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REPORT

Molecular signatures of cell migration in C. elegans

Q neuroblasts

Guangshuo Ou'2 and Ronald D. Vale'2

'The Howard Hughes Medical Institute and “Department of Cellular and Molecular Pharmacology, University of California, San Francisco, San Francisco, CA 94158

etazoan cell movement has been studied exten-

sively in vitro, but cell migration in living animals

is much less well understood. In this report, we
have studied the Caenorhabditis elegans Q neuroblast
lineage during larval development, developing live animal
imaging methods for following neuroblast migration with
single cell resolution. We find that each of the Q descen-
dants migrates at different speeds and for distinct distances.
By quantitative green fluorescent protein imaging, we find
that Q descendants that migrate faster and longer than

Introduction

Cell migration is an essential feature of metazoan development
and also plays important roles in the physiology of adult organ-
isms (Lehmann, 2001; Locascio and Nieto, 2001). Impaired cell
migration results in various developmental disorders such as con-
genital brain defects, and excessive migration also contributes to
pathologies such as tumor metastasis (http://www.cellmigration
.org; Yamaguchi et al., 2005; Kurosaka and Kashina, 2008).

Considerable progress has been made in identifying the
protein machinery that drives migration and the extracellular sig-
nals that guide migration (Webb et al., 2002; Pollard and Borisy,
2003; Ridley et al., 2003; Jaffe and Hall, 2005; Simpson et al.,
2008). However, molecular mechanisms that control the speed
and distance of cell migration in vivo are largely unknown. Why
do some cells migrate away from their birth place while others
remain? For those migrating cells, why do some cells migrate
faster and further than others? Knowledge obtained from in vitro
cultured cells offers a good starting point for understanding cell
migration in live animals. However, cellular behavior in a 3D tis-
sue shows several distinct properties from a 2D culturing condi-
tion (Yamada and Cukierman, 2007). Thus, investigations of cell
migration in live metazoans are necessary to understand how
molecular pathways discovered through in vitro model systems
operate in living organisms.
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their sisters up-regulate protein levels of MIG-2, a Rho family
guanosine friphosphatase, and/or down-regulate INA-1,
an integrin a subunit, during migration. We also show that
Q neuroblasts bearing mutations in either MIG-2 or INA-1
migrate at reduced speeds. The migration defect of the
mig-2 mutants, but not ina-1, appears fo result from a lack
of persistent polarization in the direction of cell migration.
Thus, MIG-2 and INA-1 function distinctly to control Q
neuroblast migration in living C. elegans.

To best study cell migration in live animals, one needs sin-
gle cell resolution so that one can follow a cell’s trajectory and
changes in speed. Ideally, one would like to compare different
cells that have different migration patterns so that one might be
able to identify molecular differences that might underlie these
distinct migratory capacities. Caenorhabditis elegans Q neuro-
blasts have the potential of being such an attractive model system.
Pioneering work of C. elegans post-embryonic development re-
ported that descendants of Q neuroblasts migrate different dis-
tances during the L1 larva stage (Sulston and Horvitz, 1977).
Previous observations of Q neuroblast development mainly relied
on Nomarski optics (Sulston and Horvitz, 1977). In this study, we
developed GFP-based live cell time-lapse imaging methodologies
to document Q neuroblast development with spinning-disk con-
focal microscopy. We found that descendants in the Q neuroblast
lineage have distinct migratory speeds and distances, making it
an appealing model to discover the molecular differences among
descendants of Q neuroblasts. We provide evidence that MIG-2,
a Rho family GTPase mutant (Zipkin et al., 1997), and INA-1, an
integrin o subunit mutant (Baum and Garriga, 1997), play impor-
tant but distinct roles in defining the distinct migratory behavior
of Q descendants.

