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Abstract 22 

Cohesin, a chromatin-associated protein complex with four core subunits (Smc1a, Smc3, 23 

Rad21 and either Stag1 or 2), has a central role in cell proliferation and gene expression in 24 

metazoans. Human developmental disorders termed “cohesinopathies” are characterised 25 

by germline mutations in cohesin or its regulators that do not entirely eliminate cohesin 26 

function. However, it is not clear if mutations in individual cohesin subunits have 27 

independent developmental consequences. Here we show that zebrafish rad21 or stag2 28 

mutants independently influence embryonic tailbud development. Both mutants have 29 

altered mesoderm induction, but only homozygous or heterozygous rad21 mutation affects 30 

cell cycle gene expression. stag2 mutants have narrower notochords and reduced Wnt 31 

signaling in neuromesodermal progenitors as revealed by single cell RNA-sequencing. 32 
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Stimulation of Wnt signaling rescues transcription and morphology in stag2, but not rad21 33 

mutants. Our results suggest that mutations altering the quantity versus composition of 34 

cohesin have independent developmental consequences, with implications for the 35 

understanding and management of cohesinopathies. 36 

 37 

Teaser 38 

Viable zebrafish mutants show that cohesin complex quantity versus composition lead to 39 

different transcriptional and developmental outcomes in the early embryo. 40 

  41 
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 42 

MAIN TEXT 43 

 44 

Introduction 45 

Cohesin is a multiprotein ring-shaped complex that is highly conserved from yeast to 46 

humans. The vertebrate mitotic cohesin ring consists of two structural maintenance of 47 

chromosomes subunits, Smc1a, Smc3 and an -kleisin subunit Rad21 [1, 2]. In vertebrates Rad21 48 

interacts with either one of two Stromalin subunits, Stag1 or Stag2, and collectively these 49 

subunits are necessary for cohesin’s association with DNA [3-5]. Additionally, Nipbl and Wapl 50 

modulate cohesin’s residency on chromatin: Nipbl facilitates loading of cohesin onto DNA [6], 51 

while Wapl facilitates its release [7]. 52 

Cohesin is best known for its role in physically linking replicated sister chromatids to 53 

ensure the accurate transmission of genetic material to daughter cells during cell division [1]. In 54 

addition to mediating sister chromatin cohesion, the cohesin complex also functions to repair 55 

DNA double strand breaks [8-10]. Loss of functional cohesin results in mitotic arrest and cell 56 

death [11-13]. Only a small fraction of cohesin is necessary for sister chromatid cohesion [14] 57 

suggesting that the observed high levels of cohesin in certain non-dividing cell types has 58 

important non-cell cycle functions. 59 

Cohesin also functions in three-dimensional (3D) genome organization and the regulation 60 

of gene expression [5, 15-19]. Loop extrusion activity by cohesin organizes DNA into 61 

topologically associated domains (TADs) that constrain the regulation of gene expression [20-24]. 62 

The CCCTC-binding factor, CTCF, acts as a barrier to cohesin and limits loop extrusion between 63 

convergent CTCF sites [25, 26], leading to the overlap of cohesin and CTCF at TAD boundaries 64 

[25, 27-29]. In addition, cohesin has gene regulatory functions that are independent of CTCF [30]. 65 

Sites bound by cohesin but not CTCF are frequent at tissue-specific enhancers and promoters 66 

[31]. Intra-TAD loops formed by cohesin can regulate transcription by mediating enhancer-67 

promoter contacts [32, 33]. However, only a subset of enhancer-promoter contacts and DNA 68 

looping events appear to depend on cohesin [34-36]. 69 

Germline cohesin insufficiency gives rise to a spectrum of multifactorial developmental 70 

disorders collectively known as ‘cohesinopathies’ [4, 18]. Typically, cohesinopathies result from 71 

heterozygous mutations in cohesin subunits or their regulators [4]. Cohesinopathies are associated 72 

with developmental delay, a diverse range of developmental anomalies, and intellectual disability  73 

[37]. The best known cohesinopathy is Cornelia de Lange syndrome (CdLS, MIM #122470), a 74 
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multisystem disorder encompassing delayed growth, neurological and intellectual dysfunction, 75 

limb abnormalities and gastrointestinal defects [38-41]. Well over half of CdLS cases are caused 76 

by mutations in NIPBL [42, 43], with mutations in other cohesin-associated proteins accounting 77 

for a smaller subset of individuals with overlapping phenotypes. The specific presentation of 78 

CdLS varies according to the cohesin-associated protein affected by genetic changes [44, 45]. 79 

RAD21 (MIM #606462) is among the five extensively studied genes associated with CdLS 80 

[42, 46, 47]. Individuals with RAD21 mutations display growth retardation, minor skeletal 81 

anomalies, and facial features that overlap with CdLS, but lack severe intellectual disabilities 82 

[48]. Mutations in RAD21 are also linked with Mungan Syndrome (MIM #611376) [49], 83 

sclerocornea [50] and holoprosencephaly [51]. Most RAD21 mutations associated with 84 

cohesinopathy are truncations, missense mutations or in-frame deletions that are predicted to 85 

interrupt the interaction between RAD21 and SMC1A, SMC3, or STAG1/2 [52, 53]. RAD21 86 

physically bridges the SMC1A/SMC3 heads and facilitates the cohesin loading process, likely by 87 

controlling the amount that complexes with DNA [54]. Therefore RAD21 abundance has 88 

potential to directly modulate the quantity of cohesin complexes on DNA and its mutation or 89 

deficiency would result in reduction in cohesin dose. Interestingly, the RAD21 protein must be 90 

intact for stable cohesin binding and looping at CTCF-CTCF sites, and must be present but not 91 

necessarily intact for looped contacts inside of CTCF domains [55]. Further supporting evidence 92 

suggests that the cohesion and loop extrusion activities of cohesin can be separated 93 

experimentally and that cohesin uses distinct mechanisms to perform these two functions [56]. 94 

Individuals with STAG2 deficiency also display features of cohesinopathies [51, 57-60]. 95 

Loss-of-function mutations in STAG2 on the X chromosome are associated with Mullegama-96 

Klein-Martinez syndrome (MKMS, MIM #301022) in females but only missense mutations are 97 

tolerated in males [61]. Exome sequencing further established STAG1 and STAG2 variants in 98 

patients with cohesinopathy phenotypes as loss-of-function [62] and recently, loss-of-function 99 

variants of STAG2 have been categorized as X-linked cohesinopathies with features of CdLS [58, 100 

60]. For example an individual with a mosaic STAG2 variant was described to have 101 

developmental delay, microcephaly, and hemihypotrophy of the right side [63]. A distinctive 102 

cohesinopathy involving Xq25 microduplication that exclusively affects STAG2 gives rise to 103 

moderate intellectual disability, speech delay and facial dysmorphism [64]. Additionally, some 104 

cases exhibit structural brain malformations consistent with holoprosencephaly [51, 57, 58, 60]. 105 

Several molecular studies show that STAG1 and STAG2 paralogues have distinct roles in 3D 106 

genome organization, but overlapping roles in the cell cycle [16, 65-69]. Moreover, STAG 107 
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subunits can be detected at specific locations on DNA independently of the rest of the cohesin 108 

complex [67, 70]. Deficiency in STAG2 leads to the upregulation of STAG1 and the substitution 109 

of STAG1 for STAG2 in the cohesin complex such that STAG2 mutation leads to altered cohesin 110 

composition [71, 72]. 111 

Dysregulated expression of multiple genes downstream of cohesin deficiency is thought to 112 

be the predominant cause of cohesinopathies [12, 73-76]. Because human cohesinopathies with 113 

different genetic causes present with diverse phenotypes, it is possible that cohesin subunits 114 

independently modulate the transcription function of cohesin during development. This idea has 115 

not yet been tested in the early embryo when the developmental changes in cohesinopathies are 116 

determined. In this study we compare the transcriptional and developmental consequences of 117 

depleting Rad21 with depletion of Stag2. Rad21 controls cohesin quantity on DNA [54] while 118 

Stag2 is thought to bind DNA independently and locate cohesin to enhancers [65, 67, 70]. 119 

