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Abstract 32 

The underlying developmental mechanisms of defects in human organogenesis remain poorly 33 

defined. Pathogenic variants in AFF3, the super elongation complex subunit, cause a 34 

congenital disorder of neural and limb development, yet their developmental basis is unclear. 35 

Stem cell-based embryo model gastruloids show that AFF3, enriched in neural progenitors 36 

and neuromesodermal progenitors, is required for female neural and musculoskeletal 37 

development. AFF3 loss depletes neural and musculoskeletal lineages. Mechanistically, AFF3 38 

restrains premature and excessive activation of the X-inactivation mediator XIST. Abnormal 39 

XIST upregulation represses autosomal genes required for neural and musculoskeletal 40 

development. Genetic deletion or pharmacological attenuation of XIST restores gastruloid 41 

morphogenesis, rescues neural and musculoskeletal development via autosomal genes, and 42 

improves cerebral organoid formation and neurogenesis after transplantation. These findings 43 

identify AFF3-mediated XIST restraint as an essential safeguard for early human 44 

organogenesis, and its failure can be traced back to gastrulation. 45 

 46 

Introduction 47 

Congenital disorders encompass a wide spectrum of structural and functional abnormalities, 48 

including those of the central nervous and musculoskeletal systems. Neural and 49 

musculoskeletal lineage commitment is a particularly vulnerable developmental window (1–50 

3), yet its underlying mechanisms in humans remain poorly understood. Progress has been 51 

limited by restricted access to early human embryonic material, motivating the use of stem 52 

cell-based embryo models. Among these models, gastruloids recapitulate key features of 53 

human gastrulation and the formation of the three germ layers, providing a powerful platform 54 

for dissecting defects in both neural (ectodermal) and musculoskeletal (mesodermal) lineages 55 

(4). 56 

Inherited diseases offer insight into normal development, including that of early neural and 57 

musculoskeletal lineages. The autosomal gene AFF3 encodes a scaffold subunit of the super 58 

elongation complex (SEC), a regulator of RNA polymerase II elongation that controls 59 

imprinting and cell-fate specification (5). Other SEC components have established roles in 60 

neurodevelopment. For example, AFF4 acts through interactions with MECP2, mutations in 61 

which cause Rett syndrome (6). Pathogenic variants in AFF3 show neural and musculoskeletal 62 

defects in patients. Dominant-negative variants in a degron motif prevent proteolysis of AFF3, 63 

causing KINSSHIP syndrome, with severe intellectual disability, epilepsy, shortening of limbs, 64 

and malformation of kidneys. Loss-of-function variants, by contrast, cause milder intellectual 65 

disability and shortening of limbs (7–9). This divergence indicates that dominant-negative and 66 

loss-of-function variants act through distinct mechanisms. AFF3 loss-of-function mouse 67 

models show variable phenotypes between strains, from no phenotype to moderate 68 

2



 

 

neuroanatomical defects (9). This highlights the limits of murine models of AFF3 and the 69 

importance of studying its pathogenic variants in a human context. 70 

AFF3 has been reported to repress XIST in differentiated cells (10). XIST mediates X 71 

chromosome inactivation (XCI) and equalizes X-linked gene dosage between females and 72 

males (11, 12). This equalization in the embryo is established dynamically:  XIST is biallelically 73 

expressed in pre-implantation human embryos (13), and its expression declines during 74 

gastrulation (14). A recent study showed that XIST can suppress autosomal developmental 75 

genes in pluripotent stem cells (15), suggesting that excessive XIST activation could disrupt 76 

development. Consistent with this, pentasomy X (XXXXX) patients express XIST in excess. 77 

Their presentation overlaps with that of AFF3 patients, including congenital intellectual 78 

disability and limb malformation (11, 16). These findings suggest that XIST dosage could 79 

influence neural and musculoskeletal development in embryos. Yet whether AFF3 regulates 80 

XIST during human development, and whether failure of this regulation causes neural and 81 

musculoskeletal defects, have not been addressed. 82 

Here, using stem cell-based gastruloids, we find that AFF3 restrains XIST to enable neural and 83 

musculoskeletal lineage commitment. Mechanistically, AFF3 deletion permits premature and 84 

excessive XIST upregulation, which represses autosomal gene expression required for neural 85 

and musculoskeletal development. Pharmacogenetic attenuation of XIST restores both 86 

lineages in gastruloids. It also rescues cerebral organoid formation, as well as neurogenesis 87 

after transplantation in vivo. Together, these findings indicate that AFF3-mediated XIST 88 

restraint is required for human neural and musculoskeletal development. 89 

 90 

Results 91 

 92 

AFF3 is enriched in NPC and NMP in human embryos 93 

To examine the role of AFF3 in early embryogenesis, we generated gastruloids from human 94 

expanded potential stem cells (17). These gastruloids recapitulated key features of post-95 

implantation development, including the formation of amnion- and yolk sac (YS)-like 96 

structures. SOX17+ YS endoderm was formed on the ventral side, while a T+ primitive streak-97 

like domain emerged on the posterior side. PODXL+ amnion surrounded the outer layer of 98 

the neuroectoderm, whereas FOXA2+ T+ notochord-like cells (18) were located in the middle 99 

of the gastruloids. Notably, SOX2+ neuroectoderm formed a characteristic neural progenitor 100 

rosette-like structure and robustly expressed AFF3. The NKX6-1+ neuroectodermal cells, 101 

which later differentiate into the ventral hindbrain, expressed AFF3 and occupied the ventral 102 

region of the gastruloids (Fig. 1A). 103 

We then resolved AFF3 expression across cell populations in gastruloids by single-cell RNA-104 

seq (scRNA-seq) (Fig. 1B). We identified neural progenitor cells (NPC) and neuromesodermal 105 
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progenitors (NMP), defined by SOX2 and TBXT, which also expressed NKX1-2, NFEM, and 106 

CDX2. NMPs contribute to trunk neural crest, spinal cord, and paraxial mesoderm (PXM) 107 

lineages, contributing to musculoskeletal tissues (19). We detected PXM markers TBX6, 108 

MESP1, and MESP2 (20, 21) around the NMP area (Fig. 1C). AFF3 was enriched in both NPC 109 

and NMP as well as PXM (Fig. 1B-D).  110 

We next confirmed that AFF3 enrichment in gastruloids reflected its expression in human 111 

development. NPC, NMP, and PXM populations were identified in gastrulation-stage human 112 

embryos at gestational weeks (GW) 3 and 4, and aligned with those in gastruloids (14) (Fig. 113 

1E). AFF3 was likewise enriched in both NPC and NMP as well as PXM populations, 114 

consistently between human embryos and gastruloids (Fig. 1F). Moreover, the expression 115 

pattern of NPC, NMP, and PXM markers was highly concordant between gastruloids and 116 

gastrulating human embryos at GW 3, indicating that gastruloids faithfully capture early 117 

neuroectoderm patterning (Fig. 1G; Supp. Fig. 1B-D). AFF3 expression was also detected in 118 

the neuroectoderm and mesoderm of mouse gastrulation-stage embryos at E7.5 (14) (Supp. 119 

Fig. 1A), suggesting evolutionary conservation between species. Together, these data support 120 

gastruloids as a model for studying AFF3 in early human development. 121 

 122 

AFF3 loss impairs neural and musculoskeletal development in female gastruloids 123 

To investigate the role of AFF3 during gastruloid development, we generated AFF3-/- (KO) 124 

gastruloids and compared their phenotypic and transcriptional profiles with those of wild-125 

type controls (Supp. Fig. 2A, 2B, 2E, 2F). Loss of AFF3 led to clear morphological abnormalities 126 

in female gastruloids (Fig. 2A-B). TemporalVAE transcriptomic staging (22)  mapped female 127 

AFF3 KO gastruloids to Carnegie Stage (CS) 6, compared with CS7/8 for wild-type, suggesting 128 

delayed developmental progression (Supp. Fig. 3A-C). Consistent with these differences, RNA-129 

seq analysis identified extensive gene expression changes in female AFF3 KO gastruloids (Fig. 130 

2C). Heatmap analysis further revealed that AFF3 KO gastruloids reduced neural and 131 

musculoskeletal genes for both myogenic (PAX3, PAX7, RBM24, ACTN3, TNNT1, DMD) and 132 

skeletal (GAS1, BOC, CDON) development (23–25) (Fig. 2D). We further validated the 133 

reduction of neural markers PAX6 and SOX2 with immunofluorescence (Fig. 2E). Among cell 134 

types inferred from RNA-seq, AFF3 KO uniquely reduced neural and musculoskeletal 135 

populations (Fig. 2F). In parallel, AFF3 KO gastruloids showed increased expression of non-136 

neural and non-musculoskeletal markers associated with all three germ layers, as well as 137 

hematopoietic and cardiac lineages (Supp. Fig. 8A, 8B). Together, these findings indicate that 138 

AFF3 is required for neural and musculoskeletal development in females.  139 

To further define the neural and musculoskeletal defects, we performed scRNA-seq in 140 

combination with LARRY molecular barcoding (Fig. 2G). Because scRNA-seq captures the 141 

LARRY barcode, individual stem cells can be traced and their lineage trajectories 142 

reconstructed at single-cell resolution during gastruloid development (26). Consistent with 143 
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the morphological and bulk RNA-seq phenotypes, single-cell analysis revealed a significant 144 

reduction in NPC and neuronal populations in female AFF3 KO gastruloids compared with 145 

wild-type controls, alongside enrichment of cardiac mesoderm (CM), primordial germ cells 146 

(PGC), vascular endothelial cells (VEC), blood progenitors (BP) and yolk sac endoderm (YSE) 147 

(Fig. 2H). This suggests biased differentiation of NMP to lateral plate mesoderm (VEC, BP, CM) 148 

rather than their normal path to neural and musculoskeletal lineages. Lineage tracing with 149 

LARRY showed that AFF3 KO epiblast cells were preferentially diverted toward BP and CM, as 150 

well as toward extraembryonic amnion and trophectoderm (TE). By contrast, wild-type 151 

epiblast cells are predominantly committed to NPC and neural fates (Fig. 2I). Together, these 152 

findings show that loss of AFF3 impairs neural and musculoskeletal development and 153 

redirects female gastruloid cells toward alternative developmental trajectories.  154 

 155 

Premature and excessive upregulation of XIST upon AFF3 loss 156 

To define the mechanism underlying the neural and musculoskeletal development defects 157 

caused by AFF3 loss, we examined candidate AFF3-target genes. Because AFF3 has been 158 

implicated in restraining XIST expression (27), we first asked whether dysregulated XIST 159 

contributed to the female-specific phenotype observed in AFF3 KO gastruloids. XIST 160 

expression is developmentally dynamic: preimplantation human embryos express XIST from 161 

both X chromosomes (13). Expression is then resolved to a single allele and remains at a low 162 

level before rising when X-inactivation is established (28). Reflecting this temporal regulation, 163 

XIST was expressed at lower levels in the GW3 human embryos than at GW4 (Fig. 3A-B). 164 

Likewise, human expanded pluripotent stem cells (hEPSCs) undergo partial X chromosome 165 

reactivation (XCR) with loss of XIST expression (29) and XIST was correspondingly low in our 166 

hEPSCs (Fig. 3C). AFF3 deletion disrupted this low expression pattern in a sex-specific manner: 167 

XIST was upregulated in female hEPSCs and gastruloids across two independent lines (Supp. 168 