© 2009 Ou and Vale This arficle is distributed under the terms of an Attribution—
Noncommercial-Share Alike-No Mirror Sites license for the first six months after the publica-
tion date (see http://www.jcb.org/misc/terms.shtml). After six months it is available under a
Creative Commons License (Attribution-Noncommercial-Share Alike 3.0 Unported license,
as described at http://creativecommons.org/licenses/by-nc-sa/3.0/).
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Results and discussion

Descendants of Q neuroblasts have
distinct migratory capacities
A pair of bilateral Q neuroblasts on the left side (QL) and right
side (QR) of C. elegans undergoes three rounds of asymmetrical
cell divisions during C. elegans L1 larva development (Fig. 1,
A-C; Sulston and Horvitz, 1977). Previous work using Nomarski
optics identified the starting and ending positions of the descen-
dants of Q neuroblasts (Fig. 1, D and E; Sulston and Horvitz,
1977) and estimated the migration speeds of a subset of the
cells. However, detailed documentation of their migration pat-
terns has not been performed by time-lapse recordings. In this
study, we developed GFP-based fluorescence microscopy tech-
niques to image Q neuroblast development. Using an integrant
C. elegans strain that stably expresses a GFP-tagged Rho fam-
ily GTPase, MIG-2, under its endogenous promoter, we are
able to visualize the plasma membrane of Q cells (Zipkin et al.,
1997). In some experiments, we also used a strain that ex-
presses a diffuse, cytosolic GFP for imaging both the cell pe-
rimeter and outline of the nucleus. For our long-term time-lapse
imaging experiments, we optimized conditions to immobilize
animals and used spinning-disk confocal microscopy (see
Materials and methods).

Our results show distinct migration patterns of four pairs of
Q descendants from the first two rounds of cell division (Fig. 1,
A-D; and Videos 1-6). The first division on the left side generates
two cells: QL.a and QL.p. Previous work reported that QL.a and
QL.p move past each other in opposite directions (Sulston and
Horvitz, 1977). However, we found that QL.p remains stationary
while QL.a migrates past QL.p (Fig. 1 D, 4 h; and Fig. S1). After
the second division on the left side, QL.ap migrates at a rate of
16.8 um/h for ~30 pm toward the posterior, whereas QL.pa does
not migrate (Fig. 1 D, 6 h). On the right side of the animal, QR.a
migrates at a rate of 11.2 um/h for ~25 um, and QR.p moves at
5.9 pm/h for ~15 um toward the anterior (Fig. 1 D, 4 h). After the
second division, the migration rates of QR.ap and QR.pa increase
but to different degrees. QR.ap migrates at 24.6 um/h for ~45 um,
whereas QR.p moves at 10.8 um/h for ~20 pum to the head
(Fig. 1 D, 6 h). Thus, the Q neuroblasts and their descendants dis-
play a dramatic range of cell migration speeds and travel dis-
tances, migrating at speeds of 2.5-25 um/h and for distances of
7-45 um. The faster migrating cell in a pair of descendents always
moves for the longer distance from their birth place (Fig. 1 E).
Because one cell of the pair migrates faster and over a longer dis-
tance than the other, we refer to this cell as having a “higher mi-
gratory capacity.” Thus, QL/R.a versus QL/R.p and QL/R.ap
versus QL/R.pa provide excellent model systems for studying
molecular differences that control the distinct cell migratory ca-
pacities in a pair of daughter cells.

MIG-2 and INA-1 control Q descendants’
migratory capacities

We next sought to uncover the molecular differences among the
aforementioned four pairs of cells that might contribute to their
different migratory capacities. As a starting point, we examined
two C. elegans mutants that were already known to be defective

JCB « VOLUME 185 « NUMBER 1 « 2009

in Q neuroblast development: mig-2 and ina-1 (Baum and Garriga,
1997; Zipkin et al., 1997). MIG-2 is classified as an Mtl Rac in
the Rho GTPase family, whose members have been shown to
stimulate actin cytoskeleton polymerization for cell migration,
neuritogenesis, gastrulation, and cell corpse phagocytosis (Jaffe
and Hall, 2005; Lundquist, 2006; Heasman and Ridley, 2008).
In the constitutively active mig-2(rh17) mutant, QR cell migra-
tion was shown to be defective (Zipkin et al., 1997). Integrins
are a family of heterodimeric transmembrane receptors consist-
ing of o and (3 subunits that link the actin cytoskeleton to the
ECM or the neighboring cell surface (Hynes, 2002; Avraamides
et al., 2008). The ina-1 gene encodes an integrin o subunit that
is associated with a 3 subunit, PAT-3, to form a functional inte-
grin pair essential for cell migration, neuritogenesis, and tissue
morphogenesis in C. elegans development (Baum and Garriga,
1997; Meighan and Schwarzbauer, 2007), and the point muta-
tion in ina-1(gmlI44) reduces QR cell migration distance (Baum
and Garriga, 1997).

