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% Check for updates How the ubiquitously expressed splicing factors specifically regulate neural

crest (NC) development and enhance their vulnerability to splicing perturba-
tions remain poorly understood. Here, we show that NC-specific DLCI, part-
nering with SF3B1-PHF5A splicing complex, are crucial for determining avian
trunk NC cell fate by regulating the splicing of NC specifiers SOX9 and SNAI2
pre-mRNAs rather than their upstream regulators BMP4, WNTI, and PAX7.
Mechanistically, SF3B1-PHF5A binds to the intronic branch site (BS) sequences
of all factors, while DLCI interacts with a specific motif near the BS sequences
of SOX9 and SNAL2, thereby determining their functional specificity in NC
specification. Moreover, DLC1 increases NC cells’” vulnerability to splicing
modulator pladienolide B (PB) by reducing the binding capacity of the SF3BI1-
PHF5A splicing complex to the shorter length of both SOX9 intron 2 and SNAI2
intron 1, which possess weaker polypyrimidine tract 3’ of the BS sequence,
resulting in intron retention and loss of NC progenitors. Conversely, somite
specific SLU7-SF3B1-PHF5A splicing complex regulates SOX9 and SNAI2
expression and imparts resistance to PB. Our data reveal the cell-type specific
splicing complexes with distinct vulnerabilities to PB, highlighting the critical
role of the DLC1-SF3B1-PHF5A in determining trunk NC cell fate and enhancing
its susceptibility to splicing perturbation.

In vertebrates, multipotent neural crest cells (NCCs) are specified at the
neural plate border between the neural plate and the non-neural ecto-
derm in the late gastrula stage of chick embryos'. Following neural tube
closure, prospective NCCs in the dorsal neural tube undergo epithelial-
mesenchymal transition (EMT) to acquire directional migratory behavior
toward the periphery, where they give rise to the craniofacial structures

and the peripheral nervous system?. Numerous studies have established
a gene regulatory network (GRN) in which neural crest (NC) inductive
signals (WNTs, BMPs, and FGFs)®> cooperate with neural plate border
specifiers (PAX7 and MSX1/2) to activate the transcription of NC specifier
genes (S0X9, SNAI2 and FOXD3) that determine NCC fate and EMT
features*”’. Notably, SOX9 and SNA/I2 are intron-containing genes that
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require additional underlying regulatory control of their pre-mRNA
splicing to generate functional proteins. However, components of the
spliceosome complex that regulate the pre-mRNA splicing of these NC
specifiers remain largely unknown. In addition, genes encoding the
spliceosome components are generally ubiquitously expressed, yet their
mutations can lead to craniofacial malformations®, suggesting a specific
vulnerability of cranial NCCs to splicing abnormalities. Whether there is a
similar susceptibility due to altered spliceosome components in trunk
NCCs remains to be determined.

RNA splicing is a multi-step process regulated by the spliceosome,
which comprises five small ribonucleoprotein particles (snRNPs) U1,
U2, and U4/U5/U6 and their associated proteins unique to each
snRNP’. Multi-RNAs and proteins are recruited and assembled on
introns and then spliced by the stepwise recognition of the 5’ splice
site, the branch site (BS) sequences (CURAY, branch point adenosine
[BP-A] underlined), and the 3’ splice site'’. These processes produce
reactive groups for intron excision and ligation of exons catalyzed by
the spliceosome. A core component of U2 snRNP is SF3BlI, the largest
subunit of the SF3B complex, which plays a crucial role in recognizing
BS sequences by base-pairing with the U2 snRNA GUAGUA sequence to
form the U2/BS duplex. This duplex contains a bulged adenosine that
promotes its stabilization in the early stages of spliceosome assembly".
In mouse embryos, SF3B1 is ubiquitously expressed but is more
strongly expressed in the dorsal neural tube along the anterior-
posterior axis”. Moreover, SF3B1 null mutants die during pre-
implantation at around stage 16-32", indicating SF3B1 has an essential
role in embryogenesis. Despite its broad expression, several reports
have demonstrated that SF3B1 has specific functions in skeletal
patterning”®, adult brain neurogenesis* and regulating the pro-
liferative capacity of hematopoietic stem cells”, indicating that SF3B1
has distinct regulatory roles in different cellular and tissue contexts.
Consistently, hypomorphic sf3bI mutant zebrafish embryos showed a
marked reduction in the expression of a subset of trunk NC specifiers
(e.g., sox9b, snaillb) partly due to aberrant processing of their pre-
mRNAs, which led to defects in NC survival, migration, and lineage
differentiation’, suggesting that trunk NCCs are vulnerable to altered
splicing machinery, yet the underlying mechanisms are not clear.

The PHD-finger domain protein 5 A (PHF5A), a member of the PHD
zinc finger superfamily, is a highly evolutionarily conserved splicing
factor ubiquitously expressed in the nucleus of eukaryotes from yeast
to humans”. It is intimately associated with SF3B1, SF3B3, and SF3BS5,
which together form the core of the SF3B complex in U2 snRNA
protein'®, Moreover, PHF5A serves as a bridge protein to facilitate
interactions between U2 snRNA and ATP-dependent helicase in dif-
ferent phases of the splicing process®?°. Structural analysis has
revealed that the BP-A is flipped out from the U2/BS duplex and
sequestered in a sequence-conserved pocket formed by SF3B1 and
PHF5A, a critical step in the pre-mRNA splicing process**. Several
small-molecule antitumor compounds have been identified to act as
splicing modulators that bind the BP-A pocket of the SF3B1-PHF5A
complex in a competitive manner to disrupt the interaction with BP-
A%, These compounds affect pre-mRNA splicing patterns in cells by
triggering global exon skipping and intron retention depending on the
sequence of the inhibited substrate, and the modulator structure,
affinity and dose***. Apart from its involvement in splicing, PHF5A can
function as a transcription factor regulating the expression of con-
nexin43 gene in response to estrogen®®, modulating stem cell features
in pancreatic cancer cells”, and maintaining the pluripotency of
embryonic stem cells (ESCs)*. Given that SF3B1 is required for NC
specification via regulating the splicing of NC specifiers and that
PHF5A regulates the pluripotency of ESCs, it is plausible that PHF5A is
associated with SF3B1 in regulating the formation of multipotent NC
stem cells at the transcriptional and/or post-transcriptional level.

Here, we employed the CRISPR-Cas9 genome editing approach in
avian embryos to demonstrate the essential role of NC-specific DLC1, in

association with the ubiquitously expressed SF3B1-PHF5A complex, in
determining the fate of trunk NCCs by regulating the pre-mRNA splicing
of NC specifiers SOX9 and SNA/2, rather than their upstream regulators
BMP4, WNT1, and PAX7. Global splicing analysis of intronic sequences
retained in DLCI gRNA cells identified a specific DLC1 binding motif near
the BS sequence bound by the SF3B1-PHF5A complex within the introns
of SOX9 and SNAI2 and a subset of genes associated with NC specifi-
cation and EMT, thereby determining their functional specificity.
Treatment with the splicing modulator pladienolide B (PB) in avian
embryos inhibited the recognition of BS sequences by the SF3B1-PHF5A
complex, leading to the loss of SOX9 and SNAI2 expression in trunk
NCCs. However, the expression of these genes remained unchanged in
somites lacking DLC1 expression. Mechanistically, DLC1 weakened the
binding capacity of the SF3B1-PHF5A splicing complex to the shorter
length of both SOX9 intron 2 and SNA/2 intron 1, which exhibit a weaker
Polypyrimidine (Py)-tract than in SOX9 intron 1 and SNAL2 intron 3. This
explains the heightened susceptibility of NCCs to PB, resulting in intron
retention and loss of NC progenitors. In contrast, the somite-specific
complex of SLU7-PHF5A-SF3B1 regulates the splicing of SOX9 and SNAI2
pre-mRNAs and confers resistance to PB. Overall, our findings demon-
strate the critical role of the NC-specific DLCI-SF3B1-PHF5A splicing
complex in determining trunk NCC fate and increasing its susceptibility
to splicing perturbation.

Results

DLC1 is required for pre-mRNA splicing of SOX9 and SNAI2
introns

Our previous studies have shown that DLCI is expressed in early dela-
minating and emigrating trunk NCCs from Hamburger and Hamilton
(HH) stages (st) 11 to 13 of chick embryo development, consistent with its
role in governing directional delamination and migration®. However, a
reexamination of DLCI expression in the trunk region of st 8-12 chick
embryos revealed its onset after neural tube closure in the premigratory
NC region, where prospective NC progenitors express SOX9 and SNA2
(Figs. Sla and 1a), suggesting a potential role of DLC1 in NC specification.
Expression of DLCI1 is downregulated as NCCs migrate further (Fig. S1a).
To investigate the role of DLC1 in NC formation, we used CRISPR/Cas9
genome editing to knockout (KO) DLCI in developing chick neural tubes
at st 9-10, coinciding with the onset of DLC1 expression. Two different
guide RNA (gRNA) oligos were designed to target DLCI exon 9 (DLCI
8RNAI and gRNA2) (Fig. 1b) and a non-targeting gRNA served as a control
(Ctrl). Each gRNA or Ctrl gRNA was co-electroporated with a construct
encoding nuclear Cas9 and GFP into the right side of the avian trunk
neural tubes® (Fig. 1c). The electroporated embryos were analyzed at
9 h post-transfection (hpt) when the effect of gene KO became evident,
as demonstrated by a complete loss of DLCI protein expression in both
gRNAs compared to the Ctrl gRNA (Fig. 1d). We present the results of
DLCI gRNAI unless otherwise stated, as similar findings were observed
with both gRNAs. Electroporation of DLCI gRNAI led to cell-autonomous
reductions in the expression of SOX9, SNAI2, and FOXD3 in the pre-
migratory NC domain compared to the Ctrl gRNA (Fig. 1e). Fluorescence-
activated cell sorting of transfected cells for qPCR analysis further
confirmed reduction of their mRNA levels (Fig. 1f-h). Importantly, the
reintroduction of full-length DLC1 was sufficient to restore the
decreased expression of SOX9, SNAI2, and FOXD3 caused by DLCI gRNA1
(Fig. 1e and Fig. S1b), highlighting the specificity of DLCI KO. However,
domain mapping analysis revealed that neither individual functional
domain nor their combinations were able to rescue the loss of NC
specifiers expression in DLCI KO cells (Fig. S1b-d), implying that all
domains play a critical role in regulating the expression of these genes.
In addition, we observed the nuclear localization of ectopic DLC1
(Fig. 1i), indicating its potential involvement in gene expression regula-
tion. Immunofluorescence staining revealed a loss of SOX9 expression
in the dorsal neural tube transfected with DLCI gRNAI, while the
expression of neural stem/progenitor marker SOX2 was upregulated
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Fig. 1| DLC1 is required for neural crest specification through the regulation of
S0X9 and SNAI2 pre-mRNA splicing. a co-localization of DLCI, SOX9, and SNAI2
mRNA in premigratory NCCs. b Targeting strategy. ¢ Experimental workflow. d Loss
of DLCI1 expression in both gRNA treatment groups. e Reduced expression of SOX9,
SNAI2, and FOXD3 in dorsal neural tubes transfected with DLCI gRNA (white
arrowheads). Black arrows indicate that overexpression of full-length DLC1
restored the expression of SOX9, SNAI2 and FOXD3 in cells transfected with DLC1
8RNAL Scale bar, 50 um. f-h Reduced expression levels of SOX9, SNAI2 and FOXD3
in DLCI-depleted cells compared to Ctrl gRNA (n =5 embryos per treatment).

