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Extended Data Figure S1. cygb2 mutants develop embryonic malformations.
(A) qRT-PCR of cygb2 transcript relative to beta-actin showing detectable levels starting at shield stage. N=3-5 biological replicates, each sample representing 50 pooled embryos. (B-C) Representative Western blots for Cygb2 relative to beta-actin of adult zebrafish whole brain lysate collected from cygb2801a (B) and cygb2801b (C) mutants, respectively. No bands around the recombinant Cygb2 (rCygb2) MW are detectable in the cygb2801a nor in the cygb2801b. On the right, quantification of Cygb2 relative to beta-actin. Means are  SD. Student’s t-test, ** P= 0.0035, *P= 0.0466. (D) Percentage of embryos with left, bilateral or right sided hearts in wt and cygb2pt801a and cygb2pt801b. Number of embryos is shown above the graph in red. (E) Wt and cygb2pt801a larva at 3 dpf, comparing body axis length. Means are  SD. Student’s t-test, *** P< 0.001. (F) Wt and cygb2pt801a adult fish comparing body axis length. Means are  SD. Student’s t-test, * P< 0.05. (G) On the right side, alcian blue staining of the embryonic cartilage of cygb2801a compared to wild type embryos at 48 hpf. On the left side, average distance between the Meckel’s cartilage (M) and the ceratohyal (ch). Means are  SD, Student’s t-test, ** P= 0.0098. Scale bar = 100 m. (H) myod1 in situ hybridization in wt and cygb2pt801a embryos at 8-10 som showing the somites phenotype in 84% of mutants. Scale bar = 10 m. (I) cygb2 in situ hybridization in wt embryos at 9-10 somite (dorsal view, scale bar = 10 m) and at 48 hpf (dorsal and lateral view, scale bar = 100 m). Meckel’s cartilage (M), ceratohyal (ch) and bilateral trabeculae (Bt).


[image: ]
Extended Data Figure S2. The KV develops normally in cygb2 mutants.
(A) KV of wt and cygb2pt801a embryos at 10 somite stained with anti-acetylated tubulin (white) to visualize cilia and a recombinant peptide anti-Cygb2113-130 antibody (red) on whole mount embryos. The KV is outlined with a white dashed line and shows decreased Cygb2 staining in cygb2pt801a. Scale bar = 10 m. (B) On the left, immunostaining of acetylated tubulin (white) in wt and cygb2pt801b embryos at 10 som. The KV is outlined with a white dashed line. Scale bar = 10 m. On the right, quantification of cilia length in wt and cygb2pt801b embryos. Means are  SD (n=4-8 embryos). Student’s t-test, ** P<0.01. (C) dand5 expression labeling the KV by whole mount in situ hybridization. Scale bar = 100 m. (D) KV area in wt and cygb2pt801a. Means are  SD (n=20 embryos). Student’s t-test, ns = no significance. (E) Confocal images of cygb2801a;tg(sox17:EGFP) compared to tg(sox17:EGFP) at different stages of development. Images are 3D confocal projections. Scale bar = 10 m. (F) Quantification of KV size by measuring the circumference of largest KV section in three central confocal Z planes. 
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Extended Data Figure S3. cygb2 morpholino knockdown phenocopies cygb2801a and cygb2801b mutants.
(A) Immunostaining of acetylated tubulin (white) and Cygb2 (red) in control morpholino (co-MO) and cygb2 morpholino (cygb2-MO) injected embryos. Images are representative of the indicated percentages. The KV is outlined with a white dashed line and shows decreased Cygb2 staining in cygb2 morphants. Scale bar = 10 m. (B) KV cilia of co-MO and cygb2-MO injected embryos. Cilia are immune-stained for acetylated tubulin. Scale bar = 10 m. (C) Average cilia length, means are  SD (n-9-10 embryos). Student’s t-test, **** P <0.0001. (D) Quantification of KV cilia number in cygb2 morphants and cygb2801a mutants, means are  SD (n=8-10 embryos). Student’s t-test, ns = not significant. (E) Representative confocal 3D projections of tg(myl7:DsRed) hearts at 2 dpf injected with co-MO and Cygb2-MO. (F) Quantification of left, bilateral and right sided hearts in control and cygb2 morphants. Number of embryos analyzed is shown in red above the graph. 
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Extended Data Figure S4. nos2b and gucy1a morpholino knockdown phenocopies cygb2801a and cygb2801b mutants.
(A) Percentage of embryos with left, bilateral or right cardiac position following injection of control (co) or nos2b morpholino (MO) in wt or cygb2pt801a embryos. (B) Percentage of wt embryos with left, bilateral or right cardiac position following injection of nos2b MO with or without co-injection of a nos2b mRNA construct. (C-D) Percentage of wt embryos with left, bilateral or right cardiac position following injection of control or gucy1a ATG-MO or gucy1a splice-blocking (SB) MO. The number of embryos is above the graph in red text. (E) Top, schematic of the gucy1a gene notating the morpholino binding sites. Bottom, RT-PCR demonstrating changes in transcript in control, 1 ng, and 2 ng gucy1a SB-MO. 
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Extended Data Figure S5. Cygb2 does not play a superoxide dismutase (SOD) function. 
(A) Measurement of the SOD activity and (B) SOD activity of Cygb2 at different concentrations assayed by ferrycytochrome c reduction. Absorbance at 550 nm. (C) Percentage of embryos with left, bilateral or right cardiac looping following treatment with a SOD/Catalase in sodium phosphate. (D) Percentage of embryos with left, bilateral or right cardiac looping following treatment with SOD mimic (SODm) in DMSO at different concentrations. Number of embryos is represented above the graph in red text. 