In this study, we performed time-lapse observation of the
QL.ap cell in mig-2(rhi17) and ina-1(gmli44) mutant animals, al-
lowing us to observe both the rate and distance of QL.ap migra-
tion (Fig. 2, A and B). Compared with the migration distance of
QL.ap in wild type (WT; 28.9 um), QL.ap only migrates about
half the distance in an ina-1 (13.3 um) or mig-2 mutant (13.0 um;
Fig. 2 C). We also found that QL.ap migrates significantly slower
in ina-1 (5.6 pm/h) and mig-2 (7.8 um/h) mutant animals com-
pared with QL.ap in WT (16.8 um/h; Fig. 1 E and Fig. 2 D).
Thus, our results showed that both INA-1 and MIG-2 regulate
both the migration distance and speed of Q neuroblasts.

Dynamics of MIG-2 and INA-1 protein
levels during @Q cell migration
We next examined whether the levels of MIG-2 and INA-1 pro-
teins change during Q cell migration. To assess this, we performed
time-lapse imaging of MIG-2::GFP and INA-1::GFP proteins ex-
pressed from their endogenous promoters on genes that were sta-
bly integrated into the C. elegans genome (Fig. 3). Surprisingly,
we found that MIG-2 and INA-1 protein levels change in most
migrating Q neuroblasts, as described in detail in Fig. 3 and
Fig. S3. In contrast, the fluorescence intensity of a soluble GFP
protein (see Materials and methods) remained constant during
Q cell migration (Fig. 3, E and F; Figs. S1 and S2; Videos 3 and 6).
Initially, the two recently divided Q daughter cells of the
left (QL.a and QL.p) and right (QR.a and QR.p) sides received
similar amounts of MIG-2::GFP and INA-1::GFP (GFP quanti-
tatively measured in Fig. 3, B and D; and Fig. S3, A and B).
However, QL.a, migrating past QL.p (Videos 1-3), increases its
MIG-2::GFP fluorescence by 1.8-fold (Fig. 3, A and B; and
Fig. S1) while decreasing its INA-1::GFP fluorescence by 0.7-fold
compared with QL.p at the end of migration (Fig. 3, C and D; and
Fig. S1). On the right side, MIG-2::GFP increases by 1.5-fold in
the fast migrating QR.a compared with QR.p at the end of migra-
tion; however, the relative protein level of INA-1::GFP did not
change in this cell pair (Fig. 3, A-D; and Fig. S3, A and B). Similar
general trends were noted in the next Q descendants. Specifically,
QL.ap, which migrates toward the posterior (Videos 4-6), decreases
its INA-1::GFP levels between the start and end of migration


http://www.jcb.org/cgi/content/full/jcb.200812077/DC1
http://www.jcb.org/cgi/content/full/jcb.200812077/DC1
http://www.jcb.org/cgi/content/full/jcb.200812077/DC1
http://www.jcb.org/cgi/content/full/jcb.200812077/DC1

DV View¢ /AN

\%

Side View
—> R Cuticle
) S
D
LR
\' \Y

E Migration distance and speeds of Q neuroblasts and descents
.I%ZIL Distance (um)  Speed (um/h)* 'I%/?(la Distance (um) Speed (um/h)*
QL ~7* ~3.5% QR ~7 * ~3.5%
QL.a ~5 % ~2.5% QR.a ~25 112 +2.6 (21)
QL.p None None QR.p ~15 59 +22 (20)
QL.ap  289+52 (18) 16.8+33 (23) [QR.ap ~45 * 246 42 (27)
QL.pa None None QR.pa ~20 10.8 £2.3 (20)

