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Little is known about the regulation and function of phase separation in cra-

niofacial developmental disorders. MSX1 mutations are associated with human
cleft palate, the most common craniofacial birth defect. Here, we show that
MSX1 phase separation is a vertebrate-conserved mechanism underlying
embryonic palatal fusion. Notably, MSX1 phase separation is triggered by its
intrinsically disordered protein region (IDR) and regulated by PRMT1-
catalyzed methylation, specifically asymmetric dimethylation of arginine in
the MSX1 IDR including R150 and R157. Hypomethylated MSX1 due to
methylation site mutations and PRMT1 deficiency consistently leads to
abnormal MSX1 phase separation to form less dynamic gel-like condensates,
resulting in proliferation defects of embryonic palatal mesenchymal cells and
cleft palate. Besides, high frequency mutations in the MSX1 IDR, especially
R157S, have been identified in humans with cleft palate. Overall, we reveal the
function and regulatory pathway of MSX1 phase separation as a conserved
mechanism underlying cleft palate, providing a proof-of-concept example of a
phenotype-associated phase separation mechanism associated with craniofa-
cial developmental disorders.

M Check for updates

Phase separation is thought to be a fundamental mechanism under-
lying many important biological processes, creating distinct physical
and biochemical nonmembrane-bound compartments to regulate
signaling, biochemical reactions, gene expression, and other
processes' . Phase separation is often triggered by intrinsically dis-
ordered regions (IDRs) in proteins®’. In addition to IDRs, posttransla-
tional modifications (PTMs), including phosphorylation, methylation,
ubiquitination, and sumoylation, have been reported to play important
regulatory roles in phase separation®. The regulation of phase
separation by PTMs is complex and not fully understood. The occur-
rence of less dynamic gel-like phase separation is an important

mechanism promoting human diseases, including neurodegeneration
and cancer, and the possibility of directly targeting phase separation
with several therapeutically plausible approaches has emerged**™.
However, little is known about the regulation and function of phase
separation in craniofacial development and disorders. Previous studies
have identified many disease-associated mutations in craniofacial
developmental disorders, including high-frequency mutations in pro-
tein IDRs'. However, it is unclear whether and how mutations in pro-
tein IDRs, which lack a stable folded structure and are often annotated
as proteins of unknown significance, contribute to the development of
a genetic disorder.
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Msh homeobox 1 (MSX1) plays an important role in craniofacial
development, and mutations in MSX1 are associated with human cleft
palate, the most common craniofacial birth defect in humans®” ™, Cleft
palate, a complex genetic disorder, is caused by defective fusion
between bilateral palatal shelves (two mesenchymal projections),
where a defect in the proliferation of embryonic palatal mesenchymal
cells (EPM) is a causative factor'. Msxl-deficient mice exhibit cleft
palate, which results from an EPM proliferation defect'*". MSX1 con-
tains an IDR at its N-terminus, but it is largely unknown whether and
how IDR-containing MSX1 contributes to normal craniofacial devel-
opment and cleft palate via a phase separation-associated mechanism.

Protein arginine methyltransferase 1 (PRMT1) is a key enzyme for
protein arginine (R) dimethylation in vertebrates, and Prmtl-deficient
mice exhibit cleft palate with reduced EPM proliferation, recapitulat-
ing the craniofacial developmental abnormalities observed in Msx1-
deficient mice'*". R150 and R157 in the MSX1 IDR are the two potential
methylation sites'. However, it remains to be determined whether and
how PRMTI1 directly methylates R150 and/or R157 in the MSX1 IDR to
contribute to normal craniofacial development and cleft palate.

In this study, we demonstrated that MSX1 phase separation
regulated by PRMT1-catalyzed methylation is one of the mechanisms
underlying cleft palate in craniofacial development. MSX1 phase
separation is triggered by its IDR and is precisely modulated by PRMTI1-
mediated R dimethylation, where PRMTI directly binds MSX1 to
dimethylate R150 and R157 in the MSX1 IDR. Defects in PRMTI-
catalyzed MSX1 R150 and R157 dimethylation led to abnormal MSX1
phase separation, leading to the formation of less dynamic gel-like
condensates, which caused EPM proliferation defects and cleft palate.
The function and regulation of PRMTI-methylated MSX1 phase
separation are conserved in vertebrates from zebrafish to humans and
are clinically related to human cleft palate. Thus, this study provides a
proof-of-concept example of a craniofacial developmental disorder as
a phase separation-associated disease, which will be valuable for future
innovations in preventative treatment and therapeutic approaches
involving direct modulation of phase separation.

Results

MSX1 undergoes phase separation via an IDR at its N-terminus
The MSX1 protein consists of a DNA-binding domain (DBD) flanked by
a repression domain (RD)-containing the N-terminal region and a
subnuclear domain (SD)-containing the C-terminal region'. VL3 in
PONDR analysis revealed that the RD-containing N-terminal region in
MSX1 is a largely unfolded IDR (Fig. 1A and Supplementary Fig. 1A)*.
Proteins with IDRs can undergo phase separation to form droplet-like
condensates to mediate their biological functions®. These findings led
us to investigate whether MSX1 with an IDR in its N-terminus can
undergo phase separation. Indeed, immunofluorescence assays
revealed that under physiological conditions, endogenous MSXI-
formed circular droplet-like condensates uniformly distributed in the
nucleus in human HEK293T cells, human EPM (HEPM), and mouse EPM
(MEPM) (Fig. 1B, C and Supplementary Fig. 1B).

To explore the role of MSX1 phase separation during HEPM
differentiation and palate development, we examined changes in
MSX1 subnuclear localization during osteogenic differentiation and
chondrogenic differentiation in cultured HEPM, and in mouse palate
tissues from gestational day E13.5 to postnatal day P1, which
encompasses the period of embryonic palate fusion”. Endogenous
MSX1 similarly formed droplet-like condensates in the nucleus
before and after induction of osteogenesis and chondrogenesis
induction (Supplementary Fig. 1C, D). However, there were sig-
nificantly more cells with MSX1 condensates at E14.5 than at other
time points (Supplementary Fig. 1E, F). By E14.5 in mouse embryos,
the palatal shelves have elevated to the horizontal position, make
contact at the midline, and initiate fusion with each other, which is a
critical period for EPM proliferation and palatal fusion”. These

findings indicate that dynamic MSX1 phase separation may play an
important role in the spatiotemporal regulation of palatal fusion in
mouse embryos. Consistent circular droplet-like condensates were
observed in HEK293T and HEPM cells ectopically expressing the
MSX1-mEGFP plasmid (Fig. 1D, E).

Previous studies have reported several membraneless orga-
nelles (MLOs) formed by the IDR-triggered protein phase separation
in the nucleus, including nuclear speckles (NSs), promyelocytic leu-
kemia protein (PML) nuclear bodies, and Cajal bodies, which con-
tribute to the intracellular division of specific biological functions®.
We found that MSX1 droplet-like nuclear condensates did not colo-
calize with known nuclear MLOs, including PML bodies, NSs, and
Cajal bodies (Supplementary Fig. 1G). Condensates formed by phase
separation can be disrupted by 1,6-hexanediol (1,6-Hex)*. In
HEK293T and HEPM cells, droplet-like condensates formed by MSX1-
mEGFP overexpression were disrupted by 1,6-Hex treatment (Fig. 1F).
The ability to recover from photobleaching, as measured by fluor-
escence recovery after photobleaching (FRAP) assay, is an important
physicochemical property of phase separation condensates”. FRAP
assays revealed that the fluorescence of MSX1-mGEFP droplets in
HEK293T and HEPM cells recovered after photobleaching (Fig. 1G).
Time-lapse photography of living cells revealed that MSX1-mEGFP
droplets could fuse with each other (Fig. 1H). These results suggest
that MSX1 droplet-like phase separation condensates in cells have a
dynamic liquid-like nature.

To further investigate MSX1 phase separation in vitro, we pur-
ified MSX1 for in vitro phase separation assays (Supplementary
Fig. 2A, B). In in vitro droplet formation assays, differential inter-
ference contrast (DIC) and fluorescence imaging revealed that pur-
ified MSX1 proteins formed droplets with a spherical shape (Fig. 1I).
The results of the deletion of additional tags to exclude the influence
of tags on the MSX1 protein were similar (Supplementary Fig. 2C-E).
Overall, the abundance of MSX1 droplets increased with decreasing
salt concentration and increasing protein concentration, whereas
too low of a salt concentration and too high of a protein con-
centration led to gel-like protein aggregation (Fig. 1) and Supple-
mentary Fig. 2F, G). A turbidity assay conducted by measuring the
optical density (OD) of a protein solution at 380 nm is another
approach adopted to quantify the capacity of protein phase
separation®. The results of the turbidity assay revealed that the
turbidity of the MSX1 protein solution increased with increasing
protein concentration (Fig. 1K and Supplementary Fig. 2H). Further-
more, different pH values and temperatures affected in vitro MSX1
droplet formation. Specifically, MSX1 phase separation peaked at
pH=6, and MSX1-formed aggregates tended to be gelatinous and
solid with increasing temperature (Supplementary Fig. 2I-L). Con-
sistent with MSX1 forming droplet-like condensates in cells via phase
separation, droplets formed by the MSX1 protein in vitro were also
disrupted by 1,6-Hex treatment and recovered after photobleaching
with a half-recovery time (t;;,) of 88.28 s (Fig. 1L, M). Furthermore,
droplets formed by the MSX1 protein in vitro showed droplet fusion
over time (Fig. IN). These in vitro phase separation assays using
purified MSX1 proteins confirmed that MSX1 can undergo phase
separation to form droplet-like condensates with liquid-like dynamic
properties.