[image: ]
Extended Data Figure S6. The cygb2801a mutant phenotype is rescued by a NO donor or a sGC activator and by nos2b mRNA overexpression.
(A) Percentage of embryos with left, bilateral or right cardiac position following treatment with a DETA/NO dose response in wt and cygb2pt801a embryos (doses indicated in the graph). (B) Average cilia length in wt and cygb2pt801a embryos treated with 250 DETA/NO µM or 500 µM cPTIO. Means are  SD. Student’s t-test, * P <0.05, ** P <0.01. (C) Percentage of embryos with left, bilateral or right cardiac position following treatment with different doses of BAY582667 (BAY58) (doses indicated in the graph). (D) Percentage of embryos with left, bilateral or right cardiac position following injection with the nos2b-mRNA construct in wt or cygb2pt801a embryos. Number of embryos is represented above the graph in red text.


[image: ]
Extended Data Figure S7. Cygb regulation of cilia motility through NO signaling is conserved in mouse.
(A) Quantification of iNOS transcript by qRT-PCR. (B) RNAscope on ciliated epithelium from mouse trachea showing Cygb (yellow) and iNOS (cyan) expressed in the same cells. (C) Quantification of fluorescence intensity measured on RNAscope images in B. Means are  SD. Student’s t-test, ns = not significant. 

image7.tiff
=

¢ .é SON!
>~_w:wu:_ douddsalton|4

®)

(s84/SON!) 8bueyo pioy




image1.tiff
. C g

200 kpa & o &*q
1.0
$ .0 £ a7 c
£ < g
5w 5 25+ Cygb2 <
3 N 20| 3
w 205 N
‘ 2 3
° a-Actin
N k- © 50- — — o-Actin &
*INo N0 A 37,
0.0
O @
P FL e ©
0°° >°° éo\ o<(V \#‘%Q
LY % &
N )
E 34 Fokk
€32
D [ left [ bilateral B right £ 438°
204 197 £ 3.
100,22 m 276 %30 %o
—28
o
2
80 826
g
2
© 60
2
Kl
8
5 40
53
(&}
20
0
&g & ®

&
o*éo

o
&
G
T

myod1 | cygb2

80
- B
= 360 s
@
3
S 40
3 » e
S " ° 3
& 5 20 %
S 2
> 3

Wt cygh28ota





image2.tiff
A Acetylated Tubulin

o (e ]
e
o
wt
(um?)
H
.