Figure 1. Q neuroblasts lineage and the migration properties of the descendants. (A) The position of Q neuroblasts in a cross section of the nematode
C. elegans. D, dorsal; V, ventral; L, left; R, right. (B and C) QL and QR neuroblasts lineage patterns, which produce three different neurons and two apoptotic
cells (in black and marked by X) are shown. The products of these divisions give rise to ciliated sensory neurons (AQR and PQR), touch sensory neurons
(AVM and PYM), and interneurons (SDQL and SDQR). (D) The migration of Q neuroblasts and their descendants in the L1 larva stage. Arrows indicate the
migration direction. The time given is the hours after hatching. V1-V6, epithelial seam V1-V6 cells. Bar, 10 pm. (E) Summary of the migration distance and
speeds of Q neuroblasts and their descendants. Asterisks denote values derived from the figures of previously published data (see Materials and methods).
Other measurements are derived from our time-lapse observations. Carets indicate mean speed + SEM (number of animals).
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Figure 2. MIG-2 and INA-1 control the cell migratory capacity of QL.ap. (A) QL.ap migrates toward the tail in a WT animal but fails to complete its pos-
terior migration in mig-2(rh17) or ina-1(gm144) mutant animals. The plasma membrane of Ql.ap is visualized by the expression of MIG-2::GFP (image
is inverted so that higher GFP intensity is black). The leading edge of QlL.ap is marked by red arrows, and the rear of the stationary QL.p is marked by
purple arrowheads. Bar, 5 pm. (B) The distance between Ql.ap and Ql.pa during migration in WT, ina-1(gm144), and mig-2(rh17). (C) The final migration
distances of QL.ap in ina-1{gm144) (13.3 = 3.3 pm, n = 22) and mig-2(rh17) (13.0 = 3.5 pm, n = 11) mutants are shorter than that in WT (28.9 = 5.2 pm,
n = 18). Error bars indicate SEM. (D) The migration speeds of Ql.ap in ina-1(gm144) (5.6 £ 1.2 pm/h, n = 12) and mig-2(rh17) (7.8 = 2.1 pm/h, n = 11)

mutants are slower than in WT (16.8 + 3.3 pm/h, n = 23).

relative to the stationary QL.pa (MIG-2::GFP does not change;
Fig. 3, A-D; Fig. S2; Fig. S3, A and B). QR.ap increases its
MIG-2::GFP levels and decreases its INA-1::GFP compared with
the slower migrating QR.pa (Fig. 3, A-D). We also show that up-
regulation of MIG-2::GFP occurs normally in the ina-1(gmi144)
mutant, and down-regulation of INA-1::GFP occurs normally in
a mig-2(rhl17) mutant (Fig. S3, D-G). In summary, Q descen-
dants with higher migratory capacities either up-regulate MIG-2
levels during migration (QR.a/QR.p), down-regulate INA-1 levels
(QL.ap/QL.pa), or do both (QL.a/QL.p and QR.ap/QR.pa).

Q neuroblast speed correlates with
up-regulation of MIG-2 or down-regulation
of INA-1

To obtain further evidence of a relationship between cell migra-
tory capacities and the expression of MIG-2 and INA-1, we mea-
sured migration speed and MIG-2 or INA-1 protein levels over
time for the QL.p, QL.ap, and QR.a cells. In the QL.p cell, which
does not migrate, MIG-2, INA-1, and soluble GFP protein levels
did not change over time (Fig. 4, A and D). In contrast, in the
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QL.ap cell, INA-1::GFP levels progressively decrease over time as
the cell increases its migration speed (Fig. 4, B and E). In the QR.a
cell, which also increases its migration speed, the MIG-2::GFP
levels steadily increased over time (Fig. 4, C and F). As a control,
we found that soluble GFP levels remain constant in these cells
during migration (Fig. 4, E and F). These data are consistent with
the view that up-regulation of MIG-2 and down-regulation of
INA-1 may contribute to an increase in the speed of cell migration.
However, protein levels of MIG-2 and INA-1 may not be tightly
coupled to cell speed because GFP fluorescence appears ~30 min
after the protein is produced, as a result of maturation of fluoro-
phore. Also, MIG-2::GFP and INA-1::GFP are expressed from
multiple copies of integrated plasmids and yet move at similar
speeds to nonexpressing cells or cells expressing soluble GFP.

