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Sept6 Is Required for Ciliogenesis in Kupffer’s Vesicle, the
Pronephros, and the Neural Tube during Early Embryonic
Development
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Septins are conserved filament-forming GTP-binding proteins that act as cellular scaffolds or diffusion barriers in a number of
cellular processes. However, the role of septins in vertebrate development remains relatively obscure. Here, we show that ze-
brafish septin 6 (sept6) is first expressed in the notochord and then in nearly all of the ciliary organs, including Kupffer’s vesicle
(KV), the pronephros, eye, olfactory bulb, and neural tube. Knockdown of sept6 in zebrafish embryos results in reduced num-
bers and length of cilia in KV. Consequently, cilium-related functions, such as the left-right patterning of internal organs and
nodal/spaw signaling, are compromised. Knockdown of sept6 also results in aberrant cilium formation in the pronephros and
neural tube, leading to cilium-related defects in pronephros development and Sonic hedgehog (Shh) signaling. We further dem-
onstrate that SEPT6 associates with acetylated a-tubulin in vivo and localizes along the axoneme in the cilia of zebrafish pro-
nephric duct cells as well as cultured ZF4 cells. Our study reveals a novel role of sept6 in ciliogenesis during early embryonic de-

velopment in zebrafish.

Septins are a conserved family of GTP-binding proteins that
play important roles in diverse cellular functions, including
cell cycle progression, vesicle trafficking, cytokinesis, cell migra-
tion, membrane dynamics, and chromosome segregation (1-8).
They are also important for maintaining polarized membrane do-
mains by acting as diffusion barriers at the neck region of the
budding yeast Saccharomyces cerevisiae, the annulus of spermato-
z0a, and the base of dendritic spines or primary cilia (9-14). Sep-
tins typically consist of four conserved domains: a phospholipid-
binding polybasic (PB) region, a GTP-binding domain (GTPase),
a septin-unique element (SUE), and a coiled-coil (CC) domain
(except for the SEPT3 subgroup) (15). Based on similarities in
amino acid sequences, septins are classified into four subgroups:
the SEPT2 subgroup (SEPT1, SEPT2, SEPT4, and SEPT5), the
SEPT3 subgroup (SEPT3, SEPT9, and SEPT12), the SEPT6 sub-
group (SEPT6, SEPT8, SEPT10, SEPT11, and SEPT14), and the
SEPT7 subgroup (SEPT7) (15-17).

Septins in different organisms form apolar, rod-shaped, het-
erooligomeric complexes that polymerize end to end into linear
filaments (18). Previously, at least three mammalian complexes
(SEPT4/5/8, SEPT7/9b/11, and SEPT2/6/7) have been character-
ized, and septin subunits have been shown to be symmetrically
arranged (e.g., SEPT7-SEPT6-SEPT2-SEPT2-SEPT6-SEPT7) in
the complexes. These complexes are thought to assemble into fil-
aments through an interaction between the guanine nucleotide-
binding domains (G interface) of the terminal subunits in the
neighboring septin complexes (19, 20). More recent studies have
indicated that mammalian septins form heterooctameric com-
plexes, with two copies of a subunit from each of the septin
subgroups (e.g., SEPT9-SEPT7-SEPT6-SEPT2-SEPT2-SEPT6-
SEPT7-SEPT9), similar to the octameric septin complexes in Sac-
charomyces cerevisiae (21,22). These septin complexes are thought
to form filaments through interactions between the N- and C-ter-
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minal domains (NC interface) of the terminal subunits in the
neighboring septin complexes (23, 24).

SEPT2 in mouse inner medullary collecting duct (IMCD3)
cells and SEPT7 in Xenopus laevis multiciliated cells are found to
form ring-like structures at the base of primary cilia, a microtu-
bule-based organelle that plays important roles in a wide range of
cellular processes in different biological systems (13, 25). Deple-
tion of SEPT2 or SEPT7 causes defects in ciliogenesis. These septin
rings are thought to act as diffusion barriers for maintaining dis-
tinct membrane domains. Recently, SEPT2/7/9 were reported to
localize along the axoneme in the primary cilia of retinal pig-
mented epithelial (RPE) cells and to regulate ciliary length (26).
However, the role of septins in ciliogenesis in the context of ver-
tebrate development has not been extensively explored.