Therefore, we expect stag2 mutants to interfere with cohesin’s gene expression functions without 120 

interfering with the cell cycle. Because stag1b and stag2b mutants are viable [77] and the effects 121 

of rad21 deficiency are dose-dependent [78], zebrafish offer a unique opportunity to investigate 122 

how cohesin complex quantity, versus cohesin complex composition, affects cell fate decisions in 123 

the early embryo [79]. To explore this question, we focus on the tailbud as a stem cell model.  124 

The tailbud, located at the posterior end of the developing embryo, contains two 125 

populations of bipotent stem cells known as neuromesodermal progenitors (NMPs) and midline 126 

progenitor cells (MPCs) [80, 81]. These cells continuously divide and differentiate into 127 

neuroectoderm and mesoderm by activating cell type-specific transcription. By analysing rad21 128 

heterozygous and homozygous mutants (reflecting cohesin dose) and stag2b mutants (reflecting 129 

cohesin type), we compare how the amount and composition of the cohesin complex affect 130 

transcription in tailbud cells. We find that although rad21 heterozygous mutants are viable and 131 

fertile, they exhibit altered expression of thousands of genes in the tailbud including cell cycle 132 

regulators, demonstrating that decreased cohesin dose affects both cell cycle and gene expression. 133 

In contrast, cell cycle gene expression is largely unaffected in stag2 homozygous mutants, which 134 

are also viable and fertile. However stag2 mutants show a unique narrowing of the midline 135 

mesodermal domain that forms the notochord, which is restored by concomitant removal of stag1. 136 

Therefore, although both rad21 and stag2 cohesin mutants show deficiencies in mesoderm 137 

derived from NMPs and MPCs, the underlying molecular mechanisms are remarkably dissimilar. 138 

Rad21 deficiency blocks NMP differentiation leading to lack of mesodermal derivatives, while 139 

loss of stag2 mutants causes NMPs to downregulate Wnt signaling leading to epithelial to 140 
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mesenchyme (EMT) defects. Changes in phenotype and gene expression unique to stag2 mutants 141 

are rescued by stimulation of Wnt signaling by GSK3 inhibition, to which Rad21-deficient 142 

embryos are impervious. 143 

 144 

Results 145 

 146 

Stag1b and Stag2b are the main functional Stags in zebrafish 147 

Zebrafish have four Stag paralogues: Stag1a, Stag1b, Stag2a, and Stag2b. Individual stag mutant 148 

lines (except stag2a) were previously generated and are homozygous viable [77]. To determine 149 

which paralogs are crucial for zebrafish development, we analysed the consequences of 150 

combining stag1a and stag2b as well as stag1b and stag2b mutants. 151 

Fig. 1. Stag1b and Stag2b are the main functional Stag1 and Stag2 in Zebrafish. (A-C) Lateral views 

of representative wild type (A), stag1b-/-; stag2b-/- (B) and rad21-/- (C) embryos at 48 hours post-

fertilization (hpf). Arrows indicate developmental anomalies: magenta for a small head, yellow for 

pericardial oedema, and cyan for a kinked tail. Scale bars are 500 μm. (D-F) Expression of runx1 at 12 

somites in wild type (D), stag1b-/-; stag2b-/- (E) and rad21-/- (F) embryos. Lateral and posterior views are 

shown. White arrows indicate the loss of runx1 expression in PLM. Scale bars are 500 μm. The numbers 

in the lower left hand corner indicate the number of embryos with similar expression patterns. (G-J) 

Confocal images of cell cycle progression in wild type (G,I) and stag1b-/-; stag2b-/- (H,J) embryos at 48 

hpf stained with anti-α-tubulin (cyan), anti-phH3 (yellow) antibodies and Hoechst (magenta). Images are 

maximum intensity projections of 3 (0.15 μm) optical sections taken from the tail region of 48 hpf 

embryos. Scale bars are 5 μm. 
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stag1b-/-; stag2b-/- double mutant embryos were developmentally delayed compared to 152 

wild type, and by ~48 hours post-fertilization (hpf), mutant embryos had arrested in development 153 

presenting with small heads, pericardial oedema, upwards bending tails, and no blood circulation 154 

(Fig. 1B compared with A). This phenotype resembles rad21-/- mutant embryos, which die due to 155 

mitotic catastrophe (Fig. 1C) [12]. In contrast, stag1a-/-; stag2b-/- embryos developed normally 156 

and are homozygous viable and fertile, although a small proportion (~5%) of stag1a-/-; stag2b-/- 157 

embryos displayed hemorrhaging above the notochord at 48 hpf (Fig. S1A). 158 

The gene encoding haematopoietic and neuronal transcription factor Runx1 is expressed in 159 

the anterior lateral plate mesoderm (ALM), the posterior lateral plate mesoderm (PLM), and in 160 

Rohon-Beard (RB) neurons in early zebrafish development (Fig. 1D) [82]. Rad21 is required for 161 

runx1 expression in the PLM [12]. We previously found that runx1 expression is normal in 162 

individual stag mutants [77]. However, we observed loss of runx1 expression in the PLM of the 163 

stag1b-/-; stag2b-/- embryos and retained runx1 expression in the ALM and RB neurons (Fig. 1E). 164 

This resembles changes in runx1 expression in the rad21-/- mutant (Fig. 1F) [12], and is consistent 165 

with a requirement for an intact cohesin complex for runx1 expression in the PLM. In contrast, 166 

runx1 expression was normal in stag1a-/-; stag2b-/- embryos (Fig. S1B). 167 

We next examined the morphology of mitotic cells in stag1b-/-; stag2b-/- embryos at 48 hpf 168 

(Fig. 1G-J). In contrast to wild type embryos (Fig. 1G, I) condensed chromosomes were 169 

disorganized and abnormally distributed in stag1b-/-; stag2b-/- embryos, (Fig. 1H). Lagging 170 

chromosomes failed to properly separate during anaphase, resulting in some chromosomes 171 

remaining in cell centers (Fig. 1J). These findings suggest that cells in stag1b-/-; stag2b-/- mutants 172 

lack functional cohesin by 48 hpf, leading to a mitotic blockade. Individual stag mutants [77] as 173 

well as the stag1a-/-; stag2b-/- double mutant, are homozygous viable. However, loss of both, 174 

stag1b and stag2b, is embryonic lethal and phenocopies the previously described rad21-/- mutant 175 

[12]. Based on these findings, we propose that Stag1b and Stag2b are the main functional Stag1 176 

and Stag2 proteins in zebrafish. 177 

 178 

Cell division proceeds normally in early stage cohesin mutant embryos 179 

Loss of cohesin in rad21-/- homozygotes or stag1b-/-; stag2b-/- double mutants has different 180 

effects on runx1 expression compared with viable mutations in stag genes. Therefore, we were 181 

curious to know whether cell cycle effects owing to cohesin deficiency could be responsible for 182 

gene expression changes, including runx1. Mitotic catastrophe occurs in embryos lacking 183 
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functional cohesin at 48 hpf (Fig. 1H,J) [12]. However, 16-somite rad21-/- homozygotes have 184 

sufficient maternally-deposited cohesin to continue growth for another 24 hours [12]. We chose to 185 

compare cell cycle progression in stag2b-/- homozygotes with rad21-/- homozygotes and 186 

heterozygotes to determine if these mutants alter cell cycle progression during early 187 

embryogenesis, the stage when runx1 expression is disrupted.  188 

Flow cytometry showed no significant differences in the proportions of cells in G1 (2n), S 189 

(2-4n), and G2/M (4n) phases between cohesin deficient tailbuds and wild type controls (Fig. 2A). 190 

However, in both homozygous and heterozygous rad21-/- (but not stag2b-/-) embryos, we 191 

observed small populations of cells that were sub-G1 or >2n, possibly reflecting chromosome loss 192 

and gain. Using BrdU incorporation to mark S phases and phosphorylated histone H3 (phH3) 193 

staining to mark G2/M cells, we found that S phase proceeds normally in cohesin mutants (Fig. 194 

2B-G). Moreover, the presence of cells double-positive for BrdU and phH3 indicated that cells 195 

progressed from S to M phase in cohesin mutant tailbuds (Fig. 2E-G). We conclude that cell 196 

division proceeds essentially normally in all cohesin deficient embryos at the tailbud stage, 197 

consistent with previous findings that even when cohesin complex quantity is substantially 198 

reduced, there remains sufficient cohesin to progress through the cell cycle during early 199 

embryogenesis [12, 78]. 200 

 201 

 202 

Fig. 2. The cell cycle is not blocked in cohesin mutants at the 16-somite stage. (A) Density plot 

(y-axis) showing the average signal of 3 replicates per genotype over fluorescence signal (DRAQ5, 
x-axis, artificial units). Red arrows indicate cells that are sub-G1, indicating potential chromosome 

loss, and cells that are >2n , indicating potential chromosome gain. (B-G) Confocal images showing 

S phases and M phases in wild type (B, E), stag2b-/- (C, F), and rad21-/- (D, G) tailbuds at ~16 hpf. 

