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he yolk syncytial layer (YSL) in the zebraﬁsh embryo is an
extraembryonic structure composed of a multinucleated syncytium located at the margin between the yolk and the blastoderm
(1). Formation of the YSL is one of the earliest differentiation
events in the embryo and plays a vital role in embryo development:
The YSL is crucial in regulating dorso-anterior axis formation (2–
6), epiboly movements involved in embryo patterning and morphogenesis (7–12), and cardiac progenitor cell movements (13).
The YSL forms between the 512-cell and 1k-cell stage just
after the midblastula transition, the onset of zygotic transcription, when the marginal blastomeres undergo acute membrane
collapse, thereby fusing to each other and to the adjoining yolk
cell to form a thin syncytial ring around the blastodisc edge (14,
15). The YSL contains microtubules emanating from microtubule asters adjacent to the individual yolk syncytial nuclei (YSN)
and extending vertically toward the vegetal pole (7–9). Disruption of the YSL microtubules by depolymerizing reagents such as
nocodazole, UV irradiation, or cold temperature causes an altered and enlarged YSL and aggregation of the YSN, leading to
a severe delay of epiboly (7–9). This effect suggests that the
microtubule networks in the YSL act as towing guides to direct
the dynamic movements of the YSL and blastoderm toward the
vegetal pole during epiboly (7).
Loss of function of some genes highly expressed in the YSL,
such as β4.1 and β4.2 (voltage-gated Ca2+ channel β subunits)
and cyp11a1 (a steroidogenic enzyme), cause aberrant YSN localization (12) or altered YSL structure with unstable microtubule arrays (10), leading to a severe delay of epiboly. However,
these genes do not have any known molecular link to downstream pathways that modulate microtubules, and thus the
www.pnas.org/cgi/doi/10.1073/pnas.1200642109

signaling pathways by which microtubule dynamics in the YSL
are regulated remain undeﬁned (10, 14, 12).
A zebraﬁsh slc3a2 gene (here named “slc3a2-a”) has been
reported based on genome sequence (16), and another slc3a2 gene,
slc3a2-b, was found in our in situ-based gene-discovery screen (17).
Zebraﬁsh solute carrier family 3 member 2 (Slc3a2) proteins have
about 60% sequence identity to the mammalian Slc3a2/4F2hc/
CD98 heavy chain (CD98hc), an 85-kDa glycosylated type II
membrane protein, with conservation in intracellular, transmembrane, and extracellular domains. Mammalian Slc3a2/4F2hc/
CD98hc binds to integrin β1 and β3 subunits through its intracellular domain and hence is involved in various integrin-mediated functions independent of the CD98 light chain (18–22).
Mammalian Slc3a2/4F2hc/CD98hc regulates integrin-mediated
cell spreading, cell migration, and adhesion in mouse embryonic
stem cells (19) and human placenta trophoblasts (21). Furthermore, anti–CD98hc/FRP-1 antibodies regulate virus-mediated cell
fusion (23, 24) and formation of multinucleated giant monocytes
(25), and knockdown of Slc3a2/4F2hc/CD98hc inhibits placental
syncytial trophoblast formation (26).
Here we show that zebraﬁsh Slc3a2 is indispensable for regulating microtubule dynamics in the YSL and that RhoA,
ROCK, and Src act downstream of Slc3a2 in YSL formation.
Results
Zebraﬁsh slc3a2 Is Expressed Speciﬁcally in the YSL. slc3a2-a and