Fig. 4A), whereas male hEPSCs and gastruloids showed no comparable increase (Fig. 3C). This 169 

indicates that AFF3 restrains XIST expression in female cells, but male cells may depend on 170 

different mechanisms such as XIST promoter DNA methylation (30). In line with elevated XIST, 171 

multiple X-linked genes were suppressed in AFF3 KO female gastruloids, whereas male 172 

gastruloids again showed no significant change (Supp. Fig. 4B). These data show that XIST is 173 

restrained during early development and that AFF3 maintains this repression in female cells. 174 

scRNA-seq revealed aberrant XIST upregulation in AFF3 KO female gastruloids, but minimal 175 

expression in WT gastruloids (Fig. 3D). RNA FISH confirmed robust XIST upregulation in day 8 176 

AFF3 KO female gastruloids, whereas signals were largely absent from WT controls (Fig. 3E-177 

F). It also showed that XIST formed a broad nuclear cloud, suggestive of its dispersal beyond 178 

the X chromosome. This phenomenon has been described in the context of XIST-mediated X 179 

chromosome dampening, where XIST represses autosomal targets via interchromosomal 180 

interactions (15). We further examined XACT expression patterns in WT and AFF3 KO female 181 

gastruloids. XACT, a long non-coding RNA that coats the active X (31), was present either 182 
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biallelically or monoallelically in WT, the former indicating XaXa status in early embryonic 183 

development (Fig. 3E). All KO cells expressed XACT monoallelically, indicating XaXi status. XIST 184 

was present on the XACT+ chromosome, suggesting abnormal XIST upregulation (Fig. 3E-F). 185 

Upon AFF3 loss, XIST induction may begin from the XACT+ active and open X, then spread to 186 

the other X chromosome. To test whether AFF3 directly regulated the XIST locus, we 187 

combined immunofluorescence for AFF3 with DNA FISH for the X chromosome, which showed 188 

colocalization with the X chromosome in individual cells (Fig. 3G). AFF3 binds to both X 189 

chromosomes and represses XIST expression in early embryonic development; AFF3 loss leads 190 

to abnormal XIST expression, as shown by monoallelic expression in the XACT+ active X 191 

chromosome, as well as biallelic expression (Fig. 3H). To prevent inactivation of both X 192 

chromosomes, one copy of the X chromosome may be protected by an XIST antagonist such 193 

as TSIX (32), which we examined below. These findings indicate that AFF3 prevents premature 194 

and excessive XIST activation during gastrulation in female embryos.  195 

 196 

Premature and excessive XIST represses autosomal neural and musculoskeletal 197 

development 198 

Next, we asked how AFF3 represses XIST expression. We performed CUT&Tag using an AFF3 199 

antibody. We identified AFF3-binding peaks around the XIST locus, including one site near the 200 

XIST transcription start site and another in a regulatory element, L1PA, which belongs to the 201 

LINE1 family (33), indicating direct occupancy by AFF3 (Fig. 4A). H3K9me3 was present in L1PA 202 

and the XIST gene, consistent with its high-level occupancy on the female X chromosome (14). 203 

L1PA variant is associated with Alzheimer’s disease in females, suggesting a potential role of 204 

XIST regulation in neurodegenerative disorders in late life (Supp. Fig. 9A-D). Upon AFF3 loss, 205 

RNA Pol II occupancy at L1PA increased, suggesting that AFF3 restrains XIST expression (Fig. 206 

4A-B).  207 

We next asked how abnormal XIST activation impairs neural and musculoskeletal 208 

development. To directly test the functional contribution of XIST, we generated AFF3/XIST 209 

double-knockout (DKO) gastruloids (Supp. Fig. 2C, 2D) and AFF3 KO gastruloids treated with 210 

the XIST inhibitor X1 (34) and examined both at day 8 (Fig. 4C-D). Strikingly, XIST genetic 211 

deletion or pharmacological attenuation rescued the morphological defects caused by AFF3 212 

loss (Fig. 4D-E). Among genes downregulated in AFF3 KO gastruloids, we identified the neural 213 

crest & musculoskeletal regulator EPHB1 (35)(36) and the neuronal guidance factor NAV1 (37) 214 

(Fig. 4F-G). Notably, both genes are autosomal targets of XIST (15). RNA-seq further showed 215 

that nine autosomal XIST-target genes (15) were restored in both DKO and X1-treated KO 216 

gastruloids relative to KO, including skeletal development genes CDON, BOC, and GAS1 (38) 217 

(Fig. 4H, Supp. Fig. 8D). These rescued genes were significantly enriched for neural and 218 

musculoskeletal development (Fig. 4I). In contrast, GPM6B, ZNF185, MID1, and MECP2, the 219 

X-linked neural genes (39–43) examined, showed no comparable restoration (Supp. Fig. 5A). 220 
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These findings support that abnormal XIST upregulation in AFF3 KO female gastruloids 221 

represses autosomal programs for neural and musculoskeletal development (Fig. 4J).  222 

 223 

Dominant-negative AFF3 results in dysregulated neurogenesis 224 

AFF3 loss-of-function variants cause mild to moderate developmental delay and shortened 225 

limbs. In contrast, AFF3 dominant-negative variants cause severe developmental delay, 226 

intellectual disability, seizures, epilepsy, shortened limbs, and kidney malformation (9). The 227 

phenotypic spectra partially overlap but are largely distinct; particularly severe 228 

developmental delay, intellectual disability, seizures, and epilepsy are specific to dominant-229 

negative patients (Fig. 5A-B). This suggests potentially different mechanisms underlying loss-230 

of-function and dominant-negative effects. To test this, we generated AFF3 dominant-231 

negative gastruloids. As expected, XIST inhibitor X1 did not alter the transcriptional signature 232 

(Fig. 5C). XIST expression did not change in dominant-negative female gastruloids (Fig. 5D). 233 

Instead of the neural loss seen in AFF3 KO gastruloids, dominant-negative gastruloids showed 234 

increased expression of excitatory and reduced expression of inhibitory neural genes (Fig. 5E-235 

F). This is consistent with the seizure and epilepsy symptoms seen in dominant-negative 236 

patients (7). Thus, XIST inhibition rescues loss-of-function but not dominant-negative 237 

phenotypes, consistent with a variant-specific mechanism.  238 

 239 

XIST targeting rescues cerebral organoid formation 240 

To test whether the findings from AFF3 loss-of-function gastruloids extend to a model of 241 

cortical development, we generated cerebral organoids from WT, AFF3 KO, and AFF3/XIST 242 

DKO hEPSCs, allowing us to assess both the AFF3 loss phenotype and its rescue by XIST 243 

deletion. AFF3 KO organoids were markedly smaller, with a cystic, sac-like morphology, 244 

whereas WT organoids formed dense, cortex-like structures (Fig. 6A-B). As in gastruloids, XIST 245 

deletion rescued these defects, with DKO organoids resembling WT and showing no obvious 246 

developmental phenotype. Histological analysis further revealed cortical organization in WT 247 

and DKO organoids, but not in KO organoids, which instead showed a mesenchymal-like 248 

pattern (Fig. 6B), echoing the non-neural diversion seen in gastruloids. Consistent with this 249 

loss of neural identity, the neural progenitor marker PAX6 (44) was detected within the 250 

cortex-like regions of WT and DKO organoids but was largely absent from KO organoids (Fig. 251 

6B).  252 

We next performed single-cell transcriptomic profiling of the organoids to define the cellular 253 

basis of these phenotypes (Fig. 6C). Consistent with the morphological data, AFF3 KO 254 

organoids showed a significant reduction in neuronal lineage populations, whereas deletion 255 

of XIST restored these populations toward WT levels (Fig. 6C). In contrast, AFF3 KO organoids 256 

showed a significant increase in non-neuronal populations, including blood progenitor (BP), 257 
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endothelial cell (EC), kidney (Kid), meso-endoderm (ME), smooth muscle cell (SMC), and yolk 258 

sac endoderm (YSE) (Supp. Fig. 7B). SFRP2, a gene required for neural development (45), and 259 

an autosomal target of XIST, was re-expressed upon XIST deletion (Fig. 6D). To identify 260 

candidate genes underlying this rescue, we intersected the 1,599 genes restored in DKO 261 

organoids with previously defined XIST-target autosomal genes (15) . This analysis identified 262 

44 overlapping genes (Fig. 6E), recapitulating the autosomal XIST-target rescue seen in 263 

gastruloids and suggesting that a subset of these targets is functionally relevant to the neural 264 

defect. Functional annotation of the overlapping genes revealed significant enrichment for 265 

cell fate specification, neuronal development, and synaptic membrane terms (Fig. 6F). 266 

Because XIST mediates X-linked silencing, we asked whether the neural defect arises from 267 

altered X-linked gene dosage rather than autosomal repression. However, X-linked 268 

neurogenesis genes, including ZNF185, MID1, MECP2, GPM6B, and CA5B (46, 47), remained 269 

comparably expressed across WT, KO, and DKO organoids despite XIST upregulation (Supp. 270 

Fig. 5). This is consistent with only one X chromosome being inactivated upon AFF3 loss (Fig. 271 

3E). The concurrent upregulation of XIST antisense transcript, TSIX, may counteract 272 

inactivation of the second X (32) (Supp. Fig. 6), as anticipated above. The AFF3-regulated 273 

DLK1-DIO3 imprinted locus (48), including the neurogenesis-associated gene DLK1 (49, 50), 274 

was likewise unchanged (Supp. Fig. 7A). Together, these results argue against canonical X-275 

linked dosage or imprinting as the driver. We demonstrate that premature XIST activation 276 

disrupts neural development through repression of autosomal programs, which can be 277 

reversed by XIST removal. 278 

 279 

XIST targeting rescues neurogenesis in vivo 280 

We next examined whether XIST inhibition could restore the neural program in vivo. We 281 

transplanted WT, WT+X1, KO, and KO+X1 organoids onto the cortex of NSG mice (Fig. 7A). 282 

Two weeks after transplantation, organoids had integrated with the cortex. We then 283 

harvested the organoids with adjacent murine brain tissue and assessed morphology and 284 

neural lineage marker expression by H&E and immunofluorescence staining (Fig. 7B-D). 285 

Consistent with previous data (Fig. 6), AFF3 KO organoids were markedly smaller prior to 286 

transplantation (Fig. 7B). After transplantation, KO organoids exhibited morphological 287 

abnormalities and ossification indicating mesenchymal lineage shift, while X1-treated KO 288 

organoids were morphologically similar to WT organoids (Fig. 7C). X1 treatment significantly 289 

increased SOX2 (neural progenitor cells), EOMES (intermediate neural progenitors), and TUJ1 290 

(mature neurons) in KO organoids compared with untreated organoids (Fig. 7D-E). Together, 291 

these data demonstrate that pharmacological inhibition by X1 rescues neurogenesis in 292 

transplanted cerebral organoids, indicating that XIST restraint by AFF3 is crucial for proper 293 

neural development within a complex host environment. 294 

 295 
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Discussion 296 

Our study introduces several conceptual advances. We show that early-life XIST restraint 297 

protects neural and musculoskeletal development: AFF3 loss leads to premature and 298 

excessive expression of XIST, with consequent defects in both lineages. Pharmacogenetic 299 

targeting verified that XIST is causative, in culture and after transplantation in vivo. Excessive 300 