S phases are detected with anti-BrdU (yellow) and M phases with anti-phH3 (blue) antibodies; nuclei 

are stained with Hoechst (red). BrdU incorporation was measured after incubation for 30 minutes 

(B-D) or 2 hours (E-G). Zoomed-in images of a selected area indicated by the box are shown. Images 

are maximum intensity projections of 33 (4.8 μm) optical sections. Scale bars are 40 μm. 
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Cohesin complex quantity and composition affect tailbud gene transcription differently 203 

The zebrafish embryonic tailbud contains neuromesodermal progenitors (NMPs) and 204 

midline progenitor cells (MPCs) as well as their neural and mesodermal derivatives (Fig. 3A) and 205 

therefore represents an ideal model to study changes in developmental gene transcription and cell 206 

fate decisions. Because Stag2 (rather than Stag1) is most likely to be involved in tissue-specific 207 

gene transcription [16, 65, 69, 83], we compared stag2b homozygous mutants with rad21 208 

homozygotes and heterozygotes to determine how the type of cohesin subunit mutation affects 209 

transcription in tailbuds. We performed bulk RNA-seq on 4 pools of 80 excised tailbuds from 210 

wild type, rad21-/-, rad21+/-, and stag2b-/- embryos stage-matched at 16 somites. Principal 211 

Component Analysis (PCA) separated samples into distinct groups based on their genotype (Fig. 212 

3B). PC1 accounts for 61% of the variance and separated samples into two groups: homozygous 213 

and heterozygous rad21 mutants vs wildtype and stag2b-/- mutants. PC2 accounts for an 214 

additional 11% of the variance and separated rad21 homozygotes from heterozygotes, and stag2b 215 

mutants from wild type. 216 

Normalized transcript counts of the cohesin subunits in the different genotypes showed 217 

that rad21 mutation is associated with reduced transcript counts of the other cohesin core 218 

subunits, smc1a and smc3, and increased transcript counts of stag subunits. In contrast, 219 

transcription of core subunits was unaffected or increased in stag2b mutants, and stag1b transcript 220 

counts increased (Fig. S2). The findings are consistent with the idea that rad21 mutation reduces 221 

cohesin quantity while stag2b mutation alters cohesin composition. Differential gene expression 222 

analysis revealed that 7250 genes are dysregulated in rad21 homozygotes (Fig. 3C), 5144 in 223 

rad21 heterozygotes (Fig. 3D) and 2054 in stag2b homozygotes (Fig. 3E). Notably, survivable 224 

changes in cohesin dose (rad21+/-) and composition (stag2b-/-) strongly affect transcription in the 225 

tailbud, indicating that normal levels and subunit makeup of the cohesin complex are important 226 

for gene expression. 227 

Of the shared significantly dysregulated genes in cohesin mutant tailbuds, 311 were 228 

upregulated and 312 were downregulated in all cohesin deficient tailbuds (Fig. S3A,B), with the 229 

highest overlap between rad21+/- and rad21-/-. Pathway enrichment analysis using Metascape 230 

showed that muscle organ development and energy metabolism were upregulated in all three 231 

genotypes, with the highest similarity between rad21+/- and rad21-/- (Fig. S3C). Of the 232 

downregulated gene pathways, none were conserved across all three genotypes, and more 233 

pathways were shared between stag2b+/- and rad21-/- than with rad21+/-. A significant number of 234 

terms were unique to rad21-/- tailbuds including regulation of cell fate specification, suggesting 235 
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possible dysregulation of tailbud progenitor differentiation (Fig. S3D). Pathway enrichment 236 

analysis of significantly downregulated genes in rad21-/- tailbuds using Reactome revealed 26 237 

significantly affected pathways, with top hits associated with mitosis and DNA damage repair 238 

(Fig. S4). The most affected pathway was cell cycle control, with 165 genes significantly 239 

downregulated in rad21-/-. Although this pathway did not reach a significance threshold in other 240 

Fig. 3. Bulk RNA sequencing analyses of Rad21- and Stag2b-deficient tailbuds. (A) Schematic 

representation of progenitor cells and specialized tissues in the zebrafish tailbud. The zebrafish 

tailbud consists of two pools of bipotent progenitors: neuromesodermal progenitors (NMPs) and 

midline progenitor cells (MPCs). The dashed line shows the location of tailbud excision for RNA-

seq. (B) Principal Component Analysis of gene expression in wild type and cohesin deficient 

tailbuds at the 16-somite stage. Genotypes are distinguished by colour: wild type samples are 

displayed in purple, rad21-/- in blue, rad21+/- in green, and stag2b-/- in yellow. (C-E) The MA (M 

(log ratio) and A (mean average) scales) plots display changes in gene expression in rad21-/- (C), 

rad21+/- (D), and stag2b-/- (E) compared to the wild type tailbuds. Each dot represents a gene, with 

colored dots indicating those with significant (5% false discovery rate, FDR) changes in expression. 

7520 genes were dysregulated in rad21-/- tailbuds (3678 up- and 3842 downregulated), while 5144 

genes were dysregulated in rad21+/- tailbuds (2645 up- and 2499 downregulated). In contrast, 

stag2b-/- tailbuds had substantially fewer dysregulated genes (2054: 866 up- and 1188 

downregulated). 
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mutants, 79 cell cycle genes were significantly downregulated in rad21+/- and 13 in stag2b-/- 241 

(Data S1-3). 242 

The number of shared dysregulated genes between genotypes suggests that transcriptional 243 

changes in rad21+/- mutants more closely resemble rad21-/- than stag2b-/- mutants (Fig. 3B). 244 

Transcriptional changes reflect genotype rather than viability through to adulthood: rad21+/- and 245 

stag2b-/- mutants are viable and rad21-/- mutants are not. Additionally, the results suggest that 246 

despite normal cell cycle progression in rad21 mutants during early embryogenesis (Fig. 2), 247 

strong transcriptional changes relate to the expression of cell cycle genes in this genotype. 248 

 249 

Subunit-specific effects of cohesin deficiency on transcription in tailbud cell populations 250 

To assess how cohesin deficiency versus composition affects cell fate decisions in the 251 

tailbud we used the bulk RNA-seq data to quantify the expression of genes that mark progenitor 252 

cells and their derivatives. We used rad21-/- as a genotype that represents cohesin deficiency and 253 

stag2b-/- as a genotype that corresponds to altered cohesin composition.  254 

Fig. 4. Expression of genes that mark progenitor cells and their derivatives in rad21 and stag2b 

homozygous mutant tailbuds. (A-D) The bar graphs display log2 fold changes significantly (5% 

FDR) dysregulated marker genes in rad21-/- (A, C) and stag2b-/- (B, D) tailbuds compared to wild 

type. The different categories of marker genes are represented by different colors as specified in the 

key. 
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Tailbud NMPs give rise to mesoderm and neuronal fates, while MPCs give rise to 255 

floorplate, notochord and hypochord (Fig. 3A). In rad21-/- tailbuds, genes marking NMPs were 256 

upregulated, neural genes were dysregulated (both up- and downregulated) and genes marking all 257 

mesoderm fates were downregulated, including lateral mesoderm that may not derive from NMPs 258 

(Fig. 4A). In contrast, NMP and mesoderm marker genes were more subtly affected in stag2b-/- 259 

tailbuds, with non-significant downregulation of tbxta, tbxtb, tbx16 and msgn1 (see Fig. S5 for 260 

additional expression data). stag2b-/- tailbuds had increased expression of genes that mark mature 261 

somites and decreased expression of genes marking lateral mesoderm (Fig. 4B). 262 

Genes that mark MPCs were expressed normally in rad21-/-. However, genes encoding 263 

notochord-specific collagens were upregulated, and some notochord markers were significantly 264 

dysregulated (Fig. 4C). In contrast, genes expressed in MPCs and midline tissues derived from 265 

