
Frames where the selected seed ridge fails to correspond with the majority neurite orientation for the
movie, for example due to a transient distracter object entering the image such as in Figure 2.2 B (i), are
corrected in a subsequent step so that the seed ridges for all frames are consistent throughout the entire
movie (Figure 2.3 (II) Table S1 (II)). This is accomplished by simply performing a crude spatial clustering
via dilation of a logical mask marking all the estimated neurite entrance points by an input radius
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SizeOfConsistencyRestraint (default is 5 pixels).

This dilation is then separated into connected

components and the connected component with the majority of frames is chosen as the correct neurite
orientation cluster to which align other frames. All neurite endpoints in other dilation clusters are
considered outliers. The program then combines all the large-scale ridge neurite stem candidates from
the majority cluster that are found in more than 5 of the inlier frames as a base neurite orientation path.
The best ridge candidate from the outlier frame that aligns to this path is then chosen as the new neurite
entrance stem from which to build the veil/stem estimate in that frame. If no outliers are found no
changes are made. All frames updated are documented in the user output.
Growth Cone Analyzer likewise has an optional visual quality control step whereby the user can
check the final neurite orientation selected for the movie (the checkOrient option) Table S1 (II). If the
user sees the wrong neurite entrance region is selected from the majority vote, the use can select the
correct entrance ridge to which align the rest of the movie using the same alignment process as above.
This feature also can help choose the correct SizeOfConsistencyRestraint. However, we found this
manual refinement was typically not necessary as long as a distractor element, such as another growth
cone, was absent or relatively transient. For example, incorrect entrance ridges in the movie
corresponding to Figure 2.2 B (i) were corrected automatically by the algorithm (Figure 2.4) without any
need for manual refinement.
Veil/Stem Reconstruction
As mentioned in the previous section, if the veil/stem were a simple ridge with high signal to noise and
invariant in thickness (ie. scale), the large scale ridge detector detailed above should trace a path
continuously through the entire neurite. However, gaps along this path are expected in larger and/or
more amorphous regions of the veil/stem where the ridge model is a poor assumption.

A practical

solution is to simply detect these more amorphous regions using local intensity Otsu thresholding
(Niblack, 1985), a simple variant of traditional Otsu thresholding (Otsu, 1979), which allows for differences
in the value of the intensity threshold per pixel throughout the image, depending on the intensity profile of
the local surrounding region (Figure 2.3 Step III). The size of the local region is controlled by the
segmentation parameter LocalThresholdPatchSize (Table S1 Step III (i)), which was set between 30 and
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100 pixels in this study, depending on the size of the growth cone under consideration (larger growth
cones required larger patch sizes).

The default value is set to 75 pixels, the mode of the values

employed in this study. While this simple binarization method typically provides reasonable detection
corresponding to the neurite’s actin veil, many of the main problems of global thresholding detailed in
Figure 2.1 D persist- thin structures with lower signal to noise, such as filopodia, typically either fail to be
detected or their lengths are underestimated.
Therefore, low fidelity information corresponding to filopodia from the binarization achieved via
local thresholding is removed via morphological opening (Maitre, 2008). Here morphological opening was
performed using the imopen function included in Matlab’s image processing toolbox, using the strel
function to create a disk structuring element of a user-defined radius dictated by the veil/stem
segmentation parameter DiskSizeLarge, set to 6 pixels (~1.3 um) for segmentation of all the GFP Life-Act
images in this study (Table S1 Step III (ii)).

Note that in the case of the Life-Act images we found it

worked best to keep the structuring disk for this morphological operation slightly larger than the true scale
of the filopodia objects we aimed to remove, as residual fluorescence and overlapping filopodia can often
lead to overestimation of the filopodia thickness in the binary threshold image, again leading to low fidelity
noise in the binary image that best be removed. We note this was less of a problem in the case of the
membrane-labeled CAAX images (recommended DiskSizeLarge is 4 pixels (~0.86 um) for these images),
as the signal corresponding to the filopodia was of lower signal to noise and thus typically not well
detected by the local thresholding.
However, morphological operations using larger disk sizes begin to remove thin pieces of the
neurite stem/veil path breaking connectivity. To maintain maximal connectivity along the veil stem path,
we use geometric information to adapt the local disk size of the morphological operation employed in
select regions of the neurite. We reasoned that ill-detected, thick filopodia/branch bundles (which we wish
to remove in this step) and thinner veil/stem (which we wish to preserve) can be deciphered based on
their connectivity with respect to the thicker regions of the neurite. Therefore, the algorithm scans for
simple connected component paths of the neurite removed by morphological opening that span two larger
size veil/stem ‘pieces’ in the binary threshold image. In these regions the size the structuring element is
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reduced to the user-defined radius DiskSizeSmall (Table S1 Step III (ii)) set to 3 pixels (~0.65 um) in this
study.
The neurite entrance ridge found via the large scale ridge detector Figure 2.2 A (iii) is then
combined with the veil pieces detected via the local thresholding/morphological opening step (Figure 2.2
A (iv) and yellow outlines in Figure 2.2 B), and the veil/stem effectively reconstructed using this
information starting from the neurite entrance ridge. All veil pieces overlapping the neurite entrance ridge
are maintained. Subsequently all ridge pieces overlapping with these selected veil pieces are added to
the veil/stem detection. Any large scale ridge detections, within a user defined segmentation parameter
MaxRadiusBridgeRidges (set in this study to 5 pixels, ~ 1 µm) (Table S1 Step III (iii)) of all veil/stem
detection endpoints are linked to current veil/stem detection, and the process iterates until no more veil
pieces overlap with the final veil/stem detection. When the reconstruction is complete, any end points,
other than the neurite entrance point (black star in Figure 2.2 B), of the veil/stem detection are eroded, to
create the final veil/stem mask (Figure 2.2 B far right panels, cyan outlines). Continuous ridge detections
with no endpoints, spanning two veil stem pieces or the neurite entrance point and the veil/stem piece are
dilated using Matlab’s imdilate function included in Matlab’s image processing toolbox, using the strel
function to create a disk structuring element with a radius set to 4.
Neurite Length Measurements
We observed that the leading portion of the neurite corresponding to the growth cone, exhibited
significant shape heterogeneity. Shape differences were observed, not only between RhoGTPase and
GEF/GAP perturbation conditions, but likewise among neurites of the control population (Figure 2.1 A).
Furthermore, even in the same growth cone, morphology features could fluctuate dramatically in the ten
minute sampling window. Therefore, we tried to avoid using the trajectory of the growth cone centroid to
estimate changes in neurite length as was done previously. (Tsygankov et al., 2014) We instead use the
properties of veil/stem segmentation to obtain more robust neurite length measurements.
We assume neurite length to extend from the identified neurite entrance point at the edge of the
image to the tip of the leading veil protrusion (Figure 2.8 A). This measurement can be achieved through
simple skeletonization of the veil/stem mask (a method which aims to find all points within the mask
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maintaining at least two equidistant, hence non-unique, shortest paths to the mask boundary). (See
Figure 2.8a for an example) Here, we employed the ‘skel’ operation of the bwmorph function included in
Matlab’s Image Processing Toolbox, whereby n was set to Inf. The skeleton is converted to a graph
representation, where each node represents a pixel in the skeleton with a nearest neighbor number either
equal to one (endpoint vertices) or greater than two (branch vertices). The shortest path through the
skeleton graph from the neurite entrance point to each endpoint vertex of the skeleton (marking
approximately the convex endpoint of a veil/stem protrusion) is calculated, and the longest of these paths
is then chosen as the neurite length measurement for the given frame (Figure 2.8A).

Note in a system

of high symmetry there can be fluctuations in the orientation of the longest path from one frame to
another as the neurite makes a directional decision. However, the overall neurite length outgrowth metric
velocity can remain constant.
Small-Scale Ridge Detection
A 4th order steerable ridge detector as described previously (Jacob and Unser, 2004) using a
Gaussian sigma of 1.5 pixels (324 nm), defined by the segmentation parameter FiloScale (Table S1 Step
VI (i)), was employed to detect small filopodia-like structures. This 4th order detector is similar to the
classical ridge filter obtained via the eigenvalue decomposition of the hessian (Frangi et al., 1998), but
demonstrates enhanced orientation selectivity, as this filter maintains a larger number of basis filters and
the operator was identified via optimization of the Canny-like criterion (ie maximize signal to noise
ratio/localization and minimize false oscillations). µ, the free parameter which controls the smoothness of
the filter was set to 0.25 to minimize oscillatory side-lobes. Non-maximum suppression, NMS was used to
isolate the center line of the ridge.
As the (NMS) of the smaller scale steerable filter ridge response typically provides strong
detection of even very low signal to noise ridge structures, the challenge becomes filtering false positive
ridge detection from the NMS steerable filter response. To this end, using the original image intensity
distribution values, µInt_Noise and the σInt_Noise were estimated by fitting a Gaussian to first mode of the
corresponding probability density function. A lenient background threshold was defined as µInt_Noise +
2*σInt_Noise. Intensity pixel values less than this threshold were considered background. Any ridge
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detections generated from the small ridge steerable filter NMS within this background region were
removed from subsequent analysis.
A threshold directly upon the NMS values was then likewise performed. We found a threshold of 3*σ of a
Gaussian fit to this distribution performed well, though this value can be adjusted through the
manipulation of the multSTDNMSResponse segmentation parameter. (Table S1 Step VI (ii)) Once the
ridge response is thresholded, the NMS image is binarized, and any remaining branch/higher order
junctions are broken so that linearly continuous ridge pieces can be grouped in subsequent steps. Note
that junctions typically show weak steerable ridge filter response since they represent points in the image
where the orientation of the ridge structure is ambiguous, hence they are not typically well detected via
this mechanism.

The subsequent filopodia/branch reconstruction steps documented below likewise

resolves this problem. In addition, connected components less than or equal to 3 pixels (segmentation
parameter minCCRidge) are removed, as the geometric measurements of these pieces, required for
subsequent linking steps, are typically relatively noisy, and any strong ridge response in these regions
can typically be interpolated with high fidelity in the subsequent linking steps.
The above “small-ridge cleaning” steps produce a number of connected component “ridge
candidates”, some of which are true components of the neurite’s filopodia/branch network, while some
are false detections. The veil/stem mask obtained in the Veil/Stem Reconstruction step was used to
classify the cleaned ridge candidates into traditional, veil-exposed, filopodia Figure 2.2 A (vi-vii) versus
veil-embedded ridge candidates (orange lines in Figure 2.2 C (i)). Ridge candidates connected directly to
the veil/stem and classified as a traditional filopodia are considered high confidence filopodia detections
and hence merged with the border of the veil/stem mask to create a high confidence “seed” (Figure 2.2 A
(vi)) used for further ridge candidate reattachment to the growth cone in the both the Filopodia/Branch
Reconstruction and Optional Veil-Embedded Actin Bundle Detection modules documented below.
The above steps correspond to the first three steps in the flowchart of Figure 2.3 Step VI.
Filopodia/Branch Reconstruction
Veil-exposed filopodia ridge candidates, as defined in the Small Scale Ridge Detection Step, not
attached directly to the veil/stem mask were identified. We reasoned that the mean ridge filter responses
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corresponding to the population of ridge candidates connected to the veil/stem likely provided a viable
representation of the distribution of response values corresponding to true filopodia detections. Therefore,
to further remove weak filopodia/ridge candidates from the floating candidate pool we removed any small
candidates (connected component size < 10), with a mean filter response less than the 5th percentile of
the veil/stem attached filopodia distribution. The compilation of these initial filtering steps produces the
final filopodia/ridge candidates as shown as orange lines in Figure 2.2 A (vii).
These ridge candidates were entered into a filopodia candidate building step, whereby
neighboring, linearly continuous candidate ridges are merged Figure 2.2 A (vi). Only ridge candidates
with endpoints within the user defined radius maxRadiusLink (set in this study to 5 pixels, ~ 1 um) and
exhibiting a linking geometry conforming to the specifications defined by the geoThresh segmentation
parameter (θRL = 25.8°, cos(θRL) = 0.9) are considered for merging (Table S1 Step VI (iii)). Candidates
for merging were first selected by finding all potential ridge candidates with at least one endpoint within
the distance defined by maxRadiusLink using a K-Dimensional tree search. Linear paths were then
interpolated between potential matching endpoints, and the normalized vector of this linkage path from
one ridge endpoint to the other ridge endpoint calculated. To test for the degree of geometric continuity
between the ridge candidate and the corresponding linkage, the angle, θRL, between the linkage vector
and the local orientation at the candidate ridge endpoint (black and orange arrows respectively in Figure
2.2 A (vi)) was calculated for each ridge candidate endpoint. While two such θRL values, θRLij and θRLji
(one for each ridge candidate endpoint) are calculated for each possible linkage, a single θRLij calculation
is shown in Figure 2.2 A (vi) for clarity. Note, the dot product of two normalized vectors is equivalent to
cosθ, and thus the co-directionality of these two vectors can likewise be represented by this value.
Therefore, to maintain maximum continuity, a normalized dot product equal to 1, (θRL = 0 °) is ideal. The
tolerance with which connections are allowed to deviate from this ideal is dictated by the user adaptable
parameter geoThresh, which was set in this study to θRL = ~25 ° (cosθRL = 0.9) (Table S1 Step IV (iii)).
Any ridge endpoint, whose local orientation vector and corresponding linkage vector formed an angle θRL
> 25.8 ° (cosθRL< 0.9) was not considered for merging.
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Using this scheme, there is typically only a single possible linkage between two endpoints that
fulfills the above stringent criteria, such as in Figure 2.2 A (vi). However, occasionally there will be more
than one competing linkage to single endpoint that fulfills the thresholding criteria.

Therefore, to ensure

only one linkage is maintained between two ridge candidate endpoints, the problem was reformulated as
a maximum weighted graph matching problem, such that each endpoint under consideration corresponds
to a node on the graph, and each interpolated linkage a graph path (ie. edge). To calculate the weights,
all individual distances, dij, between candidate ridges were converted to individual distance scores,
scoreDij as follows:
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑖𝑖𝑖𝑖 = max(𝐷𝐷) − 𝑑𝑑𝑖𝑖𝑖𝑖 ,

where D represents the full population of dij values for a given frame. This conversion ensures that larger
dij values result in a smaller scoreDij, and thus contribute more dis-favorably to the final individual path
weight.
scoreDijs were then normalized such that the maximum scoreDij is equal to 1:
|𝑠𝑠𝑠𝑠𝑜𝑜𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟| =

𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑖𝑖𝑖𝑖
max(𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑖𝑖𝑖𝑖 )

where |scoreDij| is the final normalized distance score.
Weights of individual paths (ie edges) were based on a simple summation of the scoreDij and the two dot
products corresponding to each ridge candidate endpoint and linkage (Eq. X)
𝑊𝑊𝑖𝑖𝑖𝑖 = �𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑖𝑖𝑖𝑖 � + cos(𝜃𝜃𝜃𝜃𝜃𝜃𝑖𝑖𝑖𝑖 ) + 𝑐𝑐𝑐𝑐𝑐𝑐(𝜃𝜃𝜃𝜃𝜃𝜃𝑗𝑗𝑗𝑗 )

Where W ij equals the cost of linking ridge endpoint i and ridge endpoint j. D is the entire population of
Euclidean distances between ridge ends within maxRadiusLink for a given frame. θRLij is the angle
formed by the local orientation vector of ridge, R, at endpoint i, and the linker vector, L, linking ridge
endpoint i to ridge endpoint j (Figure 2.2 A(vi)). Conversely, θRLji is the angle formed by the local
orientation vector at ridge, R, at endpoint j, and the linker vector, L, linking endpoint j to endpoint i. The
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maximum value of W ij is equal to 3, when dij is equal to 0 (�𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑖𝑖𝑖𝑖 � = 1) and both θRLij and θRLji are

equal to 0 (cosθRL = 1), indicating a linkage exhibiting perfect continuity. The final solution from this
graph problem indicates which individual ridge candidates are merged into a single ridge candidate.
The final filopodia/branch reconstruction is then achieved by combining information from this new
set of ridge candidates (Figure 2.2 A (vi)) and the “high confidence seed” (Figure 2.2 A (vii)) by
formulating these structures as a graph matching problem (Figure 2.2 A (viii), Figure 2.5). In the first
step, all pixels of the “seed” within a user defined radius surrounding each ridge candidate end-point are
found (Figure 2.5 A (ii-iii)).

This search radius is dictated by the segmentation parameter

maxRadiusConnectFiloBranch and was set to 15 pixels, ~ 3.2 um in our study Table S1 Step VI (iv).
Paths are linear interpolated between ridge candidate end-points and the seed pixels using a simple
bresenham algorithm. This information is then reformulated as a graph, such that these paths become
the edges of the graph, and each graph node is either a ridge candidate or a pixel on the “seed” (Figure
2.5A (iii)). In the second step Figure 2.5 B, weights are calculated for each of these paths, such that
each path is given a corresponding weight, designed to roughly indicate the likelihood that this path is
correct based on prior empirical knowledge of the connectivity of the system.

A path is considered to

have higher weight, and thus be more probable, if I) the Euclidean distance of the path is low, II) the
mean intensity of the path is high, and III) the linkage results in a geometrically reasonable structure given
the biophysical properties of actin filaments.
Specifically, in a similar manner to the preceding filopodia/ridge candidate building step,
geometric continuity between each ridge candidate and each putative linkage is assessed by calculating
the dot product of the normalized vectors corresponding to the local direction of the candidate ridge and
the linker connection. Again, the dot product of two normalized vectors is equivalent to cos θ, where θ is
the angle between the two vectors, and complete maintenance of geometric continuity results when
θRL = 0 ° and cos(θRL) = 1. Given the relatively linear geometry of the actin structure, some θRL values
were considered nonsensical and hence filtered prior to the final graph matching step (Figure 2.5 B
(i+v)). This threshold is governed by the geoThreshFiloBranch segmentation parameter, set in this study
to θRL = 60° (ie. cos θRL = 0.5) (Table S1 VI (iv)). Any associated paths maintaining a θRL value
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greater than 60° (ie. less than cosθRL = 0.5) were excluded from subsequent graph matching steps.
Note the segmentation parameter geoThreshFiloBranch is set to a less stringent value than the similar
segmentation parameter geoThresh associated with the ridge filopodia candidate building step as in this
step we do not want to preclude the possibility of attachments of ridge candidates to the veil/stem.

Any

paths that automatically crossed the veil/stem mask and/or crossed another ridge/candidate were likewise
removed.
Likewise, in a similar manner to the preceding filopodia/ridge candidate building step, all individual
distances, dij, between potential graph nodes were converted to individual distance scores, scoreDij as
follows:
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑖𝑖𝑖𝑖 = max(𝐷𝐷) − 𝑑𝑑𝑖𝑖𝑖𝑖 ,

where D represents the full population of dij values for a given frame, for a given reconstruction iteration,
prior to geometry based path filtering (Figure 2.5 B(i+v)). This conversion ensures that larger dij values
result in a smaller scoreDij, and thus contribute more dis-favorably to the final individual path weight.
scoreDijs were then normalized such that the maximum scoreDij is equal to 1:
|𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠_𝐷𝐷𝐷𝐷𝐷𝐷| =

𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑖𝑖𝑖𝑖
max(𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑖𝑖𝑖𝑖 )

where |scoreDij| is the final normalized distance score (Figure 2.5 B(ii)). Unlike, in the case of the
filopodia/ridge candidate building step, the mean fluorescence intensity of each path is likewise
considered in the graph weight during the final filopodia/branch reconstruction steps. ImeanPerPath, for each
path is calculated and each ImeanPerPath value is normalized such that the full population of potential paths
maintains a normalized value between zero and one:

�𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺_𝑰𝑰𝑖𝑖𝑖𝑖 � =

(𝐼𝐼𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝑖𝑖𝑖𝑖 − min(𝐼𝐼𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝑷𝑷𝒂𝒂𝒂𝒂𝒂𝒂)
(max(𝐼𝐼𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎) − min(𝐼𝐼𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎))

Where, 𝐼𝐼𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝑖𝑖𝑖𝑖 is the mean fluorescence intensity of a single path from graph node i,

a ridge candidate endpoint, to graph node j, a pixel on the seed, and �𝑺𝑺𝑺𝑺𝑺𝑺𝒓𝒓𝒆𝒆_𝑰𝑰𝑖𝑖𝑖𝑖 � is the normalized

intensity score for this same path. 𝐼𝐼𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎 is the full distribution of all values calculated per
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frame

for

a

given

filopodia/branch

reconstruction

iteration,

min(𝐼𝐼𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎)

and

max(𝐼𝐼𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎) are the minimum and maximum values of this distribution respectively.

Finally, the absolute value of the normalized dot product corresponding to the θRS, between the local
orientation vectors at the site of candidate end point (R) and the site of attachment to the seed (S) were
likewise calculated and included in the final weight value.
The final weight, 𝑊𝑊𝑖𝑖𝑖𝑖 for each path is formulated as a simple weighted summation of the above scores,

Figure 2.5 B(ii-v) such that:

𝑊𝑊𝑖𝑖𝑖𝑖 = 0.5|𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆_𝐷𝐷𝐷𝐷𝐷𝐷| + �𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺_𝑰𝑰𝑖𝑖𝑖𝑖 � + |cos 𝜃𝜃 𝑅𝑅𝑅𝑅 𝑖𝑖𝑖𝑖| + 𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃𝜃𝜃𝜃𝜃𝑖𝑖𝑖𝑖

Where Wij is the final weight (Figure 2.2 B (vi) used for the graph matching step. The distribution of
these final weight values typically approaches a Gaussian (Figure 2.2 B (vi) lower panel). The maximum
weighted graph matching step solves the graph by choosing a subset of edges (black paths in Figure 2.5
C) that maximizes the sum of the weights of the edges in the subset so that each node is connected to
another node not more than once. As each ridge candidate is considered a single node in the graph
(Figure 2.5 A (i)) this formulation forces only a single, optimized link, to be chosen between ridge
candidate and seed (Figure 2.5 C).
Optional Veil-Embedded Actin Bundle Detection
Veil-embedded, actin bundle ridge candidates, as defined in the Small Scale Ridge Detection Step,
were identified. Embedded actin bundle candidate ridge responses were first cleaned using the bwmorph
'spur' option (2 pixels) and any candidates without two well defined endpoints were discarded.

For the graph matching step, the endpoint closest to the veil/stem edge for both the exposed and
embedded actin bundle ridge candidates was chosen for potential matching. Any embedded actin bundle
candidates with endpoints equidistant from the veil/stem edge were discarded, as it was typically an
indication that these ridge candidates corresponded to signal generated from the veil/stem edge itself.
Typically these weaker ridge responses corresponding to the cell edge were well-filtered by the veil/stem
reconstruction mask (Figure 2.2 A (v)). However, this step was included to buffer measurement error that
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may result from poor edge localization due to over-segmentation of the veil/stem in Step III (Figure 2.3
Step III). To further solve the problem of small-scale ridge detection in over-segmented veil/stem regions,
we likewise included a step which breaks the embedded ridge candidates at sites surpassing a userdefined curvature (Table S1 Step VI (v), set in this study to 0.05). We note this enforces the prior
assumption that true embedded candidate ridges of interest are linear. If one wishes to detect, more noncanonical highly curved embedded structures one can simply set this value to zero, though at the
potential risk of some false positives. We found this step useful however as very often true embedded
ridge detection pieces would maintain ridge ‘tails’ corresponding to weak responses along the cell edge,
even in neurites where the veil/stem mask edge estimation is not unreasonable.

All embedded, actin-bundle, ridge candidate endpoints (orange lines in Figure 2.2 (i)) within a 10
pixel (2.16 µm) radius of the high-confidence exposed filopodia seed points (green lines in Figure 2.2 C
(i)) were found using a KD Tree search. Note this search radius can be increased or decreased by the
user via the segmentation parameter maxRadiusLinkEmbedded Table S1 Step VI (v)). In a similar
manner to the ridge candidate building step (Figure 2.2 A (vi)) and the geometry filtering step of the main
filopodia/branch

reconstruction

(Figure

2.5

B

(i+v)),

documented

in

the

Filopodia/Branch

Reconstruction section of the Materials and Methods, only connections exhibiting a linking geometry
conforming to the specifications defined by the geoThreshEmbedded segmentation parameter (θRL = 60°
in this study) (Table S1 Step VI (v)) were considered for linking.

Again, to ensure only one linkage is

maintained between two ridge candidate endpoints, the problem was reformulated as a maximum
weighted graph matching problem, such that each endpoint under consideration corresponds to a node
on the graph, and each interpolated linkage a graph path (ie. edge). However, in this case weights of
individual paths (ie edges) were based completely on linkage geometry, such that:
𝑊𝑊𝑖𝑖𝑖𝑖 = cos(𝜃𝜃𝜃𝜃𝜃𝜃𝑖𝑖𝑖𝑖 ) + 𝑐𝑐𝑐𝑐𝑐𝑐(𝜃𝜃𝜃𝜃𝜃𝜃𝑗𝑗𝑗𝑗 )

Where W ij equals the cost of linking the ridge endpoint i, corresponding to a high-confidence seed ridge,
and ridge endpoint j, corresponding to an embedded, actin-bundle candidate ridge. θRLij is the angle
formed by the local orientation vector of ridge, R, at endpoint i, and the linker vector, L, linking ridge
endpoint i to ridge endpoint j. Conversely, θRLji is the angle formed by the local orientation vector at ridge,
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R, at endpoint j, and the linker vector, L, linking endpoint j to endpoint i. The maximum value of W ij is
equal to 2, when both θRLij and θRLji are equal to 0, indicating a linkage exhibiting perfect continuity.
Note distance was not included in the embedded cost

as it was empirically observed that that

confounding ridge signal corresponding to intracellular noise and the veil/stem edge frequently resulted in
more superficial breaks along the ridge NMS than was observed for the exposed filopodia ridge
population. This combined with generally lower ridge responses due to intracellular background often
produced truncated ridge candidates, often resulting in relatively large distance gaps between correct
pairings. Hence we reasoned in this case geometry alone was the most reliable indicator of a high fidelity
link. Post graph matching, detected embedded actin bundle coordinates were added to the filoInfo.mat
data structure and were indexed using the previously assigned filopodia ID of the matched, exposed
filopodia detection.
The thresholded steerable filter response provides only an estimate of each filopodia end-point, and this
may result in either an over or under estimation of the true filopodia length. To avoid underestimation, the
local directional vector, identified from the steerable filter response, at the endpoint of each filament was
employed to extrapolate each putative filopodia region by 10 pixels (~2 µm). Examples of these
extrapolated regions are shown in purple in Figure 2.2 A (ix),2D (iii + vii) and are combined with the
original filament fragment detection (cyan) to create a mask localizing the approximate region of each
filament. For visualization, and to estimate the local intensity background surrounding each filopodia,
each filament mask included +/- two pixels (~0.4 µm) perpendicular to the filament’s centerline (achieved
via the NMS of the steerable filter response or via the extrapolation step above). Image extraction from
regional masks associated with these individual line scans confirm good localization of filopodia centerline
by the ridge detection followed by NMS thresholding (Figure 2.2 A (ix), Figure 2.2 D (iii+vii)).
A weighted average of the pixel intensity values (not limited by the above mask), based upon the point
spread function of the microscope, was extracted for each pixel corresponding to the detected filament
fragment’s backbone, effectively generating an automated intensity linescan along each ridge structure
Figure 2.2 A (ix),Figure 2.2 D (iii + vii). As the fluorescence decay of actin bundles can be complex
Figure 2.2 D (iii +vii), a series of steps was then employed to localize the region of each linescan
corresponding to the first significant fluorescence signal decay descending into the local background
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signal. Approximate locations corresponding to maximally decreasing regions of the signal were identified
by finding the local minimum of the signal’s derivative. Specifically, the smoothed derivative of the signal
was found using the csaps function in Matlab where p, the smoothing parameter, was set to 0.1. The
Matlab function, findpeaks, was employed to locate the corresponding local minimum and maximum,
denoted as cyan and crimson dots respectively in Figure 2.2 A (ix), Figure 2.2 D (iii+iv)). The local
background surrounding the filopodia was estimated using the regions of the filopodia mask
corresponding to the forward projections (purple regions in Figure 2.2 D (iii + vi)). Note that the center
line of the projection mask was not included in the filament’s intensity background estimation in case the
original filament was underestimated. The first maximally decreasing region with signal above the mean
of this background estimate was isolated and signal within +/- 10 pixels of this value was isolated for the
final least squares regression fitting of the raw intensity values. If a second maximally decreasing region
was found in this region, the values used for the least squares regression was truncated to exclude these
portions. This selected region of the intensity profile was fit to a Gaussian survival function (below
equation) using the lsqcurvefit function in Matlab

I(x ′′ ) =

1
𝑥𝑥 ′′ − 𝜇𝜇𝐹𝐹𝐹𝐹𝐹𝐹
𝐼𝐼𝐹𝐹𝐹𝐹𝐹𝐹 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 �
� + 𝐼𝐼𝐵𝐵𝐵𝐵
2
√2 𝜎𝜎(𝐹𝐹𝐹𝐹𝐹𝐹+𝑃𝑃𝑃𝑃𝑃𝑃)

Where I(x’’) is the portion of the filament’s intensity profile under question, x’’ is the distance along the
filament bundle, IFil, is the amplitude of the filament intensity above the mean background IBG, µFil
corresponds to the mean value for the filament endpoint measurement, and σ(Fil + PSF) correspond to the
combined standard deviation in the filament endpoint localization due to both the filament’s physical
structure (Fil) and the point spread function of the microscope (PSF). The least squares fitting approach
is similar to that utilized previously for sub-pixel microtubule tip localization (Prahl et al., 2014). However,
in these previous studies an approximate end-point location of the microtubule ends was determined
manually via a user, and as a microtubules typically do not maintain bundles of changing widths, nor do
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they branch. Therefore, the likelihood of additional confounding sigmoidals in the fluorescence intensity
traced along the microtubule bundle is minimized simplifying the fitting problem.

We note that subsequent filopodia length measurements can be potentially calculated in two different
ways using the above fit information. One option is to use the value of µ Filo as the termination site of the
filament and not consider variation in potential filament tapering that may be reflected in the standard
deviation of the fit. The second option is to use µFil + σ (Fil+PSF) as the sub-pixel, filament termination point.
While both metrics are reasonable, using µFil + σ(Fil+PSF) for length metric calculations typically yields
filopodia length metrics that are visually more satisfying to human intuition, as filaments exhibiting a large
σ, potentially due to excessive tapering of the actin bundle, may look visually under-estimated if only the µ
of the fit is displayed.

Feature Extraction
Design of Filopodia/Branch Fragment Filters for Measurements
We argue that practically it is more important, not for the algorithm to segment every portion of the growth
cone with 100% accuracy, but to be able to distinguish high confidence measurements versus lower
confidence measurements to achieve a sufficient sample size, with the lowest measurement noise as
possible for that given metric. This is actually comparable to a human approach, as humans will typically
intuitively subsample measurements from portions of the image they feel are unambiguous. However,
the computer vision approach allows for definitions to be standardized and results tested methodically
using different definitions if necessary.
Therefore, depending on the filopodia/branch measurement at hand, different types of measurement error
may be tolerated. For example, a crossing filopodia may be detected with high confidence, however there
may be uncertainty in the end-point localization due to the multiple fluorescent signal decays. Therefore,
it may be desirable to include such a filopodia detection in a density measurement, but exclude this
filopodia from a sample used for length metric. As long as the reason for exclusion is not systematically
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correlated to the measurement of interest, such an exclusion is reasonable. In addition, sometimes it is
practically useful to compare analysis using slightly more or less stringent criteria to see if and how a
biological interpretation is affected.
Hence, before any measurement, Growth Cone Analyzer’s workflow includes a user adjustable design of
filopodia/branch filter conditions. This includes filters which allows selection of specific filopodia/ridge
segments within the larger filopodia/branch structure. Each filopodia/branch segment is designated within
the filoInfo.mat data structure by a .type: type = 0 (veil-attached no branch detected), type = 1 (veilattached segment, with branch), type = 2 (branch segment attached to veil-attached segment type 1),
type = 3 (branch attached to branch segment type 2), etc.
For most measurements, it is likewise useful to filter by the integrity of the curve fitting as
documented in step Figure 2.2 A (ix). Currently, the value IFilo, corresponding to the amplitude of the fit
above background, is compared to the residuals of the fitted region as one metric to judge the integrity of
the fit. A reasonable cut-off is to require the value of IFilo to be greater than the 95th percentile of the
residuals. Finally measurements can likewise be filtered by µFilo, which can be used as a measure of the
filopodia length. For instance in this study, typically any filopodia with a corresponding µFilo < 0.3 µm
were filtered from analysis.
While we include default, recommended filters in the software for all included filopodia/branch
measurements, the workflow should in principle be amenable to any customization that may be required
by the user for his/her biological question at hand. All filopodia/branch measurement extractions are
coded in separate .m files named with the precursor ‘GCAAnalysisExtract_’, are called generically and
flexibly by the main extraction function, and maintain a consistent input/output format, including input of
the filter created in the previous step.