Cilia length (um)
S

N
cygbZBi”b
I “ I

wt cygh2ptéoth Wt cygh2801a

6 somites 8 somites 12 somites 14 somites F
B
< =
2 8
]
£
£
g
<
a
8
g 0
2 g T TF TF
) dQ dQ {ﬂQ D\\Q
6 somites. 8 somites. 12 somites 14 somites

tg(sox17:EGFP)




image3.tiff
Acetylated Tubulin Cygb2

Cilia length (um)
Cilia number

co-MO cygh2-MO

[ Left BN Biateral B3I Right
100q 20 122

Cardiac laterality (%)
8 3 3

N
S





image4.tiff
100 147 127 65 60 O et 100 192 1i3 91 164 O e 100 O Len
[ Bilateral H Right Il Bilateral
g M Right 5 80 [ Bilateral 80 [ Right
- > 2z
Z Z -
‘s 60 S 60 T 60
g 5 3
k] s 3
& 40 é 40 g
2 =
5 8 ©
© 2 20 2
"% 9 o o ° wt R S
wtowt wtowt
S 5 35 = g 2 2
S & & 2 nos2b-MO - -+ + 7 ©
8 § 8 § 8 L
2 2 nos2b-mRNA -+ - & gucyia ATG-MO
< g
wt cygb2501a
26 49 o7
100 Ot ATG S8
mRght MO MO PN PN
g ® [==CCC I 433 bp [ 214 bp | 59bp | 4750p [ 89bp [81bp | 716bp
e\\/ exon1 intron 1 exon 2 intron 2 exon 3 intron 3 exon 4
>
s 60 Forward SB_MO e
g prmer prmer
K+ Co-MO 1ng 2ng
g 40
5 500 bp
© 2 452 bp 400 bp
0
g 2 2
> |-
o

gucyta SB-MO




image5.tiff
>

sSOoD

3
8 020
©
Q
S 0.15
0
-1
©
5 0.10
2
3
2 005
©

0.00

0 25 50 75 100 125 150
Time (s)
B Cygb2
8 020 o33
§ 33350
o8
5 015 "’;ﬁlﬁ
2 o';!
2 0.10 ;;;%’
£ b
% 0.05 ,;X
*

0 25 50 75 100 125 150
Time (s)

0nMSOD
7nM SOD
14 nM SOD
35 nM SOD

0nMSOD
25nM Cygb2
100 nM Cygb2
500 nM Cygb2
1000 nM Cygb2

Cardiac laterality (%)

B bilateral
- right

D oygb2®'
51 91 81105 50

Cardiac laterality (%)

0 left
= bitere!
- rght

wt cygb2®T@




image6.tiff
2 Bilateral
Hl Right

[ Left

«
3
I
“mo 3 3 VYNYW-Gesou oy
¥ %, |2 N g
L CECHENNN P - b 2 o S
o 2 5
& %, < 3 VYNYWw-ggsou
* 2. |E -
I TN RS g :
2 7 N 00
<
o?nmo o 2 r T T T v 1
. %, 3 o o o o o S}
= N PR i
~ © © < ) ~ D m z
& 8
(wrl) yBus) e 23 &
m ngel |
5. | 8S-AvE WNOg
$28 :
oom [ [ies-Ava noy W
of ﬁozﬁmo wrioosfe ) 8S-AvE NNoZ| 2
ef [ronvL3a wr ose S o oswa
ON/VL3a WA 621
by | 8S-AvE INNOZ
SEd/HOBN ]
sad/HoeN | 7l osia
S ) ) ) < >
S =) =) =) =) =) e *® © = N
S o © - « (%) Aueisie) oelpre)

(%) Anjessle) oeipred




