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Fig. 4. Evolution of three class | MHC-restricted epitopes in the HCV
NS5B protein (28). A 585-nucleotide region of HCV NS5B containing the
NS5B-2509, NS5B-2541, and NS5B-2661 epitopes was amplified with
the use of nested RT-PCR primers from the plasma of CBO627 (22). The
boxed regions indicate CD8™ T cell epitopes. Missense mutations result-
ing in amino acid changes within the epitopes are shown in red; silent
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A Cellular Framework for
Gut-Looping Morphogenesis in
Zebrafish

Sally Horne-Badovinac,” Michael Rebagliati,2 Didier Y. R. Stainier*

Many vertebrate organs adopt asymmetric positions with respect to the mid-
line, but little is known about the cellular changes and tissue movements that
occur downstream of left-right gene expression to produce this asymmetry.
Here, we provide evidence that the looping of the zebrafish gut results from the
asymmetric migration of the neighboring lateral plate mesoderm (LPM). Mu-
tations that disrupt the epithelial structure of the LPM perturb this asymmetric
migration and inhibit gut looping. Asymmetric LPM migration still occurs when
the endoderm is ablated from the gut-looping region, suggesting that the LPM
can autonomously provide a motive force for gut displacement. Finally, re-
ducing left-sided Nodal activity randomizes the pattern of LPM migration and
gut looping. These results reveal a cellular framework for the regulation of organ
laterality by asymmetrically expressed genes.

Some of the most dramatic examples

asymmetric organ morphogenesis in response
to left-right (L-R) positional cues (/—3) occur

of  in the digestive system, where the liver and
pancreas occupy asymmetric positions with

respect to the midline and the intestine bends
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and folds in a complex pattern for proper
packing into the abdominal cavity. In ze-
brafish, the first leftward bend in the devel-
oping intestine arises through a morphogenet-
ic process known as gut looping. All of the
digestive organs in zebrafish originate from a
solid rod of endodermal cells that forms at the
ventral midline during mid- to late somito-
genesis (4). Looping occurs between 26 and
30 hours postfertilization (hpf), when the
region of the endodermal rod that will give
rise to the esophagus, intestinal bulb, and
liver curves to the left (Fig. 1, A and B).

The heart and soul (has) mutation causes
striking defects in asymmetric organ morpho-
genesis, in which gut looping fails to occur
and the liver and pancreas are both symmet-
rical with respect to the midline (5). The has
gene encodes an atypical protein kinase C,
aPKCM (5, 6), which localizes to the apical
junctional complex in epithelial cells and is
required for the establishment of epithelial
polarity (7). Consistent with this function,
has mutants show defects in the formation
and maintenance of several embryonic epi-
thelia (5). These observations led us to hy-
pothesize that an epithelial tissue plays a
critical role in gut looping.

To determine which epithelial tissue
might affect visceral L-R morphogenesis, we
examined the localization of aPKCs \ and {
in the gut-looping region at 30 hpf (8). The
endoderm at this stage is a compact mass of
cells with little to no polarization and weak
expression of aPKCs (Fig. 1, G and H). In
contrast, the lateral plate mesoderm (LPM)
forms a highly polarized epithelium with
strong expression and apical localization of
aPKCs (Fig. 1, G and H). The left and right
LPM epithelia each form a U-shaped struc-
ture in which the apical side of the epithelium
corresponds to the inside of the U and each
arm of the U consists of either columnar or
squamous cells (Fig. 1, G, H, G’, and H').
The most notable feature of the LPM epithe-
lia, however, is that the left and right sides
show a distinct asymmetry in their morphol-
ogy and position. The left LPM is dorsal to
the endoderm, with its columnar cells on the
ventral arm of the U, whereas the right LPM
is ventrolateral to the endoderm, with its co-
lumnar cells on the dorsal arm of the U (Fig.
1, G and H).