This format was designed to facilitate easy addition of new

measurements of interest coded by the user to the primary analytical pipeline.
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Filopodia/Branch Curvature Measurements
Detected filopodia backbone coordinates obtained via the non-maximum suppression of the steerable
filter response, were first smoothed using the spaps function in Matlab setting the ‘tolerance’ parameter
equal to 2. The local curvature was calculated at each pixel by fitting polygons to each of the filopodia
backbone coordinates and solving for the curvature analytically from the polygons.
Filopodia/Branch LifeAct Fluorescence Intensity Measurements
Background estimation was performed as follows. Growth Cone Analyzer veil/stem and
filopodia/branch detection modes were combined to form a final binary mask of the growth cone. Dilation
of this mask was performed via the imdilate function in Matlab’s image processing toolbox, and using the
strel function to create a disk structuring element, of 30 pixels in radius. This dilated mask was then
combined with an otsu thresholded (Otsu, 1979) binarization of the image to mask out any high intensity
regions not associated with the growth cone. Inversion of the combined mask was used to estimate the
background of the image. The mean of the background fluorescence intensity in the GFP channel was
calculated for each frame and subtracted from the original GFP-LifeAct image. Any negative backgroundsubtracted values were set to zero. For each detected filament of the filo/branch network, the mean of the
background-subtracted fluorescence intensity along the filament’s backbone was extracted. The
filament’s endpoint was defined by the mean of the Gaussian Survival function fit, µFilo, (Figure 2.2 A
(x)) as described in the Optional Veil-Embedded Actin Bundle Detection section of the Material and
Methods. Intensity values from the detected veil/stem mask (Figure 2.2 A (v)) for each frame were
extracted from the background-subtracted image. A mask corresponding to the pre-filtered embedded
actin bundle detections (Figure 2.2 orange lines), dilated by a structuring element disk of 2 pixels and any
of the veil/stem intensity values potentially associated with an embedded actin bundle were removed.
The remaining veil/stem intensity values were averaged to obtain an approximate expression level
normalization factor for each neurite movie per frame. All average filament intensities were divided by this
normalization factor.
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Filopodia/Branch Orientation Measurements
Orientation for each filopodium is calculated as the angle between the filopodium’s directional vector at
the site of veil/stem attachment (Figure 2.8 C (i) red arrows) and the local direction of the veil/stem
boundary (Figure 2.8 C (i) cyan arrows). The longest path of the veil/stem skeleton denoted as a black
line in Figure 2.8 A is used to further define the local directional vector corresponding to the veil/stem;
Local veil/stem boundary vectors are defined as proceeding from the site of filopodia attachment, toward
the neurite’s leading protrusion, in the direction, along the veil/stem boundary. Given this definition, the
orientation, θ, of the filopodia can assume a value between 0° and 180°, and for a relatively canonical
growth cone architecture, filopodia with a θ value between 0° and 90° effectively point toward the “front” of
the neurite, whereas filopodia with a θ value between 90° and 180° effectively point toward the “back” of
the neurite. Note that a filopodium with a θ of 0° and filopodium with a θ of 180° are both considered fully
collapsed onto the veil/stem, and a θ value of 90° indicates a filopodium positioned orthogonally with
respect to the local veil/stem.
Likewise, branch filament orientations are defined as the angle between the two local vectors
formed between branch and the stem filament at the site of attachment. Stem vectors are defined as
proceeding from the site of branch attachment toward the tip of the stem filament.

Given these

definitions, a branch lying along its filament stem pointing in the direction of the filament stem’s end point
maintains a branch orientation, θ, of 0° and a branch lying along the filament stem and away from the
filament stem’s end point maintains a branch orientation, θ, of 180°.
Filopodia/Branch Density and Complexity Measurements
Filopodia density was calculated by dividing the number of detected filopodia filaments directly attached
to the veil (defined as ‘type’ = 0 or ‘type’ = 1 in the filoInfo.mat) by the total length of the veil/stem
boundary. Filopodia detections were filtered such that lengths less than x, based on sigmoidal fitting, that
any Ifilo less than th 95th percentile of residuals from the fit as excluded.
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The branch complexity measurement is calculated per frame and is defined as the total number of
significant branches, ie filaments not attached directly to the veil stem and designated as > 1 in the
filoInfo.mat divided by the total length of the filament network.

Veil/Stem Thickness
An illustration of the veil/stem thickness metric is shown in Figure 2.8 B. The veil/stem thickness was
defined as the distance transform values along the longest path through the skeleton as documented in
Figure 2.8 A, the same path which was used for the neurite length measurement. To compare growth
cones of different shapes/sizes we only included distance transform values at a set distance along this
path (Here ~20 um black line) from the tip of the leading protrusion (white star in Figure 2.8 B).
Veil/Stem Velocity Calculations
Using the veil/stem detection mask (Figure 2.2 A (iii)), protrusion vector calculations and window
averaging of vectors was performed as described previously (Machacek et al., 2009). Window numbering
was initiated in each frame at the detected neurite entrance point (Figure 2.8 A (black star)). A constant
number of windows was employed. Windows were reinitiated midway through the movie (Frame 61) to
help limit window tracking errors.
The velocity traces for each segment were processed as described previously (Mendoza et al.,
2015), using a signal detection algorithm on the basis of empirical mode decomposition(Huang and Shen,
2014). Velocities within the noise level were classified as insignificant and the respective edge segment
as inactive. Once a significant event was detected, it was classified as either protrusion or retraction, and
the mean values were extracted. The event duration was also measured.

Statistical Analysis
Control Correlation Analysis
Net neurite elongation rate for each trajectory, as is shown in Figure 2.5 A(ii), was calculated by
recording the difference between the neurite length measurement (Figure 2.8 A) at the start and the end
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of the neurite elongation trajectory. This value was then divided by the 10 minute total time interval for
which each neurite was imaged. All other neurite movie features were extracted as documented in
Figure 2.8 and as further explained in the Feature Extraction portion of the Chapter 2 Materials and
Methods. Feature measurements were pooled for the entire neurite trajectory. The mean value of each
pooled distribution was calculated and used for the subsequent spearman correlation analysis.
Spearman correlation coefficients and corresponding p-Values, between each set of measurements was
performed using the corr function in Matlab’s Statistics and Machine Learning toolbox.
Hierarchical Clustering of Morphodynamic Signatures
Z-score feature vectors comprising the perturbed condition morphodynamic signatures relative to control
were calculated as is described in Figure 2.10. Hierarchical clustering was performed by creating a
clustergram object in Matlab using the clustergram function in Matlab’s Bioinformatics Toolbox.
Per Filopodia Length vs Max Curvature Analysis
A filopodia filter was constructed such that only non-branching filopodia connected to the veil (filoType =
0) were considered. The length of each filopodium, was defined as µFilo and the maximum curvature of
each non-branch filopodium attached to the veil calculated.

Spearman correlation coefficients and

corresponding p-Values, between each set of measurements was performed using the corr function in
Matlab’s Statistics and Machine Learning toolbox.
Per Frame Measurement Dimensionality Reduction
The median value for each frame for each of the 7 features noted in was calculated from the Growth
Cone Analyzer output. Features are as defined in Figure 2.8. Values for each feature were normalized
such that pooled values over all conditions had a mean of 0 and a standard deviation of 1. The Matlab
mdscale function was used to compute data for multidimensional scaling plots (Borg, 1997). Kruskal’s
stress-1 metric (total error in similarity representation) was computed to be 0.026.
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Time Series Modeling of Acute Perturbation Trajectories in Reduced Morphological Space
Time series modeling using the reduced MDS coordinates was performed as described previously
(Gordonov et al., 2016; Monnier et al., 2015)
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Chapter 3 : The Marriage of Fluorescent Biosensors and Computer Vision for the Measurement of
RhoGTPase Signaling Gradients within Growth Cone Filopodia
Introduction
The visualization and measurement of calcium transients in individual growth cone filopodia of
Xenopus spinal neurons marks one of the first high resolution, live cell imaging, biosensor studies to be
performed in the growth cone (Gomez et al., 2001). These seminal studies, showed substrate dependent
changes in the frequency of the observed filopodia calcium transients, as well as evidence for inverse
coupling between calcium signaling induced filopodia stability and neurite length. However, while these
studies captured our imaginations, they were still severely limited by the number of filopodia they could
manually sample, hence limiting the researchers ability to identify populations of filopodia signaling, or
easily quantify directly the evolution of these signals during a specific neurite functional behavior.
Similarly, the advent of Förster resonance energy transfer (FRET) based RhoGTPase biosensors
(Itoh et al., 2002; Kraynov et al., 2000) likewise began to allow for direct visualization of Rac1, CDC42,
and RhoA activity patterns in growth cones (Aoki et al., 2004; Nakamura et al., 2005). These studies
revealed RhoA activity in the growth cone periphery, which was surprising given previous studies that
linked Lysophosphatidic acid (LPA)-induced growth cone collapse to contractility in the transition zone, Cdomain and neurite shaft (Zhang et al., 2003). The observation in (Nakamura et al., 2005) thus lent
credence to the hypothesis that RhoA was not a simple inhibitor of neurite elongation, consistent with
earlier contradictory studies implicating RhoA as both as an inhibitor (Kozma et al., 1997; Zhang et al.,
2003) and a facilitator of neurite outgrowth (Kuhn et al., 1999). Hence (Nakamura et al., 2005) proposed
that these discrepancies among the literature might be reconciled if one considers that functional
outcome might depend on the spatial localization of the RhoA activity changes
Since this study, the design of the RhoGTPase biosensors available has continually improved
(Pertz et al., 2006). For example, a recent screening platform for the optimization of desirable biosensor
characteristics, such as dynamic range and brightness, has resulted in a RhoA biosensor with improved
signal in thin structures, such as filopodia (Fritz and Pertz, 2013). Using this optimized RhoA FRET
biosensor construct, the authors identified potential gradients of RhoA activity along N1E-115 growth
cone filopodia. This spatially localized RhoA activity observed at the tip of filopodia contrasts the global
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RhoA activity increases observed upon LPA induced neurite retraction (Fritz and Pertz, 2013; Fusco et
al., 2016). Another study quantified CDC42 activity in Xenopus growth cones via imaging of a simple
translocation biosensor comprised of a GFP fused to the GTPase-binding domain from WASP, which
specifically binds to active Cdc42(Myers et al., 2012).

This study likewise provided evidence that

RhoGTPase activity might be spatially localized, at least in a subset, of filopodia, as they observed puncta
of biosensor localization at the tip of filopodia, and provided evidence that their biosensor read-out of
CDC42 activity was correlated to filopodia extension and depleted upon filopodia retraction. However, in
both these studies (Fritz and Pertz, 2013; Myers et al., 2012) quantifications were still performed via
manual linescans, limiting the authors’ ability to 1) screen for the prevalence of these potential gradients,
2) “multiplex” (Machacek et al., 2009) ,(ie integrate information from) experiments employing biosensors
for different RhoGTPases, or 3) directly test for correlations between quantified patterns of activity and a
specific functional output of interest.
Interestingly few studies have attempted to combine more modern computer vison techniques
with the extraction of biosensor fluorescence signal at high resolution in growth cones. While Tsygankov
et. al. the authors employed their software package CellGeo to examine the effect of RhoA activity in
catecholaminergic a–differentiated (CAD) neuroblastoma growth cones in response to LPA induced
neurite collapse, the older RhoGTPase biosensor design employed (Pertz et al., 2006) did not provide
high signal to noise in filopodia (Tsygankov et al., 2014). Therefore, the researchers thus ignored these
finer structures, using their generic protrusion detection framework only to isolate the main growth cone
protrusion.

Hence they only examined correlations between RhoA activity and more simple

morphological features such as growth cone area (Tsygankov et al., 2014). (Note: for our work on the
integration of filopodia detection and growth cone protrusion identification see Chapter 4.1) Misiak et al.
examined fluorescence signal along a neurite segmented using active contour segmentation (Misiak et
al., 2014). However, the number of images they tested was limited, corresponded to very simple growth
cone morphologies, and their detection methods typically failed for thin structures such as filopodia, so
again detection of gradients along these structures was not explored. More recently, Saha et al. provided
a convex-hull based framework to extract fluorescence gradients along filopodia, which bend, laterally
shift, or tilt (Saha; et al., 2016). However, their method is semi-automatic requiring the use to select both
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the base and the tip of each filopodia. This algorithm likewise was tested primarily on dendritic filopodia
in relative isolation and did not translate well to growth cones images.
In this chapter we show how Growth Cone Analyzer, developed in Chapter 2, can be extended for
the analysis of fluorescence biosensor data. Given our direct detection of the filopodia backbone via
small-scale ridge detection and non-maximal suppression, the extraction of fluorescent along filopodia,
even in the case of bent or laterally shifted filopodia is solved organically. Our fitting of the fluorescence
intensity decay in the LifeAct channel allows us to obtain fiduciary metrics and sort filopodia based on
actin bundle properties.

Specifically we detail our work toward a pipeline that allows for automated

screening for sub-populations of spatial gradients of RhoGTPase activity along individual filopodium,
extracted from neurites identified by the software to be exhibiting a select growth cone behavior or
interest. We then show how the software may be used to test the hypothesis that select GAPs may serve
to maintain these localized regions of RhoGTPase activity.

While in science, there are often more

questions than there is time to answer, these studies from a biological perspective are still in relatively
nascent stages. However, with the platform in place we anticipate will lead in the near future to a number
of interesting clarifications to the relationship between RhoGTPase signaling in filopodia, neurite
elongation, and the upstream RhoGTPase regulators driving these activity patterns.
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Growth Cone Analyzer Features Can Be Used to Test for Perturbation upon FRET Biosensor
Expression
While the goal is to design biosensors that are passive readouts and do not perturb the system of
interest, this is often a difficult task. For instance, while both studies (Nakamura et al., 2005) and (Fritz
and Pertz, 2013) highlight the potential importance of spatial domains of growth cone RhoA activity, a
direct comparative analysis of the two biosensor’s activation in N1E115 neuroblastoma disconcertingly
revealed visually distinct spatial patterns of RhoA activity (Fritz and Pertz, 2013). These differences were
primarily attributed to dissimilarities in biosensor design; as the older biosensor does not maintain a free
RhoA C-terminus, potentially affecting its normal regulation by RhoGDI, and hence the biosensors subcellular localization.

Therefore, as a control, interpretation of any biosensor results requires careful

testing for system perturbation upon biosensor expression.
Such testing would be greatly facilitated if more robust methods for the quantification of both
fluorescent biosensor signal and growth cone morphodynamics existed. To this end (Machacek and
Danuser, 2006) measured automated local membrane velocity calculations to ensure that the fibroblast
cells expressing RhoGTPase biosensor maintained functional behavior similar to control, as given that
the biosensors employed were effectively decoupled from downstream signaling, higher levels of
biosensor expression could induce system perturbation.

However, this was a single dimensional

calculation and one might anticipate that multi-dimensional measurements would even better facilitate the
identification of outliers.
Using the screening method for biosensor optimization described in (Fritz and Pertz, 2013), the
Pertz lab has recently optimized a “second generation” RhoA (Fritz and Pertz, 2013), CDC42 (Martin et
al., 2016), and Rac1 (Fritz et al., 2015) FRET biosensor (see A for final biosensor design). N1E-115
neuroblastoma cells co-expressing one of the three biosensors and mCherry-LifeAct show a variety of
neurite elongation behavior, similar to the heterogeneity seen in the LifeAct Control. In Figure 3.1 we
show that the automated extraction of a multi-dimensional growth cone feature space as described in
Chapter 2 can be used to identify RhoGTPase biosensor expressing growth cones exhibiting deviant
morphology and/or neurite elongation rate in comparison to a control population. Importantly, we found
that biosensor expressing growth cones exhibiting the best feature space overlap with a control
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population typically likewise coincided with the experimental biologist’s hand-picked choices of
“representative examples” of “normal” growth cones (Figure 3.1 D), most suitable for further analysis.
Therefore, Growth Cone Analyzer features have great potential for facilitating automated sorting of growth
cone movies without user input, removing one roadblock in the path of higher throughput analytical
studies of biosensor activity.
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Figure 3.1: Growth Cone Analyzer morphodynamic features can be used to automatically screen
for system perturbation upon biosensor expression.
(A) Design of the three FRET RhoGTPase biosensors tested.
(B) Median filtered neurite elongation measurements corresponding to N1E-115 neurites expressing one
of the three biosensors listed in A.
(C) Visualization of Growth Cone Analyzer morphological features (ii) in reduced Multi-Dimensional
Scaling (MDS) space (i). Gray dots correspond to the the same 72 neurite movies analyzed in Figure
2.12and Figure 2.13, including all siRNA and drug perturbation experiments, as well as the biosensor
expressing movies (Rac1 N = 3 CDC42 N = 6, and RhoA N=9). Yellow, magenta, and blue lines are the
mid-contours from the probability density estimations corresponding to the biosensor expressing neurite
trajectories. Black lines correspond to the control population documented in Chapter 2 expressing only
Life-Act GFP.
(D) A neurite movie independently chosen as “representative” by the experimentalist can be automatically
identified as similar to unperturbed control using its Growth Cone Analyzer morphological feature profile.
Colored dots indicate points in reduced morphology space corresponding to the neurite shown in (i-ii).
The three channel false color image (mCherry-LifeAct (blue), FRET Channel (red), and Donor Channel
(green)) is shown in (ii) while the processed FRET ratio indicating RhoA activity is shown in (iii).
Segmentation in (iii) was performed using Growth Cone Analyzer as described in Chapter 2.
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Figure 3.1 (Continued)
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Growth Cone Analyzer Measurements to Explore Connections between Signaling in Filopodia and
Surrounding Local Veil
Several studies have cited evidence of coordination between local veil dynamics and signaling/adhesion
formation in the filopodia both in non-neuronal cellular systems (Johnson and Haugh, 2016; Johnson et
al., 2015; Schäfer et al., 2014) and in growth cones (Steketee and Tosney, 2002). Hence we were
interested in testing for correlations between intra-filopodia signal and local veil edge velocities and
signaling dynamics. To this end we have incorporated in the software means to extract veil sampling
windows in the vicinity of filopodia Figure 3.2. Future time series analysis between filopodia and local
veil dynamics can facilitate identification of potential coordination between these two actin structures.
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Figure 3.2: Visualization of local veil RhoGTPase activity in the presence and absence of filopodia.
Examples of Rac1 (A), CDC42 (B), and RhoA activity patterns as measured by FRET biosensors detailed
in Figure 3.1 (A).
For each respective RhoGTPase biosensor, raw LifeAct-mCherry images are shown in (i) and FRET ratio
value maps with veil sampling window overlays are shown in (ii). Segmentation was performed using
Growth Cone Analyzer as described in Chapter 2. Filopodia associated veil windows are highlighted in
white. Numbers indicate veil window ID.
The respective RhoGTPase activity map for each example neurite movie is shown in (iii). Activity
corresponds to windows sampled at the leading edge of the veil as visualized in (ii). White stars along
the activity map denote filopodia associated veil windows and correspond to highlighted windows in (ii)
while numbers indicate veil window ID as in (ii)
Raw images are shown in inverted black and white contrast. Scale bar equals 10 µm.
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Figure 3.2 (Continued)
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Design of RhoGTPase Spatial Gradient Screen along Growth Cone Filopodia
Measurement of different RhoGTPase activity profiles can theoretically be aligned with respect to the end
of the detected actin bundle in the Life-act channel to create a “multiplexed” spatial profile in filopodia.
However it is crucial that for each measurement obtained there is significant signal to background in the
FRET and donor channel to confer a reliable FRET ratio metric. To do this by hand is a tedious and
potentially biased/error-prone proposition. To this end we developed a pipeline that utilizes the local
background masks from the LifeAct channel to sample the local fluorescence intensity in the FRET and
Donor channels surrounding each filopodium (Figure 3.3 A). The intensity in the FRET and Donor
channel at the actin bundle tip can be compared to these values and user specified statistical cut-offs
implemented (Figure 3.3 B). For the filopodia that pass these criteria (Figure 3.3 C), the FRET ratio
values can be extracted and signal from multiple filopodia pooled by aligning the signal to the actin bundle
termination point (Figure 3.3 D).
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Figure 3.3: RhoGTPase Gradient Screening Pipeline.
(A) Filopodia masks from detection the LifeAct channel are employed to extract local background for
FRET and Donor channels (small yellow and blue dots respectively). Red dot shows end of actin bundle
from calculation of µFilo.
(B) Tests for significant signal in FRET and/or Donor Channel. The linescans along the filopodia in the
FRET yellow and the donor (blue) channel are shown in (i). Boxplot intensity values are of the estimated
local background signal (ii) and correspond to the yellow and blue scatter points in (A). The dotted line
indicates the 95th percentile of each of the distributions. The red outlined point is the fluorescence
intensity for each channel at the end of the actin bundle.
(C) Overlay of filopodia with significant signal in the FRET and Donor Channel.
corresponds to the actin bundle example in A, B, and D.

Boxed filopodia

(D) Automated linescans of the FRET/Donor ratio (purple) and actin bundle intensity (red). Dark black
lines denote the ends of the actin bundle found from the fitting approach as described in Chapter 2.
Dotted line denotes the veil/stem boundary.
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Figure 3.3 (Continued)
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Testing for Changes in the Spatial Gradient of RhoA Activity upon Depletion of the RhoAGAP
Deleted in Liver Cancer
If a RhoA gradient of activity in filopodia is indeed present in a subpopulation of filopodia, how
might that spatial activity pattern be maintained? One hypothesis is that a RhoA GTPase activating
protein (GAP), spatially localized in the filopodia could be responsible for maintaining suppression of the
RhoA signal in these select regions. Interestingly, the Pertz lab’s low resolution screen identified Deleted
in Liver Cancer (DLC), as a candidate RhoAGAP which could quite feasibly maintain this role (Fusco et
al., 2016). By measuring RhoA activity via FRET biosensors, Fusco et al. showed that depletion of DLC
in N1E-115 neuroblastoma increased RhoA activity to a more limited extent, seemingly in select spatial
regions of the growth cone. This was in comparison to the knockdown of ARHGAP5 (p190RhoGAP),
which elicited a more global upregulation of RhoA activity. This differential signaling pattern was likewise
reflected in the low resolution functional phenotypes of these perturbations, the more subtle
enhancements of RhoA in the case of DLC depletion was accompanied by an upregulation of neurite
length and increased neurite branching. In contrast, the global RhoA activity induced via p190GAP
knockdown was correlated with inhibition of neurite elongation.

However, without proper automated

analytical tools it was difficult to identify the precise spatial localization of the enhanced RhoA activity in
the DLC KD. Hence we are in the process of reanalyzing these data using Growth Cone Analyzer
(Figure 3.4) to screen for changes in RhoA spatial gradients along the filopodia in the DLC knockdown.
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Figure 3.4: Example of RhoA activity patterns upon knockdown of two different RhoA GAPs.
Top panels: Raw inverted images of the mCherry Life-Act channel.
Bottom panels: RhoA activity profiles measured via FRET biosensor upon depletion of DLC (left) or
ARHGAP5 (right) via siRNA.
Segmentation was performed using Growth Cone Analyzer as described in Chapter 2.
Images are of N1E-115 neuroblastoma plated on laminin.
Scale bar equals 10 µm
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Experimental Methods and Previously Developed Analysis

For imaging of F-actin and/or RhoGTPase activation dynamics, N1E-115 cells were imaged using a Plan
Apo VC 60× (NA 1.4) objective (Nikon) in Neurobasal medium (Invitrogen) and imaged at 1 min resolution
for 30 min. Forster resonance energy transfer (FRET) imaging was performed as described before (Fritz
and Pertz, 2013). Ratio imaging analysis was performed with Biosensor Processing Software 2.1 (http
://lccb .hms .harvard .edu /software .html).
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Chapter 4 : Future Directions
“We make no apologies for making these excursions into other fields, because the separation of fields, as
we have emphasized, is merely a human convenience, and an unnatural thing. Nature is not interested in
our separations, and many of the interesting phenomena bridge the gaps between fields.”
Richard Feynman

High Resolution Growth Cone Quantification: Overcoming Remaining Technical Hurdles in 2-D
While the work in Chapters 2 and 3 demonstrates the promise of integrating image processing advances
for the study of growth cone biology, even in 2-D, there are undoubtable still a number of remaining
technical hurtles. In this section we describe our ongoing work to address three of these challenges,
namely, 1) known growth cone segmentation errors encountered via the software, 2) automated detection
of growth cone protrusions from veil/stem and the incorporation of automated subregional data extraction
into the Growth Cone Analyzer package, 3).introduction of filopodia tracking and the automated extraction
of filopodia dynamics features.

Reducing Growth Cone Segmentation Errors
Optimization of the Large Scale Ridge Filter for Higher Fidelity Scale Estimation
We have found the more traditional ridge filter (Jacob and Unser, 2004) used in the first
implementation of Growth Cone Analyzer, is non-ideal for the initial estimation of the ridge radius
corresponding to the veil/stem, partially due to fact that it effectively convolves the image with a Gaussian
filter. At higher scales, this Gaussian filter ultimately results in significant blurring of adjacent features in
the image. If these “phantom”, blurred features elicit a ridge response stronger than the response signal
produced by the original, often, lower-scale, ridge, this can result in the subsequent incorrect localization
of the image’s underlying ridge centerlines. For a canonical growth cone structure, these limitations are
not typically a problem, though errors can arise in cases where there is asymmetry of filopodia distribution
along the thin portions of the veil/stem. Unfortunately, however, in cases of more complex morphologies,
these weaknesses of the underlying filter may pose a significant hurdle to high fidelity veil/stem
reconstruction.

In our specific study for instance, RhoA and Trio knock-downs sometimes elicited
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complex, filopodia structures, often asymmetrically positioned along a thin veil/stem. Given these growth
cone morphologies ridge filter limitations often became prohibitive to the automated segmentation of the
veil/stem. Unfortunately, the design of optimal filters for the application of tracing curvilinear structures is
non-trivial and extensive research focuses exclusively on addressing the issue (Bibiloni et al., 2016).
Pilot tests on our data have shown the Optimally Oriented Flux filter (Law and Chung, 2008), specifically
designed for limiting the Gaussian blur of traditional ridge filters, provides improved ridge scale estimation
on our images Figure 4.1. We are currently working on the integration of this filter into future versions of
the software as it will likely greatly enhance the fidelity of the automated growth cone segmentations for a
more diverse array of structures.
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Figure 4.1: Comparison of traditional steerable filter vs. optimally oriented flux filter for large ridge
scale estimation.
(A) Raw Image of a Trio siRNA N1E-115 neuroblastoma plated on laminin.
(B) Compared to traditional ridge filters (i), the Optimally Oriented Flux (OOF) filter (ii) better suppresses
lower scale ridge signal when higher scale filters are applied. Example of image filtered in A with either a
traditional steerable filter (i) or the Optimally Oriented Flux Filter (ii) for a scale of 8 pixels.
(C) The strengths of the OOF filter shown in B facilitate correct scale estimation of large scale ridges. A
scan for the maximum ridge signal over several scales frequently overestimates the local ridge size (i),
while using the OOF filter, this problem is reduced (ii). Boxed insets highlight a region of the image where
the contrast between filter performance is particularly apparent.
Scale Bar = 5 µm
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Figure 4.1 (Continued)
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Deep Learning Approaches for Growth Cone Segmentation
In this study we utilized more traditional computer vision approaches that rely upon a hand-design
algorithm, utilizing hand-designed, inflexible filters for the detection of ridges. However, the past several
years have produced significant breakthroughs in the application of deep convolutional neural networks to
the segmentation of biological images (Ronneberger et al., 2015). Given these successes, a recent
conference paper has attempted growth cone segmentation using a relatively generic deep neuronal
network architecture (Huang et al., 2016). A lack of quality training data is a common problem for the
traditional application of convolutional neuronal networks to biological image segmentation problems, as
achieving training data ultimately requires laborious hand-tracing of images by humans who may or may
not pay attention to detail. The authors, (Huang et al., 2016) overcame the dearth of training data through
generation of an artificial growth cone data set based upon growth cone outlines achieved through semiautomated segmentation utilizing a support vector machine classification approach (Goodhill et al., 2015).
However, while their results are promising, the data upon which they focused did not include finer
resolution structural details such as filopodia and only appeared to capture the general veil/stem shape
trends of the growth cone. Hence the segmentation problem was intrinsically better suited to a traditional
convolutional neuronal network approaches. Therefore, the utility of these new learning methods for
detection/segmentation of a more complete array of the diverse morphological features corresponding to
the growth cone is still a matter of debate and will likely depend on the proceeding biological question.
However, given that hand-designing algorithms for segmentation can be inefficient and difficult to
optimize, these deep learning approaches are certainly worth further consideration.

Automated Growth Cone Detection and SubRegional Analysis
The Growth Cone Analyzer feature extraction in Chapter 2 is technically limited as it pools all
feature data spatially. Hence we have worked towards automated spatial partitioning of the data in a
manner that strives to best facilitate biological interpretation. Of particular interest is delineating the
canonical growth cone structure at the tip of the neurite, defined by the presence of actin veil structures,
from the shaft/stem of the neurite, characterized by consolidated, bundled microtubules and the absence
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of veil-like protrusions. Several software packages include growth cone detection modules based on
morphological analysis of the binarized neurite image. (Chitsaz et al., 2015; Misiak et al., 2014;
Tsygankov et al., 2014). As was noted previously (Tsygankov et al., 2014), the medial axis transform of
any binarized image corresponding to a neurite provides all the information necessary to detect canonical
growth cone shape protrusions, as by construction each point of the transform can be interpreted as the
center of a circle that is tangent to two or more of the neurites boundary edges, hence providing a neurite
thickness metric (Figure 4.2A (i)) As the tip of the leading veil/stem protrusion of neurite can be identified
by finding the longest path through the skeleton of the veil/stem mask, the problem of growth cone
detection thus becomes one of detecting a stereotypical veil/stem thickness (ie medial axis transform)
profile as a function of distance along this path. For a canonical growth cone in our system, this profile
typically resembles a Gaussian-like structure (Figure 4.2 A (ii)). This signature morphological profile
corresponding to the growth cone can be automatically identified either using simple user-defined
thresholds (Tsygankov et al., 2014) or via wavelet analysis (Misiak et al., 2014). Growth Cone Analyzer
currently utilizes the intuitive format of the former approach, defining the growth cone based on three
user-defined parameters with biologically intuitive definitions, minGrowthConeThickess, (The minimum
value for the first local maximum), the radius of the growth cone neck, and the minimum length of the
growth cone. (Figure 4.2 A (ii) and B (ii)). Figure 4.2 B shows the limitations of this current definition, as
even in the control population, functionally relevant neurites, elongating with normal rates, may exhibit
profiles that may deviate from that of a typical growth cone, making the definition of a growth cone
potentially unstable. This problem is exacerbated upon RhoGTPase signaling perturbation. While growth
cone detection parameters can indeed be adjusted on a case by case basis, we have found this not an
extremely practical solution as the growth cone can change shape significantly throughout the movie,
potentially requiring shifting parameters to maintain a growth cone definition.