We then investigated the role of the IDR and other domain
regions in MSX1 phase separation by constructing a series of plas-
mids to produce different MSX1 mutants for phase separation assays
in cells and in vitro (Fig. 10). In cells overexpressing full-length wild-
type MSX1 (MSX1-FL) or any of the MSXI truncation mutants, fluor-
escence assays revealed that only AIDR, an MSX1 mutant lacking the
IDR, presented severe defects in nuclear condensate formation,
suggesting that the IDR of MSX1 is required for its droplet-like con-
densation in cells (Fig. 1P and Supplementary Fig. 2M). Furthermore,
in in vitro phase separation droplet formation assays using purified
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proteins (Supplementary Fig. 3A), the AIDR protein had a reduced
ability to form droplet-like condensates (Fig. 1Q, R and Supplemen-
tary Fig. 3B). Consistent with this, in in vitro phase separation tur-
bidity assays, the AIDR protein solution showed significantly reduced
turbidity compared with the MSX1-FL protein solution (Supplemen-
tary Fig. 3C). Deletion of additional tags produced a similar result
(Supplementary Fig. 3D, E). In in vitro droplet formation assays, DIC,

and fluorescence imaging revealed that the purified MSX1 IDR pro-
tein underwent phase separation to form droplets with a sphericity
comparable to that of the MSXI1-FL protein (Fig. 11 and Supplemen-
tary Fig. 2E). These results suggest that the IDR is required for MSX1
phase separation in cells and in vitro.

Taken together, our data demonstrate that MSX1 undergoes
phase separation via its IDR.
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Fig. 1| MSX1 undergoes phase separation via an IDR at its N-terminus. A Order/
disorder region prediction of MSX1 by the protein sequence and disorder predic-
tion (PONDR) algorithm. B, C Representative immunofluorescence images for
endogenous MSX1 in HEK293T (B) and HEPM (C). Scale bars, 10 pm.

D, E Representative confocal images of HEK293T (D) and HEPM (E) with ectopic
overexpression of MSX1-mEGFP. Scale bars, 10 pm. F Representative fluorescence
images of MSX1-mEGFP expressing HEK293T and HEPM treated with dimethyl
sulfoxide (DMSO) or 5% 1,6-Hex (left), and quantification of liquid droplets formed
in the indicated cells. Scale bars, 10 um. HEK293T: n=19. HEPM: -1,6-hex, n=17;
+1,6-hex, n=13. G Representative graphs and quantitative analysis for the FRAP
assay of MSX1-mEGFP condensates in HEK293T and HEPM. Scale bars, 10 pm. n=3
biologically independent experiments. H Time-lapse micrographs of MSX1-mEGFP
droplet fusion in HEPM. Scale bars, 10 um. I Representative images of droplet
formation of MSX1-FL-mEGFP and MSX1 IDR-mEGFP upon 3C cleavage. Scale bars,
10 pm. J Phase diagram of MSX1-mEGFP at different protein concentrations as a
function of salt concentration, achieved by scoring for the existence of droplets or

fibrillar hydrogels. Scale bars, 10 um. K Representative images for the turbidity
assay of MSX1-mEGFP protein solution with increasing protein concentration.

L Representative images and quantification of MSX1-mEGFP and MSX1 protein
solution treated with DMSO or 5% 1, 6-Hex. Scale bars, 10 pm. MSXI-mEGFP: n=3,
MSX1: n =4 biologically independent experiments. M Representative droplet
micrographs (top) and FRAP quantification (bottom) of MSX1-mEGFP protein

in vitro. Scale bars, 10 pm. n = 4 biologically independent experiments. N Time-
lapse micrographs of MSX1-mEGFP droplet fusion in vitro. Scale bars, 5 pm.

0 Schematic of MSX1 domains and truncated mutants. P Phase separation assay of
truncated mutants of MSX1 in cells. Scale bars, 10 um. Q Representative images of
droplet formation for MSX1-FL-mEGFP or MSX1-AIDR-mEGFP at different protein
concentrations in 25-200 mM NaCl. Scale bars, 10 pm. R Statistical analysis of the
droplet formation of MSX1-FL-mEGFP or MSX1-AIDR-mEGFP. n = 3 biologically
independent experiments. All data in this figure are represented as mean + SD from
at least three biologically independent experiments with similar results. Two-tailed
Student’s t-test for (F, L). Source data are provided as a Source Data file.

PRMTI1 regulates MSX1 phase separation by dimethylating MSX1
PRMT1, a key methyltransferase for protein R residue methylation, is
an upstream regulator of MSX1 that regulates craniofacial
development”. R methylation, an important PTM, has been shown to
play important regulatory roles in protein phase separation and
function”*. These findings led us to investigate whether and how
PRMT1 modulates MSX1 phase separation through R methylation.
Encouragingly, immunofluorescence assays revealed that inhibition of
PRMTI1 by its specific inhibitor MS023 and depletion of PRMTI1 by
siRNAs caused significantly abnormal MSX1 phase separation by
reducing the sphericity of the MSX1 condensates in the nucleus to
form more gel-like condensates in cells than the controls (Fig. 2A, B
and Supplementary Fig. 4A). FRAP assays confirmed that these more
gel-like condensates were less dynamic, as evidenced by them
requiring more time to reach half recovery (Fig. 2C-F).

As a key methyltransferase, PRMTL is responsible for more than
90% of asymmetric arginine dimethylation (aDMA) events, rather than
symmetric arginine dimethylation (sDMA) events”. We found that
PRMTI1 interacts with MSX1, as evidenced by immunofluorescence
assays showing the colocalization of endogenous MSX1 and PRMT1 in
HEK293T and HEPM cell nuclei and reciprocal coimmunoprecipitation
(Co-IP) analysis confirming the interaction between MSX1 and PRMT1
in cells, and pulldown assays using purified MSX1 and PRMTI1 proteins
confirming their direct interaction in vitro (Fig. 2G-I and Supplemen-
tary Fig. 4B). Immunofluorescence staining and Co-IP revealed that
there was no significant change in the interaction between MSX1 and
PRMT1 before and after the induction of osteogenic and chondrogenic
differentiation (Supplementary Fig. 4C-E). Furthermore, cotransfec-
tion of MSX1-mEGFP and PRMT1-mCherry resulted in good colocali-
zation of MSX1 with PRMTI in the nucleus (Fig. 2J, K) and in vitro phase
separation droplet formation assays revealed recruitment of PRMT1
into MSX1 droplets (Fig. 2L and Supplementary Fig. 4F). Furthermore,
Co-IP analysis using methyl-arginine antibodies revealed that MSX1
undergoes aDMA rather than sDMA, and both the inhibition and
depletion of PRMT1 decreased the aDMA levels of MSX1 (Fig. 2M, N). In
vitro methylation assay results revealed that the purified MSX1 protein
could be directly methylated by the purified PRMT1 protein via the use
of S-adenosylmethionine (SAM) as a methyl donor (Fig. 20).

In in vitro phase separation droplet formation assays using pur-
ified proteins, the unmethylated MSX1 protein showed significantly
altered phase separation compared with the PRMTI1-methylated MSX1
proteins via an increased tendency to form condensates (Fig. 2P).
These data suggest that PRMT1 regulates MSX1 phase separation by
binding and aDMA-type demethylation of MSX1, with PRMT1-catalyzed
MSX1 aDMA potentially important for the dynamic nature of MSX1
phase separation by reducing its tendency to condense into less
dynamic gel-like condensates.

PRMTI1 modulates MSX1 phase separation by methylating its
IDR residues R150 and R157

We then sought to identify the specific R residues in MSX1 for PRMT1-
catalyzed methylation. PTM prediction analysis using PhosphoSitePlus
predicted R150 and R157 in the MSX1 IDR as the only two potential
dimethylation sites, which was supported by mass spectrometry data'®
(Fig. 3A). Co-IP analysis revealed that the R150S and R157S mutants
both exhibited reduced binding to PRMT1, and their methylation levels
were both lower than those of MSX1-FL (Supplementary Fig. 4G and
Fig. 3B). Consistent with these findings, an in vitro methylation assay
revealed that the R150S and R157S mutants showed strongly decreased
PRMTI1-catalyzed methylation (Fig. 3C). These results suggest that
both R150 and R157 in the MSX1 IDR are methylation sites at which
MSX1 is dimethylated by PRMTL.