In recent years, the function of cilia in vertebrate organogenesis
has been a focus of study, as disruption of cilium structure or
function has been linked to a number of human diseases and dis-
orders, including blindness, mental retardation, obesity, etc. (27—
29). Polycystic kidney disease (PKD) has been linked to defective
cilia in kidney tubules (30-36). In mice, cilia in the node, which is
the counterpart of the Kupffer’s vesicle (KV) in zebrafish, are in-
volved in the initiation of left-right (LR) asymmetry by generating
a counterclockwise fluid flow to break the bilateral symmetry of
the gastrulating embryo (36—40). In addition, mutants deficient in
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TABLE 1 Primers used in this study

Assay and primer Primer
target gene direction” Primer sequence (5'-3")
RT-PCR: sept6 F CGGCCACTGAGATAGCACGACAA
R CATCTGATTTGGCAATGATGGG
Real-time PCR
shh F TACGAGGGCAAGATAACGC
R ACAGAGATGGCCAGCGAG
nkx2.2 F CAGCATCCAATACTCATTACAC
R CTTCTTACCAGAGTCGCTG
glil F CTACCAGCTCTCTCAGCAAC
R GCAGGACATTCCAGTGACTC
ptchl F CAGAGTTTGACTTCATCATGAG
R CGTTGTTAGCAGGTACAACC
B-actin F CGGAATATCATCTGCTTGTAA
R CATCATCTCCAGCGAATC

@ F, forward; R, reverse.

ciliary components also display retinal dystrophy and neurologi-
cal problems (41-44).

Mammalian SEPT6 is a fusion partner of the mixed-lineage
leukemia (MLL) gene in acute myeloid leukemia patients (45).
However, sept6-deficient mice did not show any detectable phe-
notype (46). Deletion of SEPT6 also did not affect leukemogenesis
induced by MLL-SEPT6. Thus, the role of SEPT6, though ex-
pressed ubiquitously in mammalian tissues, remains unknown.

In this study, the zebrafish model was employed for function
analysis of SEPT6. We found that sept6 is expressed in the ciliated
organs, such as the KV, pronephros, eye, olfactory bulb, and neu-
ral tube, in developing zebrafish embryos. Knockdown of sept6 by
two independent morpholino oligonucleotides (MOs) leads to
reduced numbers and lengths of cilia in the KV, pronephros, and
neural tube, which causes aberrant phenotypes, including re-
versed LR patterning of internal organs, cyst formation and di-
lated tubules and ducts in the pronephros, and impaired Shh sig-
naling. Strikingly, these developmental phenotypes closely
resemble those of zebrafish mutants deficient in ciliary compo-
nents, such as the proteins involved in intraflagellar transport
(IFTs) (36). Thus, our study provides strong evidence for the role
of sept6 in controlling ciliogenesis in zebrafish.

MATERIALS AND METHODS

Zebrafish maintenance. Wild-type (AB) zebrafish (Danio rerio) were
raised and maintained under standard conditions at 28.5°C (47). Devel-
opmental stages of zebrafish embryos were characterized as described pre-
viously (48).

RT-PCR. To examine the expression of sept6, total RNA was extracted
from zebrafish embryos by using TRIzol (15596-026; Invitrogen), and
single-stranded cDNA was synthesized using an oligo(dT), primer and
the RevertAid first-strand cDNA synthesis kit (K1622; Thermo Scientific)
according to the manufacturer’s instructions. Reverse transcription-PCR
(RT-PCR) primers for sept6 expression were designed by using the soft-
ware Primer 5.0 and are listed in Table 1.

RNA and morpholino injection. The full length of zebrafish sept6 was
cloned into vector pSP64 (Promega), and the capped sept6 mRNA was
synthesized using the mMESSAGE mMACHINE SP6 kit (AM1340; Am-
bion) according to the manufacturer’s instructions. Three morpholinos
were purchased from Gene Tool Company: sept6-tMO, targeting the
translation start codon site of sept6 (5'-CATGGTTCTCTCCTGCATCAAA
CCT-3'), sept6-sMO, targeting the splicing site between exon 2 and intron 2
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(5"-CTCCCACATGACACACTCACCCCA-3"), and standard MO (std-MO;
5'-CCTCTTACCTCAGTTACAATTTATA-3"). MOs and mRNA were in-
jected into 1- or 2-cell-stage embryos at nominated concentrations by using a
PLI-100A microinjector (Harvard Medical Apparatus).

Whole-mount in situ hybridization. We carried out whole-mount in
situ hybridization (WISH) as described previously (49). cDNAs of the
following genes were used as antisense probes in our study: sept6, cerulo-
plasmin (cp), forkhead box A3 (foxa3), cardiac myosin light chain 2 (cmlc2),
southpaw (spaw), leftyl, lefty2, no tail (ntl), charon, SRY-box containing
gene 17 (sox17), sonic hedgehog (shh), gliotactin 1 (glil), NK2 homeobox 2
(nkx2.2), and patched 1 (ptchl).

Immunofluorescence. Immunofluorescence using mouse anti-acety-
lated a-tubulin antibody (T6793; Sigma) and rabbit antihemagglutinin (anti-
HA) antibody (H6908; Sigma) was carried out as described before (50, 51).
Confocal images of the embryos and ZF4 cells were taken with 40X and 100X
objective lenses, respectively, of a NOL-LSM 710 microscope (Carl Zeiss,
Germany). The numbers and lengths of KV cilia were measured by using NIH
Image] software. Statistical analysis was performed using Student’s t test of the
Statistical Program for Social Sciences (SPSS). Every result represents the
mean of at least three independent experiments.