XIST represses autosomal genes required for neural and musculoskeletal development. XIST 301 

evolved to equalize X chromosome dosage between females and males; our findings indicate 302 

that this same activity carries a risk of developmental defects when it is deployed too early. A 303 

key role of AFF3 in early embryonic development is to restrain XIST during the vulnerable 304 

window of gastrulation. The loss of NPC and NMP upon AFF3 deletion, and their recovery 305 

when XIST is removed, indicate that these populations depend on XIST being held low while 306 

they are specified. Because NMPs feed both the neural tube and the somitic mesoderm, a 307 

single failure of XIST restraint in this population can account for defects in two lineages at 308 

once. These findings place the origin of organogenesis failure at gastrulation, well before the 309 

affected organs form, and so reinforce the value of studying gastrulation to understand 310 

organogenesis, extending the utility of stem cell-based embryo models. 311 

Restraint of XIST by AFF3 accounts for the loss-of-function class of variants, but not for the 312 

dominant-negative class, and our findings reveal that the two act through different 313 

mechanisms. Patients with the two classes present with partially overlapping symptoms such 314 

as intellectual disability and shortened limbs (7, 9). However, the greater severity of the 315 

dominant-negative syndrome, and the epilepsy specific to it, already pointed to a distinct 316 

underlying mechanism. This study showed that loss-of-function leads to abnormal XIST 317 

upregulation resulting in perturbed neural and musculoskeletal development. In contrast, our 318 

data reveal how dominant-negative variants lead to dysregulated neurogenesis biased 319 

toward excitatory neurons, potentially explaining epilepsy in patients, without abnormal XIST 320 

upregulation. XIST inhibition rescued the loss-of-function phenotype but did not alter the 321 

transcriptional signature of dominant-negative gastruloids, accounting for the female bias 322 

reported in loss-of-function but not in dominant-negative patients. What drives the 323 

dominant-negative phenotype remains to be determined. 324 

More broadly, our findings show that XIST can disrupt early development. By leveraging rare 325 

diseases, we can ask how general this mechanism might be. Indeed, pentasomy X (XXXXX) 326 

patients exhibit excessive XIST expression as well as a similar spectrum of symptoms to those 327 

caused by AFF3 mutations (16), including intellectual disability, limb malformation, and 328 

craniofacial skeletal abnormalities of neural crest origin. The risk we identify sits against a 329 

background of advantage. Two copies of the X chromosome serve as a genetic backup 330 

benefiting females. Females are less susceptible to Fragile X intellectual disability because of 331 

the backup copy of FMR1 (51). Rett syndrome is lethal to most male embryos, whereas 332 

females can survive because of a second MECP2 allele, albeit with neurodevelopmental 333 

defects (52). Some X-linked genes escape inactivation, offering females protection against 334 
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metabolic disease, as well as enhanced longevity and greater regenerative capacity compared 335 

with males (53). To balance X chromosome dose, XIST is uniquely expressed in female cells, 336 

with a rare exception in male cancers or XXY Klinefelter Syndrome (54). Our study discovered 337 

a potential risk posed by XIST during neural and musculoskeletal development, which may be 338 

a trade-off of the benefits of having two copies of the X chromosome. Beyond the early 339 

embryo, we further found that an XIST enhancer variant is associated with Alzheimer's disease 340 

in females. This suggests that XIST regulation could underlie both neurodevelopment and 341 

neurodegeneration.  342 

Two main limitations should be considered. First, although gastruloids and cerebral organoids 343 

capture key aspects of early human development, they do not fully reproduce the spatial 344 

architecture, extraembryonic signaling, maternal environment, vascularization, immune 345 

inputs, or long-range tissue interactions of the embryo. Future studies in patient-derived stem 346 

cell models, or models carrying patient-specific mutations, will be essential to establish the 347 

developmental timing, generality, and disease relevance of these mechanisms. Second, some 348 

male patients with AFF3 loss-of-function present with mild intellectual disability. These cases 349 

are rare; only nine male patients with intellectual disability are reported (7, 9). Our data 350 

showed that AFF3 loss in male cells does not upregulate XIST, so the mechanism we describe 351 

cannot account for these patients. The underlying mechanisms in these patients will require 352 

follow-up studies. 353 

 354 
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Methods 573 

Culture and γ-irradiation of SNL feeder cells 574 

SNL feeder cells were kindly provided by Pengtao Liu. When cultures reached 80%–90% 575 

confluency, cells were dissociated with TrypLE (Thermo Fisher Scientific, 12605036) for 3 min 576 

at 37°C. Enzymatic digestion was terminated with high glucose DMEM (Thermo Fisher 577 

Scientific, 12100046) supplemented with 1× Penicillin-Streptomycin-Glutamine (Thermo 578 

Fisher Scientific, 10378016) and 10% fetal bovine serum (Gibco, A3840001). Cells were 579 

collected by centrifugation at 300 × g for 5 min, resuspended in M10 medium (DMEM with 580 

10% FBS), and seeded onto cell culture plates pre-coated with 0.2% gelatin. For feeder 581 

preparation, live SNL cells were expanded in 15-cm dishes for 3–5 days, harvested, and 582 

resuspended in 15 mL M10 medium. Cell suspensions were then irradiated using an MDS 583 

Nordion Gammacell 3000 Elan at a dose of 30 Gy per batch. 584 

 585 

Culture of human expanded potential stem cells (hEPSCs) 586 

Human EPSCs were cultured in human EPSC medium (EPSCM) as previously described, with 587 

modifications (17). Briefly, EPSCM consisted of a 1:1 mixture of DMEM/F12 (Thermo Fisher 588 

Scientific, 21331020) and Neurobasal medium (Thermo Fisher Scientific, 21103049), 589 

supplemented with 1× Penicillin-Streptomycin-Glutamine (Thermo Fisher Scientific, 590 

10378016), 1× non-essential amino acids (Thermo Fisher Scientific, 11140050), N2 591 

supplement (Thermo Fisher Scientific, 17502-048), B27 supplement (Thermo Fisher Scientific, 592 

17504-044), Insulin-Transferrin-Selenium-Ethanolamine (ITS-X; Thermo Fisher Scientific, 593 

51500056), 1× sodium pyruvate (Thermo Fisher Scientific, 11360070), 1× trace elements B 594 

(Corning, MT99175CI) and C (Corning, MT99176CI), 1× chemically defined lipid concentrate 595 

(Gibco, 11905031), 0.045% bovine serum albumin fraction V (Thermo Fisher Scientific, 596 

15260037), and 0.1 mM β-mercaptoethanol (Gibco, 21985–023). To generate complete 597 

human EPSCM, the medium was further supplemented with 64 μg/mL L-ascorbic acid (Sigma, 598 

A8960), 3.3 μg/mL reduced glutathione (Sigma, G4251), 100 ng/mL human LIF 599 

(Peprotech, 300–05), 1 μM CHIR99021 (Tocris, 4423), 2.5 μM XAV939 (Sigma, X3004), 2.5 μM 600 

endo-IWR-1 (Tocris, 3532), and 0.1 μM A419259 (Tocris, 3914). 601 

To prepare SNL feeder plates, 1 mL of 0.2% autoclaved gelatin (Sigma, G2500) was added to 602 

each well of a 12-well plate, and plates were incubated at 37°C overnight (≥12 h). The 603 

following day, one vial of SNL feeder cells was thawed in a 37°C water bath and transferred 604 

to a 15-mL conical tube containing 1 mL M10 medium (DMEM supplemented with 10% FBS). 605 

Cells were centrifuged at 300 × g for 3 min, the supernatant was discarded, and the pellet was 606 

resuspended in 1.5 mL M10 medium. After removal of the gelatin solution, 1 mL M10 medium 607 

was added to each well, followed by seeding of 100 μL of the resuspended SNL cell suspension 608 

per well. Cells were distributed evenly across the plate and cultured at 37°C until use. Under 609 

these conditions, one vial of SNL feeder cells was sufficient for seeding 18 wells of a 12-well 610 

plate, yielding ~50%–80% confluency after 2 days. Feeder plates were typically prepared 2 611 
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days before passaging to allow the feeder cells to acquire a flat, fibroblast-like morphology, 612 

and were used between days 2 and 7 after plating. 613 

Passaging hEPSC: Cells were passaged at ~80% confluency. Cultures were first aspirated and 614 

washed 3 times with 1 mL PBS per well of a 12-well plate. PBS was removed, and 0.5 mL 615 

TrypLE (equilibrated to room temperature) was added to each well. Cells were incubated at 616 

37°C for 2 min until they adopted a rounded morphology. Dissociation was terminated by 617 

adding 1 mL M10 medium per well, and cells were gently pipetted to obtain a single-cell 618 

suspension. The cell suspension was transferred to a 15-mL conical tube and centrifuged at 619 

300 × g for 3 min. After removal of the supernatant, cells were resuspended in 1 mL EPSCM 620 

supplemented with 10 μM Y-27632. Meanwhile, culture medium was aspirated from the 621 

feeder plate and replaced with 1 mL fresh EPSCM containing 10 μM Y-27632 per well. Cells 622 

were then seeded onto the prepared feeder plates at a split ratio of 1:5 to 1:15, and plates 623 

were gently tapped on all sides to ensure even distribution of the cell suspension. Medium 624 

was replaced 24 h after passaging with fresh EPSCM lacking Y-27632. On day 2, the medium 625 

was changed again, and thereafter cultures were fed daily until the next passage.  626 

We followed the ISSCR ethical regulations for human embryo model research (55). IRB 627 

approval was obtained from HKU (UW 25-535). 628 

 629 

hEPSC pre-differentiation  630 

hEPSCs were maintained in EPSCM, with medium changed daily, as previously reported (17). 631 

Before embryoid body (EB) formation, cells were pre-differentiated in DFK medium consisting 632 

of DMEM/F12 (Thermo Fisher Scientific, 21331020) supplemented with 10% KSR (Thermo 633 

Fisher Scientific, 10828028) for 3 days, with daily medium changes. To ensure efficient pre-634 

differentiation, the initial cell density was maintained below 30% confluency. 635 

 636 

EB formation 637 

After 3 days of pre-differentiation, DFK medium was aspirated and cells were washed with 638 

PBS (Thermo Fisher Scientific, 10010031). Cells were then incubated with 500 μL TrypLE at 639 

37°C for 2 min and examined under a microscope. At this stage, most feeder cells had typically 640 

detached. The TrypLE was aspirated and replaced with an additional 500 μL of fresh TrypLE 641 

for 1–2 min to further digest the hEPSCs. Dissociation was terminated by adding 2 mL DFK 642 

medium, and cells were collected with gentle pipetting to minimize mechanical stress. The 643 

cell suspension was centrifuged at 300 × g for 3 min, after which the supernatant was carefully 644 

removed. Cells were resuspended in 1 mL DFK medium supplemented with 10 μM Y-27632 645 

(Selleckchem, S1049). For aggregation, 4,000 cells in 150 μL medium were seeded into each 646 

well of a low-attachment U-bottom 96-well plate. On the following day, 100 μL fresh DFK 647 

medium without Y-27632 was added to each well. Plates were maintained at 37°C for 3 days.  648 
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 649 

Gastruloid formation 650 

EBs were collected into 15-mL conical tubes and allowed to settle for 3 min or centrifuged at 651 

100 × g for 1 min. The supernatant was carefully removed, and the EBs were resuspended in 652 

1 mL Medium A from the STEMdiff Hematopoietic Kit (STEMCELL Technologies, 05310). EBs 653 

were then transferred to low-attachment 24-well plates and cultured in 1 mL Medium A per 654 

well (day 0). Cultures were maintained in Medium A for 3 days, with a half-medium change 655 

performed on day 2. Thereafter, EBs were cultured in 1 mL Medium B from the same kit for 5 656 

days, with half-medium changes every other day. Throughout differentiation, gastruloids 657 

were maintained in low-attachment plates and placed on an orbital shaker at ≤100 rpm from 658 

the Medium A stage through the Medium B stage. 659 

 660 

Genome editing in human EPSCs by CRISPR-Cas9  661 

Preparation of gRNA. For AFF3 targeting, sgRNAs were manually designed against exons 3, 4, 662 

and 7. For XIST, sgRNAs were designed based on a previous study (15). Candidate sgRNA 663 

sequences were obtained using CHOPCHOP (https://chopchop.cbu.uib.no/) and synthesized 664 

by Tsingke Biotechnology. Editing efficiency was initially predicted using the CRISPOR 665 

algorithm (https://crispor.gi.ucsc.edu/) and subsequently validated experimentally in hEPSCs 666 

by electroporation. 667 

CRISPR-Cas9 genome editing. Female C5 and male EM-4 hEPSC lines (17, 56) were maintained 668 

for 4–5 days before electroporation until they reached 70%–80% confluency. Electroporation 669 

was performed using the Lonza P3 Primary Cell 4D-Nucleofector Kit (Lonza, V4XP-3032) 670 

according to the manufacturer’s instructions. Following electroporation, cells were replated, 671 

and the medium was replaced after 24 h. Edited hEPSCs were then expanded for several days, 672 

passaged, diluted to 5,000 cells/mL, and reseeded into multiwell plates. 673 

Clonal isolation and genotyping. After 10 days, individual colonies were manually picked and 674 

subjected to genotyping. Approximately 100 single-cell-derived clones per cell line were 675 

screened by gel electrophoresis and Sanger sequencing to confirm the intended deletions. 676 

