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A Percent Identity Matrix - created by Clustal2.1

hs_ZFHX4 (Q86UP3-5)  mm_ZFHX4 (H3BLK8)  dr_zZfhx4 (FBNXU9)

hs_ZFHX4 (Q86UP3-5) 100.00 92.17 72.23
mm_ZFHX4 (H3BLKS) 92.17 100.00 71.11
dr_Zfhx4 (F6NXU9) 72.23 71.11 100.00

B CLUSTAL O(1.2.4) multiple sequence alignment

hs ZFHX4 METCDSPPISRQENGQSTSKLCGTTQLDNEVPEKVAGMEPDRENSSTDDNLKTDERKSEA 60

mm_ZFHX4 METCDSPPISRQENGQSTSKLCGMTQLDNEVPEKVAGIEPDRENSSSHDNLKTDERKSEV 60

dr_ zZfhx4 METCDSPSLLRQENGQQISKLRETTHLDNEVPEKVPGMEPDKENSPADDNLRTEESLREI 60
KAKKKKK . Kk kkokKk | kkKk Ko kRKKKAKKK K okkkgkkk o KKK Kk *

hs ZFHX4 LLGFSVENAAATQVTSAKEIPCNECATSFPSLOKYMEHHC PNARLPVLKDDNESEISELE 120

mm_ZFHX4 LLGFSIENAAATQVTSAKEIPCNECATSFPSLOKYMEHHCPNARLPVLKDD-ESETSELE 119

dr_ zZfhx4 ASGLSAENAIG---TATKEIPCNECATSFSSLOKYMEHHCPNARLPLLKDENESEVSDLE 117
Kok kKX Ko KKAKKKK KK KKk kAKX KA KRRk khkk g hkk s *kx Ky %K

hs ZFHX4 DSDVENLTGEIVYQPDGSAYIIEDSKESGONAQTGANSKLFSTAMFLDSLASAGEKSDQS 180

mm_ZFHX4 DSDVENLTGEIVYQPDGSAYIIEDSKESGONAQTGANSKLFSTAMFLDSLASAGEKSDQS 179

dr_ zZfhx4 DSDVENLTGEIVYQPDGSAFILEDSKEGGONAQSGVK-SLFSPALFSNSQTAAGDKTEQS 176
KAKKKAKAKK KKKk hokkk sk s kAR k  Kkkkk ok o Kkk Kok ok sokkokoo k%

hs 7ZFHX4 ASAPMSFYPQIINTFHIASSLGKPFTADQAFPNTSALAGVGPVLHSFRVYDLRHKREKDY 240

mm_ZFHX4 STAPVSFYPQIINTFHIASSLGKPFTADPAFPNTSALAGVGPVLHSFRVYDLRHKREKDY 239

dr_ zfhx4 ATAPMSFYPQVINTFHIASSLGKPFTADQAFPNTSALAGEGPVLHSFRVYDLRHKSDKDY 236

s kkekkkkk ekkkkkkkkkkkkkkhkkhk hkhkkhkkhkhkx XAhkAkAk Ak AKX KAKX kXK

hs_ZFHX4 LTSDGSAKNSCVSKDVPNNVDLSKFDGCVSDGKRKPVLMCFLCKLSFGYIRSFVTHAVHED 300
mm_ZFHX4 LTSDGSAKNSCVSKDVPNNVDLSKFDGCVSDGKRKPVLMCFLCKLSFGYIRSFVTHAVHD 299
dr_ zfhx4 LTIDGAAKNSCVSKDVPNNVDLSKFDGCISDGKRKPILMCFLCKLSFGYSRSFVTHAVHD 296