MIG-2, but not INA-1, controls the proper
polarization of migrating QG neuroblasts

We next addressed how MIG-2 and INA-1 control migration
by examining the morphology of migrating WT and mutant
Q cells. For this study, we imaged soluble GFP in the QL.ap cell,
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Figure 3. Changes in MIG-2 and INA-1 protein levels during Q cell migration. (A-F) MIG-2::GFP (A and B), INA-1::GFP (C and D), and soluble GFP
(E and F) were imaged at the start and end stage of migration of the indicated four pairs of Q neuroblast descendants. (A, C, and E) Images of Q cells at
the start and the end of migration are shown. (B, D, and F) Fluorescence intensities of MIG-2::GFP (n = 17-29), INA-1::GFP (n = 17-33), and GFP
(n = 12) expressed as a ratio between four Q descendant pairs are shown. ***, statistical significance of difference in the fluorescence intensity ratio
between the start and the end (P < 0.001, Student's ttest). Error bars indicate SEM. The absolute protein levels for each cell are shown in Fig. S3 (A-C).

L, left; R, right; A, anterior; P, posterior. Bar, 5 pm.
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Figure 4. Changes in MIG-2 and INA-1 protein levels during the migration of QL.p, QL.ap, and QR.a cells. (A-C) The migration speeds during different
time periods measured for QL.p (n = 11), QlL.ap (n = 9), and QR.a cells (n = 8). The QL.p is effectively stationary. (D-F) The fluorescence intensity ratio
measured during different time periods of migration (compared with intensity at time 0) of MIG-2::GFP (green; n = 8-11), INA-1::GFP (red; n = 8-12), and
soluble GFP (blue; n = 10-11). Error bars indicate mean + SD. Statistical significances of the data (comparison between the start and end points of speed
and fluorescence) are determined by Student's ttest. *, P < 0.025; **, P < 0.005; ***, P < 0.001.

which illuminates the cytoplasm and thus defines the bound- nucleus toward the posterior (100% of cells elongated toward
aries of the cell perimeter and the nucleus (Fig. 1 A and Fig. 5). the tail, n = 15; Fig. 5 A and Video 7). The QL.ap maintained this
In WT animals, QL.ap elongates in its direction of migration, morphology during the 60 min of migration that we examined.

extending a lamellae toward the animal tail and positioning the Strikingly, in the mig-2(rhi17), the QL.ap showed a distinct

JCB « VOLUME 185 « NUMBER 1 « 2009
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mig-2(rh17)

ina-1(gmi44)

Figure 5.  MIG-2, but not INA-1, polarizes migrating Q neuroblasts. (A-C) The morphology of migrating QL.ap cell visualizing from the left/right lateral
side of C. elegans L1 larva expressing soluble GFP in WT (A), mig-2(rh17) (B), and ina-1(gm144) mutants (C). This GFP marker stains the Q cell periphery
and the nucleus. The top panels show the first frames of QL.ap migration from Videos 7-9. Numbers 1, 2, and 3 indicate the QL.ap positions at O (1; the
first frame), 30 (2), or 60 min (3) during migration from Videos 7-9. Ql.ap in mig-2(rh17) (B) or ina-1{gm144) (C) migrates slower and shorter than its
migration in WT (A). The bottom three panels show the magnified views of cell morphology of migrating QlL.ap paired with schematic diagrams from the
top panels or frames in Videos 7-9. Migrating QL.ap properly polarizes the lamellae toward the posterior in WT (A; 100%, n = 15) and in ina-1(gm144)
(C; 92%, n = 12). However, in mig-2(rh17), QlL.ap forms protrusions in random directions, marked by red asterisks. The anterior (A)-posterior (P) axis is

the left to right. Light green, cytoplasm; dark green, nuclei. Bars, 5 pm.