MPCs were significantly downregulated in stag2b-/- tailbuds (Fig. 4D). The results suggest that 266 

rad21 deficiency causes a block in NMP differentiation, while stag2b mutation either affects the 267 

composition of mesoderm, or mesoderm gene expression, in tailbuds. Moreover, rad21 mutation 268 

had little effect on midline progenitors (with some effect on MPC derivatives) while stag2b 269 

mutation reduced transcription of genes expressed in MPCs and all derivatives. 270 

 271 

rad21 and stag2b mutants have different tailbud phenotypes 272 

We next investigated if gene expression changes reflect gross developmental changes in 273 

the tailbud in rad21 and stag2b mutants by imaging tailbud cell populations. NMPs are marked 274 

by sox2 and tbxta co-expression (Fig. S6). MPCs, a thin band of cells at the end of the notochord, 275 

also co-express sox2 and tbxta. Mesoderm progenitors express tbxta but not sox2, and 276 

differentiate into paraxial mesoderm, labelled by tbx16 expression. sox2 expression alone labels 277 

neural progenitors, lateral mesoderm, the floor plate, and the hypochord (Fig. 3A; Fig. S6) [81, 278 

84]. We used HCR RNA-FISH to visualize the distribution of sox2, tbxta, and tbx16 transcripts in 279 

cohesin deficient tailbuds (Fig. 5). 280 

In rad21-/- homozygotes (Fig. 5B compared with A) and in stag1b-/-; stag2b-/- double 281 

mutants (Fig. 5F compared with D) sox2 expression was expanded at the posterior wall of the 282 

tailbud, and the zone of sox2 expression extended into mesoderm progenitors accompanied by a 283 

reduction of tbxta expression in these cells. Expression of tbx16 was restricted to a smaller area 284 

than in wild type. Approximately two-thirds of heterozygous rad21+/- embryos displayed similar 285 

expression changes, resembling homozygotes (Fig. 5C). Like rad21 mutants, stag2b-/- mutants 286 

had expanded sox2 expression in the posterior wall of the tailbud (Fig. 5E compared with D). 287 
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However, in stag2b-/-, tbx16 expression appeared normal, while the notochord, visualized by tbxta 288 

expression, was narrower and did not widen at the posterior end where MPCs reside. Ectopic 289 

expression of sox2 was also observed in this region (Fig. 5E). 290 

 291 

We measured the thickness of the notochord (as defined by tbxta expression) in wild-type 292 

and cohesin-deficient embryos (Fig. 6A,B) and confirmed that notochords were significantly 293 

narrower (p ≤ 0.0001) in stag2b-/- embryos (Fig. 6C). In contrast, notochord width in rad21 294 

homozygous and heterozygous embryos was similar to wild type (Fig. 6C). Surprisingly, stag1b-/-295 

; stag2b-/- double mutant embryos had notochords that were normal width (Fig. 5F; Fig. 6C). 296 

Therefore, the narrow notochord phenotype was unique to stag2b-/-, suggesting that the loss of 297 

Stag2b impacts MPC differentiation. Strikingly, this phenotype is “rescued” in stag1b-/-; stag2b-/- 298 

mutants, suggesting that complete cohesin loss is epistatic to the narrowed notochord in stag2b-/- 299 

mutants. 300 

Fig. 5. Distribution of sox2, tbxta, and tbx16 transcripts in cohesin-deficient tailbuds. (A, 

D) wild type, (B) rad21-/-, (C) rad21+/-, (E) stag2b-/-, and (F) stag1b-/-; stag2b-/- zebrafish 

tailbuds at  the 16-somite stage showing expression of sox2 (yellow), tbxta (magenta), and 

tbx16 (cyan). Increased sox2 expression in the NMP region is outlined with a dashed line, 

yellow arrows indicate ectopic expression of sox2 and pink arrows point to the loss of tbxta 

expression in the region of mesodermal induction (B, C) and the narrow notochord (E), while 

cyan arrows indicate a decrease in tbx16 expression. Images are maximum intensity 

projections of 3 (4.8 μm) optical sections. Scale bars are 20 μm. The number of embryos with 

each expression pattern out of the total analyzed is noted at the bottom left of the merged 

panels. 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted November 22, 2023. ; https://doi.org/10.1101/2023.11.21.568176doi: bioRxiv preprint 

https://doi.org/10.1101/2023.11.21.568176
http://creativecommons.org/licenses/by-nc-nd/4.0/


 14 

Altogether, our results indicate that different cohesin mutations have different effects on 301 

cell populations in the tailbud. Loss of cohesin quantity in rad21 mutants and stag1b-/-; stag2b-/- 302 

double mutants caused reduction of tbx16 and expansion of sox2 expression, consistent with lack 303 

of mesoderm induction. In contrast, stag2b mutation (which alters cohesin composition) leads to a 304 

narrower notochord. 305 

 306 

Altered cell populations in stag2b-/- tailbuds likely result from downregulated Wnt signaling 307 

in NMPs 308 

Fig. 6. Narrower notochords in stag2b mutants are rescued by additional stag1b mutation. (A, 

B) Example of notochord width measurement using tbxta expression and absence of sox2 

expression. The scale bar is 20 μm. (C) Violin plots with overlaid box plots visualizing 

measurements of notochord width. The genotype and the number of embryos measured in each 

group are indicated on the x-axis. Significance was determined using an unpaired t-test: * p < 0.05, 

**** p < 0.0001. 
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Transcription dysregulation in homozygous and heterozygous rad21 tailbuds is strongly 309 

associated with the cell cycle and developmental changes in the tailbud indicate a block in NMP 310 

differentiation. In contrast, transcription dysregulation in stag2b-/- tailbuds has no cell cycle 311 

association yet these mutants appear to have altered mesoderm and notochord gene expression 312 

together with physical changes to the notochord. It is possible that altered cohesin composition 313 

Fig. 7. Single cell RNA-seq of 

tailbuds from embryos at the 

16-somite stage shows 

disruption of Wnt signaling in 

stag2b-/- NMPs. (A) Uniform 

manifold approximation and 

projection (UMAP) dimensional 

reduction of two integrated 

datasets of wild type (15,298 
cells) and stag2b-/- (21,278 cells) 

tailbud samples (total 36,576 

cells) with clustering of the 

major cell types. (B) UMAP 

representation of gene 

expression differences in stag2b-

/- tailbuds calculated using Augur 

area under the receiver operating 

characteristic curve (AUC). The 

AUC ranges from 0 to 1, where 

values closer to 0.7 denote more 

minor differences in the stag2b-/- 

genotype (purple shades), and 

values closer to 1 denote larger 

changes in the stag2b-/- genotype 

(yellow shades). Visualization of 

the average cell density within 

wild type (C) and stag2b-/- (D), 

using embedding density. Darker 
colors (red) correspond to denser 

regions. (E) Violin plot of Wnt 

gene expression signature (log-

normalized) among different cell 

types in stag2b-/- (yellow) and 

wild type (purple) embryos. 

Wilcoxon rank-sum test with 5% 

FDR. (F) Dot plot showing the 

mean expression of differentially 

expressed Wnt ligands in the 

NMP cluster in wild type and 

stag2b-/- embryos. 
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through stag2b mutation has unique, cell cycle-independent effects on cell fate in the tailbud. We 314 

chose to investigate this possibility further using single-cell RNA-sequencing of stag2b-/- tailbuds 315 

compared with wild type at the 16-somite stage. 316 

We integrated the single-cell RNA-seq datasets from wild type and stag2b-/- tailbud and 317 

annotated clusters representing major cell types based on their gene expression profiles (Fig. 318 

S7A). All annotated clusters were present in both wild type and stag2b-/- samples (Fig. 7A), 319 

although in slightly different proportions (Fig. S7B). The biggest changes in cell frequencies in 320 

stag2b-/- tailbuds compared to the wild type were evident in the anterior paraxial mesoderm 1 321 

cluster (Fig. S7B). Although changes in other clusters were minor, they did reflect the variation in 322 

expression of cell type-specific markers observed in the bulk RNA-seq analysis (Fig. 4C,D). 323 