Clones harbouring distinct insertion-deletion (indel) mutations were selected for downstream 677 

experiments, yielding 2–3 positive clones per cell line. Sanger sequencing results for all 678 

knockout clones are presented in Supp. Fig. 2B and 2D. 679 

 680 

Extraction of genomic DNA from human EPSCs and polymerase chain reaction (PCR) 681 

Following gene editing, polyclonal populations were expanded for 1 week and passaged at 682 

least twice before single-clone isolation. Cells were then diluted to enable clonal outgrowth, 683 

ideally at a density yielding no more than 50 colonies per dish. After 4–5 days of culture, 684 

individual round colonies were identified microscopically and manually picked using 10 μL 685 
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pipette tips. Colonies were dissociated with TrypLE and transferred to 96-well plates, with 686 

half of each colony used for continued culture and the other half reserved for genotyping. 687 

For single-colony genotyping, fresh lysis buffer was prepared by combining 910 μL water, 40 688 

μL 10% NP-40, and 50 μL Proteinase K. A total of 15 μL cell suspension was added to 20 μL 689 

lysis buffer in PCR tubes. Cell lysis was carried out in a thermal cycler under the following 690 

conditions: 65°C for 30 min, followed by 95°C for 10 min. After lysis, samples were centrifuged 691 

to pellet insoluble debris. PCR was then performed according to the manufacturer’s 692 

instructions for the specific DNA polymerase used. 693 

 694 

Bulk RNA extraction and qPCR 695 

Samples containing at least 1 × 10^5 cells were collected in 1.5 mL microcentrifuge tubes and 696 

lysed in TRIzol reagent (Thermo Fisher Scientific, 15596026) for 5–10 min. Chloroform was 697 

then added at a TRIzol: chloroform ratio of 500 μL:100 μL, followed by vigorous mixing and 698 

centrifugation at 12,000 × g at 4°C for 5 min. After phase separation, the aqueous phase 699 

containing total RNA was transferred to a fresh tube, and RNA was precipitated with 250 μL 700 

of isopropanol. The RNA pellet was washed twice with 75% ethanol, air-dried for 10–20 min, 701 

and dissolved in RNase-free water, followed by DNase treatment. Purified RNA was stored at 702 

−80°C until further use. RNA concentration and quality were assessed using a NanoDrop 703 

2000c spectrophotometer. 704 

cDNA was synthesized using PrimeScript RT Master Mix (Takara, RR036A) with 1 μg total RNA 705 

in a 10 μL reaction volume. The resulting cDNA was diluted and used for quantitative PCR 706 

analysis. RT-qPCR was performed using TB Green Premix Ex Taq II (Takara, RR820A) on a 707 

CFX96 Real-Time PCR System (Bio-Rad). Technical triplicates were included for each sample. 708 

GAPDH was used as the internal reference gene to calculate relative gene expression. 709 

 710 

Flow cytometry analysis and cell sorting 711 

AFF3 KO and wild-type hEPSC lines were differentiated using the gastruloid or cerebral 712 

organoid protocols described above. Following in vitro differentiation, AFF3 knockout and 713 

wild-type gastruloids or organoids were harvested separately, dissociated into single cells, 714 

and transferred to FACS buffer. After digestion, cells were washed with PBS, centrifuged, and 715 

resuspended in homemade FACS buffer (PBS supplemented with 2% FBS). 716 

For extracellular staining, cells were first incubated with 5 μL Fc-blocking antibody (BioLegend, 717 

422302) for 10 min at room temperature to reduce non-specific binding. Cells were then 718 

stained for 30 min at 4°C in the dark. After staining, cells were washed twice with ice-cold 719 

FACS buffer, centrifuged at 300 × g for 5 min at 4°C, and resuspended in FACS buffer 720 

containing 1 μg/mL DAPI (Abcam, ab228549). Cell sorting was performed using a BD FACSAria 721 

Fusion cell sorter, and flow cytometry analysis was carried out on a BD LSRFortessa within 24 722 

h. 723 
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 724 

Library preparation and bulk RNA sequencing 725 

Total RNA was extracted using TRIzol reagent as described above (Bulk RNA extraction and 726 

qPCR). RNA-seq library preparation was performed by the HKU Centre for PanorOmic Sciences 727 

(CPOS) core facility. Library quality was assessed using an Agilent 2100 Bioanalyzer, and 728 

sequencing was carried out on an Illumina HiSeq platform. 729 

Raw sequencing reads were processed using Trim-Galore to remove low-quality bases and 730 

adapter sequences. Filtered reads were aligned to the human reference genome (GRCh38) 731 

using HISAT2. Gene-level read counts were generated with featureCounts and normalized 732 

using deepTools. Differentially expressed genes were identified using the following criteria: 733 

fold change > 1.5 and adjusted p-value < 0.05. Volcano plots and Gene Ontology (GO) analyses 734 

were generated based on these filtered genes. Heatmaps of selected genes were visualized 735 

using Z-score normalization. 736 

 737 

Single-cell RNA-seq and dataset analysis 738 

WT and AFF3 KO hEPSCs were differentiated using the gastruloid and cerebral organoid 739 

protocols described above. Following in vitro differentiation, AFF3 knockout and wild-type 740 

gastruloids or organoids were harvested separately, dissociated into single cells, and 741 

transferred to FACS buffer. After digestion, cells were washed with PBS, centrifuged at 100 × 742 

g for 5 min, and resuspended in FACS buffer (PBS supplemented with 2% FBS) containing 1 743 

μg/mL DAPI. DAPI-negative cells were sorted for subsequent single-cell RNA sequencing. Cell 744 

quality control, library construction, and sequencing were performed by the HKU Core Facility. 745 

A total of 206.2 Gb and 213.9 Gb of sequencing data were generated for the AFF3 knockout 746 

and wild-type samples, respectively. 747 

Raw scRNA-seq data were pre-processed using Cell Ranger (v7.0.0) and aligned to the human 748 

reference genome (GRCh38). Gene-by-cell count matrices were generated and analysed using 749 

Seurat (v4.2.0) in R. Quality control was performed independently for each dataset. Cells with 750 

fewer than 500 detected genes, fewer than 2,000 RNA counts, or greater than 15% 751 

mitochondrial gene expression were excluded. Putative doublets were identified using 752 

DoubletFinder (v2.0.3) and removed. 753 

After quality control, potential batch effects between genotypes were corrected using 754 

Seurat’s FindIntegrationAnchors workflow. The top 3,000 variable genes were selected for 755 

principal component analysis–based dimensionality reduction. Cell clusters were identified 756 

and visualized using UMAP. Cell type annotation was performed based on cluster-enriched 757 

marker genes identified by Seurat FindAllMarkers together with canonical lineage markers. 758 

Differentially expressed genes (DEGs) between genotypes in gastruloids were identified using 759 

Seurat FindMarkers with the binomial likelihood ratio test. DEGs were defined as genes with 760 

q-value < 0.05 and |log2fold change| > 0.1. Gene set enrichment analysis for GO and KEGG 761 
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pathways was performed using gseGO and gseKEGG from clusterProfiler (v4.4.4) on all genes 762 

ranked by DEG test statistics. Significantly enriched pathways were defined by p-value < 0.05. 763 

 764 

LARRY infection and library amplification 765 

The LARRY-v2 lentiviral barcode library was obtained from Addgene (26). For virus production 766 

in 20 dishes, 91 µg of LARRY library plasmids, 65 µg of psPAX2, and 120 µg of pMD2.G were 767 

diluted in 11 mL of Opti-MEM and mixed thoroughly. In a separate tube, 1.5 mL of 1 mg/mL 768 

PEI (3:1 PEI: DNA, w/w) (Polysciences, 23966-1) was diluted in 11 mL of Opti-MEM and mixed 769 

well. The PEI mixture was added dropwise to the DNA mixture, vortexed for 15 s, and 770 

incubated at room temperature for exactly 15 min. The transfection mixture was then added 771 

dropwise (1 mL per dish) to HEK293T cells at 70–80% confluence. The dishes were incubated 772 

at 37 °C with 5% CO₂. After 24 h, the medium was changed to reduce PEI toxicity. Viral 773 

supernatant was collected at 48 h and 72 h post-transfection, pooled, and centrifuged at 774 

3,000 × g for 10 min at 4 °C to remove cell debris. The clarified supernatant was centrifuged 775 

at 20,000 × g for 2 h at 4 °C using either a swinging-bucket or a fixed-angle rotor. The 776 

supernatant was carefully removed, and the virus pellet was resuspended in PBS or DMEM. 777 

Aliquots were stored at –80 °C, and repeated freeze–thaw cycles were avoided. 778 

Viral titre was determined by serial dilution on HEK293T cells. hEPSCs at the 779 

pre-differentiation stage were infected at different multiplicities of infection (MOI: 0.1, 1, 10). 780 

Because the MOI values were based on HEK293T cells, we selected the optimal MOI that 781 

yielded approximately 10% infected hEPSCs. Wild-type (WT) and AFF3 knockout (KO) hEPSCs 782 

were subsequently infected with the LARRY virus at the chosen MOI. Following the in vitro 783 

differentiation workflow, gastruloids were dissociated into single-cell suspensions using 784 

Accumax. DMEM supplemented with 10% FBS was added, and the cells were centrifuged at 785 

800 × g for 8 min at 4 °C. The supernatant was carefully removed without disturbing the pellet. 786 

Cells were washed twice with FACS buffer (800 × g, 5 min) and resuspended in FACS buffer 787 

(PBS with 0.5% BSA and 2 mM EDTA). DAPI solution was added, and the cells were incubated 788 

for 5 min at 4 °C. Immediately after cell sorting, the sorted cells were processed using the 789 

Chromium Single Cell 3’ Reagent Kit v3 (10x Genomics) strictly according to the 790 

manufacturer’s instructions. 791 

Leftover cDNA from the AFF3 WT and AFF3 KO scRNA-seq samples was used for library 792 

preparation. A first PCR was set up with 100 ng of cDNA template, 0.5 µM pre-enrichment 793 

forward primer (CTGAGCAAAGACCCCAACGAGAA), and 0.5 µM of the corresponding 10x 794 

dual-index TruSeq reverse primer (ACACTCTTTCCCTACACGACGCTCTTCCGATCT) using a 795 

high-fidelity polymerase master mix. The cycling program was: 98 °C for 3 min; 8 cycles of 796 

98 °C for 20 s, 58 °C for 15 s, and 72 °C for 20 s; 72 °C for 3 min; hold at 4 °C. The product was 797 

used directly as a template for a second PCR with 0.5 µM TruSeq_LARRY forward primer 798 

(GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTGCTAGGAGAGACCATATGGGATC) and the 799 

same sample-specific dual-index TruSeq reverse primer, applying the identical cycling 800 
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program. Because non-specific products were present, gel extraction was performed, and the 801 