slc3a2-b transcripts were detected from the midblastula stage
onward exclusively in the YSL. Expression of both genes increased through epiboly stages, when the mRNA was localized
preferentially in the vicinity of the YSN (Fig. 1A), and continued
through somitogenesis stages. The YSL-speciﬁc expression of
slc3a2-b was conﬁrmed by sectioning of in situ-stained embryos
(Fig. S1). Speciﬁc expression of slc3a2 in the YSL suggests a role
in the function and/or formation of this structure.
Slc3a2 Is Required for Normal Embryonic Morphogenesis. To examine the functions of Slc3a2 (hereafter, “slc3a2” refers to slc3a2a and slc3a2-b) in embryogenesis, loss of function was achieved by
injecting morpholino (MO) antisense oligonucleotides against
slc3a2-a and slc3a2-b. Single knockdown of slc3a2-a or slc3a2b induced relatively mild morphological defects (a shorter tail,
smaller head) in embryos at 24 h postfertilization (hpf) (Fig. S2A,
b and c). In contrast, double knockdown of both slc3a2-a and
slc3a2-b (slc3a2-MOs) showed marked developmental defects at
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The yolk syncytial layer (YSL) in the zebraﬁsh embryo is a multinucleated syncytium essential for embryo development, but the
molecular mechanisms underlying YSL formation remain largely
unknown. Here we show that zebraﬁsh solute carrier family 3
member 2 (Slc3a2) is expressed speciﬁcally in the YSL and that slc3a2
knockdown causes severe YSL defects including clustering of the
yolk syncytial nuclei and enhanced cell fusion, accompanied by disruption of microtubule networks. Expression of a constitutively active RhoA mimics the YSL phenotypes caused by slc3a2 knockdown,
whereas attenuation of RhoA or ROCK activity rescues the slc3a2knockdown phenotypes. Furthermore, slc3a2 knockdown signiﬁcantly reduces tyrosine phosphorylation of c-Src, and overexpression
of a constitutively active Src restores the slc3a2-knockdown phenotypes. Our data demonstrate a signaling pathway regulating YSL
formation in which Slc3a2 inhibits the RhoA/ROCK pathway via
phosphorylation of c-Src to modulate YSL microtubule dynamics.
This work illuminates processes at a very early stage of zebraﬁsh
embryogenesis and more generally informs the mechanism of cell
dynamics during syncytium formation.

Fig. 1. Zebraﬁsh slc3a2 is expressed speciﬁcally in the YSL and is essential
for embryo development. (A) Expression of zebraﬁsh slc3a2-a and slc3a3-b at
different embryonic stages. Intensive slc3a2-a and slc3a2-b expression was
observed around the YSN (arrowheads). (B) slc3a2 knockdown (MOs) causes
a small head and short body axis at 24 hpf. Shown are examples of mild and
severe morphological phenotypes. (C) Morphology at 24 hpf was categorized as normal (white), mild (light gray), or severe (dark gray) phenotypes
presenting a small head and short body axis or as dead (black). Data shown
are from three experiments; the total number of embryos is shown below
each bar. (D) slc3a2 knockdown induces severe epiboly delay. Whole-mount
in situ analyses for sox3, no-tail (ntl), and sox17 at the late gastrula stage are
shown. The distance between the animal pole and the blastoderm margin is
indicated by a black bracket.

24 hpf (Fig. 1B and Fig. S2A, d) including lethality (38.1 ± 6.0%),
a highly reduced head and truncated body axis (25.3 ± 4.8%), and
a milder phenotype of a small head and short tail (21.6 ± 9.0%)
(Fig. 1C). To conﬁrm the speciﬁcity of the phenotypes caused by
the slc3a2-MOs, we used two different MOs for each slc3a2-a and
slc3a2-b gene (Materials and Methods) and observed similar
morphological phenotypes (Fig. S2A, e). Rescue experiments are
presented below in the context of YSL phenotypes. These data
indicate slc3a2 is indispensable for normal embryogenesis in
zebraﬁsh and that there is at least partial functional redundancy
between the slc3a2-a and slc3a2-b paralogues.
Slc3a2 Regulates Epiboly Movements. To examine how loss of

function of Slc3a2 affects embryonic patterning, we analyzed the
expression of different marker genes by whole-mount in situ hybridization. sox3 (a neural ectoderm marker), no-tail (ntl, a mesoderm marker), and sox17 (an endoderm marker) were expressed
in their normal spatial relationships after slc3a2 knockdown, but
the embryos showed a marked delay of epiboly (Fig. 1D). At 24
hpf, despite the severe morphological defects in slc3a2 morphants
(slc3a2-MOs), the expression domains of tissue-speciﬁc markers,
such as myoD in somitic muscle (Fig. S2C, a and b) and pax2 at the
isthmus, optic stalk, otic vesicle, spinal cord, and pronephric duct
(Fig. S2C, c and d), were comparable to those in control embryos.
These data suggest that Slc3a2 is essential for gastrulation
movements and for embryonic morphogenesis rather than for
tissue speciﬁcation.
Slc3a2 Knockdown Enhances Plasma Membrane Fusion in the YSL and
Enveloping Layer. Human SLC3a2/4F2hc/CD98hc regulates cell