Hence current work

focuses upon optimizing a growth cone definition that is sufficiently flexible to recognize growth cones
with deviant profiles, but sufficiently standardized to facilitate biologically interpretable. Note, however,
while there are indeed measurable differences among even simple morphological features, such as
traditional filopodia length, in the neurite stem vs the growth cone (Figure 4.1 C-E), in the case of the
analysis in Chapter 2, attempts to standardize the extraction of measurements specifically from the
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growth cone yielded little change in the general results/interpretation. However, depending upon the
biological question, fine-tuning the analysis to consider these spatial distinctions could prove invaluable.
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Figure 4.2: Automated growth cone detection facilitates biologically relevant clustering of
measurements.
(A). The veil/stem thickness profile (i-ii) facilitates automated growth cone detection (iii). Star indicates
the tip of the leading protrusion. Circle is placed at the site of maximum veil/stem thickness to
demonstrate the definition of the distance transform used for the veil-stem thickness metric.
(B) Growth cone detection thresholds for one neurite may not be appropriate for another neurite.
Definitions as in A.
(C) Extraction of local veil protrusion/retraction velocity measurements corresponding to the growth cone
(i) and stem (ii) for the neurite in A. Colors indicate local veil velocity where red corresponds to
protrusion, blue retraction, and white zero veil velocity. Numbers indicate individual window number.
(D) Extraction of local filopodia measurements corresponding to the growth cone (i) and the stem (ii) for
the neurite in A. Filopodia are color coded by length.
(E) Quantitative comparison of select actin bundle measurements in the growth cone vs the stem region
of the neurite confirms morphological distinctions between these two regions in select neurites. Data
pooled from the neurite movie visualized in A. N corresponds to the number of filopodia sampled and is
written above each respective boxplot.
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Figure 4.2 (Continued)
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Filopodia Tracking
While extraction of filopodia dynamic parameters such as filopodia extension, retraction, and
stalling are currently not available in the version of Growth Cone Analyzer detailed in Chapter 2 and
Chapter 3, once detection of filopodia objects is achieved the problem of linking individual filopodia
between frames is a relatively generic.

Indeed most current filopodia detection software include

subroutines for filopodia tracking. However, most of these tracking methods are relatively simple, and
were not extensively optimized.

For instance, Costantino et al. reduced each filopodia to a single

coordinate, the tip of the filopodia (Costantino et al., 2008), and tracked these particles using a general
particle tracker designed previously (Crocker and Grier, 1996).

Unfortunately, as the information

regarding the rest of the filopodia coordinates was not considered during the linking, the tracking was
often of low fidelity. Alternatively Tsygankov et al. used the full coordinates of the filopodia to calculate
distances between filopodia pairs in each frame, but the linking step is relatively simple based on a
nearest neighbors approach (Tsygankov et al., 2014).

In addition, in both these cases, the cellular

complexity of the movies tested was rather simple, with little movement between frames, and only in the
first study was filopodia tracking tested specifically on a growth cone movie.
In contrast, the filopodia tracking problem we faced in our data set was more complex, due to
crossing and branching of filopodia structures and the potential larger translocation of the growth cone
between frames as it progresses along its elongation trajectory. To solve the tracking problem in filopodia
we have employed the generic framework introduced in Jaqaman et al. whereby the final linkages can be
globally optimized for a minimum cost solution by formulating the optimization problem mathematically as
a linear assignment problem (Jaqaman et al., 2008).

To ensure the tracking problem is optimized

specifically for filopodia, we have worked to design a filopodia object specific cost function. Pilot versions
of the cost function have been relatively simple, including frame to frame distance between the base of
two pairs of filopodia, penalizations for drastic changes in filopodia orientation relative to the veil, and the
use of the local surrounding veil protrusion vectors developed in (Machacek and Danuser, 2006), to
predict the approximate location of the filopodia in the next frame so to account for any translation
induced by neurite elongation or retraction. While the final cost function is still in development, Figure 4.3
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A displays example filopodia tracking results for a control N1E-115 neuroblastoma neurite (Figure 4.3 B)
likewise analyzed in Chapter 2. As calculations of the local veil dynamics around each filopodia are
readily available

one
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changes

in
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length

result

from

actin

bundle

lengthening/shortening vs. veil retraction/protrusion respectively (Figure 4.3 C). Given these positive
initial results, automated extraction of filopodia dynamics features will certainly become available in later
versions of Growth Cone Analyzer once the tracking function is properly designed and tested.
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Figure 4.3 : Example of filopodia tracking using Growth Cone Analyzer.
(A) Example results of filopodia tracking. Each column is a separate filopodia trajectory sorted by each
trajectories’ start time. Colors indicate filopodia length at a specific time point along the trajectory.
(B) Neurite movie from which filopodia length trajectories in (A) were extracted.
Detected filopodia are overlaid in black, green lines indicate tracked filopodia trajectory coordinates.
The trajectory marked with the white box in (A) corresponds to the filopodia (Filopodia 89) labeled in B.
Local veil protrusion and retraction vectors for the current frame are likewise overlaid such that red
indicates regions of veil protrusion and blue regions of veil retraction.
(C) Filopodia length trajectories (i) and veil dynamic trajectories (ii) may be correlated.
A subset of the length trajectory for filopodia 89 (white box in A) is plotted in (i) while the local veil
dynamics surrounding filopodia 89 is plotted in (ii). Alignment of the two time series reveals coincident
veil retraction and filopodia length increase. Red/blue in (ii) indicate significant veil protrusion/retraction
respectively. Dotted lines indicate the noise thresholds calculated via empirical mode decomposition as
described in Chapter 2 and in (Mendoza et al., 2015).
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High Resolution Growth Cone Quantification: Extensions to 3-D
It is clear that quantification methods for growth cone morphology have lagged significantly
behind the development of experimental systems for monitoring growth cone dynamics. While here we
introduce a robust automated quantification method to measure the morphodynamics of growth cones in
2-D, old 2-D model systems for visualization of growth cone morphology along its developmental path
(Mason and Wang, 1997) are steadily transitioning to 3-D systems in animal models such as the
Drosophila (Özel et al., 2015). These new methods allow for long-term high resolution imaging, and can
capture finer growth cone structural details such as filopodia as the growth cone progresses from axon
initiation to synapse formation (Özel et al., 2015).

However, again morphology measurements are

performed by hand, and as these imaging methods become optimized and the data becomes easier to
collect, quantification ultimately becomes the bottleneck of these studies. Hence there is already a need
for automated growth cone analysis in 3-D. Recent studies have introduced developing methods for the
analysis of complex cancer cell morphologies imaged via light sheet microscopy in 3-D (Welf et al., 2016).
It will be interesting to see to what extent the protrusion classification pipeline developed in these cancer
systems will be translatable to 3-D growth cone images.

Translating High Resolution Growth Cone Quantification for the Study of Neurological Disorders
using Patient Derived Data
Dysregulation of RhoGTPase signaling has been, perhaps not surprisingly, linked to many
neurological disorders (Bai et al., 2015; Govek et al., 2005). This is true even if one only considers the
small sample of Rac1 regulators we tested in Chapter 2. For example, Trio loss of function mutations,
specifically in its Rac1 GEF domain, have recently been implicated in intellectual disability. (Ba et al.,
2016; Pengelly et al., 2016).

Furthermore, Dock7 mutations have been linked to epileptic

encephalopathy, cortical blindness and structural defects visible on brain MRI (Perrault et al., 2014). The
Dock7 findings were somewhat surprising given the apparent absence of neurological defects in Dock7
mutant mice (Blasius et al., 2009), hence demonstrating the potential limitations of translating between
animal model and human, especially when examining neuroanatomy and cognitive function. These are
just two examples of many, and as sequencing studies continue, this list will inevitably grow.
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In some ways, human genetic variation, particularly as it pertains to neurodevelopment, is the
ultimate source heterogeneity from which we as the scientific community can either choose to shy away
from, given the overwhelming complexity, or embrace, developing tools that will ultimately maximize what
we can learn from this variability.

For instance, the advent of induced pluripotent stem cell (iPSC)

technology (Shi et al., 2016) now affords us the opportunity to potentially model cellular pathology directly
within patient derived cell lines. While a number of researchers are pursuing this avenue, some even
specifically investigating growth cone biology and neurite elongation defects (Doers et al., 2014; Schaffer
and Gleeson, 2015; Sivadasan et al., 2016), efficient means of quantification, of intracellular signaling and
morphology are lagging significantly behind. For instance, in an attempt to determine the function of
C90RF72, a protein found to be commonly modified in ALS patients, it was discovered that in iPSC
derived motor neurons from C9-ALS Rac1 activity was enhanced and actin dynamics dampened in
comparison to the control (Sivadasan et al., 2016). However, the primary tools available to the authors to
probe for perturbations in these RhoGTPase signaling pathways was still kymograph analysis, to monitor
growth cone actin dynamics, and GTPase immunoprecipitation assays, to determine the perturbation in
Rac1 activity. As a patient’s underlying genetic background may affect how a disease linked mutation
changes RhoGTPase signaling, older techniques for monitoring RhoGTPase activity are simply not
sufficiently high throughput, nor do they have the spatial or the temporal resolution, to capitalize on the
information latent in this natural variation. If we could methodically extract RhoGTPase spatial patterns
and morphology information quickly from these iPSC systems, via optimization of the techniques we
introduced in this work, it would greatly facilitate studies identification of signaling differences between
patient vs healthy controls, as well as among patients.
Finally, patient derived cerebral organoids, have been shown to recapitulate features of human
cortical development and serve as a useful model system of developmental disorders such as
microcephaly (Lancaster et al., 2013). As a control, these researchers performed GFP electroporation
and
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imaging/experimental platform could be optimized it could afford the unique opportunity to examine
growth cone dynamic behavior in an environment that might recapitulate select wiring events that may
have occurred during the patient’s development. These platforms, combined with information from non-
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invasive, diffusion tensor imaging (Mori and Zhang, 2006; Soares et al., 2013) of the patient’s fiber tract
anatomy could prove invaluable to unlocking the secrets of a variety of developmental diseases.
However, computer vision analysis of growth cones monitored in these organoid platforms would be
crucial. Given these exciting perspectives, I hope my work here only marks the beginning of a movement
to more standardized quantification in the study of growth cone biology.
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Table S1: Table of Growth Cone Analyzer Segmentation Parameters. Colors for each step are the
same of those in Figure 2.3.

119

120

121
Appendix B: Non-Thesis Publications/Collaborations:
Multiparametric Analysis of CLASP-Interacting Protein Functions during Interphase Microtubule
Dynamics
Source: Long, J.B., M. Bagonis, L.A. Lowery, H. Lee, G. Danuser, and D. Van Vactor. 2013.
Multiparametric Analysis of CLASP-Interacting Protein Functions during Interphase Microtubule
Dynamics. Molecular and cellular biology. 33:1528–1545.
Contributions: While the core functions of the plusTipTracker software, a package for measuring
microtubule dynamic parameters via tracking of EB fluorescence comets, was established for low
throughput, proof of principle, analysis, the post-processing tools were not organized to accommodate
higher throughput analysis, such as would be required by a screen.

I therefore contributed to this

manuscript by designing the analytical workflow, troubleshooting tracking errors, and evolving the
plusTipTracker package to facilitate screening. One strength of plusTipTracker is that, via a gap closing
optimization step, it is able to in theory to infer parameters corresponding to microtubule pausing and
shrinkage.

However, as these inferred parameters may be confounded by changes in comet

association/dissociation kinetics and/or undetected growth events, establishing correct gap closing
settings and interpretation of the plusTipTracker results can be difficult. Therefore, I likewise worked to
ensure these measurements were as high fidelity as possible using this system and assisted with the
interpretation of these data.
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Direct Microtubule-Binding by Myosin-10 Orients Centrosomes toward Retraction Fibers and
Subcortical Actin Clouds
Motivation: The adhesive microenvironment of a cell defines the plane of division. During mitosis, sites of
adhesion marked by retraction fibers and structures termed subcortical actin clouds are thought to control
spindle orientation by biasing the location of force generators that position the centrosomes. However,
the molecular links between these actin structures and the astral microtubules that emanate from
centrosomes remain unknown. Here we show evidence that My10, the unconventional myosin motor,
serves as this molecular linker.

Source: Kwon, M., M. Bagonis, G. Danuser, and D. Pellman. 2015. Direct Microtubule-Binding by
Myosin-10 Orients Centrosomes toward Retraction Fibers and Subcortical Actin Clouds. Developmental
cell. 34:323-337
Contributions: I contributed to this manuscript by extending the plusTipTracker package software to
accommodate subregional analysis of EB3 comet microtubule associated trajectories in mitotic cells. This
required new noise estimations for detection of EB3 comets, modifications to the subregional analysis in
plusTipTracker software, and addition of a module for cell mask updates in each frame, as mitotic cells
tend to demonstrate significant cell edge movement, particularly during anaphase. Finally, I designed
and implemented new schemes for classification of microtubule behavior, namely dwell and lateral
sliding, in the cortical regions of the mitotic cell. I played an active role in the experimental and analytical
design of all the EB3 comet tracking experiments and performed all microtubule dynamics analysis. I
also played a large role in the preparation of the manuscript.
With these tools in hand we:

1) Showed that both actin polymers and Myo10 are required to decrease microtubule dynamicity
near the cortex and promote end-on cortical microtubule capture.

2) Reported evidence that after mammalian cells enter anaphase, Myo10 becomes less important
for cortical-microtubule attachment. In anaphase the microtubule cortical interactions are
dominated by dynein-dependent cortical interactions that include the lateral sliding of microtubule
ends along the cortex.
These tools have since been of interest to some in the larger community and distributed upon request.
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Multiparametric Analysis of CLASP-Interacting Protein Functions
during Interphase Microtubule Dynamics
Jennifer B. Long,a,b Maria Bagonis,a Laura Anne Lowery,a,b Haeryun Lee,a,b* Gaudenz Danuser,a David Van Vactora,b
Department of Cell Biologya and Program in Neuroscience,b Harvard Medical School, Boston, Massachusetts, USA

T

he orchestration of cytoskeletal dynamics is critical for a broad
range of cellular behaviors, including mitosis, polarity, motility, morphogenesis, and cell-cell interaction (1–3). Microtubule
(MT) polymer networks participate in numerous signaling pathways, often helping to assemble and/or deliver effector protein
complexes and to define the spatial organization of cellular responses. Many classes of cytoskeletal binding proteins regulate the
configuration of MT arrays and often interact with other protein
networks. However, our understanding of how these extended
effector networks function to control cytoskeletal dynamics is still
limited. Large-scale screens for MT regulators have primarily relied on endpoint phenotypes that affect mitosis (4–6). The mitotic
spindle is a unique apparatus whose gross architecture can be
severely disturbed by accumulated effects of altered MT dynamics
and thus offers a simple readout for such studies. However, these
readouts report screening hits only on the basis of indirect MT
phenotypes in a large complex system without pinpointing the
actual role that they play in terms of bona fide MT regulation.
Direct detection of altered MT dynamics has been much more
challenging. For this reason, we adopted a quantitative live-imaging approach that allowed us to identify with single-MT resolution
shifts in MT dynamics induced by RNA interference (RNAi)-mediated depletion of putative MT regulators.
CLASP (cytoplasmic linker protein [CLIP]-associated protein)
is a well-conserved MT plus-end interacting protein (⫹TIP),
which modulates dynamic instability and facilitates the interaction of MTs with other cellular structures, including the cell cortex
(7, 8) and kinetochores (9–11). CLASP functions as an MT-stabilizing factor, promoting MT rescue both in cultured cells and in
vivo (12–15). While CLASP has mostly been studied in the context
of mitosis (16, 17), it is clear that CLASP plays major roles during
interphase and important stages of cellular differentiation. For
example, Drosophila melanogaster CLASP (also known as Chromosome bows [Chb], Multiple Asters [MAST], and Orbit) is required in the nervous system during key axon guidance decisions,
where highly conserved cues such as Slit and Netrin regulate
growth cone navigation (14). In this context, CLASP is necessary
for axon guidance functions of the Abelson (Abl) nonreceptor

tyrosine kinase (2), a key signaling component downstream of
multiple cell surface receptors (18, 19). In addition to actin (20)
and MTs (21), several CLASP binding partners have been identified, including the signaling proteins GSK3␤, LL5␤, and Abl (7,
14, 22) and cytoskeletal regulators such as the MT ⫹TIPs EB1,
CLIP, and XMAP215/TOG (Minispindles [Msps] in Drosophila)
(21–23). While detailed studies for several of these have shed light
on the mechanisms of CLASP protein complex function in MT
regulation, they have also illustrated the wide variety of functions
that CLASP plays during development and cellular behavior. Further exploration of how the CLASP interactome influences MT
dynamics outside the mitotic spindle not only should provide a
deeper understanding of CLASP as an integrator of upstream and
downstream factors but also may identify novel MT-regulatory
molecules.
We recently published a screen for CLASP interactors that
combined analysis of ommatidial morphogenesis in the Drosophila retina with proteomics in Drosophila cell culture (23). This
screen identified a series of potential partners for CLASP, including several conserved cytoskeletal regulators such as the MT ⫹TIP
and polymerase Msps (24, 25). However, for gene products not
previously known to interact with MTs, we required an effective
means to survey the CLASP interactome for novel genes required
to support normal MT behavior in interphase cells. Thus, to define the MT-regulatory subnetwork of the CLASP interactome at

1528

p. 1528 –1545

mcb.asm.org

Molecular and Cellular Biology

Received 24 October 2012 Returned for modification 13 November 2012
Accepted 29 January 2013
Published ahead of print 4 February 2013
Address correspondence to David Van Vactor, david_vanvactor@hms.harvard.edu.
* Present address: Haeryun Lee, Pohang University of Science and Technology,
Pohang, Gyungbuk, South Korea.
Supplemental material for this article may be found at http://dx.doi.org/10.1128
/MCB.01442-12.
Copyright © 2013, American Society for Microbiology. All Rights Reserved.
doi:10.1128/MCB.01442-12

April 2013 Volume 33 Number 8

Downloaded from http://mcb.asm.org/ on February 18, 2017 by UNIV TEXAS SW MED CTR 904

The microtubule (MT) plus-end tracking protein (ⴙTIP) CLASP mediates dynamic cellular behaviors and interacts with numerous cytoplasmic proteins. While the influence of some CLASP interactors on MT behavior is known, a comprehensive survey of
the proteins in the CLASP interactome as MT regulators is missing. Ultimately, we are interested in understanding how CLASP
collaborates with functionally linked proteins to regulate MT dynamics. Here, we utilize multiparametric analysis of time-lapse
MT ⴙTIP imaging data acquired in Drosophila melanogaster S2Rⴙ cells to assess the effects on individual microtubule dynamics for RNA interference-mediated depletion of 48 gene products previously identified to be in vivo genetic CLASP interactors.
While our analysis corroborates previously described functions of several known CLASP interactors, its multiparametric resolution reveals more detailed functional profiles (fingerprints) that allow us to precisely classify the roles that CLASP-interacting
genes play in MT regulation. Using these data, we identify subnetworks of proteins with novel yet overlapping MT-regulatory
roles and also uncover subtle distinctions between the functions of proteins previously thought to act via similar mechanisms.

124

MATERIALS AND METHODS
Genetic screen. A total of 11,646 lines from the Exelixis transposon insertion subset (28, 29) were screened for genes that modify the gain-offunction phenotype that occurs upon GMR-Gal4-directed expression of
CLASP using the GMR-Gal4 upstream activation sequence (UAS)CLASP-GFP line. The GMR-Gal4 driver line expresses the yeast transcription factor GAL4 under the control of glass multiple reporter (GMR)
promoter. Several studies have previously described the use of the transposon insertion strains for genome-wide genetic interaction screens (30–
32). Transposon lines were crossed to the GMR-Gal4 UAS-CLASP-GFP
line and evaluated for eye phenotypes to identify enhancers or suppressors
of the UAS-CLASP phenotype. Two additional screens were used to identify CLASP interactors: one was an in vivo genetic screen utilizing the
collection of Exelixis deletions (28, 33), and the other was a proteomic
screen utilizing tandem affinity purification of the pMK33-CLASP-CTAP vector expressed in Kc167 cells (23). Candidate CLASP interactors
were categorized and selected for further analysis of microtubule dynamics by assigning molecular function on the basis of gene ontology (GO)
terms (www.flybase.org; www.ncbi.nlm.nih.gov/gene).
Cell culture and transfection with dsRNA and GFP-tagged EB1
(EB1-GFP). Drosophila S2R⫹ cells were grown and maintained in Schneider’s Drosophila medium (Invitrogen, Carlsbad, CA) supplemented
with 10% heat-inactivated fetal bovine serum (Invitrogen) and penicillinstreptomycin. Cells were then treated with double-stranded RNAi as previously described (6). Briefly, primers for 300- to 600-bp fragments of
target sequences were designed using PrimerQuest software (Integrated
DNA Technologies, Coralville, IA) (see Table S1 in the supplemental material). Control double-stranded RNA (dsRNA) targeting green fluorescent protein (GFP) was designed. PCR products, flanked at their 5= and 3=
ends by T7 sequences, were generated using Platinum Pfx DNA polymerase (Invitrogen), and dsRNA was produced by in vitro transcription using
MEGAscript T7 kits (Ambion, Austin, TX). Drosophila S2R⫹ cells were
plated, and cultured in six-well tissue culture plates overnight before
transfection with 500 ng dsRNA using Effectene reagent according to the
manufacturer’s protocol (Qiagen, Valencia, CA), and incubated for 3
days. Several primer sets were designed for each candidate, and cells were
transfected with dsRNA and tested for knockdown efficiency (see below).
dsRNA resulting in 85 to 100% knockdown of candidate proteins or RNA
after 3 days was used for all subsequent experiments. For live-cell timelapse imaging, cells were transfected with 1 g of pMT EB1-GFP (a generous gift of Steve Rogers, University of North Carolina, Chapel Hill, NC)
24 h before imaging, using the same protocol used to transfect dsRNA.
Western blotting and quantitative real-time PCR. Western blotting
and quantitative real-time PCR were used to evaluate knockdown of target protein and RNA, respectively, in S2R⫹ cells treated with both control
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and target-specific dsRNA. To measure protein levels, cells were lysed in
lysis buffer (50 mM Tris, 150 mM NaCl, 0.1% SDS, 0.5% sodium deoxycholate, 1% Triton X-100) supplemented with cOmplete protease inhibitor (Roche, Indianapolis, IN). Electrophoresis and semidry membrane
transfer onto nitrocellulose membrane were performed using a constant
protein load. Membranes were blocked for 1 h (Tris-buffered saline–
0.05% Tween 20 [TBST], 5% nonfat dry milk) and incubated in primary
antibody solution at 4°C overnight (see Table S2A in the supplemental
material for antibodies and concentrations). Tubulin (mouse monoclonal
antibody DM1A; Sigma-Aldrich, St. Louis, MO) was used as a normalizing protein. Membranes were washed and incubated in the appropriate
secondary antibody (horseradish peroxidase-conjugated goat anti-rabbit
and goat anti-mouse secondary antibodies; Jackson ImmunoResearch,
West Grove, PA) for 1 h at room temperature. Horseradish peroxidase
was detected with enhanced chemiluminescence (GE Healthcare, Piscataway, NJ), and images were captured on autoradiographic film (GE
Healthcare). The relative intensities of bands representing proteins of interest were quantified using NIH Image J software.
To evaluate changes in RNA levels, total RNA was harvested from
S2R⫹ cells using an RNeasy kit (Qiagen, Valencia, CA) and reverse transcribed (iScript; Bio-Rad Laboratories, Hercules, CA). Quantitative reverse transcription-PCR (qRT-PCR) was carried out on a Life Technologies 7900HT system (Life Technologies, Grand Island, NY) using Power
SYBR green PCR master mix (Applied Biosystems, Life Technologies) and
primer sets designed using PrimerQuest software (Integrated DNA Technologies, Coralville, IA) (see Table S2B in the supplemental material).
␤-Actin or Rps38 was used as an internal control to normalize samples.
qRT-PCR for each primer set was performed on both control and target
dsRNA-treated cells for 27 cycles, and following amplification, melt curve
analysis and ethidium bromide agarose gel electrophoresis were performed to evaluate the PCR products. Relative quantification of fold
change in mRNA expression was calculated using the 2⫺⌬⌬CT threshold
cycle method.
Tubulin and GFP immunofluorescence. One hour prior to fixation,
cells treated with either control or target-specific dsRNA were resuspended and allowed to spread for 1.5 h on 35-mm no. 1.5 coverslipbottomed MatTek dishes (MatTek Corp., Ashland, MA) that were treated
with 0.5 mg/ml concanavalin A (ConA) and allowed to air dry (SigmaAldrich, St. Louis, MO). Cells were fixed with ice-cold methanol and
rehydrated with phosphate-buffered saline (PBS) with 0.5% Triton X-100
(PBST). Samples were blocked for 1 h in PBS– 4% normal goat serum–
0.3% Triton X-100 and subsequently transferred into primary antibody
solution overnight at 4°C. To investigate tubulin morphology, samples
were incubated with a general antibody against tubulin (1:1,000 mouse
monoclonal antibody DM1A; Sigma-Aldrich) (see Fig. 2). To evaluate
tubulin stability, two samples were prepared per dsRNA and stained with
antitubulin antibody (DM1A) and antibodies specific to either the tyrosinated or the detyrosinated form of tubulin (1:1,000-diluted rat monoclonal antitubulin tyrosinated YL1/2 antibody [Abcam]; 1:1,000-diluted rabbit polyclonal antitubulin detyrosinated AB3201 antibody [Millipore]).
Cells were washed in PBS and incubated in secondary antibody solution
for 1 h at room temperature (1:1,000-diluted anti-mouse Alexa Fluor
488-conjugated antibody and 1:1,000-diluted anti-rabbit Alexa Fluor
568-conjugated antibody; Invitrogen). Images were collected on a Nikon
Ti inverted microscope equipped with a ⫻60 Plan Apo (numerical aperture, 1.4) objective lens. Ten multichannel images per sample were acquired using a Hamamatsu ORCA-ER-cooled charge-coupled device
(CCD) camera controlled with NIS Elements software (Nikon Instruments, Inc., Melville, NY). For quantitative determination of microtubule
stability, the analysis package of NIS Elements was used to threshold individual images and apply size restrictions to limit analysis only to whole
cells. Total fluorescence intensity in both the red and green channels was
measured for all individual cells in each image. Tubulin stability was calculated as the average ratio of red/green intensity, which corresponds to
the amount of stable/dynamic tubulin.
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sufficient resolution to distinguish different functional subclasses,
we adopted an ex vivo live-cell imaging approach followed by multiparametric analysis of MT dynamics. After performing an expanded in vivo screen to define a more complete set of CLASPinteracting genes, we examined the MT-regulatory function of
over 50 genes. Changes in MT dynamics were analyzed through
systematic quantification of MT dynamics using plusTipTracker,
a Matlab-based open-source software (26, 27) that allows fully
automated and unbiased detection, classification, and analysis of
changes in MT behavior. This permitted us to gain insight into the
functional role of CLASP interactors in regulating MT dynamics.
Our analysis confirmed functions for several proteins known to be
involved in MT regulation and identified novel proteins not previously connected to MT dynamics. In addition, our data revealed
subtle phenotypic differences between genes thought to act via
similar mechanisms, suggesting that rather than functional redundancy between similar MT-associated proteins, they may
function in distinct ways to regulate MT behavior.
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the two subsequent displacement vectors). Visual inspection of the EB1
movies revealed that these two dynamic behaviors were characteristic of
the Drosophila S2R⫹ cell system, and removal of this constraint was necessary for appropriate tracking of MTs undergoing such events. The constraint was introduced in previous applications primarily to reduce the
number of incorrect linkages between parallel arrays of densely packed
growing MTs (26). MTs in Drosophila S2R⫹ cells did not generally exhibit
such behavior, and therefore, this potential error was of less concern.
Note that in this tracking framework, MT pausing and shrinking are
considered gaps in the MT growth trajectory, as the EB1 comet typically
dissociates from the MT tip during these events. Forward gaps (Fgaps)
correspond to MT pause events, and backward gaps (Bgaps) correspond
to MT shrinkage events. Gap-tracking parameters were set as follows: the
maximum gap length was set to 12 frames (9 s), establishing an upper
temporal limit on acceptable subtrack pair linking. As described previously (26, 27), pairs of subtracks considered for linkage were likewise
limited by certain spatial constraints; to be considered for gap closing,
subtrack initiation must fall within a specified geometrical area relative to
the site of subtrack termination. Here, these spatial constraints were set as
follows: maximum forward angle for gap closing, 35 degrees; maximum
backward angle for gap closing, 10 degrees; fluctuation radius, 2 pixels
(200 nm); and maximum shrinkage factor, 1.5 times the velocity of MT
growth.
Final classification of pause, shrinkage, and undetected growth
events. Accurate measurement of MT pause events via EB1 tracking requires separation of the total observed Fgap population into those resulting from true MT pause events, marked by significant EB1 comet disassembly and subsequent reassembly, and those arising from undetected
EB1-decorated MT growth events that may arise if the decorated MT
transiently leaves the focal plane. In the past, two methods have been
applied in efforts to distinguish between these two populations: (i) unimodal thresholding of the total Fgap velocity distribution (35) and (ii) a
local reclassification scheme where the velocity of each Fgap is compared
to the average microtubule growth rate 2 to 3 frames before the comet
disappearance (26). Here, the former unimodal thresholding method was
employed, as there was a concern that the local scheme requires too many
a priori assumptions regarding MT behavior. A consistent threshold for
the upper bound of the true pause Fgap population was calculated via
unimodal thresholding of the pooled control Fgap velocity distribution
for a given day. Fgaps with velocities above this threshold were reclassified
as high-velocity undetected growths, and the time and spatial information
corresponding to these reclassified Fgaps was included as part of the flanking growth subtracks. The same threshold was applied for all dsRNA treatment conditions from the same day. Note that pooling of the control cell
population was necessary because of the relatively small sample size of
observed Fgaps in individual S2R⫹ cells (⬃30 events per cell). Pause or
rescue events of extremely short duration (micropause/rescue) were not
separately detectable by plusTipTracker under our image-capture conditions due to the small number of EB1 molecules that assemble at MT plus
ends during these transient events. Pooled data comprised ⬃200 to 400
Fgap events, distribution numbers large enough to achieve an accurate
threshold.
A simple thresholding scheme, set at zero gap velocity, was chosen to
distinguish between observed gap events corresponding to shrinkage
events and those corresponding to a pause event (i.e., in this study, all
Bgap events were designated shrinkage events; see Fig. 4B). This was in
contrast to previous studies that implemented a Bgap to pause the reclassification scheme as a means to distinguish backward gap events that likely
arise due to measurement noise (i.e., the underlying MT end does not
undergo a significant net loss during the gap time frame) from true
shrinkage events where the underlying MT undergoes a measurable net
polymer loss within the gap time frame. As the number of observed Bgaps
before reclassification was only on the order of ⬃20 events per S2R⫹ cell,
this previous Bgap-to-pause reclassification scheme, when applied to the
S2R⫹ EB1 comet data sets, resulted in a very high percentage of reclassi-
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In order to determine whether dsRNA treatment disrupts CLASP localization to the MT plus end, dsRNA-treated samples were transfected
with 1 g of pIZ EB1 CLASP-GFP (a generous gift of Steve Rogers, University of North Carolina, Chapel Hill, NC) 24 h before fixation, using the
same protocol used to transfect dsRNA. Samples were fixed and blocked
as described above before incubation with primary antibodies (1:1,000diluted mouse monoclonal antibody DM1A [Sigma-Aldrich]; 1:500-diluted anti-rabbit Living Colors A.v. peptide antibody [Clontech, Mountain View, CA]). Cells were washed in PBS and incubated in secondary
antibody solution for 1 h at room temperature (1:1,000-diluted antimouse Alexa Fluor 488-conjugated antibody and 1:1,000-diluted antirabbit Alexa Fluor 568-conjugated antibody; Invitrogen). Images were
collected with a Yokogawa CSU-X1 spinning-disk confocal microscope
with the Spectral Applied Research (Richmond Hill, ON, Canada) Borealis modification on a Nikon (Melville, NY) Ti-E inverted microscope
using a ⫻60 Plan Apo (numerical aperture, 1.4) objective lens. The microscope was equipped with a Prior (Rockland, MA) Proscan II motorized
stage. The Nikon Perfect Focus system was engaged to maintain a continuous plane of focus. EB1-GFP fluorescence was excited with 488-nm (for
GFP) and 561-nm (for mCherry) 100-mW solid-state lasers from a Spectral Applied Research LMM-5 laser merge module and was selected and
controlled with an acousto-optical tunable filter. Emission was collected
with a Semrock (Rochester, NY) quad pass (405/491/561/642 nm) dichroic mirror and 525/50 nm (for GFP) and 620/60 nm (for mCherry)
Chroma (Bellows Falls, VT) emission filters. Images were acquired using a
Hamamatsu ORCA-ER-cooled CCD camera. Hardware was controlled
with MetaMorph (version 7.7.9) software (Molecular Devices, Sunnyvale,
CA.).
Live-cell imaging of MT dynamics. For live-cell imaging, cells were
again plated on coverslip-bottomed MatTek dishes (MatTek Corporation, Ashland, MA) coated with 0.5 mg/ml concanavalin A and allowed to
spread for 1 h prior to imaging. Live-cell time-lapse data series were acquired as described above (for CLASP-GFP imaging) using a 488-nm laser
to excite EB1-GFP. Time-lapse image series were acquired for a period of
1 min at a frame capture rate of every 750 ms using a 400-ms exposure.
Three independent experiments were performed on different days for
each treatment, and 6 to 8 cells per experiment were imaged for subsequent analysis.
EB1 detection and tracking. All image analysis concerning the detection of individual EB1-GFP-positive comets, comet tracking, identification of growth tracks, extraction of MT dynamics, statistical analysis of
MT dynamics, and graphical representation of the results was performed
using an updated version of plusTipTracker (26, 27). Detection was performed using methods described previously (26, 27). Parameters for detection were set to the default parameters in the plusTipGetTracks graphical user interface of plusTipTracker (26): s1 ⫽ 1 (the sigma of the small
Gaussian kernel of the difference of Gaussian [DoG] band-pass filter), s2
(the sigma of the large Gaussian kernel of the DoG band-pass filter)⫽ 4,
and K (the multiplication factor for the minimum threshold) ⫽ 3. Microtubule trajectories were reconstructed using the generic single-particletracking framework described previously (34). Optimization of tracking
parameters was facilitated via the use of the plusTipParamSweepGUI tool
included in the plusTipTracker package (26). Parameter sweeps were performed for several control movies on different days, and optimal tracking
parameters based on these results were subsequently employed for all
movies in the screening data set. Tracking accuracy was verified by visual
inspection of select movies of EB1 comet dynamics with final track overlays. Frame-to-frame subtrack linking parameters were set as follows:
minimum growth subtrack length, 3 frames (2.25 s); minimum search
radius, 2 pixels (200 nm); maximum search radius, 8 pixels (800 nm).
Note that unlike in previous studies (26), no posttracking linearity constraint on frame-to-frame subtrack linkages was employed in order to
allow the tracking of both highly curved MTs and MTs undergoing abrupt
side displacements due to local intracellular forces (i.e., all frame-toframe subtrack linkages were maintained regardless of the angle between
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RESULTS