We further investigated the role of PRMTI-catalyzed R150 and
R157 methylation in MSX1 phase separation. In cells, immuno-
fluorescence assays revealed that compared with MSX-FL, both the
R150S and R157S mutants formed more gel-like condensates with
reduced sphericity in the nucleus (Fig. 3D, E). In support of these
findings, these more gel-like condensates were less dynamic, recov-
ered much less efficiently, and took longer to reach half recovery after
photobleaching (Fig. 3F, G). The abnormal behavior of R150S and
R157S phase separation is similar to that of MSX1 phase separation
under the inhibition or depletion of PRMT1 as described above. Con-
sistent with this, in in vitro phase separation droplet formation assays
using purified proteins, both the R150S and R157S proteins formed
more gel-like condensates with reduced sphericity than MSX1-FL did
(Fig. 3H, I). Deletion of additional tags produced a similar result
(Supplementary Fig. 4H, I). These more gel-like condensates were less
dynamic, as evidenced by the longer time to reach half recovery after
photobleaching (Fig. 3J, K).

The R-to-S mutation might affect MSX1 phase separation by
altering the MSX1 protein structure rather than the methylation level.
To clarify whether the regulation of MSX1 phase separation by R150S
and R157S mutations is methylation dependent, we mutated R150 and
R157 to lysine (K) (an unmethylated mimetic) or phenylalanine (F) (a
methylated mimetic)***% R-to-K mutations are often used as unme-
thylated mimetics because they retain the positive charge of the
arginine residue and eliminate its ability to be targeted by the arginine
methyltransferase®**. In vivo and in vitro methylation assays con-
firmed that the methylation levels of the R150K, R157K, and R150/157K
mutants were lower than those of MSXI1-FL (Supplementary Fig. 4J, K).
To further investigate whether MSX1 phase separation is affected by
R150/R157-mediated methylation or protein conformation, we per-
formed additional phase separation experiments using different R
mutations. The R150S, R157S, R150K, and R157K mutants formed larger
speckles in the nucleus than MSX1-FL and two other mutants, the
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R150F and R157F mutants (Fig. 3L, M and Supplementary Fig. 4L, M).
However, only the purified R150S and R157S proteins, but not the
purified R150K, R157K, R150F, and R157F mutant proteins, significantly
increased MSX1 protein aggregation in vitro (Fig. 3N, O and Supple-
mentary Fig. 4N, O). The inconsistency of the R-to-K mutants and the
consistency of R-to-F mutants between the in vivo (methylation) and
in vitro (unmethylation) results suggested that the abnormal MSX1

phase separation was caused by demethylation rather than protein
conformational changes caused by the R-to-S mutations.

Next, we overexpressed PRMTI in R150S and R157S cells and
observed that there was partial rescue of the circularity of MSX1 con-
densates after PRMT1 overexpression. The aberrant gel-like con-
densates caused by the R150S and R157S mutations tended towards
droplet-like condensates, but they did not fully recover to the state
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Fig. 2 | PRMT1 regulates MSX1 phase separation by dimethylating MSX1.

A Representative confocal images of MSX1-mEGFP-expressing HEK293T treated
with DMSO or MS023 (left), and quantitative analysis of circularity (sphericity) of
MSX1-mEGFP puncta per nucleus was shown (right). Scale bars, 10 pm. DMSO:
n= 115, MS023: n =216 condensates. B Representative confocal images (left) and
circularity quantification (right) of MSX1-mEGFP-expressing HEK293T transfected
with NC siRNA or PRMT1 siRNA. Scale bars, 10 pm. siNC: n =105, siPRMT1: n =310
condensates. C Representative images of FRAP of MSX1-mEGFP- expressing
HEK293T treated with DMSO or MS023. Scale bars, 10 pum. D Representative graphs
of FRAP of MSX1-mEGFP-expressing HEK293T transfected with NC or PRMT1 siRNA.
Scale bars, 10 pm. E FRAP quantification of MSX1-mEGFP-expressing in HEK293T
treated with DMSO or MS023. n =3 biologically independent experiments.

F Quantitative of FRAP assay in HEK293T transfected with NC or PRMT1siRNA.n=3
biologically independent experiments. G Representative immunofluorescence
images for endogenous MSX1 and PRMT1 in HEK293T. Scale bars, 10 pm.

H Representative western blot images of reciprocal Co-IP analysis confirming the
association between MSX1 and PRMT1 in HEK293T ectopically expressing MSX1-

mEGFP and PRMTI-FLAG. I Representative western blot images of pulldown assay
using MSX1-mEGFP and PRMT1-mCherry purified proteins. J, K Confocal images (J)
and colocalization analysis (K) of HEK293T with ectopic overexpression of MSXI1-
mEGFP and PRMT1-mCherry. Scale bars, 10 um. The white solid line indicates the
nucleus. L Representative DIC and fluorescence images of condensates formed by
purified proteins MSX1-mEGFP and PRMT1-mCherry. Scale bars, 10 pm.

M Representative western blot images of Co-IP assays assessing the aDMA and
sDMA of MSXI. N Representative western blot images of Co-IP assays assessing the
aDMA of MSX1 in treated with MS023 or PRMT1 siRNA. O Representative western
blot images of in vitro methylation assay using MSX1 and PRMT1 purified proteins
with/without S-adenosylmethionine (SAM) treatment. Coomassie blue-stained gel
showed loading controls for MSX1 and PRMT1 purified proteins. P Droplet forma-
tion (left) and turbidity measurement (right) of unmethylated and methylated
MSX1 purified proteins. Scale bars, 10 um. n =10 samples. All data in this figure are
represented as mean + SD from at least three biologically independent experiments
with similar results. Two-tailed Student’s t-test for (A, B, E, F, P). Source data are
provided as a Source Data file.

observed before mutation (Fig. 3P, Q). As described above, compared
with unmethylated MSX1, MSX1 methylated by PRMT1 tended to
condense into less dynamic gel-like condensates. The gel-like con-
densates of the R150S and R157S proteins could be markedly reduced
upon methylation by PRMTI, suggesting that both R150 and R157 in the
MSX1 IDR, as PRMTI-targeted methylation sites, are important for
MSX1 phase separation behavior (Fig. 3P-S and Supplementary
Fig. 4P). These results further confirm the important role of the MSX1
IDR and its methylation by PRMT1 in the dynamic nature of normal
MSX1 phase separation condensates.

Less dynamic gel-like MSX1 phase separation impairs EPM
proliferation

Cell cycle-mediated EPM proliferation plays an important role in cra-
niofacial developmental disorders'. To investigate the function of
MSX1 phase separation in craniofacial developmental disorders, we
first examined whether and how MSX1 phase separation is associated
with the cell cycle and proliferation of EPM. In cell cycle assays using
flow cytometry, the R150S and R157S MSX1 mutants, which exhibited
less dynamic gel-like phase separation, resulted in a decreased pro-
portion of S-phase cells with an increased proportion of G1-phase cells
compared with MSXI1-FL (Fig. 4A). PCNA, CCND1, CCNA2, and MKI67
are markers of cell proliferation®~*>, RT-qPCR analysis revealed that,
compared with MSXI1-FL, the R150S and R157S MSX1 mutants were
significantly ineffective at increasing the expression of both the PCNA
and CCND1 genes compared to MSX1-FL (Fig. 4B). The results of PCNA
immunofluorescence staining were consistent, with the number of
PCNA-positive cells among cells overexpressing the R150S and R157S
MSX1 mutants being significantly lower than that among cells over-
expressing MSXI1-FL (Fig. 4C, D). These results suggest that the less
dynamic MSX1 phase separation induced by R150S and R157S is asso-
ciated with defects in EPM cell cycle progression and cell proliferation.

Furthermore, compared with MSX1-FL, PCNA immuno-
fluorescence in HEPM with R-to-K and R-to-F mutants, which exhibit
abnormal MSX1 phase separation, resulted in varying degrees of
reduction in cell proliferation (Fig. 4C, D). Consistent with the
methylation of R150 and R157 by PRMT1 attenuating MSX1 phase
separation into proliferation-defective, less dynamic gel-like con-
densates, silencing PRMT1 decreased the proportion of S-phase cells
with an increased proportion of Gl-phase cells and reduced the num-
ber of PCNA-positive cells compared with those in the control
(Fig. 4E-H).

MSX1 is a transcription factor*®. We performed transcriptomics
analyses, including analysis of the quality of the transcriptome data
and differentially expressed genes (DEGs) between normal MSX1
phase separation with MSX1-FL and abnormal MSX1 phase separation
caused by R-to-S, R-to-F, and R-to-K mutations in HEPM

(Supplementary Fig. 5SA-H and Supplementary Data 1). Although the
DEGs between R157S _vs_FL, the DEGs between R157F vs_FL, the DEGs
between R157S_vs FL, and the DEGs between R157K vs FL varied, the
upregulated DEGs were consistently and significantly enriched in the
regulation of cell proliferation (Supplementary Fig. 51-K). These data
suggest that mutations in the PRMT1-targeted methylation site in
MSX1, resulting in abnormal MSX1 phase separation, might regulate
HEPM cell proliferation through the transcriptional regulation of
downstream genes. Tbx22 and Bmp4 are important downstream
target genes of MSX1 in the regulation of palate development'**’. We
found that the promoter activities of Tbx22 and Bmp4 were reduced
by MSX1 methylation site mutations (Supplementary Fig. 6A). The
MSX1-CBP/P300 protein complex is crucial for MSX1 transcriptional
activity®, and Co-IP results revealed that there was no significant
change in the level of the MSX1-CBP/P300 complex between MSXI1-FL
and its mutants, including R-to-S, R-to-F and R-to-K (Supplemen-
tary Fig. 6B).