fusion in a variety of cell types (23–26). We therefore speculated
that abrogation of Slc3a2 in the zebraﬁsh embryo might alter
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plasma membrane fusion during YSL formation. To examine this
possibility, plasma membrane dynamics during YSL formation
was analyzed using two-photon microscopy to image membranetagged GFP-labeled cells (27). Acquisition of both two-photon
ﬂuorescence (TPF) (for GFP) and coherent anti-Stokes Raman
scattering (CARS) (for detecting lipids) enabled visualization of
plasma membranes of the blastomeres and the yolk cell
throughout cell-division cycles. Consistent with previous reports
(1), metasynchronous membrane fusion in the marginal blastomeres was observed during transition between the 512- and 1kcell stages in control embryos (Fig. 2A and Movie S1). For the
subsequent YSL division cycles (from the 1k-cell to the oblong
stage), the positions of the YSN in control embryos did not
change; thus the YSN remained stationary underneath the blastoderm margin (Fig. 2A and Movie S1). In contrast, in the slc3a2MOs, cell–cell fusion continued until the oblong stage, resulting
in enlargement of the YSL (Fig. 2 A and B). Some of the YSN in
slc3a2-MOs were clustered (Fig. 2B) and moved freely around,
unlike in control embryos (Movie S2). Interestingly, some of the
enveloping layer (EVL) cells that share a common cellular origin
with the YSL (15) were able to fuse to become syncytial cells both
in control and in slc3a2-MOs (Fig. 2B and Movies S2 and S3).
However, the quantity of fused EVL cells and, consequently, the
number of nuclei within the syncytial region were increased signiﬁcantly in slc3a2-MOs (Fig. 2B). Collectively, these data indicate that the stage-speciﬁc cell-to-cell membrane-fusion events
are disorganized in the absence of Slc3a2, suggesting that Slc3a2
regulates YSL formation through the spatiotemporal regulation
of membrane collapse during syncytium formation.
Slc3a2 Regulates the Distribution of the YSN. To examine further
the roles of Slc3a2 in YSL organization, the YSN were labeled
ﬂuorescently by injecting Sytox green into the embryos. Consistent with previous studies (9, 12, 28), the YSN in control embryos
were distributed evenly underneath the blastoderm (Fig. 3A, a),
whereas the YSN in slc3a2-MOs often coalesced and were distributed unevenly (Fig. 3A, b; see also Fig. 2). In most cases, the
external YSL in slc3a2-MOs was expanded from the blastoderm
margin, spreading toward the vegetal pole, as compared with
control embryos (Fig. 3A, b). The proportion of embryos showing
normal YSL organization therefore was greatly reduced in
slc3a2-MOs (Fig. 3B and Table S1). We conﬁrmed that the abnormalities in YSL organization were caused speciﬁcally by
slc3a2 knockdown, because overexpression of slc3a2-b not targeted by the MOs substantially rescued these phenotypes (Figs. 3
A, e and B and Table S1). These data indicate that Slc3a2 regulates the structure of the YSL and distribution of the YSN.
Intracellular Domain of Slc3a2 Is Required to Regulate YSN
Localization. To examine the contribution of functional domains