Coimmunoprecipitation. The association between zebrafish acety-
lated a-tubulin and SEPT6 (sc-20180; Santa Cruz Biotechnology) was
determined using the Pierce coimmunoprecipitation (co-IP) kit (26149;
Thermo Scientific), following the instructions of the manufacturer.

FCF treatment. Forchlorfenuron (FCF; 32974; C,,H, ,CIN,0; Sigma)
is a septin inhibitor that affects septin assembly and organization (52, 53).
Wild-type embryos were cultured in the presence of 150 uM FCF from
70% epiboly to the prim-5 stage. WISH at 2 days postfertilization (dpf)
and immunofluorescence at the 8-somite (ss) stage were then performed
to assess the liver patterning and KV ciliogenesis of the FCF- and dimethyl
sulfoxide (DMSO)-treated embryos.

Real-time PCR. To determine the expression levels of the Shh signal-
ing factors, real-time PCR was performed on embryos at 24 h postfertil-
ization (hpf). Total RNA extraction and cDNA synthesis were carried out
as described above. SYBR green real-time PCR master mix (QPK-212;
Toyobo) was used for PCR in a real-time detection system (Bio-Rad).
Primers for shh, nkx2.2, glil, and ptchl were designed using the software
Primer 5.0 and are listed in Table 1.

RESULTS

Identification of sept6 in zebrafish. The putative zebrafish sept6
is located on chromosome 14 (GenBank accession number
BC056592.1, NCBI) and encodes a protein of 427 amino acids.
Like all other septins, zebrafish SEPT6 is a GTP-binding protein
with conserved motifs (G1, G3, G4, S1, S2, and S3) in the nucle-
otide-binding site (Fig. 1A) (54-56). It also contains a predicted
coiled-coil region in its C terminus, a common feature among
many septins (55). Similar to its mammalian counterpart, ze-
brafish SEPT6 lacks the critical threonine (Thr) residue corre-
sponding to Thr-78 in mouse SEPT2, which is required for GTP
hydrolysis (20, 55).

Phylogenetic analysis using the software MEGA 5.05 indi-
cated that zebrafish SEPT6 has closest homology to SEPT6
from Homo sapiens, Mus musculus, and Xenopus laevis (Fig. 1B).
Chromosome linkage analysis using tools on the Genomicus web-
site  (http://www.dyogen.ens.fr/genomicus-67.01/cgi-bin/search
.pl) indicated that zebrafish sep#6 is linked to the NKRF, UBE2A,
SLC25A43, and SLC25A5 loci, similar to sept6 in Homo sapiens,
Mus musculus, and Xenopus laevis (Fig. 1C). Taken together, these
features suggest that zebrafish sept6 is the orthologue of mamma-
lian sept6.

sept6 is involved in body morphogenesis during zebrafish
development. To explore the in vivo role of sept6, we first exam-
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FIG 1 Zebrafish SEPT6. (A) Alignment of amino acid sequences of SEPT6 from human (Uniprot accession number Q14141.4), mouse (Q9R1T4.4), frog
(AAH77941.1), and zebrafish (AAH56592.1). The GTPase CDC domain, septin unique element, and coiled-coil domain are highlighted in different colors. The G1, G3,
(4,1, 82,53, and S4 motifs are boxed. (B) Phylogenetic analysis of amino acid sequences from the indicated species. The distance scale represents the degree of difference
between sequences (e.g., 0.1 indicates a 10% difference between two sequences). (C) Chromosome linkage analysis of sept6 from the indicated species.

ined its expression pattern during early embryonic development.  tation stage, the expression of sept6 was restricted to the noto-
As shown by RT-PCR analysis, sept6 was expressed throughout chord, KV, and spinal cord neurons (Fig. 2E to I). From the
embryogenesis (Fig. 2A). WISH analysis further indicated that prim-15 to the long-pec stage, sept6 RNA was localized in olfac-
maternally derived sept6 transcript was distributed ubiquitously  tory bulb, lens, inner nuclear layer, glomerulus, pronephric tu-
prior to the shield stage (Fig. 2B to D). During the early segmen-  bules, pronephric ducts, and neural tube (Fig. 2] to M). These