The LPM is a structure that spans the
entire anterior-posterior (A-P) extent of the
trunk in vertebrate embryos. Notably, we
only observe these columnar cells and the
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asymmetric placement of the left and right
sides of the LPM in the A-P region of the
embryo, where gut looping will occur (Fig. 1,
G and H). Posterior to the looping region, the
LPM cells still express aPKCs, but the cells
appear squamous and both sides of the LPM
lie dorsal to the endoderm (Fig. 11). These
data show that the two sides of the LPM form
columnar epithelia with morphological L-R
asymmetry specifically in the A-P region
where gut looping occurs.

We next examined the structure and posi-
tion of the LPM at earlier times in develop-
ment. Before looping, the endodermal rod
lies in the midline and both sides of the LPM
are symmetrical and at about the same dor-
soventral level as the endodermal rod (Fig.
1E). During looping, however, the LPM un-
dergoes an unexpected asymmetric migra-
tion: both sides of the LPM migrate medially,
but the left side moves dorsal to the

REPORTS

endoderm, whereas the right side undergoes a
ventrolateral migration directly abutting the
endodermal rod (Fig. 1, F to H). Notably, the
morphology of the LPM is markedly asym-
metric before the endoderm is displaced from
the midline (Fig. 1F). The early morpholog-
ical asymmetry in the LPM, combined with
the close apposition of the right LPM to the
endoderm throughout its migration past the
midline (Fig. 1H), suggests that the LPM
pushes the developing intestine to the left.
To investigate whether asymmetric migra-
tion of the LPM is required for gut looping,
we examined this process in has and nagie
oko (nok) mutants. Similar to has/aPKC\, the
nok gene, which encodes a membrane-
associated guanylate kinase, is required for
the establishment of epithelial polarity (9).
We examined endodermal morphogenesis in
nok mutants and found that, as in sas mu-
tants, the gut does not loop (Fig. 2, A to C).

Fig. 1. The LPM under-
goes asymmetric mi-
gration in the gut-
looping region. (A and
B) Whole-mount in
situ hybridization with
the endodermal mark-
er foxA3 reveals diges-
tive tract morphology
before (A) and imme-
diately after (B) loop-
ing  morphogenesis.
Scale bar, 50 pm. The
looping region (brack-
ets) lies between the
caudal border of the
pharyngeal endoderm
and the pancreatic is-
let. Dorsal views, an-
terior to the top. (C)
Diagram of the looped
gut at 30 hpf. Blue
lines indicate position
of sections in (G) to
(1). (D) Key for the di-
agrams in (E') to (I').
[(E) to (I)] Transverse
sections through the
endoderm and LPM.
aPKCs (red) show
weak expression in the
endoderm but are
highly expressed and
apically localized in
the LPM epithelium.
Most cells are outlined
with  cortical actin
(green) and endoder-
mal cells have weak

.3 c D
. endoderm
ﬁ (17 leftLPM
I rightLPM
i — aPKCs

cytoplasmic green fluorescent protein (GFP). Dorsal to the top; scale bar, 20 um. (E) At 20 hpf the
endodermal rod lies in the midline and both sides of the LPM are at the same dorsoventral level as
the endodermal rod. (F) At 26 hpf, both sides of the LPM have migrated medially. The left LPM is
dorsal to the endoderm and the right LPM is beginning to migrate ventrolaterally. Although the LPM
is markedly asymmetric at this stage, the developing intestine is still in the midline. Asymmetry
seen within the endoderm is due to leftward budding of the liver, which can be genetically
uncoupled from gut looping (23). (G and H) At 30 hpf the migration is complete. The developing
intestine has shifted to the left and the position of the left versus the right LPM is highly
asymmetric. (I) Posterior to the looping region, the LPM cells appear squamous and both sides of
the LPM are dorsal to the endoderm. (E’ to I') Diagrams of the relative positions of the LPM and