Subsequently, we examined the gene expression differences within each cluster between 324 

the two genotypes (Fig. 7B). The clusters representing anterior paraxial mesoderm 1 and 2 325 

displayed the most significant differences in gene expression between wild type and stag2b-/- 326 

samples, whereas the notochord, intermediate mesoderm, fibroblast and epidermis 2 clusters 327 

exhibited the least difference in gene expression profiles. Additionally, the cell density UMAPs 328 

indicated increased densities in anterior paraxial mesoderm 1 cluster (Fig. 7C, D). Collectively, 329 

these results suggest that the biggest changes in cell proportion and gene expression within each 330 

cell occur within the paraxial mesoderm lineage in the stag2b-/- tailbuds. 331 

Given that midline mesoderm forms from NMPs, we analyzed the top 25 differentially 332 

expressed genes in this cluster (Fig. S8, Data S4) with wnt8a being among the most 333 

downregulated in stag2b-/-. The important role of Wnt signaling in NMP differentiation and 334 

mesoderm formation prompted us to explore the Wnt gene expression signatures (Data S5) across 335 

various cell types. We observed significant downregulation of Wnt signatures in the NMPs and 336 

anterior paraxial mesoderm clusters (Fig. 7E, Data S6). tbxta and Wnt ligands (wnt8a, wnt8a-1 337 

and wnt11f2) were downregulated in the NMPs, as well as Wnt responsive genes vox and eve1 338 

(Fig. 7E-F). In summary, our results suggest that mesoderm formation from the NMPs is 339 

dysregulated in stag2b-/- tailbuds and these observed changes may be due to downregulation of 340 

Wnt signaling in these cell types. 341 

 342 

Wnt stimulation rescues transcription in stag2b but not rad21 mutant tailbuds 343 

We next determined whether Wnt stimulation could restore transcription in cohesin 344 

deficient tailbuds. We performed RNA-seq on tailbuds of embryos treated from shield stage to 345 

16-somite stage with the Wnt agonist, BIO (6-bromoindirubin-3’-oxime), which is a GSK3 346 
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inhibitor. Subsequently, we conducted interaction analysis (combined effect of genotype and 347 

Fig. 8. Wnt stimulation normalizes gene expression in stag2b-/- but not in rad21-/- or rad21+/- 

tailbuds. Embryos were treated from shield stage with 2.5 μM BIO, then tailbuds were collected at 

16 somites. 4 replicate pools of 80 tailbuds were used per condition for RNA-seq. The heatmaps 

display expression levels of the genes that responded differently to BIO stimulation in cohesin 

mutant genotypes compared with wild type as determined by an interaction analysis. Heatmaps 

display results from 4 replicates of (A) rad21-/-, (B) rad21+/-, and (C) stag2b-/- versus wild type. Red 

and blue colors indicate upregulation and downregulation, respectively, compared to the mean 

expression. (D), vimr2 expression is rescued by BIO stimulation in stag2b-/- but not in rad21-/- or 

rad21+/-. Dot plots illustrate the transcript counts of vimr2 in wild type (purple), rad21-/- (blue), 

rad21+/- (green), and stag2b-/- (yellow). The x-axis indicates the treatment status, and the y-axis 

represents the normalised counts. Lines connect the means of the counts for each sample group. 
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treatment) to identify genes exhibiting differential responses to Wnt stimulation in cohesin 348 

deficient tailbuds compared to wild type. Heatmaps were used to display clustering of the 349 

differentially responsive genes (Fig. 8A-C). 350 

In rad21-/- and rad21+/-, the genotype had a stronger effect on clustering of differentially 351 

responsive genes than BIO treatment. Genes identified as responding differently to BIO treatment 352 

in rad21 mutants compared to wild type (395 in rad21-/- and 467 in rad21+/-) cluster together in 353 

the dendrograms regardless of BIO treatment (Fig 8. A, B). Primarily, expression of these genes 354 

differs from wild type by being strongly responsive to BIO in wild type, and much less responsive 355 

to BIO with homozygous or heterozygous rad21 mutation.  In stag2b-/- much more complex 356 

interactions were observed between the genotype and BIO treatment. In the dendrograms of genes 357 

differentially responsive to BIO (539 genes), untreated stag2b-/- gene sets cluster with BIO-treated 358 

wild type, and BIO-treated stag2b-/- gene sets cluster with untreated wild type (Fig. 8C). This 359 

suggests that there is an altered baseline of Wnt signaling in stag2b-/- and also that BIO 360 

stimulation normalizes the expression of select dysregulated genes in stag2b-/- tailbuds. 361 

Fig. 9. stag2b mutation affects vimr2 expression in NMPs. (A) 

Expression of vimr2 in UMAP representation in wild type and stag2b-/- 

tailbuds at 16 somites. (B) Violin plot showing downregulation of vimr2 

expression in the NMPs in stag2b-/-. * p <0.005, Wilcoxon rank-sum test. 
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A notable example of a gene with expression that is rescued by BIO in stag2b-/- but not in 362 

rad21 mutants is vimr2, a marker of epithelial-to-mesenchymal transition (EMT) and mesoderm 363 

formation in the tailbud [85]. Expression of vimr2 was strongly downregulated in all cohesin 364 

mutant tailbuds (Fig. 8D, Fig. S9). While BIO treatment had a minimal effect on vimr2 transcript 365 

counts in wild type and rad21 mutants, it restored vimr2 levels in stag2b-/- tailbuds to wild type 366 

(Fig. 8D). Interestingly, our single cell RNA-seq data show that vimr2 is expressed in NMPs and 367 

is significantly downregulated in stag2b-/- mutants (Fig. 9AB). This finding raises the possibility 368 

that EMT anomalies marked by downregulated vimr2 could be responsible for changes in 369 

mesoderm induction in stag2b-/-. 370 

 371 

Wnt stimulation rescues notochord width in stag2b-/- tailbuds 372 

Fig. 10. Wnt stimulation rescues notochord width in stag2b-/-. (A-D) Expression pattern of tbxta 
in wild type (A, C) and stag2b-/- (B, D) zebrafish tailbuds with (C, D) and without (A, B) Wnt 

stimulation. Images are maximum intensity projections of 3 (4.8 μm) optical sections. Scale bars are 
20 μm. The number of embryos with each expression pattern out of the total analyzed is noted. (E) 

Violin plots with overlaid box plots visualizing measurements of notochord width. The x-axis 

indicates the genotype, treatment status and the number of embryos measured in each group. 

Significance was determined using an unpaired t-test: ** p < 0.01, **** p < 0.0001. 
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If BIO stimulation can restore transcription in stag2b-/- tailbuds, we reasoned that it may 373 

also rescue the narrower notochord phenotype in stag2b-/- embryos. Using HCR with probes for 374 

sox2, tbxta, and tbx16, we quantified the thickness of the notochord (tbxta) in wild-type and 375 

stag2b-/- embryos both with and without BIO treatment (Fig. 10, Fig. S10). While Wnt stimulation 376 

modestly increased notochord width in wild type (p ≤ 0.01), it significantly increased the width in 377 

stag2b-/- embryos (p ≤ 0.0001) (Fig. 10E). When we compared the notochord width in wild type 378 

embryos to that in stag2b-/- embryos treated with BIO, the difference was statistically 379 

insignificant. Therefore, Wnt stimulation rescues the notochord phenotype in stag2b-/- embryos. 380 

In summary, our findings suggest that Wnt stimulation with BIO normalizes gene 381 

expression and phenotype in stag2b-/- embryos, while gene expression in rad21 mutants is 382 

unresponsive to Wnt stimulation. 383 

 384 

Discussion  385 

Germline mutations in subunits of the cohesin complex or its regulators are implicated in 386 

developmental disorders known as cohesinopathies, and somatic mutations are now known to 387 

cause a variety of cancers. Such cohesin mutations are invariably partial loss-of-function rather 388 

than null alleles, because of the essential cell cycle role of cohesin. To date, few studies have 389 

compared the developmental consequences of reducing the overall amount of cohesin versus 390 

altering its composition. Upon deficiency of Stag2, the Stag1 subunit will compensate in the 391 

cohesin complex thereby altering cohesin composition. Upon deficiency of Rad21, the overall 392 

quantity of cohesin complexes on DNA decreases. In this study, we took advantage of stag and 393 

rad21 gene mutations in zebrafish to show that cohesin composition versus quantity lead to 394 

strikingly different consequences for gene transcription and cell differentiation.  395 