morphology from WT animals. Notably, QL.ap randomly extended
processes to the anterior or dorsal/ventral side of the animal over
time and did not maintain a persistent elongated polarization to-
ward the tail (only 1/10 animals showed what might be scored as
persistent posterior polarization; Fig. 5 B and Video 8). In contrast,
QL.ap in ina-1(gmi44) mutants showed normal posterior polariza-
tion and nuclear positioning, even though it had a similar reduced
migration speed to mig-2(rh17) animals (92% of animals showed
normal QL.ap polarization to the tail, n = 12; Fig. 5 C and Video 9).
These observations suggest that MIG-2 and INA-1 proteins control
Q cell migration speed and distance by different mechanisms.
MIG-2 is required for the polarization of migrating QL.ap, and the
lack of persistent polarization (extending processes in the wrong
direction) may likely explain the slower speed of migration in the
mig-2(rh17) mutant animals. In contrast, INA-1 appears to regulate
QL.ap migration speed by a mechanism independent of polarity.

Conclusion
In summary, our study shows that C. elegans Q neuroblasts pro-
vide an attractive model for visualizing cell migration in vivo and

that tools, such as genetic mutations and expression of GFP-
tagged genes, enable a molecular dissection of this process. In
this study, we show that pairs of Q descendants migrate at differ-
ent speeds and distances and that a higher cell migratory capacity
correlates with the up-regulation of MIG-2 and down-regulation
of INA-1. By examining cell morphology directly during migra-
tion in living animals, we also show that MIG-2 is essential for
the polarization of migration Q cells, but INA-1 is involved in
speed control but not polarity.

We find that cells with higher cell migratory capacity
(QL/R.a vs. QL/R.p or QL/R.ap vs. QL/R.pa) have significantly
more MIG-2 protein on the plasma membrane and that up-
regulation of MIG-2 correlates with QR.a acceleration. To our
knowledge, this is the first demonstration in metazoan develop-
ment that a Rac GTPase dynamically changes its protein level dur-
ing cell migration. However, in cell culture, overexpression of Racl
was shown to promote the motility of T47D mammary epithelial
cells (Keely et al., 1997), which is consistent with our findings.

Our study also shows that MIG-2 is involved in controlling
cell polarity during migration in living animals. The mig-2(rh17)
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mutant animal bears a point mutant that constitutively activates
MIG-2 by locking the protein in a GTP state (Zipkin et al.,
1997). An inability to selectively activate MIG-2 in one part of
the cell may explain why the QL.ap cell extends processes in
many directions and has trouble in maintaining a persistent
lamellae. The lack of persistent polarization likely explains the
slower speed of migration of mig-2(rhi17) rather than a defect in
the actin machinery or interaction with the ECM (Fig. 5 B). Pre-
vious work using a fibroblast cell line has shown that increasing
the amount of active Racl causes random migration, whereas
the reduction of active Rac supports directionality (Pankov et al.,
2005). Our results suggest that a similar paradigm may apply in
living animals. However, MIG-2 and its Drosophila melano-
gaster homologues, the Mtl Racs, are distinct from vertebrate Racl
(CED-10 and RAC-2 are the closest C. elegans homologues of
vertebrate Racl). RhoG in vertebrates was suggested to be the
functional equivalent of Mtl Rac, but its function is largely un-
known (Lundquist, 2006; de Curtis, 2008). Drosophila Mtl Rac
is required for axon branching, guidance, and growth (Ng et al.,
2002). It will be interesting to examine whether Mtl or RhoG is
also involved in establishing polarity of migrating cells as we
find for the C. elegans homologue, MIG-2.