of Slc3a2 to the establishment of YSL structure and YSN localization, we generated a putative dominant-negative form of Slc3a2b (HN-Slc3a2-b) in which the intracellular domain was replaced by
the cytosolic domain (24 amino acids) of human parainﬂuenza
virus type-2 hemagglutinin-neuraminidase (29). Overexpression of
HN-Slc3a2-b caused morphological changes in 24-hpf embryos
comparable to those seen in slc3a2-MOs (Fig. S2A, f). Consistently,
many of the YSN in the HN-slc3a2-b–overexpressing embryos were
clustered, and the YSL expanded toward the vegetal pole, again
similar to the phenotype of slc3a2-MOs (Fig. 3 A, c and B). These
data support the conclusion that Slc3a2 acts through its intracellular domain to regulate YSL structure and YSN localization.
Slc3a2 Is Required to Maintain Microtubule Arrays in the YSL. Thick
arrays of microtubules extend from the YSL toward the yolk along
the animal–vegetal axis; disrupting these arrays by microtubule
depolymerizing reagents or UV irradiation causes premature YSL
formation and altered YSL organization (Fig. S3) (7–9). We
therefore examined the microtubules in the YSL by α-tubulin antibody staining. In control embryos, dense arrays of microtubules in
the YSL were seen underneath the blastoderm edge, where the
Takesono et al.

Fig. 2. Loss of function of Slc3a2 enhances cell–cell fusion and YSN clustering. (A) Sequences of TPF time-lapse images showing GFP membrane (Upper) and
outlines of marginal cells and the YSL (Lower). Fusing cells are indicated by colored outlines, and fusion locations are indicated by colored arrows. The width
of the YSL at the outer edge is shown by a white bracket. Cell–cell fusion occurs mostly around the 512-cell stage (red arrow in control, red and green arrows
in MOs) but persists through the following stages in slc3a2-MOs (MOs) (pink and cyan arrows in MOs). (B) Merged images of CARS (for lipid; blue) and TPF (for
GFP membrane; green) of control and MOs. Uniformly distributed YSN in the control are indicated by white arrowheads, and clustered YSN in MOs are
indicated by red asterisks. Multinucleated EVL cells are indicated by red brackets.

Inhibition of RhoA/ROCK Restores YSN Localization and YSL
Microtubule Arrays After slc3a2 Knockdown. Microtubule dynam-

ics both regulate and are regulated by intracellular signaling
pathways involving RhoA and the downstream kinase ROCK
(30, 31). Using mammalian cell lines, we previously demonstrated an interrelationship between microtubules and RhoA/
ROCK in which depolymerized microtubules activate RhoA,
which in turn promotes depolymerization of microtubules
through ROCK (31). This negative regulation of microtubules by
Rho/ROCK signaling also has been shown to be critical for directional migration of macrophages in live zebraﬁsh embryos
(32) as well as for contact inhibition of migrating chicken embryonic heart ﬁbroblasts (33). We therefore hypothesized that
disruption of microtubules in the YSL of slc3a2-MOs could be
caused by increased RhoA/ROCK activity. Indeed, overexpression of a constitutively active form of RhoA (G14V) in
zebraﬁsh embryos induced severe YSL deformation and YSN
aggregation, similar to the phenotypes in slc3a2-MOs (Fig. 3 A,
d and B and Table S1). These observations led us to examine
whether inhibiting RhoA or ROCK activity could restore YSL
structure and YSN localization after slc3a2-MOs knockdown.
Embryos microinjected with a mixture of MOs against slc3a2 and
RhoA (MOs+RhoA MO) retained intact YSL structure in which
the YSN were distributed uniformly underneath the blastoderm
margin (Fig. 3 A, f and B and Table S1). Similarly, treating
slc3a2-MOs–injected embryos with a ROCK inhibitor, Y-27632,
rescued the morphology of the YSL with even distribution of the
YSN (Fig. 3 A, g and B and Table S1). We further examined
whether the attenuation of RhoA or ROCK activity can restore
Takesono et al.