i Nuclear localization of ectopic V5-DLCI (open arrowheads) in the dorsal neural
tube. j Electroporation of DLCI gRNAI led to reduced SOX9 expression (white open
arrowheads) and upregulated SOX2 expression (white solid arrowheads) in the
dorsal neural tube. Dotted lines outline the neural tubes. Scale bar, 50 um.
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k Quantification of SOX2 fluorescence intensity. (n =9 embryos per treatment).

1 Reduced HNK-1 expression (white open arrowheads) in DLCI gRNA 1 transfected
side. Horizontal white dotted lines indicate the axial level of transverse sections.
Scale bar, 100 um. m Unaltered expression of RNA Pol II-pSer5 and -pSer2 in DLCI
knockout groups. IR-qPCR analysis indicated increased levels of SOX9 introns 1/2
(n) and SNALZ introns 1/3 (p) in embryos treated with DLCI gRNAI (n=5 embryos
per treatment). Arrows indicate primer pairs flanking the BP-A (A) in each intron of
S0X9 (0) and SNAI2 (q) pre-mRNA. r Detection of SOX9 introns 1/2 and SNAI2 introns
1/3 in the dorsal neural tubes transfected with DLCI gRNA1, while no signal was
detected in Ctrl gRNA. “+” indicates the transfected side. Scale bar, 50 um. The
minima, maxima, center, percentile values and the exact p-values are listed in the
Source data file. Mean + SD. **P < 0.01, ***P < 0.001. NCCs neural crest cells, Ctrl
control, IR intron retention.

(Fig. 1j, k), suggesting a switch in cell fate from NC to neural lineage. This
was accompanied by a significant reduction in migratory NCCs expres-
sing HNK-1 (Fig. 11). Importantly, the levels of NC inductive signals WNTI,
BMP4, and the expression of neural plate border specifier PAX7 were
unaffected by DLCI gRNAI and gRNA2, indicating that the decrease in
expression of NC specifier genes was not due to alterations in the

expression of their upstream regulators in the GRN (Fig. Sle-h). In
addition, the levels of RNA polymerase Il phosphorylation at Ser 5 (Polll-
pSer5) and Ser 2 (Polll-pSer2), which are involved in transcription
initiation and elongation®, respectively, were not significantly affected
by DLCI gRNAI and gRNAZ2 (Fig. 1m). To investigate whether DLCI1 reg-
ulates transcriptional elongation of NC specifier genes, chromatin

Nature Communications | (2025)16:6718


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-62003-6

immunoprecipitation of Polll-pSer2 was performed at multiple sites
along the SOX9 and SNAI2 genomic DNA in embryos treated with DLCI
8RNAI or Ctrl gRNA. We detected a 4-fold enrichment of Polll-pSer2 at
the 500 bp downstream of the SOX9 transcriptional start site in cells
transfected DLCI gRNAI compared to those transfected with Ctrl gRNA.
However, the enrichment was reduced to a level similar to the Ctrl gRNA
from 1000 bp onwards to the end of the SOX9 gene body (Fig. S1i). There
is no significant difference in the degree of Polll-pSer2 association with
SNAI2 genomic DNA at different sites between DLCI gRNAI and Ctrl
ZRNA (Fig. Sl1j), indicating that transcriptional elongation still occurs in
the absence of DLCI. These findings suggest that DLC1 is not directly
involved in transcriptional regulation. Instead, intron retention analysis
revealed increased levels of SOX9 introns 1 and 2 in DLCI KO transfected
cells compared to the Ctrl gRNA (Fig. 1n, o). Similar results were
observed for SNAI2 introns 1 and 3, although intron 2 was too short for
detection (Fig. 1p, q). Hybridization chain reaction (HCR) analysis was
able to detect the intron-retained SOX9 and SNAI2 mRNAs in the dorsal
neural tubes transfected with DLCI gRNAI (Fig. Ir). These results suggest
that the downregulated expression of SOX9 and SNAL2 in response to
DLCI KO may be attributed to the dysregulated splicing process of their
pre-mRNAs. Considering that SOX9 regulates FOXD3 expression®, the
loss of FOXD3 expression in DLCI KO cells may be due to the depletion of
SOX9" NC progenitors. Taken together, these findings suggest that DLC1
is required for NC specification by regulating pre-mRNA splicing of SOX9
and SNAL2.

DLC1 associates with the PHF5A-SF3B1 splicing complex which is
required for pre-mRNA splicing of SOX9 and SNAI2 introns

To elucidate the molecular mechanism by which DLC1 regulates gene
splicing, we conducted mass spectrometry (MS) analysis on DLCI-
immunoprecipitated lysates from chick neural tubes to identify inter-
acting factors of DLCI. Among the many DLCl-interacting factors
involved in diverse molecular functions, one of the major categories is
RNA-binding proteins, which mainly consist of splicing factors (Fig. 2a,
S2a). This category includes PHF5A and SF3Bl1, both of which are
components of the SF3B complex within the U2 snRNP spliceosome
involved in pre-mRNA splicing® (Fig. 2a, Dataset 1). Immunoprecipita-
tion experiments confirmed the association of endogenous DLCI with
PHF5A and SF3B1 (Fig. 2a). Consistently, MS analysis of PHF5A-
immunoprecipitated lysates from chick neural tubes demonstrated
the existence of the endogenous PHF5A-SF3B1 complex (Fig. 2b, Data-
set 2), and their interaction was further confirmed by immunoprecipi-
tation (Fig. 2b). Additionally, we detected co-localization of the
ubiquitously expressed PHF5A-SF3B1 complex with DLC1 in the pre-
migratory NCCs (Fig. S2b). The ability of DLCI to interact with the
PHF5A-SF3B1 splicing complex raises the possibility that PHF5A-SF3B1
could be involved in NC specification. To investigate this hypothesis, we
employed a similar CRISPR/Cas9 genome editing approach to KO
PHF5A in developing chick neural tubes using two gRNA oligos targeting
exons 3 and 4 of PHF5A (gRNAI, gRNA2) (Fig. 2c). After 9 hpt, we
observed a significant reduction of PHF5A expression in gRNA-
transfected cells compared to the Ctrl gRNA (Fig. 2c), confirming suc-
cessful PHF5A KO. For subsequent studies, we utilized gRNAI as similar
results were obtained with gRNA2. Electroporation of PHFSA gRNA1
resulted in cell-autonomous downregulation of SOX9, SNAL2, and
FOXD3 expression in the premigratory NC region, as confirmed by qPCR
analysis of sorted cells when compared to the unaltered expressions
observed in Ctrl gRNA and the untransfected side (Fig. 2d-i). Co-
expression of PHF5A gRNA1/Cas9 constructs with a vector encoding full-
length chick PHF5A cDNA, rather than the PHD domain alone, restored
the expression of NC specifier genes (Fig. 2d, f, h and Fig. S2c),
demonstrating the specificity of PHF5A KO. Consistent with the down-
regulation of NC specifiers, the domain of SOX2 expression expanded
into the NC territory, where SOX9 was diminished (Fig. 2j, k), indicating
a switch in cell fate from NC to neural progenitors. Similar to the results

observed with DLCI KO, PHF5A gRNA did not alter the expression levels
of WNTI1, BMP4, and PAX7 (Fig. S2d-g). The loss of NC progenitors in
PHFSA KO embryos resulted in a lack of migratory NCCs expressing
HNK-1 (Fig. 2I). As PHF5A has been implicated in the control of tran-
scriptional elongation of genes that maintain pluripotency in ESCs*, we
investigated whether PHF5A associates with Polll to regulate the tran-
scription of NC specifier genes. Immunoprecipitation experiments
revealed that PHF5A did not interact with Polll-pSer5 or Polll-pSer2
(Fig. S2h, i)*". Despite the efficient KO of PHF5A, the levels of Polll-pSerS
and Polll-pSer2 remained largely unchanged (Fig. 2m), indicating that
the loss of NC specifier gene expression following PHF5A KO is not due
to altered levels of the transcriptional machinery. Instead, PHF5A gRNAI
led to increased levels of introns 1 and 2 of SOX9 and introns 1 and 3 of
SNAI2, when compared to the Ctrl gRNA (Fig. 2n-q). HCR analysis
detected the expression of these introns in PHF5A KO embryos but not
in Ctrl gRNA-treated embryos (Fig. 2r). Similarly, SF3B1 KO resulted in a
loss of NC progenitors due to intron retention of SOX9 and SNAI2 pre-
mRNA without altering the expression of their upstream regulators and
transcriptional machinery (Fig. S3a-q). Importantly, PHF5A KO and
SF3B1 KO did not affect the expression levels of SF3BI or PHF5A,
respectively (Fig. S3r, s), indicating they do not regulate the expression
of each other to determine NCC fate.

In contrast, we did not observe a reduction or loss of SOX9 and
SNAI2 mRNA expression in cranial NCCs transfected with each gRNA
construct (Fig. S4a), indicating that the effects are specific to the trunk.