To clarify whether the effect of MSX1 on HEPM cell proliferation is
dependent on PRMT1, HEPM cells were cotransfected with MSXI1-FL
and PRMTI siRNA. As shown in Fig. 4I-L, the increased cell prolifera-
tion induced by MSXI-FL was diminished by cotransfection with
siPRMT1. These results indicate that PRMT1 plays a key role in the
regulatory effect of MSX1 on HEPM cell function.

PRMT1 regulates several important signaling pathways in HEPM
cell proliferation and palatal development, such as the BMP, TGFf3,
and WNT pathways'®. Sonic hedgehog (SHH) and fibroblast growth
factor (FGF) have been identified as essential components of sig-
naling pathways for palatal development®. We found that the SHH
and FGF signaling pathways, as well as BMP, TGF[3 and WNT signaling
pathways, were affected by PRMT1-regulated MSX1 methylation and
methylation-mediated MSX1 phase separation (Supplementary
Fig. 6C-E). The PRMT1 downstream pathway functions differently in
different tissues during craniofacial development”. However, the
regulatory mechanism of PRMT1-methylation-mediated MSX1 phase
separation in the development of the calvaria was not exactly the
same as that in the palate, which was partially applicable to other
NCC-derived tissues in the craniofacial region (Supplementary
Fig. 6F-K). It would be interesting to further investigate the reg-
ulatory mechanism of PRMTI-methylation-mediated MSX1 phase
separation in the development of calvaria in the future. Nevertheless,
these data suggest that MSX1 phase separation, which is regulated by
PRMTI-mediated R150 and R157 methylation, underlies the regula-
tion of HEPM proliferation and palate development.

Abnormal MSX1 phase separation underlies cleft palate
Defective EPM proliferation causes cleft palate, an abnormality of
craniofacial development'*%, As described above, abnormal PRMT1-
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regulated MSX1 R150 and R157 methylation resulted in abnormal MSX1
phase separation, resulting in the formation of less dynamic gel-like
condensates and proliferation defects in EPM. These findings led us to
further investigate whether abnormal PRMTL-regulated MSX1 phase
separation, which results in the formation of less dynamic gel-like
condensates, can lead to cleft palate. PRMTI-catalyzed protein R
dimethylation is conserved between mammals and nonmammals*’.

R1 '
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We found that PRMT1 is well conserved in vertebrates from zebrafish
to humans (Supplementary Fig. 7). Although MSX1 IDRs are not well
conserved between the nonmammal zebrafish and mammals, the
human MSX1 R150 and R157 residues were found to be well conserved
in vertebrates from zebrafish to humans (Fig. 5A and Supplementary
Fig. 8). EPM are derived from neural crest cells (NCCs), and 7g (sox10:
egfp) zebrafish are an established transgenic zebrafish line that
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Fig. 3 | PRMT1 modulates MSX1 phase separation by methylating its IDR resi-
dues R150 and R157. A MSX1 PTM prediction. B Representative western blot
images of aDMA-MSXI1 levels in HEK293T transfected with indicated plasmids. C In
vitro methylation assay of MSX1-FL/R150S/R157S-mEGFP purified proteins.

D-G MSX1-FL-mEGFP, MSX1-R150S-mEGFP and MSX1-R157S-mEGFP phase separa-
tion in vivo. D Representative confocal images of condensates in HEK293T. Scale
bars, 10 um. E Circularity quantification of condensates in HEK293T. MSXI1-FL:

n =83, MSX1-150S: n =187, MSX1-157S: n =128 condensates. F FRAP analysis of
MSX1 condensates in HEK293T. Scale bars, 10 um. G FRAP quantification of MSX1
condensates. n = 3 biologically independent experiments. H-K MSX1-FL-mEGFP,
MSX1-R150S-mEGFP, and MSXI1-R157S-mEGFP phase separation in vitro.

H Representative confocal images of condensates formed by purified proteins.
Scale bars, 10 pm. I Circularity quantification of condensates formed by purified
proteins. FL: n =873, R150S: n =1602, R157S: n = 773 condensates. ] Representative
images of FRAP assays assessing time-dependent fluorescence recovery of con-
densates formed by purified proteins. Scale bars, 1 um. K FRAP quantification of
results condensates formed by purified proteins. n =3 biologically independent
experiments. L-O MSX1-FL-mEGFP, MSX1-R150S-mEGFP, MSX1-R157S-mEGFP,
MSX1-R150F-mEGFP, MSXI1-R157F-mEGFP, MSX1-R150K-mEGFP and MSX1-R157K-
mEGFP phase separation in vivo and in vitro. L Representative confocal images of

HEPM expressing MSX1-FL-mEGFP or its mutants. Scale bars, 10 pm. M Quantitative
analysis of the area of MSX1-mEGFP puncta per nucleus. n=5 fields.

N Representative DIC images of condensates formed by purified proteins. Scale
bars, 10 pm. O Quantification of condensate turbidity using purified proteins.n=3
biologically independent experiments. P, Q MSX1-FL-mEGFP, MSX1-R150S-mEGFP,
MSX1-R150S-mEGFP+PRMT1, MSX1-R157S-mEGFP and MSX1-R157S-mEGFP+PRMT1
phase separation in vivo. P Representative confocal images in HEK293T. Scale bars,
10 pm. Q Circularity quantification of condensates formed in HEK293T. FL: n =44,
R150S: n =33, R150S + PRMT1: n =43, R157S: n=39, R157S + PRMT1: n=36 con-
densates. R, S unmethylated or methylated MSX1-FL-mEGFP, MSX1-R150S-mEGFP,
and MSX1-R157S-mEGFP phase separation in vitro. R Representative DIC and
fluorescence images of condensates formed by purified proteins. Scale bars, 10 um.
S Quantification of condensate sphericity using purified proteins. unmeFL: n=25,
meFL: n =25, unmeR150S: n =27, meR150S: n =23, unmeR157S: n =20, meR157S:

n =20 condensates. All data in this figure are represented as mean + SD from at least
three biologically independent experiments with similar results. Two-tailed Stu-
dent’s t-test for (M, 0), One-way ANOVA with Dunnett’s multiple comparisons test
for (E, G, I, K), One-way ANOVA with Turkey’s multiple comparisons test for (Q, S).
Source data are provided as a Source Data file.

expresses EGFP under the regulation of the soxIO promoter for
labeling NCCs and the ethmoid palate on the basis of EGFP
fluorescence®. Therefore, we used Tg (sox10: egfp) zebrafish as our
animal model to study the function and regulation of MSX1 phase
separation in craniofacial development and cleft palate in vivo.

First, we generated prmtl MO zebrafish by injecting Tg (soxI10:
egfp) zebrafish embryos with antisense morpholino (MO) against prmt1
to knock down prmtI in vivo (Supplementary Fig. 9A, B). The protein
phh3 is a marker of cell mitotic activity, and phh3 positivity is asso-
ciated with cell proliferation*>. Consistent with the in vitro EPM cell
proliferation results described above, prmtl MO zebrafish presented
markedly fewer egfp/phh3 double-positive cells than the controls did,
suggesting that there were defects in EPM proliferation in vivo (Fig. 5B
and Supplementary Fig. 9G, J). Compared with the controls, the prmt1
MO zebrafish presented significantly greater rates of ethmoid palate
defects (Fig. 5C and Supplementary Fig. 9H). Alcian blue staining of
craniofacial cartilage confirmed that prm¢tI MO zebrafish presented a
significantly greater rate of palate cleft than control zebrafish did
(Fig. 5D, E and Supplementary Fig. 9C, I, K). Alterations in MSX1
aggregation in the cranial NCC migratory streams, which would
develop into ethmoid palate, were detected in zebrafish embryos
microinjected with control MO or prmtI MO at 12 h post-fertilization
(hpf). Interestingly, a bright droplet-like speckle was visualized in the
control group, whereas an irregular gel-like condensate was visualized
in the prmt1 MO group, revealing that MSX1 phase separation was also
disrupted in palatal development of prmtl MO zebrafish embryos
(Fig. 5F, G). We further generated msxI MO zebrafish by injecting Tg
(sox10: egfp) zebrafish embryos with MO against msxI to knock down
msx1 in vivo (Supplementary Fig. 9D, E). Compared with the control
zebrafish, msxI MO zebrafish also presented markedly fewer
EGFP/phh3 double-positive cells and a significantly higher palate cleft
(Fig. SH-L and Supplementary Fig. 9G-K). The Overexpression of
PRMT1 only partially rescued the EPM proliferation defect and palate
cleft in msxI MO zebrafish (Fig. SH-L and Supplementary Fig. 9F-K).
These results suggest that PRMT1 and MSX1 are functionally related
and that both are important regulators of normal craniofacial
development.