A

4-cell 256 cell

Shield 85%epiboly 4 somites 4 somites 16 somites 16 somites

K

Prim15 Prim15 Prim15 Long-pec

FIG 2 Expression patterns of sept6 during zebrafish embryonic development. (A) Expression patterns of sept6 at different stages were assessed by RT-PCR, with
B-actin as the control. (B to M) WISH analysis of zebrafish sept6 expression levels at different developmental stages. (B) Four-cell stage, top view; (C) 256-cell
stage, lateral view; (D) shield stage, lateral view; (E) 85% epiboly stage, dorsal view; (F) 4-ss stage, dorsal view; (G) 4-ss stage, lateral view; (H) 16-ss stage, dorsal
view; (I) 16-ss stage, lateral view; (J) prim-15 stage, front view; (K) prim-15, lateral view; (L) prim-15, cross-section view; (M) long-pec stage, lateral view.
Abbreviations: NC, notochord; SCN, spinal cord neuron; MHB, midhindbrain boundary; INL, inner nuclear layer; OB, olfactory bulb; NT, neural tube; SCPZ,
spinal cord proliferative zone; GL, glomerulus; PT, pronephric tubule; PD, pronephric duct.
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FIG 3 Global defects caused by sept6 knockdown and specificity tests for MOs. (A) Representative images of control embryos (Con) and morphant (MO)
embryos. Arrow, heart pericardium; square, pronephric cyst. The enlarged images of the brain area are shown in the inset. (B) Diagram of the construct
containing the sept6 5'-UTR fused with EGFP and a simian virus 40 poly(A) tail, which is driven by the CMV promoter. (C) Representative images of embryos
coinjected with the plasmid and sept6-tMO or std-MO. (D) Quantification of EGFP-expressing embryos from panel C. (E) Protein levels of SEPT6 in the control
embryos, tMO morphants, and sMO morphants at 24 hpf. (F) Quantification of relative expression levels of SEPT6 from the Western blot shown in panel E. The
expression levels of SEPT6 were normalized against B-actin. The letters a and b represent statistically significant differences (P < 0.001, calculated by using

Student’s t test).

results demonstrate that sept6 is mainly expressed in the ciliary
organs during zebrafish development.

Next, we determined the consequences of sept6 knockdown
during zebrafish embryonic development. Two MOs, one de-
signed to block translation and one to block splicing, were used in
this analysis. Embryos injected with either sept6-tMO or sept6-
sMO, which are called morphants, had severe developmental de-
fects, including curvature of the body, large pericardial effusion,
and pronephric cyst (Fig. 3A). These knockdown effects, together
with the expression patterns, suggested that sept6 plays an impor-
tant role in body morphogenesis during zebrafish development.

sept6-tMO targets the start codon AUG, and sept6-sMO targets
the exon 2-intron 2 boundary. The specificity of sept6-tMO was
demonstrated by injecting embryos with sept6-tMO and a plasmid
carrying the cytomegalovirus (CMV) promoter-driven sept6 5’
untranslated region (UTR)-enhanced green fluorescent protein
(EGFP) fusion, which contains the sept6-tMO target sequence in
the 5-UTR (Fig. 3B). Only 7.1% of the sept6-tMO morphants
(n = 56) were positive for EGFP signal, in comparison to 100.0%
of the control embryos (std-MO; n = 55) (Fig. 3C and D). West-
ern blot analysis demonstrated that the expression of sept6 was
significantly reduced in the sept6-tMO and sept6-sMO morphants
compared with the control embryos (P < 0.001) (Fig. 3E and F).
These results indicated that sept6-tMO and sept6-sMO effectively
block the expression of sept6 in the morphants.

sept6 affects LR patterning of visceral organs. To further de-
fine the developmental role of sept6, we examined visceral organs
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during embryogenesis in the sept6 morphants. By using the liver-
specific marker cp, we found that 72.7% of the sept6-tMO (n = 33)
and 61.2% of the sept6-sMO (n = 21) morphants showed lateral-
ity defects, compared with only 3.8% of embryos injected with the
std-MO (n = 25) at 60 hpf (Fig. 4A to D). By using the endoderm
marker foxa3 for the primordial liver, pancreas, and gut, we found
that 97.8% of the control embryos (1 = 93) showed normal organ
patterning at 60 hpf, i.e., the liver on the left side and the pancreas
on the right side (Fig. 4E). In contrast, 56.3% of the sept6-tMO
(n = 135) and 47.2% of the sept6-sMO (n = 72) morphants dis-
played inverted patterning (Fig. 4F and H). When embryos were
coinjected with sept6-tMO and sept6 mRNA or with sept6-sMO
and sept6 mRNA, only 23.8% of the sept6-tMO (n = 80) and
19.0% of the sept6-sMO (n = 84) morphants exhibited the in-
verted patterning (Fig. 4G and H). This partial rescue of the pat-
terning defect by the sept6 mRNA indicates that the observed phe-
notypes are specific to sept6 knockdown. We also monitored the
heart patterning with the cmlc2 probe in embryos at 48 hpf, and we
found that 95.4% of the control embryos (1 = 65) showed normal
patterning, i.e., the heart with a normal loop (Fig. 41). In contrast,
57.7% of the sept6-tMO (n = 52) and 41.9% of the sept6-sMO
(n 62) morphants showed abnormal patterning, including
hearts without a loop or with an inverted loop (Fig. 4] to L). When
embryos were coinjected with sept6-tMO and sept6 mRNA or with
sept6-sMO and sept6 mRNA, only 30.4% of the sept6-tMO (n =
56) and 17.9% of the sept6-sMO (n = 56) morphants showed
abnormal patterning (Fig. 4] to L). Together, these data indicate
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FIG 4 sept6 is required for the LR patterning of visceral organs. sept6-tMO and sMO both caused aberrant patterns of liver (B and C), liver, pancreas, and
gut (F), and heart (J and K), compared with the std-MO (A, E, and I). (G) Defective LR patterning of liver, pancreas, and gut in sept6 morphants rescued
by wild-type sept6 mRNA coinjection. Percentages of the defective for the indicated gene and rescued embryos were quantified and are presented in the