DNA was eluted in 10–20 µL of elution buffer. The purified PCR products were indexed using 802 

the 10x Dual Index Kit. Library size distribution was confirmed by Bioanalyzer, and 803 

concentration was quantified by Qubit or qPCR. Indexed libraries were pooled equimolarly 804 

and sequenced on an Illumina NovaSeq or NextSeq platform. 805 

 806 

Immunofluorescence from paraffin sectioning 807 

Slides containing paraffin sections of gastruloids and brain organoids were dewaxed in xylene, 808 

and rehydrated sequentially in 100%, 95%, 90% and 70% EtOH. Antigen retrieval was 809 

performed with antigen retrieval buffer (Dako, S1700) by microwave until boiling at high-810 

power heating, followed by 15 min of low-power heating. After cooling to room temperature, 811 

samples were permeabilzed with 0.3% Triton X-100 and 1% BSA in PBS for 30 min, and blocked 812 

with 10% FBS in PBS for 30-60 min. Primary antibodies were diluted according to 813 

manufacturer’s recommendation in PBS with 10% FBS and incubated in wet box at 4°C 814 

overnight. Samples were washed three times for 5 min each with 0.2% PBS-T. Secondary 815 

antibodies were diluted (1:2000) in PBS with 10% FBS and incubated avoiding light at room 816 

temperature for 30 min. Samples were washed three times for 5 min each with 0.2% PBS-T, 817 

incubated with DAPI (1:1000) for five minutes avoiding light, and mounted with Fluoromount-818 

G (Southern Biotech, 0100-35), sealed, and imaged. 819 

 820 

DNA FISH and IF 821 

Cells were cytospun at 1,000 × g for 3 minutes, and slides were air-dried for at least 1–2 h. 822 

The slides were fixed with 4% PFA for 15 minutes, then washed twice with PBS. 1× antigen 823 

retrieval buffer was preheated to 80°C by microwave for 20 minutes. Slides were allowed to 824 

cool down, rinsed quickly with PBS, and a hydrophobic barrier was drawn around the cells. 825 

Cells were then blocked with 5% goat serum in a humidified chamber for 20 minutes at room 826 

temperature. 20 µL of diluted primary antibody was applied to cover the cells, and slides were 827 

incubated overnight at 4°C in a humidified chamber. The next day, slides were washed with 828 

either PBST (3 × 5 minutes) or PBS (1 × 5 minutes). Diluted secondary antibody was added and 829 

slides were incubated for 1 h at room temperature. From this step onward, all procedures 830 

were performed in the dark. Slides were fixed again with 4% PFA for 15 minutes and washed 831 

twice with PBS. The slides were equilibrated in 2× SSC (2 × 5 minutes) and dehydrated 832 

sequentially in 70%, 85%, and 100% ethanol (2 minutes each), then air-dried. 10 µL of probe, 833 

mixed and briefly centrifuged, was applied; a coverslip was added and sealed with rubber 834 

cement. The slides were placed in a PCR cycler: 82°C for 10 minutes (co-denaturation), then 835 

45°C for 2 hours (hybridization). The slides were washed in pre-warmed (68°C) 0.3% NP-40 / 836 

0.4× SSC for 2–6 min, rinsed in ddH₂O (1 min), dehydrated in 100% ethanol (1 min), and 837 
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air-dried. DAPI solution (1:1,000 in PBS) was added onto the slides for 5–10 minutes. The 838 

slides were washed with PBS and ddH₂O. The slides were mounted with antifade medium and 839 

imaged immediately. 840 

 841 

CUT&TAG experiments 842 

Gastruloid-derived cells were used for the CUT&TAG Assay with duplicates per sample. The 843 

experiments were strictly performed according to the manufacturer’s instructions for the 844 

Hyperactive Universal CUT&Tag Kit (Vazyme, cat. no. TD904-C2).  845 

Reagents and buffer preparation.  846 

10× Enhancer Buffer and 10× Termination Buffer were used as supplied by the manufacturer. 847 

5× Permeabilization Buffer was diluted to 1× with nuclease-free ddH₂O (200 µL 5× stock + 848 

800 µL water). NE Buffer was prepared fresh as 20 mM HEPES-KOH pH 7.5, 0.5 mM 849 

spermidine, 10 mM KCl, 0.1 % (v/v) Triton X-100, 10 % (v/v) glycerol, and 1 mM PMSF added 850 

immediately before use. ConA Binding Buffer contained 20 mM HEPES-KOH pH 7.5, 10 mM 851 

KCl, 1 mM CaCl₂, and 1 mM MnCl₂. Wash Buffer was 20 mM HEPES-KOH pH 7.5, 150 mM NaCl, 852 

0.5 mM spermidine, 0.1 % (w/v) BSA, supplemented with 1× protease inhibitor (one 853 

cOmplete™ EDTA-free protease inhibitor tablet dissolved in 1 mL ddH₂O as a 50× stock; used 854 

20 µL per 1 mL of buffer). Blocking Buffer was Wash Buffer supplemented with 2 mM EDTA 855 

(from 0.5 M EDTA, pH 8.0). Digitonin was prepared as a 5 % (w/v) stock in DMSO; it was 856 

contact-toxic and was handled with appropriate personal protective equipment. Antibody 857 

Buffer was Wash Buffer containing 0.05 % digitonin (add 0.5 µL of 5 % digitonin per 50 µL 858 

Wash Buffer) and was pre-chilled on ice. Dig-wash Buffer was Wash Buffer containing 0.05 % 859 

digitonin (add 8 µL of 5 % digitonin per 792 µL Wash Buffer) and was prepared fresh. Dig-300 860 

Buffer contained 20 mM HEPES-KOH pH 7.5, 300 mM NaCl, 0.5 mM spermidine, 0.1 % BSA, 861 

0.05 % digitonin, and 1× protease inhibitor; it was made by combining 100 µL 10× Dig-300 862 

Buffer, 2 µL 5 % digitonin, 20 µL 50× protease inhibitor, and 878 µL ddH₂O. 1× Tagmentation 863 

Buffer was Dig-300 Buffer supplemented with 10 mM MgCl₂ (add 1/100 volume of 1 M MgCl₂). 864 

Stop Buffer was assembled per sample immediately before use by mixing 2.25 µL 0.5 M EDTA, 865 

2.75 µL 10 % SDS, and 0.5 µL 20 mg/mL Proteinase K. 866 

Cell preparation and treatment 867 

Gastruloid-derived cells were harvested, counted, centrifuged at 600 × g for 5 min at room 868 

temperature, and washed once with PBS. For whole-cell TF enhancer treatment, 1e5 cells 869 

were resuspended in 100 µL 1× Enhancer Buffer (10 µL 10× Enhancer Buffer + 90 µL PBS) and 870 

incubated for 10 min at room temperature. 10 µL 10× Termination Buffer was added, mixed 871 

by inversion, and incubated for another 10 min at room temperature. Cells were pelleted 872 

(600 × g, 5 min), the supernatant discarded, and the cells resuspended in 100 µL 1× 873 

Permeabilization Buffer. Cell mixtures were then incubated at 62 °C for 10 min, after which 874 

900 µL 1× Permeabilization Buffer was added, mixed by inversion, and incubated at 37 °C for 875 
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30 min. Cells were then centrifuged, the supernatant discarded, and the pellet resuspended 876 

in 100 µL Wash Buffer. Alternatively, for nuclei extraction, the washed cell pellet was 877 

resuspended in 100 µL ice-cold NE Buffer, pipetted gently, and incubated on ice for 10 min. 878 

The cells were centrifuged at 600 × g for 5 min, the supernatant discarded, the cells washed 879 

once with 500 µL PBS, and the nuclei resuspended in 100 µL Wash Buffer. Both preparations 880 

yielded a suspension ready for ConA bead binding and were processed immediately. 881 

Concanavalin A bead activation and cell binding 882 

For each sample, 100 µL ConA Binding Buffer was added to a well of an 8-tube strip. The ConA 883 

Beads were thoroughly resuspended and transferred into the binding buffer. The tubes were 884 

mixed gently, placed on a magnetic separation rack until the solution cleared (~2 min), and 885 

the supernatants were discarded. The tubes were removed from the magnet, and then 100 µL 886 

ConA Binding Buffer was added, and the samples were gently resuspended without vortexing. 887 

After that, 100 µL cell/nuclei suspension was transferred to the tube containing the activated 888 

beads, mixed by inversion, and incubated at room temperature for 10 min. The tubes were 889 

briefly centrifuged at <100 × g to collect the liquid, then placed on the magnet until clear, and 890 

the supernatant was carefully removed. 891 

Blocking, primary and secondary antibody incubations 892 

Bead–cell complexes were resuspended in 100 µL Blocking Buffer and the samples incubated 893 

at room temperature for 5 min. The tubes were then placed on the magnet, the supernatant 894 

discarded, and the cell/nuclei suspension resuspended in 50 µL pre-chilled Antibody Buffer. 895 

The primary antibody solutions were then added at the recommended dilution (1:100). The 896 

samples were mixed by inversion, briefly centrifuged, and incubated overnight at 4 °C with 897 

gentle rotation. The next day, the strips were placed on the magnet, the supernatant was 898 

removed, and 50 µL of secondary antibody diluted 1:100 in Dig-wash Buffer was added. The 899 

samples were mixed by inversion and incubated at room temperature for 30–60 min with 900 

rotation. Following incubation, the strips were placed on a magnet, the supernatant was 901 

discarded, and the beads were washed three times with 200 µL Dig-wash Buffer. The used 902 

primary antibodies were Rabbit polyclonal anti-Histone H3K4Me3 (Abcam, ab8580); 903 

H3K9me3 antibodies (Abcam, ab176916); H3K27me3 antibodies (Abcam, ab192985); 904 

H3K27ac antibodies (Abcam, ab4729); Rabbit anti-RNA polymerase II (Abcam, ab26721); 905 

Rabbit polyclonal anti-AFF3 (Sino Biological, 205373-T02). 906 

pA/G-Tnp transposome binding and optional treatment 907 

The pA/G-Tnp Pro (protein A/G-transposase fusion pre-loaded with adaptors) was diluted to 908 

0.04 µM in Dig-300 Buffer. The supernatants were removed, and then 100 µL of diluted 909 

transposome was added; the samples were mixed by inversion and incubated at room 910 

temperature with rotation for 1 h. After incubation, the strips were placed on a magnet, the 911 

supernatant was discarded, and the beads were washed three times with 200 µL Dig-300 912 

Buffer.  913 
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Tagmentation and DNA release 914 

Washed beads were resuspended in 50 µL of 1× Tagmentation Buffer; the samples were 915 

mixed thoroughly and incubated at 37 °C for 60 min in a thermal cycler with the heated lid off 916 

to prevent excessive evaporation. To stop the reaction and digest proteins, 5.5 µL of freshly 917 

prepared Stop Buffer was added directly to the mixture. The samples were mixed by inversion 918 

and incubated at 55 °C for 30 min, then at 70 °C for 20 min to inactivate Proteinase K. The 919 

strips were briefly centrifuged and placed on a magnetic rack for 2–3 min. The supernatant 920 

(~55 µL) was carefully transferred to a clean 1.5 mL tube, avoiding the bead pellet. 921 

DNA purification with SPRI beads 922 

0.9 volumes (approximately 50 µL) of VAHTS DNA Clean Beads (or equivalent SPRI beads) 923 

were added to the supernatant. Samples were thoroughly mixed by pipetting or vortexing 924 

and incubated at room temperature for 5 min. The tube was placed on a magnetic rack until 925 

the solution cleared (~5 min); then the supernatant was carefully removed and discarded 926 

without disturbing the beads. The beads were washed twice with 200 µL of freshly prepared 927 

