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PATTERNS & PHENOTYPES

Localization and Loss-of-Function Implicates
Ciliary Proteins in Early, Cytoplasmic Roles
in Left-Right Asymmetry

Dayong Qiu, Shing-Ming Cheng, Laryssa Wozniak, Megan McSweeney, Emily Perrone, and
Michael Levin®

Left-right asymmetry is a crucial feature of the vertebrate body plan. While much molecular detail of this
patterning pathway has been uncovered, the embryonic mechanisms of the initiation of asymmetry, and
their evolutionary conservation among species, are still not understood. A popular recent model based on
data from mouse embryos suggests extracellular movement of determinants by ciliary motion at the
gastrulating node as the initial step. An alternative model, driven by findings in the frog and chick embryo,
focuses instead on cytoplasmic roles of motor proteins. To begin to test the latter hypothesis, we analyzed
the very early embryonic localization of ciliary targets implicated in mouse LR asymmetry.
Immunohistochemistry was performed on frog and chick embryos using antibodies that have (KIF3B,
Polaris, Polycystin-2, acetylated a-tubulin) or have not (LRD, INV, detyrosinated a-tubulin) been shown to
detect in frog embryos only the target that they detect in mammalian tissue. Immunohistochemistry
revealed localization signals for all targets in the cytoplasm of cleavage-stage Xenopus embryos, and in the
base of the primitive streak in chick embryos at streak initiation. Importantly, several left-right
asymmetries were detected in both species, and the localization signals were dependent on microtubule and
actin cytoskeletal organization. Moreover, loss-of-function experiments implicated very early intracellular
microtubule-dependent motor protein function as an obligate aspect of oriented LR asymmetry in Xenopus
embryos. These data are consistent with cytoplasmic roles for motor proteins in patterning the left-right
axis that do not involve ciliary motion. Developmental Dynamics 234:176-189, 2005. o 2005 Wiley-Liss, Inc.
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INTRODUCTION

The consistent left-right asymmetry of
the heart, brain, and viscera of verte-
brates raises fascinating questions
about the evolutionary and embryonic
origin of morphological handedness.
While the downstream steps involving
asymmetric gene expression are be-
ginning to be characterized in molec-
ular detail (Burdine and Schier, 2000;

Yost, 2001; Levin, 2005), the initial
steps of orienting the left-right axis
are poorly understood. Important
questions concerning the timing of the
initiation of asymmetry and the con-
servation of mechanisms among dif-
ferent species remain open. Recently,
a model (motivated by classical hu-
man data and functional experiments
in mouse embryos) was proposed

whereby embryonic asymmetry is
generated by determinants moved ex-
tracellularly by the vortical motion of
cilia in the node at gastrulation (Afze-
lius, 1999; Vogan and Tabin, 1999; Hi-
rokawa, 2000a,b; Brueckner, 2001;
McGrath and Brueckner, 2003; Tabin
and Vogan, 2003). Molecular compo-
nents relevant to this process and im-
plicated in LR patterning include left-
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right dynein (LRD) (Supp et al., 1997,
1999a), Inversin (Yokoyama et al.,
1993; Morgan et al., 1998), Polycys-
tin-2 (Pennekamp et al., 2002), Kine-
sin-3B (Nonaka et al., 1998; Takeda et
al., 1999), and Polaris (Murcia et al.,
2000). This hypothesis is extremely
attractive because it leverages mor-
phological asymmetry from the bio-
chemical chirality of cilia structure. A
key component of this feature of the
model is that the implicated proteins
have their earliest LR-relevant roles
in the node cilia at gastrulation.

However, the existing data are also
compatible with a different model
based on cytoplasmic functions of the
motor proteins normally associated
with ciliary motion (kinesin and dy-
nein). We have previously proposed
that asymmetric transport of LR de-
terminants inside cells (presumably
driven by the chirality of some cy-
toskeletal structure) is performed by
these motor proteins long prior to gas-
trulation (Levin and Nascone, 1997;
Levin and Mercola, 1998a); a related
mechanism was also suggested by oth-
ers based on the expression of LRD in
mouse embryos (Supp et al., 1997). A
detailed comparison of both models
and the advantages and problems in-
herent in each are presented in Levin
(2003, 2004a).

One specifically testable aspect of
the intracellular transport model is its
prediction that the ciliary targets,
which have been functionally impli-
cated in left-right asymmetry, should
be expressed in embryos well before
the appearance of cilia, and should ex-
hibit localizations to cells and tissues
unrelated to cilia function. This has
been reported in mammals; for exam-
ple, Ird is expressed in pre-streak
mouse embryos (Supp et al.,, 1997).
However, the localization of these tar-
gets has not been characterized in spe-
cies in which very early LR patterning
is best understood (e.g., Xenopus). Be-
cause the flat chick blastoderm is
arguably a better model for under-
standing the fundamentals of axial
patterning in mammalian (including
human) development than the modi-
fied cylindrical topology of rodent em-
bryos, inroads to understanding nor-
mal and pathological human laterality
are likely to result from the character-
ization of early LR mechanisms in
chick. Thus, we undertook to charac-
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Controls and antibody characterization. Sections processed for immunohistochemistry

with no primary antibody, no secondary antibody, or with primary antibody pre-incubated with
target peptide show no alkaline phosphatase signal in frog embryos (A, sectioned along the AV
axis) or chick embryos (B, sectioned across the primitive streak at st. 3). As predicted, the inversin,
LRD, and acetylated and detyrosinated o-tubulin antibodies correctly label cilia in older embryos
(tail epidermis shown with alkaline phosphatase detection (C) or fluorescent secondary antibody,
D). Most primary antibodies, such as Kinesin5 (E) reveal symmetrical stain in early embryos. In
Western blots, the Polaris antibody reacts with a single band of the predicted size of 95 kDa (F),
while the Polycystin-2 antibody reacts with a single band of the predicted size of 110 kDa (G). Red
arrows, signal; white arrows, lack of signal; green arrows, additional signal.

terize and compare the localization of
the implicated ciliary targets in both
chick and Xenopus embryos, at stages
earlier than those that had been ex-
amined in prior studies. Moreover, in
contrast to gene expression analyses
performed in a number of embryonic
systems, we focused on protein local-
ization. This is important because post-
transcriptional mechanisms may estab-

lish asymmetries that would not be
visible by characterization of mRNA
localization, and because in Xenopus
(and other systems) maternal proteins
not dependent on the zygotic genome
are likely to underlie important early
phases of LR patterning.