bar charts (D, H, and L).

that sept6 is required for LR patterning of visceral organs during
the hatch stage.

sept6 is required for LR patterning of nodal signaling. Nodal
signaling in the lateral plate mesoderm (LPM) is critically important
for situs-specific organogenesis in mammalian embryos (37, 57-59).
To determine whether sept6 affects LR asymmetry of visceral organs
by controlling nodal signaling, we examined the effects of sept6
knockdown on the expression patterns of the zebrafish nodal gene
spaw and its downstream targets, leftyl and lefty2. As expected, in the
control embryos spaw was expressed at the left side of the LPM (Fig.
5A). In contrast, aberrant expression patterns of spaw, including bi-
lateral (Fig. 5B) and reversed (Fig. 5C) patterns, were observed in the
sept6-tMO (70.0%; n = 29) and sept6-sMO (57.7%; n = 26) mor-
phants (Fig. 5D). When the embryos were coinjected with sept6-MO
and sept6 mRNA, only 36.0% of the sept6-tMO (1 = 25) and 26.1% of
the sept6-sMO (n = 23) morphants exhibited abnormal patterns of
spaw expression.

In the control embryos, lefty] and lefty2 were also expressed at
the left side of the LPM (Fig. 5E, I, and M). In contrast, the expres-
sion of these genes occurred at the middle or right side of the LPM
in the sept6 morphants (Fig. 5F, G, J, K, and N). Fifty-two percent
of the sept6-tMO (n = 25) and 55.2% of the sept6-sMO (n = 29)
morphants displayed abnormal patterning of leftyl. Coinjection
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of sept6 mRNA and sept6-MO into the embryos partially rescued
the patterning defects of leftyl to 28.0% (n = 25, sep6-tMO) and
25.0% (n = 28, sept6-sMO), respectively (Fig. 5H). Similar defects
and partial rescues were also observed for lefty2 in the sept6 mor-
phants (Fig. 5L). In this experiment, no tail (ntl) was used to mark
the midline of the embryos. Together, these data indicate that
sept6 is required LR asymmetry of nodal signaling during the seg-
mentation stage.

sept6 regulates KV ciliogenesis. KV is a ciliated, fluid-filled
organ in zebrafish that plays a critical role in nodal signaling and
LR development (38, 60, 61). Because septins are known to local-
ize at the base of primary cilia and affect cilium-based signaling in
other vertebrate cells (13, 25), we reasoned that sept6 may affect
LR asymmetry in zebrafish by regulating ciliogenesis in KV. We
tested this hypothesis by examining KV formation and its cilio-
genesis with the KV-specific marker charon and an antibody
against acetylated a-tubulin, which is the major structural com-
ponent of KV cilia. WISH analysis showed that the overall archi-
tecture of KV in the sept6 morphants was largely unaffected com-
pared with the control embyos (Fig. 6A to C). However, both the
number and the length of KV cilia in the sepr6 morphants were
significantly reduced from those in the control embryos at the 8-ss
stage (P < 0.001) (Fig. 6D to H). The mean length of cilia was
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FIG 5 Knockdown of sept6 causes defects in the expression patterns of nodal pathway genes in the LPM. In the control embryos, spaw (A), leftyl (E), and lefty2

(I) were expressed at the left side of the midline at 20 hpf, while bilateral or middle

(B, F,and]) and inverted (C, G, and K) expression patterns of these genes were

observed in the sept6 morphants. Percentages of different patterns in the control embryos, sept6 morphants, and rescued embryos were quantified and are
presented in the bar charts (D, H, and L). (M and N) WISH analysis of left1, lefty2, and ntl in a control embryo (M, lateral view with the anterior at the left side)

and a morphant (N, lateral view with the anterior at the right side).