microtubule networks and found that microtubule arrays were
restored in embryos injected with MOs+RhoA-MO (Fig. 3C, q–
t) as well as in the slc3a2-MOs–injected embryos treated with Y27632 (Fig. 3C, u–x). These data indicate that Slc3a2 regulates
microtubule networks in the YSL and distribution of the YSN by
inhibiting the RhoA/ROCK pathway.
Slc3a2 Inhibits RhoA/ROCK Pathway via c-Src Kinase. Mammalian
SLC3a2/4F2hc/CD98hc contributes to integrin outside–in signaling to regulate various integrin-mediated cell functions, including
cell adhesion and cell–cell fusion (19, 21–24). A downstream effector of integrin outside–in signaling is c-Src, which is phosphorylated at tyrosine 416 upon integrin–ligand binding (34).
Because activation of c-Src transiently inhibits RhoA activity via
p190RhoGAP (35), we hypothesized that zebraﬁsh Slc3a2 might
inhibit RhoA via c-Src activation. To examine this possibility, we
analyzed the phosphorylation level of c-Src tyrosine 416 in slc3a2MOs by Western blotting using c-Src phosphotyrosine–speciﬁc
antibody. We found that slc3a2 knockdown substantially reduced
tyrosine phosphorylation of c-Src (pY416) (Fig. 4A). Similarly, coknockdown of Slc3a2 and RhoA also reduced the level of phosphorylated c-Src, even though this treatment restored normal
YSN distribution and YSL microtubule networks (Fig. 4A). These
data indicate that Slc3a2 is required for c-Src activation and that
RhoA acts downstream of these two molecules in the signaling
cascade regulating YSL organization. Finally, we examined
whether overexpression of a constitutively active c-Src (v-Src)
could rescue YSL phenotypes in slc3a2-MOs–injected embryos.
The level of v-Src mRNA, 1.25 pg per embryo, did not affect
embryogenesis through 24 hpf. We found that overexpression of vSrc restored YSL deformation (YSN clustering and YSL expansion) (Figs. 3B and 4B) and YSL microtubules (Fig. 4C) in slc3a2MOs–treated embryos. Together, these data indicate Slc3a2 regulates c-Src to inhibit the RhoA/ROCK signaling pathway,
thereby contributing to the even distribution of the YSN and to
the preservation of YSL microtubule networks.
PNAS | February 28, 2012 | vol. 109 | no. 9 | 3373

DEVELOPMENTAL
BIOLOGY

YSN were dispersed uniformly (Fig. 3C, a–d). In contrast, YSL
microtubule arrays in embryos injected with HN-slc3a2-b or slc3a2MOs were disrupted, with regions devoid of microtubules (Fig. 3C,
e, g–i, k, and l), and the YSN were arranged irregularly (Fig. 3C, f, g,
j, and k). We further conﬁrmed that overexpression of slc3a2b rescued microtubule networks in the YSL and YSN localization
in slc3a2-MOs (Fig. 3 C, m–p). These data indicate that Slc3a2 is
required to retain microtubule networks in the YSL.