In order to test the intracellular
model of LR initiation, and to gain
insight into possible novel cytoplasmic
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mechanisms of early LR patterning,
we examined the localization patterns
of key target proteins in two comple-
mentary model systems. We then per-
formed loss-of-function experiments
targeting cytoskeleton-directed motor
transport. Taken together, our data
obtained in two species with radically
different gastrulation architectures
demonstrate that all of the implicated
targets are present in very early em-
bryos, and suggest non-ciliary models
of left-right asymmetry determina-
tion.

RESULTS

Analysis of Protein
Localization in Early
Embryos

For immunohistochemistry, frog em-
bryos were fixed and sectioned in a
gelatin-albumin block; this method
utilizes an optically-transparent em-
bedding medium, which is crucial for
precise orientation of embryos prior to
sectioning (Levin, 2004b). Additional
advantages include avoiding tissue
distortion (the medium serves as a
scaffold but does not penetrate the tis-
sue), high-temperatures, or organic
solvents (embryos were processed at
room-temperature, in aqueous solu-
tions). Chick embryos were fixed, pro-
cessed in wholemount, and then em-

bedded and sectioned in JB4. An
extensive series of controls was first
performed. Frog (Fig. 1A) and chick
(Fig. 1B) embryos undergoing immu-
nohistochemistry without primary an-
tibody, without secondary antibody, or
with primary antibody pre-incubated
with target peptide, resulted in a lack
of signal. As predicted, Inversin, LRD,
and the a-tubulin antibodies all la-
beled cilia in older embryos (Fig.
1C,D). In early embryos, most anti-
bodies not implicated in asymmetry,
such as other kinesins (Rodionov et
al., 1991), are localized symmetrically
in the cytoplasm (Fig. 1E).

We sought to examine the localiza-
tion of several ciliary proteins of rele-
vance to LR patterning. The antibod-
ies to Kif3B (Le Bot et al., 1998;
Ginkel and Wordeman, 2000) and
acetylated a-tubulin (Sale et al., 1988;
Dent and Klymkowsky, 1989; LeDizet
and Piperno, 1991) have already been
extensively characterized in Xenopus
and are known to be specific for their
targets. However, the other antibodies
have only been used in mammals. We
thus attempted to characterize them
on frog embryo extracts. Antibodies to
Polaris (Pazour et al., 2000) and Poly-
cystin-2 (Arnould et al., 1999; Cai et
al., 1999) recognized clean bands of
the correct size, approximately 95
(Fig. 1F) and 110 kDa (Fig. 1G), re-

spectively, illustrating the conserva-
tion of their specificity to frog cells.
Despite repeated attempts, the anti-
bodies to LRD and Inversin did not
work well in Western blots.

We utilized a total of seven antibod-
ies in immunohistochemistry on a rep-
resentative series of early stages in
both species. Positive signal was blue
(resulting from the alkaline phospha-
tase-conjugated secondary antibody).
The expression patterns shown in Fig-
ures 2 and 3 represent the consensus
analysis of at least 5 separate rounds
of immunohistochemistry (although
there was some variability among em-
bryos and among sections taken at dif-
ferent levels within an embryo). All
targets were detected in the cyto-
plasm as maternal proteins from the
earliest stages in Xenopus, and in the
base of the primitive streak in the
chick (long prior to the appearance of
a node and ciliated cells therein).

Localization of Ciliary
Proteins in Frog Embryos

Polaris is the protein product of the
mouse 7g737 gene; mutations in this
locus result in defects of midline de-
velopment, preaxial polydactyly, and
randomization of situs (Murcia et al.,
2000). In mouse embryos, Tg737 is ex-
pressed by day 6.5, although cleavage
stages do not appear to have been ex-

Fig. 2. Localization of targets in unperturbed frog embryos. Polaris: (A) section taken perpendicular to the AV axis in the unfertilized Xenopus egg; (B)
section taken parallel to the AV axis in an unfertilized egg; (C) section taken parallel to the AV axis in the fertilized egg; (D) in sections taken
perpendicular to the AV axis in the 2-cell embryo, one of the two blastomeres shows strong stain near the cell membrane, although the other
blastomere occasionally has some stain as well (E). In the 4-cell embryo, all four blastomeres exhibit cell membrane stain (F). Inversin: (G) section taken
along the AV axis in the unfertilized egg; (H) section taken perpendicular to the AV axis in the unfertilized egg; (I) signal is seen in the vegetal cortex
in fertilized eggs sectioned parallel to the AV axis, and can be detected in the microtubule organizing center (J; brown stain indicated by the green
arrow is pigment brought in by the sperm entry trail); (K) section taken perpendicular to the AV axis at the 4-cell stage; (L) section taken along the AV
axis at the 8-cell stage, animal pole is upwards. LRD: (M) section taken along the AV axis of the unfertilized egg; (N) section taken along the AV axis
of a fertilized egg; (O) section perpendicular to the AV axis taken close to the animal pole reveals staining throughout one of the two blastomeres. P:
sections taken through the equator perpendicular to the AV axis show asymmetric staining near the membrane cortex; (Q) some sections taken
perpendicular to the AV axis revealed staining between the blastomeres before the completion of the cleavage furrow; (R) sections parallel to the AV
axis reveal a rod of signal from the vegetal pole towards the animal pole, in one of the two blastomeres. KIF3B: (S) section along the AV axis of the
unfertilized egg; (T) sectioning perpendicular to the AV axis of the fertilized egg reveals staining in the MTOC at nuclear fusion (brown stain is pigment
brought in by the sperm entry trail, green arrowhead). Two-cell embryos sectioned perpendicular to the AV axis exhibit signal in the center (U) or in
the membrane cortex (V,W) of one blastomere; (X) sections taken perpendicular to the AV axis at the four-cell stage reveal that staining is often absent
from one of the four blastomeres on the right side. Polycystin-2: (Y) sections taken along the AV axis of the unfertilized egg show no signal; (Z) section
of fertilized egg taken parallel the AV axis; (Aa) section taken perpendicular to the AV axis at the 2-cell stage; (Ab) section taken parallel to the AV axis
at the 2-cell stage; (Ac) section taken across the AV axis at the 4-cell stage. a-tubulin: (Ad) antibodies recognizing all tubulin subunits stain throughout
the cytoplasm of sections taken across the AV axis of the 2-cell embryo. Acetylated a-tubulin: (Ae) sections of fertilized and unfertilized eggs along
the AV axis revealed spots of signal at the equator; (Af) sections of 2-cell embryos taken perpendicular to the AV axis revealed signal at the membrane
cortex in one of two blastomeres; (Ag) section taken near the animal pole, across the AV axis of the 4-cell embryo. Ah: section taken near the vegetal
pole, across the AV axis of the 4-cell embryo. Detyrosinated a-tubulin: (Ai) section of an unfertilized egg along the AV axis; (Aj) section taken across
the AV axis of embryos at the 4-cell stage; (Ak) sections taken parallel to the AV axis at the 2 cell stage (dashed line indicates embryonic midline); (Al)
section taken across the AV axis of a 4-cell embryo. Am: In each panel, yellow ovals with their long axis oriented left to right indicate that the section
was taken across the AV axis; yellow ovals with their long axes oriented vertically indicate that the section was taken along the AV axis, with the animal
pole being upward. Red arrows, signal; white arrows, lack of signal; green arrows, additional signal.
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Fig. 3. Localization of targets in unperturbed chick embryos. Yellow line in each panel indicates plane of section. In each section panel, Ec =
ectoderm, En = endoderm, M = mesoderm. Polaris: (A) 6-hr chick embryo; (B) st. 2 embryo; (C) st. 3 embryo; (D) section taken through a st. 3~ embryo.
Inversin: (E) 6-hr chick embryo; (F) st. 1 embryo; (G) st. 3" embryo; (H) close-up of anterior tip of the streak at st. 3"; (I) section taken through the streak
at st. 2. LRD: (J) st. 1 chick embryo; (K) st. 2 embryo; (L) st. 4* embryo; (M) close-up of node at st. 4; (N) section taken through the streak at st. 2.
KIF3B: (0) st. 1 chick embryo; (P) st. 2 embryo; (Q) st. 4" embryo; (R) close-up of node at st. 4; (S) section taken through the streak at st. 2.
Polycystin-2: (T) st. 2 embryo; (U) st. 3 embryo; (V) st. 4 embryo; (W) close-up of node at st. 4; (X) section taken through the streak at st. 3. Red arrows,
signal; white arrows, lack of signal; green arrows, additional signal.