Rad21 is an essential subunit in the cohesin complex. Using a zebrafish point mutation 396 

rad21nz171 that progressively reduces rad21 transcript from heterozygotes to homozygotes, we 397 

show that Rad21 deficiency dose-dependently correlates with downregulation of core cohesin 398 

subunits, a transcriptional dysregulation signature enriched in cell cycle genes, and a block in 399 

mesoderm induction in the tailbud. Although rad21 heterozygotes are viable and fertile, 400 

developmental anomalies in the tailbud are more similar between heterozygotes and rad21 401 

homozygotes (which die by 48 hpf) than homozygous viable stag2b-/-. Additional mutation of 402 

stag1b on top of stag2b resulted in loss of viability and a phenotype resembling rad21 mutants. 403 

It is not clear whether the consequences of Rad21 deficiency are related to cell cycle 404 

effects. A recent study showed that blocking the cell cycle in zebrafish does not affect the 405 
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development of cell types [86], although it does affect the numbers of presomitic mesoderm cells 406 

and erythrocytes [86]. Consistent with cell cycle effects, we observed that rad21 mutation impacts 407 

mesoderm differentiation and our previous work has shown that erythropoiesis is downregulated 408 

in cohesin mutants [12, 77]. However, cell cycle impairment is unlikely to account for all the 409 

defects associated with the reduction in cohesin dose, and it does not explain the transcriptional 410 

and phenotypic changes observed in a viable, fertile rad21 heterozygotes. Our previous work has 411 

shown that Rad21 deficiency has remarkably specific transcriptional and developmental 412 

consequences, for example, cell-type specific loss of runx1 expression [12, 78, 87]. Consistent 413 

with a non-cell cycle related transcriptional role for Rad21, complete removal of Rad21 interferes 414 

with transcription in post-mitotic neurons, which is rescued upon restoring Rad21 [88]. 415 

In contrast, homozygous mutation in stag2b has no discernible effect on the cell cycle. 416 

Although stag2b-/- mutants are viable and fertile, changes in mesoderm differentiation are 417 

apparent at tailbud stages. Single cell sequencing of tailbuds shows that the proportions of 418 

mesoderm in the tailbud are subtly altered, and the EMT driver vimr2 is downregulated in NMPs. 419 

Genes in the Wnt signaling pathway are altered in NMPs and in paraxial mesoderm. The 420 

noticeably narrower notochord in stag2b-/- mutants is rescued by stimulation of Wnt signaling via 421 

inhibition of GSK3. Moreover, transcription in stag2b-/- mutant tailbuds is rescued to wild type 422 

upon GSK3 inhibition. Our results suggest that disrupted Wnt signaling likely accounts for 423 

transcriptional and phenotypic changes in the stag2b-/- mutants. Notably, Wnt stimulation does 424 

not rescue transcription in rad21 genotypes. This suggests that reduced cohesin dose is epistatic to 425 

altered cohesin composition.  426 

We and others have previously reported dysregulated Wnt signaling upon cohesin 427 

mutation [78, 89-93] but the directionality of Wnt signaling disturbance remains unclear. We have 428 

shown stabilization of -catenin and both up- and downregulation of components of the Wnt 429 

signaling pathway, indicating that the effects of cohesin deficiency on Wnt are likely to be 430 

complex [90]. Interestingly, GSK3 inhibition was shown to stabilize cohesin on chromatin, 431 

promoting continued loop extrusion [94]. Stabilized loop extrusion is dependent on cohesin as it 432 

was eliminated with knockdown of Rad21 [94]. The compound (BIO) we used to stimulate Wnt 433 

inhibits GSK3 and does not distinguish between  and  forms. It is possible that GSK3 434 

inhibition was able to rescue transcription and phenotypes in stag2b-/- mutant tailbuds but not in 435 

rad21 mutants because a reduction in Rad21 reduces the number of complexes that can be 436 

stabilized, whereas Stag1b compensates for loss of Stag2b in those complexes.  437 
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Stag1-containing cohesin resides primarily at CTCF sites that demarcate contact domains 438 

that are invariant between tissues. Stag2-containing cohesin resides at CTCF and non-CTCF sites, 439 

where it is thought to regulate tissue-specific transcription [16, 65, 69, 83]. Viny et al (2019) 440 

showed that Stag1-cohesin cannot fully substitute for Stag2 cohesin in haematopoietic stem cells. 441 

It is possible that Stag1-containing cohesin has different properties in loop extrusion than Stag2 442 

cohesin [16, 95] and likely that developmental gene transcription in stag2b-/- mutant tailbuds is 443 

altered because of compensation by Stag1b. We do not believe the other Stag orthologs are major 444 

contributors to development in zebrafish owing to the lethality of stag1b-/-; stag2b-/- double 445 

mutants. 446 

Stag proteins may have functions that are independent of the cohesin complex. For 447 

example a recent study found that upon RAD21 depletion, STAG proteins remain bound to 448 

chromatin, interact with CTCF, and cluster in 3D [67]. STAG proteins interact with RNA and R-449 

loops even in the absence of cohesin. Drosophila’s SA cohesin subunit (equivalent to Stag2) is 450 

differentially enriched at enhancers and promoters near origins of replication where it is proposed 451 

to recruit cohesin [70]. In contrast, RAD21 appears to be key for stable binding of cohesin at 452 

CTCF sites. A recent study showed that when RAD21 is cleaved, cohesin is released from DNA 453 

including at CTCF sites and loops at these elements are lost [55]. Interestingly CTCF-independent 454 

cohesin-anchored loops within chromatin domains persisted despite RAD21 cleavage. The 455 

different molecular and structural behaviour of RAD21 and STAG proteins is consistent with the 456 

diverse developmental consequences we observed upon germline mutation in these genes.  457 

It is possible that some of the molecular basis for developmental abnormalities is shared 458 

between NIPBL deficiency and STAG2 mutation. A recent preprint describing single cell RNA 459 

sequencing of early-stage mouse embryos with one deleted copy of Nipbl showed that these 460 

embryos also experience changes in mesoderm fate and have altered mesoderm cell populations 461 

[96]. Nipbl loss altered the regulation of genes involved in EMT, which parallels our findings in 462 

stag2b mutant zebrafish embryos. This raises the possibility that abnormal regulation of 463 

mesoderm fate could be a conserved feature of the cohesinopathies.  464 

Alternate transcriptional and developmental consequences with Stag2 and Rad21 465 

deficiency have implications for the amelioration of cohesinopathies where Wnt agonists have 466 

been explored as potential therapeutic agents for individuals with CdLS [91], and additionally, for 467 

the treatment of cohesin-mutant cancers [90]. Our results suggest that reducing cohesin dose has 468 

very different consequences to altering cohesin composition. This indicates that mutations in core 469 
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cohesin subunits need to be considered differently to mutations in alternate cohesin subunits or 470 

cohesin regulators when developing therapeutics.  471 

 472 

Materials and Methods 473 

 474 

Zebrafish Husbandry 475 

Wild type (WIK) [97], stag1anz204 [77], stag1bnz205 [77], stag2bnz207 [77] and rad21nz171 476 

[12] zebrafish lines were maintained at 28 °C according to established husbandry methods [98]. 477 

Zebrafish were housed in the Otago Zebrafish Facility (Department of Pathology, University of 478 

Otago, Dunedin, New Zealand). All animal work was performed in accordance with the Otago 479 

Zebrafish Facility Standard Operating Procedures (AUP 21-110) and under Environmental Risk 480 

Management Authority approval numbers GMC005627, GMD100922 and GMC001366. For all 481 

experiments, embryos were developed at 22 or 28 °C. 482 

 483 

Whole-mount in situ hybridisations (WISH) and hybridization chain reaction (HCR) RNA-484 

FISH 485 

WISH for runx1 was performed using 0.5 ng/μL of riboprobe as previously described 486 

[82]. Probes for sox2, tbxta, and tbx16 and HCR reagents were purchased from Molecular 487 

Instruments, Inc (USA). HCR was performed according to the manufacturer’s protocol for 488 

zebrafish embryos. 489 

 490 

Flow cytometry 491 

Embryos at the 16-somite stage were fixed in methanol [99] and tailbuds were dissected 492 

(n=30). rad21 heterozygotes and homozygotes were identified by genotyping the heads of 493 

individual embryos using genomic DNA extraction [100] followed by a custom TaqMan assay. 494 

Cells were filtered through a 40 m cell strainer and nuclei were stained with DRAQ5 495 

(#ab108410, Abcam) at 5 M final concentration on ice for 45 min in the dark. Cell cycle profiles 496 

of three independent replicates for each genotype were obtained using a BD FACS Aria III (BD 497 