To further confirm the splicing defects in each KO, we conducted
RT-PCR with specific primers to examine the levels of unspliced and
spliced forms of each intron (Fig. S5a, b). The use of two different gRNAs
targeting PHF5A, SF3BI, and DLCI genes resulted in increased ratios of
unspliced transcripts to varying degrees for each intron of SOX9 and
SNAI2 when compared to the gRNA Ctrl (Fig. S5¢—j). Conversely, the
unspliced forms of PAX7, BMP4, and WNTI were not predominantly
expressed in all KO treatments and Ctrl gRNA, except for BMP4 intron 2
which did not show a discernible difference in the ratio of unspliced and
spliced counts between each KO and Ctrl gRNA (Fig. S6a-f). These
findings are consistent with the unaltered mRNA levels of BMP4, WNTI,
and PAX7 when DLCI, PHF5A, or SF3BI1 are absent (Figs. Slc-f; S2d-g;
S3g-j). Additionally, RT-PCR analysis indicated that there was no exon
skipping of SOX9 and SNAL2 in any of the KO treatments (Fig. S7a-d),
suggesting that the decreased expression of SOX9 and SNAI2 mRNA in
all KO treatments is primarily due to intron retention. In agreement with
this, transcriptomic profiling of sorted GFP* cells from embryos treated
with each gRNA confirmed increased intron depth for SOX9 and SNAI2
compared to the Ctrl gRNA (Fig. 3a, Dataset3). Moreover, global splicing
analysis revealed that most of the affected genes involved in NC spe-
cification and cell-cell adhesion for EMT exhibited intron retention in all
KO treatment groups (Fig.3a, S7e, i). For instance, IDI*, TFAP2A**, MYC®,
SOX10%, LMO4*, CDH2*, CDHI*®, CDHII***° showed varying levels of
intron retention in each KO treatment (Fig. 3a). In addition, some of
these factors also manifested defects in other splicing events (Fig. 3b,
S7f-i). CDHII exhibited exon skipping in all treatment groups and 5
splicing in both DLC1 KO and PHF5A KO, while other factors displayed 5
and 3’ alternative splicing events depending on the KO treatment
(Fig. 3b, S7f-i). Consequently, these factors exhibited aberrant expres-
sion levels in each KO group (Fig. 3c-e). In contrast, the levels of
retained introns for PAX7, BMP4, and WNTI were low or comparable in
all treatment groups (Fig. 3a). Similarly, no aberration was observed in
the splicing of other neural plate border specifiers MYB", PAX3, ZICI1*,
the inductive signal FGFI*, and the regulators of NC lineages ADAR",
APC2", and MAPK10* (Fig. 3a). Thereby, expression of these factors
remained unaltered in all treatment groups (Fig. 3f-h). Collectively,
these findings suggest that nuclear DLC1 associated with the PHF5A-
SF3B1 splicing complex has a specific role in NC determination and EMT
by regulating the splicing of SOX9 and SNAI2 pre-mRNA and other
essential factors involved in these processes.
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DLCI1 determines the functional specificity of the PHF5A-SF3B1
splicing complex in NC specification and EMT by binding to a
specific motif within introns related to these processes

Given the ubiquitously expressed SF3B1-PHF5A complex is essential
for recognizing BS sequence to create the bulged BP-A pocket during
the splicing process™?**, the specific splicing function of DLC1
prompted us to examine whether there is a DLC1 binding motif present

in the intron of genes essential for NC specification and EMT. By
comparing the sequences of introns affected and unaffected by DLC1
KO treatment, we identified a motif (CUCCGGKU), that ranks the
highest among others according to their statistically significant pre-
dominance in the affected introns compared to the unaffected ones
(Fig. S8a, 4a). This motif'is located either close to or distant from the BS
sequences depending on the introns, with the exception of MYC where
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Fig. 2 | PHF5A, an interacting factor of DLCI, plays a crucial role in neural crest
specification by regulating the splicing of SOX9 and SNAI2 pre-mRNA.

a Interactome of DLCl-associated splicing factors. Immunoprecipitation (IP) vali-
dated the association of endogenous DLC1 with PHF5A and SF3BL1. n = 3 biological
replicates, 30 embryos per replicate. b Interactome of PHF5A showing splicing
factors in the SF3B complex (green color). IP confirmed the association of endo-
genous SF3B1 with PHF5A. n =3 biological replicates, 30 embryos per replicate.

¢ Targeting strategy. Western blot showing loss of PHFSA expression in embryos
transfected with PHF5A gRNA1/2. In situ hybridization and qRT-PCR showing
reduced expression (white open arrowheads) of SOX9 (d, e), SNAI2 (f, g), and FOXD3
(h, i) in PHF5A-ablated cells compared to Ctrl gRNA. Their expression patterns were
restored by pCIG-HA-PHF5A overexpression (black arrows). n =3 embryos per
treatment. Scale bar, 50 pM. j SOX9 expression (white open arrowheads) was
reduced in PHF5A-depleted NCCs where SOX2 expression was upregulated (white
solid arrowheads). Dotted lines outline the neural tubes. n=3 embryos per

treatment. Scale bar, 50 pM. k Quantification of SOX2 fluorescence intensity. n=9
embryos per treatment. | HNK-1 expression was reduced (white open arrowheads)
in the PHF5A gRNA-transfected side compared to the untransfected side and
embryos treated with Ctrl gRNA. n =3 embryos per treatment. m Expression levels
of RNA Polll-pSer5 and Polll-pSer2 remained unaltered in PHF5A KO embryos
compared to Ctrl gRNA. IR-qPCR analysis shows increased levels of SOX9 introns 1/2
(n) and SNA/Z introns 1/3 (p) in embryos treated with PHF5A gRNAI compared to
Ctrl gRNA-treated embryos. n =5 embryos per treatment. Schematic diagrams
indicate primer pairs for detecting retained introns of SOX9 (0) and SNA/I2 (q). r HCR
showing detection of retained introns of SOX9 and SNA/2 in embryos transfected
with PHF5A gRNA, while no signal was detected in Ctrl gRNA. n=5 embryos per
treatment. The “+” indicates the transfected side. Scale bar: 50 pM. The minima,
maxima, center, percentile values and the exact p-values are listed in the Source
data file. Mean + SD. **P <0.01, **P < 0.001, ***P < 0.0001.

the motif falls within its BS sequence (Fig. 4a). Conversely, this motif is
absent in the introns that did not exhibit any aberration in DLCI KO
treatment (Figs. 3a, 4a and S8a). To examine the binding of DLCI-
SF3B1-PHF5A to the motif and BS sequence within the introns of SOX9
and SNA/2 in chick neural tubes, we performed RNA immunoprecipi-
tation (RIP)-gPCR to evaluate the ability of each endogenous protein to
interact with these sequences in each intron. We incubated lysates
generated from wild-type HH9-10 embryonic trunks with magnetic
beads coated with DLC1, PHF5A, SF3Bl, or IgG non-specific control
antibodies. The eluted RNA from the beads was analyzed by qRT-PCR
using primers flanking their putative binding sequences in each intron
(Fig. 4b, f). We found the region encompassing the motif and BS
sequence in each intron was significantly enriched by PHF5A, SF3B1,
and DLCI antibodies compared to IgG control (Fig. 4c-e, g-i), con-
firming their intronic binding capacity. To further determine whether
DLCI is essential for the binding of PHF5A-SF3B1 complex to the BS
sequences of SOX9 and SNAI2 introns, RIP-qPCR was performed for
PHF5A and SF3B1 in embryos treated with DLCI gRNAI. The results
revealed that DLCI KO did not disrupt the interaction between SF3B1
and PHF5AL1 (Fig. 4j), but significantly reduced the enrichment of
PHF5A and SF3B1 at the BS sequences of SOX9 and SNAI2 introns
compared to Ctrl gRNA (Fig. 4k-n). These results suggest that DLC1 is
necessary for the binding capacity of the PHF5A-SF3B1 complex to
these introns, providing a mechanistic explanation for the lack of NC
progenitors formation resulting from the loss of DLCI function due to
defective binding of the PHF5A-SF3B1 complex to SOX9 and SNA2
introns at the BS sequence for splicing initiation. Likewise, DLC1 was
found to be associated with its motif located within the introns of
CDH2, CDH11, CDH1, ID1, LMO4, MYC, SOX10, and TFAP2A (Fig. S8b),
resulting in their abnormal expression in DLCI KO cells (Fig. 3c).

We then examined whether PHF5A, SF3B1, and DLCI could bind to
their putative binding sequences within the introns of PAX7, WNTI, and
BMP4 pre-mRNAs. While the PHF5A-SF3B1 complex remained strongly
associated with the BS sequence of each gene intron (Fig. S9a-f), DLC1
did not bind to any of them, including the introns of ADAR, APC2, FGF1,
MAPK10, MYB, PAX3, and ZIC1 (Fig. S9g-i, S8c). This is consistent with
the absence of its binding motif in their intronic regions (Fig. 4a, S8a).
In agreement with this, DLCI KO did not affect the binding capacity of
the PHF5A-SF3B1 complex to the intronic BS sequences of WNTI,
BMP4, or PAX7, and their expression levels were unaffected (Fig. S9j-u,
Sle-h). Moreover, the absence of splicing defects in PHFSA KO and
SF3B1 KO is unlikely due to a lack of their pre-mRNAs, as they were still
expressed in both KO groups (Fig. S2e, g, Fig. 3g, h, Fig. S3i, k and Fig.
Sé6a-d). Analysis of upregulated factors in PHF5A KO and SF3BI KO from
our RNA-seq dataset revealed that CELF3, CELFS5, NOVAI, and GPATCHI,
all known to play critical roles in pre-mRNA splicing’*°, were sig-
nificantly elevated in both KO groups compared to the Ctrl gRNA (Fig.
S10a, b). HCR analysis further confirmed their upregulation in the
dorsal NC territory transfected with PHFSA gRNA or SF3BI gRNA,

whereas no expression was detected in the Ctrl gRNA or untransfected
side (Fig. S10c). However, epistasis analysis demonstrated that indivi-
dual KO of these upregulated factors (Fig. S10d) in either PHF5A KO or
SF3B1 KO did not alter the mRNA levels of BMP4, WNTI, PAX7 and MYB
(Fig. S11a-d, S12a-d). These results suggest that functional redundancy
or combined effects among the upregulated splicing factors may
compensate for the splicing defects on introns lacking DLCI binding
motifs in PHFSA KO and SF3B1 KO cells.

Altogether, these findings indicate that the ability of DLCI to
associate with its specific intronic motif of SOX9, SNAI2 and other
essential factors determines the functional specificity of PHF5A-SF3B1
in NC specification and EMT.