amined yet. Polaris localizes to cilia
(Taulman et al., 2001), as well as
basal bodies, whose 3-dimensional
chirality is an ideal candidate for an
“F-molecule” which nucleates cy-
toskeletal tracks (Brown and Wolpert,
1990; Levin and Mercola, 1998a). In
the frog embryo, Polaris is present in a
radially symmetrical band around the
vegetal pole of the egg before and after
fertilization (Fig. 2A—C). The 2-cell
embryo exhibits symmetrical Polaris

localization throughout the vegetal
half of the embryo; strikingly, em-
bryos exhibit asymmetrical Polaris
signal in one cell in sections taken
near the animal pole (Fig. 2D,E). By
the second cell cleavage, localization is
symmetrical, near the cell membrane
of all four blastomeres (Fig. 2F).
Mutation of Inversin, a protein with
highly conserved ankyrin repeats, re-
sults in almost full LR reversal in
mice (Mochizuki et al., 1998); it is ex-

pressed in mouse embryos from the
2-cell stage (Eley et al., 2004), but its
function has not been elucidated. Be-
sides its localization to cilia in some
cells, Inversin interacts directly with
tubulin and N-cadherin in the cyto-
plasm (Nurnberger et al., 2002) and it
is known to localize to cell:cell junc-
tions, plasma membrane, and polar-
ized microtubule pools within cells
(Nurnberger et al., 2002, 2004, Eley et
al.,, 2004). In unfertilized frog eggs
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and fertilized eggs prior to first cleav-
age, Inversin signal was observed in a
radially-symmetrical pattern in the
vegetal hemisphere (Fig. 2G-I), and is
also localized to a spot adjacent to the
sperm pronucleus (Fig. 2J). In two-cell
embryos, Inversin is localized to the
cell membrane (Fig. 3K, red arrow-
head). Consistent with the 2 putative
nuclear localization sequences (Mor-
gan et al., 2002), Inversin signal was
detected in a discrete spot within the
cytoplasm (Fig. 2K, green arrow). In
8-cell embryos, Inversin protein is
spread throughout the vegetal blas-
tomeres, but extends in a rod-like pat-
tern into the animal pole cells. The
localization is significantly stronger
on the right side (Fig. 2L).

LRD (Supp et al., 1997) is a dynein
heavy chain gene identified as the lo-
cus of the murine iv mutation, which
unbiases laterality (Lowe et al., 1996).
It is expressed in cells of the mouse
node (Supp et al., 1997) but also in
blastocyst (day 3.5) cells; a striking
antisymmetry in expression during
head-fold stages has also been re-
ported (Supp et al., 1999b). Expres-
sion of LRD was recently examined in
a variety of species including chick
and Xenopus (Essner et al., 2002);
however, that study did not include
data on protein localization or expres-
sion at pre-gastrulation stages. In Xe-
nopus embryos, LRD was detected in a
diffuse pattern in the vegetal half of
eggs (Fig. 2M). Immediately after fer-
tilization, LRD coalesced to a central-
ized spot in the center of the embryo
(Fig. 2N). In two-cell embryos, a strik-
ing asymmetry was observed: stain
was localized throughout only one of
the two blastomeres in perpendicular
sections taken near the animal pole
(Fig. 20). In sections taken through
the equator, asymmetric stain near
the membrane cortex was observed;
stain was also seen at the cleavage
furrow on both sides (Fig. 2P). In some
sections before the cleavage furrow
was complete, signal was observed in
more complex patterns consistent
with movement between blastomeres
(Fig. 2Q, red arrowhead). Sections
taken parallel to the animal-vegetal
(AV) axis at the 2-cell stage reveal
diffuse staining in the vegetal pole,
and a specific shaft or finger-like pro-
jection towards the animal pole. In
many embryos, this was observed in

only one blastomere (Fig. 2R); this
asymmetry continued in 8-cell em-
bryos.

Kinesin 3B (KIF3B) is a member of
a family of microtubule-dependent ki-
nesin motor proteins; genetic dele-
tions in this gene result in randomiza-
tion of the situs of the viscera in mice
(Nonaka et al., 1998). However, ex-
pression in embryos younger than day
7 has not been characterized. In un-
fertilized frog embryos, KIF3B is lo-
calized diffusely within the vegetal
pole of cells (Fig. 2S). Immediately af-
ter fertilization, KIF3B is localized
within the microtubule-organizing
center (Fig. 2T). During the first two
cleavages, KIF3B exhibits a very dy-
namic pattern among embryos of
slightly different age. It can be de-
tected in one of two cells within the
cytoplasm (Fig. 2U), at the cell mem-
brane of just one of the blastomeres
near the animal pole (Fig. 2V,W), or
throughout the cytoplasm of three out
of four blastomeres after the second
cell cleavage (Fig. 2X).