Discussion
In this study, we demonstrate that Slc3a2 plays a critical role in YSL
formation and YSL organization by regulating microtubule networks in the YSL. We ﬁnd that knockdown of slc3a2 causes the
disruption of microtubule networks in the YSL accompanied by
clustering of the YSN and ectopic syncytium formation, leading to
severe morphological defects in the zebraﬁsh embryo. By rescue
experiments, we found that all the slc3a2-knockdown phenotypes
are rescued by attenuating RhoA or ROCK activity, suggesting that
these phenotypes are caused by increased RhoA/ROCK activity.
Furthermore, we showed that slc3a2 knockdown reduces tyrosine
phosphorylation of c-Src, which links to integrin-mediated RhoA
inhibition (35), suggesting that Slc3a2 normally activates c-Src to
inhibit RhoA during YSL formation. Consistently, overexpression
of constitutively active c-Src also rescues the YSL phenotypes
caused by slc3a2 knockdown. Our data led us to construct a model
in which Slc3a2 inhibits a RhoA/ROCK signaling pathway via c-Src
activation, thereby regulating YSL microtubules and YSL organization (Fig. 5).
Depolymerization of microtubules induces both premature
marginal blastomere fusion and YSN clustering (7–9), suggesting
that microtubule dynamics contribute to two events essential for
YSL organization: cell–cell fusion and YSN localization (Fig. 5).
Realignment of microtubules into parallel arrays along the axis of
the fusing cells has been shown to be crucial for syncytial myotube
formation (36–38). These data support the view that microtubules
control the spatiotemporal aspects of plasma membrane fusion in
YSL progenitors. How, then, can Slc3a2 modulate plasma
membrane dynamics via microtubules? It is known that microtubule dynamics affect the regional distribution of adhesion
molecules (38–40) and turnover of adherence junctions (41),
thereby regulating adhesive strength and the integrity of cell–cell
contacts. One possibility is that the local distribution of Slc3a2
regionally protects the microtubule networks, which in turn feed
back on the localization of Slc3a2 or affect cellular distribution of
other adhesion molecules (e.g., E-cadherin), thereby regulating
the plasma membrane dynamics. Indeed, we found that slc3a2
knockdown appears to reduce the integrity of cell–cell contacts
between the YSL and the marginal blastomeres; hence the marginal cells actively crawl or tumble within the looser extracellular
space (Movie S2). In contrast, the marginal blastomeres in control
embryos are tightly attached to each other and to the YSL, leaving
less extracellular space at the marginal area (Movies S1 and S3).
We observed that not only cell–cell fusion in the YSL progenitors but also YSN localization correlates strongly with the
integrity of microtubule networks in the YSL. The combined TPF
and CARS time-lapse imaging demonstrates that the YSN move
quickly in the enlarged YSL of slc3a2-MOs but are stationary in
control embryos. The persistent and regularly distributed YSN in
control embryos may ensure the direction of epiboly movements,
because vertical microtubule arrays extending toward the vegetal
pole emanate from microtubule asters close to the aligned

Fig. 3. Loss of function of Slc3a2 severely alters YSL organization, which is
restored by inhibition of RhoA or ROCK. (A) The YSN are visualized by Sytox
green. Shown are lateral views of dome-stage embryos from control (a);
slc3a2-MOs (MOs) (b); HN-slc3a2-b (HNslc3a2b) (c); RhoA-G14V (G14V) (d);
slc3a2-MOs+slc3a2-b (MOs+slc3a2b) (e); slc3a2-MOs+RhoA-MO (MOs
+RhoAMO) (f); slc3a2-MOs + treatment with 50 μM Y-27632 (MOs+Y27632)
(g); and control treated with 50 μM Y-27632 (Y27632) (h). Clustered YSN are
indicated by white arrowheads. Note rescue of YSL phenotypes by coinjecting
slc3a2-b-mRNA and RhoA-MO or by treatment with 50 μM Y-27632. (B) Loss
of function of Slc3a2 severely alters YSL organization, which is restored by
inhibition of RhoA or ROCK or by overexpression of v-Src. Phenotype in the
dome-stage embryo is categorized as normal (white) showing uniform distribution of the YSN without YSL deformation/expansion, abnormal (gray)
showing altered YSN localization including uneven distribution of the YSN

3374 | www.pnas.org/cgi/doi/10.1073/pnas.1200642109

and YSN clustering with YSL deformation/expansion, or dead (black). Data
are from more than three different experiments. Total number of embryos is
shown below each bar. (C) Inhibition of RhoA or ROCK restores microtubule
networks in the YSL in slc3a2-MOs. (a–d) control; (e–h) HNslc3a2b; (i–l) MOs;
(m–p) MOs+slc3a2b; (q–t) MOs + RhoA-MO; (u–x) MOs + Y27632. Microtubule networks were visualized by α-tubulin antibody staining (a, e, i, m, q,
and u), and the YSN were visualized by Sytox green (b, f, j, n, r, and v). Shown
are merged images of α-tubulin (red) and Sytox green (green) (c, g, k, o, s,
and w) and reconstituted section views of the merged images rotated by 90°
(d, h, l, p, t, and x). Absence or disruption of microtubule arrays in the YSL is
indicated by red arrowheads in e and i, and the clustered YSN are indicated
by green asterisks in f and j. Control shows overlap of the YSN and dense YSL
microtubule networks (white square in d), which are missing in both
HNslc3a2b and MOs (h and l). YSL microtubule networks, YSN distribution,
and overlapping of the YSN and YSL microtubules are all restored in MOs+
slc3a2b, MOs+RhoA-MO, and MOs+Y27632 (m–p, q–t, and u–x).
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Fig. 5. Model for the Slc3a2-mediated signaling pathway regulating YSN
localization and cell–cell fusion in the YSL. (A) Slc3a2 is involved in integrin
outside–in signaling, which activates c-Src, which in turn inhibits RhoA. Microtubule arrays in the YSL then are retained, contributing to regular YSN
localization and normal cell–cell fusion. (B) slc3a2 knockdown abolishes c-Src
activation; hence, microtubule networks in the YSL are disrupted by increased RhoA/ROCK activity in the YSL, thereby causing YSN clustering and
enhanced ectopic cell–cell fusion.