Selection of candidates. Forward genetic screening approaches in
Drosophila using loss-of-function mutants have identified key
components for a range of developmental processes (29, 30, 32,
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36). In particular, screens for modifiers of sensitized mutant backgrounds offer a powerful strategy to define networks of functional
interactions (37, 38). Using a CLASP overexpression phenotype in
the Drosophila retina to produce a sensitized genetic background,
we recently identified a novel set of CLASP-interacting genes (27).
Further analysis of the CLASP-interacting MT ⫹TIP Msps suggested that the approach was suitable to identify relevant functional partners for CLASP during nervous system development
(23). To define the CLASP interactome more completely, we
screened over 11,000 single-transposon-insertion strains in an
isogenic background from the Exelixis collection covering nearly
half of the Drosophila genome (30, 31). As previously described
(23), CLASP overexpression was driven in the eye and transposon
lines were crossed with GMR-GAL4 UAS-CLASP to identify enhancers and suppressors of the CLASP overexpression phenotype
(39, 40). From the transposon strains screened, 118 genetic interactors of CLASP were identified, including 26 genes that we previously reported (23), thus significantly increasing the breadth of
the CLASP interactome (Fig. 1A).
Gene ontology (GO) analysis was performed to group the
CLASP modifier loci according to molecular function, which included cytoskeletal regulation, signaling molecules/receptors,
transcription/DNA binding, and translational regulation (Fig. 1A).
Novel interactors identified in our current screen included a mutation in the transforming acidic coiled coil (TACC; Fig. 1B), a
conserved protein known to associate with Msps (41–43). While
TACC loss of function reproducibly enhanced the CLASP overexpression phenotype in the retina, overexpression of TACC was a
potent suppressor (Fig. 1B). This confirmed a strong antagonistic
genetic interaction highly reminiscent of the interaction between
CLASP and the TACC-associated ⫹TIP Msps (10). Although
TACC has been proposed to influence MTs at the centrosome
through recruitment of Msps (42), it has not itself been studied
extensively as a regulator of interphase MT dynamics, highlighting
the value of our current screen. In addition to TACC, multiple
novel hits in our in vivo transposon screen were previously connected to some additional components in the CLASP interactome,
such as the MT ⫹TIP p150glued, the Abl substrate p190RhoGAP,
or the guidance molecules plexin A and syndecan (Fig. 1C), suggesting that the screen recovered relevant functional candidates.
Single-cell analysis of MT morphology. Our primary genetic
screens used retinal development as a crude yet efficient assay for
abnormal cellular morphogenesis but provided no direct information on the role(s) that CLASP interactors play in MT regulation. Therefore, we developed an ex vivo secondary screen to evaluate how CLASP interactors influence MT dynamics. Forty-eight
candidates were chosen from the transposon screen (Fig. 1C) or a
previous deficiency screen (23) on the basis of direct or indirect
links to cytoskeletal protein networks and signaling pathways
available in the literature. For the majority of these genes, MT
dynamics had not been directly tested. Candidates were distributed into functional categories in proportions similar to those for
the larger group of interactors (Fig. 1C). Within these broad functional categories, several candidates, including MT ⫹TIPs Msps,
Clip190, p150glued, and CLASP itself, are known MT regulators
and thus served as positive controls.
For an ex vivo screening platform, we utilized a Drosophila
S2R⫹ cell model system that provides the advantage of rapid and
efficient disruption of protein function through RNAi to manipulate protein levels. Using primers specific to 300- to 600-bp re-
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fications (⬃80%) that severely limited the statistical power available for
measuring changes in shrinkage displacement, lifetime, and speed. Visual
inspection of tracking showed that some Bgap events that could be classified as short shrinkage events via manual tracking were being reclassified
as pauses, indicating that the previous Bgap-to-pause reclassification
scheme might be overly conservative. Indeed, it was observed in multiple
data sets that the combined Fgap and Bgap velocity distribution did not
display a maximum value around zero, a fundamental assertion of the
previous Bgap-to-pause reclassification scheme. Instead, the maximum of
the gap velocity mode that most likely corresponds to the stabilized population of paused MTs appears to be consistently shifted to a small (subpixel) but systematically observed positive value of ⬃2 m/min (0.25
pixels per frame; see Fig. 4B). This shift likely arises due to latency between
the reinitiation of net MT growth after a pause event and the accumulation of a detectable EB1-GFP comet. Therefore, simple inversion of the
maximum velocity of the Fgap distribution for use as the threshold between Bgap shrinkage and pause events, as was done in previous studies,
can result in an overestimation of stable pause events. This potential overestimation was less of a concern in previous systems analyzed (26, 27),
given that the backward gap populations of the cellular systems under
question were dominated by many shrinkage events with large displacements. In systems with very few shrinkage events with small displacements, the definition of this boundary becomes of more importance. A
simple threshold at zero gap velocity was employed here to distinguish
between shrinkage and pausing events in order to unambiguously monitor potential changes in these populations upon dsRNA treatment (Fig.
4B). While some of the pausing MT population may indeed still be convolved in the shrinkage population, we reasoned that maintaining constancy in the threshold between Fgap and Bgap when comparing experimental conditions is of more importance than attempting to calculate the
absolute value of this boundary under each condition.
Statistical analysis of MT dynamic parameters. Significant differences in many MT dynamic parameters were observed among control
cellular populations imaged on different experimental days, and therefore, pooling of data among multiple experiments was considered unjustified. Instead, we compared control and dsRNA-treated cellular distributions (n ⫽ ⬃6 to 12 cells per condition) per experimental day. All
parameters were calculated per cell sampled. Parameters derived from
individual MT subtracks (e.g., subtrack lifetime, displacement, and average frame-to-frame velocity) were calculated as the median subtrack value
per cell to minimize the effects of subtrack outliers, as subtrack distribution outliers potentially arise as a result of tracking errors. Growth tracks
beginning in the first frame of the movie or ending in the last frame, as well
as all flanking Bgaps and Fgaps, were not included in the final statistics.
For many of the parameters, the distributions of the per cell parameter
values passed tests for normality, making the use of a Student’s t test
appropriate for the comparison of the cellular distributions. However, as
we could not confirm normality for all parameters, all statistics were performed using a one-tailed permutation t test of the means of the per cell
values (1,000 repetitions). Note that P values obtained via this method
typically corresponded well with those obtained using the Student t test,
again confirming the normality of the data. For each dsRNA-treated population, consistent, statistically significant differences compared to the
results for same-day controls across the majority of sampling days
(⬎66%) were used as an indication that the parameter under question was
likely being modulated due to the reduction of the protein. In total, analysis of 25 to 40 cells per dsRNA treatment across 3 to 5 sampling days was
performed. A P value of 0.05 was used as a threshold for significance. Hits
were defined in this manner, as the level of protein silencing for a given
sample of cells may potentially be quite variable.
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insertion subsets of the Exelixis collection. (A) A total of 11,646 individual transposon insertions were screened to identify genes that modified the fully penetrant
dominant rough eye phenotype observed upon CLASP misexpression. Overall, 118 CLASP interactors were identified. Interactors could be grouped into
functional categories on the basis of gene ontology: cytoskeletal regulators, DNA binding and transcriptional regulators, translational regulators, signaling
molecules and receptors, unknown function, and others. Other functions included ion transport, metabolism, and general protein binding. (B) TACC loss-offunction (LOF) (ii; TACC deficiency [Df]) and gain-of-function (GOF) (iii; d10872) mutants were used to evaluate genetic interactions with CLASP in the
Drosophila eye. Loss of TACC expression enhanced the CLASP overexpression phenotype (iv and v), while overexpression of TACC suppressed the phenotype
(iv and vi). (C) Forty-eight interactors were selected for further analysis in S2R⫹ cells on the basis of gene ontogeny and/or reported physical/functional
interactions with cytoskeletal proteins (group colors correspond to the functional categories described for panel A).

gions of candidate genes of interest, dsRNA was generated
through in vitro transcription (see Table S1 in the supplemental
material) (6, 44). Following dsRNA treatment, Western blotting
and/or PCR was used to evaluate the extent of knockdown (see
Table S2 in the supplemental material for antibodies and primers). Within 72 h, expression levels were reduced 85% or more for
all candidates (data not shown). To achieve maximal knockdown
and dramatic phenotypes, S2R⫹ cells are typically evaluated 5 or
more days after dsRNA treatment (5, 25, 45). However, such extended treatment raises the possibility of epiphenomena or compensation secondary to the primary impact of reducing target
gene function. After treatment for 24 and 72 h, tubulin immunofluorescence showed that for the majority of dsRNAs tested, interphase MT morphology was indistinguishable compared to that for
control cells (e.g., CLASP dsRNA and Msps dsRNA) (Fig. 2A and
B). Although knockdown of a few candidates, including Msps
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(Fig. 2A to C, bottom row) and Klarsicht (Klar) (data not shown),
resulted in detectable disruption of MT morphology, the fact that
efficient knockdown of the well-established MT regulator CLASP
did not show visible effects even after 120 h (Fig. 2C, top, middle
row) made it evident that endpoint morphology was not a sufficiently sensitive assay. Therefore, it was essential to establish a
direct method that would detect the effects of candidate gene
knockdown at stages when no gross alteration in MT organization
is observed.
In interphase cells, MTs exist as a dense network of filaments
from which individual MTs can be resolved only in the cell periphery, making tracking of MT dynamics extremely challenging. Assuaging this challenge, robust observation of MT growth is enabled by fluorescently tagged MT ⫹TIPs, such as EB1, which
localize specifically to all assembling MT plus ends throughout the
cell (46). Previous studies established that the dynamics of MTs
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FIG 1 Identification of CLASP interactors. The CLASP interactome was defined through in vivo genetic modifier screens using both the deletion and transposon
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of the MT ⫹TIP Msps at late time points but not for the MT-associated protein CLASP. (A and B) No significant differences in CLASP or Msps knockdown cells
were apparent compared to the control at 24 (A) or 48 h (B). (C) At 5 days after dsRNA treatment, CLASP knockdown cells showed no significant differences in
MT morphology compared to the control. In contrast, Msps dsRNA-treated cells were less spread and MTs appeared to wrap around the periphery of the cell
compared to the control.

observed in cells expressing low levels of GFP-tagged EB1 were
comparable to the dynamics observed in cells injected with small
amounts of fluorescently labeled tubulin (47–49). Therefore, the
use of GFP-tagged EB1 as a marker for MT growth rates does not
significantly alter the native MT behavior, even though EB1 participates in numerous protein complexes that localize to the MT
plus end. EB1 is a particularly appropriate ⫹TIP for observing MT
dynamics, because it is one of the first proteins to bind to growing
MTs and completely dissociates when the MT pauses or shrinks
(50–53). Thus, by tracking the appearance and disappearance of
EB1-GFP particles, it is possible to measure not only MT growth
rates but also the duration of growth phases. To visualize the EB1GFP association with growing MTs throughout the cell, S2R⫹
cells were plated on ConA to promote a high degree of adhesion
and spreading (Fig. 3A and B) before live-cell time-lapse image
series were captured. As overexpression of fluorescently tagged
⫹TIPs may impact MT dynamics (54), cells were selected for imaging on the basis of a low and consistent median gray-scale value
for each experimental day. For each dsRNA, 18 to 25 time-lapse
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movies were acquired at a 1.2-Hz frame rate using a spinning-disk
confocal microscope (see Materials and Methods).
Recently, it was shown that automated tracking of EB1-GFP
trajectories allows not only the direct measurement of growth rate
and duration but also the indirect inference of the frequency, duration, and speed of pause and shrinkage events where the EB1
signal dissociates (26, 27). This approach, implemented in the
open-source software plusTipTracker, combines robust singleparticle tracking of fluorescent EB1 tags with a model that connects MT growth trajectories that have a high probability of belonging to the same MT but that were interrupted by a rescued
pause or shrinkage event (26, 27). In this manner, the algorithm
allows indirect inference of the frequency, duration, and speed of
pause and shrinkage events at sites where the EB1 signal dissociates and subsequently reassociates (see Materials and Methods)
(26, 27). This algorithmic framework provided an amenable platform to perform a robust and methodical exploration of how
those proteins associated with the CLASP interactome may affect
multiple facets of microtubule dynamics. Importantly, by design
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FIG 2 Ex vivo cell-based assay. (A to C) Immunofluorescence for antitubulin in S2R⫹ cells revealed changes in MT morphology upon prolonged knockdown
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expressing EB1-GFP selectively mark the plus end of growing MT forming an EB1 comet. (ii) Comet detection identifies EB1-GFP-positive MT ends. (iii) MT
growth subtracks are reconstructed using a single-particle-tracking algorithm, followed by linkage of detected comets with a high probability for correspondence
between consecutive frames. Velocity, lifetime, and displacement of each MT growth subtrack are extracted. (C) Growth subtracks color coded by average
frame-to-frame velocity for a small population of control (i) and CLASP dsRNA-treated (ii) cells. CLASP knockdown results in higher average growth subtrack
velocities compared to that for the control. Bars ⫽ 10 m.

of the algorithm, neither terminal shrinkage events nor pauses
during shrinkage events are detected. Unlike analysis of MT dynamics by tracking labeled MTs, where shifts in the frequency of
rescue events are detected as changes in the duration of shrinkage
events, plusTipTracker detects such shifts primarily as changes in
the ratio between the occurrence of compound trajectories (linking several growth tracks interrupted by more frequent pause or
shrinkage events) and single growth tracks. Thus, while our application of ⫹TIP tracking to a screen for CLASP-interacting MT
regulators offers great power in terms of automation and completeness in measuring the dynamics of MT populations in a
growth state, it cannot deliver statistics on the dynamics of shrinkage and pausing on an absolute scale. Instead, our screen relied on
the assumption that dsRNA treatments that affect MT shrinking
and pausing cause shifts in the relative distribution of parameters
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associated with the probabilistic connecting of tracked growth
events into compound trajectories.
Applied to S2R⫹ cells expressing small amounts of EB1-GFP,
plusTipTracker detects and tracks every growing MT marked by
an EB1 comet (Fig. 3B; see Movie S1 in the supplemental material). This permits direct comparison of growth speed (Fig. 3C) as
well as other parameters derived from growth tracks (Table 1).
Knockdown of CLASP, for example, resulted in a significant increase
in growth speed (Fig. 3C; see Movie S2 in the supplemental material),
supporting a role for CLASP in stabilizing the MT plus end and validating the use of plusTipTracker as an efficient means of extrapolating and quantifying variations in MT dynamic instability.
Links between growth tracks are associated with one of three
types of events: (i) rescued shrinkage events (Fig. 4Ai), (ii) undetected growth phases (Fig. 4Aii), and (iii) pauses during growth
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FIG 3 Analysis using plusTipTracker. (A) Work flow of ex vivo assay evaluating the effect of candidate CLASP-interacting proteins on MT dynamics. (B) (i) Cells

130

Microtubule Dynamics and the CLASP Interactome

TABLE 1 Parameters analyzed with plusTipTrackera
Description

No. of growths
Growth speed
Growth lifetime
Growth length
No. of pauses/no. of growths
Pause lifetime
Growth velocity before pause
Growth lifetime before pause
No. of shrinkages/no. of growths
Shrinkage speed
Shrinkage lifetime
Shrinkage length
Growth velocity before shrinkage
Growth lifetime before shrinkage
% time in pause

No. of growth subtracks (omitting those that begin in the first frame and end in the last frame)
Median speed (m/min⫺1) of growth subtracks
Median lifetime (seconds) of growth tracks
Median displacement (m) of growth tracks
Percent growth events ending in pause (after reclassification)
Median lifetime (seconds) of pauses
Mean velocity (m/min⫺1) of all growth subtracks preceding a pause (after reclassification)
Mean lifetime (seconds) of all growth subtracks preceding a pause (after reclassification)
Percent growth subtracks ending in a shrinkage event
Median speed (m/min⫺1) of shrinkages
Median lifetime (seconds) of shrinkages
Median displacement (m) of shrinkages
Mean velocity (m/min⫺1) of all growth subtracks preceding a shrinkage event
Mean lifetime (seconds) of all growth subtracks preceding a shrinkage event
Sum of all pause lifetimes (after reclassification) divided by the sum of the total time spent in all states
(growth, pause, shrinkage)
Sum of all shrinkage lifetimes (after reclassification) divided by the sum of the total time spent in all
states (growth, pause, shrinkage)
No. of tracks with gaps over the no. of tracks without gaps
Percent growth events not linked to gaps
Distance between a comet and its nearest neighbor (m)

% time in shrinkage
No. of compound tracks/no. of single tracks
% growth terminal
Median nearest neighbor
a

Nineteen individual parameters were analyzed per dsRNA-treated cell, and mean values were compared to the values for control dsRNA-treated cells per experimental day. Fgaps
(forward gaps) correspond to MT pause events, and Bgaps (backward gaps) correspond to MT shrinkage events.

phases (Fig. 4Aiii). Undetected growth phases correspond to failure in comet detection, either because the comet temporarily
moves out of the focal plane or because the low signal-to-noiseratio (SNR) conditions bring comet signals close to the noise
floor. The distinction of these events is accomplished on the basis
of the inferred velocities within the linked segments, measured as
the displacement between the site of comet disappearance and the
site of comet reappearance divided by the number of frames between these events (Fig. 4Aiv), as previously described (26, 27).
Compared to previous publications, we revised the classification
scheme to better account for the relatively unstable EB1-GFP
comet signal in S2R⫹ cells (see Materials and Methods). Of note,
pause events during growth phases have apparently positive
velocities due to the latency in comet detection after growth is
reinitiated. In contrast, with the exception of rearward sliding,
shrinkage events most frequently correspond to negative inferred
gap velocities as the MT plus end undergoes negative net displacement (Fig. 4Aiv, yellow velocity population). Note that compared
to previous studies, we revised the classification scheme thresholds slightly to better account for the relatively short shrinkage
events observed in S2R⫹ cells (see Materials and Methods). After
classification of these links, we then derived from them statistics of
parameters that reflect the frequency and dynamics of pausing and
shrinkage events (Table 1; Fig. 4B and C).
Overall, we calculated 19 individual parameters of MT dynamics as per cell values for each gene (Table 1). Cellular distributions
corresponding to each parameter were compared for cells imaged
on the same day (Fig. 5A and B). Similar to other ex vivo systems,
we observed significant cell-to-cell and day-to-day heterogeneity
in both control and experimental dsRNA-treated cells (Fig. 5C).
To account for this variability, the median of the distribution for
each gene was calculated and the average percent change relative
to the median of the same-day control population was recorded
(Fig. 5A, C, and D). Statistical significance was determined using a
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permutation t test (see Materials and Methods). Overall, candidate genes were scored as significant hits if their cellular distribution for a given parameter was statistically different from that for
the same-day control population on the majority of experimental
days tested (Fig. 5A and D).
MT regulation by CLASP-interacting proteins. Encouraged
by the agreement between known CLASP functions and the increase in MT growth speed that we observed upon CLASP knockdown, we investigated the effects of CLASP knockdown on other,
more indirect parameters of MT dynamics produced by plusTipTracker. CLASP promotes MT pause by binding to and stabilizing
the MT plus end (8, 12, 13, 15, 21, 55). Consistent with this, we
observed a trend toward decreased pausing upon CLASP knockdown, although the reduction fell below statistical significance
(Fig. 5C), possibly due to the limited sensitivity of EB1 tags to
indicate micropauses. CLASP knockdown significantly increased
shrinkage speed. Additionally, we observed an increased length of
shrinkage events and the percentage of time that compound trajectories spent in shrinkage (Fig. 6; see Movie S2 in the supplemental material), supporting a role for CLASP in promoting MT rescue.
CLASP colocalizes with other MT ⫹TIPs at MT plus ends (46),
including the potent MT polymerase Msps (24, 56). As described
above, our results confirmed that chronic (5-day) knockdown of
Msps produced significant morphological changes in MT (Fig. 2C).
These changes in MT organization are due to alterations in MT
stability, which was evaluated through immunofluorescence using
antibodies directed against tyrosinated and detyrosinated tubulin;
these alterations reflect the dynamic state of MT (Fig. 7A to D)
(57). In contrast to MT morphology, visible changes in MT stability upon Msps knockdown were visible after 72 h (Fig. 7A and
C), and by 5 days, in addition to a visible ring of bundled MT in the
cell periphery, substantial tyrosinated tubulin was visible in the
cell cortex, suggesting region-specific stabilization of MTs upon
Msps knockdown (Fig. 7B and D). We were interested in whether
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exhibiting at least one nonterminal pause or shrinkage event (i.e., a pause or shrinkage event followed by robust EB1 comet-decorated regrowth) are generated
by linking growth subtracks that meet spatial and temporal criteria consistent with a linear microtubule trajectory. Gaps in detected EB1 growth trajectories
correspond to MT shrinkages (yellow) (i), undetected growth events (green) (ii), or MT pauses (cyan) (iii). Along each trajectory, initiation sites for each
comet-decorated growth events are detected (i to iii, step 1). EB1 comet detections are linked between subsequent frames, creating the initial MT growth subtrack
(i to iii, step 2). Comet disappearance marks the beginning of each gap (i to iii, step 3), and the beginning of the next growth subtrack is marked by the
reappearance of EB1-GFP (i to iii, step 5). Gaps between subtracks likely belonging to the same MT are linked (i to iii, step 4) and subsequently classified on the
basis of the magnitude and direction of the gap velocity (the distance between the comet disappearance and comet reappearance sites divided by time between
these comet detections) relative to the growth direction of the originally detected microtubule growth subtrack. MT growth resumes (i to iii, step 6) until another
dynamic event occurs or the MT trajectory is terminally lost from the field of view due to either terminal catastrophe or the permanent loss of the microtubule
from the focal plane (i to iii, step 7). (iv) Gap classification was determined by thresholding the gap velocity distributions for all control cells of the same
experimental day. Faster, positive gap velocities likely correspond to undetected growth events, while slower gap velocities are likely MT pause events. Gaps
with negative velocities are classified as shrinkage events. Red lines indicate the upper and lower thresholds used to delineate the three gap
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FIG 4 Classification of subtrack linkage as a shrinkage, pause, or out-of-focus growth event. (A) Compound tracks that represent dynamic MT trajectories
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In addition to detection of novel MT-regulatory functions of
CLASP interactors, we hoped to uncover new themes of functional connections among our candidates to gain more insight
into possible subnetworks in the interactome. To this end, strikingly similar MT-regulatory fingerprints emerged from genes not
previously characterized as regulators of dynamic instability, suggesting convergent pathways in which CLASP may also participate. For example, knockdown of Klar, which interacts with both
MTs and dynein, produced an increased frequency of shrinkage
events and an increased percentage of time that compound tracks
spent in both pause and shrinkage (Fig. 6; see Movie S3 in the
supplemental material), suggesting that Klar may stabilize MTs by
inhibiting rescue and pause events. Knockdown of the small
GTPase Rab5 produced a robust functional fingerprint nearly
identical to that of knockdown of Klar, resulting in an increased
number of rescued pauses and shrinkages as well as an increased
percentage of time spent in shrinkage (Fig. 4C and D and 6).
Finally, knockdown of the mitogen-activated protein (MAP) kinase kinase kinase (KKK) Wallenda that emerged as a hit in our
CLASP interactome screen showed robust increases in the number of shrinkage events, the percentage of time in shrinkage, and
the ratio of compound to single tracks (Fig. 6). Thus, knockdown
of these three novel MT regulators produces strikingly similar
phenotypes, raising the possibility of a common signaling partner
or pathway (see Discussion).
Overall, nearly half of the tested CLASP-interacting proteins
displayed significant and reproducible effects on multiple parameters of MT dynamics (Fig. 6). These included MT ⫹TIPs,
MT-associated protein, and signaling molecules (e.g., GTPase/
GTPase-activating proteins [GAPs]/guanine nucleotide exchange
factors [GEFs]). Among other proteins previously known to interact with MTs, our in vivo CLASP interaction screens identified
several MT motors or motor-associated proteins that showed significant changes in MT behavior in our cell-based screen. To determine if any of the hits in our cell-based screen act upstream to
enable the MT ⫹TIP localization of CLASP, we costained cells for
tubulin and CLASP after RNAi knockdown (Fig. 8); however,
CLASP localized to plus ends in every case, consistent with the fact
that no phenotypic fingerprints overlapped completely with the
fingerprint of CLASP itself (Fig. 6). Somewhat surprisingly, we did
not observe a phenotype upon knockdown of actin-associated
proteins (e.g., Peanut), Abl signaling pathway components, or the
majority of CLASP-interacting receptors (e.g., Plexin), raising the
question of whether context-specific information (e.g., ligands)
might be essential for the action of some candidates. Notable exceptions included the conserved axon guidance receptor Roundabout
(Robo) and the Robo-associated Abl substrate Ena, a conserved actin
regulator required for Robo receptor signaling (63, 64).
DISCUSSION

Studies of CLASP and several of its binding partners indicate that
CLASP acts via parallel signaling pathways and multiple effectors

populations in this study. The black dashed line indicates the velocity threshold for the backward gap to pause reclassification, assuming symmetry of the gap
velocity distribution around 0. (B) Overlays of the MT tracking corresponding to control (i), Klar dsRNA-treated (ii), and Rab5 dsRNA-treated (iii) cells. Blue
solid lines, linked growth subtracks (compound MT tracks); red solid lines, unlinked growth subtracks (trajectories with no dissociation/reassociation of
EB1-GFP); dashed yellow lines, inferred shrinkage events (backward gaps); dashed cyan lines, inferred pauses (low-velocity forward gaps); green solid lines,
higher-velocity forward gaps (reclassified as out-of-focus EB1-decorated MT growth events.) (C) Individual pause and shrinkage events in control (i), Klar
dsRNA-treated (ii), and Rab5 dsRNA-treated (iii) cells. Cyan, pause initiation sites; dark blue, shrinkage initiation sites; yellow, sites of shrinkage rescue events.
Bars ⫽ 10 m.
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these alterations in MT stability influenced EB1-GFP localization
to the plus end. While EB1-GFP was visible at the plus end 24 and
48 h after Msps dsRNA treatment (Fig. 7E and F), by 72 h, EB1GFP comets failed to localize to MT plus ends (Fig. 7G), likely due
to increased MT stability and a lack of MT polymerization. As a
result, we analyzed Msps dsRNA-treated cells after 24 and 48 h,
when protein levels (as detected by Western blotting; data not
shown) were decreased approximately 50% and 80%, respectively. By
48 h, Msps knockdown resulted in decreased growth lifetimes
(Fig. 7H), consistent with previously published reports of Msps functioning as an MT polymerization factor (23, 24). However, we also
observed a decrease in the frequency of pauses, which contrasts with
previously published data (see Discussion).
We also characterized the knockdown of adenomatous polyposis coli 1 (APC1) and Shortstop (Shot), both of which localize to
the MT plus end. Several alleles of Shot were identified in our
CLASP interactome screen, consistent with its known role in motor and central nervous system (CNS) axon guidance (58, 59).
While APC1 was not identified in the CLASP interactome screen,
it is a ⫹TIP protein that, like CLASP and Shot, is reported to
stabilize MTs and prevent catastrophe (60, 61). Thus, APC1 was
included as a positive control to validate our analysis. APC1
knockdown showed a phenotype consistent with its reported role,
resulting in increased growth speed and the percentage of time
spent in shrinkage (Fig. 6). Knockdown of Shot, a known actin-MT cross-linker, altered MT dynamics and resulted in an increased growth speed and a decreased frequency of pause. Similar
to APC1, these changes, coupled with an increase in shrinkage
length and the percentage of time spent in shrinkage, support a
role for Shot as an MT stabilizer. Interestingly, while genes
grouped on the basis of GO terms (e.g., ⫹TIPs) often showed
similar functional profiles (fingerprints), subtle but mutually exclusive phenotypic variations emerged among members of the
groups. For example, knockdown of two other EB1-associated
⫹TIPs, Clip190 and p150glued, caused a significant reduction in
growth lifetime (Fig. 6). However, knockdown of Clip190 primarily increased the probability of an MT growth trajectory ending in
a pause, while p150glued knockdown increased the shrinkage
speed (Fig. 6), suggesting that the precise MT-regulatory mechanisms of these molecules differ.
We also analyzed TACC, a conserved Msps partner involved in
mitotic spindle assembly and regulation of translation. The TACC
homologs Xenopus Maskin and Caenorhabditis elegans TAC1 localize along spindle MTs, while Drosophila TACC (dTACC) localizes to both astral and spindle MTs (62). TACC function has primarily been implicated in MT regulation during mitosis through
centrosomal recruitment of Msps. During mitosis, TACC is
thought to promote MT stability and assembly via recruitment of
Msps (42). In S2R⫹ cells, TACC knockdown produced a strong
consistent interphase phenotype with a decreased growth speed,
length, and lifetime as well as an increased amount of time spent in
pause (Fig. 6), similar to the Msps phenotype seen at 48 h.