A recent analysis of the PCKD
(polycystic kidney disease) mouse
model found LR defects in animals
carrying a targeted deletion of the ion
channel Polycystin-2 (Pennekamp et
al., 2002). Polycystin-2 appears to
form a cation channel (Vassilev et al.,
2001; Koulen et al., 2002), which can
be expressed on the cell membrane
(Hanaoka et al., 2000) and is tran-
scribed in mouse embryos from the
2-cell stage (Pennekamp et al., 2002).
Our localization data were identical
using the N- or C-terminal antibodies
(Pazour et al., 2002). In unfertilized
Xenopus embryos, no Polycystin-2 sig-
nal was detected (Fig. 2Y). Shortly af-
ter fertilization, spots of Polycystin-2
localization were observed at the
equator (Fig. 27). By cleavage stages,
Polycystin-2 was symmetrically-ex-
pressed at the cell membrane (Fig.
2Aa-Ac), consistent with a proposed
role as an ion channel.

Characterization of
Microtubule Sub-Populations
in Frog Embryos

The numerous mouse mutants that
possess both cilia defects and LR
asymmetry phenotypes (Afzelius, 1999;
McGrath and Brueckner, 2003) sug-
gest that a fundamental link may ex-

ist between mechanisms that control
ciliary structure and asymmetry.
Moreover, the Xenopus data presented
above suggest the question: why
would proteins normally associated
with cilia be specifically localized in-
side the cytoplasm of early embryonic
cells, and, if they were, what would
control their spatial distribution?
Work in a number of other species in-
dicated that stable subpopulations of
microtubules distinguished by acety-
lation and detyrosination proportional
to their age (Maruta et al., 1986; Web-
ster et al., 1990) exist in various cell
types and appear to be associated with
intracellular movement of both kine-
sin and dynein (Nilsson et al., 1996;
Harrison and Huebner, 1997). Thus,
we next asked whether the cytoplasm
of early Xenopus embryos might con-
tain microtubule populations carrying
these modifications (indicative of less-
dynamic structures) and thus regulat-
ing the localization of ciliary proteins
inside the cell analogous to their pres-
ence inside cilia and flagella.

We used antibodies to two well-
characterized ciliary markers: dety-
rosinated a-tubulin - ID5 (Wheatley et
al., 1994) and acetylated «-tubulin
(LeDizet and Piperno, 1991). To en-
sure that any observed signal was not
reflective of simple concentration dif-
ferences of total a-tubulin, we probed
early embryos with an antibody that
detects all a-tubulin (LeDizet and Pip-
erno, 1991; Morales and Fifkova,
1991), which revealed the expected
ubiquitous and symmetrical signal
throughout the cells (Fig. 2Ad). We
observed that in early frog embryos,
acetylated tubulin was localized in a
crescent around the animal pole of un-
fertilized eggs (Fig. 2Ae). Strikingly,
during cleavage stages, asymmetric
(one-sided) localization of acetylated
tubulin was detected at the mem-
brane cortex in one of two blastomeres
(Fig. 2Af, Ag). At the 4-cell stage,
asymmetric expression was present in
the left blastomeres (Fig. 2Ah). Dety-
rosinated tubulin antibody stain was
detected throughout the vegetal pole
of unfertilized eggs (Fig. 2Ai), but
much heavier localization was de-
tected in the left blastomeres at the
4-cell stage (Fig. 2Aj, Ak). At the 4-cell
stage, similarly to acetylated tubulin,
detyrosinated tubulin was localized to
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the cortex under the cell membrane of
the left blastomeres (Fig. 2Al).

Localization of Ciliary
Proteins in Chick Embryos

To investigate the evolutionary con-
servation of possible early roles for cil-
iary proteins, we next examined the
localization of these targets in the
early chick embryo. Polaris is strongly
expressed at the origin of the primi-
tive streak and continues to be
present in the primitive streak
throughout elongation (Fig. 3A-C).
Polaris-expressing cells are in the me-
soderm layer of st. 3 embryos (Fig.
3D). Inversin exhibits a low level of
background expression in many cells
of the area opaca before st. 2, but is
particularly strongly expressed at the
base of the streak during initiation
(Fig. 3E) and throughout the streak
during elongation (Fig. 3F,G). By st.
37, the background expression outside
of the streak is significantly reduced
(Fig. 3G). At st. 4, it is specifically
absent from the most anterior part of
Hensen’s node (Fig. 3H, white arrow-
head). Sectioning reveals that Inver-
sin-containing cells are mesodermal
(Fig. 3I). LRD was not detected in un-
incubated eggs, but became specifi-
cally expressed at the origin of the
primitive streak (Fig. 3J). It was
lightly and symmetrically expressed
throughout the primitive streak dur-
ing elongation (Fig. 3K). At st. 4", a
right-sided localization was observed
in Hensen’s node (Fig. 3L, close-up in
Fig. 3M). Sectioning revealed that
LRD protein was located in the meso-
dermal cell layer in the early streak
(Fig. 3N).

KIF3B was first detected at the base
of the nascent primitive streak (Fig.
30), and throughout the streak during
stages 2 and 3 (Fig. 3P). By st. 4, the
localization was restricted to the right
side of Hensen’s node (Fig. 3Q,
close-up in Fig. 3R). Sectioning re-
vealed the stain to be mesodermal
(Fig. 3S). Polycystin-2 was expressed
within the streak from the time of
streak elongation (Fig. 3T), with the
strongest spot of expression at the
base of the streak (Fig. 3U). At st. 4,
symmetrical expression was detected
in the anterior half of the primitive
streak (Fig. 3V). Interestingly, one
third (N = 12) of the chick embryos

exhibited a right-sided localization of
polycystin-2 (Fig. 3W). Sectioning re-
vealed the staining to be localized
within the mesoderm cells (Fig. 3X).
These data demonstrate that ciliary
proteins are present in chick embryos
long prior to the formation of Hensen’s
node and reveal two new asymmetric
markers.