Splicing modulator specifically abolishes NC specifier gene
expression

To further investigate the role of the PHF5A-SF3B1 complex in regulating
the splicing of SOX9 and SNAL2 pre-mRNAs by binding to BS sequence,
we treated HHIO avian trunk neural tubes at the thoracic level with the
splicing modulator pladienolide B (PB), which is cytotoxic to cancer
cells?®*°. PB is known to disrupt the interaction between the PHF5A-SF3B1
complex and BS sequence to form the BP-A binding pocket and stably
accommodate the U2/BS duplex, leading to impaired mRNA
splicing”***°, After a 5-hour treatment with 200 uM PB, we performed
in situ hybridization with NC specifier genes on harvested embryos
(Fig. 5a). Transverse sections of the stained embryos revealed a complete
loss of SOX9, SNAI2, and FOXD3 expression in the premigratory NC
region compared to control embryos treated with PBS (Fig. 5b). Intri-
guingly, expression of SOX9 and SNA/2 in somites remained unchanged
(Fig. 5b), suggesting that trunk NCCs are more susceptible to PB treat-
ment. The loss of SOX9 and SNAI2 expression was not due to reduced
expression of neural plate border specifier or cell death, as evidenced by
the unchanged expression of PAX7 and the absence of Caspase-3 in PB-
treated embryos (Fig. 5c, d). Furthermore, PB treatment did not affect
the expression levels of DLC1, PHF5A, SF3B1, or Polll (Fig. 5d), nor did it
disrupt the interactions between DLC1 and SF3B1 or between PHF5A and
SF3B1 (Fig. 5e). The finding supports the proposed mechanism of PB
action, which targets the binding capacity of PHF5A-SF3B1 to BS
sequence without affecting transcriptional expression and protein-
protein interactions. qPCR analysis revealed that PB treatment specifi-
cally retained intron 2 of SOX9 and intron 1 of SNAI2 (Fig. 5f-i). This was
further confirmed by the detection of the HCR signal for these introns in
premigratory and early migratory NCCs. In contrast, there was no HCR
signal for intron 1 of SOX9 and intron 3 of SNA/2 (Fig. 5j—n). This differ-
ence is likely attributed to the shorter length of SOX9 intron 2 and SNA/2
intron 1, which have a weaker polypyrimidine (Py) tract located at the 3’
end of BP-A compared to SOX9 intron 1 and SNAL2 intron 3 (Table 1,
Table S18)*.. Consequently, the binding of PHF5A-SF3B1 to BP-A is dis-
rupted upon PB treatment®>*. Indeed, RIP assay revealed that PB treat-
ment reduced the binding capacity of PHF5A-SF3B1 to SOX9 intron 2 and
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SNAI2 intron 1 but did not alter their ability to bind to SOX9 intron 1 and
SNAI2 intron 3 compared to the PBS control (Fig. 50-r). No exon skipping
was detected in SOX9 and SNA/2 after PB treatment (Fig. S6b, d). Overall,
these findings demonstrate that PB treatment specifically abolished the
expression of NC specifier genes, likely through competitive inhibition of
the recognition of BS sequences in SOX9 intron 2 and SNAL2 intron 1 by
the PHF5A-SF3B1 complex.
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DLC1 determines the increased vulnerability of trunk NCCs to PB
treatment

The lack of an effect of PB on SOX9 and SNA/2 expression in somites
may be attributed to the absence of NC-specific splicing factors asso-
ciating with the PHF5A-SF3B1 complex that confer increased suscept-
ibility to trunk NCCs by interfering with BS sequence recognition
following PB treatment. Based on the aforementioned results, we
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Fig. 3 | Global splicing analysis reveals increased intron retention of neural
crest specifier genes and factors essential for EMT in embryos lacking DLCI1,
PHF5A, or SF3BL. a List of genes involved in NC specification and EMT with intron
retention (IR) observed in DLCI-, PHF5A-, and SF3BI-depleted cells. In contrast, the
levels of IR for genes involved in neural plate border specification, NC induction,
and NC lineage determinants were either low in all KO treatments or comparable to
Ctrl gRNA. The levels of IR were quantified using percent intron retention scores
assessed by VAST-TOOLSs. b List of genes exhibiting varying degrees of exon

skipping (ES), 5’ alternative splicing (5" AS) and 3’ alternative splicing (3’ AS) in each
gRNA treatment. ES events were quantified by percent spliced-in (PSI), while 5" AS
and 3’ AS events were evaluated using percent splice site usage (PSU). qPCR analysis
revealed reduced expression levels of the indicated genes in DLCI gRNAI (c), PHF5A
8RNAI (d), and SF3BI gRNAI (e) compared to Ctrl gRNA. Other genes remained
unaffected by these treatments (f-h). The exact p-values are listed in the Source
data file. Mean + SD. ns: no significant difference, **P < 0.01, **P <0.001,

***p < 0.0001L
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Fig. 4 | Presence of DLCI binding motifs in a gene subset that determines the
functional specificity of SF3B1-PHF5A in regulating NC specification. a DLCI
binding motif (CUCCGGKU), located either near or distant from BP-A, is found in
introns of genes affected by DLCI KO. The motif is ranked the highest among other
motifs based on its statistically significant predominance in the affected gene
introns compared to the unaffected ones. K represents A/G or U. Motif alignment is
highlighted in green, and base pairs (bp) indicate the distance from the motif to BP-
A.b, f Schematic diagram showing primer pairs flanking the motif (asterisk) and BP-
A of SOX9 (a) and SNAI2 (b) introns for RNA-immunoprecipitation qPCR (RIP-qPCR).

Graphs show the binding capacity of endogenous PHF5A (c, g), SF3B1 (d, h), and
DLCI1 (e, i) to the BP-A of SOX9 introns 1 and 2, as well as SNAI2 introns1and 3.n=3
embryos per treatment. j IP shows that SF3B1 remained associated with PHF5A in
the absence of DLCL. k-n RIP-gPCR analysis reveals reduced binding capacity of
PHF5A-SF3B1 splicing complex to introns 1 and 2 of SOX9, as well as introns 1 and 3
of SNAI2 in embryos treated with DLCI gRNAI compared to Ctrl gRNA. n =3 embryos
per treatment. The exact p-values are listed in the Source data file. Mean + SD.
*P<0.05, *P<0.01, **P < 0.001, ***P < 0.0001.

hypothesize that DLCI may serve as an NC-specific splicing factor that
determines trunk NCC vulnerability to a splicing modulator, as it was
absent in somites and might explain the observed resistance of
somites while the increased susceptibility of NCCs to PB treatment
(Figs. 1a, Sla, S2b) To test this hypothesis, we electroporated the full-
length DLCI cDNA construct into somites of chick embryos at HH10
and incubated for 8 h before treating with PB or PBS control for 5h
(Fig. 6a). The results showed that ectopic DLCI did not affect the
expression of SOX9 and SNAI2 in the somites of embryos treated with
PBS. In contrast, PB treatment led to the loss of SOX9 and SNAI2
expression in DLCl-overexpressing somites in a cell-autonomous
manner (Fig. 6b—e). Immunoprecipitation using chick embryo lysates

revealed that ectopic DLCI1 was still able to interact with endogenous
PHF5A and SF3B1 in somites following PB treatment (Fig. 6f), which is
consistent with its nuclear localization (Fig. S13a). Intron retention
analysis in sorted somites electroporated with DLCI showed increased
levels of SOX9 intron 2 and SNAI2 intron 1 as what was observed in
NCCs following PB treatment (Fig. 6g-j). In agreement with this, HCR
analysis showed the expression of SOX9 intron 2 and SNA/2 intron 1in
DLCl-transfected somites, whereas the expression of SOX9intron1and
SNAI2 intron 3 was not detected (Fig. 6k-0). The RIP assay further
showed that electroporation of DLC1 into somites of embryos treated
with PB led to a marked reduction in the binding capacity of PHF5A and
SF3B1 to both SOX9 intron 2 and SNA/2 intron 1 compared to the PBS
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control (Fig. 7a-d). This suggests that overexpression of DLC1 speci-
fically weakened the interaction of the PHF5A-SF3B1 complex with the
BS sequences of SOX9 intron 2 and SNA/2 intron 1, which have a lower
Py-tract score with weaker strength compared to those in SOX9 intron 1
and SNA/L2 intron 3, respectively (Table 1, Table S14)*. These findings
indicate that NC-specific DLC1 plays a crucial role in conferring
increased vulnerability of trunk NCCs to splicing perturbation.
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Somite-specific SLU7-SF3B1-PHF5A splicing complex regulates
SOX9 and SNAI2 expression and confers resistance to PB

treatment
To identify somite-specific splicing factors that confer resistance to PB,
we performed MS on lysates immunoprecipitated with PHF5A and
SF3B1 from chick somites. Among all the splicing factors identified
(Dataset 4), we selected SLU7 which is present in the interactomes of
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Fig. 5 | Splicing modulator PB specifically reduces the expression levels of NC
specifier genes. a Experimental workflow. b PB treatment reduced the expression
of NC specifiers (open arrowheads), whereas their expression in NCCs (black
arrows) and somites (So) remained unaltered in PBS treatment group. ¢ PB treat-
ment did not affect PAX7 expression (indicated by white arrows) and did not lead to
apoptosis, as evidenced by the absence of Caspase-3 cells. d PB treatment did not
affect the expression levels of PHF5A, SF3B1, DLC1, and RNA Pol II, nor induce
Caspase 3 expression. e SF3Bl interacts with PHF5A and DLC1 in the presence of PB.
Increased levels of SOX9 intron 2 (f) and SNAL2 intron 3 (h) in the PB treatment
groups. n =35 embryos per treatment. Schematic diagrams illustrate intron 2-

retained SOX9 pre-mRNA (g) and intron I-retained SNA/2 (i) pre-mRNA after PB
treatment. j Detection of SOX9 intron 2 and SNAI2 intron 1 expression in NCCs of
embryos treated with PB. k-n Quantification of fluorescence intensities (6 sections
from 6 embryos per treatment). PB treatment reduced the binding of PHF5A and
SF3B1 on both SOX9 intron 2, n =3 embryos per treatment (o, q) and SNAL2 intron 1
(p, r). Scale bar: 50 um. NT, neural tube. The minima, maxima, center, percentile
values, and the exact p-values are listed in the Source data file. Mean + SD. ns: no
significant difference, **P < 0.01, ***P < 0.0001. ISH, in situ hybridization, IF
immunofluorescence, IR-qPCR intron retention-qPCR, WB Western blot, IP immu-
noprecipitation, PB Pladienolide B.

both PHF5A and SF3B1 (Fig. 7e, f) and has been shown to be crucial for
the accurate selection of the 3’ splice site during the second step of the
splicing process where SF3B1-PHF5A are essential’”. Immunoprecipi-
tation using lysates from somites confirmed the endogenous interac-
tion between SLU7 and PHF5A or SF3B1 (Fig. 7g). HCR analysis revealed
that SLU7 is specifically expressed in somites, co-localizing with SOX9
and SNA2 (Fig. 7h). Electroporation of SLU7 gRNA1 into the somites of
chick embryos at st 10 resulted in a loss of SOX9 and SNAI2 expression
compared to those treated with Ctrl gRNA (Fig. 7i-k). The absence of
their expression was attributed to the retention of SOX9 and SNAI2
introns in somites transfected with SLU7 gRNAI (Fig. 71, m). Impor-
tantly, electroporation of full-length cDNA encoding chick SLU7 gene
into the trunk neural tubes followed by PB treatment did not lead to a
loss of SOX9 and SNAI2 expression in the premigratory NC territory
(Fig. 7n). Altogether, these findings suggest that the SLU7-SF3BI-
PHF5A complex regulates the splicing of SOX9 and SNA/2 pre-mRNAs in
somites and imparts resistance to PB treatment.