Microtubule Dynamics and the CLASP Interactome

Long et al.

133

Downloaded from http://mcb.asm.org/ on February 18, 2017 by UNIV TEXAS SW MED CTR 904
FIG 5 Criteria used to define screen hits and example results for select experimental days, quantified parameters, and dsRNA treatments. (A) Outline of the
approach used to identify strong modulators of MT dynamics. (B and C) Scatter plots (B) and bar graphs (C) of median growth speed. Data were plotted for each
cell imaged for a sample experimental day. (B) Median growth speed for control dsRNA-treated Drosophila S2R⫹ cells across six arbitrary experimental days. (C)
Percent difference in the mean of the cellular distribution relative to the control for CLASP dsRNA-treated cells. Data are plotted for a subset of measured
parameters of MT dynamic instability: median growth speed per cell (i), median shrinkage speed per cell (ii), and percentage of growth subtracks terminating in
a pause event per cell (iii). Each bar represents the percent difference in the mean of the cellular distribution relative to the control for a given experimental day.
All P values were calculated using a one-tailed permutation t test of the means. *, P ⬍ 0.05; **, P ⬍ 0.01; ***, P ⬍ 0.001. (D) (i) Scatter plot of median growth
speeds per cell on a given experimental day showing the cell-to-cell variability of control and experimental dsRNA-treated cells. Different colors indicate the
different dsRNA treatments. Lines indicate the mean of the cellular distribution for a given treatment. (ii) Percent difference in the mean of the cellular
distribution of a dsRNA treatment relative to the control population for those cellular distributions plotted in panel B.
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FIG 6 Quantitative analysis of MT dynamics using plusTipTracker. Quantitative analysis was performed on 19 different parameters of MT dynamics in S2R⫹ cells
treated with 48 individual dsRNAs targeting CLASP-interacting proteins. All values were compared to those for control dsRNA-treated cells per experimental day, and
the data shown represent the population averages across at least three separate experimental days. Column headings define the individual parameters measured, while
row headings identify the dsRNA tested. Dark green, increases compared to control of 25% or greater; dark pink, decreases compared to control of 25% or greater; light
green and pink, increases and decreases compared to control of 25% or less, respectively. All data shown represent changes compared to control that are statistically
significant. Statistical significance is defined as a P value of ⬍0.05.

to regulate cytoskeletal behavior (7, 11, 14, 23, 65). Our extensive
genetic modifier screens in the fly retina provided a sensitive
means to detect functional interaction with CLASP in vivo (27;
this study), revealing an interactome of over 100 genes, but we

April 2013 Volume 33 Number 8

needed a live-cell time-lapse approach to distinguish interactors
that control MT dynamics from other functions downstream of or
associated with CLASP. In addition to identifying novel regulators
of MT dynamics, this approach offered sufficient resolution to
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FIG 7 Analysis of MT dynamics in S2R⫹ cells treated with Msps dsRNA. (A to D) Antibodies against tyrosinated (green) and detyrosinated (red) tubulin were
used to evaluate the dynamic state of MT in fixed S2R⫹ cells. (A) Cells treated with Msps dsRNA for 3 days showed significant increases in detyrosinated tubulin
immunofluorescence (red) compared to that for the control (C). (B) By 5 days after dsRNA treatment, a visible ring of stable MT (marked by red detyrosinated
tubulin fluorescence) was visible surrounding the entire cell. (C and D) Cells treated for 3 (C) and 5 (D) days with control dsRNA showed populations of dynamic
tyrosinated MT at the cell periphery with more stable detyrosinated MT in the cell cortex. (E) Upon knockdown of the MT ⫹TIP Msps for 24 h, EB1-GFP-positive
comets are visible at the end of growing MT and are able to be tracked and analyzed. (F) By 48 h, the EB1-GFP comets remain visible and are able to be tracked,
although they appear fainter and thinner than they did at 24 h. (G) By 72 h after dsRNA treatment, EB1-GFP comets are not visible in Msps dsRNA-treated cells.
(H) Quantitative analysis was performed on 19 different parameters of MT dynamics in S2R⫹ cells treated with Msps dsRNA for 24 and 48 h. Parameters shown
represent significant differences compared to the control. Statistical significance is defined as a P value of ⬍0.05.
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detect significant phenotypic differences even among genes with
similar functions. Our analysis of nearly 50 genes revealed MTregulatory activity for a large subset of CLASP interactors in S2R⫹
cells (Fig. 9A). On the basis of overlapping functional fingerprints
and GO term relationships, several clusters of proteins linked to
CLASP and MT plus ends emerged from the CLASP network,
including MT ⫹TIPs themselves (CLIP190, p150glued, Shot,
Msps, and TACC), proteins linked to MT-dependent transport
(Klar, Rab5, and Wallenda), and proteins associated with translational regulation (Shot, Kra, TACC, and eukaryotic initiation factor 4E [eIF4E]) (Fig. 9B to D).
CLASP-interacting MT ⴙTIPs. The most immediate partners
of CLASP are other ⫹TIPs known to colocalize at MT plus ends
and regulate aspects of MT dynamics and/or MT association with
other cellular structures. The ⫹TIP complex is highly multifunctional; not only are many ⫹TIPs linked downstream to a diverse
array of effector proteins, but also each effector protein often has
multiple functions (46). Knockdown of two EB1-associated
⫹TIPs that did emerge as genetic modifiers of CLASP, Clip190
and p150glued, exhibited changes in growth lifetime, consistent
with previous data, suggesting that, like CLASP, these proteins
suppress MT catastrophe (55, 66). However, the level of quantitative resolution afforded by our assay demonstrated that while
p150glued primarily affects the rate of MT disassembly, Clip190
seems to inhibit MT pausing. This suggests that these CLASP interactors act in analogous but mechanistically distinct ways to
regulate MTs.
An additional CLASP-interacting ⫹TIP useful for assay vali-
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dation was Msps, a well-known MT polymerase that promotes
MT assembly and elongation during both mitosis and interphase
(24, 67, 68). Overall, our data confirm observations made in previous studies of both vertebrate and invertebrate members of the
XMAP215/TOG family and support a role for Msps in promoting
MT polymerization (67, 68). In addition to enhancing MT assembly, it has also been suggested that XMAP215 family members also
act as depolymerization factors in multiple species, including
Xenopus spp. (69) and Saccharomyces cerevisiae (20). Previous
studies in S2R⫹ cells put forth the hypothesis that Msps may
regulate the transition between growth and shrinkage as an antipause factor, because depletion of Msps dramatically increases
MT pausing and bundled MTs (30). Consistent with these results,
we found increased relative MT stability in fixed S2R⫹ cells after 3
to 5 days of knockdown (Fig. 7A and B). However, under more
acute Msps knockdown at 48 h, we found decreased MT pausing,
along with decreased growth parameters predicted for a key MT
polymerase (Fig. 7H). The contrast in pausing behavior at early
and late time points raises the intriguing possibility that distinct
Msps functions with different concentration thresholds exist. Recent evidence suggests that Msps may regulate several aspects of
dynamic instability via interactions with the MT, both at the plus
end and along the lattice, and that both interactions are required
for normal dynamic instability (25). Thus, it is also possible that
these multiple roles of Msps, as a polymerase, depolymerizing
factor, and a stabilizing factor facilitating the transition between
these phases, are regulated in part by Msps localization along the
MT in a region-specific manner within the cell, not unlike the
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FIG 8 Localization of CLASP-GFP at the MT plus end. Immunofluorescence for antitubulin and CLASP-GFP in S2R⫹ cells was used to determine if any of the
hits in our ex vivo screen influences the MT ⫹TIP localization of CLASP. The 33 candidate interactors that showed significant MT phenotypes were evaluated for
plus-end CLASP localization. Representative images of nine candidates, including the ⫹TIPs and those showing the strongest MT phenotypes, show that CLASP
localization to the MT plus end was unchanged for all candidates tested. Bars ⫽ 2 m.
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mately 1/2 showed significant alterations in MT behavior upon knockdown. In addition to genetic and physical interactions with CLASP, several cytoskeletonassociated proteins are known to interact with each other, in addition to CLASP, supporting a role for CLASP as a coordinating node during MT regulation. Red
lines, genetic interaction; purple lines, interaction supported by both genetic and proteomic data; black lines, previously identified interactions. Significant
loss-of-function alterations in MT dynamics were apparent in several ontological networks, including MT ⫹TIPs (B), signaling/transport components (C), and
translational regulators (D). Green shading, increased dynamic instability upon knockdown; pink shading, decreased dynamic instability upon knockdown.

behavior of vertebrate CLASP in nonneuronal cells (e.g., see reference 7).
During mitosis, proper Msps localization and function require
recruitment by the conserved MAP TACC (41, 42, 62). At the
centrosome, the Msps-TACC complex localizes to both the plus
and minus ends of MT to influence stability and assembly (41, 42).
In the yeast Schizosaccharomyces pombe, TACC functions as an
MT cross-linker and influences MT stability by promoting MT
bundling (70). Our data are the first to report a role for TACC in
modulating dynamic instability, and similar to the loss of Msps,
TACC knockdown in S2R⫹ cells decreased parameters corresponding to MT growth (speed, lifetime, and length) (Fig. 6 and
9A). In contrast to mitosis, during interphase, TACC is not required for Msps localization to the plus end (24). Together, these
observations raise the intriguing possibility that TACC regulation
of interphase MT behavior is Msps independent, likely by promoting MT assembly and elongation at the plus end.
CLASP interactors linked to MT-dependent transport and
signaling. Several CLASP-interacting motor proteins or motorassociated proteins also altered MT behavior in S2R⫹ cells. Interactions between CLASP and dynein are important in MT regulation in both yeast and Drosophila cells, although the functional
relationship between these two molecules depends on the mitotic
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state of the cell (11, 71). Thus, it is possible that the influence of
MT motors on dynamic instability relies, at least in part, on additional MT-localized motor-associated proteins. For example,
Klarsicht (Klar) interacts with both MTs and dynein and is required for proper nuclear positioning in Drosophila photoreceptor cells in a manner identical to that of p150glued (72). Klar is
also required for bidirectional lipid transport along MTs, suggesting that it may interact with both dynein and kinesins (73). Our
data now for the first time implicate Klar upstream of MT dynamics and suggest that Klar stabilizes MTs as a negative regulator of
rescue and pause. Interestingly, Klar’s robust functional fingerprint was nearly identical to that of the small GTPase Rab5, best
known for its role in early endosome formation. Rab5 is implicated in chromosome alignment during mitosis, interacts with
both dynein and MTs (74), and promotes actin remodeling during receptor tyrosine kinase-mediated circular ruffling, acting as a
signaling GTPase (75). The functional profiles of both Rab5 and
Klar are consistent with an observed change in the ratio of compound to single tracks (Fig. 6 and 9B), indicating that knockdown
of these proteins increases the probability for rescue. Hence, we
hypothesize that both endogenous Rab5 and Klar stabilize MTs as
inhibitors of rescue and pause events and may function in a shared
signaling pathway.
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FIG 9 Loss-of-function phenotypes within functional nodes of the CLASP interactome. (A) Of the 48 CLASP interactors investigated in this study, approxi-
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In addition to the overlap in Rab5 and Klar phenotypes, other
lines of evidence connect and implicate these CLASP interactors
in a MT rescue mechanism. For example, Rab5 regulates the activity of c-Jun N-terminal kinase (JNK) during neuronal migration (76). JNK is involved in MT dynamics during axonal transport via interactions with kinesin-1 to promote MT growth,
elongation, and rescue (77). An additional upstream regulator of
JNK, Wallenda, regulates the linkage between kinesin and its cargo
during axonal transport, likely via JNK activation (78). In S2R⫹
cells, Wallenda knockdown suggests that endogenous Wallenda
also acts to inhibit MT rescue. Therefore, the overlapping fingerprints of MT-regulatory activity observed for Klar, Rab5, and
Wallenda may parallel a theme of linkage between JNK, MT motors, and transport. The finding that Klar and Rab5 fingerprints
also overlap significantly with the fingerprint of Robo, a receptor
clearly linked to CLASP function (58), raises the intriguing possibility that MT rescue is inhibited by basal or constitutive activation of Robo receptors by a low level of Slit ligand.
Translational regulatory interactors in the CLASP network.
One conspicuous set of novel CLASP interactors from our genetic
screens was translational regulators (Fig. 1 and 9C). Rapid and
local protein synthesis is required for the directional response to
axon guidance cues (79–81), and both translation initiation and
elongation factors physically bind to the cytoskeleton as an organizational scaffold (82, 83). Thus, we added several candidates to
our screen to test the link between translational control and MT
regulation. For example, the translation initiation factor eIF4E
interacts with TACC/Maskin to regulate translation during mitosis (84) and with the Robo- and Shot-interacting gene Krasavietz
(Kra) during axon guidance (58). In Drosophila embryos, Kra,
eIF2␤, and Shortstop (Shot) form a ternary complex that interacts
with actin for proper chemorepulsion at the CNS midline (58, 83).
The EB1-associated actin-MT cross-linker Shot (85, 86) was one
of our strongest and most consistent hits, displaying a functional
profile similar to that of other known MT stabilizers, including
CLASP. Kra knockdown produced a significant phenotype in
S2R⫹ cells with a reduced frequency of pause events while at the
same time increasing shrinkage lifetime. Thus, Kra appears to stabilize MTs by promoting MT pause at the expense of shrinkage,
which closely matches the Shot phenotype (Fig. 6 and 9C). However, knockdown of eIF4E showed a relatively subtle effect in our
assay. This suggests that Kra and TACC regulate MT dynamics in
S2R⫹ cells via principally nonprotein synthesis-dependent mechanisms, raising the possibility that the translational effectors
linked to CLASP mediate downstream control of other outputs
for the MT ⫹TIP complex, such as actin regulation or signaling.
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SUMMARY

Positioning of centrosomes is vital for cell division
and development. In metazoan cells, spindle positioning is controlled by a dynamic pool of subcortical
actin that organizes in response to the position
of retraction fibers. These actin ‘‘clouds’’ are proposed to generate pulling forces on centrosomes
and mediate spindle orientation. However, the motors that pull astral microtubules toward these
actin structures are not known. Here, we report that
the unconventional myosin, Myo10, couples actindependent forces from retraction fibers and subcortical actin clouds to centrosomes. Myo10-mediated
centrosome positioning requires its direct microtubule binding. Computational image analysis of large
microtubule populations reveals a direct effect of
Myo10 on microtubule dynamics and microtubulecortex interactions. Myo10’s role in centrosome
positioning is distinct from, but overlaps with, that
of dynein. Thus, Myo10 plays a key role in integrating
the actin and microtubule cytoskeletons to position
centrosomes and mitotic spindles.

INTRODUCTION
The regulated positioning of centrosomes within cells has essential roles in tissue homeostasis, morphogenesis, and the specification of cell fate during development (McNally, 2013; Morin and
Bellaı̈che, 2011). In symmetrically dividing cells, centrosome
positioning centers the mitotic spindle, which is important for
maintaining normal daughter cell size (Kiyomitsu and Cheeseman, 2013). Centrosome and spindle positioning is also important for asymmetric cell divisions, which control some cell fate
decisions during development and are required for stem cell
maintenance (McCaffrey and Macara, 2011; Morin and Bellaı̈che, 2011; Siller and Doe, 2009). Defects in spindle positioning
are implicated in developmental defects and tumorigenesis
(McCaffrey and Macara, 2011; Pease and Tirnauer, 2011).
Centrosome positioning is controlled by mechanisms that
differ between cell types. In the simplest case, pushing forces
from polymerizing microtubules can center asters in cell frag-

ments (Rodionov and Borisy, 1998) and microfabricated chambers (Laan et al., 2008), or nuclei in the fission yeast, S. pombe
(Chang and Martin, 2009).
Most commonly, pulling forces on astral microtubules that
originate near the cell cortex or from within the adjacent cytoplasm are critical for centrosome positioning (Goshima and
Scholey, 2010; McNally, 2013; Minc et al., 2011). Spindle-cortex
interactions are best understood in budding yeast, where two
mechanisms work in parallel to pull astral microtubules into the
daughter cell (Pearson and Bloom, 2004; Siller and Doe, 2009).
A first budding yeast mechanism involves a complex of proteins
at the plus ends of astral microtubules that binds a type V
myosin, which then transports the astral microtubule along
polarized arrays of actin cables. A second mechanism is actinindependent and is mediated by the microtubule motor dynein.
In mammalian cells, dynein is also a major cortical force generator that mediates spindle orientation. The functional importance
of dynein for spindle positioning is established in many studies
(McNally, 2013; Morin and Bellaı̈che, 2011; Siller and Doe,
2009). During interphase, dynein can mediate end-on attachment of microtubules to the cell cortex, with force generation
coupled to microtubule depolymerization (Laan et al., 2012; Yi
et al., 2013). Dynein can also mediate lateral attachment of microtubules to the mitotic cell cortex that generates sliding of
microtubule ends along the cortex (Adames and Cooper, 2000;
Gusnowski and Srayko, 2011). The cortical distribution of dynein
can be regulated by external cues (Morin and Bellaı̈che, 2011;
Siller and Doe, 2009) or by signals from the spindle or the chromosomes (Kiyomitsu and Cheeseman, 2012).
Like in budding yeast, spindle positioning in mammalian cells
requires the actin cytoskeleton (Kunda and Baum, 2009), but
the underlying molecular mechanism, including possible roles
for actin-based motors, is less well understood. An important
effect of actin is indirect: F-actin is required to maintain cortical
rigidity that prevents end-on microtubule attachments from pulling strands of plasma membrane into the cytoplasm (Kunda and
Baum, 2009; Redemann et al., 2010). In some cell types, asymmetric contraction of the cortical actomyosin network may pull
on attached astral microtubules, facilitating the positioning of
mitotic centrosomes (Rosenblatt et al., 2004). Actin also indirectly affects dynein function by maintaining cortical localization
of LGN, a cortical recruitment factor for dynein (Zheng et al.,
2013). Finally, prior work has implicated the microtubule-binding myosin Myo10 in spindle positioning (Liu et al., 2012;
Toyoshima and Nishida, 2007; Weber et al., 2004); however,
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Figure 1. Myo10 Is a Retraction Fiber Protein Required for Centrosome Positioning
(A) Immunolocalization of Myo10 in HeLa cells plated on FN patterns (insets show Y pattern geometry). The red box shows a higher magnification view of Myo10
puncta along retraction fibers. The cell body signal of Myo10 is over-exposed to enable visualization of Myo10 signal at retraction fibers.
(B) Co-enrichment of Myo10 and subcortical actin at the mid-cortex. The left image shows a schematic of a cell plated on a FN-bar pattern, side view. The right
image shows a Z-focal plane series (0.5 mm steps) from HeLa cells labeled to detect actin (left), GFP-Myo10 (middle), and Myo10 (right). The yellow and green
boxes indicate the planes of retraction fiber (RF) and the mid-cortex, respectively.
(legend continued on next page)
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whether Myo10 affects spindle orientation directly or indirectly
has been unclear.
Although the molecular mechanisms by which the actin cytoskeleton controls spindle position are not well understood in
mammalian cells, significant progress has been made in identifying the relevant actin structures. Mitotic actin-dependent pulling forces originate from retraction fibers, which are cytoplasmic
extensions that link rounded mitotic cells to sites of strong cell
matrix adhesion (Mitchison, 1992; Théry and Bornens, 2006).
Because retraction fibers control spindle orientation, the position
of retraction fibers can determine the plane of cell division. This
has been demonstrated most elegantly by experiments in which
fibronectin micropatterns are used to manipulate the position of
retraction fibers (Fink et al., 2011; Théry et al., 2007). In cells with
multiple centrosomes, retraction fibers either force cells into
multipolar divisions or force the clustering of centrosomes to
generate bipolar division, depending on the position of the
retraction fibers (Kwon et al., 2008). Thus, mitotic cortical pulling
forces concentrate near retraction fibers. Recent work suggests
that the assembly of subcortical ‘‘actin clouds’’ is required for
pulling forces on centrosomes toward retraction fibers. Actin
clouds are migrating pools of subcortical actin that extend
from the plasma membrane into the cytoplasm, concentrating
near retraction fibers (Fink et al., 2011; Mitsushima et al.,
2010). Together, these findings suggest a model where cortical
regions with attached retraction fibers organize the adjacent
cytoplasm by controlling a dynamic subcortical actin network.
This network then concentrates force-generating molecules
that pull on astral microtubules.
Here, we demonstrate that Myo10, an unconventional microtubule-binding myosin (Weber et al., 2004), is required to orient
centrosomes and spindle poles toward actin clouds and retraction fibers. Our data indicate that direct binding to microtubules
is critical for Myo10’s role in centrosome positioning. By
computational image analysis, we demonstrate that Myo10
regulates astral microtubule dynamics and is required for
end-on cortical microtubule interactions prior to anaphase.
These Myo10 effects are distinct from those of dynein, which
we find overlaps with Myo10 for spindle positioning in mammalian cells.
RESULTS
Myo10 Is Required to Orient Centrosomes toward
Retraction Fibers
Force generators that orient centrosomes toward the mitotic
retraction fiber regions should be present near retraction fibers
and/or within the associated subcortical actin clouds; and they
should be necessary for orienting centrosomes toward retrac-

tion fibers. Ideally, such proteins could also be motor proteins
that directly or indirectly bind both actin and microtubules.
Motivated by prior work and the results of our genome-wide
RNAi screen (Kwon et al., 2008; Toyoshima and Nishida,
2007; Weber et al., 2004), we explore here whether the unconventional microtubule-binding myosin Myo10 is such a force
generating protein.
During interphase, Myo10 concentrated at sites of cell-matrix
adhesion, often in filopodia (Figure 1A, left), as expected from
previous studies (Kerber and Cheney, 2011). During mitosis,
Myo10 concentrated in retraction fibers (Figure 1A, right), a
finding that was independently confirmed by monitoring GFPMyo10 localization in three different cell types (Figures 1B
and S1A–S1C). In addition to its retraction fiber localization,
Myo10 also accumulated asymmetrically at the mid-cortex
where asymmetrically positioned subcortical actin clouds
assembled (Figure 1B, see planes 7–9).
Experiments using fibronectin (FN) micropatterns demonstrated that Myo10 is required to position centrosomes toward
retraction fibers. It is known that retraction fibers control mitotic
centrosome positioning in cells with a normal number of centrosomes (Théry et al., 2007). On L-shaped FN patterns, as expected, control U2OS cells oriented their spindles such that
the poles were typically positioned between the adhesive regions of the pattern, at an 135 degree angle with respect to
the horizontal portion of the ‘‘L’’ (a, Figure 1C). By contrast,
depletion of Myo10 led to significant impairment of spindle orientation with respect to the adhesive pattern (Figures 1C, 1D, and
S1D). Ectopic expression of small interfering (si)RNA-resistant
GFP-Myo10 rescued this defect, demonstrating the specificity
of the knockdown effect (Figures 1D and S1D).
In addition to their role in normal spindle positioning, retraction fibers also control the clustering of multiple centrosomes
in cancer cells with centrosome amplification (Kwon et al.,
2008). Some cancer cells have the capacity to cluster extra
centrosomes (e.g., U2OS cells). In permissive cell types, the
clustering of multiple centrosomes provides an independent
assay for retraction fiber-mediated centrosome positioning.
We therefore induced extra centrosomes in U2OS cells by
transient overexpression of the kinase Plk4 (Kleylein-Sohn
et al., 2007); these cells undergo bipolar or multipolar divisions,
depending (in part) on the position of their retraction fibers
(Kwon et al., 2008). When such cells are directly plated onto
coverslips, without manipulating the position of retraction fibers, most cells with extra centrosomes cluster their centrosomes and assemble pseudo-bipolar spindles. We found that
Myo10 is required for this centrosome clustering, consistent
with the hypothesis that it could mediate forces from retraction
fiber regions on centrosomes (Figures S1E–S1G).

(C–F) Requirement of Myo10 for spindle orientation (C and D) and the positioning of multiple centrosomes (E and F).
(C) Time-lapse series of control and Myo10-depleted U2OS cells expressing GFP-H2B on FN-L patterns. Time is the minutes from nuclear envelope breakdown
(NEBD, t = 0) and a is the angle of the anaphase cell division axis.
(D) Percentage of cells that divide within ±10 degrees of the median angle of 135 degrees, obtained from Figure S1D (a = 135 ± 10, ***p < 0.003, non-parametric
Student’s t test, and three experiments).
(E) Images from a time-lapse series in U2OS cells expressing GFP-H2B that contain extra centrosomes after transient overexpression of Plk4 (Movies S1 and S2):
interphase, mitosis, and cartoon of experimental findings (red: RFs).
(F) The percentage of multipolar anaphases in the indicated conditions (***p < 0.003, non-parametric Student’s t test, and three experiments). The scale bars
represent 10 mm. See also Figure S1. All error bars represent mean ± SEM.

Developmental Cell 34, 1–15, August 10, 2015 ª2015 Elsevier Inc. 3

Please cite this article in press as: Kwon et al., Direct Microtubule-Binding by Myosin-10 Orients Centrosomes toward Retraction Fibers and Subcortical Actin Clouds, Developmental Cell (2015), http://dx.doi.org/10.1016/j.devcel.2015.06.013

145

Clustering of multiple centrosomes, and the consequent
pseudo-bipolar division, can be overridden by directly manipulating the position of retraction fibers. On a Y-shaped FN pattern,
cortical forces pulled centrosomes toward the retraction fibers at
the tips of the ‘‘Y,’’ resulting in tripolar cell division 45% of the
time (Figure 1E, upper, and Movie S1). In this case, interfering
with the actin-based pulling forces on centrosomes releases tension, allows pseudo-bipolar spindles to form, and increases the
fraction of cells that undergo bipolar divisions. Indeed, after
knockdown of Myo10, the cell division axis was decoupled
from the position of retraction fibers (Figure 1E, bottom, and
Movie S2), and most cells underwent bipolar division (Figure 1F).
We note that the requirement of Myo10 for centrosome positioning in mammalian cells cannot be explained by the effect of
Myo10 on centrosome number or spindle pole integrity (Figures
S1H and S1I) (Kwon et al., 2008; Liu et al., 2012; Toyoshima and
Nishida, 2007), unlike what is reported for amphibians (Weber
et al., 2004; Woolner et al., 2008). Thus, multiple assays suggest
that Myo10 is required for cortical pulling forces to position centrosomes at or near retraction fibers.
Myo10 Is Not Required for Normal Cell-Matrix Adhesion
or for Retraction Fiber Assembly
The function of Myo10 in mitotic centrosome positioning is
independent of the requirement for Myo10 in retraction fiber
assembly, mitotic cell rounding (Figures 2A and S2A–S2D), and
assembly of subcortical actin (Figures 4, S4, 5, and S5; see
next section). Myo10 depletion led to no detectable defects in
mitotic cell rounding (Figure S2D), in contrast with one previous
report (Toyoshima and Nishida, 2007), and no detectable defects
in the morphology or organization of subcortical actin.
Because Myo10 transports a5b1 integrin along filopodia via
its FERM domain (Zhang et al., 2004), we examined the effect
of Myo10 depletion on integrin signaling (Figures 2B and 2C).
Both the Src and FAK kinases were fully activated in multiple
cell lines after Myo10 depletion (Figures 2B, 2C, and S2E),
although a small, but reproducible, delay in FAK activation
was evident at the 1 hr time point (Zhang et al., 2004). Likewise,
in cells plated on FN micropatterns, recruitment of paxillin to
focal adhesions was also unaffected by Myo10 depletion (Figures 2D and 2E). Thus, Myo10 depletion does not detectably
affect retraction fiber assembly, mitotic rounding, or integrin
signaling.
Microtubule Binding by Myo10 Is Required for
Centrosome Positioning
Myo10 is a processive actin motor that binds microtubules
through the MyTH4 domain located in its tail (Kerber and Cheney, 2011; Weber et al., 2004) (Figure S1B). Although the motor
domain of Myo10 (Myo10-HMM) was sufficient for its localization
to retraction fibers (Figures S1B and S1C), expression of the isolated motor domain did not rescue the centrosome-clustering
defect in Myo10 knockdown cells (Figure S1E). Likewise, the
Myo10 tail domain (PH-MyTH4-FERM) on its own was not able
to complement the depletion of Myo10 (Figure S1E). Centrosome positioning by Myo10, therefore, requires both its actinbinding motor and microtubule-binding tail domains.
Other interaction partners of the Myo10 tail could also be
important for centrosome positioning (Kerber and Cheney,
4 Developmental Cell 34, 1–15, August 10, 2015 ª2015 Elsevier Inc.