Protein Localization
Dependence on Cytoskeleton

To gain insight into mechanisms con-
trolling cytoplasmic localization of
these proteins (Lutz-Meindl et al.,
2003), and begin to assemble an epi-
static pathway among the targets, we
examined their localization in em-
bryos exposed to reagents that desta-
bilize microtubules (nocodazole: De
Brabander et al., 1986; Nuccitelli,
1986; Lane and Keller, 1997) or actin
filaments (latrunculin: Ayscough, 1998;
Corstens et al., 2003). Because the cy-
toskeleton is important for mitosis
and general cell health, low doses of
reagent had to be utilized to permit
normal cytokinesis. We reasoned that
specific effects on asymmetry could be
detected if a dose was found that al-
lowed normal cell division and physi-
ology but disrupted subtle aspects of
motor protein function or cytoskeletal
organization. We exposed embryos be-
ginning immediately after turning (25
min post-fertilization) to concentra-
tions that permitted cytokinesis and
normal subsequent development, and
fixed embryos for sectioning and im-
munohistochemical analysis at the
first few cell cleavages. Asymmetric
KIF3B localization was, surprisingly,
not altered by either treatment (Fig.
4A-C), although latrunculin exposure
led to a greater accumulation of signal
near the cleavage furrow (Fig. 4C).
Polycystin-2 localization to the cell
membrane was not altered by nocoda-
zole (Fig. 4D,E) but was disrupted by
latrunculin (see Fig. 4F), suggesting
that actin elements near the mem-
brane cortex might be necessary for
anchoring Polycystin-2 there. Asym-
metric localization of acetylated a-tu-
bulin was disrupted by both latruncu-
lin and nocodazole (Fig. 4G, compare
to Fig. 4H,I). The rod-like structures
reaching for the animal pole charac-
teristic of LRD staining (Fig. 4J) were
abolished by targeting either the mi-

crotubule or the actin cytoskeleton
(Fig. 4K,L), suggesting that both ele-
ments of the cytoskeleton are required
for the specific rod-like pattern.

The asymmetric localization of Po-
laris (Fig. 4M) was likewise disrupted
by both latrunculin and nocodazole.
Interestingly, while treatment with
nocodazole (Fig. 4N) uniformly disor-
ganized Polaris localization, Latrun-
culin exposure resulted in a range of
Polaris localization phenotypes, in-
cluding a more diffuse localization,
loss of asymmetry, asymmetry along
the presumptive dorso-ventral axis in-
stead of along the LR axis, and central
condensation in the cell (Fig. 401-
04). The localization of Inversin along
the Animal-Vegetal plane includes the
rod-like structures reaching animally
(Fig. 4P). This specific localization is
abolished by nocodazole (Fig. 4Q). In-
terestingly, Latrunculin exposure led
to an increased concentration of Inver-
sin protein in the animal pole
throughout the cell and not confined
to the normal rod-like structure (Fig.
4R). Strikingly, this occurred asym-
metrically, being present in the right
side animal pole cells in most of the
sections examined (85%, N = 40). The
specific membrane localization of In-
versin (Fig. 4S) was completely abol-
ished by nocodazole (Fig. 4T).

These observations show that the
localization of Polaris, Inversin, LRD,
and acetylated a-tubulin are depen-
dent upon subtle and as yet unknown
aspects of actin and microtubule cy-
toskeletal structures.

Dependence of Visceral
Asymmetry on Cytoskeleton
and Motor Protein Function

To begin to test the hypothesis that
early and intracellular functions of
the cytoskeleton and/or motor pro-
teins are required for LR patterning,
we utilized a loss-of-function approach
in Xenopus. Because each targeted
component has a number of endoge-
nous housekeeping roles, as above we
utilized low concentrations of the re-
agents designed to permit normal de-
velopment but to target subtle aspects
of the cytoskeletal structure that
might be required for normal asym-
metry. A similar strategy has been
previously utilized (with UV-irradia-
tion), showing that it is possible to
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Fig. 4. Dependence of localization patterns on actin and
tubulin organization. Microtubules were targeted by nocoda-
zole from fertilization, as described in the Experimental Pro-
cedures section. Actin filaments were targeted by latrunculin
from fertilization, as described in the Experimental Proce-
dures section. KIF3B: sections taken perpendicular to the
AV axis at the 2-cell stage in control embryos (A), and those
in which microtubules (B) or actin filaments (C) were tar-
geted. Polycystin-2: sections taken perpendicular to the AV
axis at the 2-cell stage in control embryos (D), and those in
which microtubules (E) or actin filaments (F) were targeted.
Acetylated a-tubulin: sections taken perpendicular to the AV
axis at the 4-cell stage in control embryos (G), and those in
which microtubules (H) or actin filaments (I) were targeted.
LRD: sections taken parallel to the AV axis at the 2-cell stage
in control embryos (J), and those in which microtubules (K)
or actin filaments (L) were targeted. Polaris: sections taken
perpendicular to the AV axis at the 4-cell stage in control
embryos (M), and those in which microtubules (N) or actin
filaments (0O1-04) were targeted. Inversin: sections taken
parallel to the AV axis at the 8-cell stage in control embryos
(P) or embryos in which microtubules (Q) or actin filaments
(R) were targeted; sections taken perpendicular to the AV
axis at the 4-cell stage in control embryos (S) and those in
which microtubules (T) were targeted. U: In each panel,
yellow ovals with their long axis oriented left to right indicate
that the section was taken across the AV axis; yellow ovals
with their long axes oriented vertically indicate that the sec-
tion was taken along the AV axis, with the animal pole being
upward. Red arrows, signal; white arrows, lack of signal;
green arrows, additional signal.

Kif3B

Acetylated Polycystin-2
o-tubulin

RD

Polaris

Inversin

Nocodazole Latrunculin
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TABLE 1. Loss-of-Function Data Implicate Cytoplasmic Microtubule-Based Transport in LR Asymmetry?

Microtubules Actin Filaments
Dynein Nocodazole Nocodazole (Latrunculin,
Control antibody AS2 (st. 1-st. 6) (st. 6-st. 9) 1-8 cell)
Situs solitus (w.t.) 100 (100%) 126 (84%) 100 (85%) 59 (81%) 90 (95%) 31 (62%)
Heterotaxic 0 (0%) 24 (16%) 18 (15%) 14 (19%) 5 (5%) 19 (38%)
Total 100 150 118 73 95 50
X2 15.9 14.6 184 3.5 40.1
P value 6.7 X 1075 0.0001 1.8 X 10°° 0.06 2.4 x 1010

embryos exhibiting heterotaxia.

2A blocking anti-dynein antibody or AS2 (inhibitor of kinesin function) as injected into Xenopus embryos immediately after
fertilization. Nocodazole (a microtubule depolymerization agent) or latrunculin (an actin filament depolymerization agent) was
applied in the medium at the stages indicated. Embryos were allowed to develop to st. 45 and scored for the situs of the heart, gut,
and gall-bladder. The percentage of embryos with one or more of the organs in the reverse orientation (heterotaxia) was analyzed
using the x2 test with Pearson correction (for increased stringency of the significance test). Boldface indicates the percentage of

dissociate LR- and DV-relevant roles
of cortical rotation (Yost, 1991).