80 % ethanol. The beads were air-dried at room temperature for 3–5 min until no liquid 928 

remained and the pellet was apparent. The tube was removed from the magnet. The DNA 929 

was then eluted by adding 22 µL nuclease-free ddH₂O, pipetting and mixing 10 times, and the 930 

DNA solution was incubated at room temperature for 5 min. 15 µL was used for library 931 

amplification, and the remainder was stored at –20 °C. 932 

Library amplification and final cleanup 933 

A 50 µL PCR reaction was prepared containing 15 µL purified DNA, 25 µL 2× CAM (CUT&Tag 934 

amplification master mix), and 2.5 µL each of 10 µM i5 and i7 indexing primers (N5XX and 935 

N7XX). The following program was used: 72 °C for 3 min (strand displacement), 95 °C for 3 min, 936 

then 16 cycles of 98 °C for 10 s, 60 °C for 5 s, and 72 °C for 1 min, with a final hold at 4 °C. The 937 

amplified library was purified by adding 100 µL VAHTS DNA Clean Beads (2× volume), mixing, 938 

and incubating for 5 min at room temperature. The library was washed twice with 200 µL 939 

80 % ethanol as described above, the beads were air-dried, and the target DNA was eluted in 940 

22 µL ddH₂O. 20 µL was transferred to a fresh tube. The library concentration was quantified 941 

with a fluorometric assay (e.g., Qubit), and fragment size distribution was evaluated on a 942 

Bioanalyzer or TapeStation.  943 

 944 

CUT&TAG data analysis 945 

Raw paired-end sequencing reads were first subjected to quality control and adapter 946 

trimming with fastp (v.0.24.0) using default settings; an optional FastQC report was generated 947 

to document read quality before and after trimming. The cleaned reads were then aligned to 948 

a suitable reference genome (GRCh19/hg19) using Bowtie2 (v.2.5.4) with parameters --very-949 

sensitive -X 2000 --no-mixed --no-discordant --no-unal. These settings enforced concordant 950 

paired-end mapping, extended the maximum insert size to 2 kb to accommodate 951 
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nucleosomal fragments, and discarded unpaired or discordant alignments. PCR duplicates 952 

were removed from the resulting BAM file with Picard MarkDuplicates (v.3.1.0). The final 953 

filtered BAM was sorted and indexed with SAMtools. 954 

Normalized coverage tracks were generated from each deduplicated BAM with 955 

deepTools bamCoverage (v.3.5.6) using spike-in normalization, a bin size of 10 bp, and the --956 

centerReads option to center the signal on the inferred fragment midpoint. For every 957 

experimental group containing duplicates, the individual BigWig files were averaged 958 

with bigwigAverage (same bin size) to produce a consensus track. To visualize differential 959 

binding, the control consensus signal was subtracted from the treatment consensus signal 960 

using bigwigCompare at a 10-bp bin size; the resulting differential BigWig was viewed directly 961 

in IGV. 962 

Peak calling was performed independently on each replicate using MACS2 (v.2.2.9.1). The 963 

parameters were -q 0.01, --keep-dup auto, --call-summits, and -g hs. A set of high-confidence 964 

consensus peaks was then derived by keeping only those regions identified in duplicates 965 

through sequential bedtools intersect operations. This conservative strategy minimized false 966 

positives and yielded a robust peak set for further annotation. Genomic annotation of the 967 

consensus peaks was performed with the R package ChIPseeker (v.1.42.1) together with the 968 

corresponding TxDb annotation package (TxDb.Hsapiens.UCSC.hg38.knownGene for human). 969 

Promoters were defined as the interval ±3 kb around the transcription start site.  970 

Motif enrichment analysis was carried out on the consensus peaks using HOMER (v.5.1). A 971 

400-bp window spanning –300 to +100 bp relative to the peak summit was extracted, and 972 

the findMotifsGenome.pl script was run with the -len 8,10,12 option to scan for motifs of 8, 973 

10 and 12 nucleotides.  974 

 975 

RNA fluorescence in situ hybridization (RNA FISH)  976 

Cell preparation 977 

Day 8 gastruloids were collected from 6-well plates into 15-mL tubes and washed once with 978 

1× PBS. Samples were dissociated in 1 mL Accumax per tube by pipetting 10 times, followed 979 

by incubation for 5 min at 37 °C. Cells were pipetted 10 additional times and incubated for a 980 

further 5 min at 37 °C. When no visible clusters remained, dissociation was quenched with 981 

M10 medium. Cells were pelleted at 500 × g for 5 min at room temperature (RT), the 982 

supernatant was removed, and cells were resuspended in 1 mL sorting buffer (2% FBS in PBS). 983 

Cells were stained with DAPI and live single cells were isolated by FACS. 984 

Cytospin 985 
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Sorted cells were deposited onto glass slides by cytocentrifugation (10,000 cells per slide; 800 986 

× g, 3 min). Slides were air-dried in a fume hood. 987 

Slide pretreatment 988 

A hydrophobic barrier was drawn around each cell spot using a wax pen. Cells were fixed with 989 

150 µL 4% paraformaldehyde (Beyotime, P0099) for 5 min, then washed twice with 1× DEPC-990 

treated PBS (2 min each). Endogenous peroxidase activity was quenched with 150 µL 0.3% 991 

H2O2 in 1× DEPC PBS for 10 min at RT, protected from light. Slides were rinsed in a staining 992 

box containing 15 mL 1× DEPC PBS for 3 min, and this rinse was repeated once. Cells were 993 

treated with 150 µL 0.2 M HCl for 5 min. Slides were washed once in 1× DEPC PBS (2 min), 994 

then incubated with 150 µL of 1:8,000 diluted sample pre-treatment solution pre-warmed to 995 

37 °C, for 30–60 s. Slides were washed twice with 1× DEPC PBS (2 min each). 996 

Probe hybridization and amplification 997 

An RNA FISH kit (KunYu Biotech, RFT003-30) from KunYu Company was used. Hybridization 998 

buffer I was pre-warmed to 40 °C (141 µL per sample). Hybridization probe I (9 µL per sample) 999 

was denatured at 85 °C for 2 min, placed on ice, then combined with hybridization buffer I 1000 

and pre-warmed to 40 °C. Residual DEPC PBS was removed from sample slides and dried with 1001 

Kimwipe. A FixoGum barrier was applied, and 150 µL hybridization mix was added per sample. 1002 

Slides were incubated overnight at 40 °C in a water bath. Secondary and tertiary 1003 

hybridizations were performed sequentially, with pre-warmed wash buffer (45 °C; three 1004 

washes, 5 min each) between steps, using hybridization buffers II–III with denatured probes 1005 

II–III (cat) (85 °C, 2 min) followed by incubation at 40 °C for 1 h each. 1006 

Quaternary hybridization, fluorogenic development, and imaging 1007 

Three quaternary hybridization rounds were performed with buffers IV–VI (40 °C; 150 µL per 1008 

sample) and probes IV#1–IV#3 (KunYu Biotech, RFP00247T3, RFP00287T2, RFP00288T4), with 1009 

incubations of 1 h (IV#1) or 50 min (IV#2–IV#3), each separated by three 45 °C wash-buffer 1010 

washes. After quaternary rounds #1–#2, fluorogenic buffer was applied (150 µL; 15 min at RT 1011 

in the dark; dilution 1:1,000 for #1 and 1:3,000 for #2), followed by 3 times of wash-buffer 1012 

washes and blocking buffer (cat) incubation (150 µL; 15 min at 40 °C, dark). After quaternary 1013 

round #3, fluorogenic buffer #3 (1:3,000) was applied (150 µL; 15 min, RT, dark). Slides were 1014 

counterstained with DAPI (150 µL; 5 min, RT, dark), rinsed once with 1× DEPC PBS and 1× 1015 

DEPC H2O, mounted with Fluoromount-G (Southern Biotech, 0100-35), sealed, and imaged. 1016 

 1017 

Cerebral organoid formation 1018 
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hEPSCs were maintained for 2–3 days and then dissociated into single cells. Cells were 1019 

centrifuged at 300 × g for 3 min, and after removal of the supernatant, the pellet was 1020 

resuspended in Organoid Formation Medium supplemented with 10 μM Y-27632. The cell 1021 

concentration was adjusted to approximately 9 × 10^4 cells/mL, and 100 μL of the suspension 1022 

was seeded into each well of a U-bottom ultra-low-attachment 96-well plate, corresponding 1023 

to 9,000 cells per well. Plates were incubated at 37°C for 5 days, with 100 μL of fresh Organoid 1024 

Formation Medium added every other day. 1025 

On day 5, organoid morphology was assessed by microscopy, after which organoids were 1026 

transferred to a low-attachment 24-well plate for induction. One to two organoids were 1027 

placed into each well containing 1 mL Induction Medium and cultured at 37°C for 2 days. On 1028 

day 7, Matrigel was thawed on ice for 1 h, and no more than 16 organoids were embedded 1029 

at a time. Following polymerization of the Matrigel droplets at 37°C for 45 min, embedded 1030 

organoids were transferred to a 6-well ultra-low-attachment plate containing Expansion 1031 

Medium and cultured for 3 days. 1032 

On day 10, Expansion Medium was completely removed and replaced with 3 mL Maturation 1033 

Medium per well. Plates were then placed on an orbital shaker in a 37°C incubator. 1034 

Maturation Medium was changed every 2 days, depending on organoid morphology and 1035 

growth rate. Organoids were collected for analysis by day 40 and processed for flow 1036 

cytometry or immunolabelling. 1037 

 1038 

Animal procedures for cerebral organoid implantation on brain 1039 

All animal experiments complied with ARRIVE (Animal Research: Reporting of In Vivo 1040 

Experiments) guidelines. Studies were also carried out in accordance with the Guidance on 1041 

the operation of the Animals (Scientific Procedures) Act 1986 and associated guidelines and 1042 

the NIH (National Research Council) Guide for the Care and Use of Laboratory Animals. All 1043 

animal studies were conducted under the animal research protocol No. 25-057, approved by 1044 

the Committee on the Use of Live Animals in Teaching and Research (CULATR) at the 1045 

University of Hong Kong. The studies adhered to the Animals (Control of Experiments) 1046 

Ordinance (Hong Kong) and guidelines from the Centre for Comparative Medical Research 1047 

(CCMR), Li Ka Shing Faculty of Medicine, The University of Hong Kong.  1048 

NSG (CCMR) mice (6–8 weeks old, male) were obtained from the Experimental Animal Centre 1049 

of the University, had access to food and water ad libitum, and were maintained under 1050 

pathogen-free conditions. All procedures were performed under anesthesia using 1051 

intraperitoneal injections of a ketamine/xylazine mixture (100 mg/kg ketamine, AlfaMedic 1052 

Ltd., 013004; 10 mg/kg xylazine, AlfaMedic Ltd., 013006). Anesthesia was confirmed by 1053 

checking body reflexes, and ophthalmic ointment (Terramycin®, Pfizer) was applied to 1054 

prevent corneal drying. The calvarial implantation sites on the mouse head were 1055 

decontaminated with alternating applications of 70% alcohol and povidone-iodine 1056 
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(Betadine®) using sterile cotton swabs. The animals received buprenorphine (0.05 mg/kg, 1057 

ATCvet Code,  QN02AE01,) 30-60 min before surgery and twice daily for three days thereafter. 1058 

Meloxicam was provided in the drinking water (0.25mL in 200 mL drinking water; Troy 1059 

Laboratories, Australia) for 3 days post-surgery, followed by 4 days post-surgery. 1060 