2011; Liu et al., 2008; Woolner and Bement, 2009). This not
only includes FERM domain interactions with integrins, but
also microtubule regulators (Katanin and TPX2), actin regulators (Ena and VASP), and regulators of cell polarity (aPKC).
Previous studies were not able to discriminate the effects of
microtubule-binding from the effects of these other interactions
(Woolner and Bement, 2009) (Figure S1E). However, a recent
X-ray structure identified specific residues (K1647 and K1650)
within the MyTH4 domain that are essential for direct binding
to the acidic carboxy-terminal tubulin tail (Hirano et al., 2011;
Wei et al., 2011; Wu et al., 2011) (Figure S3A, asterisks in the
red box). This enabled us to generate the Myo10-KK-DD point
mutation construct (Figures 3A and S3A) that specifically disrupts microtubule lattice-binding without altering the interaction
of Myo10 with FERM domain-binding cargo (Hirano et al.,
2011).
Imaging experiments demonstrated that the Myo10 microtubule-binding site mutations, including deletions that completely
lack the MyTH4 domain, had no effect on Myo10’s localization
to filopodia or retraction fibers (Figures 3A and 3B). However,
complementation with siRNA-resistant constructs demonstrated that Myo10 microtubule-binding is critical for centrosome positioning (Figures 3C and S3B–S3D). In cells plated
on FN-L patterns, neither MyTH4 deletion nor the Myo10-KKDD point mutant rescued the spindle orientation defect resulting from Myo10 knockdown (Figures 3C and S3C). The failure
of the mutants to complement cannot be explained by defects
in expression or localization (Figures 3B, upper, and S3B).
Similar results were obtained for the microtubule-binding deficient mutants in the multiple centrosome-clustering assay (Figures 3B, bottom, and S3D). Collectively, these data suggest
that direct microtubule lattice-binding by Myo10 is critical for
its ability to position centrosomes in response to cortical forces
(Figure S3E).
Myo10 Is Required for Spindle Orientation Relative to
Subcortical Actin Clouds
Although localization of subcortical actin clouds is strongly
correlated with centrosome positioning (Fink et al., 2011), the
molecular connection between the actin clouds and the astral
microtubules and/or centrosomes is not known. To test the
idea that Myo10 is this link, we first quantified its localization relative to the position of the actin clouds. The density of Myo10 at
the cell cortex corresponded to the distribution of the underlying
subcortical actin clouds (Figures 4A–4D). This was clearly
apparent in HeLa cells plated on bar-shaped FN patterns that
accentuate the asymmetrical accumulation of the actin clouds
at the mid-cortex (Figures 4A–4D).
Next, we investigated whether Myo10 is required to form the
subcortical actin clouds. F-actin was visualized by phalloidin
staining in cells plated on FN-bar patterns (Figures 4E–4G). As
expected (Fink et al., 2011), subcortical actin concentrated on
one (unipolar distribution) or both (bipolar) sides of the FN bar
in the majority (80%) of control cells, but was homogenously
distributed in the remaining 10%–20% of the cells (Figures 4E,
4F, S4A, and S4B). Importantly, depletion of Myo10 had no
effect on either the formation or polarization of subcortical actin
(Figures 4F and S4D), but led to a 4-fold decrease in the
ability of cells to align their spindles with unipolar subcortical
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Figure 2. Myo10 Inhibition Does Not Disrupt Retraction Fiber Formation or Cell Adhesion
(A) The left image has immunofluorescence images showing normal retraction fiber (RF) morphology during prometaphase, metaphase, and telophase of control
or Myo10-depleted HeLa cells plated on L-patterns. The cells were stained for microtubules, actin, and DNA. The dotted lines show the pole-to-pole spindle axis.
The right image shows no difference in length (top) and number (bottom) of RFs in both adhesive (Ad) and non-adhesive (Non-Ad) regions upon control or Myo10
RNAi (n = 20 cells from three experiments, ***p < 0.0001, and non-parametric Student’s t test, not significant: NS) (mean ± SEM).
(B and C) Comparable level of activation and distribution of downstream effectors of integrin-mediated adhesion signaling after Myo10 depletion in RPE-1 cells.
The two independent Myo10 siRNAs were used.
(B) Western blots showing steady-state Src and FAK activation (left, 24 hr post-attachment) and the kinetics of activation (right, 1, 5, and 18 hr post-attachment).
The positive controls show decreased FAK and Src activation after treatment with Src (PP2) or FAK (PF573228) inhibitors or by microtubule-regrowth-mediated
focal adhesion disassembly, Nocodazole (Noc) release (Ezratty et al., 2005).
(C) Immunofluorescence images of pFAK (Y397), a-tubulin, and DNA staining in control or Myo10-depleted cells. The Noc treatment (microtubule-depolymerization-induced focal adhesion assembly) and 1 hr post-Noc release (microtubule-regrowth-mediated focal adhesion disassembly) serve as positive and negative
controls for FAK activation.
(D and E) No defects in focal adhesion protein distribution in control or Myo10-depleted RPE-1 cells plated on FN-H patterns.
(D) Immunofluorescence image of a cell stained for paxillin and DNA 5 hr post-attachment. The two yellow dotted boxes corresponding to the adhesive surfaces
of cells on the H pattern were segmented (bottom image) for paxillin signal.
(E) Corresponding quantitation of the area and integrated fluorescence intensity of paxillin islands (D) in the indicated conditions (n = 15 cells per condition from
two experiments). The scale bar represents 10 mm. See also Figure S2.

actin (Figures 4G and S4C). Thus, Myo10 is essential to orient
centrosomes with subcortical actin, but is not required to
assemble these actin structures (Figure 4E).
Live-cell imaging confirmed a key role for Myo10 in coordinating centrosome movement with the local positioning of

actin clouds (Figures 5 and S5). Subcortical actin dynamics
were visualized by GFP-tagged calponin homology (CH)
domain of utrophin (GFP-Utr-CH), a fluorescent F-actin binding protein (Mitsushima et al., 2010; Woolner et al., 2008). Imaging of cells expressing GFP-Utr-CH and mCherry-tubulin
Developmental Cell 34, 1–15, August 10, 2015 ª2015 Elsevier Inc. 5
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Figure 3. Direct Binding of Myo10 to Microtubules Is Required for Centrosome Positioning
(A) Schematic of mCherry-tagged Myo10 constructs used in siRNA-rescue experiments.
(B) Expression and localization of the indicated mCherry-tagged Myo10 constructs in cells expressing GFP-H2B. The top panels are from time-lapse images of
control and Myo10-depleted U2OS cells on FN-L patterns. The insets have enlarged views showing retraction fiber localization of Myo10 constructs in yellow
boxed regions. The right graph shows the corresponding mCherry fluorescence quantitation. The bottom image shows the normal localization of the indicated
Myo10 constructs to filopodia (top: inverted images) and retraction fibers (bottom) in the cells with extra centrosomes. The percentage of cells with proper Myo10
localization is indicated.
(C) Requirement of Myo10 microtubule-binding, but not its cargo-binding, for spindle orientation on FN-L patterns. The spindle orientation analysis was done as in
Figures 1C and 1D (***p < 0.001, non-parametric Student’s t test, and three experiments). The scale bar represents 10 mm (mean ± SEM). See also Figure S3.

showed that, during oscillatory spindle movements, spindle
poles move toward subcortical actin clouds after a time lag
(Figure 5A, left, and Movie S3), as reported (Fink et al.,
2011). The correlated pole movement toward actin clouds
was confirmed in kymographs (Figures 5B and S5). Strikingly,
spindle pole movement toward actin clouds was largely
dependent upon Myo10 (Figures 5A, 5B, and S5), consistent
with the above analysis of fixed cells (Figures 4E–4G and
S4). Although Myo10 depleted cells had no detectable defects
in the polarization and movement of subcortical actin clouds
(Figure 5A), they did show a significant decrease in the fre6 Developmental Cell 34, 1–15, August 10, 2015 ª2015 Elsevier Inc.

quency and velocity of pole movement toward actin clouds
(Figures 5B, middle, S5B, and S5C and Movie S3). This effect
of Myo10 depletion was mirrored by that of Arp2/3 inhibition,
which completely disrupts actin clouds (Figures 5A, 5B, S5B,
and S5C and Movie S3) without affecting retraction fibers (Mitsushima et al., 2010). Actin clouds and Myo10 are also
required for spindle orientation in cells plated on FN-L patterns
(Figure 5C). Thus, Myo10 is not essential for actin cloud
assembly, but is vital for forces that move centrosomes toward actin clouds during spindle oscillations and spindle
orientation.
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The Effect of Actin and Myo10 on Astral Microtubule
Dynamics
Despite numerous studies on the role of the actin cytoskeleton in
spindle orientation (Kunda and Baum, 2009; Sandquist et al.,
2011), how the actin cytoskeleton affects astral microtubule
dynamics during mitosis has not been systematically examined.
To determine the effect of actin disassembly or Myo10 knockdown on microtubule dynamics, we used spinning disc confocal
microscopy of cells expressing GFP-EB3, a microtubule plus
end binding protein that forms comets on growing microtubules
(Figures 6 and S6). Comet trajectories were recorded using the
plusTipTracker software (Applegate et al., 2011; Matov et al.,
2010), enabling unbiased analyses of tens of thousands of microtubules for a given condition. The method yields direct measurements of microtubule growth speeds and growth lifetimes
and includes an algorithm to infer shrinkage events from spatially
collinear growth events (Figure 6A and Movie S4). To achieve
high spatio-temporal resolution, we employed single focal plane
imaging at the mid-cortex in Z near the spindle poles, where actin
clouds accumulate. Because Myo10 is essential for mitotic
centrosome positioning in multiple cell lines (Figures 1C–1E,
S2A–S2C, 3, 4E–4G, and 5), we selected RPE-1 cells, whose
flat morphology enabled robust automated analysis of microtubule dynamics.
After actin depolymerization with Latrunculin A (LatA), astral
microtubules grew and shrank significantly faster, and had
shorter growth lifetimes, than in control cells (Figures 6B and
S6A; permutation t test, ***p < 0.0001, and **p < 0.02). This
effect was also evident when pooling the data for control and
experimental conditions, followed by unbiased segmentation
using K-means clustering of populations of cells with highly dynamic (fast-growing/shrinking and short lifetime-high frequency
switching), and less dynamic (slow-growing/shrinking with
longer lifetime-low frequency switching) microtubule behavior
(Figure 6C). The increase in microtubule dynamics was dependent on the dose of LatA (Figure S6B). These findings thus reveal
that interactions with the actin cytoskeleton suppress the dynamicity of astral microtubules during mitosis.
Next, we determined the effect of Myo10 depletion on astral
microtubule dynamics (Figures 6B, 6C, and S6A). Overall,
Myo10 knockdown (red) increased astral microtubule dynamics
in a manner that was similar to that of LatA treatment (yellow),
although to a slightly lesser extent. By contrast, treatment of cells
with blebbistatin (green), a specific myosin II ATPase inhibitor,
had little effect on microtubule growth and shrinkage speeds,
despite the decrease in microtubule growth lifetime (Figures
S6A and S6B). Thus, the distinct effect of Myo10 on microtubule
dynamics cannot be simply explained by a general defect in
actomyosin contractility.
The effect of Myo10 on astral microtubule dynamics requires
microtubule-binding. After Myo10 knockdown, add-back of the
Myo10 point mutant (KK-DD, open red circles), which is deficient
in microtubule-binding, had an effect on astral microtubule dynamics that was similar to that of the Myo10 knockdown (Figures
6D and S6C). Moreover, Myo10 knockdown predominantly
affected astral microtubule dynamics (Figure S6D): Kymograph
analysis of spindle microtubules, where single particle tracking
of comets is inaccurate, showed no detectable effect of Myo10
knockdown on microtubule growth. These results suggest that

Myo10 directly mediates interactions of astral microtubules
with the actin network in vivo and modulates their dynamics.
The Effect of Actin and Myo10 on Astral Microtubule
Cortical Interactions
Next, we determined whether Myo10 is required for astral
microtubule ends to interact with the cell cortex. We developed
software to make quantitative measures of cortical-microtubule
interactions during mitosis. We analyzed the lifetime of EB
comets in a 1 mm wide band from the cell boundary (Figure 6E;
see Supplemental Information for details). The microtubule
cortical dwell time was measured as the time that the EB3 comet
persisted within a 200 nm radius around each microtubule trajectory end point. Actin disruption or Myo10 depletion diminished
the cortical dwell time during metaphase (Figure 6E, bottom
left). This effect was not due to faster dissociation of EB3 from
microtubule plus ends (Figure S6E; see Supplemental Information for details), validating the use of EB3 to visualize microtubule
ends and measure cortical dwell time. LatA-treated or Myo10depleted cells also exhibited significantly higher frequency of
contact between astral microtubules and the cell cortex relative
to control cells (Figures 6E, upper, and S6F), consistent with the
increased microtubule dynamicity in these cells (Figure 6C).
Importantly, cells that express the microtubule-binding deficient
point mutants (Myo10-KK-DD) displayed similar microtubulecortical interactions as LatA-treated or Myo10 knockdown cells
(Figure 6E, bottom right). Together, these results show that the
microtubule-binding activity of Myo10 facilitates interactions between astral microtubules and the cell cortex.
Overlapping Roles of Myo10 and Dynein
We observed two modes of astral microtubule interactions with
the cell cortex that are broadly similar to findings previously reported in budding yeast (Adames and Cooper, 2000; Pearson
and Bloom, 2004). Some astral microtubules approached the
cell edge directly, before stalling or undergoing catastrophe
(hereafter referred to as ‘‘end-on microtubules,’’ Figure 7A,
blue), whereas others appeared to slide along the cell edge
(hereafter referred to as ‘‘lateral sliding microtubules,’’ red). We
developed software that distinguishes between these two types
of microtubules (Figures 7A and S7A and Movie S5). A cortical
microtubule was defined as undergoing lateral sliding when it
grew for >0.7 mm within the 1 mm wide cortical band and maintained a terminal direction of motion roughly parallel to the cell
edge (Figure S7A; see Supplemental Information for details). All
other cortical microtubules that traveled a significant distance
within the cortical band (>0.3 mm) were defined as end-on interacting. Consistent with observations in C. elegans (Gusnowski
and Srayko, 2011), we observed few lateral sliding events in
pre-anaphase cells, when the spindle pole is relatively far from
the cell cortex; however, lateral sliding became relatively
frequent post-anaphase, when the poles are in close proximity
to the cortex. To directly compare the impact of Myo10 and
dynein inhibition on these different modes of cortical-microtubule contact, we examined pre- and post-anaphase cells, in
the latter case, our analysis was restricted to cells that had a
comparable pole-to-cortex distance (3–4 mm).
Unlike Myo10 (Figure 6E), the cortical pool of dynein did not
affect the cortical dwell time of astral microtubules during
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Figure 4. Myo10 Is Required for Spindle Orientation toward Polarized Subcortical Actin
(A–D) Asymmetric accumulation of Myo10 at the mid-cortical plane of the mitotic cortex is correlated with the asymmetric distribution of subcortical actin.
(A) The top image shows a schematic of a cell plated on FN-bar pattern from a side view. The bottom image shows the phalloidin actin staining of a HeLa cell from
the retraction fiber (RF) focal plane.
(B) Representative images of cells where actin and Myo10 are concentrated on one side of the cell (unipolar), both sides (bipolar), or homogeneously distributed.
Note that Myo10 accumulates near the cell boundary, at the base of the retraction fibers (see green arrows and insets with enlarged view of both sides of the cell).
(C) Fluorescence line scans of actin (red) and Myo10 (green) along x axis (left) or y axis (right) of the bar pattern from (B). The red and green asterisks show sites of
high accumulation of subcortical actin and Myo10, respectively (see also corresponding arrows in B).
(D) Schematic for the Myo10 fluorescent intensity (FI) quantitation shown below. The plot shows FI ratios of Myo10 in the indicated regions from cells classified
based on the distribution of subcortical actin in (B) and (C). The open boxes measure asymmetry along the x axis of the pattern; hatched boxes measure the
asymmetry of x over y axis of the pattern (n = 15 line scans per category from two experiments). The bottom image shows a cartoon summarizing observations.
(E–G) Myo10 does not affect the assembly or distribution of subcortical actin clouds, but is required for spindle alignment relative to subcortical actin.
(legend continued on next page)
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metaphase (not significant [NS], permutation test of the medians
from four experiments; control cells: n = 34 cells and 354
microtubules; and LGN RNAi: 23 cells and 240 microtubules),
consistent with a previous report (Samora et al., 2011). In this
experiment, the cortical pool of dynein was inhibited by knockdown of LGN, a cortical recruitment factor for dynein (Figure 7B)
(Kiyomitsu and Cheeseman, 2012; Morin and Bellaı̈che, 2011). In
this condition, we also did not detect any decrease in cortical
dwell times during anaphase (Figure S7D). However, we did
find that cortical dynein was required for anaphase lateral sliding
events (Figures 7C–7E and Movie S5), as documented in other
systems (Adames and Cooper, 2000; Pearson and Bloom,
2004). The conclusion that dynein is specifically required for
promoting lateral sliding is robust to small-scale alterations of
the lateral sliding classification parameters in our automated
analyses (Figures S7B and S7C). Importantly, this effect cannot
be explained by a decrease in the density of cortical EB3 comets
(Figure S7E). Unlike dynein, Myo10-depletion did not impair endon or lateral sliding microtubule attachments during anaphase
(Figures 7D, 7E, and S7D and Movie S5). Thus, Myo10 and
dynein have distinct effects on microtubule-cortical interactions:
Myo10 is required for end-on microtubule attachment prior to
anaphase (Figure 6), and dynein is required for lateral sliding of
microtubules during anaphase.
To determine if the Myo10 and dynein mechanisms act in parallel, we examined the individual and combined effects of Myo10
and LGN knockdown on spindle orientation (Figure 7F) and on
the clustering of centrosomes in cells with centrosome amplification (Figure 7G). Consistent with parallel action, double knockdown of Myo10 and LGN had an additive effect, randomizing
spindle orientation, as compared to the individual knockdowns
(Figure 7F, right, compare brown line with arrow to red or green
lines). An additive effect of Myo10 and LGN knockdown was also
observed using the centrosome-clustering assay (Figures 7G
and S7F). Finally, Myo10 knockdown did not impair dynein
cortical localization, and LGN knockdown similarly did not alter
the cortical distribution of Myo10 (Figures 7C, S7G, and S7H).
These results define two overlapping pathways for positioning
centrosomes during mitosis in human cells: a Myo10-dependent
pathway and an LGN/dynein/dynactin-dependent pathway.
DISCUSSION
Requirement of Myosin-10 for Spindle Pole Movement
toward Retraction Fibers and Subcortical Actin Clouds
Here, we document that the microtubule-binding myosin Myo10
is required for actin-dependent forces on the centrosome in
human cells during mitosis. Our data suggest that Myo10 is
the major actin-based force generator that pulls astral microtubules toward retraction fibers and subcortical actin clouds. First,
Myo10 concentrates in the cortical region around these actin
structures. Second, Myo10 is functionally important to position
spindle poles relative to these structures. The fact that Myo10

is not required for the assembly or dynamics of retraction fibers
and actin clouds suggests that Myo10 is specifically required
for the generation of pulling forces toward these structures.
Because retraction fibers control the polarization of actin clouds,
we propose that these structures form a continuous actin
network, through which Myo10 motors orient astral microtubules. Indeed, Myo10 is a processive motor capable of walking
on individual actin filaments and on actin bundles, that also
has the capacity to switch between filament tracks (Kerber
et al., 2009; Nagy et al., 2008; Nagy and Rock, 2010; Sun
et al., 2010). Thus, Myo10 is well suited for transporting microtubules through variously shaped actin structures.
We can envision several ways in which the Myo10 biochemical
activities may be harnessed to position centrosomes near
retraction fibers. The simplest model would be direct transport
of astral microtubules through the subcortical actin clouds toward the base of the retraction fibers, driven by the interaction
of Myo10 with the microtubule lattice. This model requires that
the subcortical actin clouds have a net polarity, which has not
been tested. This is, however, plausible, as the actin clouds
are assembled in a manner that requires the Arp2/3 complex
(Mitsushima et al., 2010), in common with polarized actin in
lamellipodia (Pollard and Borisy, 2003). In sea urchin eggs, cytoplasmic pulling forces on astral microtubules increase with
increasing microtubule length (Minc et al., 2011). By binding to
the microtubule lattice, in principal, the numbers of bound
Myo10 molecules could be proportional to microtubule length,
thus generating length-dependent pulling forces on centrosomes. Finally, Myo10 may facilitate the action of dynein or
other, unknown, force generators, by anchoring microtubules
to the actin structures associated with retraction fibers.
The Requirement for Microtubule Binding by Myo10
Our data demonstrate that the mitotic function of Myo10 in
centrosome positioning depends, almost completely, on its ability to bind the microtubule lattice. Several studies suggest that
Myo10 links actin and microtubules, based on deletions that
encompass the MyTH4-FERM domain (Weber et al., 2004;
Woolner et al., 2008). However, this prior work could not distinguish compromised microtubule-binding from the loss of other
cargo that binds the FERM domain. Here, we make this distinction by utilizing the Myo10 point mutations that specifically
disrupt microtubule-binding without altering other known cargo
binding (Figure 3) (Hirano et al., 2011; Wei et al., 2011).
We also considered the possibility that Myo10 interacts indirectly with microtubules through EB-family microtubule plus
end-binding proteins. Drosophila myosin XV, a related MyTH4FERM domain myosin, binds to EB1 through its MyTH4-FERM
domain and other microtubule regulators through its FERM
domain (Liu et al., 2008). We also noticed that many Myo10
homologs contain several potential EB1 binding, SxIP-like motifs
(Honnappa et al., 2009) within the MyTH4 domain (Figure S3A).
However, a construct containing point mutations in all of the

(E) Immunofluorescence images of control or Myo10-depleted cells plated on FN-bar patterns (yellow dashed boxes) and stained for actin, tubulin, and DNA. The
schematic summary is shown in the right box: retraction fibers (black protrusions) and subcortical actin (green mesh). The scale bar represents 10 mm.
(F) Percentage of cells with the indicated distribution of subcortical actin with control or Myo10 RNAi treatment (mean ± SEM).
(G) Percentage of cells exhibiting aligned or misaligned spindle with unipolar or bipolar actin clouds (n = 100 cells from three experiments, ***p < 0.001, and
non-parametric Student’s t test. See Figure S4C for data including detailed category of actin cloud organization (mean ± SEM). See also Figure S4.
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Figure 5. Myo10 Is Not Required for the Assembly or Dynamics of Actin Clouds but Is Required to Pull Centrosomes toward Subcortical Actin
Clouds
(A) Time-lapse images of control, Myo10-depleted, or CK-666 (100 mM, Arp2/3 inhibitor)-treated HeLa cells expressing GFP-Utr-CH and Cherry-tubulin (see
Movie S3). Equatorial planes were imaged at 15 s intervals during metaphase spindle oscillations (time, min: sec). The white and orange asterisks (middle and
bottom) show the positions of spindle pole at the previous time point (top and middle). The white brackets show actin clouds. The right graphs show the
penetration depth (a) and integrated fluorescent intensity (b) of actin structures quantified from kymographs, as shown in (B) (***p < 0.0001, non-parametric
Student’s t test, and three experiments). The scale bar represents 10 mm.
(B) A decrease in the coordinated spindle pole movements toward actin clouds in Myo10-depleted cells. The left image shows kymographs of actin clouds (green)
and spindle poles (red) generated from the region indicated by the white boxes (70 pixel in width shown in A) along the spindle axis in the indicated conditions. Pie
charts at right show the spindle pole movements relative to actin cloud accumulation that were classified as correlated (blue, pole moves toward actin clouds),
anti-correlated (orange, pole moves against actin clouds), or no (gray) movement, as described in Figures S5A and S5B. The percentage of pole movements in
each category is shown in the indicated conditions (***p < 0.003, non-parametric Student’s t test, and three experiments).
(C) Requirement of Myo10 and actin clouds for spindle orientation in HeLa cells plated on FN-L patterns. The imaging and analysis were done as in Figures 1C
and 1D (**p < 0.01, non-parametric Student’s t test, and two experiments ±SEM). See also Figure S5.

Myo10 SxIP motifs nonetheless rescued the centrosome-positioning defect in Myo10 knockdown cells to near completion
(18% as compared with 15% multipolar spindles for the controls, as in Figure S3D). Although we do not exclude a contribution from the EB protein binding to Myo10, our analysis indicates
that microtubule lattice-binding is the primary mechanism underlying Myo10-dependent centrosome positioning.
10 Developmental Cell 34, 1–15, August 10, 2015 ª2015 Elsevier Inc.

Actin and Myo10 Regulate Dynamics and Cortical
Attachment of Microtubules during Mitosis
Using computational image analysis, we show that actin and
Myo10 decrease microtubule dynamicity and promote end-on
cortical-microtubule interactions prior to anaphase (Figures 6
and S6). The similarity in the effect of LatA treatment and
Myo10 knockdown, together with the fact that Myo10 does not
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Figure 6. Actin or Myo10 Suppresses Microtubule Dynamicity near the Cell Cortex prior to Anaphase
(A–C) Myo10 depletion increases microtubule growth rates, shrinkage rates, and numbers of short-lived microtubules (RPE-1 cells expressing GFP-EB3).
(A) (i) In the schematic, the images were taken from the mid-cortical plane of a rounded mitotic cell. (ii) The zoomed image of a microtubule shrinkage event
(orange dotted line) inferred from the linkage of two collinear EB3 comet trajectories (Movie S4). (iii) Representative image of a control cell with EB3 comet
trajectories (solid cyan lines). (iv) Distributions of the indicated microtubule parameters extracted from the representative control cell shown in (iii). Data were
obtained from cells with a metaphase chromosome configuration as judged by DIC.
(B) 3D plot of microtubule growth speed, shrinkage speed, and growth lifetime obtained from control cells (blue), cells depleted of Myo10 (red), or cells treated with
LatA (yellow). Each data point represents the average microtubule parameters quantified from the entire astral microtubule population per cell from five experiments. The per cell values for each parameter were normalized by the mean value of the per cell control distribution for a given experimental day. The mean control
values were normalized to 1 from measured values of 9.6 ± 1.0 mm/min (growth speed), 6.8 ± 1.0 mm/min (shrinkage speed), and 6.1 ± 0.5 s (growth lifetime).
(C) Both actin disruption and Myo10 depletion result in increased microtubule dynamicity. The top graph shows that K-means clustering of data shown in (B)
distinguishes two separate populations of cells that possess different characteristic microtubule dynamics (see Supplemental Information for details). Each cell
belongs to a respective cluster, ‘‘O’’ (less dynamic) or ‘‘X’’ (highly dynamic). The bottom graph shows the percentage of cells possessing highly dynamic (red,
cluster center X) or less dynamic (blue, cluster center O) microtubules after the indicated treatment from (B).
(D) Requirement of Myo10 microtubule-binding to regulate astral microtubule dynamics. The top graph shows a 3D plot of indicated microtubule parameters
obtained from Myo10-depleted cells expressing mCherry (mCh)-tagged wild-type Myo10 or the KK-DD mutant. The mCh-negative Myo10-depleted cells (closed
red circles) serve as the negative control. The mean wild-type Myo10 rescue values were normalized to 1. The bottom graph shows the data presented as in
Figure 6C (two experiments).
(E) Myo10-dependent cortical interactions of astral microtubules. The top image shows the automated measurements of static dwell time within the 1 mm cortical
band. The microtubule tracks are shown as white lines and the dwell time is presented as colors from a heatmap. The bottom box plots show the static dwell time
(sec) of astral microtubules (MTs) in the indicated conditions from five (left) and two (right) experiments (***p < 0.00001, **p < 0.006, and permutation test of the
medians). The scale bars represent 10 mm. See also Figure S6.
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Figure 7. Cooperation between Myo10 and Dynein-Mediated Mechanisms
(A–E) Cortical microtubule (MT) behaviors requiring Myo10 or dynein in RPE-1 cells expressing GFP-EB3.
(A) Schematic classification of lateral (a) and end-on (b) MTs used to determine the percentage of MTs undergoing lateral sliding (% Transition). All of the cortical
astral MTs reaching a 1 mm cortical band are classified into lateral (red) or end-on (blue) based on the their displacement and orientation relative to the cell edge
(see Figure S7A; Supplemental Information for details).
(B) Western blotting showing depletion of Myo10 and LGN protein by siRNA.
(C) Immunofluorescence images showing decreased cortical dynein and p150 localization after LGN RNAi (left), with corresponding fluorescence quantitation
(right, n = 20 line scans from ten cells per condition, ***p < 0.0001, and non-parametric Student’s t test). Note that in RPE-1 cells, LGN knockdown leads to
significantly reduced cortical dynein or p150Glued during anaphase, unlike HeLa cells, where it has a more modest effect, due to parallel 4.1G/R-dependent
cortical dynein recruitment (Kiyomitsu and Cheeseman, 2013).
(D) Overlay images of lateral (red) and end-on (blue) MTs from GFP-EB3 movies in indicated conditions (Movie S5) (right, without the overlay). The yellow indicates
the MT trajectory prior to entry into the cortical band, whereas the blue/red correspond to trajectories within the cortical region classified as in (A). The outlines of
the cell edge in the first and last frame (solid and dashed green lines) of the movie are shown. The scale bar represents 10 mm.
(E) Quantitation showing decreased lateral transitions after LGN knockdown (n = >100 spindles poles, each of which had 2,500–4,000 MTs, per condition from
four experiments, permutation t test, and ***p < 0.0003).
(F and G) Additive defects in spindle orientation (F) and centrosome clustering (G) after combinatorial inhibition of Myo10 and cortical dynein.
(legend continued on next page)
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detectably alter subcortical actin structures, indicates that
Myo10 is an important mediator of actin’s effect on microtubule
dynamics. The abrogation of this effect by point mutations in
the Myo10 microtubule-binding domain (Figures 6D and S6C)
strongly suggests a direct mechanism.
The analytical tools that we developed have enabled us to acquire the first in depth, large-scale analysis of cortical microtubule interactions in human cells (Figures 6, 7A–7E, and S7) and
to uncover distinct, but overlapping, roles for Myo10 and dynein.
Prior to anaphase, Myo10 plays an important role in mediating
end-on microtubule cortical interactions (Figure 6E). Once cells
enter anaphase, Myo10 becomes less important, with the microtubule motor dynein playing the dominant role in promoting
lateral sliding of microtubules along the cortex (Figures 7D, 7E,
and S7D). This is consistent with dynein’s role in spindle positioning in other systems (Adames and Cooper, 2000; Pearson
and Bloom, 2004). The absence of a dynein effect on lateral
sliding during metaphase may be explained by the known antagonism of dynein by MAP4 during this stage of mitosis (Samora
et al., 2011).
Together, our data demonstrate that Myo10 and dynein are
the major motors that position centrosomes and spindles in
somatic mammalian cells and that they largely act in parallel.
This conclusion is supported by the following evidence. First,
Myo10’s role in spindle positioning requires its direct microtubule-binding capacity (Figures 3, S3, 6D, 6E, and S6C). Second,
the localization of LGN or dynein is independent of Myo10 and
vice versa (Figures 7C, S7G, and S7H). Third, Myo10 and
dynein inhibition have distinct effects on microtubule dynamics
and microtubule-cortical interactions (Figures 6, S6, 7D, 7E,
and S7D). Finally, combined inhibition of Myo10 and dynein
results in an additive defect in centrosome positioning (Figures
7F and 7G).
The mechanisms that underlie spindle orientation in human
cells, as defined in the present study, have interesting parallels
to spindle positioning mechanisms previously described in
budding yeast (Adames and Cooper, 2000; Pearson and
Bloom, 2004). The Bim1-Kar9-myosin V mechanism in yeast
promotes end-on cortical-microtubule attachment, whereas
the dynein mechanism promotes lateral sliding. Similar to
what we now demonstrate for Myo10 and dynein in mammalian
cells, the actin-dependent mechanism in yeast is dominant
prior to anaphase, whereas dynein dominates during anaphase.
Myo10, therefore, appears to have amalgamated functions for
centrosome positioning accomplished by Bim1, Kar9, and
myosin V in budding yeast. Thus, evolutionarily divergent cell
types have reached convergent solutions to integrate the actin
and microtubule cytoskeletons for centrosome and spindle
positioning.
Unlike yeast, spindle positioning in animal cells is heavily influenced by the tissue microenvironment through cell matrix attachments and the position of retraction fibers (McCaffrey and
Macara, 2011; Morin and Bellaı̈che, 2011; Théry and Bornens,

2006). Abnormalities in cell-matrix adhesion and tissue rigidity
are commonly observed in disease states such as cancer
(McCaffrey and Macara, 2011; Pease and Tirnauer, 2011). The
current work defines the major motors required for centrosome
and spindle positioning in human cells and provides a foundation
for future work on this process in the context of development or
disease.
EXPERIMENTAL PROCEDURES
Detailed descriptions of cell lines, culture conditions, plasmid construction,
immunofluorescence microscopy, live-cell imaging, quantitation, automated
image analysis, statistical analysis of the data, and antibodies used in this
study can be found in the Supplemental Information.
Quantitation of Paxillin
Cells plated on FN-H patterns for 6 hr were fixed and stained for paxillin,
phalloidin actin, and DNA. For measurements of focal adhesion area and total
fluorescence intensity, paxillin images were subjected to background subtraction by the same image after Gaussian blur and discrete paxillin-positive structures were obtained across all conditions. There were two rectangular regions
(75 3 255 pixels) along the adhesive surface of a FN-H pattern that were used
for paxillin quantitation: images were applied for threshold and the subsequent
objects selected were quantified using the ‘‘analyze particles’’ function in
Image J software. Data presentation for histograms was done using Origin
(Origin Lab).
Cell Division on Patterned Substrates
Cells were trypsinized, seeded on CYTOO chips, and assembled to the CYTOO
chamber according to the manufacturer’s instructions (CYTOO) 6–8 hr prior to
fixation or live imaging. In some experiments, 20 mM of MG132 (Calbiochem)
was used to enrich mitotic cells before fixation. For live imaging, the cell division
plane was determined by the long axis of elongating anaphase cells at the time
frame with the first appearance of a cleavage furrow and was measured using
NIS elements software (Nikon Instruments). The angular distribution of spindle
orientation was displayed using Origin (OriginLab).
Quantitation of Mitotic Cell Rounding
RPE-1 cells expressing RFP-H2B were plated on FN-L micropatterns and
imaged at 10 min intervals by differential interference contrast (DIC) and fluorescence imaging. For the kinetics of mitotic cell rounding and post-mitotic cell
spreading (re-adhesion), cell surface areas were measured using NIS elements
software (Nikon Instruments) at the indicated time points.
Quantitation of Subcortical Actin Clouds and Spindle Pole
Movements
HeLa cells expressing GFP-Utr-CH and mCherry-tubulin were imaged at a
single confocal plane where both poles are visible (mid-cortical plane) at 15 s
intervals for 15 min using a 603 objective (see Supplemental Information for
details). To quantify subcortical actin clouds and spindle pole movements, kymographs were generated from a 70 pixel-width line along the major axis of the
spindle. Cells in metaphase, as judged by chromosome configuration from DIC
images, were analyzed. The penetration depth of the actin clouds into cytoplasm and their integrated fluorescence intensity were measured, as described
(Fink et al., 2011). To quantify spindle pole movements relative to the actin cloud
position (Figure S5A), the time intervals corresponding to each peak of GFPUtr-CH were determined by line scans along the y axis of the kymographs.
Pole velocity was obtained by quantifying the average slope of spindle pole position (both poles, determined by mCherry-tubulin signal) at each time interval
(relative to the peak GFP-Utr-CH signal) using MetaMorph software.