To ask whether intracellular motor
protein activity was important for nor-
mal LR asymmetry, we utilized two
loss-of-function reagents: Adociasul-
fate-2 (AS2), a compound isolated
from the marine sponge Haliclona
that specifically inhibits kinesin activ-
ity by targeting its motor domain (Sa-
kowicz et al., 1998), and a function-
blocking antibody to the intermediate
chain of cytoplasmic dynein, which is
not found in flagellar rafts or cilia
(Nilsson and Wallin, 1997). Microin-
jection of AS2 or of the cytoplasmic
dynein-blocking antibody into Xeno-
pus embryos at the 1-cell stage in-
duced heterotaxia (independent ran-
domization of the positions of the
heart, gut apex, and gall bladder) in
15 and 16% of the embryos, respec-
tively (Table 1). Control embryos from
the same batch receiving injections of
vehicle exhibited the normal (<1%)
level of heterotaxia. The effect was
statistically significant to P < 6.7 X
107 and 0.0001, respectively. We were
unable to check specific inhibition of
LRD, as our anti-LRD antibody was
not function-blocking. While these re-
agents did not distinguish among the
subtypes of dynein and kinesin to de-
termine precisely which are important
for LR patterning, the data suggest
that intracellular functions of kinesin
and dynein are required in the LR
pathway.

We next sought to examine whether
organization of the cytoskeleton was
important for LR asymmetry. Expo-

sure of embryos to nocodazole, a
blocker of tubulin polymerization,
from fertilization to st. 6 (during early
cleavage stages) results in 19% of the
embryos exhibiting heterotaxia (P <
1.8 X 10°%; Table 1). In contrast, expo-
sure from st. 6 to st. 9 (blastula and
gastrula stages) induced only 5% het-
erotaxia. Similarly, exposure to la-
trunculin from fertilization to the
8-cell stage resulted in 38% hetero-
taxia (P < 2.5 X 107'%; Table 1). In all
cases, the embryos appeared normal
(other than laterality randomization)
and showed correct (DAI = 5) dorso-
anterior development (Danos and
Yost, 1996). These results indicate
that some aspect of both the microtu-
bule and actin cytoskeleton is required
for LR patterning, and, moreover, that
this mechanism endogenously func-
tions during cleavage stages (prior to
the appearance of the organizer and cil-
iated cells during gastrulation).

DISCUSSION

Data supporting functional roles for
cilia per se in left-right patterning in
zebrafish (Amack and Yost, 2004; Ess-
ner et al., 2005; Kramer-Zucker et al.,
2005) and mouse (Nonaka et al., 2002)
indicate that they function during
comparatively later stages of develop-
ment (gastrulation). Genetic mutation
experiments that distinguish cyto-
plasmic roles of motor proteins from
ciliary roles, or loss-of-function stud-
ies that confine their effect to the pre-
gastrulation embryo, have not been
performed. Most importantly, a num-

ber of LR patterning mechanisms
function prior to the appearance of the
mature node in chick and frog em-
bryos, suggesting that nodal cilia are
unlikely to be a widely conserved
mechanism for the origin of asymme-
try, although they may be an interme-
diate step in the pathway. In the
chick, a system of gap-junctional com-
munication (Levin and Mercola, 1999),
an asymmetry in membrane voltage
(Levin et al., 2002), and a right-sided
expression of activin receptor Ila
(Stern et al., 1995) occur at early
primitive streak stages before the ap-
pearance of the node. In the frog, very
early (initial cleavage to blastula
stage) mechanisms include gap junc-
tional communication (Levin and
Mercola, 1998b), ion flux (Levin et al.,
2002), the LR coordinator (Hyatt and
Yost, 1998), 14-3-3 proteins (Bunney
et al.,, 2003), serotonergic signaling
(Fukumoto et al., 2005), and synde-
cans (Kramer et al., 2002).

While cilia are very good theoretical
candidates for an initiator of chirality,
no data indicate that they are the first
step in asymmetry (as opposed to an
important intermediate step in the LR
pathway). Indeed, demonstrating that
any particular step is itself the origin
of asymmetry is difficult, and it is thus
necessary to follow known mecha-
nisms backwards. It is particularly
important to test early mechanisms in
an organism such as Xenopus, where
the origin of chirality has been pinned
down to take place within about 2 hr
of time, between fertilization and the
second cell cleavage. Because of the
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heavy reliance of the early embryo
upon maternal proteins during that
time, and the potential for post-trans-
lational regulation, analysis of mRNA
expression is insufficient. Therefore,
we directly tested two predictions of
the cytoplasmic transport model: that
motor proteins and ciliary components
would be asymmetrically localized
during early embryogenesis within
the blastomeres, and that the cy-
toskeleton is important for this pro-
cess and for the subsequent LR pat-
terning.

Our immunohistochemistry data re-
lied on a number of antibodies that
have mostly been used in mammalian
embryos. Two of these have been ex-
tensively characterized in the Xeno-
pus system and thus are known to be
specific for their targets in frog em-
bryos: Kif3B (Le Bot et al.,, 1998;
Ginkel and Wordeman, 2000) and
acetylated a-tubulin (Sale et al., 1988,
Chu and Klymkowsky, 1989; Dent
and Klymkowsky, 1989; LeDizet and
Piperno, 1991; Gard et al., 1995a). We
characterized two more via Western
blotting, and showed that the Polaris
antibody and the Polycystin-2 anti-
body both cleanly recognize targets of
the correct predicted size on frog em-
bryo extract (Fig. 1F,G). Thus, data
obtained using these four antibodies
strongly suggest that we have identi-
fied localization patterns of the correct
targets.

Three of the other antibodies—
LRD, detyrosinated a-tubulin, and In-
versin—have not been characterized
in frog embryos (in our hands they did
not work in Western blots). We com-
mercially generated the LRD antibody
to a peptide sequence that was 100%
conserved to the vertebrate LRD se-
quences in the NCBI database. LRD
and Inversin antibodies labeled (Fig.
1C,D), as predicted, cilia in older em-
bryos (Bernardini et al., 1999), and a
number of different Inversin antibod-
ies give the same staining pattern in
early embryos. The ID5 antibody used
to detect the detyrosinated a-tubulin
is considered to be specific across taxa,
and is routinely used in species from
Drosophila to mammals (Warn et al.,
1990; Wheatley et al., 1994; Rudiger
et al., 1999; Poole et al., 2001); it has
successfully been used to detect dety-
rosinated tubulin in Xenopus cells
(Winkelhaus and Hauser, 1997).