endoderm in confocal images [(E) to (I)].
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Fig. 2. Gut-looping defects in has and nok
mutants. (A to C) Whole-mount in situ hybrid-
ization with foxA3 reveals digestive tract mor-
phology. Dorsal views, anterior to the top; scale
bar, 50 wm. In wild-type embryos (A) the gut
loops to the left, whereas in has (B) and nok (C)
mutants it remains medial. Brackets show the
looping region. (D to F) Transverse sections
through the gut-looping region, dorsal to the
top; scale bar, 20 wm. Most cells are outlined
with cortical actin (green) and endodermal cells
contain weak cytoplasmic GFP. (D) Nok (red) is
weakly expressed in the endoderm but strongly
expressed and apically localized in the LPM. In
has (E) and nok (F) mutants, the epithelial
structure of the LPM is severely disrupted, and
the right LPM fails to undergo the ventrolateral
migration seen in wild-type embryos. aPKCs are
in red [(E) and (F)]. Red staining is low in has
mutants (E) as the aPKC antibody does not
recognize the truncated protein encoded by
has™674_All images are at 30 hpf.

To assess whether the nonlooping phenotype
in these mutants is due to a defect in L-R
gene expression, we examined two genes that
are asymmetrically expressed within the left
LPM of the gut-looping region, the Nodal
gene southpaw (spaw) (10) and the transcrip-
tion-factor gene pitx2 (11). In both has and
nok mutants, spaw and pitx2 expression ap-
pears normal (table S1), indicating that al-
tered L-R gene expression does not account
for the gut-looping defect.

We next examined whether the defect in
gut looping was due to a defect in the mor-
phogenetic process itself. Transverse sections

Fig. 3. Asymmetric
LPM migration can oc-
cur in the absence of
endoderm. (A to D)
Whole-mount in situ
hybridization with
foxA3. Brackets show
the gut-looping re-
gion. Dorsal views, an-
terior to the top; scale
bar, 50 pm. (A) Wild-
type embryo. [(B) to
(D)] Endoderm s
greatly reduced in bon
mutants. The 74 mu-
tants that were scored
fell into three classes:
(B) those with a re-
duced but continuous
stretch of endoderm
in the gut-looping re-
gion (14%); (C) those
with small, discontin-

F’

uous patches of endoderm (red arrowhead) in the gut-looping region (8%); and (D) those with a
complete absence of endoderm in the gut-looping region (78%). (E and F) Transverse sections through
the gut-looping region of bon mutants. Dorsal to the top; scale bar, 20 pm. Colors show actin (green)
and aPKCs (red). We examined a single transverse section in 44 randomly selected bon mutants and
found that 35 mutants (80%) showed clear asymmetric migration of the LPM past the midline. Of these
35 sections, 12 sections (34%) contained endoderm, but the amount was substantially reduced (E);
23 sections (66%) showed asymmetric LPM migration in the complete absence of endoderm (F).
In 34 of the 35 sections that showed asymmetric LPM migration, the left LPM had migrated dorsal
to the right LPM. (E’ and F’) Diagrams of the relative positions of the LPM and endoderm in confocal
images [(E) and (F)]. All images are at 30 hpf. Dotted lines mark the midline.

through the gut-looping region in has and nok
mutants revealed that the epithelial structure
of the LPM is severely disrupted and that the
ventrolateral migration of the right LPM is
perturbed (Fig. 2, E and F). Although some
cells from the right LPM move in the direc-
tion of the ventrolateral migration, the major-
ity migrate dorsal to the endoderm (Fig. 2, E
and F), similar to what is seen in nonlooping
regions of the intestine (Fig. 1I). Together
with the high expression of Has and Nok
proteins (Figs. 1 and 2D) in the LPM during
looping stages, the mutant phenotypes sug-
gest that a defect in the LPM 1is responsible
for the nonlooping gut phenotype observed in
has and nok mutants and that the asymmetric
migration of the LPM may provide the mo-
tive force for gut looping.