SLC3a2/4F2hc/CD98hc (60%), it is possible that some functional
diversiﬁcations may have occurred in different species.
Mammalian SLC3a2 is involved in the formation of multinucleated giant monocytes, placental syncytial trophoblast formation, and virus-mediated cell–cell fusion. Thus it is highly possible
that Slc3a2 regulates microtubule dynamics via RhoA/ROCK
pathway in cell–cell fusion and syncytium formation in these cells
(23–26).
Materials and Methods
Zebraﬁsh Strains and Maintenance. Wild-type and Tg[β-actin:GFP] strains of
zebraﬁsh (27) were maintained according to standard procedures (1).

individual YSN (8, 9). The YSN might be associated with the
dense YSL microtubule mesh and therefore persist underneath
the blastoderm margin. Indeed, α-tubulin staining shows that the
YSN in control embryos locate with the dense microtubule networks in the YSL, whereas the YSN in the slc3a2-MOs–injected
embryos are separated from the YSL microtubules.
Our data suggest that Slc3a2 normally inhibits RhoA in the
YSL. This result might be similar to the previous report by KabirSalmani et al. (21) that stable expression of human CD98hc
(Slc3a2, 4F2hc) in a CD98hc-null hepatocyte line facilitates
integrin-mediated cell adhesion, which is accompanied by enhanced transient inhibition in RhoA activity. In contrast, Féral
et al. (20) have reported that CD98hc-null mouse embryonic
ﬁbroblasts fail to induce the integrin-mediated delayed activation
of RhoA that follows transient RhoA inhibition and contributes
to stress ﬁber formation and ﬁbronectin matrix assembly. The
discrepancy in observed effects of mammalian SLC3a2/4F2hc/
CD98hc on RhoA activity could be the result of cell-type speciﬁcity, so that SLC3a2/4F2hc/CD98hc can be inﬂuenced by and in
turn affect different signaling molecules. Although mammalian
SLC3a2/4F2hc/CD98hc is expressed in a wide variety of tissues
(42), our in situ analyses revealed that zebraﬁsh slc3a2 is
expressed speciﬁcally in the YSL in the embryo. Considering the
relatively low similarity of zebraﬁsh Slc3a2 with mammalian
Takesono et al.