Discussion

The formation of NCCs is regulated by a gene regulatory network in
various vertebrate species. This network involves signaling pathways,
such as WNT1 and BMP4, which activate the expression of transcrip-
tion factors like PAX7 to establish the neural plate border. These sig-
naling effectors, along with regulators of the neural plate border, then
activate the expression of NC specifiers including SOX9, SNAI2, and
FOXD3, which determine the fate of multipotent NCC progenitors.
However, the factors involved in regulating the splicing of intron-
containing SOX9 and SNAI2 genes have not been identified. In this
study, we investigated the role of SF3B1-PHF5A spliceosome compo-
nent in conjunction with NC-specific factor DLC1 in avian trunk NC
specification. We demonstrated that these factors are functionally
important for NCC formation by regulating the splicing of SOX9 and
SNAI2 pre-mRNA, but not their upstream regulators BMP4, WNT1, and
PAX?7. Mechanistically, the ability of DLCI1 to associate with its specific
intronic motif of SOX9 and SNAI2 and other essential regulators for
specifying NCC fate and EMT determine the functional specificity of
SF3B1-PHF5A in these processes. Treatment with the splicing mod-
ulator PB in ovo resulted in the loss of SOX9 and SNAI2 expression
specifically in trunk NCCs, but not in somites. This differential
response is attributed to DLC1, which enhances the vulnerability of
trunk NCCs to PB treatment by diminishing the binding capacity of
SF3B1-PHF5A to both SOX9 intron 2 and SNAL2 intron 1. These introns
characterized by their shorter in length and weaker Py-tract compared
to SOX9 intron 1 and SNA/2 intron 3 are more prone to intron retention
upon PB treatment. In contrast, the SLU7-SF3B1-PHF5A complex gov-
erns the splicing of SOX9 and SNAI2 pre-mRNAs in somites and imparts
resistance to PB-induced splicing alterations. Collectively, our results
reveal the presence of context dependent-splicing complexes in both
NCCs and somites with distinct vulnerabilities to splicing perturba-
tions (Fig. 8a).

Splicing is considered to be an essential ubiquitous process that
involves excision of introns to form mature RNA, which also increases
the diversity of proteins generated from the genome®. The spliceo-
some component SF3B1 is the largest subunit within the SF3B complex

of the U2 snRNP. It is mainly involved in the recognition of intronic BS
sequence to promote the stable interaction in the initial phase of the
splicing process”. Another splicing factor PHF5A closely associated
with SF3Bl is important for both spliceosome structural stability, and
for linking the spliceosome to histones>**. Structural analysis has
shown that the interface between SF3B1 and PHF5A forms a conserved
pocket for BP-A*. We have confirmed the endogenous interactions
between SF3B1 and PHF5A, and showed their binding to the BS
sequences of SOX9 and SNAL2 introns in chick embryos. Consistently,
CRISPR/Cas9-mediated knockout of PHF5A or SF3BI led to the loss of
SOX9 and SNAI2 mRNA expression due to splicing perturbations,
resulting in intron retention. Our results are in line with previous stu-
dies that showed sf3bl is required for trunk NCC specification in zeb-
rafish embryos'®, suggesting the function of Sf3Bl is conserved
between chick and zebrafish embryos. While our global splicing ana-
lysis revealed that most of the affected genes exhibited intron reten-
tion in all KO treatment groups, sf3b1°*°° zebrafish mutants showed
increased exon skipping events'. This is consistent with previous
studies, which showed that chick exhibits a higher frequency of intron
retention than zebrafish®. It is possible that different exon-intron
architectures between zebrafish and chick could lead to distinct modes
of splicing events.

In addition, the retained introns for SOX9 and SNA/2 likely involve
the lack of binding capacity of SF3B1 and PHF5A to BS sequence in
PHF5A KO and SF3BI KO, respectively, which disrupts the assembly and
stability of U2-dependent spliceosome for subsequent splicing events,
as demonstrated in other studies??**. Consistent with this notion,
overexpression of full-length PHFSA cDNA was able to restore the
expression of NC specifiers in PHFSA KO embryos, possibly via the
restoration of SF3B1-PHF5A splicing complex formation and binding to
BS sequences. Our results support the importance of this complex for
gene splicing in vivo.

Although PHF5A has been shown to regulate Polll elongation in
genes that are essential for maintaining pluripotency of ESCs*, we
found that PHF5A did not associate with Polll-pSer5 and Polll-pSer2, as
well as regulate their expression, ruling out a transcriptional role of
PHF5A in regulating NC formation. However, previous studies showed
that PHF5A functions as a transcription factor regulating genes that
contribute to the stemness of cancer cells”*’, which highlights the
functional importance of PHF5A in regulating stem cell features in
both developmental and pathological contexts. Whether PHF5A
functions as a transcription factor or splicing factor in regulating the
expression of genes that are essential for the formation of other tissue
progenitors and maintaining the other types of cancer stemness
remains to be determined.

Our previous studies showed that the asymmetric localization of
cytoplasmic DLC1 functions as a RhoGAP to establish differential
RHOA activity at the cell rear and front edge that controls trunk NCC
polarity for directional delamination and migration®. In contrast, the
current study revealed an unprecedented role of nuclear DLCI in trunk
NCC fate determination through the association with SF3B1-PHFSA
complex to regulate splicing of SOX9 and SNA/2 pre-mRNA. These
studies reveal the spatio-temporal expression and requirement of
DLCl in regulating NC specification and migration, as DLCI KO at HH9-
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10 reduced NC formation whereas knockdown in committed NCCs at
HH11-12 disrupted their migration directionality’”. The underlying
mechanisms to controlling DLCI translocation from the nucleus to the
cytoplasm as prospective NCCs undergo delamination remains to be
determined. Previously, we showed nuclear DLC1 can associate with
FOXK1 transcription factor to cooperatively activate MMP9 expression
in promoting melanoma metastasis®™. It is conceivable that nuclear

SNAI2 Intron1
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DLC1 is an important regulator that controls various developmental
and pathological processes at the transcriptional and/or post-
transcriptional levels depending on the cellular context. Our study
provides evidence of the involvement of DLC1 in the splicing process:
1) nuclear DLCI1 can interact with the SF3B1-PHF5A splicing complex, 2)
DLC1 binds to a specific intronic motif found in the pre-mRNAs of
SOX9, SNAI2 and other essential regulators associated with NC
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Fig. 6 | DLC1 determines the increased vulnerability of trunk NCCs to PB
treatment. a Experimental strategy. b Ectopic DLC1 expression in somites reduced
expression of SOX9 (b, ¢) and SNAI2 (d, e) in a cell-autonomous manner (open
arrowheads) upon PB treatment. Open arrowheads indicate loss of SOX9 and SNAI2
expression in pre-migratory NCCs. There was no alteration of SOX9 (b, c¢) and SNAI2
(d, e) expression in DLCI1-overexpressing somites and in NCCs (black and white
arrows) in the PBS treatment group. Scale bar, 50 um. Yellow dotted boxes outline
the magnified view in the rightmost column of each panel. n=5 embryos per
treatment. f IP shows the association of ectopic DLC1 with endogenous PHF5A and
SF3Bl1 in somites of embryos treated with PBS Ctrl and PB. g, i Electroporation of
DLCI in somites resulted in increased levels of SOX9 intron 2 and SNAI2 intron 1 in

the presence of PB compared to PBS Ctrl. n=5 embryos per treatment.

h, j Schematic diagrams depict the presence of intron 2-retained SOX9 pre-mRNA
(h) and intron I-retained SNAI2 pre-mRNA (j) in DLC1 overexpressing somites of
embryos treated with PB. k The HCR analysis revealed the expression of SOX9
intron 2 and SNAI2 intron 1 in DLCI-overexpressing somites (So) of embryos treated
with PB, as compared to the PBS Ctrl. I-o Quantification of fluorescence intensities.
20 sections per treatment were used for the quanitification. Scale bar: 50 um. The
minima, maxima, center, percentile values and the exact p-values are listed in the
Source data file. Mean + SD. ns: no significant difference, ***P < 0.0001. NT neural
tube, So somites.

specification and EMT, 3) DLC1 is required for the binding capacity of
SF3B1-PHF5A splicing complex to the BS sequences of SOX9 and SNAL2
introns, and 4) DLCI KO leads to retention of SOX9 and SNA/2 intron
transcripts without affecting the expression and function of their
transcriptional machinery. In addition, we found this motif is situated
either in close proximity to or at a distant from the BS sequence in
different introns. The potential impact of the varying positioning of
this motif on DLCI binding and its interaction with the SF3B1-PHF5A
splicing complex, which could influence splicing efficiency, requires
further investigation.