Kk KKk e kKR KR AR KR IR IR I R I AIAIAK s kA KA A AR s AAKAKAKAKAK X AKX AKX AKX KK AKX

hs_ZFHX4 HRMTLNDEEQKLLSNKCVSAIIQGIGKDKEPLISFLEPKKSTSVYPHFSTTNLIGPDPTE 360
mm_ZFHX4 HRMTLNDEEQRLLSNKCVSAIIQGIGKDKEPLISFLEPKKSTSVYPNFSTTNLIGPDPTF 359
dr_Zfhx4 HRMTLNEQEQKLLSNKYVSAIIQGIGKDKEPLISFLEPKKNNSMLPHFSTANFMGPDPGI 356

R s ke KekkKeke s kKAK

hs_ ZFHX4 RGLWSAFHVENGDSLPAGFAFLKGSASTSSSAEQPLGITQMPKAEVNLGGLSSLVVNTPI 420

mm_ZFHX4 RGLWSAFHVENGDSLQAGFAFLKGSASPSSSAEQPLGITHMPKAEVNLGGLSSLVVNTPI 419

dr_ Zfhx4 RSLWNTFHMENGDSLQAGFAFLKGSASLASSADQSPRSAQMPKAELNLGVMATSALKSPV 416
*

K kKk  ekkekkkhkkk KkhkAhkAhkA Ak s kkk ok cekkkkk e kkKk e e e ek

hs ZFHX4 TSVSLSHSSSESSKMSESKDQENNCERPKESNVLHPNGECPVKSEPTEPGDEDEEDAYSN 480
mm_ZFHX4 TSVSLSHLSSESSKMSESKDQENNCERPKESTILHPNVGCPVKSEPTEPGDEDEEDAYSN 479
dr Zfhx4 SSVSLQORSSPG----AGYRDQESNCERQKDLSTLHANGELPIKSEPRDVADAEEEDMYSN 472
:****-: * H :***.**** *: . *k Kk *:**** H .* :*** * Kk k
hs ZFHX4 ELDDEEVLGELTDSIGNKDFPLLNQSISPLSSSVLKFIEKGTSSSSATVSDDTEKKKQTA 540
mm_ZFHX4 ELDDEEVLGELTDSIGNKDFPLLNQSISPLSSSVLKFIEKGTSSSSGTIAEDTEKKKQAA 539
dr Zfhx4 ELDDDGV-CELEDSTSSKDFPLLNQSISPLSSSVLKFTERGTTSSVTV-ANDFEKTKHAA 530 .
****: * Kk kK ..******************** *:**:** . ::* **.*::* Fan"' BN00844

p.Leu622GlyfsTer26

hs ZFHX4 -AVRASGSVASNYGISGKDFADASASKDSATAAHPSEIARGDEDSSATPHQHGFTPSTPG 599
mm_ZFHX4 AAGRSNGNVTNSYSIGGKDFADGSISRDGTTA-APSETTHGDEDS-STTHQHGFTPSTPG 597
dr Zfhx4 ANLDYSNDSTS---GGSKDSCDSISGRGGSPPSLPLDLMRRDDESPGPLHQHAATPSTPG 587

** * . . * . e ke ek * Kk * K kK kA

Family 27

p.Thr643ProfsTer21
SSRSLGGHMTMMHSRNSC

SSRSLGGHMTMMHSRNSC
SSRSLGGHMTMMHSRNSC

Kk kkkkkkkkkkkk kK kk K|

hs_ZFHX4 TPGPGGDGSPGSGIECPKCDTYV]
mm_ZFHX4 TPGPGGDGSPGNGIECPKCDT
dr Zfhx4 TPGPG-EGSPGSGIECPKCDT

kkokkok s kokkok  kokokkokokokok ok

Girisha & colleagues

hs_ ZFHX4 EAHMKEKHPE PGGSCVYCKTGQPHPRLARGES Y TCGYKPFRCEVCNYSTTTKGNLSIHEMO 719 | p.Tyr653His
mm_ZFHX4 EAHMKEKHPEPGGSCVYCKTGQPHPRLARGESYTCGYKPFRCEVCNYSTTTKGNLSIHMQ 717
dr_7fhx4 DAHMKEKHPESGGSCVYCRTGQPHPRLARGESYTCGYKPFRCEVCNYSTTTKGNLSIHMO 706