Constructs. Details of plasmid constructions are described in SI Materials
and Methods.
Synthesis and Microinjection of mRNA. mRNAs were synthesized using the
mMessange mMachine SP6 kit (Ambion). One nanoliter of 150 pg/nL slc3a2-bmRNA or HN-slc3a2-b-mRNA, 15 pg/nL RhoA-b-G14V-mRNA, or 1.25 pg/nL
GFP-FL-v-Src-mRNA was injected through the intact chorion into the blastomere at the one-cell stage.
MO Analysis and Injection. The MOs against slc3a2-a (BC053256) (slc3a2-aMO1: 5′-CCTTCATCTCGTCTTCTTTGTTCAT-3′ and slc3a2-a-MO2: 5′- TTTGTTTGATAGTAGTTTCAGCACT-3′) and slc3a2-b [BC044497 (17)] (slc3a2-b-MO1:
5′-CCTTCATCTCGTCTTCTTTGTTCAT-3′ and slc3a2-b-MO2: 5′-TATCCACTTCAGTGTCGTTGCTCAT-3′) were purchased from GeneTools. The MO against
RhoA-b (RhoA-b-MO: 5′-TTCTTGCGAATTGCTGCCATATTTG-3′) was purchased
from Open Biosystems. Each MO was used at 1:4 dilutions from a 1 mM stock.
In all cases, 2 nL of solution was injected into the yolk proximal to the blastomeres of the embryo at the one- to four-cell stage. A combination of slc3a2a-MO1 and slc3a2-b-MO1 (slc3a2-MOs) was used for all data shown except for
the data shown in Fig. S2 A and B.
Sytox Green Injection, Drug Treatment, and Whole-Mount Microscopy. To label
the nuclei within the YSL, a total of ∼6 nL of 1 mM Sytox green (Invitrogen)
was injected into the yolk at high stage (∼2 nL of Sytox green was injected
into three or four different regions of the yolk proximal to the blastomeres).
In some experiments, the embryos were treated with 50 μM of ROCK inhibitor Y-27632 (Calbiochem) in embryo medium from the 256-cell stage,
before YSL formation. YSL organization was analyzed at dome stage by
ﬂuorescent dissection microscopy (Nikon SMZ1500).
TPF and CARS Microscopy. Embryos from Tg[β-actin:GFP] ﬁsh were injected
with slc3a2c-MOs as described above. Embryos then were dechorionated
and mounted onto glass-bottomed 35-mm dishes (MatTek) with 0.7% lowmelting agarose in embryo medium. Embryos held in this condition continued cleavage throughout the imaging period. TPF imaging and CARS
microscopy were performed simultaneously; details have been described
previously (44, 45) and are described in SI Materials and Methods. Time-lapse
images of membrane-GFP dynamics were acquired using Flouroview v5
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Fig. 4. Slc3a2 inhibits the RhoA/ROCK pathway via c-Src activation in regulating YSL organization. (A) slc3a2 knockdown reduces tyrosine phosphorylation of c-Src. Western blot shows pY416 c-Src and total c-Src in lysates
from control, slc3a2-morphants (MOs), or slc3a2/RhoA morphants (MOs
+RhoA-MO). Data shown are representative of three independent experiments. (B) Overexpression of v-Src restores YSN localization after slc3a2
knockdown. The YSN are visualized by Sytox green. Clustered YSN in MOs
(white arrows) are restored by coinjecting v-Src mRNA (v-Src+MOs). (C)
Overexpression of v-Src restores microtubule networks in the YSL in slc3a2knockdown embryos. YSL microtubule networks (αTUB; red), YSN distribution (SytG; green), and overlap of YSN and YSL microtubules (white squares
in merged images) are all restored by v-Src+MOs.

RNA Probe Synthesis and in Situ Hybridization. The procedures for wholemount in situ hybridization have been described previously (17, 43).

software (Olympus). Stacks of frame-averaged (four-frame) sections were
collected and reconstructed by using Image J (http://rsbweb.nih.gov/ij/).
Immunostaining and Confocal Imaging. Embryos were injected with MOs or
mRNAs, and in some experiments Sytox green was injected subsequently as
described above. Staining with anti–α-tubulin antibody (DM1A; Sigma) was
performed as described by Gard (46). Stained samples were analyzed by
a Zeiss LSM510 inverted confocal microscope. Z-stacks of line-averaged
(eight-line) sections were obtained by scanning an area of 102.4 × 102.4 μm
(0.1 μm pixel−1) with 6-μm steps over a total vertical distance of 180–240 μμ,
and were reconstituted using LSM510 meta.

taining 1× protease inhibitor mixture and 50 mM NaVaO3] at 20 embryos
per 200 μL lysis buffer. Lysates were clariﬁed by centrifugation. Supernatants were mixed with lithium dodecyl sulfate (LDS) sample buffer (Invitrogen), heated, and analyzed by SDS/PAGE. pY416 Phospho-Src and total
Src (Cell Signaling) blots were performed according to the manufacturer’s
instructions.

Western Blot. Embryos at the shield stage were lysed in cold lysis buffer [50
mM Tris (pH 7.5), 10 mM MgCl2, 0.5 M NaCl, and 2% (vol/vol) Igepal con-
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