However, the absence of this motif in the introns of neural plate
border specifiers, NC inductive signals and NC lineage determinants,
could account for the lack of impact on BS sequence recognition by
the SF3B1-PHF5A complex and the subsequent splicing of WNT1, BMP4,
and PAX7 introns in the absence of DLCI. These findings suggest that
the presence of the DLC1 binding motif together with the BS sequence
determines the functional specificity of the DLCI-SF3B1-PHF5A com-
plexin regulating the splicing of genes involved in NC specification and
EMT. Based on this notion, it is conceivable that another gene-specific
RNA binding proteins associated with SF3B1-PHF5A and other splicing
factors are required for regulating the splicing of neural plate border
specifiers, NC inductive signals and NC lineage determinants by
binding to specific motifs in their pre-mRNAs. While the RNA binding
proteins and their motifs are yet to be identified, the threshold
requirement for their expression levels may be less stringent com-
pared to DLCI-SF3B1-PHF5A, resulting in distinct responses to the
reduced expression of each individual splicing factor. These differ-
ences may explain why the KO of PHF5A or SF3BI only resulted in
splicing defects in NC specifier genes rather than their upstream reg-
ulators. Alternatively, we revealed an upregulated expression of other
splicing factors in the PHF5A KO or SF3B1 KO cells that could play
compensatory roles in restoring the splicing of introns without DLCI
binding motifs. Recent studies indicate that there may be feedback
mechanisms in cells with PHF5A loss-of-function variants to maintain
normal level of SF3B components®. However, these compensatory
splicing factors probably do not form stable complexes with DLC1 and
SF3B1 or PHF5A on the intronic regions of NC specifiers and genes
involved in EMT. Structural analysis to compare their stability on SOX9
and SNAI2 introns warrant further investigations.

The reason why NCCs are more vulnerable to splicing perturba-
tions remains unclear. Previous single-cell transcriptomic studies have
indicated that multipotent NC formation is subject to multiple waves
of transcriptomic changes, which are likely accompanied by increased
levels of alternative splicing and translation to efficiently generate key
transcription factors and cellular proteins that are crucial for main-
taining its multipotency and initiating EMT, in a short timeframe®®°’. As
a result, the increased demand for splicing may lead to competition
among different unspliced transcripts for access to the limited spli-
ceosomal machinery available. It is tempting to speculate that a subset
of genes involved in this process has weaker association with splicing
components, allowing for their rapid utilization in the efficient splicing
of multiple pre-mRNAs during NC specification. In agreement with this,
PB treatment in chick embryos resulted in the loss of SOX9 and SNAI2

expression in NC progenitors, but not in somites. This is due to NC-
specific DLCI that appears to weaken the binding affinity of the SF3BI1-
PHF5A complex to the BS sequence of SOX9 intron 2 and SNAL2 intron
1. These introns comprise of shorter and weaker Py-tracts compared to
those in SOX9 intron 1 and SNA/2 intron 3. Previous findings showed
that shorter introns with weaker Py-tracts were more prone to being
retained upon inhibition of SF3B1 and PHF5A activity*. This was fur-
ther supported by the overexpression of DLC1 in somites, which
resulted in the loss of SOX9 and SNAI2 expression in the presence of
PB due to the retention of SOX9 intron 2 and SNA/2 intron 1. Impor-
tantly, we have identified a somite-specific splicing complex SLU7-
SF3B1-PHF5A, which regulates the expression of SOX9 and SNAI2 and
confers resistance to splicing perturbation by PB. These findings sug-
gest that the presence of cell-type specific splicing factors (DLC1 vs
SLU?) in different cellular contexts (NCCs vs somites) determine the
susceptibility to splicing perturbation. We speculate that the structure
of SLU7-SF3BI1-PHF5A splicing complex in association with the intronic
regions of SOX9 and SNA/2 pre-mRNAs is more stable than DLCI-SF3BI1-
PHFS5A, resulting in enhanced resistant to PB treatment. Structural
studies are required to provide insights into how the conformation
and stability of these distinct spliceosomal structures might be
altered by PB.

Functional perturbations of several core splicing factors lead to
defects in cranial NC formation®. In agreement with this, mutations in
the core components of the spliceosome lead to craniofacial
disorders®. Most of these defects occur at the levels of NC formation,
migration, and differentiation to skeletal lineages. For example, sf3b4
knockdown in Xenopus embryos resulted in the disruption of cranial
NC formation, which reduced their migratory capacity and differ-
entiation potency toward skeletal elements in the cranial region®. In
contrast, sf3b1°%% zebrafish mutants showed defects in trunk NC for-
mation without affecting cranial NC development'®. Consistently, our
results in chick revealed that DLC1, SF3B1 and PHF5A are not required
for cranial NC development. These findings indicate that trunk NCCs
are more susceptible to reduced levels of SF3B1 compared to cranial
NCCs in both chick and zebrafish embryos. Whether distinct complexes
orchestrate the splicing of genes essential for cranial and trunk NC
development in different vertebrate species remains to be elucidated.
Nevertheless, our studies suggest that the splicing complexes in cra-
nial NCCs may contain cell-type- or gene-specific factors that con-
tribute to their increased susceptibility to reduced levels, function, or
intron binding capacity of splicing factors. Identification of these fac-
tors should provide mechanistic insights into how mutations in ubi-
quitously expressed spliceosome components can lead to craniofacial
abnormalities.

Methods

Chick embryos and in ovo electroporation

Fertilized chick Leghorn eggs were purchased by Jinan Poultry Co.
China through Tin Hang Technology Ltd and incubated at 38.5°C in a
humidified incubator. Embryos were staged according to Hamburger
and Hamiliton (HH) stages®. All animal experiments were approved by
the Committee on the Use of Live Animals in Teaching and Research,
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The University of Hong Kong (CULATR No: 5969-21). In ovo electro-
poration was performed as described previously**. Plasmid DNA (3 ug/
uL) or gRNAs/Cas9 (Cas9 2 ug/uL + gRNA 1.5pg/ul) constructs were
injected into the lumen of closed neural tubes or the cavity of somites
of embryos at HH9-10 using a glass capillary. Electrodes were placed
on either side of the neural tube or somites, and electroporation was
carried out using a BTX electroporator delivered as five 50 ms pulses,
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450 ms interval at 36 V. Electroporated embryos were allowed to
develop for 9 h post-transfection (hpt) before being processed for
fluorescence-activated cell sorting (FACS) for genotyping analysis,
Western blotting, immunofluorescence, whole mount in situ hybridi-
zation (ISH), immunoprecipitation, RNA-immunoprecipitation (RIP)-
gPCR, intron retention analysis and RNA-sequencing (RNA-seq). Wild-
type HHI10 or electroporated embryos 8 hpt were treated with PB
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Fig. 7 | The DLC1-SF3B1-PHF5A complex binding to shorter introns of NC spe-
cifier genes increases their vulnerability to splicing perturbation by PB,
whereas SLU7-SF3B1-PHF5A regulates the splicing of SOX9 and SNAI2 pre-
mRNAs and confers resistance to PB in somites. Overexpression of DLCI in
somites of embryos treated with PB resulted in reduced binding capacity of PHF5A
to SOX9 intron 2 (a) and SNAI2 intron 1 (b) compared to PBS Ctrl. Overexpression of
DLC1 in somites of embryos treated with PB led to a reduction in the binding
capacity of SF3B1 to SOX9 intron 2 (c) and SNAI2 intron 1 (d) compared to PBS Ctrl.
n=3 embryos per treatment. Interactomes of splicing factors associated with
PHF5A (e) and SF3B1 (f). PHF5A, SF3B1, and SLU7 are highlighted in green. g IP
validation of the association of endogenous SLU7 with PHF5A and SF3B1. h Co-
localization of SLU7, SOX9 and SNA/2 in somites. Open arrowheads indicate the

expression of genes in the dorsal neural tube, somites, and notochord. i RT-qPCR
demonstrated reduced expression levels of SLU7 in gRNA treatment compared to
Ctrl gRNA, n =5 embryos per treatment. HCR (j) and RT-qPCR (k) analysis revealed
the loss of SOX9 and SNAI2 in SLU7-depleted somites, n =5 embryos per treatment.
IR-qPCR analysis showed increased levels of SOX9 introns 1/2 (1) and SNAI2 introns 1/
3 (m) in embryos treated with SLU7 gRNAI compared to Ctrl gRNA, n=5 embryos

per treatment. n HCR showing unaltered levels of SOX9 and SNAI2 expression in the
dorsal neural tubes transfected with SLU7 followed by PB or PBS treatment. Insets
indicate the right side of neural tube with SLU7 overexpression. Scale bar, 50 um.

The exact p-values are listed in the Source data file. Mean + SD. ns: no significant

difference. *P < 0.01, **P < 0.001, ***P < 0.0001.
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Fig. 8 | Cell-type specific splicing complexes confer distinct vulnerabilities to
PB. a The schematic diagram illustrates the binding of the NC-specific DLCI1 to
intronic motifs of SOX9 and SNA/2 pre-mRNA, along with the splicing factors SF3B1-
PHF5A, which recognize the BS sequence to form a BP-A pocket. The DLCI-SF3B1-
PHF5A complex is required for regulating the splicing of SOX9 and SNAI2 pre-mRNA
in specifying prospective NCCs. However, this complex also increases the

vulnerability of NCCs to the splicing modulator PB, which competitively inhibits the
recognition of BS sequence by SF3B1-PHF5A. This inhibition occurs in both SOX9
intron 2 and SNA/2 intron 1, due to their shorter in length and weaker Py tract,
resulting in intron retention and loss of NC progenitors. In contrast, the SLU7-
SF3B1-PHF5A complex regulates splicing of SOX9 and SNAI2 pre-mRNAs in somites,
imparting resistance to splicing perturbation by PB. Py polypyrimidine.

(200 uM) or PBS before being processed for ISH, hybridization chain
reaction (HCR), immunofluorescence (IF), intron retention (IR), and
RIP-gPCR analysis.

Plasmids

Full-length chick PHFSA cDNA (NM_001277376.2), PHD domain, DLCI
¢DNA%, DLC1 truncated domains and SLU7 cDNA (NM_001006146.2)
were inserted at the Xhol and Clal sites upstream of an internal ribo-
somal entry site (IRES) followed by a tdTomato cDNA in a pCIG
expression vector (kind gift of A. McMahon, University of Southern
California, USA). Three plasmids for CRISPR/Cas9 KO in chick embryos
(U6.3 >gRNA.f+e, #99139, U6.3 > Control.gRNA (GCACTGCTACGAT
CTACACC). f+e, #99140, pCAGG nls-hCas9-nls-GFP, #99141) were
purchased from Addgene. Online program E-CRISP was used for gRNA

design. gRNA oligos were synthesized by Integrated DNA technologies
(IDT) and cloned into U6.3 gRNA.f + e vector (Table S1).