We also find that cells with higher migratory capacity have
significantly lower INA-1 protein and that down-regulation of
INA-1 is associated with QL.ap acceleration. During tissue
morphogenesis and remodeling, integrins have been reported to
undergo temporal and spatial changes to control cell rearrangement
by transcriptional or posttranscriptional mechanisms. For example,
INA-1 protein levels were shown to decrease in the distal tip cell
of the C. elegans gonad near the completion of migration, and
blocking INA-1 down-regulation in vab-3(mwI05) mutant pro-
duces an over migration phenotype (Meighan and Schwarzbauer,
2007). Similarly, we find that INA-1 levels decrease in several
Q neuroblasts, although in our case we observe this decrease at
the start of migration.

Integrins are critical for building focal adhesions that con-
nect the ECM with the actin cytoskeleton. We find that INA-1 is
required for cell migration in a polarity-independent mechanism
(Fig. 5). We favor the idea that a reduction in integrin protein levels
reduces the strength of focal adhesions, allowing for faster migra-
tion. In support of the notion, cultured cell lines migrate faster at
intermediate than at high ECM concentrations (Palecek et al.,
1997), which may be a result of an optimal integrin engagement of
the ECM and retrogradely moving actin (Gupton and Waterman-
Storer, 2006).

Although this study focuses on two molecular markers of
cell migration, MIG-2 and INA-1, levels of many other proteins
are likely to be regulated during cell migration. Systematic and
quantitative screening of the expression of many GFP-tagged pro-
teins might be possible and would provide a more complete mo-
lecular signature of the dynamics of cell migration. In addition, the
clarity of imaging in this study suggests that readouts of protein
activity (e.g., using fluorescence resonance energy transfer read-
out from fluorescent protein sensors) might be possible to per-
form. Time-lapse imaging of the dynamics of subcellular structures
(e.g., centrosomes, chromosomes, and cytoskeleton) could also be
performed. Finally, the microscopy methodologies developed for
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imaging Q cell migration can be applied to investigate other devel-
opmental processes in C. elegans larva, such as asymmetrical cell
division and programmed cell death (Figs. S1 and S2).

Materials and methods

Strains

C. elegans strains were grown on NGM plates seeded with the Escherichia
coli strain OP50 at 20°C using standard methods. Some strains were pro-
vided by the Caenorhabditis Genetics Center (funded by the National Insti-
tutes of Health National Center for Research Resources). The previously
generated fluorescence markers used in this study, MIG-2::GFP, INA-1::GFP,
and the soluble GFP, were integrated into C. elegans chromosomes so that the
variation of fluorescence infensity among individual animals was minimized.
MIG-2::GFP and INA-1::GFP were expressed under the control of their endog-
enous promoters, and the fransgenes were used fo rescue the corresponding
mutants, indicating that they are functional (Baum and Garriga, 1997; Zipkin
etal., 1997). The soluble GFP used in this study of an integration of the GFP
under the control of egl-17 promoter, a fibroblast growth factor-like gene that
is expressed in Q neuroblasts but not essential for Q cell migration (Burdine
etal., 1997; Branda and Stern, 2000). This integration made by Branda and
Stern (2000) fused the first 11 amino acids of egl17 gene and seven amino
acids of a nuclear localization signal (PKKKRKV) before the GFP protein. Fluor-
escence markers were introduced into mutants by genetic crosses, and
Table S1 summarizes genotypes of strains used in this study. Genetic nomen-
clature for C. elegans was followed in this study (Horvitz et al., 1979).

Fluorescence microscopy

Images were collected by a microscope (Axiovert 200M; Carl Zeiss, Inc.)
equipped with @ 100x 1.45 NA oil objective and a cooled chargecoupled
device camera (Orca Il ERG; Hamamatsu Photonics) or an EM charge-coupled
device camera (C9100-13; Hamamatsu Photonics) and the 488-nm line of
an argon laser attached to a spinning-disk confocal scan head (CSU10;
Yokogawa; obtained from Solamere, Inc.). Timelapse images acquired at
10-20 sites were imaged simultaneously every 90 s using pManager software
(www.micro-manager.org).