MSX1 phase separation is triggered by the IDR at its N-terminus.
Accordingly, whether MSX1 with IDR deletion contributes to cleft
palate via a phase separation-associated mechanism was investigated
by microinjection of MSX1 AIDR mRNA into zebrafish. The reduction in
EPM cell proliferation and cleft palate defects caused by msxI MO was
rescued by MSX1-FL mRNA, but not by MSX1 AIDR mRNA (Supple-
mentary Fig. 9L-P), demonstrating that MSX1 phase separation

disruption caused by IDR deletion hinders palate fusion by inhibiting
cell proliferation in zebrafish embryos.

IDR- and PRMT1-mediated MSX1 methylation is critical for MSX1
phase separation to modulate HEPM cell proliferation in vitro. The R
residues in the MSX1 IDR are conserved in vertebrates from zebrafish
to humans, but whether PRMTI- and R residue-mediated MSX1
methylation is conserved in zebrafish is unknown. Co-IP analysis
revealed a reduction in the methylated MSX1 level in prmtI MO and R-
to-S mutant zebrafish embryos (Fig. 5M, N), suggesting that MSX1
methylation is conserved in zebrafish. Consistent with both R150 and
R157 in the MSX1 IDR as the PRMTlI-targeted methylation sites are
important for the behaviors and functions of MSX1 phase separation,
neither R150S nor R157S overexpression was as efficient as MSXI1-FL
overexpression in rescuing the EMP cell proliferation defects and
preventing palate cleft in the msxI MO zebrafish (Fig. 50-S and Sup-
plementary Fig. 9G-K).

Although the palatogenic program is conserved from zebrafish
to mammals®, the obvious differences in craniofacial anatomy
between zebrafish and humans present several limitations in
research. To address this critique, we constructed PRMT1 and MSX1
knockdown mouse models by injection into pregnant mice with
adenovirus carrying shPRMT1 or shMSX1 at E10.5 (Supplementary
Fig. 10A, B and Supplementary Fig. 11A, B). Compared with those in
the group injected with shControl adenovirus, embryos injected with
shPRMT1 or shMSX1 presented a greater incidence of cleft palate
(Supplementary Fig. 10C). Bilateral mesenchymal palatal shelves
injected with shControl adenovirus arrived at the midline and con-
verged with each other, whereas those in embryos injected with
shPRMT1 and shMSX1 were smaller in size and failed to attach to each
other (Supplementary Fig. 10D, F). Coinjection with adenovirus
expressing MSX1-FL (AdFL) promoted palatal fusion and partially
rescued the palate cleft caused by shMSX1, whereas R150S (AdR150S)
and R157S (AdR157S) were not as effective as MSX1-FL in promoting
palatal fusion (Supplementary Fig. 10B-D, F). Similarly, we tested
MEPM cell proliferation in coronal sections and found that, com-
pared with shControl, shPRMT1 and shMSX1 significantly reduced
the fluorescence intensity of PCNA (Supplementary Fig. 10E, G), AdFL
restored proliferation defects, whereas AdR150S and AdR157S were
not as effective as MSXI-FL in restoring MEPM cell proliferation
(Supplementary Fig. 10E, G).

Previous studies have reported that disruption of MSX1 and
PRMT1 in the palatal mesenchyme leads to impaired proliferation of
EPM and consequently to cleft palate in a cell type-specific conditional
knockout mouse model”?’. Our adenovirus mouse results are
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consistent with those shown in the knockout mouse model (Supple-
mentary Fig. 10, 11)”*". However, adenovirus injection into pregnant
mice has limitations in knocking down genes in specific cell types
compared with the conditional knockout mouse model. The functions
and regulatory roles of MSX1 and PRMTIL in craniopharyngeal
ectoderm-derived epithelial cells during palate development need to
be further validated in the future via a conditional knockout mouse

model. Nevertheless, these findings indicate the high degree of con-
servation of the role of PRMTI-methylation-mediated MSX1 phase
separation in EPM cell proliferation and palate development.

In human patients with MSX1 mutation-associated palate cleft,
86.57% of the mutations occurred in the IDR of MSX1, with R157S being
a high-frequency pathogenic mutation (Supplementary Fig. 12A).
Taken together, these data suggest that MSX1 phase separation
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Fig. 4 | Less dynamic gel-like MSX1 phase separation impairs EPM proliferation.
A, B HEPM ectopically expressing mEGFP-Vector, MSX-FL-mEGFP or its mutants,
including R150S and R157S. A Flow cytometry assessing the cell cycle of HEPM.n=3
biologically independent experiments. B RT-qPCR assessing the expression of
proliferation marker genes, including CCND1, CCNA2, PCNA, and MKI67, in HEPM.
n =3 biologically independent experiments. C, D HEPM ectopically expressing
mEGFP-Vector, MSX-FL-mEGFP or its mutants, including R150S, R157S, R150F,
R157F, R150K and R157K. C Representative immunofluorescence staining images of
PCNA in HEPM. Scale bars, 200 pm. D Quantification of PCNA-positive cells in
HEPM. n =4 biologically independent experiments. E-H HEPM transfected with
siNC and siPRMTL. E Flow cytometry assessing the cell cycle of HEPM.

F Quantification of flow cytometry in HEPM. n =3 biologically independent
experiments. G RT-qPCR assessing the expression of proliferation marker genes,
including CCND1, CCNA2, PCNA, and MKI67. n =3 biologically independent
experiments. H Representative immunofluorescence staining images and

quantification of PCNA in HEPM. Scale bars, 200 pm. n = 3 biologically independent
experiments. I-L HEPM transfected with mEGFP-Vector, MSX-FL-mEGFP, MSX-FL-
mMEGFP+siNC, and MSX-FL-mEGFP+siPRMTL. I Flow cytometry assessing the cell
cycle of HEPM. J Quantification of flow cytometry in HEPM. n =3 biologically
independent experiments. K RT-qPCR assessing the expression of proliferation
marker genes, including CCND1, CCNA2, PCNA, and MKI67. n =3 biologically
independent experiments. L Representative immunofluorescence staining images
and quantification of PCNA in HEPM. Scale bars, 200 pm. n = 4 biologically inde-
pendent experiments. All data in this figure are represented as mean + SD from at
least three biologically independent experiments with similar results. Two-tailed
Student’s t-test for (F-H), One-way ANOVA with Dunnett’s multiple comparisons
test for (A, B, D), and Turkey’s multiple comparisons test for (J-L). All data are
representative of at least three independent experiments. Source data are provided
as a Source Data file.

regulated by PRMT1-catalyzed methylation is a conserved important
mechanism underlying normal craniofacial development and
palate cleft.

Discussion

Phase separation, often triggered by IDRs in proteins, can drive the
formation of nonmembrane organelles in cells to perform important
biological functions in a context-dependent manner®**. MSX1 is a
transcription factor®*. We found that the IDR of MSX1 induces the
formation of droplet-like granules in the nucleus through phase
separation. This finding is consistent with recent reports showing that
several transcription factors, such as Pros, NELF, and CEBPA, undergo
IDR-mediated phase separation***’. The dynamics of phase-separated
compartments formed by proteins with IDRs can be positively or
negatively regulated by PTMs, among which R methylation can weaken
the R cation-m interactions to reduce the phase separation of FUS*,
Here, we showed that MXSI phase separation, triggered by its IDR, is
negatively regulated by R methylation, with defects in MSX1 R
methylation resulting in less dynamic gel-like phase separation. Thus,
MSX1 phase separation is spontaneously triggered by the MSX1 IDR,
and R methylation on MSX1 lowers the threshold of MSX1 for con-
densation into less dynamic gel-like granules. Aberrant phase separa-
tion leading to less dynamic gel-like granules has been linked to the
aberrant function of proteins in the granules and to human diseases,
including neurodegeneration and cancer*®. We showed that the
hypomethylation-induced less dynamic gel-like MSX1 phase-separated
compartments recapitulated the abnormalities observed upon the loss
of MSX], including defects in EPM proliferation and cleft palate. Thus,
IDR and R methylation likely coordinate to ensure that the dynamics of
MSX1 phase-separated compartments function as required for MSX1 to
carry out its biological functions.

Protein R methylation, IDR-mediated phase separation, and R
methylation-regulated phase separation have all been shown to be
important for protein biological functions®*"*°. Our data showed that
the IDR and its R methylation are linked to the regulation of the phase
separation of MSX1, with PRMT-catalyzed methylation of the
N-terminal IDR of MSXI1. In particular, R150 and R157 in the IDR are
mechanistically linked to a critical role in the phase separation of
MSX1. Our studies are consistent with previous reports showing that R
methylation on IDRs can regulate the phase separation of proteins,
such as R methylation on the FUS IDR, which regulates the phase
separation of FUS, and R methylation on the Ddx4 IDR, which mod-
ulates the phase separation of Ddx4??*°, One perspective is that a
single amino acid change in an IDR can perturb the threshold con-
centration for phase separation and may also change the material
properties of condensates, ranging from dynamic liquids to aberrant
less dynamic gel-like fibrils®. We showed that a single R150 or R157
amino acid change in the MSX1 IDR can reduce the dynamic nature of
MSX1 phase-separated condensates and reduce the PRMT1-catalyzed R

methylation levels of MSX1. R cation-t interactions, which are wea-
kened upon methylation, have been reported to be responsible for
driving the phase separation and droplet formation of RG/RG-rich
sequences found in the IDRs of FUS and Ddx4?%*°. These results sug-
gest that both R150 and R157 in the MSX1 IDR, as the specific amino
acids to be methylated by PRMT], critically contribute to the phase
separation of MSX1 and that PRMT1 regulates the phase separation of
MSX1, possibly by methylating R150 and R157 to weaken R (cation-Tt)
interactions.