The detailed animal procedures are as follows (57). Hair in the surgical area was removed 1061 

using a shaver and hair removal cream (Reckitt Benckiser, 276428). A midline incision was 1062 

made over the calvarium, and a full-thickness flap was elevated. A round, critical-size calvarial 1063 

defect 4 mm in diameter was created with a trepan burr under sterile saline irrigation with 1064 

suction. The mice were randomly assigned to four experimental groups: (1) WT; (2) KO; (3) 1065 

WT + X1; and (4) KO + X1. Organoids from each group were then implanted into the defect 1066 

and covered with a biodegradable, in-house carboxymethyl chitosan/oxidized hyaluronic acid 1067 

membrane (58). The surgical site was sutured with 5-0 nylon monofilament (Ethicon, Inc., 1068 

668G). After surgery, mice were placed in an intensive care unit (ICU) until they fully 1069 

recovered, after which they were returned to their original housing location. 14 days after 1070 

implantation, mice were euthanized by intraperitoneal overdose of pentobarbital (250 1071 

mg/kg; Dorminal®, AlfaMedic Ltd., 013003) for histological processing. 1072 

Harvested head tissues were preserved in 10% neutral buffered formalin (NBF) followed by 1073 

70% ethanol at 4 °C for paraffin sectioning. Tissues were first decalcified in a 12.5% EDTA 1074 

solution under shaking for 3 days at room temperature. Following decalcification, all samples 1075 

were dehydrated, embedded, sectioned, and stained with Harris Haematoxylin (Cancer 1076 

Diagnostic Inc., SH3777) and eosin (Dako, CS701) (H&E). Immunofluorescence was performed 1077 

using a sectioned series of slides, as described above. 1078 

 1079 

Quantification and statistical analysis 1080 

To quantify the fluorescence intensity of SOX2, EOMES, and TUJ1 within the transplanted 1081 

organoids, the whole brain sections containing the organoids were immunolabelled, 1082 

counterstained with DAPI, and then imaged. The DAPI+ cells were detected using QuPath, and 1083 

then the specific immunohistochemical markers were measured. Mean fluorescence intensity 1084 

values in regions of interest (ROIs) were exported and used in the violin plot analysis for 1085 

different groups. One-way ANOVA was used for the grouped analysis, and asterisks were 1086 

added automatically by Prism9 with * P <0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. 1087 

 1088 

Data and code availability 1089 

The processed data and files generated in this study can be found on the download page of 1090 

GitHub: https://github.com/michaelwu12337/AFF3-XIST. 1091 

 1092 
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Fig. 1. AFF3 is enriched in NPC and NMP in human embryos. 1124 

(A) Cartoon of Day 8 gastruloids and Immunofluorescence analysis of gastruloids showing 1125 

SOX17+ yolk sac (YS) endoderm, PODXL+ amnion-like layer (AMN) covering the 1126 

neuroectoderm, T+ primitive streak (PS) cells, and FOXA2+ T+ notochord-like structure. Both 1127 

sagittal and transverse sections show AFF3 expression in SOX2+ and NKX6-1+ neuroectoderm 1128 

(NE). Scale bar = 100 um. (B) UMAP showing cell populations in gastruloids. (C) Enlarged view 1129 

showing neuromesodermal progenitor (NMP) with SOX2, TBXT, NKX1-2, NFEM, CDX2, and 1130 

AFF3 expression. NMP derivative paraxial mesoderm (PXM) markers TBX6, MESP1, and 1131 

MESP2 are detected around the NMP area. (D) Dot plot showing marker genes of each 1132 

population. AFF3 is enriched in both neural progenitor cell (NPC) and NMP, as well as PXM. 1133 

(E) Integrated UMAP visualisation of single-cell transcriptomes from gastruloids and human 1134 

embryos at Gestation Week (GW) 3&4 (14). NPC, NMP, and PXM populations across 1135 

gastruloids and human embryos at GW 3&4. (F) AFF3 expression in NPC, NMP, and PXM from 1136 

panel E. (G) Gene dot plot showing marker genes to annotate NPC, NMP, and PXM in 1137 

gastruloids and human embryos. BP, blood progenitor; CM, cardiac mesoderm; Epi, epiblast; 1138 

NMP, neuromesodermal progenitor; NPC, neural progenitor cell; PGC, primordial germ cell; 1139 

PXM, paraxial mesoderm; TE, trophectoderm; VEC, vascular endothelial cell; YSE, yolk sac 1140 

endoderm. 1141 

 1142 

 1143 

 1144 

 1145 

 1146 

 1147 

 1148 

 1149 

 1150 
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 1152 

 1153 
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Fig. 2. AFF3 loss impairs neural and musculoskeletal development in female gastruloids. 1157 

(A) Representative brightfield image of female AFF3 WT/KO gastruloids. Scale bar: 500 um. 1158 

(B) Polarized gastruloids between female AFF3 WT/KO. (C) Scatterplot of RNA-seq data 1159 

showing DEGs between AFF3 WT and AFF3 KO in female gastruloids. Representative genes 1160 

are highlighted. (D) Heatmaps of bulk RNA-seq datasets from female AFF3 WT/KO show that 1161 

neural and musculoskeletal genes were reduced. (E) Immunofluorescence of neural 1162 

progenitor markers PAX6 (green) and SOX2 (magenta) is reduced in AFF3 KO. (F) Proportion 1163 

of up-regulated or down-regulated cell types specific genes from bulk RNA-seq. Dot plot 1164 

showing the absolute abundance (dot size) and relative expression (dot color) of cluster-1165 

specific genes. Bar plots depicting the percentage of up- and down-regulated cluster-specific 1166 

genes. Bar length corresponds to the proportion of genes. Neurons, neural progenitors, and 1167 

musculoskeletal populations are reduced in female AFF3 KO. (G) Schematic of single-cell RNA 1168 

sequencing and LARRY lineage-barcoding analysis. Female hEPSCs were infected with LARRY 1169 

lentivirus, cultured for 48 hours to allow clonal expansion, split into two replicates, and used 1170 

for gastruloid formation. Gastruloids were harvested at day 6 and day 9 for single-cell 1171 

transcriptomic and lineage-tracing analyses. GFP marks LARRY-infected cells in gastruloids. 1172 

GFP+ cells were sorted for downstream analysis. (H) UMAP showing NPC and neuron defects 1173 

in AFF3 KO, while CM, PGC, VEC, and YSE are enriched. (I) LARRY lineage analysis showing 1174 

epiblast-derived lineage trajectories. In wild-type gastruloids, epiblast cells contribute to 1175 

neural progenitor and neuronal lineages, whereas in AFF3 KO gastruloids, epiblast-derived 1176 

clones preferentially contribute to blood progenitor (BP), cardiac mesoderm (CM), and 1177 

trophectoderm (TE) lineages. BP, blood progenitor; CM, cardiac mesoderm; Epi, epiblast; NPC, 1178 

neural progenitor cell; PGC, primordial germ cell; TE, trophectoderm; VEC, vascular 1179 

endothelial cell; YSE, yolk sac endoderm. 1180 
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Fig. 3. Premature and excessive upregulation of XIST upon AFF3 loss. 1192 

(A) Model of how AFF3 loss dysregulates XIST expression. XIST expression is repressed during 1193 

neural specification at week (W) 3 embryo, then upregulated from W4 in WT. KO induced 1194 

premature and excessive XIST expression. W3 corresponds to Carnegie stages 7 to 9, and W4 1195 

corresponds to Carnegie stages 10 to 13. (B) Violin plots of XIST in the W3 and W4 human 1196 

embryo datasets. XIST is upregulated post-gastrulation. XIST expression during human 1197 

embryogenesis based on single-cell RNA-sequencing data from human embryos (14). (C) XIST 1198 

expression levels at different developmental time points in both female WT/KO gastruloids 1199 

from bulk RNA-seq datasets. XIST is prematurely and excessively upregulated in female AFF3 1200 

KO gastruloids. Male WT and AFF3 KO gastruloids at Day (D) 8 are shown as references. (D) 1201 

XIST expression in female WT & KO gastruloid scRNA-seq. XIST expression is upregulated in 1202 

KO. (E) RNA fluorescence in situ hybridisation for XIST in day 8 wild-type and AFF3 KO 1203 

gastruloid cells. Scale bars indicate 5 μm (left one within the group) and 2 μm (right ones 1204 

within the group). The number of XIST and XACT spots per nucleus is indicated above the 1205 

image. (F) Percentage of cells from (E) with No XIST, Mono XIST, and Bi XIST cells in wild-type 1206 

and AFF3 KO gastruloids. XACT spot number per nucleus (Mono, Bi) is indicated. n>100 cells 1207 

per group. The data are representative of 3 independent experiments. (G) 1208 

Immunofluorescence for AFF3 protein and DNA FISH for chrX-paint in AFF3 WT gastruloid-1209 

derived cells. Scale bars indicate 5 μm. (H) Model of AFF3 regulation of XIST expression. AFF3 1210 

binds to both X chromosomes and represses XIST. XaXa status in WT recapitulates the early 1211 

embryonic development stage. One X chromosome loses XACT, but XIST is not expressed yet. 1212 

KO nucleus expressed XIST in either monoallelic or biallelic manner. BP, blood progenitor; CM, 1213 

cardiac mesoderm; Epi, epiblast; NPC, neural progenitor cell; PGC, primordial germ cell; TE, 1214 

trophectoderm; VEC, vascular endothelial cell; YSE, yolk sac endoderm. 1215 
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Fig.4. Premature and excessive XIST represses autosomal neural and musculoskeletal 1227 

development. 1228 

(A) IGV tracks showing AFF3 protein genomic binding, RNA Pol II genomic binding, XIST RNA,1229 

and H3K9Me3 signal in XIST locus from AFF3 WT/KO gastruloid-derived cells. AFF3 protein 1230 

binds L1PA regulatory element. KO increased RNA Pol II binding at L1PA and XIST expression. 1231 

H3K9me3 is enriched in both WT and KO. (B) Model of how AFF3 regulates XIST expression by 1232 

binding to L1PA. AFF3 binds to L1PA and inhibits XIST expression. H3K9me3 is present in L1PA. 1233 

When AFF3 is KO, RNA Pol II facilitates XIST expression. (C) Schematic of AFF3 KO / XIST KO 1234 

(DKO) and AFF3 +X1 drug treatment workflow. (D) Representative brightfield image of AFF3 1235 

WT/KO/DKO and AFF3 WT/KO/KO+X1 gastruloids. DKO and X1 rescued morphology of KO 1236 

gastruloids. Scale bar: 500um. (E) Quantification of gastruloids with polarization in WT, KO, 1237 

DKO, and KO+X1. (F) IGV tracks showing NAV1 and EPHB1 expression in AFF3 WT, WT+X1, KO, 1238 

KO+X1, and DKO gastruloid-derived cells. (G) Quantification of NAV1 and EPHB1 expression 1239 

levels in WT, KO, DKO, WT+X1, and KO+X1 from bulk RNA-seq. DKO and X1 rescued the 1240 

expression of NAV1 and EPHB1. (H) Heatmaps showing the expression patterns of rescued 1241 

autosomal genes in DKO/KO+X1 compared with KO. (I) Gene Ontology analysis of rescued 1242 

autosomal genes between KO and DKO gastruloids from panel H. Positive values indicate 1243 

pathways upregulated in DKO and KO+X1 gastruloids. Neural and musculoskeletal genes are 1244 

rescued. (J) Model of AFF3 KO, DKO, and KO+X1 treatment rescue autosomal XIST targets 1245 

EPHB1 and NAV1 expression. 1246 
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Fig.5. Dominant-negative AFF3 results in dysregulated neurogenesis. 1261 

(A) Heatmaps showing clinical patients with heterozygous/homozygous/compound AFF3 1262 

dominant-negative (DN) mutant patients and loss-of-function (LOF) mutant patients. DD 1263 

(developmental delay), ID (intellectual disability). Patient data were extracted from PMID: 1264 