Imaging Q neuroblasts

Q neuroblast development in C. elegans L1 larva was recorded using a
modification of a protocol for studying neuronal transport in adult worms
(Ou et al., 2005). The fluorescent transgenic nematodes were anesthetized
with 0.1-1 mM levamisole in M9 buffer, mounted on 2% agar pads, and
maintained at 22°C. Q neuroblast development was imaged from either
dorsal to ventral direction (Figs. 2, 3, S1, and S2 and Videos 1-6) or from
a left to right angle (Fig. 5 and Videos 7-9) of C. elegans in L1 larva stage
(Fig. 1 A). A pair of bilateral Q neuroblasts localize between intestine and
cuticle on both QL and QR of the animal. Observing the dorsal fo ventral
direction, the side morphology of QL and QR can be visualized on the
same focal plane below or above the plane of seam cell. From the left or
right side of nematodes, the bottom of either the QL or QR cell, but not
both, are visible on one focal plane.

Fluorescence quantitation

Images of Q neuroblasts were processed using Image) software (National
Institutes of Health). Figs. 2 and 3 and Fig. S3 (D-G) are contrastinverted
images by Photoshop (CS3; Adobe), and the original frames and videos are
available in the online supplemental material. We calculated fluorescence
intensities of MIG-2, INA-1, and EGL-17 as the fluorescence divided by
area. Image) software was used to circumscribe the fluorescence field and
measure the interior GFP fluorescence and the size of area. Fluorescence in-
tensity was measured from a single focus plane. This was reasonable be-
cause of the small sizes and z projection of Q neuroblasts (e.g., the depth of
Ql.ais 3.4 + 0.4 pm, n = 10; the depth of Ql.ap is 3.0 + 0.4 pm, n = 12).
Single section acquisition also minimized photobleaching and photodam-
age of Q neuroblast development over long imaging periods (2-3 h). Previ-
ous measurements from a single plane were shown to be valid in determining
the sizes of Q neuroblasts before and after asymmetrical cell division (Cordes
et al., 2006). To calculate the fluorescence intensity ratio, background fluor-
escence outside of Q neuroblasts in the same frame was subtracted.

Speed measurement

Migration speeds were measured from the first frame in which the Q cell
started to move until the frame in which the Q cell stopped migrating. Our
microscopy setup with a 100x objective and a camera with 1x binning
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provided an image field of 45.1 x 45.1 pm. Once a Q neuroblast moved
out of the imaging area, we manually recentered the Q cells. Different
stationary fiduciary markers were used for speed measurements. The
myoblast cell does not move during L1 larva stage and is close to the
QL.p or Ql.pa cell, and we used the myoblast cell to show that QL.p and
QLl.pa are immotile. The Ql.pa cell, but not the myoblast cell, is in the
same imaging field as the Ql.ap cell, and thus, we chose the QL.pa cell
as an internal stationary marker for Ql.ap speed measurements. Proper
fiduciary maker for QR migration was not available, so we measured the
migration speeds of QR cells within the field of view. Although this can
contribute error as a result of animal or stage movement, in practice, we
found negligible movement of the stationary myoblast and QL.pa cells
with a frame over time, thus validating our measurement of QR move-
ment. We estimated migration distances of QL, Ql.a, and all GR cells by
tracking the center of each cell in Fig. 13 of Sulston and Horvitz (1977)
using the reported scale bar. Migration speeds of QL, Ql.a, and QR were
estimated from the same figure..

Online supplemental material

Figs. S1 and S2 show dynamics of MIG-2, INA-1, and soluble GFP as
Ql.a migrates past Ql.p (Fig. S1) or QL.ap migrates toward the tail (Fig. S2).
Fig. S3 shows MIG-2, INA-1, and GFP protein levels during Q cell migration.
Videos 1-6 show migration of Ql.a (Videos 1-3) and Ql.ap (Videos 4-6)
in L1 larva expressing MIG-2::GFP (Videos 1 and 4), INA-1::GFP (Videos
2 and 5), and soluble GFP (Videos 3 and ). Videos 7-9 show the lateral
views of Ql.ap migrating to the tail in WT (Video 7), mig-2(rh17) (Video
8), or ina-1(gm144) (Video 9). Online supplemental material is available at
http:/ /www.jcb.org/cgi/content/full/jcb.200812077/DCT1.
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