Nonsyndromic cleft lip with or without palate (NSCL/P) is the
most common craniofacial birth defect in humans, affecting approxi-
mately 1/700 live births worldwide®. The prevalence of nonsyndromic
cleft palate (NSCP) is approximately half that of NSCL/P worldwide™*.
Individuals with NSCP experience feeding difficulties as well as pro-
blems with breathing, speech, swallowing, and hearing, representing a
substantial personal and societal burden®*. NSCP is considered a
developmental disorder that may be triggered by genetic mutations®.
To date, the causative genes identified by genome-wide association
studies (GWAS), along with candidate gene associations, linkage dis-
equilibrium, and mutation detection, have included mainly IRF6, VAX1,
MSX1, FOXE1L, MYH9, MAFB, ABCA4, and BMP4>*, MSX1 mutations are
found in 2% of human cleft palate cases®. We found that most NSCP-
associated MSX1 mutations (86.57%) occur in the N-terminal IDR of
MSX1, with R157S in the IDR being one of the high-frequency NSCP
mutations. The results obtained in Msx1 knockout mice with cleft
palate suggest an essential role of Msx1 in normal palate development
and cleft palate, but it is unclear whether and how NSCP-associated
MSX1 IDR mutations, including the most prevalent mutations, act as
genetic triggers for cleft palate. Our results revealed that the high
frequency of the NSCP-associated R157S mutation, with a single amino
acid change in the MSX1 IDR, is sufficient for the occurrence of cleft
palate with EPM proliferation defects due to R157S phase separation
into less dynamic gel-like condensates. This is because R157S cannot
form methylated R157 by PRMT1, where R (cation-1t) interactions and
methylation-weakening R (cation-t) interactions are essential for
MSX1 phase separation to form dynamic liquid-like condensates.
These findings mechanistically explain previous findings showing that
Prmtl-deficient mice develop cleft palates with reduced EPM pro-
liferation and recapitulate the craniofacial developmental abnormal-
ities observed in Msxl1-deficient mice'*".

The regulation of craniofacial bone and structure by PRMT1-MSX1
is tissue specific, and the maxilla and palate of Wntl-Cre;Prmt1"" mice
are severely disrupted, while frontal bone formation is only moder-
ately affected”. When MSX1 was overexpressed in different NCC-
derived cell lines, the MSX1-FL protein was homogeneously and dis-
persedly distributed in the nucleus of MC3T3-El cells from the calvaria,
which was completely different from droplet MSX1 phase separation in
HEPM cells from the palate. Mutations of MSX1 methylation sites from
R to S formed less dynamic gel-like condensates in EPM cells, while still
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distributed dispersedly in MC3T3-E1 cells. Mutations of MSX1 methy-
lation sites from R to F resulted in the formation of less and smaller
spots in EPM cells, but they were still dispersed in MC3T3-E1 cells.
However, mutations in MSX1 methylation sites from R to K resulted in
larger speckles in both EPM and MC3T3-E1 cells than in MSX1-FL cells.
These results revealed that MSX1 phase separation might be the reason
why the palate and frontal bone are affected differently by PRMTI.
MSX1 phase separation may regulate palatal development through
signaling pathways such as BMP, SHH, and FGF, but the expression
patterns and regulatory mechanisms of different signaling pathways

are specific to different craniofacial tissues”*®, suggesting that the
downstream effects of MSX1 phase separation are also different.

The majority of human proteins contain both folded protein
domains and IDRs*. GWAS has identified many mutations associated
with human diseases, including both noncancer genetic disorders
and cancers®®®". Disease-associated mutations have been identified in
both folded domains and IDRs**%2, However, mutations in IDRs are
often neglected or annotated as variants of unknown significance.
PTMs including those involved in phosphorylation, arginine methy-
lation, acetylation, and ubiquitination have been found to be key
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Fig. 5 | Abnormal MSX1 phase separation underlies cleft palate. A Sequence
alignment of MSX1 orthologs in indicated vertebrates assessing the conservation of
the PRMT1 methylation sites. B-G Control MO and prmtI MO zebrafish embryos.
B Representative images of phh3 staining in zebrafish embryos (left) and quantifi-
cation of phh3-positive cells in the ethmoid palate region of zebrafish embryos
(right). Scale bars, 100 pm. n =10 embryos. The white dashed line indicates the
ethmoid palate. C Representative fluorescence ventral views of zebrafish embryos.
The white solid line indicates the ethmoid palate. Scale bars, 500 pm.

D Representative Alcian blue staining images of zebrafish embryos. The red dashed
line indicates the ethmoid palate. Scale bars, 500 pm. E Quantification of the cleft
palate rates in zebrafish embryos. n =3 biologically independent experiments.

F Representative images of zebrafish embryos expressing GFP-tagged MSXI at

12 hpf in the ethmoid palate region. Scale bars, 20 pm. G Quantification of the
circularity of MSX1 condensates in ethmoid palate region from zebrafish embryos.
control: n =152, prmtI MO: n =147 condensates. H-L Control MO, msxI MO, and
msxI MO + PRMT1 mRNA zebrafish embryos. H Immunofluorescence staining
images of phh3 in zebrafish embryos. The white dashed line indicates the ethmoid
palate. Scale bars, 100 pm. I Quantitative analysis of phh3-positive cells in the
ethmoid palate region in zebrafish embryos. n = 27 embryos. J Fluorescence ventral
views of zebrafish embryos. The white solid line indicates the ethmoid palate. Scale
bars, 500 pm. K Alcian blue staining images of zebrafish embryos. The red dashed

line indicates the ethmoid palate. Scale bars, 500 pm. L Quantification of the cleft
palate rates in zebrafish embryos. n =4 biologically independent experiments.

M Representative western blot images of aDMA-MSXI1 levels in zebrafish embryos
microinjected with control and prmt1 MO. N Representative western blot images of
aDMA-MSX1 levels in zebrafish embryos microinjected with MSX1-FL mRNA or its
mutants, including R150S and R157S mRNA. O-S Control MO, msxI MO, msx1

MO + FL mRNA, msxI MO +R150S mRNA, and msxI MO + R157S mRNA zebrafish
embryos. O Representative immunofluorescence staining images of phh3 staining
of zebrafish embryos. The white dashed line indicates the ethmoid palate. Scale
bars, 100 um. P Quantitative of phh3-positive cells in the ethmoid palate region in
zebrafish embryos. n = 21 embryos. Q Representative fluorescence ventral views of
zebrafish embryos. The white solid line indicates the ethmoid palate. Scale bars,
500 pm. R Representative Alcian blue staining images of zebrafish embryos. The
red dashed line represents the ethmoid palate. Scale bars, 500 pum. S Quantification
of the cleft palate rates in zebrafish embryos. n=3 biologically independent
experiments. MO: morpholino, hpf: hours post-fertilization. All data in this figure
are represented as mean + SD from at least three biologically independent
experiments with similar results. Two-tailed Student’s t-test for (B, E, G, S), One-way
ANOVA with Dunnett’s multiple comparisons test for (I, L), and Turkey’s multiple
comparisons test for (P). Source data are provided as a Source Data file.

factors regulating phase separation through changes in the struc-
ture, charge, and hydrophobicity of the proteins involved in phase
separation®. There is rapidly accumulating evidence that phase
separation is an important principle for explaining the precise spatial
and temporal regulation of normal development and that disease-
associated mutations or PTMs alteration cause aberrant phase
separation of proteins with IDRs and PTMs as disease-causing
mechanisms. Several cancer-associated mutations have been repor-
ted to promote cancer development through aberrant phase
separation with recently developed preventive and therapeutic drug
candidates that target phase separation*®*>, There are no preventive
or therapeutic drugs for cleft palate or many other noncancer
developmental genetic disorders™®***, By demonstrating MSX1
mutation-associated cleft palate as a proof-of-concept example, our
study suggests that aberrant phase separation caused by mutations
in IDRs can explain disease-associated mutations in noncancer
developmental genetic disorders. Further exploration of the function
and regulation of aberrant phase separation in developmental dis-
orders is likely to provide promising potential targets for their pre-
vention and treatment.

Methods

Ethics

The animal studies were reviewed and approved by the Ethics Com-
mittees of Nanjing Medical University (IACUC-2309039 for zebrafish,
IACUC-2201021 for mice). All animal procedures were performed
according to protocols and guidelines approved by the Animal Care
Committee of Nanjing Medical University. Euthanasia of zebrafish and
mice was performed according to the AVMA Guidelines for the
Euthanasia of Animals.