(F) Imaging of U2OS cells on FN-L patterns and analysis as in Figure 1C. The right graph shows a Gaussian curve that was fitted to the data for each treatment
shown in the left panel.
(G) The percentage of multipolar divisions in U2OS cells with extra centrosomes that express GFP-H2B for the indicated RNAi treatments. Approximately 70% of
the cells have extra centrosomes after the transient overexpression of Plk4, as confirmed by centrin staining or spindle multipolarity that was induced by HSET
RNAi (Kwon et al., 2008) (mean ± SEM). See also Figure S7.
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Statistical Methods
To determine the significance of differences between conditions, a Student’s
t test (GraphPad Software) was used, unless otherwise specified. For Figure 2E, a one-way ANOVA and Tukey’s multiple comparison tests were used
to compare mean differences for all pairs. For all microtubule dynamics measurements, a permutation test was used to calculate statistical significance of
changes in either the mean (when calculated per cell) or median (when pooled
for multiple cells) of the distribution between conditions (see Supplemental
Information for details).
Automated EB3 Comet Detection, Tracking, and Analysis of Astral
EB3 Trajectories
The EB3 fluorescent comets were detected and tracked using a modified
version of the plusTipTracker package (Applegate et al., 2011; Matov et al.,
2010). Modifications were made to the watershed detection scheme in order
to accommodate the large variance in fluorescence intensities observed in
EB3-GFP mitotic cells and new methods for post-processing of the resulting
EB3 trajectories were developed. Previously unpublished analytic schemes
include the K-means clustering analysis, the cortical dwell time analysis, and
the automated end-on versus lateral classifications. A discussion of the detection modifications, a listing of all detection/tracking parameters employed, and
details regarding all newly developed EB3 trajectory analyses are provided in
the Supplemental Information. All EB3 comet analyses were implemented in
MATLAB (MathWorks).
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Théry, M., and Bornens, M. (2006). Cell shape and cell division. Curr. Opin. Cell
Biol. 18, 648–657.

Woolner, S., and Bement, W.M. (2009). Unconventional myosins acting unconventionally. Trends Cell Biol. 19, 245–252.
Woolner, S., O’Brien, L.L., Wiese, C., and Bement, W.M. (2008). Myosin-10
and actin filaments are essential for mitotic spindle function. J. Cell Biol.
182, 77–88.
Wu, L., Pan, L., Wei, Z., and Zhang, M. (2011). Structure of MyTH4-FERM
domains in myosin VIIa tail bound to cargo. Science 331, 757–760.
Yi, J., Wu, X., Chung, A.H., Chen, J.K., Kapoor, T.M., and Hammer, J.A. (2013).
Centrosome repositioning in T cells is biphasic and driven by microtubule endon capture-shrinkage. J. Cell Biol. 202, 779–792.
Zhang, H., Berg, J.S., Li, Z., Wang, Y., Lång, P., Sousa, A.D., Bhaskar, A.,
Cheney, R.E., and Strömblad, S. (2004). Myosin-X provides a motor-based
link between integrins and the cytoskeleton. Nat. Cell Biol. 6, 523–531.
Zheng, Z., Wan, Q., Liu, J., Zhu, H., Chu, X., and Du, Q. (2013). Evidence for
dynein and astral microtubule-mediated cortical release and transport of
Gai/LGN/NuMA complex in mitotic cells. Mol. Biol. Cell 24, 901–913.

Developmental Cell 34, 1–15, August 10, 2015 ª2015 Elsevier Inc. 15

157

Developmental Cell
Supplemental Information

Direct Microtubule Binding by Myosin-10
Orients Centrosomes toward Retraction Fibers
and Subcortical Actin Clouds
Mijung Kwon, Maria Bagonis, Gaudenz Danuser, and David Pellman

158

Figure S1 (related to Figure 1). The Motor Domain of Myo10 Is Sufficient for Retraction Fiber (RF)
Localization; the Motor and Tail Domains Are both Required for Centrosome Positioning; Loss of
Myo10 Does Not Induce Centrosome Fragmentation.
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(A) Myo10 localizes to retraction fibers (RFs) during metaphase and anaphase in RPE-1 cells. GFP-Myo10
(bottom, inverted images) is overlaid on the DIC (RFs) images (insets, high magnification images of red box
regions).
(B) Schematic of the Myo10 domain structure and of the GFP-tagged Myo10 constructs used for localization
(C) and functional assays (E-G). Domains: Head, motor domain; CC, coiled coil; PEST, proline (P) glutamate
(E) serine (S) and threonine (T) domain; PH, pleckstrin homology domain; MyTH4, myosin tail homology
4; FERM, four-point-one, ezrin, radixin, moesin domain.
(C) The motor domain, but not the tail domain, is required for localization of Myo10 to RFs. Images show
U2OS cells expressing RFP-H2B and the indicated Myo10 constructs. Top panels: inverted images showing
the GFP-Myo10 signal. Middle panels: merged images of DIC (RFs), GFP-Myo10 and RFP-H2B in mitotic
cells. Bottom panels: high magnification images of RFs (in regions I and II) and the representative
fluorescence line scans of GFP-Myo10 along RFs.
(D) Requirement of Myo10 for spindle orientation in U2OS cells expressing GFP-H2B on fibronectin (FN)L patterns. Angular ( distribution of the cell division axis in the indicated conditions (Fig 1C) was used to
obtain the percentage of cells that were dividing with a median angle of 135 degrees ( = 135 ± 10) shown
in Figure 1D.
(E) Both the motor and tail domains of Myo10 are required for complementation of centrosome clustering
defects in cells depleted of endogenous Myo10. The percentage of anaphase cells with multipolar or bipolar
divisions are shown in control cells (-) or cells depleted of endogenous Myo10 (+, 3’UTR RNAi) that were
transfected with GFP (negative control) or the indicated Myo10 constructs. ***p<0.002, non-parametric
Student’s t-test. Data represents mean of 3 experiments ± s.e.m.
(F) Western blots showing the knockdown of Myo10 in U2OS cells.
(G) Western blots showing protein levels of rescue-incompetent Myo10 mutant constructs (Myo10 HMM
and Tail) probed with anti-GFP antibodies. Blots with high (left) and low (right) exposure. *, GFP-Myo10;
#, GFP-Myo10 HMM; **, GFP-Myo10 tail.
(H-I) Myo10 depletion does not affect centriole number or centrosome integrity in the cell lines used in this
study.
(H) Representative immunofluorescence images showing centrin (green), -tubulin (red), and DNA (Hoechst,
blue). Insets: higher magnification of centrin images in boxed regions. Note that RPE-1 cells do not have
extra centrosomes, and that HeLa cells cannot cluster extra centrosomes.
(I) Myo10 inhibition does not induce centrosome amplification in the cell lines used in the study. Note: We
observed no centriole fragmentation, identified by a single centrin focus, nor spindle pole fragmentation,
identified by ectopic spindle poles (-tubulin-positive but without centrioles), after Myo10 depletion in any
of the cell lines.
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Figure S2 (related to Figure 2). Normal Retraction Fibers, Cell Adhesion and Mitotic Cell Rounding
in Myo10-Depleted Cells despite Abnormal Spindle Orientation.
(A-D) Myo10-depleted RPE-1 cells exhibit well-defined retraction fiber (RF) regions and proper mitotic
rounding, despite the presence of spindle orientation defects.
(A) Still images of live RPE-1 cells that express RFP-H2B dividing on FN-L patterns. Time: minutes from
NEBD (t=0). Orange lines: cell division axis. Arrows: RF regions.
(B) Myo10 depletion does not affect the percentage of cells with RFs. Data represents mean of 3 experiments
± s.e.m. Note: ~ 4% of cells were not scored for each sample because the putative RF region was ambiguous
or out of focus.
(C) Myo10-depleted cells with spindle orientation defects (outside of green area deviating from 120 <  <150,
**p<0.05, non-parametric Student’s t-test, 2 experiments ± s.e.m) nevertheless have normal-appearing RFs.
Quantitation of angular ( distribution of cell division axis as in (A).
(D) No detectable defects in mitotic rounding and re-adhesion of Myo10-depleted cells. Mitotic cell rounding
was quantified from live RPE-1 cells dividing on FN-L patterns as shown in (A). Each dot is an individual
cell (n=10 cells per condition from 2 experiments).
(E) Western blots showing comparable levels of activation of FAK and Src in HeLa and U2OS cells depleted
of Myo10 using two independent siRNAs. Luc: control siRNA.
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Figure S3 (related to Figure 3). Direct Binding of Myo10 to Microtubules Is Required for Centrosome
Positioning during Mitosis.
(A) MyTH4 domain of Myo10 contains a microtubule binding motif. Amino acid sequences of Xenopus,
Mouse (Mm), and Human (Hs) Myo10 were aligned by ClustalW; conserved residues are highlighted in
yellow. MyTH4 microtubule binding domain (green bar) contains two positively (+) charged residues
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(K1647/K1650) that have been shown to directly bind to tubulin tails [* in red box, (Hirano et al., 2011; Wei
et al., 2011; Wu et al., 2011)].
(B) Comparable protein expression of mCherry-tagged Myo10 constructs used in siRNA-rescue experiments.
Western blots were probed with anti-Myo10 antibodies.
(C) Requirement of Myo10 microtubule-binding for spindle orientation. Spindle orientation analysis was
done as in Figures 1C-D for Figure 3C.
(D) Requirement of Myo10 microtubule-binding, but not its cargo-binding, for centrosome clustering. Left:
Schematic of rescue experiment. Right: The percentage of multipolar or bipolar anaphases (GFP-H2B
imaging) was scored in cells that expressed the indicated mCherry constructs (**p<0.05, non-parametric
Student’s t-test, 3 experiments ± s.e.m,). In this assay, ~ 12-14 h of doxycycline treatment led to ~ 85-90%
of cells with extra centrosomes, as confirmed by centrin staining and spindle multipolarity induced by HSET
RNAi (Kwon et al., 2008). Note: the modest difference in absolute numbers between results of this assay and
that in Figure 7G is because in this experiment we used a longer time of Plk4 induction (See Supplemental
Methods for details), which results in a higher initial frequency of cells with centrosome amplification; the
experimental results shown in Figure 7G had ~ 70% of cells with extra centrosomes.
(E) Model: Electrostatic interaction between positively charged K1647/K1650 residues of Myo10 and
negatively charged tubulin tail directly links microtubule lattice and actin to position centrosomes.
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Figure S4 (related to Figure 4). Myo10 Is Required to Orient Spindles Relative to Subcortical Actin
Clouds.
(A-C) Requirement of Myo10 for spindle orientation to the subcortical actin clouds in HeLa cells plated on
FN-bar patterns.
(A) Characterization of the morphology of subcortical actin, including the rare categories where subcortical
actin is asymmetric but not aligned with the pattern, and where subcortical actin is not detectable. Top:
Schematic of the classification scheme used for subcortical actin polarity (Dark shade, subcortical actin
concentration zone; yellow box area, adhesion surface of FN-bar patterns). Bottom: Representative
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immunofluorescence images of HeLa cells quantified in (B-C). Cells were plated on bar patterns, fixed, and
stained for phalloidin actin, tubulin, and DNA. The actin polarization pattern (inverted images) and spindle
orientation axis (dotted white lines) are shown in the top and middle panels, respectively. Scale bar, 10 μm.
(B) Depletion of Myo10 has no significant effect on the positioning of subcortical actin relative to sites of
adhesion. The percentage of metaphase cells that exhibit polarized (unipolar, bipolar, and not aligned relative
to adhesion geometry), homogenous, or undetectable subcortical actin is shown for Myo10 RNAi and the
control.
(C) Myo10 is required to orient spindles relative to unipolar subcortical actin clouds (***p<0.001, nonparametric Student’s t-test, 3 experiments ± s.e.m).
(D) Depletion of Myo10 has no significant effect on the accumulation of subcortical actin clouds in RPE-1
cells. Left: Subcortical actin clouds in cells plated on FN-coated plates, and stained for phalloidin actin
(yellow) and DNA (blue). Right: The percentage of metaphase cells that exhibit unipolar, bipolar, or
homogenous subcortical actin is shown for Myo10 RNAi and the control.
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Figure S5 (related to Figure 5). Requirement of Myo10 for Actin Cloud-Mediated Pulling Forces on
Centrosomes during Metaphase Spindle Oscillations.
(A) Schematic for the quantitation of actin cloud assembly dynamics and spindle pole movement relative to
actin clouds shown in Figure 5B. Spindle pole movements relative to the regions of actin cloud accumulation
were classified as correlated (blue, pole moves towards actin clouds), anti-correlated (orange, pole moves
against actin clouds) or no (grey) movement. Significant pole movement was defined as a velocity that is
more than 20% of the mean velocity measured in the control sample (mean=0.0125 µm/sec), based on the
observed movements after Arp2/3 complex inhibition in (B).
(B) A decrease in spindle pole movements towards actin clouds in Myo10-depleted cells. Histogram of pole
velocity toward (+) or against (-) actin clouds in indicated conditions (3 experiments). No movement
(<0.0025 µm/sec, 20% of mean control value) is indicted by the grey box.
(C) Kymographs of actin clouds (green) and spindle pole (red) from the cells shown in Figures 5A-B in
indicated conditions. Right: Representative traces of pole movements in kymographs (left) are color-coded
according to the pole velocity classification in (A-B).
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Figure S6 (related to Figure 6). Myo10 and Actin Suppress Cortical Microtubule Dynamicity Prior to
Anaphase.
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(A) Individual parameters of microtubule (MT) dynamics in control, Myo10-depleted, actin-disrupted (LatA
treatment), or myosin II-inhibited (blebbistatin treatment) RPE-1 cells expressing GFP-EB3 (shown in Fig
6B). Each data point represents the average value for a given MT parameter from the entire astral MT
population of each cell. The data are displayed as 2 dimensional (D) plots (unlike the 3D graph in Fig 6B)
for visualization of differences between the samples for the individual parameters. Black crosses indicate the
means for neighboring samples (Permutation test of the means, ***p<0.0001, **p<0.02).
(B) The effect of Myo10 on MT dynamics is distinct from a general disruption of cytoskeletal tension. Left:
3D plot of normalized mean MT growth speed, shrinkage speed, and growth lifetime, obtained from control
cells (blue), cells depleted of Myo10 (red), or cells treated with blebbistatin (green) or different
concentrations of LatA (different shade of yellow). Clustering of the data identified two distinct populations
of cells that display highly (X) or less (O) dynamic MTs. Right: Unlike the effect of Myo10 knockdown,
decreased myosin II-mediated contractility does not increase the percentage of cells with highly dynamic
MTs (red). The relative percentages of cells that fall within the highly dynamic MT (red) or less dynamic
MT (blue) category are shown for each condition.
(C) Requirement of Myo10 MT-binding for astral MT dynamics regulation. Top: Comparable expression
(mCherry fluorescence intensity) of wild-type Myo10 or MT-binding (KK-DD) mutant used in the rescue
experiment shown in Figure 6D (***p<0.0001, permutation test of the means, 2 experiments). Bottom:
Individual parameters of MT dynamics are displayed as 2D plots (from the 3D graph in Fig 6D). Permutation
test of the means, ***p<0.0001, **p<0.05.
(D) Myo10 depletion or actin disruption does not have a significant effect on MT growth speeds within the
spindle. Left top: Single focal plane GFP-EB3 image of metaphase cell used for measurement of MT growth
speed. Left bottom: Kymograph of the line generated along the long axis of spindle (horizontal and vertical
scale bars represent 10 µm and 1.4 min). Right: MT growth speed within the spindle and astral MTs
quantified from the kymographs in indicated conditions (***p<0.0001, non-parametric Student’s t-test).
Measurements sampled from the same 5 experiments shown in Fig 6B (error bars indicate s.e.m).
(E) The Myo10- or actin-dependent decrease in cortical dwell time is not the result of generally faster EB3
dissociation from the plus-ends of MTs. To determine whether Myo10 RNAi or LatA treatment affected EB3
dissociation from MT ends independent of cortical interaction, we measured the lifetime of EB3 on paused
MTs outside the cortical region (see scheme and Supplemental Methods). The box plots show that the median
EB3 dissociation rate is unchanged by Myo10 RNAi or LatA treatment (NS, permutation test of the medians,
same 5 experiments shown in Figs 6B-C, E), which contrasts sharply with the data in Figure 6E where Myo10
RNAi or LatA treatment significantly affect EB3 comet cortical dwell time. Although there was no significant
difference when the median values for Myo10 RNAi or LatA treatment are compared with the controls, there
was a slight (~ 0.2 sec) but significant decrease in EB comet lifetime after Myo10 RNAi or LatA treatment
when the mean values are compared (p<0.01 using a permutation test of the means). We attribute this
difference to outlier measurements and a deviation from normality in these data (confirmed via AndersonDarling tests) relative to the per cell data in Figures 6B, S6A, and S6F. This deviation makes the median
value a potentially better descriptor of central tendency than the mean (See Supplemental Methods for details).
Because Myo10 RNAi or LatA treatment has little or no effect on EB3 comet dissociation from paused MT
plus ends, the EB3 cortical dwell time accurately reports MT-cortical interaction duration (Model 2).
(F) Increased contact frequencies of astral MTs with the cell cortex in LatA-treated or Myo10-depleted cells.
Cortical contact frequencies were normalized by the mean of the control distribution acquired that day. The
mean normalization value for the 5 pooled experiments was 17.8 ± 5.19 MT cortical tracks per min
(***p<0.0005, permutation test of the means, 5 experiments).
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Figure S7 (related to Figure 7). Effect of LGN/Dynein in Mediating the Transition from End-on to
Lateral Microtubules during Anaphase Is Robust, Specific, and Differs from That of Myo10.
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(A) Scheme illustrating the automated algorithm to classify end-on and lateral cortical-microtubule (MT)
capture. Note: The development of the algorithm necessitated implementing operational thresholds to
distinguish the relevant categories of MT-cortical capture. However, we demonstrate that the conclusions
are robust to small variation in the values for these thresholds (see below and the main text).
(Step 1) All astral MTs that crossed into the cortical band (1 µm from cell edge) were identified and analyzed.
(Step 2) The distance traveled by the MT within the cortical region (termed, MT Cort Dist) was measured,
and initial MT classifications were made based on this parameter. If the MT traveled < 0.3 μm within the
cortical band, the interaction was considered to be insignificant and was not analyzed further. MTs that
traveled between 0.3 and 0.7 μm within the cortical band were considered to have significant cortical
attachment. These interactions were considered to be end-on attachments by definition, because they fell
below our threshold distance for lateral capture events. For MTs that traveled > 0.7 μm within the cortical
band, we categorized lateral interactions based on the angle of movement relative to the cell edge.
(Step 3) To define the angle that MT ends move relative to the cell edge, we first identified the relevant track
length for analysis, a parameter we termed the min MT Track Length parameter (minMTLP). The minimal
track length that best discriminated lateral from end-on movement was defined empirically by matching the
automated analysis to visual analysis. minMTLPs were then used to calculate the local direction of MT
motion (dotted black vectors) relative to the direction perpendicular to the cell edge (termed the cell edge
normal, green vectors). The resulting angle Ɵ (the MT orientation relative to the cell edge) was then
calculated. Comet trajectories with Ɵs <60 degrees (blue) were classified as “end-on” attachment, whereas
those that were 60< Ɵ <150 degrees (red), were classified as “lateral” attachments. The 60 degree cut-off for
Ɵ was set because it was the minimum angle observed for MTs that traveled long distances (> 3 μm) within
the 1 μm cortical band (see the graph of Ɵ versus MT Cort Dist).
(B-C) The conclusion that cortical dynein is required for the transition from end-on to lateral MT attachment
is robust to modifications in the minMTLP threshold.
(B) We varied several parameters in the algorithm and found that the minMTLP had the most significant
impact on our classification scheme (see Supplemental Methods). The minMTLP parameter determines the
extent to which small displacements at the end of MT trajectories are considered to be significant. Three
representative MT trajectories (named a, b, and c in the images) are shown, together with the classification
that results when the minMTLP threshold is varied (216, 324, and 432 nm- left to right panels). Tracks are
colored corresponding to their automated classification - end-on (blue) and lateral (red) - given the respective
parameter settings. The specific MT track coordinates (minMTLP) used for calculation of the local MT
orientation are highlighted as orange dots along the measured MT trajectory. MT classifications are boxed in
green if marked “correct”, or in red if marked “incorrect”, by the experimentalist. The best correspondence
between the automated analysis and manual curation of the data occurs with a minMTLP of 324 nm (middle
panel). For MTs “a” and “b”, a smaller (216 nm) minMTLP resulted in more experimentalist-defined cortical
MT classification errors (Left panels); this is intuitive because the magnitude of the MT displacement
determining the local MT growth direction (red/blue) vectors is closer to the measurement noise. A longer
minMTLP (432 nm) can also result in experimentalist-called errors (Right panel, microtubule “c”); in this
case, the longer minMTLP, which requires the use of longer portions of the MT trajectory for the calculation
of the local MT growth direction, can result in over-averaging that may obscure the measurement of
potentially significant MT track curvature.
(C) The effect of cortical dynein on lateral cortical MT interaction is robust and is apparent even when the
minMTLP is varied. Shown are box plots of the percent end-on to lateral transitions, calculated using the
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indicated minMTLPs (shown in B). Data were obtained with n >100 spindles poles per condition, from 4
experiments (Permutation test of the means, ***p<0.0003).
(D) Neither Myo10 nor cortical dynein significantly decreases the static dwell time of MTs during anaphase
in RPE-1 cells. The box plots show that the median anaphase cortical dwell time is unchanged by Myo10
RNAi or LGN RNAi (NS by permutation test of the medians). A comparison of the mean values did reveal
a small (~0.2 sec) but significant difference [(p< 0.001, permutation test of the means) (See Supplemental
Methods for details)]. Note, this difference is not relevant to our conclusion, as it would suggest a slight
increase in cortical dwell time, rather than a decrease. The difference between permutation tests of median
and mean is related to some extreme outlier measurements in the distribution that make the mean value
somewhat more variable in the re-sampling than the median.
(E) Depletion of Myo10 or LGN has no effect on the density of EB comets. A plot of EB comet density,
normalized to the control, is presented (each data point: the average comet density from one cell).
(F) Western blots showing knockdown of Myo10, LGN, or both Myo10 and LGN by RNAi in the cells that
are shown in Figure 7G.
(G-H) Cortical Dynein, Arp1 and LGN localization are not dependent on Myo10.
(G) Representative images showing that the localization of LGN, Arp1 and DHC as a lateral crescent (see
arrows) at the cortex is unaffected by Myo10 RNAi (percentage of cells with polarized localization of cortical
Dynein/LGN/Arp1 is indicated, ~50 cells per condition from 2 experiments). Shown are HeLa cells that
express GFP-LGN, Cherry-Arp1 and GFP-DHC. The positive control (LGN RNAi) produces the expected
defects in the recruitment of cortical LGN, Arp1 and DHC. Scale bar, 10 μm.
(H) Western blots showing efficient knockdown of Myo10 or LGN.
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LEGENDS TO SUPPLEMENTAL MOVIES
Movie S1 (associated with Fig 1E): Forced tripolar division by retraction fiber (RF) mediated forces.
Control GFP-H2B-expressing U2OS cells with extra centrosomes were plated on Y-shaped FN patterns and
imaged. The movie illustrates that RF-mediated pulling forces decluster extra centrosomes, pull them towards
the sites where RFs are anchored to the matrix (tips of the “Y”), resulting in tripolar cell division (Kwon et
al., 2008). Extra centrosomes were induced by transient Plk4 overexpression (Kleylein-Sohn et al., 2007).
Movie S2 (associated with Fig 1E): Bipolar division or randomly oriented cell division after Myo10 RNAi
in a GFP-H2B-expressing U2OS cell with extra centrosomes on Y-shaped FN patterns. This movie illustrates
that Myo10 is required to couple forces originating from RF regions to astral microtubules (MTs) that
position centrosomes.
Movie S3 (associated with Fig 5A): Comparison of spindle pole movement relative to subcortical actin
clouds in control, Myo10-depleted or CK-666 (Arp 2/3 complex inhibitor)-treated HeLa cells expressing
GFP-Utr-CH and Cherry-tubulin. Three movies (control, Myo10-depleted and CK-666-treated cells) are
concatenated into a single movie.
Control (time=00:00:03): Spindle pole movement towards subcortical actin clouds, after a short time lag, in
control cells. This movie illustrates retraction fiber and actin cloud-mediated pulling forces on centrosomes
during spindle oscillations.
Myo10 RNAi (time=00:00:11): Decreased spindle movement towards subcortical actin clouds after Myo10
RNAi. This movie illustrates that Myo10 is not required for assembly or dynamics of actin clouds, but is
required for pulling forces from actin clouds to position centrosomes.
CK-666 treatment (time=00:00:19): Decreased spindle movement after CK-666 (Arp 2/3 complex inhibitor)
treatment. This movie illustrates the requirement of actin clouds for centrosome positioning.
Movie S4 (associated with Fig 6A-ii): Growth and inferred shrinkage events of microtubules (MTs)
analyzed with plusTipTracker. The movie shows an example of MT trajectories from a control GFP-EB3expressing RPE-1 cell, illustrating how a microtubule shrinkage event (yellow dashed line) may be inferred
from the linkage of two collinear EB comet trajectories (cyan solid lines). Top Panel: Raw images of GFPEB3 detection (cyan crosses). Bottom Panel: EB3 comet detection (cyan crosses), plus trajectory overlays
(cyan solid lines) of two collinear EB3 comet trajectories that were linked by the algorithm as having a high
probability of belonging to the same microtubule. plusTipTracker follows the EB3 comets (crosses) along
the trajectory during MT growth phase. Shown is an example where a catastrophe event followed by a rescue
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event is inferred. Note in both panels the detection and tracking of the surrounding EB3 comets are not
shown for clarity.
Movie S5 (associated with Fig 7D): The behavior of microtubules at the cortex in control, Myo10-depleted
or LGN-depleted RPE-1 cells expressing GFP-EB3. Three movies have been concatenated.
Control (time=00:00:00): Two distinct modes of astral microtubule (MT) interaction with the cell cortex
during anaphase. Left Panel: Using automated classification (Fig S7A and Supplemental Methods), all astral
MT trajectories crossing into the 1 μm cortical band (white overlays) are classified as end-on (blue) and
lateral (red) cortical interactions; crosses mark the detected comet as it progresses along its MT track. The
initial MT tracks, prior to entry into the cortical band, are plotted in yellow. Examples of high displacement
MT trajectories (> 1.5 μm) that start and end within the cortical band (red dashed lines) as well as MT
trajectories that cross into the cortical band but traveling < 0.3 μm within the cortical region (white), are
shown here for completeness, although they were excluded from the formal analysis. Only high confidence
MT trajectories (> 5 frames) are plotted. Right Panel: Raw images, including red arrow overlays that point
to specific lateral MT transition events within the cortical band, as defined by our automated classification.
All classifications were made using a Minimum Track Length parameter of 3 pixels (~300 nm, see Fig S7A).
Myo10 RNAi (time=00:00:24): Myo10 depletion does not affect the frequency of lateral cortical MT
attachment during anaphase.
LGN RNAi (time=00:00:46): Inhibition of cortical dynein by LGN RNAi impairs lateral cortical MT
attachment during anaphase.
EXTENDED EXPERIMENTAL PROCEDURES
Cell Culture
All cell lines were maintained at 37oC with 5% CO2 atmosphere in DMEM (U2OS, HeLa, Utr-CH-GFP and
tubulin-mCherry HeLa), DMEM:F12 (hTERT RPE-l), or DMEM:F12 medium without phenol red (H2BmCherry RPE-1, EB3-GFP RPE-1), or DMEM medium without phenol red (H2B-GFP and H2B-mCherry
U2OS, LGN-GFP HeLa, Apr1-mRFP HeLa, DHC-GFP HeLa). EB3-GFP RPE-1 cell line is a gift from W.
Krek (Thoma et al., 2010). LGN-GFP HeLa, Arp1-mRFP HeLa, and DHC-GFP HeLa cell lines are gifts
from I. Cheeseman (Kiyomitsu and Cheeseman, 2012). Media were supplemented with 10% FBS, 100 IU/ml
penicillin and 100 μg/ml streptomycin. The tetracycline-inducible U2OS cell line expressing Plk4 [a gift
from E. Nigg, (Kleylein-Sohn et al., 2007)] was grown in DMEM supplemented with 10% of tetracycline-
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free FBS, 100 IU/ml penicillin and 100 μg/ml streptomycin, 50 μg/ml hygromycin and 100 μg/ml G418. Plk4
expression was induced by addition of 2 μg/ml doxycycline for ~8-14 h.
siRNA and Plasmid Transfection
RNAi experiments were conducted using the RNAi MAX transfection reagent (Invitrogen). Sequence
information of the small interference RNA (siRNA) pools used from Dharmacon are as follows: human
Myo10

set

of

4

ON-TARGETplus

MYO10

siRNA

L-007217-00-0002,

(J-007227-08)

5’-

GGAGGAAAUUUCAGGGAAU-3’, (J-007217-07) 5’-GCGGGAGAAUUGUAGAUUA-3’, (J-007217-06)
5’-CGUCGUAGCUGAUGUCUUA-3’, (J-007217-05) 5’-GGACAUAAAUCUCAACUUG-3’; Human
LGN/GPSM2

set

of

4

ON-TARGETplus

siRNA

MU-004092-00-0002,

(D-004092-01)

5’-

GAACUAACAGCACGACUUA-3’, (D-004092-02) 5’-GAGAAUGGAUGAACAGAGA-3’, (D-00409203)

5’-CAGAUUAGAUGAUCAAAGA-3’,

(D-004092-04)