Biosciences). Data analysis and plots were generated using Cytoflow [101]. 498 

 499 

BrdU incorporation 500 
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For cell cycle analyses dechorionated embryos were incubated in 10 mM BrdU in 501 

Ringer’s solution for 30 minutes on ice, rinsed three times with Ringer’s solution and incubated 502 

for 30 minutes or 2 hours at 28 °C. Embryos were fixed with 4% PFA overnight at 4 °C, 503 

dehydrated in methanol and stored at -20 °C in 100% MeOH. 504 

For staining, embryos were rehydrated in a series of 5-minute washes with PBST/MeOH. 505 

Embryos older than 24 hpf were treated with 10 µg/ml proteinase K for 10 minutes, followed by 506 

three 5-minute washes in PBST and post-fixation in 4% PFA for 20 minutes at room temperature. 507 

Samples were then rinsed three times with sterile distilled water. For BrdU staining, embryos 508 

were rinsed twice in 2 N HCl and incubated in 2 N HCl for 1 hour at room temperature to 509 

denature DNA and expose the BrdU epitope. Alternatively, for antigen exposure, embryos were 510 

treated with acetone for 20 minutes on ice.  511 

 512 

Immunohistochemistry  513 

Samples were rinsed twice with sterile distilled water and washed twice with PBST for 5 514 

minutes. Embryos were incubated in blocking solution (0.2% Roche block, 10% FBS, 1% DMSO 515 

in PBST) for 30 minutes, followed by a 2-day incubation with primary antibodies at 4 °C. 516 

Primary antibodies used are as follows: anti-phH3 (#3377, Cell Signaling Technology; 1:1000), 517 

anti--tubulin (#T6199, Sigma-Aldrich; 1:500), and anti-BrdU (#B35141, Thermo Fisher 518 

Scientific). Antibodies were washed off with three 10-minute washes in PBST and two 10-minute 519 

washes in 1% FBS in PBST. Embryos were then incubated with secondary antibodies (1:1000) in 520 

1% FBS in PBST at 4 °C for 2 days in the dark. Secondary antibodies used for 521 

immunofluorescence were goat anti-mouse Alexa Fluor 488 (1:1000, #A11001, Thermo Fisher 522 

Scientific), chicken anti-rabbit Alexa Fluor 647(1:1000, #A21443, Thermo Fisher Scientific). On 523 

the second day, Hoechst 33342 (1 µg/ml) (Thermo Fisher Scientific; 1:1000) was added. Embryos 524 

were washed five times for 10 minutes with PBST and imaged. 525 

 526 

Microscopy 527 

Fixed embryos were immersed in 70% glycerol to obtain bright field images. Live 528 

embryos were anaesthetized with MS-222 (200 mg/L) and embedded in 3% methylcellulose. 529 

Bright-field images were captured using the Leica M205FA epifluorescence microscope equipped 530 

with a DFC490 camera and Leica Applications Suite software (Leica Microsystems, Germany). 531 

For confocal microscopy embryos were mounted in 1% low melting agarose (w/v). 532 

Confocal images were acquired using a Nikon C2 confocal microscope as Z-stacks of the optical 533 
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sections. The images were processed using NIS-Elements Denoise.ai Software. Maximum 534 

intensity projections were used for the figures. 535 

 536 

BIO treatment  537 

30 μM 6-bromoindirubin-3’-oxime (BIO) solution was diluted to 2.5 μM BIO in E3 538 

medium. Embryos were sorted into 50 embryos per plate and treated with 2.5 μM BIO from 4 hpf 539 

until tailbud dissection at the 16-somite stage. 540 

 541 

Tailbud bulk RNA sequencing (RNA-seq) and analyses 542 

Tailbuds were dissected from stage-matched embryos at 16 somites (16-18 hpf) as 543 

illustrated in Figure 3A. For RNA-seq, tailbuds were individually lysed in 3 μL of RLT + BME 544 

(Qiagen RNeasy) and stored in separate PCR tubes at -80 °C to await genotyping of heads (for 545 

rad21-/- and rad21+/-). Total RNA was extracted from the pools of 80 tailbuds per sample using 546 

the RNeasy Micro kit (74104; Qiagen, Germany). Quality and quantity of RNA were assessed 547 

using Qubit 4.0 Fluorometer (Thermo Fisher Scientific, USA), Agilent RNA 6000 Nano Kit on 548 

2100 Bioanalyzer (Agilent Technologies, Netherlands) and NanoPhotometer NP80 Touch 549 

(Implen GmbH, Germany). 550 

Libraries were prepared from 250 ng of total RNA using the TruSeq Stranded mRNA 551 

Library Prep kit (Illumina, USA) and TruSeq RNA CD Index Plate (Illumina, USA) for sample 552 

multiplexing. The concentration of the libraries was quantified using a Qubit 4.0 Fluorometer 553 

(Thermo Fisher Scientific, USA), and the mean fragment size was assessed using the DNA High 554 

Sensitivity KIT on a 2100 Bioanalyzer (Agilent Technologies, Netherlands). 4 nM pooled 555 

libraries was sequenced on NovaSeq S1 flow cell by Livestock Improvement Corporation Ltd. 556 

(New Zealand). 557 

RNA-seq reads were trimmed using Cutadapt [102], and aligned to the reference genome 558 

(GRCz11) with HISAT2 [103] and SAMtools [104]. FeatureCounts [105] was used to generate 559 

fragment count matrices. DESeq2 [106] was used to perform differential gene expression 560 

analysis, and multi-testing correction was done using the Benjamini-Hochberg procedure. The 561 

false discovery rate (FDR) threshold was set at 5%. Pathway analysis was performed using 562 

Reactome [107] and Metascape [108]. Genotype-specific BIO treatment effects were tested by 563 

adding an interaction term (modelling the interaction between treatment and genotype) at the 564 

experimental design stage prior to calling differential genes.  565 

 566 
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Single cell RNA sequencing  567 

Stage matched 16-somite embryos (wild type or stag2b-/-) were dechorionated using 568 

pronase (20 mg/ml in E3) and deyolked in calcium-free Ringer’s solution (116 mM NaCl, 2.6 569 

mM KCl, 5 mM HEPES, pH 7.0). Tailbud tissue was dissected using a small needle and pooled 570 

(n=30). Tailbuds were then incubated with collagenase (2 mg/ml in 0.05% trypsin, 1 mM EDTA, 571 

pH 8.0, PBS) in 1.3 ml volume at 28 °C for 15 mins with intermittent pipetting to achieve a single 572 

cell suspension. The reaction was stopped by adding 200 L of a stop solution (30% calf serum, 6 573 

mM CaCl2, PBS). Cells were centrifuged at 500 x g for 5 min and re-suspended in 1 ml of 574 

resuspension solution (1% Calf Serum, 0.8 mM CaCl2, 50 U/ml Penicillin, 0.05 mg/ml 575 

Streptomycin). After centrifuging cells were resuspended in 700 L of resuspension buffer and 576 

filtered through a 40 m cell strainer and kept on ice. Single cell suspensions were processed at 577 

the Genomics High Throughput Facility (UC Irvine, USA) according to the manufacturers 578 

protocol for the 10X Chromium single cell platform (10X Genomics, Pleasanton, CA. USA) 579 

specifically the Chromium Single Cell 3’ Library and Gel Bead Kit v3 (Cat.No. PN-1000128). 580 

Libraries were sequenced on a HiSeq2500 platform (Illumina) yielding 1,024,641,718 reads for 581 

wild type and 1,166,072,985 reads for the stag2b-/- sample.  582 

 583 

Single cell RNA sequencing data analysis 584 

Single-cell RNA-seq FASTQ files were demultiplexed using Cellranger (v7.1.0) [109], 585 

mapped to the Danio rerio.GRCz11 (danRer11) transcriptome (v4.3.2) [110] including intronic 586 

reads. We obtained an estimated number of 18,704 cells (wild type) and 26,360 cells (stag2b-/-). 587 

In the wild type sample mean reads per cell were 54,782, median UMI (unique molecular 588 

identifier) were 15,696 and 3,651 genes detected per cell. 589 

In stag2b-/- we detected 44,236 mean reads per cell, 13,922 median UMIs and 3,561 590 

median genes per cell. The total number of genes detected was 25,879 for wild type and 26,168 591 

for stag2b-/-. 98.2% and 98.1% of reads (wild type/ stag2b-/-) had valid barcodes with Q30 of 592 