Animals

Tg (sox10: egfp) zebrafish embryos were cultured on a 14 h/10 h light/
dark cycle at 28.5°C in Jiangsu Key Laboratory of Oral Diseases,
Nanjing Medical University®®. Zebrafish were euthanized by rapid
chilling (2-4 °C) until loss of orientation and cessation of opercular
movements and then exposed for at least 20 additional minutes. Eight-
week-old wild-type C57BL/6) mice were purchased from the Animal
Experiment Center of Nanjing Medical University and maintained in
the animal facility of Nanjing Medical University with a 12 h/12 h light/
dark cycle at 22 °C under 40-60% relative humidity. Mice were given
ad libitum access to food and water. Timed mating was established by
the identification of vaginal plugs the morning following the housing

of a single male with multiple female mice. Noon of the day identifying
vaginal plugs was considered as embryonic day 0.5 (EO.5). All mice
were euthanized with an overdose of CO,. All animals were used for
analysis regardless of sex.

Antibodies

Primary antibodies used for immunoblotting were specific for anti-
MSX1 (Bioss, bs-8512R, 1: 1000), anti-GAPDH (Bioworld, AP0O063,
1:1000), anti-PRMT1 (Santa Cruz, sc-166963, 1:200), anti-ADMA (Cell
signaling, 13522S, 1:1000), anti-SDMA (SAB, 30384, 1:1000), anti-GFP
(Abbkine, ABT2020, 1:1000), anti-mCherry (abbkine, ABT2080,
1:1000), anti-B-tubulin (Affinity, T0023, 1:1000), anti-P-SMAD1 (Cell
signaling, 13820, 1:1000), anti-P-SMAD2 (Cell signaling, 3108, 1:1000),
anti-P-SMAD3 (Cell signaling, 9520, 1:1000), anti-SMADI1 (Cell signal-
ing, 6944, 1:1000), anti-SMAD2 (Cell signaling, 5339, 1:1000), anti-
SMAD3 (Cell signaling, 9523, 1:1000), anti-Active pB-Catenin (Cell sig-
naling, 19807, 1:1000), anti-AXIN2 (Abclonal, A2513, 1:1000), anti-P300
(Santa Cruz, sc-48343, 1:200), anti-SHH (Santa Cruz, sc-365112, 1:200),
anti-GLI1 (Santa Cruz, sc-515751, 1:200), anti-FGFR1 (Santa Cruz, sc-
57132, 1:200).

Primary antibodies used for Co-IP were specific for anti-MSX1
(Santa Cruz, sc-517256, 1:50), anti-FLAG (Abbkine, ABT2010, 1:250),
anti-GFP (Abbkine, ABT2020, 1:250), anti-normal mouse IgG (Santa
Cruz, sc-2025, 1:100), anti-normal rabbit IgG (Cell signaling,
2729, 1:250).

Primary antibodies used for immunofluorescence and immuno-
histochemistry staining were specific for anti-SC-35 (Abcam, ab11826,
1: 50), anti-PML (Abcam, ab96051, 1:50), anti-Coilin (Abcam, ab11822,
1:50), anti-MSX1 (Bioss, bs-8512R, 1:50), anti-PRMT1 (Santa Cruz, sc-
166963, 1:20), anti-GFP (Santa Cruz, sc-9996, 1:20), anti-PCNA (BOS-
TER, BM0104, 1:50), anti-PCNA (Proteintech, 60097-1-Ig, 1:50), anti-
PHH3 (Santa Cruz, A2971, 1:20), anti-Vimentin (Cell signaling, 5741S,
1:50), anti-E-Cadherin (Cell signaling, 3195S, 1:1000), anti-Hexon (Bioss,
bs-12354R, 1:50).

Morpholinos and mRNA microinjection

Morpholinos (MOs) and mRNA were injected into one-cell-staged
zebrafish embryos using a micromanipulator (Nikon NARISHIGE, NT-
88-V3). The following translation-blocking MO antisense oligonucleo-
tides were obtained from Gene Tools (Philomath, USA): msxI MO, 5’-
TAAAGCTCCGGTGCTCAGAACATGC-3’ (2 ng/embryo), msxI MO2, 5-
CCGGGACTCGCTGAGCTTTCAG-3’ (2ng/embryo), prmtl MO,
5-TGCCGTCTCCGCCATTTCGATAAAC-3’ (2 ng/embryo), prmtl MO2,
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5-ATTAGCATACACCCACCAGCCATTT-3’ (2 ng/embryo) and standard
control MO, 5’-CTAAAAGCA-GCAGGAGGCGATTCAT-3’ (2 ng/embryo).
The sequence of Human MSX1 and PRMT1 was obtained from the NCBI
Gene Database. Then, the MSX1 full length, MSX1-R150S, MSX1-R157S,
MSX1-mEGFP, and PRMT1 cDNA were cloned and ligated into the pXT7
vector at cloning sites ECORI (GAATTC)- ECORV(GATATC). Later, plas-
mids were linearized by BamHI and transcribed with the mMESSAGE
mMMACHINE T7 kit (Ambion, AM1344). The capped mRNAs were
injected into one-cell stage zebrafish embryos at 50 pg/embryo.

Fluorescence microscopy for zebrafish

Tg (sox10: egfp) zebrafish embryos at 72 hpf were anesthetized with
80-90 mg/L MS222 for 15 min and then photographed. Tg (sox10: egfp)
zebrafish embryos at 96 hpf were euthanized and fixed in 4% paraf-
ormaldehyde (PFA) (Biosharp, BL539A). After dehydration and rehy-
dration, the embryos were incubated with Proteinase K (10 mg/ml)
(Sigma, 39450-01-6) for 10 min and re-fixed in 4% PFA for 20 min at
room temperature (RT). After blocking, the embryos were stained with
rabbit anti-phh3 antibody and mouse anti-GFP primary antibody at
4°C overnight. Alexa Fluor cy3 anti-rabbit (Beyotime, A0516) and
Alexa Fluor 488 anti-mouse (Beyotime, A0428) were used as secondary
antibodies. The images were captured using Zeiss LSM710 confocal
microscopy with 488 nm and 594 nm laser lines (ZEN 2.3).

Cartilage staining

120 hpf zebrafish embryos were euthanized and fixed in 4% PFA
overnight at 4 °C before staining with Alcian blue (Sigma, A5268) for
cartilage. The samples were rinsed with 60:40 glycerol/1% KOH until
they were sufficiently translucent and finally maintained in 100% gly-
cerol. The judgment of cleft palate was through revealing a cleft in the
ethmoid palate, where a population of cells in the median portion was
absent®”°s,

Adenovirus production and injection

Adenoviruses were produced by Shanghai Genechem Co., Ltd. (MSX1:
5’- GCTGCTGCTATGACTTCTTTG-3; PRMTL: 5-GGACATGACATCCAA
AGAC-3’; shCtrl: 5-TTCTCCGAACGTGTCACGT-3’). MSXI-FL, MSXI1-
R150S, MSX1-R157S cDNAs from pmEGFP-N2-MSX1, pmEGFP-N2-R150S
and pmEGFP-N2-R157S plasmids were cloned into GV314 vector. The
sequences were listed in Supplementary Table 1. The adenovirus ser-
otype used is adenovirus serotype 5 (Ad5). Pregnant mice were ran-
domly divided and injected intraperitoneally with 200 puL of
suspensions including 2x10° plaque-forming units of adenovirus
at E10.5.

Cells culture

Mouse embryonic palatal mesenchymal cells (MEPM) were isolated
from embryonic palatal tissue in embryos of C57BL/6) mice at gesta-
tional day E13.5%. In brief, mice were euthanized with CO, at E13.5.
Paired palatal shelves were isolated and rinsed in PBS and subse-
quently in 100 plL trypsin-EDTA (0.05%) (Thermo Fisher, 25300062) for
5min at 37 °C with frequent agitation. Trypsinization was stopped by
adding 1mL of DMEM/F-12 medium (Gibco, C11330500BT) supple-
mented with 10% fetal bovine serum (FBS) (Vivacell, C04001-500) and
1% penicillin-streptomycin (PS) (Beyotime, C0222). MEPM were sub-
sequently seeded on large dishes and cultured overnight at 37 °C. The
next day, cells were washed with PBS, and fresh media was added.
HEK293T (ATCC, CRL-11268), HEPM (ATCC, CRL-1486), and MC3T3-E1
(ATCC, CRL-2593) cell lines were obtained from the American Type
Culture Collection. HEK293T cells were cultured in DMEM high glucose
medium (Gibco, C11995500BT) and HEPM, MC3T3-El cells in a-MEM
(Gibco, C12440500BT) supplemented with 10% FBS and 1% PS at 37 °C
and 5% CO, in a humidified incubator. The culture medium was
changed every three days. MS023 (MCE, HY-19615), or an equal volume

of DMSO (Sigma, BCCD8942) vehicle, was added to cells for 24 h at a
final concentration of 30 nM.