5’-GGGCAAUGCUUAUUUCUAU-3’;

human siGENOME Myo10-3'UTR siRNA D-007217-19-0005, 5’-CAACACUAAUCGACCGUAA-3’;
human custom Myo10-5’UTR siRNA, 5’-UGGAGGAAGAAGAGACAAAUU-3’; human custom Myo105’UTR siRNA, 5’-UGAGGAACUUGGAGGAAGAUU-3’.
Plasmid transfection was carried out either using Lipofectamine 2000 (Invitrogen) for HeLa and
U2OS cells or Neon Transfection System (Invitrogen) for RPE-1 cells, according to the manufacturer's
protocol.
Drug Treatments
50 µM PF573228 (Tocris Bioscience), or 25 µM PP2 (Calbiochem), were added 2 h after cell spreading, and
maintained in culture for 24 h. Nocodazole (Sigma) was added at 10 μM for 4 h to completely depolymerize
microtubules (MTs) for focal adhesion disassembly assays, and at 100 ng/μl for 6 h for mitotic arrest.
Latrunculin A (Invitrogen) was used at 0.1, 0.5, or 1 µM, Blebbistatin (Sigma) at 1 µM, and Arp2/3 complex
inhibitor CK-666 (EMD Millipore) at 100 µM, prior to imaging. MG132 (Calbiochem) was used at 20 μM
for 2-3 h.
Immunofluorescence Microscopy
Cells were plated on FN-coated coverslips or FN micro-patterned coverslips, as described (Kwon et al., 2008).
For most experiments, to preserve Myo10, actin and retraction fiber morphology, cells were washed in prewarmed PBS, and fixed in PBS containing 4% paraformaldehyde for 15 min at 37oC, followed by
permeabilization in PBS-0.5% Triton X-100 for 15 min. To visualize cortical dynein and p150, cells were
washed with PBS, pre-extracted with PBS-0.2% Triton X-100 for 30 sec at room temperature, and fixed in
cold methanol at -20oC for 5 min. To visualize pFAK or centrin, cells were fixed in cold methanol at -20oC,
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rehydrated in PBS, and treated with PBS-0.25% Triton X-100 for 5 min. After permeabilization, cells were
immersed in blocking buffer (PBS containing 5% BSA and 0.1% Triton X-100) for 40 min, and incubated
with primary antibodies at room temperature for 1 h, washed with PBS-0.1% Triton X-100 and incubated
with fluorescence-conjugated secondary antibodies (1:1,000, Molecular Probes) or/and Alexa Fluor
Phalloidin (1:250, Molecular Probes) at room temperature for 1 h. Cells were also stained for DNA with
Hoechst 33342 (1:5,000, Invitrogen) in PBS and coverslips were mounted with ProLong Antifade mounting
medium (Molecular Probes).
Images were acquired either by a Yokogawa CSU-22 spinning disk confocal mounted on a Zeiss
Axiovert microscope (Zeiss) or by a Yokogawa CSU-X22 spinning disk confocal with Spectral Applied
Research Borealis modification on a Nikon Ti inverted microscope (Nikon Instruments). A series of 0.5 µm
optical sections were acquired using x60 or x100 objective lens with an Orca ER CCD camera (Hamamatsu
Photonics). Acquisition parameters, shutters, filter positions and focus were controlled by Slidebook software
(Intelligent Imaging Innovations) or by MetaMorph 7 software (Molecular Devices).
Antibodies for Immunofluorescence
Samples were incubated with primary anti-rabbit centrin2 (1:200, Santa Cruz), anti-rabbit pFAK (Y-397,
1:200, Invitrogen), anti-rabbit Myo10 (1:300, Novus Biologicals), anti-rabbit DHC (1:100, Santa Cruz
Biotech. Inc), anti-mouse p150 (1:200, BD Transduction Laboratories), anti-mouse Paxillin (1:200, BD
Transduction Laboratories), anti-mouse monoclonal -tubulin (DM1a, 1:500, Sigma), and anti-mouse
monoclonal -tubulin (clone B-5-1-2, 1:3000, Sigma) antibodies.
Cell Adhesion Assay
For the kinetics of FAK and Src activation, cells were trypsinized and replated on FN-coated plates [10 ng/µl
as described, (Kwon et al., 2008)] to allow cell attachment. To avoid disturbing integrin-mediated adhesion
signaling, cells were lysed directly in dishes while attached, at 1, 5, 18 h post-attachment.
Focal adhesion assays were performed as described (Ezratty et al., 2005). Briefly, serum-starved
cells were grown on FN-coated coverslips, treated with 10 µM nocodazole for 4 h to completely
depolymerize MTs, washed with warm PBS three times, and released to regular medium for 1 h to allow MT
repolymerization.
Long Term Live-cell Imaging
Cells grown on glass-bottomed 12-well tissue culture dishes (Mattek) or in CYTOO chamber (CYTOO) were
imaged on a Nikon Ti-E inverted microscope equipped with a precision motorized stage (Bioprecision, Ludl),
and the Nikon Perfect Focus system enclosed within a temperature- and CO2-controlled environment that
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maintained an atmosphere of 37oC and 5% humidified CO2. Images were captured at multiple points every
10 min for 2-3 days with a x20 objective and a cooled CCD camera (Coolsnap HQ2, Photometrics) controlled
with NIS elements software (Nikon Instruments Inc.). Captured images from each experiment were analyzed
using NIS-Elements software.
Immunoblotting
Immunoblotting was carried out as described (Kwon et al., 2008). Samples were incubated with the primary
antibodies: anti-rabbit FAK (1:4000, Cell Signaling), anti-rabbit pFAK (Y-397, 1:5000, Invitrogen), antirabbit pSrc (Tyr416, 1:1000, Cell Signaling), anti-rabbit Src (1:1000, Cell Signaling), anti-rabbit Myo10
(1:2000, Novus Biologicals), anti-rabbit Myo10 (1:5000, Sigma), anti-rabbit LGN (1:2000, Bethyl
Laboratories, Inc.), anti-rabbit KIFC1 (1:1000, Proteintech), anti-rabbit mCherry (1:500, BioVison), antimouse GAPDH (1:240000, Ambion), anti-mouse GFP (1:12000, Roche Applied Science), and anti-mouse
monoclonal -tubulin (DM1a, 1:15000, Sigma).
Plasmid Construction and Gene Replacement Experiments
To generate N-terminal mCherry-tagged Myo10 constructs (mCherry-Myo10-pLenti-CMV-Puro), siRNA
resistant versions of mCherry-Myo10 constructs were synthesized. The C-terminal 2.8 kb of Myo10 for wild
type or 2.8 kb of KK-DD mutant or 2.2 kb of MyTH4 mutant were synthesized into pUC57-Amp
(AgeI/HindIII) and the internal BglII site was removed by site-directed mutagenesis (Agilent Technologies).
The N-terminal 3.4kb of wild-type Myo10 was subcloned into pUC57-Amp using BglII/AgeI upstream of
the C-terminal fragments; the subsequent full length wild-type Myo10 or Myo10 KK-DD (6.2kb) or Myo10
MyTH4 (5.6 kb) constructs were subcloned into pENTR mCherry C2, using BglII/ HindIII. These
constructs were transferred to pLenti- CMV-Puro DEST (Addgene#17452) via an LR clonase reaction. High
titer lentivirus was prepared by concentrating the virus using PEG-it virus precipitation solution (System
Biosciences), and was used to infect U2OS cells expressing GFP-H2B and Plk4 under the control of a
tetracycline-inducible promoter.
For the centrosome clustering assays, U2OS cells expressing doxycycline (Dox)-inducible Plk4
(Kleylein-Sohn et al., 2007) were used to induce extra centrosomes; their clustering efficiency was assessed
by scoring bipolar or multipolar divisions. U2OS cells expressing GFP-H2B or mCherry-H2B were subjected
to two consecutive Myo10 3’ UTR RNAi or to Myo10 ORF RNAi (J-007227-05, J-007227-06, J-00722708) treatments, in order to deplete the endogenous protein. A double thymidine block was performed, as
described (Kwiatkowski et al., 2010): thymidine for 18-20 h, release for 8-10 h with doxycycline induction
of Plk4 during this time, then a second thymidine block, followed by release. For each experiment, the
population of cells harboring extra centrosomes was assessed by two independent methods,
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immunofluorescence microscopy to quantify centriole numbers, and live imaging of cells depleted of HSET
to quantify spindle multipolarity induced by HSET RNAi (Kwon et al., 2008). In U2OS cells, HSET
inhibition induces multipolarity in proportion to the fraction of cells with extra centrosomes.
For the knockdown-add-back rescue experiments (Fig S1B-G) to determine the effects of Myo10
constructs on centrosome clustering, cells expressing RFP-H2B were transfected with wild-type or mutant
Myo10-GFP plasmids [gifts of R. Cheney, (Cox et al., 2002)] during the first thymidine release for additional
4 h (total of 12-14 h doxycycline induction), and 24 h prior to imaging. For lentiviral infection (Fig S3D),
cells expressing GFP-H2B were infected with lentivirus containing wild-type or mutant Myo10- mCherry,
as described above (total of 12-14 h doxycycline induction). For the rescue experiments of spindle orientation
on FN-L patterns (Fig 3B), double thymidine block and lentivirus infection were performed, as described
above without doxycycline treatment. Only cells that were positive for GFP-Myo10 or mCherry-Myo10 at
comparable expression levels were subjected to quantitation, as gauged by the fluorescence intensity of
Myo10 (NIS elements software). For measurements of mCherry-rescue protein expression level, the mean
fluorescence intensity of mCherry was quantified from 20x20 pixel-square regions of cells.
Live Imaging of Subcortical Actin Clouds and Spindle Pole Movements
HeLa cells were transfected with GFP-Utr-CH [a gift from W. Bement, (Woolner et al., 2008)] and GFPpositive cells were selected by fluorescence-activated cell sorting (FACS). FACS sorted cell clones were
screened microscopically for optimal expression and visualization of actin clouds. These GFP-Utr-CHexpressing clones were then infected with an adenovirus containing mCherry-tubulin (gift of T. Wittmann)
for 4 h. The double positive cells expressing GFP-Utr-CH and mCherry-tubulin were used for imaging within
7 days, a time interval during which mCherry-tubulin expression remains optimal. Cells were plated on 35
mm glass-bottomed tissue culture dishes (Mattek) and images were acquired at a single confocal plane where
both poles are visible (mid-cortical plane) at 15 s intervals for 15 min using a x60 objective without binning.
High Resolution Live Cell Imaging for Microtubule Dynamics
Clonal RPE-1 cells that stably express GFP-EB3 were plated on 35 mm FN-coated glass-bottomed tissue
culture dishes (Mattek) and imaged at 37oC in DMEM-F12 phenol red free medium containing 10% FBS
(Invitrogen).
To obtain images with high spatio-temporal resolution suitable for automated EB comet tracking and
the extraction of parameters describing microtubule (MT) dynamics, cells were imaged at a single confocal
plane for DIC and GFP. All images were collected with a Yokogawa CSU-X1 spinning disk confocal head
with Spectral Applied Research Borealis modification on a Nikon Ti inverted microscope equipped with x60
Plan Apo NA 1.4 objective lens and Perfect Focus System. The microscope was enclosed in a custom-built
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incubator at 37 oC and with 5% CO2. EGFP-EB3 fluorescence was excited with a 491nm solid state laser
controlled with an ATOF, and emission was collected with a Semrock 405/491/561/642 multipass dichroic
mirror and a Chroma 525/50 ET emission filter. Images were acquired every 0.75 sec for 100 time frames
without binning, using a Hamamatsu ORCA ER cooled CCD camera controlled with MetaMorph 7 software
(Molecular Devices).
Cells were imaged in the optical plane of horizontally positioned spindles, with both poles visible at
the mid-cortex (i.e. corresponding to the position of subcortical actin clouds). Cell cycle stage for metaphase
and post-anaphase cells were determined by the chromosome configuration from DIC images. To visualize
lateral MTs in post-anaphase cells (Figs 7A-E, S7A-C) with similar pole-to-cortex distances (3-5 µm), cells
were treated with 100 ng/µl of nocodazole for 6h, released to pre-warmed medium, and imaged during the
30-90 min window after release.
Statistical Methods for MT Dynamics and MT-cortex Interaction Measurements
For all MT dynamics measurements (Figs 6B-D, S6A-C, S6F, S7E), we characterized cell-to-cell variability
in the MT dynamics (for 7E, S7C, the data was analyzed per spindle pole). In Figures 6B, S6A-B, and S6F,
to eliminate unavoidable systematic variation between daily experimental set-ups, each per cell MT dynamic
value was normalized by the mean of the control cellular distribution for a given MT parameter obtained that
day. Similarly, in Figure 6D, per cell MT values were normalized to the mean of the mCherry-WT cellular
distribution. This normalization maintained consistency between Figures 6B and 6D, facilitating crosscomparison. For these cellular distributions, permutation tests were used to calculate statistical significance
of changes in the mean between all conditions. Note, while a permutation test for differences in the means
was always employed, as this test requires no assumptions regarding normality, this test will provide near
identical results to a student’s t-test if the dataset distribution does approach normality, which was typically
the case for our per cell distributions.
In contrast, statistics related to cortical static dwell (Figs 6E, S7D) and the measurements of the EB3
dissociation rate from paused, non-cortical MTs (Fig S6E) were performed on pooled data from multiple
cells. This was because the sample size that could be obtained per cell was limited (Sampled N in metaphase
was 1-50 MTs per cell for the control condition). The data from these pooled samples deviated from normality
to a greater extent than the per cell distributions (confirmed via Anderson-Darling tests), and contained some
outliers, making the median value a potentially better descriptor of central tendency than the mean (see
Legends to Figs S6E and S7D). A slight skew from outliers with long dwell times is in fact expected, given
that longer dwell times are easier to measure than shorter dwell times with 0.85 second interval image
acquisition. Therefore, the permutation test was used to calculate statistical significance of changes in the
median between conditions in these cases. For all statistical comparisons related to the MT dynamics
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parameter data the number of permutations for each permutation test was calculated based on sample size:
maximum permutations = 10000 for very large sample sizes.
For box plots shown in Figures 6E, S6E, 7C, 7E, S7C, and S7D, the middle bar of the box indicates
the median value of population, while the top and bottom bars indicate the 75th (q3) and 25th (q1) percentiles
of the population. The extension of the whiskers is calculated as q3 + 1.5(q3 – q1) and q1 – 1.5(q3 – q1),
respectively. Data beyond the whiskers are shown as plus-signs (+) and may be considered as outliers to the
distribution. However, in all our statistical tests, these values were included, as discussed above.
EB3 Comet Detection and Tracking
Settings for detection and tracking of EB3-GFP comets for all conditions are as follows. The EB3 fluorescent
comets for analysis of all MT dynamics were detected and tracked with use of a modified version of the
plusTipTracker package (Applegate et al., 2011; Matov et al., 2010). Images were filtered using a difference
of Gaussians, band-pass filter (sigma1 = 1 pixel and sigma2 = 2 pixels) to dampen both high and low
frequency noise in the image and facilitate comet detection. Given the high density of the comets in mitotic
cells, we used the watershed method for their detection (Applegate et al., 2011). The high concentration of
EB3 decorated MTs within the spindle resulted in a tendency for EB3 mitotic images to display higher intracellular variance in fluorescence intensity than that seen for interphase cell images on which the package was
developed (Applegate et al., 2011). Therefore, in this study the standard deviation of the intracellular
background was estimated by fitting the first mode of the filtered intensity signals to a Gaussian function.
Detection accuracy was verified manually and cells with poor detection were excluded from the data set.
However, once the above modifications were made, detection problems were rare.
MT tracking parameters were set to be consistent for all conditions. Frame-to-frame linking
parameters were set to a minSearchRadius of 2 pixels (216 nm) and a maxSearchRadius of 5 pixels (540 nm).
MT growth tracks with a track length of less than 3 frames were discarded from further analysis.
The plusTipTracker software was designed to perform frame-to-frame linking of EB3 comet
detections, and also to infer undecorated MT pause, shrinkage and undetected growth events by associating
collinear, sequential growth sub-tracks (i.e. EB3 comet trajectories), which likely belong to the same MT,
into compound tracks via a global optimization scheme (Applegate et al., 2011; Matov et al., 2010). MT
growth subtrack linking parameters (i.e., “gap closing” parameters) were set as follows; maxForwardAngle
= 30 degrees, maxBackwardAngle = 10 degrees, fluctuation radius = 2 pixels (216 nm), maximum shrinkage
factor =1.5, and maxGapLength = 12 frames (~10 secs). Forward subtrack linking was performed to both
correct for occurrences wherein a comet might disappear temporally from the field of view, prematurely
breaking the EB3 trajectory, as well as to identify MT pause events where the EB3 comet disassembles from
the MT. These respective events can be identified based on the velocity of the gap linkage. Slow gap linkage
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velocities more likely correspond to EB3 comet dissociation from the MT, whereas fast linkage velocities
more likely correspond to EB3 bound MTs that leave the focal plane temporarily. Cut-offs for classifying
fast forward subtrack linkages as undetected growth events were determined for each experimental day, and
estimated via unimodal thresholding (Rosin, 2001) of the pooled forward gap speed distribution. Forward
gap speeds above the threshold were considered undetected growth events, and interpolated MT growth
coordinates were added to link the two MT growth subTracks. Forward gap speeds below the threshold were
considered MT pause events, in which the EB3-comet dissociates from the MT due to an interruption in net
MT polymerization, but does not exhibit measurable depolymerization (i.e. shrinkage). All backward
subtrack linkages were classified as MT shrinkage events that were eventually ‘rescued’, transitioning back
to EB3 associated MT regrowth at a spatial point along the first MT growth subtrack, behind the site of the
original comet disappearance.
As documented previously (Applegate et al., 2011; Matov et al., 2010), one potential artifact in
inferred shrinkage measurements corresponds to the false linking of very parallel moving MT tracks: mitotic
cells tend to exhibit a higher number of very parallel MT tracks relative to interphase cells (for which the
software was developed). Therefore, one may anticipate the frequency of backward links to increase when
measuring shrinkage rates via plusTipTracker during mitosis. However, we expect that if the distributions
corresponding to the local orientation of the candidate subtracks remained constant for all conditions tested,
the probability of a linking artifact occurring would likewise remain constant, and thus not contribute to
changes in the shrinkage rate observed among conditions. We measured the relative orientation of all pairs
of candidate EB comet trajectories that fulfilled the backward linkage criteria and noted no statistically
significant difference in this measurement among the perturbation conditions. We infer that the frequency of
the artifact from parallel tracks was constant for all conditions tested, and therefore does not explain
differences in shrinkage speed observed among the experimental conditions.
Measurements of Global Astral Microtubule Dynamics
As described above, all RPE-1 cells for this analysis were imaged in the optical plane of the equator of
horizontally positioned spindles. Estimation of the cell-edge for the astral region of interest was obtained
from intensity thresholding of the EB3 GFP channel by rosin-based thresholding (Rosin, 2001). All masks
were assessed visually for accuracy. Cells for which a visually acceptable mask could not be obtained via
automated intensity thresholding were discarded from the analysis.

In cases of significant cell-edge

movement, the cell-edge masks were updated in each frame. These cell edge measurements were used in all
cortical MT analyses requiring a cell edge estimate.
Non-astral (i.e. mitotic spindle) regions were delineated manually, and were subtracted from the
whole cell region of interest, to obtain an astral specific mask. For each mitotic cell, all tracked astral MTs
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were extracted using the plusTipSubRoiExtractTracks function in plusTipTracker. Only those EB3-decorated
MT trajectories that exhibited at least 50 percent of their total lifetime within the astral region were included
in the analysis; only those portions of the astral EB3 comet trajectories that fell within the astral region were
used to calculate the lifetime and speed of the EB3-decorated MT trajectory; and only those shrinkage events
that displayed 100 percent of their inferred coordinates within the astral subregion were included in the
analysis.
To more directly monitor cell-to-cell heterogeneity following a given perturbation condition, we
calculated the mean value for each of the MT parameters (EB3 comet speed, inferred MT shrinkage speed,
and EB3 comet lifetime) for the astral MT distribution measured for each cell (~750 EB3 comet decorated
MT trajectories and ~ 90 shrinkage events measured per cell). Because we observed subtle but significant
fluctuations in the MT dynamics parameters of control cells from one experimental day to another, likely due
to slight and unavoidable changes in the experimental conditions, we normalized the data to its respective
daily experimental control population before pooling the data from different experimental days. For each
experimental day corresponding to the RNAi or LatA treatment experiments (Fig 6B), the average of the per
cell MT measurements for the control cells was calculated, and all per cell MT dynamics measurements for
that day were divided by this value, such that all control normalized values scattered around a value of 1. In
the case of the Myo10 depletion-add-back experiments (Figs 6D, S6C), a similar normalization procedure
was employed using the values corresponding to the mCh-Myo10-WT (wild-type) add-back condition. This
normalization allows a direct comparison of all add-back experiments with the data presented in Figures 6BC and 6E (left panel).
Measurement of Per Cell Expression Level of Rescue Constructs
To obtain a per cell estimate of Myo10 construct expression level in the MT dynamics rescue experiments,
an automated procedure was developed where cell edge masks, obtained in the EB3 fluorescence channel,
were used to collect the mean intra-cellular, background-subtracted fluorescence intensity in the mCherry
channel. Extra-cellular background in mCherry signal was estimated per-frame by averaging the mCherry
fluorescence intensity values in the extracellular region as defined from the cell edge mask. The background
estimate was subtracted on a pixel-by-pixel basis from the raw intensity values. Negative pixel intensity
values upon background subtraction were set to zero.
Clustering Cells with Similar Astral Microtubule Dynamics
Calculations of the normalized mean for each MT parameter (EB3 comet speed, inferred MT shrinkage speed,
and EB3 comet lifetime) per cell were collected for 5 experimental days (three days when cells were treated
with control or Myo10 RNAi; two days when cells were treated with control or Myo10 RNAi, or with 0.5
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µM LatA), and were plotted in 3-dimensions, to assess whether cells that exhibit changes in one parameter
(such EB3 comet speed) likewise exhibit large stereotypical changes in the other two MT dynamics
parameters (Fig 6B). The kmeans clustering function in Matlab R2012b (20 replicates, all other parameter
set to default) was used to identify two groups of cells that exhibited similar MT dynamics behavior: the
identities of cells in each cluster were obtained, and we calculated the percentage of cells from a given
experimental treatment in each of the two MT dynamics clusters (Figs 6C-D, S6B). A permutation test of the
means was likewise used to confirm the statistical significance of the difference between control and
perturbation conditions for each of the three measured MT dynamics parameters (Figs S6A, S6C, EB3
decorated MT growth speed, inferred MT shrinkage speed, and EB3 decorated MT growth lifetime).
Cortical Region Creation and Microtubule Trajectory Extraction
We used the bwdist function in Matlab 2012b to create a cortical region that was 1.0 µm from the cell edge,
and extracted all measured EB3 bound microtubule (MT) trajectories that crossed into this cortical region
from the non-cortical astral region of the cell (Figs 6E, 7A, S7A). MT trajectories were defined as those
tracking measurements corresponding to an explicitly detected EB3-GFP comet (i.e. no inferred shrinkage
or pausing behavior was considered in the cortical analysis); we reasoned that this definition was most
consistent with previous studies that employed manual MT EB3 comet tracking. Only measured MT growth
trajectories crossing once into the cortical region were considered for cortical calculations in this study, as
these tracks are unequivocally from a single MT. To be considered a viable trajectory for analysis, the cortical
MT trajectory likewise had to persist for more than 5 frames (3.4 sec).
Static Dwell Calculations
Cortical classifications were first performed as described below (See Classification of End-on vs. Lateral MT
Cortical Interactions section of Supplemental Methods) to classify all EB3 comet decorated MT trajectories
that cross into the cortical region into either end-on or lateral growing MTs. Only tracks classified as end-on
were used for the calculations of static dwell: we reasoned that MT dwell at the end of a laterally growing
track likely represents a distinct molecular event. To calculate the time that the decorated MT was
immobilized at the cortex, small masks with a diameter that was 2 pixels (~216 nm) wide were made around
the coordinate corresponding to each EB3 comet decorated trajectory endpoint (i.e. the point where the EB3
comet is no longer detected, either due to comet dissociation or due to the MT permanently leaving the focal
plane of the image). The static dwell was calculated from the number of frames in which the EB3 comet
centroid was detected within the respective local dwell mask (Fig 6E). Note that we excluded EB3 trajectory
endpoint events where the EB3 signal disappeared and subsequently reappeared within the cortical band (See
EB3 Comet Detection and Tracking section of Supplemental Methods for details regarding
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detection/definition of these events). This is a distinct cortical event from EB3 decorated, MT persistence
before catastrophe that we aimed to measure.
Measurements of Spindle Microtubule Growth
EB3 comet intensity is extremely dense within the spindle region and the associated MTs exhibit much more
complex dynamic behavior than the interphase data on which plusTipTracker was originally tested. In
addition, optimization of the imaging conditions for EB3 comet detection and tracking in the astral region,
our primary region of interest, often required saturating the pixels in the image corresponding to the spindle.
These factors prevented the application of plusTipTracker to generate reliable EB3 trajectories in this region.
Hence to test for the regional specificity of the MT dynamic changes in the Myo10 RNAi or LatA treatment
condition to the astral region, kymograph analysis was employed.
For Kymograph analysis, the same data set where astral MTs were analyzed by plusTipTracker (Figs
6B-C) was used to generate GFP-EB3 kymographs to obtain MT growth speeds in both the spindle region
and for the astral MTs (Fig S6D). For each cell, a kymograph was generated from a 2-pixel wide line drawn
along the major axis of the spindle, encompassing the entire length of the cell. MT growth speeds were
calculated by measuring the slopes of GFP-EB comet trajectories, as previously described (Stumpff et al.,
2012; Tirnauer et al., 2002). Spindle MTs growing towards the equator and astral MTs growing toward the
cell periphery were analyzed to measure MT growth speeds in the spindle and astral regions, respectively.
Data were presented as distributions of individual MT growth speeds pooled from multiple cells per condition.
The same results were obtained when all measurements from a single cell (for spindle and astral regions)
were averaged to obtain a mean MT growth speed per cell for each region, and their distributions were
compared in different conditions. Note that the kymograph analysis orthogonally validates the alterations in
astral MT dynamics detected by plusTipTracker after Myo10-knockdown or LatA-treatment.
Estimation of EB3 Dissociation Rate
We considered the possibility that the decreased cortical dwell time observed in Myo10 depleted or LatAtreated cells, as calculated via the EB3 marker, could be due solely to a faster dissociation rate of EB3 from
the MT in these conditions (Fig S6E, Model 1), rather than reflecting a true decrease in the time the MT
persists at the cortex before depolymerization (Fig S6E, Model 2). To test this possibility, we obtained an
estimate for the global EB3 dissociation rate from a paused MT in different experimental conditions. To
achieve this, MT pausing events that were accompanied by EB3 comet dissociation and followed by
subsequent EB3-decorated MT regrowth were isolated using the plusTipTracker’s ‘gap closing’ algorithm
as described above (See EB3 Comet Detection and Tracking section of Supplemental Methods). These EB3
dissociation rate calculations were performed in precisely the same manner as the cortical dwell
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measurements with the exception that, for cortical dwell measurements, only terminal EB3 trajectory
endpoints or EB3 trajectory endpoints linked to a rescue event were considered (Fig S6E, upper panel). For
EB3 dissociation rate analysis we considered the global population of paused MTs followed by regrowth
assuming that effects of Myo10 depletion and LatA treatment on the kinetics of the comets would be the
same throughout the cell.
Definition and Measurement of Mitotic Poles
For all anaphase cells, coordinates for the two centrosomes were documented manually from the first frame
of each movie, using the impoint function in Matlab 2012b; these two coordinates were used to calculate the
long axis of symmetry corresponding to the cell. A single line perpendicular to this long axis of symmetry,
and passing through the cell center, was used to define the pole-specific cortical regions for the analysis of
the percent lateral transition (Figs 7D-E). We used the coordinates corresponding to the intersection between
the long axis of symmetry and the edge of the cell mask in the first frame to calculate the pole to cortex
distance (d) with regard to each centrosome. As the pole-to-cortex distance is decreased, lateral MT events
increased significantly; thus, all measurements of anaphase cortical MT parameters (Figs 7A-E) were
obtained from spindle poles with a d of 3-5 µm for all conditions.
Classification of End-on vs. Lateral Microtubule Cortical Interactions
EB3-decorated microtubules (MTs) that travel short distances (MT Cort-Dist) within the cortical region
(between 0.3 µm and 0.7 µm) were designated a priori as perpendicular (“end-on”) MT events: we assumed
that differences in orientation for these low-displacement tracks were likely due primarily to either noise or
other factors that did not correspond to the more robust, potentially motor-driven, lateral sliding of interest
[Fig S7A Step 2 (ii)]. EB3-decorated MTs traveling a distance (MT Cort-Dist) of less than 0.3 µm in the
cortical region were discarded from further analysis: we reasoned that these tracks did not contain enough
cortex-specific-information to make a robust MT classification [Fig S7A Step 2 (i)]. EB3-decorated MTs
traveling a distance (MT Cort-Dist) greater than 0.7 µm within the cortical region were further filtered via
their local orientation relative to the cell-edge, to assign them to either the lateral or perpendicular MTcortical interaction class [Fig S7A Step 2 (iii)].
For each of the measured trajectories of MTs traveling a distance (MT Cort-Dist) > 0.7 µm within
the 1 μm cortical band, we calculated the local direction of MT motion at the very end of the measured MT
trajectory (Fig S7A, dotted black vector). The specific coordinates of the measured MT trajectory used for
this vector calculation were dictated by the Minimum MT Track Length parameter [minMTLP, (Figs S7AB)]. As an EB3-decorated MT very often pauses at the cortex before comet-loss/ MT depolymerization, EB3
comets may exhibit small displacement fluctuations in their direction of movement, simply due to the noise
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in the measurement. To prevent these noise-driven directional changes from dominating the local direction
of MT motion measurement, detected coordinates were iteratively scanned backward in time along the
measured MT trajectory until the Euclidean distance between the EB3 coordinate under question and the
terminal MT trajectory coordinate was greater than or equal to the minMTLP (Fig S7A-B). Coordinates along
each measured MT trajectory that fulfilled this distance criterion were then used to calculate the respective
local direction of MT motion in the cortical region. Note that the minMTLP used for the local direction of
MT motion calculations should be large enough to average out small changes in MT direction due to noise,
but should be small enough so to not dampen the measurement of true MT track curvature corresponding to
the lateral transitions that exhibit lower subsequent displacement (Fig S7B). We found that a minMTLP of
approximately 3 pixels (324 nm) falls roughly within this category, as verified by manual classification of
tracks by an experimentalist (Fig S7B, middle panels).
Once the direction of local MT motion was established for each MT, this value was used to calculate
the orientation of movement of each cortical MT relative to the cell edge (Fig S7A step3). To make this
calculation, we had to measure the local orientation of the cell edge: to this end, we found the point along the
cell edge that was closest to the terminal coordinate of each MT trajectory. Coordinates of the cell edge
within a radius of 10 neighboring pixels (~1 µm) centered on this point were extracted, and designated as the
local cell edge for each corresponding MT. From these edge coordinates, the normal to local cell edge (green
vectors, the direction perpendicular to the cell edge) was calculated with use of the princomp function in
Matlab 2012b.
Using the above two vectors, we calculated the orientation of the MT relative to the local cell-edge
normal (Ɵ). Those MTs with a local direction of MT motion forming an angle > 60 degrees and < 150 degrees
with respect to the local cell edge normal (i.e. EB3 comets traveling approximately perpendicular to the cell
edge normal and thus moving parallel to the cell edge), were designated as lateral MT trajectories (red in
plots), whereas those MTs with a local direction of MT motion forming an angle < 60 degrees with respect
to the cell edge normal were designated as end-on MT trajectories (blue in plots). The value of 60 degrees
was considered to be a reasonable cut-off for determining lateral transitions, as this was approximately the
lowest orientation value exhibited by MTs that are traveling long distances within the 1 μm cortical region
(see scatter plots of MT track orientation vs. MT cortical displacement in Fig S7A). This behavior was
consistent for all perturbation conditions tested.
Test for Robustness of Conclusions to Small Changes in Parameters
We recognize that manual classifications are inherently subjective and that what constitutes a “correct”,
biologically meaningful classification may slightly differ among individuals (Fig S7B). Therefore, while
validation of the automated classifications against manual classifications is important, it is insufficient. The
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power of a fully automated analysis lies in the fact that the criteria for classification can be standardized, and
different definitions of a lateral MT interaction can be systemically explored. To this end, we varied the
minimum MT track length used for the local MT orientation calculation, a parameter that dictates the degree
to which small-displacement changes in the direction of MT motion at the very end of the measured MT
trajectory are considered significant. (Figs S7A-B). We observed little change in the overall shape of the
orientation vs. displacement distribution (scatter plots in Fig S7A) for the different choices of minimum MT
track length parameter (minMTLP); based on this result, a cut-off of 60 degrees for the MT orientation
relative to the cell edge was considered reasonable in all cases. As anticipated, increasing the minMTLP used
to calculate the local MT orientation relative to the cell edge tended to decrease the absolute value of the
percent lateral transitions per pole, as small changes in curvature at the end of the track were averaged;
however despite this, the relative difference in the percentage of lateral transitions per pole observed among
conditions tested was clearly maintained (Fig S7C).
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