4.33 = 0.11 pm (mean =* standard deviation) for the control
embryos (Membryo = 10, e = 135), 2.73 £ 0.08 pm (Mempryo =
10, ngy, = 127) for the sept6-tMO morphants, and 2.90 = 0.08
UM (Repbryo = 10, f1g;, = 129) for the sMO morphants. The
number of cilia per KV was also significantly (P < 0.001) reduced
in the sept6-tMO (24.56 £ 2.80; feypryo = 10) and sept6-sMO
(28.33 £ 1.65 ey, = 10) morphants compared with the control
embryos (40.10 = 3.6 Mepryo = 10). These data suggest that sept6
plays a critical role in KV ciliogenesis.

FCEF, a septin inhibitor (52, 53), is known to alter septin assem-
bly and organization in mammalian cells (52). When wild-type
embryos were cultured in the presence of 150 uM FCF from 70%
epiboly to the prim-5 stage, 80.0% of the FCF-treated embryos
(n = 30) displayed a defect in liver positioning, whereas 3%o of
DMSO-treated control embryos did not display such a phenotype
(Fig. 61 and J). FCF-treated embryos also showed an apparent
decrease in the number and length of KV cilia at the 8-ss stage (Fig.
6K and L). These data suggest that septin assembly and/or orga-
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nization are involved in KV ciliogenesis, which further corrobo-
rates the role of sept6 in this process.

Dorsal forerunner cells (DFCs)/KV cells are known to play a
central role in the development of LR asymmetry (37-39, 61). To
determine whether sept6 affects LR asymmetry through these cells
or other mechanisms, we injected embryos with sept6-tMO at the
256-cell stage. At the 256-cell stage, the bridge between yolk and
DFCs/KV cells is open while other bridges between yolk and em-
bryonic cells are closed, so that tMO can enter the progenitors of
the DFCs through the cytoplasmic bridge without entering most
other embryonic cells (Fig. 7A) (61). WISH analysis using the
probe of sox17, which marks the DFCs and endoderm cells during
the blastula stage, indicated that DFC migration and cohesion
were not affected (Fig. 7B and C). However, the laterality defect of
visceral organs was increased in the morphants compared with the
control embryos at 2 dpf (Fig. 7D and E), whereas global defects,
such as curvature of the body displayed by embryos injected with
sept6-MO at the one-cell stage, were not observed (Fig. 7F to H).
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FIG 6 Knockdown of sept6 causes defects in KV ciliogenesis. (A to C) Representative images of charon expression in KV in control embryos (A), sept6-tMO
morphants (B), and sMO morphants (C). (D to F) Cilia in the KV were visualized by immunofluorescence of acetylated a-tubulin in the control embryos (D),
sept6-tMO morphants (E), and sMO morphants (F). (G and H) Bar charts represent the quantification and statistical analyses of cilia length (G) and numbers
(H) at the 8-ss stage. The letters a and b represent statistically significant differences (P < 0.001, calculated by using Student’s ¢ test). (I and J) FCF treatment
caused defects in LR patterning of the liver, as demonstrated by WISH analysis of the liver-specific marker cp at 50 hpf in the control (I) and FCF-treated (J)
embryos. (K and L) Immunofluorescence of acetylated a-tubulin in the control (K) and FCF-treated (L) embryos. Nuclear DNA was stained with 4’,6-
diamidino-2-phenylindole, and the KV is circled (D to F, K, and L).

These data suggest that sept6 likely affects ciliogenesis and LR pat-  also affected by sept6 knockdown, we examined ciliogenesis in the
terning of visceral organs directly, through DFCs/KV cells. pronephros and neural tube, where sept6 RNA was detected. The

sept6 is required for ciliogenesis in the pronephric ductand  pronephros consists of a glomerulus (Fig. 8A, arrow) and a pair of
neural tube. To investigate whether ciliogenesis in other tissuesis  ciliated pronephric tubules (Fig. 8A, green circles) and ducts

| c. D E \
&4 ‘0
WT STD-MO Septb6-tMO STD-MO Sept6-tMO
60% epiboly 256-cell 256-cell 256-cell 256-cell

Injection at
256-cell stage

Sept6-tMO

Sept6tMO
Con 1-cell 256-cell

FIG 7 Specific knockdown of SEPT6 in DFCs/KV cells causes specific defects in LR patterning. (A) Representative image of an embryo after injection of
fluorescence-labeled membrane dye at the 256-cell stage. This labeling experiment demonstrated that the injection was targeted to the intended location. (B and
C) DFC architecture was not affected during the gastrula stage in the embryos injected with sept6-tMO at the 256-cell stage compared with the control embryos.
(D and E) sept6-tMO injection at the 256-cell stage caused inverted patterning of visceral organs (E), in contrast to std-MO injection (D). (F to H) Similar to the
control embryos (F), embryos injected with sept6-tMO at the 256-cell stage (H) showed fewer global defects than those injected at the 1-cell stage (G).
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FIG 8 Knockdown of sept6 causes defects in ciliogenesis and the development of zebrafish pronephros. (A to C) Hematoxylin and eosin (HE) staining of
cross-sections of the 72-hpf control embryos (A), sept6-tMO morphants (B), and sMO morphants (C). Arrows, glomerulus; green circles, pronephric tubules;
white circles, pronephric ducts. (D to I) Whole-mount immunofluorescence of acetylated a-tubulin in the cilia of the pronephric ducts at 27 hpf (D to F) and at

2 dpf (G to ) in the control embryos (D and G), sept6-tMO morphants (E and H), and sept6-sMO morphants (F and I).