38811945 (7). (B) The dumbbell plot shows that AFF3 dominant-negative (DN) mutant 1265 

patients preferentially have severe DD/ID and Seizure/Epilepsy compare with LoF mutant 1266 

patients. (C) Representative brightfield image of female AFF3 WT, DN#1, DN#2, and X1-1267 

treated gastruloids. Scale bar: 500 um. (D) Scatterplot of RNA-seq data showing DEGs 1268 

between AFF3 WT and AFF3 DN in female gastruloids. Representative genes are highlighted. 1269 

(E) GO analysis showing adjusted p-values for up-regulated/down-regulated DEGs related GO 1270 

terms in AFF3 DN gastruloids compared with WT gastruloids. (F) Heatmaps showing the 1271 

expression patterns of neural lineages including neural progenitors, general mature neurons, 1272 

excitatory neurons, and inhibitory neurons in AFF3 DN gastruloids compared with WT 1273 

gastruloids. 1274 
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Figure 6
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Fig. 6. XIST targeting rescues cerebral organoid formation. 1293 

(A) Representative morphology of wild-type, KO, and DKO cerebral organoids over 25 days of 1294 

differentiation. KO organoids show impaired morphogenesis, which is rescued by DKO. (B) 1295 

Stereoscopic images of day 25 cerebral organoids, with hematoxylin and eosin staining and 1296 

immunofluorescence of organoid sections. KO organoids form sac-like structures. Expression 1297 

of the neural progenitor marker PAX6 is reduced in KO organoids and restored in DKO 1298 

organoids. (C) UMAP visualization of cell populations in day 25 wild-type, KO, and DKO 1299 

cerebral organoids (top). Quantification of neuronal lineage cells across wild-type, KO, and 1300 

DKO organoids (bottom). (D) UMAP plots and IF staining showing the expression patterns of 1301 

the representatively rescued gene SFRP2. SFRP2 expression is reduced in KO, and is restored 1302 

in DKO. Scale bar: 100 um. (E) Venn diagram showing overlap between genes rescued by DKO 1303 

and previously reported autosomal XIST target genes (15). The 44 overlapping genes were 1304 

analysed in (F). (F) Gene Ontology analysis of the 44 overlapping autosomal XIST target genes 1305 

enriching neural and musculoskeletal development. BP: Blood progenitor. CycP: Cycling 1306 

progenitor. EC: Endothelial cell. EN: Excitatory neuron. Epi: Epiblast. FP: Forebrain progenitor 1307 

early neuron. Kid: Kidney. IEN: Immature deep layer excitatory neuron. MCP: Meningeal 1308 

choroid plexus-like cells. ME: Meso-endoderm. NC: Neural crest. NCM: Neural crest 1309 

melanocyte lineage. PSN: Peripheral sensory neuron. RGP: Radial glia apical progenitor. SMC: 1310 

Smooth muscle cell. YSE: Yolk sac endoderm. 1311 
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Figure 7
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Fig.7. XIST targeting rescues neurogenesis in vivo.  1326 

(A) Schematic of female AFF3 WT, WT+X1, KO and KO+X1 cerebral organoids in vivo 1327 

transplantation workflow. (B) Representative brightfield images of female AFF3 1328 

WT/WT+X1/KO/KO+X1 cerebral organoids at different time points. KO organoid shows 1329 

reduced size, which is rescued by X1. Scale bar: 500 um. (C) Representative H&E images of 1330 

female AFF3 WT, WT+X1, KO and KO+X1 cerebral organoids after two weeks of 1331 

transplantation. Scale bar: 100 um. Inset panels show cortex formation in WT and ossicle 1332 

formation in KO. X1-treated KO organoid grows larger with cortex formation. (D) 1333 

Representative immunofluorescence images of cerebral organoid sections. Grey, DAPI; Green, 1334 

SOX2; Orange, EOMES; Magenta, TUJ1. KO reduced SOX2+ neural progenitor cells, EOMES+ 1335 

intermediate neural progenitors, and TUJ1+ mature neurons, which are restored by X1. Scale 1336 

bar: 50 um. (E) The violin plot shows the mean fluorescent intensity of each specific marker 1337 

in all groups. One-way ANOVA was used for the grouped analysis. N=600~2400. Data are 1338 

shown as the mean ± SEM. **P < 0.01, ***P < 0.001, and ****P < 0.0001. 1339 
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Figure S1. Super elongation factors are expressed in human, mouse embryos, and 1357 

gastruloids. 1358 

(A) The Dotplot analysis of super-elongation factors in mouse embryo E7.5 datasets. (B) The 1359 

Dotplot analysis of super-elongation factors in human gastruloid datasets. (C) The Dotplot 1360 

analysis of super-elongation factors in human embryo scRNA-seq datasets. (D) The heatmap 1361 

showing the similarity of human embryo datasets to human gastruloids by Pearson 1362 

correlation analysis. 1363 
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Figure S2. Characterisation of AFF3 KO, XIST KO hEPSCs. 1386 

(A) Schematic representation of the AFF3 knockout strategy. Exons 3 and 4 are targeted. (B) 1387 

Genomic PCR analyses using the primer sets flanking the cleavage sites verifying the genomic 1388 

DNA deletion of AFF3 (Top) and Sanger sequencing of the two cut PCR fragments validating 1389 

the genomic DNA deletion of AFF3 (Bottom). (C) Schematic representation of the XIST 1390 

knockout strategy. Exon 1 is targeted. (D) Genomic PCR analyses using the primer sets flanking 1391 

the cleavage sites verifying the genomic DNA deletion of XIST (Top) and Sanger sequencing of 1392 

the two cut PCR fragments validating the genomic DNA deletion of XIST (Bottom). (E) 1393 

Schematic representation of AFF3 WT/KO organoid generation and RT-qPCR analysis of AFF3 1394 

expression in AFF3 WT and two AFF3 KOs in Day6 gastruloids. (F) Immunostaining confirming 1395 

that the AFF3 KO organoids lack AFF3 expression. Scale bar: 100 um. 1396 
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Figure S3. The temporalVAE analysis of human gastruloids. 1417 

(A) The conversion of  TemporalVAE days to Human Carnegie Stage (top) and TemporalVAE 1418 

analysis of human gastruloid dataset compared with previously published human early 1419 

embryo development scRNA-seq datasets (bottom). Human gastruloid scRNA-seq data can be 1420 

clustered with the embryo reference dataset. (B) The alignment of human WT/KO organoids 1421 

to reference embryo datasets. WT samples were much more mature than KO on day 6 or 9. 1422 

(C) The prediction time of specific cell clusters in human gastruloids. PSC: pluripotent stem 1423 

cells; VEC: vascular endothelial cells; TE: trophectoderm; PGC: primordial germ cell; YSE: yolk 1424 

sac endoderm. Comparison of celltype level, neural progenitors were mature in the WT 1425 

(embryo day 14-19). 1426 
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Figure S4. AFF3 KO upregulates XIST expression and dysregulates X-linked gene expression. 1447 

(A) The qPCR analysis of XIST expression in AFF3 WT and several AFF3 KOs. P1 and P2 stand 1448 

for two sets of primers. (B) The heatmap showing the X-linked gene expression in WT/KO 1449 

gastruloids. 1450 
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Figure S5. The X-linked neural genes ZNF185, MID1, MECP2, GPM6B, CA5B expression in 1476 

gastruloids and cerebral organoids. 1477 

(A) The bar graph showing the GPM6B, ZNF185, MID1, and MECP2 expression in AFF3 1478 

WT/KO/DKO gastruloids. (B) The bar graph showing the GPM6B, ZNF185, MID1, MECP2 1479 

expression in AFF3 WT/KO/KO+X1 gastruloids. (C) the UMAP showing the XIST, ZNF185, MID1, 1480 

MECP2, GPM6B, CA5B expression in AFF3 WT/KO/DKO cerebral organoids. 1481 
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Figure S6. UMAP showing the TSIX, JPX, YY1, ZFP42 (REX1) expression in AFF3 WT/KO/DKO 1505 

cerebral organoids. 1506 
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Figure S7. Imprinted gene expression and non-neuronal lineage proportions in AFF3 1533 

WT/KO/DKO cerebral organoids. 1534 

(A) UMAP showing maternal gene expression, including MEG3, MEG8, MEG9, and paternal 1535 

gene expression, including DLK1, RTL1 expression in AFF3 WT/KO/DKO cerebral organoids. (B) 1536 

Bar plot showing fraction of non-neural lineages including blood progenitors (BP), endothelial 1537 

cells (EC), kidney-lineage cells (Kid), meso-endoderm (ME), smooth muscle cells (SMC), and 1538 

yolk sac endoderm (YSE) in AFF3 WT/KO/DKO cerebral organoids, normalized to WT. 1539 
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Figure S8. Pharmacological inhibition and genetic knockout of XIST can upregulate neural 1562 

marker gene expression. 1563 

(A) Scatterplot of RNA-seq data showing DEGs in KO vs WT, DKO vs KO, WT vs WT+X1, WT vs 1564 

KO, KO vs KO+X1 in female gastruloids. (B) Heatmaps showing the expression patterns of 1565 

neural lineages, hematopoietic lineages, cardiac lineages, and three germ layers in AFF3 KO 1566 

gastruloids compared with WT gastruloids. (C) Heatmaps showing the expression patterns of 1567 

DEGs in DKO (left)/KO+X1(right) compared with KO. (D) Venn Diagram showing the 1568 

overlapping 68 genes between DKO rescued genes and KO+X1 rescued genes (top), and then 1569 

the final overlapping genes between the 68 genes and XIST targeting genes. 1570 
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Figure S9. Genetic and functional characterization of a low-frequency variant within the 1592 

XIST enhancer. 1593 

(A) Schematic representation of the XIST enhancer and the candidate variant rs181666294 on 1594 

chromosome X (GRCh38). rs181666294 is located within the experimentally identified XIST 1595 

enhancer at chrX:73,877,041–73,878,379 and represents a C>G substitution in the GRCh38 1596 

genomic orientation. The surrounding reference (REF) and alternative (ALT) sequences are 1597 

shown. The alternative allele is present at low frequency in European populations (gnomAD 1598 

non-Finnish European allele frequency approximately 0.39%; ~0.5% in 1000 Genomes EUR). 1599 

(B) Regional association plot from a large X chromosome-wide association study of 1600 

Alzheimer’s disease in women of European ancestry. rs181666294 showed a nominal 1601 

association with Alzheimer’s disease in the female-stratified analysis (P = 0.0064; β = −0.232, 1602 

effect allele frequency = 0.0042). (C) Regional analysis of nominal Alzheimer’s disease 1603 

association signals surrounding the XIST enhancer. rs181666294 is highlighted in orange. Two 1604 

nearby low-frequency variants showing similar negative Alzheimer’s disease association 1605 

signals in women are highlighted in dark green: rs750841188, a 1-bp deletion located 1606 

approximately 43 kb from the enhancer (P = 0.0046), and rs144306243 (G>C), located 1607 

approximately 196 kb from the enhancer (P = 0.0012). In the 1000 Genomes Phase 3 European 1608 

reference population, these variants showed moderate linkage disequilibrium with 1609 

rs181666294 (rs750841188, r² = 0.33; rs144306243, r² = 0.60). (D) Predicted effects of 1610 

rs181666294 on transcription factor binding motifs using JASPAR position frequency matrices. 1611 

Sequence-based motif analysis predicted that the C>G substitution reduces the relative match 1612 

score for IRX5 (MA2680.1; REF = 0.868, ALT = 0.626, Δ = −0.242) and MEIS1 (MA0498.3; REF 1613 

= 0.864, ALT = 0.629, Δ = −0.235). Sequence logos represent the corresponding JASPAR motifs. 1614 
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