If the LPM does indeed displace the
endoderm to the left, ablation of the looping
endoderm should not affect the asymmetric
migration of this tissue. Mutants for the Sox-
related transcription-factor gene casanova,
which completely lack endoderm, also have
numerous defects in the migration of meso-
dermal tissues toward the midline (/2). In
contrast, mutants for the Mix family tran-
scription-factor gene bonnie and clyde (bon)
have a reduced number of endodermal cells
(13) and fewer defects in mesodermal migra-
tion (/4). We examined a single transverse
section through the gut-looping region of 44
randomly selected bon mutants at 30 hpf and
found that 35 mutants (80%) showed clear
asymmetric migration of the LPM past the

midline (Fig. 3, E and F). Of these 35 sec-
tions, 23 (66%) completely lacked endoderm
(Fig. 3F), and in the remaining 33%,
endoderm was substantially reduced (Fig.
3E). Furthermore, the left LPM was dorsal to
the right LPM in 97% of the sections showing
asymmetric LPM migration (Fig. 3, E and F).
These data show that asymmetric migration
of the LPM can occur in the absence of
endoderm and suggest that the force for gut
displacement is autonomous to the LPM.

To investigate whether the asymmetric
migration of the LPM is dependent on normal
L-R positional cues, we injected embryos
with a morpholino antisense oligonucleotide
(MO) (15, 16) targeted against the meso-
derm-specific Nodal gene spaw (10). MO
reduction of spaw function abolishes left-
specific gene expression (including cyclops,
leftyl, lefty2, and pitx2c) in the LPM in 80 to
100% of injected embryos (10), yet, unlike
the reported zebrafish mutations that affect
L-R gene expression (I, 17-21), the spaw-
MO does not appear to disrupt developmental
processes other than L-R asymmetry (/0).
Whole-mount in situ hybridization with the
endodermal marker fox43 (22, 23) revealed
that gut looping is randomized in embryos
injected with spaw-MO (1/4). More impor-
tantly, we found that injection of the spaw-
MO randomizes LPM migration. Out of 60
injected embryos, 22 embryos showed the
normal pattern of LPM migration (Fig. 4A),
25 embryos showed a reversed pattern of
LPM migration (Fig. 4B), 7 embryos
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Fig. 4. Reducing spaw function randomizes LPM
migration. Transverse sections through the gut-
looping region at 30 hpf. Dorsal to the top;
scale bar, 20 wm. Sections are stained as in Fig.
1. Of 60 injected embryos, 22 embryos showed
the normal pattern of LPM migration: left dor-
sal, right ventrolateral (A); 25 embryos showed
a reversed pattern of LPM migration: right dor-
sal, left ventrolateral (B); 7 embryos showed
both sides of the LPM migrating dorsally (C);
and 6 embryos showed both sides of the LPM
migrating ventrolaterally (D).

showed bilateral dorsal migrations (Fig.
4C), and 6 embryos showed bilateral ven-
trolateral migrations (Fig. 4D). The epithe-

lial structure of the LPM appears normal in
embryos injected with spaw-MO (Fig. 4),
indicating that it is unlikely that has and
nok act as morphogenetic effectors down-
stream of the Nodal pathway. These data
show that the pattern of LPM migration and
gut looping is regulated by L-R gene ex-
pression.

Previous work on vertebrate L-R asym-
metry has largely focused on signaling events
that establish and pattern the L-R axis. Little
is known, however, about how these L-R
signals ultimately affect cell and tissue be-
havior to generate organ asymmetry. Our
data suggest that the LPM undergoes a
dynamic asymmetric migration that in turn
causes the initial leftward bend in the de-
veloping intestine in zebrafish. An alterna-
tive model is that the endoderm autono-
mously loops to the left and the LPM fol-
lows. However, both wild-type and mutant
analyses strongly suggest that the LPM pro-
vides the motive force for looping. For
example, the LPM displays marked mor-
phological asymmetry before the leftward
displacement of the endoderm in wild-type
embryos (Fig. 1F). Furthermore, studies
with has and nok mutants show that the gut
fails to loop when asymmetric migration of
the LPM is perturbed, and studies with bon
mutants show that asymmetric LPM migra-
tion can occur in the absence of endoderm.
The cellular mechanisms that drive asym-
metric LPM morphogenesis remain to be
investigated. It is possible that the LPM
epithelia are actively migratory; alterna-
tively, the medial movement could result
from concerted cell shape changes or pro-
liferation within the plane of the epitheli-
um. It will also be of great interest to
understand how asymmetric gene expres-
sion within the LPM regulates the migra-
tion pattern of this tissue.
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