sk ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ek kk ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok k ok kK k ok k Kk kK

hs_ZFHX4 SDKHLNNVONLONGNGEQVFGHSAPAPNTSLSGCGTPSPSKPKOKPTWRCEVCDYETNVA 779
mm_ZFHX4 SDKHLNNVQONLONGNGEQVFGHSAPTPNTSLSGCGTPSPSKPKQKPTWRCEVCDYETNVA 777
dr_zfhx4 SDKHLNNVQTLONGGTEAIYNHTTPVTINTSLTGCGTPSPSKPKQKPTWRCEVCDYETNVA 766
*********.****. * ::.*::*. ****:****************************
hs_ZFHX4 RNLRIHMTSEKHMHNMMLLQONMKQIQHNLHLGLAPAEAELYQYYLAQNIGLTGMKLENP 839
mm_ZFHX4 RNLRIHMTSEKHMHNMMLLQONMKQIQHNLHLGLAPAEAELYQYYLAQNIGLTGMKLENP 837
dr_zfhx4 RNLRIHMT SEKHMHNMMLLQQONMKQIQHNLHLGLAPAEAELYQYYLAQNIGLTGMKLENP 826

B R

hs_ZFHX4 ADPQLMINPFQLDPATAAALAPGLVNNELPPEIRLASGQLMGDDLSLLTAGELSPYISDP 899
mm_ZFHX4 AETQLLLNPFQFDSATAAALAPGLVNNELPPEIRLASGQLMGDDLSLLTAGELSPYISDP 897
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Figure S1. Conservation of ZFHX4 on amino acid level created with Clustal Omega (Madeira et
al., 2022). (A) ZFHX4 amino acid sequence identity between human (hs) mouse (mm) and zebrafish
(dr) in percent. UniProt sequence identifier given in brackets. (B) ZFHX4 protein sequence alignment
(hs, mm and dr). Amino acid residues are colored corresponding to their physiochemical features: red -
small, hydrophobic (including aromatic, without Y); blue - acidic; purple - basic (without H); green -
hydroxyl, sulfhydryl, amine and G. Asterisk, full conservation in that position; colon or period,
conservation between residue groups with strongly (:) or weakly (.) similar features. Positions of zinc
finger (grey) and homeobox (yellow) domains are highlighted in hs ZFHX4 sequence. Variant locations
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Figure S2. Timeline of secondary palate development in mice (E11.5-E14.5). Anatomical
structures that were dissected for the bulk RNA-Seq dataset (Figure 2A) are given in light blue. PS,
palatal shelves; T, tongue; NC, nasal cavity; OC, oral cavity.
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Figure S3. Expression pattern of Zfhx4 in
mouse whole embryo scRNA-Seq data from
different embryonic stages (Siewert et al.
2023). The color of the dots corresponds to the
average scaled expression level. The size of the
dots corresponds to the percentage of cells that
express the gene in the respective cell type. (A-
E) Embryonic days E9.5 to E13.5 in 1-day
increments.