Thus, it is probable that these anti-
bodies are working correctly in frog
embryos. However, it is important to
note that in the absence of Western or
other data on specificity, we cannot
rule out that in frog embryos, the
staining pattern we report for these
three antibodies includes a component
other than that against which the an-
tibodies were designed.

We observed that all of the targets
tested were present in the cytoplasm
of early Xenopus blastomeres. Com-
mon to all targets except for Polycys-
tin-2 were symmetrical vegetal local-
ization within the unfertilized egg
followed by extremely dynamic pat-
terns within 2 hr after fertilization.
Consistent with a role in cytoplasmic
aspects of LR patterning, all except for
Polycystin-2 exhibited LR differences
during the first three cleavages, con-
firming the existence of LR asymme-
tries during very early embryogenesis
in frog (Levin et al., 2002; Bunney et
al., 2003). The immunohistochemistry
revealed asymmetric localization pat-
terns, though there was some vari-
ability among embryos. Deviations
from the reported patterns in a subset
of embryos may be due to differences
in embryos of slightly-differing age
(which would be especially prominent
for targets that are dynamically trans-
located, such as motor proteins), may
represent abnormal localization in
some embryos that were unhealthy, or
may represent endogenous variation
within normal parameters.

Asymmetries often included local-
ization to the cell membrane (Fig.
2E,P,V,Af). Membrane localization is
unsurprising in the case of Polycys-
tin-2, which is thought to form a cat-
ion channel (Vassilev et al., 2001;
Koulen et al., 2002) that can be ex-
pressed on the cell membrane
(Hanaoka et al., 2000) and is tran-
scribed in mouse embryos from the
2-cell stage (Pennekamp et al., 2002).
The cell membrane localization of In-
versin is perhaps more unexpected, al-
though such a pattern in mammalian
embryos has been reported (Eley et
al., 2004). These localization data are
consistent with non-ciliary roles for
inversin in the LR pathway, such as in
the modulation of tight-junctions,
which are known to be important for
LR asymmetry in both chick and frog
(Garcia-Castro et al., 2000; Brizuela

et al., 2001), and participation in cy-
toskeletal organization (Eley et al.,
2004).

This analysis must be extended in
two important ways by future studies.
First, movement is impossible to dem-
onstrate in static sections. While our
data are consistent with, for example,
a dynamic and asymmetric transloca-
tion of LRD protein along the LR and
AV axes, we are currently attempting
to develop a system in which such
asymmetric localization can be moni-
tored directly in vivo using fluorescent
technology. A related issue is that we
can only present here a small subset of
images showing sections through
what are fairly complex 3-dimensional
localizations. Thus, volume recon-
struction will probably be necessary to
gain a complete understanding of the
localization of each target in the large
early blastomeres of the frog embryo.

In the chick embryo, all seven of the
targets were expressed at the base of
the primitive streak during streak ini-
tiation and elongation, consistent
with models of LR patterning events
taking place long before formation of
the node. Another commonality was
that all were expressed in the meso-
derm, suggesting that important LR-
patterning events take place in this
cell layer. We discovered two consis-
tent asymmetries, identifying LRD
and Kif3B as right-sided markers
(Fig. 3M,R), although these asymme-
tries take place during node stages,
making them available to participate
in LR transport events during late
gastrulation as well as possible early
roles in the nascent streak. The asym-
metry in Kinesin 3B is recapitulated
by the recently reported asymmetric
localization of the related KIF5-C
(Dathe et al., 2004), suggesting that
other members of the Kinesin family
may be important for asymmetry.
Polycystin-2 was right-sided in the
node of some embryos, but oddly, it
was not consistently asymmetric in all
embryos. This may be due to rapid
changes in localization as a function of
developmental time. While our data
characterize the large-scale expres-
sion of the target proteins, it will be
important in the future to use high-
resolution fluorescent microscopy to
address subcellular localizations of
these proteins in cells at the base of



186 QIU ET AL.

the primitive streak of the chick em-
bryo.

Our analysis revealed that within
the ubiquitous pool of a-tubulin (Fig.
2Ad), there are at least two distinct
and asymmetric sub-populations of
microtubule proteins, including acety-
lated (Fig. 2Af) and detyrosinated
(Fig. 2Aj) a-tubulin. Although the ID5
antibody reveals a distribution differ-
ent from the acetylated a-tubulin com-
ponent, more characterization of this
antibody in Xenopus will be necessary
to show conclusively that it recognizes
only the detyrosinated component in
frog tissue. While the early frog em-
bryo cytoskeleton has been exten-
sively studied (Gard, 1993, 1994,
1995; Roeder and Gard, 1994; Gard et
al., 1995ab—-c), most attention has
been focused on the oocyte, and subtle
LR distributions after cleavage have
not heretofore been examined. Inter-
estingly, the localization of a number
of the other targets analyzed was de-
pendent on the various elements of
the cytoskeleton. For example, the
tightly-localized structures revealed
as finger-like projections of Inversin
and LRD signal are dependent on both
the actin and microtubule elements of
the cytoskeleton.

Models relying on the early cy-
toskeleton for orientation of the LR
axis (Brown and Wolpert, 1990; Yost,
1991; Levin and Nascone, 1997) pre-
dict that transient disruption of such
structures should randomize the lat-
erality of the embryo. We observed
that exposure to disruptors of the mi-
crotubule and the actin cytoskeleton
that alters the localization of ciliary
proteins indeed induces a specific and
significant degree of heterotaxia in the
embryos. Laterality was also dis-
rupted by two reagents that specifi-
cally target molecular motors. This in-
dependent assortment of the heart
and viscera took place in the absence
of generalized toxicity or midline de-
fects. Most crucially, very early (Table
1) but not later treatment affected
asymmetry, supporting our idea that
it is the early cytoskeleton-dependent
events that are the most salient for
embryonic asymmetry.

Our data do not rule out possible
later roles of cilia in asymmetry, nor
address potential early embryonic
function of these proteins in mamma-
lian embryos (although we predict the

existence of such). These data also do
not suggest an obvious mechanism for
what happens in the chick embryo
prior to node formation to orient LR
asymmetry, beyond suggesting that
the initiation of the primitive streak is
a good candidate for the LR orienta-
tion event (Levin and Mercola, 1998a).
Specific molecular models of how this
spatial computation is carried out in
flat embryos with tens of thousands of
small cells must wait for a better un-
derstanding of how (and whether)
streak cells determine direction along
the AP axis (Wei and Mikawa, 2000).
However, taken together, our frog
data support the following class of
models that do not rely on cilia func-
tion.