FACS and genotyping

Electroporated embryos were harvested 8-9 h post-transfection (hpt)
and dissociated using 0.05% trypsin. Dissociated cells were sorted using
aBD FACS Aria™ SORP based on GFP signal intensity. ~50,000 GFP* cells
were collected for RNA extraction using the TaKaRa MiniBEST Universal
RNA Extraction Kit (#9767). cDNA was synthesized from the extracted
RNA using the TaKaRa PrimerScript™ RT Master Mix (#RR036A) and
cloned into the plasmid vector (99139 _U6.3 gRNA f +e) for genotyping
analysis to verify the KO efficiency. Genotyping sequencing was per-
formed using a specific primer (cctataaaaataggcgtatcacg) at the Centre
for PanorOmic Sciences, the University of Hong Kong.
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RNA-seq

RNA-seq was performed on RNA extracted from sorted GFP* cells
obtained from 30 well-transfected chick embryos. Approximately
50,000 GFP+ cells per treatment were collected for RNA extraction
using RNAqueous-Micro Kit (Ambion) and genomic DNA was removed
by TURBO DNase treatment for 30 min. RNA quality was assayed using
an Agilent 2100 Bioanalyzer. Only samples with an RNA integrity
number (RIN) > 8.0 and a 285/18S ribosomal ratio >1.0 were selected
for further processing. RNA samples were sent to the Beijing Genomics
Institute (BGI) for RNA sequencing. High-quality RNA (-50 ng) was used
for RNA amplification and cDNA synthesis. Adapters were ligated to
the cDNA followed by amplification to construct single-stranded cir-
cular DNA libraries. These circular DNA templates were used to gen-
erate DNA nanoballs (DNBs) by rolling circle replication, which
enhances fluorescence signals during sequencing. The DNBs were
loaded into patterned nanoarrays and sequenced on a BGISEQ-500
platform using 100-bp paired-end sequencing. Biological replicates
were included for each KO group to ensure reproducible results.

Global splicing analysis

Aberrant splicing events were analyzed using VAST-TOOLS on the RNA-
seq data in FASTA format. VAST-TOOLS maps RNA-seq data to VastDB,
quantifying all possible splicing events globally across the genome.
Four types of splicing events were assessed: intron retention (IR), exon
skipping (ES), 5’ alternative splicing (5'AS), and 3’ alternative spli-
cing (3’'AS).

In VAST-TOOLS, IR events were quantified by percent intron
retention (PIR), where a higher PIR indicates a greater extent of intron
retention. ES events were quantified by percent spliced-in (PSI),
representing the proportion of mRNA segments where a specific exon
is included, relative to the total number of mMRNA segments that can be
formed from the intron-exon-intron region. For 5’AS and 3’AS events,
the extent of splice site usage was measured by percent splice site
usage (PSU), reflecting the frequency of splice site utilization within a
given intron.

RNA-seq data from three experimental groups and the control
group were analyzed by VAST-TOOLS to quantify all potential aberrant
splicing events across the genome. In the case of IR events, those with
increased PIR in at least two experimental groups compared to the
control group were included. Moreover, the presence of other aber-
rant splicing events (ES, 5'AS, and 3'AS) from genes showing increased
IR was further assessed based on the VAST-TOOLS output.

Motif analysis

To identify the DLCI binding motif within introns, we selected introns
exhibiting increased intron retention within the DLCI gRNA group out
of the 10 genes expressed in the NC. The sequences of these introns
were analyzed using the HOMER software to identify any prevalent
sequence motifs that could be potentially recognized and bound
by DLCL

In situ hybridization

ISH was performed on HH10 chick embryos with anti-sense DIG-
riboprobes for SOX9, SNAI2, FOXD3, WNTI, and BMP4 generated from
pBluescript-Il KS vector and purified using G-50 column (GE Health-
care). Transfected embryos were fixed in 4% PFA overnight at 4 °C,
washed (PBS, 0.1% Tween-20) and dehydrated through 25%, 50%, 75%
methanol/PBS, 0.1% Tween-20 then absolute methanol. Embryos can
be stored at -20 °C at this point or processed for the rest of the
hybridization procedure which took four days. Day 1, embryos were
rehydrated through 75%, 50%, 25%, O methanol/PBS, 0.1% Tween-20,
then bleached in 6% H,0,/PBS, 0.1% Tween-20, incubated in 10 pg/mL
proteinase K solution (Invitrogen™, 25530049), post-fixed, pre-
hybridized for 1h and hybridized in solution containing anti-sense
probe overnight at 70 °C. Day 2, embryos were extensively washed to

remove unbound probe, blocked in 10% sheep serum (Sigma, S3772)
for 60-90 min at room temperature then incubated in anti-DIG-AP
(Roche, 11093274910) diluted in 1% sheep serum overnight at 4 °C. Day
3, embryos were extensively washed in 1 x TBST 5 times one hour each
and incubated in TBST overnight at room temperature. Day 4, embryos
were subjected to color development using NBT/BCIP detection kit
(1:50, Roche). The duration of color development varied depending on
the expression level for each gene. Embryos were fixed (4% PFA
overnight at 4 °C) and embedded (Tissue freezing medium, Leica) for
cryosectioning.

Whole mount immunofluorescence

Whole mount IF was conducted in transfected embryos which were
fixed in 4% PFA overnight at 4 °C and then blocked in blocking buffer
(PBS +1% Triton, 10% FBS, 0.02% NaNs) for an hour. Embryos were then
incubated with primary antibodies (1:1000 anti-rabbit GFP, Invitrogen
and 1:400 anti-mouse HNK-1, Developmental studies hybridoma bank
(DSHB) blocking buffer for 2 days 4 °C with gentle rocking, washed 3
times 30 min each in washing buffer (PBS +1% Triton) followed by
2 days incubation with secondary antibodies (Alexa Fluor™ 488, Jack-
son Immuno Research, and Cy™3 AffiniPure donkey anti-mouse IgM) in
blocking buffer at 4 °C overnight. The embryos were washed 3 times
30 min each in washing buffer before imaging.

Cryo-sectioning

Immunostained embryos were embedded in Tissue freezing medium
(Leica) and cryo-sectioned at 12 pm using a CryoStar NX50 (Thermo
Fisher Scientific) for subsequent immunofluorescence imaging.
Transfected embryos were freshly dissected, fixed 4% PFA at 4 °C for
2 h. Following fixation, the embryos were dehydrated in 30% sucrose at
4°C overnight, followed by embedding in Tissue Freezing Medium
with silicone molds and snap-frozen at —80 °C for cryo-sectioning.

Immunofluorescence

Transverse sections were washed in (PBS + 0.1% Triton) to remove the
OCT (Tissue freezing medium, Leica) and then blocked in blocking
buffer (1% BSA in1 x PBS 0.1% Triton) for 20 min before incubating with
primary antibodies (anti-sheep GFP, Bio Rad, anti-rabbit RFP, Rock-
land, anti-mouse HA tag, Invitrogen, anti-mouse V5 tag, Invitrogen,
anti-rabbit SOX9, Merck Millipore, anti-goat SOX2, R&D, anti-rabbit
Caspase-3, Cell signaling technology, anti-mouse PAX7, Develop-
mental studies hybridoma bank) at 4 °C overnight, washed (1 x PBS
0.1% Triton) three times and incubated with secondary antibodies
(Alexa Fluor™ 488, 594, 647) at room temperature 1-2 h. Stained with
DAPI (1:1000 in 1xPBS) at room temperature for 5min before
mounting (Fluorescence mounting medium, Dako) the slides with
cover slips. All incubations were conducted in a humidified chamber.

Imaging

The images of whole mount IF were taken by Leica MZ10F microscopy.
Imaging of in situ hybridization, IF on sections and HCR were per-
formed using Zeiss Axiophot microscopy and Zeiss LSM780 confocal
microscopy, respectively.

Hybridization chain reaction (HCR)

Electroporated and/or PB-treated embryos were collected at desig-
nated time points and placed in a petri dish containing Ringer’s solu-
tion. They were then rinsed once before fixation in 4% PFA, at 4 °C for
14 h. Fixed embryos were treated with pre-warmed (37 °C) 10 ug/mL
proteinase K solution for 10 min, followed by post-fixation with 4% PFA
at room temperature for 20 min. The embryos were then washed in
PBST, 50% PBST / 50% 5 x SSCT, 5 x SSCT subsequently. First, the
detection procedure involved the following steps: (1) Transfer 1-4
embryos to a 2 mL tube for each sample. (2) Pre-hybridize the embryos
in 500 pL of probe hybridization buffer for 30 min at 37 °C. (3) Prepare

Nature Communications | (2025)16:6718

15


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-62003-6

the probe solution by adding 2 pmol of each probe set (e.g. 2 L of 1uM
stock) to 500 L of probe hybridization buffer at 37 °C. (4) Remove the
pre-hybridization solution and add the probe solution. (5) Incubate the
embryos overnight (>12h) at 37°C. (6) Remove excess probes by
washing embryos 4 x 15 min with 1 mL of probe wash buffer at 37 °C. (7)
Wash the samples 2 x 5 min with 5 x SSCT at room temperature. Sec-
ond, the amplification procedure involved the following steps: (1) Pre-
amplify the embryos with 500 pL of amplification buffer for 5 min at
room temperature. (2) Prepare 30 pmol of hairpin hl and 30 pmol of
hairpin h2 separately by snap cooling 10 pL of 3 uM stock (heat at 95 °C
for 90 s and cool to room temperature in a dark drawer for 30 min). (3)
Prepare the hairpin solution by adding the snap-cooled h1 hairpins and
snap-cooled h2 hairpins to 500 pL of amplification buffer at room
temperature. (4) Remove the pre-amplification solution and add the
hairpin solution. (5) Incubate the embryos overnight (>12 h) in the dark
at room temperature. (6) Wash off excess hairpins with 1mL of 5 x
SSCT at room temperature: (a) 2 x 5min, (b) 2x 30 min, (c) 1x 5 min.
(7) Samples can be stored at 4°C protected from light before
embedding, cryosectioning and imaging. List of HCR probe sequences
for DLCI, PHF5A, SF3B1, SLU7, SOX9, SNAI2, SNAI2 intron 1, SNAI2 intron
3, CELF3, CELF5, NOVAI, GPATHCI are shown in Table S6-17
respectively.