A B D
e
<
- ) |
; " -
E F G H
G
<
)
, ~
<
Thisse & Thisse 2004

Figure S4. Whole mount in situ hybridization of zfhx4 in zebrafish larvae (zfl) of different
developmental stages from Thisse, B., Thisse, C. (2004) Fast Release Clones: A High Throughput
Expression Analysis. ZFIN Direct Data Submission. (http://zfin.org). (A-D) Zfl from Prim 15 — Prim
25 stage (30-36 hpf). Expression according to Thisse, B., Thisse, C., 2004 annotations in diencephalon,
hindbrain, midbrain and telencephalon as indicated by blue/purple dye. (E-H) Zfl from High-Pec — Long
Pec stage (42-48 hpf). Expression according to Thisse, B., Thisse, C., 2004 annotations in brain,
pharyngeal arch and retinal ganglion cell layer as indicated by blue/purple dye. Zfl, Zebrafish larvae;
hpf, hours post-fertilization.
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Figure S5. UMAP representation of single cell
RNA-Seq data from 1 dpf single-embryo
transcriptomes of zebrafish (from Zebrahub,
Lange et al. 2023, bioRxiv). (A) UMAP of 1 dpf
old zebrafish embryo colored by annotated cell
types. (B) UMAP colored by expression of zfhx4
ranging from no (light green) to strong expression
(purple). Cell clusters are the same as depicted in
A. (C-E) Same as in B for the established clefting
genes (C) cdhl, (D) irff6 and (E) grhl3. The
expression of cdhl, irf6 and grhl3 at 1 dpf is
mainly in epidermal and peridermal cells (orange
circle in A). The expression pattern of zfhx4 is
much broader than the one for the other
established clefting genes as it is also expressed
in different neuronal cell types (black circle in A).
dpf, days post fertilization.
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RNA-Seq data from 2 dpf single-embryo
transcriptomes of zebrafish (from Zebrahub,
Lange et al. 2023, bioRxiv). (A) UMAP of 2 dpf
old zebrafish embryo colored by annotated cell
types. (B) UMAP colored by expression of zfhx4
ranging from no (light green) to strong expression
(purple). Cell clusters are the same as depicted in
A. (C-E) Same as in B for the established clefting
genes (C) cdhl, (D) irff6 and (E) grhl3. The
expression of cdhl, irf6 and grhl3 at 2 dpf is
mainly in epithelial and pharyngeal cells (orange
circle in A). The zfhx4 gene is broadly expressed,
among others, in cell types important to
craniofacial development like chondrocranial
cells, mesenchymal cells and cells of the
pharyngeal arches (pink circle in A) and neuronal
cells (black circle in A). dpf, days post fertilization.
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Figure S7. UMAP representation of single cell
RNA-Seq data from 3 dpf single-embryo
transcriptomes of zebrafish (from Zebrahub,
Lange et al. 2023, bioRxiv). (A) UMAP of 3 dpf
old zebrafish embryo colored by annotated cell
types. (B) UMAP colored by expression of zfhx4
ranging from no (light green) to strong expression
(purple). Cell clusters are the same as depicted in
A. (C-E) Same as in B for the established clefting
genes (C) cdhl, (D) irff6 and (E) grhl3. The
expression of cdhl, irf6 and grhl3 at 3 dpf is
mainly in epithelial and pharyngeal cells (orange
circle in A). The zfhx4 gene is broadly expressed,
among others, in cell types important to
craniofacial development like head mesenchymal
cells, mesenchymal cells and cells of the
pharyngeal arches (pink circle in A) and also
neuronal tissues (black circle in A). dpf, days post
fertilization.
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Figure S8. Detection of Zfhx3 with Liquid Chromatography Mass Spectrometry (LC-MS) analysis
of protein lysates from heads of 3 dpf zfl (N=2) to show specificity of FO-KO and MO-KD. Depicted
are Zfhx3 fold changes relative to 60S ribosomal protein L4 (Rpl4) abundance of each sample. Zfhx3
levels were not significantly decreased in FO-KO compared to Ctrl-Scr and in MO-KD compared to Ctrl-
MO. Individual data of LC-MS runl (stars) and run2 (dots) are plotted. Statistical testing was performed
using two-way analysis of variance (ANOVA), Tukey's multiple comparisons test. Data are presented as
means with standard deviation (SD). ns = not statistically significant. dpf, days post-fertilization;
UlcrispriMo, Uninjected wildtype zfl; Ctrl-MO, Control MO injected zfl; Ctrl-Scr, Scrambled control injected
zfl.