(Fig. 8A, white circles). Histological sections of 3-dpf embryos
showed dilation of the pronephric tubules and ducts in the sept6
morphants (Fig. 8B and C). Such phenotypes have been associated
with defective ciliogenesis before (32-36). Consistent with this
notion, we found that the number and length of cilia in the pro-
nephric ducts were significantly reduced in the sept6 morphants at
27 hpfand 2 dpf (Fig. 8D to I).

Previous studies indicate that cilia play an essential role in the
transduction of Shh signaling, which specifies neuronal cell fates
in the neural tube (62—66). Several Shh pathway components,
including PATCH 1 (the receptor for Shh) and GLI (transcription

ptch1

Con

Sept6-tMO

nkx2.2

factors), are present in the cilia (67, 68). Organisms with muta-
tions or morphants of genes required for ciliogenesis are often
defective in Shh signaling (62—64, 69). We found that ciliogenesis
in the neural tube was significantly compromised in the sept6
morphants (Fig. 9A to C). As expected, the expression levels of the
Shh target genes glil, nkx2.2, and ptchl were reduced in the mor-
phants (Fig. 9D and G to L). In contrast, the expression of shh was
unaffected (Fig. 9D to F). These data suggest that sept6 is involved
in cilium-based Shh signaling. Collectively, our results demon-
strate that sept6 plays a role in ciliogenesis in the pronephros and
neural tube in zebrafish.

*% OCon

1 BSept6-tMO
08
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0
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FIG9 sept6is required for ciliogenesis and the Shh signaling pathway in the zebrafish neural tube. (A to C) Immunofluorescence analysis of acetylated a-tubulin
on longitudinal cryosections of embryos at 2 dpf from control embryos (A), sept6-tMO morphants (B), and sMO morphants (C). The cilium area in the neural
tubes is boxed. (D to L) WISH and real-time PCR analysis of Shh signaling components. Expression of shh was comparable in the control embryos and the
morphants at 24 hpf (D, E, and F). In contrast, the expression levels of gli1, nkx2.2, and ptchI in the central nervous system of sept6-tMO morphants (D, H, J, and
L) were reduced in comparison to the control embryos (D, G, I, and K). **, P =< 0.01; N.S., not significant. Arrows (G to L) indicate the central nervous system.
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FIG 10 SEPT6 associates with acetylated a-tubulin in cilia. (A) The endogenous SEPT6 coimmunoprecipitates with acetylated (AC) a-tubulin. Briefly, lysates
from embryos were immunoprecipitated with resin beads coated with anti-acetylated a-tubulin. The levels of acetylated a-tubulin (upper panel) and SEPT6
(lower panel) in the precipitates were analyzed by Western blotting using antibodies against each protein. Lane 1, blank control sample; lane 2, control embryos;
lane 3, sept6-tMO morphants. (B) Quantification of SEPT6 that coimmunoprecipitated with acetylated a-tubulin (a-tubulin also serving as the normalization
standard) from the control embryos and sept6-tMO morphants. The letters a and b indicate statistically significant differences (P < 0.001, calculated by using
Student’s t test). (C to E) Localization of HA-SEPTG6 in relation to the acetylated microtubules in the cilia of the pronephric ducts in embryos injected with
pHA-sept6, visualized by double staining with antibodies against acetylated a-tubulin (C) and the HA tag (D). Acetylated a-tubulin and SEPT6 localizations are
merged in panel E. (F to H) Colocalization of HA-SEPT6 with acetylated a-tubulin in the cilia of pHA-sept6-transfected ZF4 cells. Acetylated a-tubulin (F) and
HA-SEPT6 (G) showed colocalization as indicated in the merged image (H). (I to K) Coinjection of the HA-sept6 plasmid at 15 ng/pl effectively rescued the global

defects of embryos that were caused by sept6-tMO.