Sample preparation for mass spectrometry

Endogenous DLC1 and its associated proteins were immunoprecipi-
tated from lysates of chick embryos (30 embryos per sample) using a
DLCl-specific antibody, with IgG serving as a control. The immuno-
precipitated proteins were separated by SDS-PAGE and visualized
using QC Colloidal Coomassie Stain (BioRad, #1610803). Distinct and
unique protein bands were observed in the DLC1 antibody samples but
not in the IgG control, confirming the specificity of the pull-down. The
samples were electrophoresed through the stacking gel until reaching
the boundary between the stacking and separating gels. The Coo-
massie blue-stained bands were excised from the gel and subjected to
reduction and alkylation by 10mM TCEP and 55mM 2-chlor-
oacetamide, respectively. Protein digestion was performed by incu-
bating samples with trypsin (1 ng/pl) overnight at 37 °C. Subsequently,
tryptic peptides were extracted from the gel sequentially with 50%
acetonitrile (ACN) containing 5% formic acid (FA) and then with 100%
ACN. The peptide extracts were pooled and dried using a SpeedVac.
The peptides were desalted using C18 StageTips prior to LC-MS/MS
analysis at the Centre for PanorOmic Sciences, Li Ka Shing Faculty of
Medicine, the University of Hong Kong. The same approach was
applied to identify PHF5A-associated proteins in neural tubes as well as
PHF5A- and SF3Bl-interacting factors in somites.

Mass spectrometry data acquisition

Eluted peptides were analyzed using a Dionex Ultimate3000
nanoRSLC system coupled to Thermo Fisher Orbitrap Fusion Tribid
Lumos mass spectrometer. Separation was performed on a commer-
cial C18 column (75 pm i.d. x 50 cm length x 2pum particle size) con-
nected to a NanoTrap column (75 pm i.d. x 2 cm length x 3 um particle
size) (Thermo Fisher). Peptides were separated using a linear gradient
of increasing buffer B (80% ACN, 0.1% FA) and decreasing buffer A
(0.1% FA) at a flow rate of 300 nL/min. The gradient program was as
follows: buffer B was increased to 30% over 90 min, then ramped to
45% over the next 15 min, followed by a rapid increased to 95% and held
for 5 min. Subsequently, the gradient was returned to 5% B for column
re-equilibration. Mass spectrometer was operated in positive polarity
mode with a capillary temperature of 300 °C. Full MS survey scan was
acquired at a resolution of 120,000, with an automatic gain control
(AGC) target of 5 x 10*, a maximum ion injection time (IT) of 30 ms, and
a scan range of 350-1500 m/z. A data-dependent top 10 method was
employed, utilizing higher-energy collisional dissociation (HCD) for
fragmentation. MS2 spectra were acquired at a resolution of 30,000,

with a normalized AGC target of 200%, a maximum ion injection time
(IT) of 100 ms, an isolation width of 1.6 m/z, and a normalized colli-
sional energy of 30s. Precursor ions selected for HCD were dynami-
cally excluded for 22s.

Mass spectrometry data analysis

The mass spectrometry raw files were processed and searched against
the Uniprot Gallus gallus reference proteome (updated as of
2023.08.19, containing 43,710 entries) and the Uniprot Homo sapiens
reference proteome (updated as of 2023.04.15, containing 38,977
entries) using MaxQuant version 1.6.14.0. The digestion was set to
specific, with trypsin/P selected. Variable modifications included oxi-
dation of methionine and N-terminal acetylation of peptides, while
Carbamidomethyl of cysteine was set as a fixed modification. The
peptide length was limited to 7-25 amino acids, with up to 2 missed
cleavages allowed. The precursor mass tolerance was set to 20 ppm for
the initial MS/MS search and 4.5 ppm after mass recalibration for the
main search. Fragment ion mass tolerance was set to 20 ppm. Protein
identifications were made using a target-decoy approach with a
reversed database, and both peptide and protein false discovery rates
were controlled at 1% (0.01). Following the MaxQuant analysis, the
generated proteinGroups.txt file was imported into Perseus version
1.6.13.0 to extract the iBAQ values for each sample for quantitative
comparison. Differentially interacting proteins were identified based
on statistical significance determined by t-a test (q < 0.05) and a pre-
determined log2 fold change threshold.

The STRING database was used to predict protein interactions
with our bait targets. The resulting PPl network was imported into
Cytoscape software version 3.10.0 for visualization and analysis of
functional modules. GO databases were used to analyze the functions
of proteins interacting with DLC1, PHF5A, and SF3B1. Enrichment of GO
terms was assessed using the Hypergeometric test, with p<0.05
considered statistically significant.

Immunoprecipitation and RNA-immunoprecipitation
(RIP)-qPCR

Wild-type chick embryos or electroporated chick embryos were dis-
sociated in IP lysis buffer supplemented with protease and phos-
phatase inhibitors (Invitrogen™ Halt™ Protease and Phosphatase
inhibitor cocktail, 100 x, 78442) or ribonuclease inhibitors (Invitro-
gen™ RNaseOUT™, 10777019). 10% of the lysate from each treatment
was reserved as the input control and stored at -80 °C for further
analysis. The remaining lysates from each treatment were incubated
with antibodies in tubes on a rotating wheel overnight at 4 °C to form
the immune complexex. 25 uL beads (Thermo Scientific 90409) were
added to each treatment and incubated for 4 h with rocking at 4 °C.
The samples were then washed, and the bead-immune complexes
were collected using a magnetic stand. Subsequently, the immuno-
precipitated lysates from each sample together with 10% of the inputs
were mixed with 1xloading dye and boiled for 10 min at 95°C to
dissociate the immunocomplexes from the beads. The resulting
samples were analyzed by Western blot or RIP-qPCR using primers
listed in Table S2.

Chromatin immunoprecipitation

1x10° sorted GFP cells were crosslinked with 1% formaldehyde
(Thermo Scientific, 28908) at room temperature for 10 min in a che-
mical fume hood. The crosslinking reaction was quenched by incu-
bating the cells with glycine solution for 5min under the same
conditions. Formaldehyde-containing waste was properly disposed of
according to safety guidelines. The cells were washed twice with ice-
cold PBS to remove residual formaldehyde and glycine. The membrane
and cytosol were lysed, and the chromatin was digested with micro-
coccal nuclease (MNase, Thermo Scientific, 26157). The chromatin was
further fragmented by sonication using a Diagenode Bioruptor Pico

Nature Communications | (2025)16:6718

16


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-62003-6

ultrasonication system. The fragmented chromatin was incubated with
either anti-RNA Pol II pSer2 or anti-RNA Pol Il pSer5 (Cell signaling
technology) at 4 °C for 4 h. Subsequently, 25 uL of ChIP grade protein
A/G magnetic beads were added per reaction, and the mixture was
incubated overnight at 4 °C. The bead-antibody-chromatin complex
was collected, washed to remove non-specific interactions, and sub-
jected to elution. The immunoprecipitated complex was treated with
proteinase K at 65°C for 40 min to recover DNA which was further
purified and analyzed by ChIP-qPCR using primers listed in Table S5.

Western blot

Electroporated chick embryos were dissociated in RIPA buffer (0.1%
SDS, 1% NP-40, 1% sodium deoxycholate, 150 mM NaCl, 25 mM Tris-HCI
pH 7.6), lysed on ice for 40 min with vortexing every 10 min, then
centrifuged for 15 min at 16000 g at 4 °C to collect the supernatants.
The concentration of lysates was determined using the BCA assay
(Thermo Scientific, 23228) with the establishment of a standard curve.
Samples could be stored at —80 °C for further analysis or processed
immediately. To assess the expression levels of endogenous protein or
protein-protein interaction, protein lysates were separated on SDS-
PAGE with varying percentages based on the molecular weight of
protein of interest. The transfer duration was adjusted and varied
based on the protein mass. Protein bands were visualized on films
(Fujifilm, 47410 19274) using chemiluminescent substrates (Advansta,
K-12045-D50; Carestream dental GBX, 661 0091) following incubation
with primary antibodies (anti-rabbit PHF5A, Proteintech, anti-mouse
SF3B1 MBL, anti-rabbit DLC1 BD Biosciences, anti-SLU7 Abcam, anti-
rabbit cleaved caspase-3 Cell Signaling Technology, anti-mouse RNA
Pol II Cell Signaling Technology, anti-rabbit RNA Pol II Ser5 Cell Sig-
naling Technology, anti-rabbit RNA Pol Il Ser2 Cell Signaling Tech-
nology) and secondary antibodies (anti-mouse IgG HRP, anti-rabbit IgG
HRP, Thermo Fisher Scientific). Full scan blots are provided in the
Source Data Files.

Reverse transcription polymerase chain reaction, qPCR, intron
retention and statistical analysis
Semi-quantitative RT-PCRs were performed in embryos treated with
different gRNA treatments using Vazyme, 2 x Rapid Taq Master Mix
(P222-02) to analyze the levels of unspliced and spliced transcripts, as
well as exon skipping. Quantification of DNA band intensity was con-
ducted using Adobe Photoshop 2021. qPCR was performed with
cDNAs obtained from sorted cells using TaKaRa, TB Green™ Premix Ex
Taq ™ Il (RR820A) to analyze the transcript levels of various genes or
with cDNAs generated from RNAs for the intron retention analysis
(Table S2). The list of primers used for semi-quantitative RT-PCR,
gPCR, and ChIP-qPCR is shown in Tables S3, S4, and S5, respectively.
Data from at least three separate experiments were presented as
mean + SD. The quantitative data from qPCR were analyzed using t-test
(GraphPad Prism 10). Benjamini-Hochberg correction was applied for
multiple comparisons. Significant differences were shown as *
p<0.05, *: p<0.01, ** p<0.001, ***: p<0.0001.

Data availability

All data supporting the conclusions of this study are presented in the
manuscript, supplementary materials, and the source data files. The
RNA-seq data generated in this study were deposited into the Gene
Expression Omnibus database under the accession number
GSE299465 and are available at the following URL: https://www.ncbi.
nlm.nih.gov/geo/query/acc.cgi?acc=GSE299465. Mass spectrometry
data were deposited to ProteomeXchange database under the ID
PXD064804 and are available at the following URL: https://www.iprox.
cn/page/project.html?id=IPX0012214000. The differentially interact-
ing factors of DLCI and PHF5A in NCCs, as well as those of PHF5A and
SF3Bl1 in somites, are available in Dataset 1, Dataset 2 and Dataset 4,
respectively. In addition, the global splicing and motif analysis of the

RNA sequencing data are available in Dataset 3. Source data are pro-
vided with this paper.
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