The existence of several ciliary com-
ponents in the cytoplasm suggests
that some of the properties of the cil-
iary transport complex may be reca-
pitulated inside early blastomeres.
Moreover, the concurrence of lateral-
ity defects and kidney phenotypes
(Mochizuki et al., 1998, 2002; Murcia
et al., 2000; Pennekamp et al., 2002;
Pazour and Witman, 2003) may reflect
similarities in the ways cells utilize
subcellular sorting to align their bio-
electric potential with their morpho-
logical polarization (Alpern, 1996; Al-
Awaqati et al., 1998; Takito et al., 1999;
Vijayakumar et al., 1999). We propose
that early asymmetries are generated
by the asymmetric shuttling of cargo
along oriented cytoskeletal tracks by
the molecular motors LRD and Kif3B
(Levin, 2003). The ciliary proteins are
likely to be either components of the
cargo complex (consistent with their
mislocalization following exposure to
reagents which target the cytoskele-
ton; Fig. 4) or elements that help to
nucleate chiral cytoskeletal structures
that direct movement to one direction
along the LR axis. The LR-relevant
cargo most probably includes mRNA
and protein encoding ion transport
complexes (Levin et al., 2002; Adams
et al., 2005). In addition to H* pumps
and K" channels we have described
previously, Polycystin-2 is a candi-
date, since it controls Ca™ ™ flow (Ca-
halan, 2002) and is regulated by pH
and voltage (Gonzalez-Perrett et al.,
2002), which is particularly relevant
in light of the fact that pH, cell mem-
brane voltage, and Ca™" flux have re-
cently been implicated in LR mecha-

nisms not related to cilia function
(Levin et al., 2002; Adams and Levin,
2003; Raya et al., 2004).

Consistently with an important
early set of experiments indicating
that the initial asymmetry in Xenopus
is generated during the cortical rota-
tion following fertilization (Yost,
1991), the ability to specifically and
strongly randomize visceral laterality
by reagents that depolymerize micro-
tubules and actin filaments during
very early stages (Table 1) showed
that the laterality of the embryo was
dependent upon the integrity of the
early cytoskeleton. By characterizing
the roles of myosin, possible chiral
structures within the actin cytoskele-
ton, and the role of the kinesin/dynein
families in directing LR-biased local-
ization of ion transporters, we are cur-
rently pursuing the asymmetric local-
ization of ion channels and pumps
backwards to the origin of left-right
asymmetry. An understanding of
these events is likely to reveal an ex-
citing and profound consilience of
mechanisms allowing subcellular mo-
lecular components to align a major
body axis during embryogenesis.

EXPERIMENTAL
PROCEDURES
Immunohistochemistry
Control, drug-treated, or vehicle-

treated frog embryos were fixed in
MEMFA overnight at 4°C. They were
embedded with care taken to ensure
precise orientation with respect to the
animal-vegetal axis, sectioned using a
Leica Vibratome, and processed for
immunohistochemistry using alka-
line-phosphatase detection as previ-
ously described (Levin, 2004b). Chick
embryos were fixed in 4% paraformal-
dehyde overnight at 4°C, incubated
overnight in standard in situ hybrid-
ization solution at 70°C to inactivate
endogenous alkaline phosphatases,
and processed for immunohistochem-
istry in wholemount using the same
protocol as for Xenopus. Antibodies
were used at the following dilutions
for Xenopus embryos: KIF3B 1:200 to
1:1,000 (Le Bot et al., 1998; Ginkel
and Wordeman, 2000), INV 1:100 to
1:1,000 (Nurnberger et al., 2002), po-
laris 1:1,000 (Taulman et al., 2001),
Polycystin-2 (Pazour et al., 2002) at
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1:500 and Santa Cruz no. 10376 at
1:50, ID5 (Wheatley et al., 1994), and
acetylated tubulin (Sigma T6793).
The LRD antibody was developed
commerecially for our lab by ResGen as
an affinity-purified polyclonal anti-
body made to a highly conserved pep-
tide in LRD: “SVISIWFEVQRTW-
SHLES” and used at 1:250 dilution.
Concentrations of all antibodies used
in chick were generally 4-fold dilu-
tions of those given for Xenopus. At
least 15 different embryos, with 35
sections from each, were used for each
target in Xenopus. At least 5 chick
embryos were used at each stage for
each target.

Embryo Treatment

AS2 stocks were made as 0.4 mg + 50
pL of water. Each 1-cell embryo re-
ceived injections of a 1:4 dilution of
AS2 stock plus rhodamine-linked dex-
tran as a marker. Fifty microliters of
dynein antibody (Abcam no. AB6304)
were dialyzed against 500 ml of 50
mM potassium glutamate pH 7.2, re-
suspended in 200 pl K-Glut, and in-
jected directly into 1-cell embryos
(standard 2.5-nl injection per cell).
Nocodazole and latrunculin (Molecu-
lar Probes, Eugene, OR) stocks were
made at 5 mg/ml in DMSO. Embryos
were treated with nocodazole in the
medium at a dilution of 3 pL of stock
in 1 L of 0.1X MMR, or with latruncu-
lin in the medium at a dilution of 3 pL
of stock in 50 ml of 0.1X MMR. Xeno-
pus embryos were staged according to
Nieuwkoop and Faber (1967). Chick
embryos were staged according to
Hamburger and Hamilton (1992).

Western Blotting

Twenty-five Xenopus embryos were
resuspended in lysis buffer (1% Triton
X100, 50 mM NaCl, 10 mM NaF, 1
mM NazVO,, 5 mM EDTA, 10 mM
Tris pH 7.6, 2 mM PMSF). Protein
solution was mixed at 1:1 with Laemmli
sample buffer (Bio-Rad, Richmond, CA)
containing 2.5% 2-mercaptoethanol.
The proteins were fractionated by SDS-
PAGE and electrotransferred to a
PVDF membrane. After washing, the
membrane was blocked with 3% bo-
vine serum albumin and 5% dry milk
in tris-buffered saline including 0.1%
Tween-20. It was then incubated over-

night in a Mini-PROTEAN II multi-
screen apparatus (Bio-Rad) at 4°C
with the primary antibody, diluted in
TTBS + 3% BSA + 5% dry milk (1:10
for Polaris, 1:20 for Polycystin-2). Af-
ter washing, the blots were incubated
with peroxidase-conjugated second
antibody (1:5,000) and developed us-
ing an ImmunoStar Chemilumines-
cent Protein Detection System (Bio-
Rad) according to the manufacturer’s
instructions.
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