Sept6 associates with acetylated a-tubulin in cilia. To deter-
mine how SEPT6 affects ciliogenesis in zebrafish, we first exam-
ined whether SEPT6 is associated with acetylated a-tubulin, a ma-
jor component of cilia. We found that the endogenous SEPT6 was
effectively coimmunoprecipitated with acetylated a-tubulin in
embryos at the 8-ss stage, when ciliogenesis is occurring in KV,
and this association was significantly reduced in the sept6-tMO
morphants in comparison to the control embryos (P < 0.001)
(Fig. 10A and B). Because the rabbit antibody against human
SEPT6 did not work well in our whole-mount immunofluores-
cence experiments, we determined the localization of HA-tagged
SEPT6, which is carried on a plasmid and expressed from the
CMYV promoter, in relation to that of cilia in the pronephric ducts
of embryos at 27 hpf as well as in the ZF4 cells. Surprisingly, in
both the pronephric ducts and the ZF4 cells, HA-SEPT6 colocal-
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ized with acetylated a-tubulin in cilia (Fig. 10C to H). We also
demonstrated that the HA-SEPT6 construct was functional, as it
effectively rescued the global defects of the sept6 morphants (Fig.
101 to K). Taken together, these data suggest that SEPT6 likely
affects ciliogenesis in zebrafish via its association with acetylated
a-tubulin along the axoneme in cilia.

DISCUSSION

In this study, we have shown that sept6 is expressed in the ciliated
organs, including KV, the pronepheros, and the neural tube in
zebrafish. SEPT6 associates with acetylated a-tubulin in the axon-
eme of cilia of pronephric ducts and ZF4 cells. This defines a novel
pattern of SEPT6 localization in cilia that is distinct from the ring-
like structure formed at the base of primary cilia by SEPT7 in
Xenopus multiciliated cells (25) and SEPT2 in mouse IMCD?3 cells
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(13). Knockdown of sept6 in zebrafish causes profound defects in
ciliogenesis, resulting in changes in the function of the ciliated
organs mentioned above. Thus, our study, for the first time, has
defined a cellular and developmental role for SEPT6 in verte-
brates.

LR patterning is an important developmental issue that has
been analyzed extensively in different vertebrate systems (39, 40,
57, 70). In zebrafish, monocilia in KV are known to generate a
counterclockwise fluid flow that is critical for nodal/spaw signal-
ing and the development of LR asymmetry (36, 37, 60). In this
study, we found that global or KV-specific knockdown of sept6
resulted in defective ciliogenesis in KV. Consequently, nodal sig-
naling and LR patterning of visceral organs are compromised.
Thus, SEPT6 likely regulates organ laterality through KV ciliogen-
esis.

SEPT6 also regulates ciliogenesis in the pronephros and neural
tube in zebrafish. Knockdown of sept6 caused cyst formation and
dilation of pronephric ducts and tubules in the pronephros.
Knockdown of sept6 also caused defective ciliogenesis in the neu-
ral tube and, consequently, compromised the cilium-based Shh
signaling. All these phenotypes observed in the sept6 morphants
are strikingly similar to those displayed by mouse mutants or ze-
brafish morphants deficient in ciliary components, such as IFT,
PKD, and ARL13b (36, 71, 72). Thus, our study strongly impli-
cates SEPT6 in the regulation of ciliogenesis in multiple organs
during zebrafish development.

All septins are known to form hetero-oligomeric complexes
that can further assemble into filaments and other higher-order
structures, such as rings and hourglasses (15). Despite extensive
characterization of some septin complexes in vitro, the composi-
tion and size of septin complexes in specific cell types or tissues
remain largely unknown. While our manuscript was under revi-
sion, the mammalian SEPT2/7/9 complex was reported to colo-
calize with ciliary microtubules and to control ciliary length in
RPE cells (26). In addition, FCF, an inhibitor of septin assembly
and organization, affects ciliogenesis and LR patterning of visceral
organs (this study). Based on these observations, it is tempting to
speculate that SEPT6 controls ciliogenesis in zebrafish by forming
a complex with other septins.

Because of the complexity and plasticity in the assembly and
function of septin complexes and the potential functional overlap
between different septins, it is difficult, if not impossible, to pre-
dict whether a specific septin knockout or knockdown would pro-
duce certain phenotypes. For example, mammalian SEPT2/6/7
and SEPT2/6/7/9 complexes have been well characterized in vitro
(17). However, mouse knockout studies have indicated that dele-
tion of sept7 or sept9 causes embryonic lethality, while deletion of
sept6 produces no detectable phenotypes (46). The underlying
reason remains unknown. The difference in the requirement of
specific septins for organismal survival is even more striking. For
example, CDC3 and CDC]2 are essential for the survival of the
budding yeast S. cerevisiae, while their counterparts, SPNI and
SPN4, are totally dispensable for the survival of the fission yeast
Schizosaccharomyces pombe (9, 73-75). In light of these observa-
tions, it is not surprising that sept6 knockdown in zebrafish pro-
duced drastic phenotypes whereas sept6 knockout mice display no
obvious defects. Many outstanding questions regarding septin
structure and function remain unanswered. Our work here is in-
tended to establish zebrafish as a model in parallel with other
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systems in exploring the role of vertebrate septins in cellular and
developmental processes.
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