94.4% for both samples. 92% and 91.5% of the reads mapped confidently to the zebrafish 593 

genome. Downstream anlaysis was performed using scvi-tools (v0.20.3) [111] and scanpy 594 

(v1.9.3) [112]. After filtering of empty cells doublet removal was performed using Solo [113]. 595 

scanpy was used to filter out cells with less than 200 genes, genes detected in less than 3 cells, 596 

cells exceeding gene counts of 98% of the median. We also filtered out cells having more than 597 

15% mitochondrial reads (indicating cellular stress).  598 
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Filtering and QC steps resulted in 15,298 wild type cells and 21,278 stag2b-/-cells. The 599 

data were then normalised to 10,000 UMIs per cell using the function (scanpy.pp.normalize). 600 

Integration of the two datasets was performed using scvi-tools function scVI model [114]. 601 

Specifically we set up the model using the following command: scvi.model.SCVI.setup_anndata 602 

(anndata, layer = "counts", categorical_covariate_keys=["Genotype"], 603 

continuous_covariate_keys=['pct_counts_mt', 'total_counts']). We then trained the model and 604 

obtained the latent space with model.get_latent_representation(). The neighbourhood graph as 605 

well as the UMAP (Uniform Manifold Approximation and Projection) plot was determined using 606 

scanpy functions using the scVI latent space as input. Leiden clustering (resolution 0.5) resulted 607 

in 16 clusters (data not shown), which were partially merged into common clusters based on the 608 

expression of canonical marker genes. Significant differentially expressed genes (DEGs) between 609 

clusters and genotypes were determined using the the model calculated above using scVI as well 610 

as the Wilcoxon rank-sum test (Benjamini-Hochberg correction).  611 

A list of differentially expressed genes in NMPs of wild type and stag2b-/- tailbuds can be 612 

found in Data S4. We used Augur (Skinnider et al., 2021) to analyse the effect of on cell types 613 

based on the genotype. Embeddings were calculated using scanpy function 614 

(scanpy.tl.embedding_density). We used the function (scanpy.tl.score_genes) for a list of genes 615 

obtained from wiki pathways: Canonical_Wnt_pathway (WP1349). The function 616 

(scanpy.pp.scale) was used to scale the data to unit variance and zero mean and the Wilcoxon 617 

rank-sum test (Benjamini-Hochberg correction) was used to determine significance for the data 618 

shown in Fig. 7. 619 

 620 

Data availability 621 

Bulk RNA-seq data are available at GEO under accession number GSE247246. 622 

Raw and processed sc-RNA-seq data generated in this study are available at GEO under 623 

GSE171482. 624 
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Supplementary Materials 907 

 908 

Fig. S1. Trunk haemorrhaging at 48 hpf and runx1 expression at 12 hpf in stag1a-/-; stag2b-/- 909 

embryos. 910 

(A) Lateral views of representative and stag1a-/-; stag2b-/- embryos at 48 hpf. The boxed region 911 

(inset) outlines a trunk haemorrhage representative of those observed in around 5% of the stag1a-912 
/-; stag2b-/- double mutant embryos. Scale bars are 500 μm. 913 

(B) Normal expression of runx1 at 12 somites in stag1a-/-; stag2b-/- embryos. Lateral (left) and 914 

posterior (right) views are shown. Scale bars are 500 μm. The numbers in the lower left hand 915 

corner indicate the number of embryos with the expression pattern shown. 916 
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 918 

Fig. S2. Transcript counts of cohesin subunits in the tailbud. 919 

Normalised transcript counts of rad21a, smc1al, smc3, stag1b, stag2b, stag1a and stag2a taken 920 

from RNA-seq of tailbuds and visualised with box plots of the 4 replicates. Genotypes are 921 

distinguished by colour: wild type samples are displayed in purple, rad21-/- in blue, rad21+/- in 922 

green, and stag2b-/- samples in yellow. For each panel, the dotted line indicates the level of 923 

expression in wild type. 924 
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 926 

Fig. S3. 927 

Overlap of dysregulated genes and pathway enrichment in cohesin mutant tailbuds.  928 

(A, B) The Venn diagrams depict the overlap of significantly upregulated (A) and downregulated 929 

(B) genes in cohesin deficient tailbuds. (C, D) Metascape heat maps displaying the top 20 terms 930 

enriched among significantly upregulated (C) and downregulated (D) genes in cohesin-deficient 931 

tailbuds. Corresponding p-values are indicated by the colour scale. 932 

*Epithelial cilium movement involved in extracellular fluid movement 933 

**Regulation of transmembrane receptor protein serine/threonine kinase signalling pathway 934 
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 936 
Fig. S1. Reactome analyses of downregulated pathways in rad21-/- mutant tailbuds. 937 

The dot plot shows the top 10 enriched Reactome pathways (out of 26) among the significantly 938 

downregulated genes in rad21-/- tailbuds. The size of each dot indicates the number of genes 939 

affected in the pathway, and the dot colour represents the adjusted p-value (Padj). 940 
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 942 
 943 

Fig. S2. Expression levels of sox2, tbxta, tbxtb, wnt3a, tbx16 and msgn1 in cohesin mutants. 944 

Normalised transcript counts of sox2, tbxta, tbxtb, wnt3a, tbx16 and msgn1 taken from tailbud 945 

RNA-seq data with 4 replicates visualised as box plots. Genotypes are distinguished by colour: 946 

wild type samples are displayed in purple, rad21-/- in blue, rad21+/- in green, and stag2b-/- samples 947 

in yellow. 948 
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 950 
 951 

Fig. S3. Expression pattern of marker genes in the tailbud at the 16 somite stage. 952 

Schematic depicts the regions in the tailbud and progenitor types where expression of sox2 953 

(yellow), tbxta (magenta) and tbx16 (cyan) expression is expected. 954 
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 956 
Fig. S4. Cell population analysis of single cell RNA sequencing of stag2b-/- tailbuds 957 

compared with wild type. 958 

(A) Dot plot depicting the expression of the top 4 marker genes per cell population cluster 959 

identified (see Fig. 7A). The dot size scales with the fraction of cells expressing the gene, and the 960 

dot colour indicates the log fold change between the clusters. (B) Differences in the proportion of 961 

cell types between wild type and stag2b-/- tailbuds among clusters as shown in Fig. 7A. 962 
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 964 
 965 

Fig. S5 . Heat map showing the top 25 differentially up- and downregulated genes between 966 

wild type and stag2b-/- NMPs. For a full list see Supplementary Data 1. 967 
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 969 
 970 

Fig. S6. vimr2 expression in cohesin mutants. The bar graph displays the log2 fold change (5% 971 

FDR) for vimr2 transcripts in rad21-/- (blue), rad21+/- (green) and stag2b-/- (yellow) tailbuds 972 

compared to wild type. 973 
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 975 
 976 

Fig. S7. Wnt stimulation rescues the notochord phenotype in stag2b-/- 977 

(A-D) Expression patterns of sox2 (yellow), tbxta (magenta), and tbx16 (cyan) in wild type (A, C) 978 

and stag2b-/- (B, D) zebrafish tailbuds with (C, D) and without (A, B) Wnt stimulation. Images are 979 

maximum intensity projections of 3 (4.8 μm) optical sections. Scale bars are 20 μm. The number 980 

of embryos with each expression pattern out of the total analysed is noted. 981 
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Data S1 (separate file): Cell cycle genes (Reactome PA) significantly (5% FDR) dysregulated in 983 

homozygous rad21 tailbuds 984 

 985 

Data S2 (separate file): Cell cycle genes (Reactome PA) significantly (5% FDR) dysregulated in 986 

heterozygous rad21 tailbuds 987 

\ 988 

Data S3 (separate file): Cell cycle genes (Reactome PA) significantly (5% FDR) dysregulated in 989 

homozygous stag2b tailbuds 990 

 991 

Data S4 (separate file): Differentially expressed genes in the NMP subset comparing 992 

homozygous stag2b and wild type tailbuds, realated to Figure S8 993 

 994 

Data S5 (separate file): Gene list related to canonical Wnt signalling score, related to Figure 7E 995 

 996 

Data S6 (separate file): Wilcoxon rank sum test statistics for each cell cluster comparing the Wnt 997 

signalling score shown in Figure 7E among homozygous stag2b and wild type genotypes 998 
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