Plasmids construction

The MSX1-mEGFP construct was generated by PCR and subcloned into
the pmEGFP-N2 mutated by pEGFP-N2 (Clontech). MBP-MSX1-mEGFP
construct was generated by PCR and subcloned into the pET-MBP-3C
vector. Mutant MSX1-mEGFP containing various truncations and
mutations in the MSX1 molecule were generated using PCR and simi-
larly cloned into the above vectors. We initially designed primers to
clone different regions of MSX1-FL (303 amino acids), A1-43 (44-303),
A43-79 (1-44+80-303), A79-172 (1-78+173-303), A172-239
(1-171+240-303), AIDR (172-303), and IDR (1-172). The MSX1-R150S
and MSX1-R157S were also generated by MSX1-FL using PCR cloning.
The PRMTI-mCherry construct was generated by PCR and subcloned
into the pmcherry-N2 vector, and the MBP-PRMT1-mCherry construct
was subcloned into the pET-MBP-3C vector. The Flag-tag labeled
PRMT1 construct was generated by PCR and subcloned into the
p3xFlag-CMV vector. The primers were listed in Supplementary
Table 1. Plasmids were extracted by transforming DH5x (TIANGEN,
CB101) with the corresponding plasmids and extracted using FastPure
Plasmid Mini Kit (Vazyme, DC201) according to the manufacturer’s
protocol.

Transfection

Negative control siRNAs and siRNAs against PRMT1 were purchased
from GenePharma (Shanghai, China). Cells at 70%-80% confluency
were transiently transfected with plasmids and siRNAs using lipo-
fectamine 2000 (Thermo Fisher, 11668019) and Opti-MEM (Thermo
Fisher, 31985070) at a ratio of 1pg plasmid or siRNA to 1pL lipo-
fectamine 2000 according to the manufacturer’s instruction. Then
cells were incubated for 8 h before refreshing the medium. The siRNAs
sequences used are listed in Supplementary Table 2.

Quantitative real-time PCR (QRT-PCR)

Total RNA was isolated from cells, embryonic palate (E15.5), or zebra-
fish (48 hpf) using an RNA isolation kit (vazyme, RC101-01). RNA was
reverse-transcribed into complementary deoxyribonucleic acid
(cDNA) with HiScript Ill RT SuperMix (Vazyme, R323-01). Real-time
PCR was conducted on the ABI-7300 Real-Time PCR System (Applied
Biosystems) with ChamQ SYBR qPCR Master Mix (vazyme, Q341-02).
Data were calculated using the 274" method. The qPCR primers were
listed in Supplementary Table 3.

Immunoprecipitation and Western blot

Cells, embryonic palate (E15.5) or zebrafish (48 hpf) were lysed with
RIPA buffer (Beyotime, PO013B) containing 1 mM protease inhibitor
PMSF (Beyotime, ST505) on ice for 30 min. The cell lysates were
centrifuged at 10,010 xg for 15min and the supernatants were
incubated with Protein A+G Magnetic Beads (Beyotime, P2108) plus
anti-MSX1 (Santa Cruz, sc-517256), PRMT1, GFP, FLAG or control IgG
antibodies for at least 4h at 4°C. The beads were washed with
phosphate-buffered saline containing Tween 20 (PBST) three times
and the immunocomplexes were eluted into 5 x SDS sample buffer by
boiling for 5 min before western blot analysis. WB analysis was con-
ducted with specific antibodies and secondary anti-mouse or anti-
rabbit antibodies conjugated to horseradish peroxidase (HRP)
(identified below). For protein samples of zebrafish embryos used for
WB, we extracted proteins from fresh whole embryos. Specifically,
100/group zebrafish embryos were manually deyolked at 48 hpf and
dissociated with lysis buffer, centrifuged at 4 °C for 15 min and the
supernatant was boiled with 5x SDS sample buffer for 5min as the
embryonic extract, which was followed by WB analyses with anti-
bodies. Visualization was achieved with chemiluminescence and
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protein expression was quantified using ImageJ software. Uncrooped
and unprocessed scans of the blots are provided as a Source Data file.

Immunostaining and microscopy for mice and cells

Samples of mice for histological analysis were collected at E13.5, E14.5,
E15.5, and P1 under the stereomicroscope. Embryonic head samples
were fixed in 4% PFA for at least 24 h and then dehydrated, paraffin-
embedded, sectioned at 5um, and mounted on glass slides. Slice
samples were rehydrated and antigen retrieval was performed with
citrate buffer in a pressure cooker. Immunofluorescence and immu-
nohistochemical staining were used to detect the phenotype differ-
ences and the expression of relevant molecules respectively. The
degree of cleft palate severity in vivo was quantified by measuring the
gap distance between the corresponding palatal shelves and the area
of the palatal shelves from the photographs of H&E-stained sections
using ImageJ program’®”,

HEK293T, MEPM, HEPM, and MC3T3-El plated onto glass cover-
slips were transfected with plasmids or treated with various stimuli as
indicated in the figures. Cells were then washed with PBS and fixed with
4% PFA for 30 min, permeabilized with 0.2% Triton X-100 for 20 min,
and subsequently blocked with goat serum for 30 min at RT. Cells were
then incubated with the appropriate primary antibodies (as indicated
in the figures and listed in the “Antibodies” section) at 4 °C overnight,
followed by staining with fluorescence-conjugated secondary anti-
bodies for 1 h. The nuclei were counterstained with DAPI (Beyotime,
C1005) for 3 min. Images were captured by Zeiss LSM710 confocal
microscope system (ZEN 2.3 (blue edition)) using 63X NA APO lens or
Leica DM 4000 microscope system (LAS X Life Science) with a100x NA
APO len and analyzed with ImageJ, Zeiss confocal software (ZEN 2.3)
and Leica Application Suite X software.

Cell cycle

The cell cycle of HEPM was evaluated by flow cytometry. In brief, HEPM
were harvested with 0.05% trypsin-EDTA (Thermo Fisher, 25300062),
washed by PBS two times, and further fixed in 70% ethanol at 4 °C for
18 h. Then, the cell cycle was detected by staining cells with propidium
iodide (PI), followed by using the FACS Calibur flow cytometer (BD
Biosciences, USA). The analysis was performed by FACS can cytometry
(Becton-Dickinson, USA). All data were analyzed by Modfit LT 5.0.

Dual luciferase reporter assay

293T cells were cultured in 24-well plates at a density of 6.0 x 10* cells
per well. When cells grew to 70%, they were cotransfected with pGL3-
Promoter luciferase reporter vector containing the 5-UTR fragment of
BMP4 or TBX22, renilla vector (pRluc-TK) and plasmids over-
expressing GFP or MSX1 or MSX1-R150S or MSX1-R157S or MSX1-R150F
or MSX1-R157F or MSXI1-R150K or MSX1-R157K using Lipofectamine
2000. 48 h after transfection, Luciferase activity was detected using
the Dual Luciferase Reporter Assay System (Promega, Madison, WI,
USA). The ratio of firefly luciferase activity to renilla luciferase activity
was calculated for each sample.

Transcriptome sequencing

Total RNA was isolated from MSXI1-FL, MSX1-R157S, MSX1-R157F, and
MSX1-R157K cells using Trizol. The samples were then sent to Shanghai
Majorbio Bio-Pharm Technology Co., Ltd for transcriptome sequen-
cing. The sequencing data were analyzed on the online platform of
Majorbio Cloud Platform (www.majorbio.com) and DEGs with P adjust
value cutoff < 0.05 and [log2FC | >1 were considered to be significantly
different.

Fluorescence recovery after photobleaching (FRAP)

FRAP assays were performed using the FRAP module of the Leica
Stellaris STED and Zeiss LSM710 confocal microscopy system. For the
in vitro FRAP experiment, spots of ~2-um diameter in ~10-um protein

droplets were photobleached with 20% laser power for 1s using a 488-
nm laser line. Time-lapse images were obtained within about a 2-min
time course with a 1s interval after bleaching. Cellular FRAP experi-
ments were conducted at 37°C in a live-cell imaging chamber.
HEK293T and HEPM cells grown on glass bottom dishes were trans-
fected with plasmids or treated with various stimulants as indicated in
the figures until they reached the expected density. Target proteins
were partially or fully photobleached with 20% laser power for 5 s using
a488-nm laser line. Post-bleach time-lapse images were collected over
a 3-min time course after bleaching. For each experiment, the
observed structure was bleached to approximately 50% of the initial
intensity. Fluorescence intensities of regions of interest (ROls) were
measured using LAS X and ZEN 2.3 (blue edition) and corrected by
unbleached control regions and subsequently normalized to pre-
bleaching intensities of the ROIs. GraphPad Prism 8 was used to plot
and analyze the FRAP results.

Recombinant protein expression and purification

Plasmids containing MBP and His-tagged genes were transformed into
E. coli BL21 (DE3)-Rosetta cells (TIANGEN, CB108) and incubated in LB
media with 100 mg/ml Ampicillin (Sangon Biotech, A610029) or
Kanamycin (Sangon Biotech, A600286) at 37 °C at 180 rpm. When cells
grew to OD 0.6-0.8, 0.1 mM IPTG (Yeason, 10902ES08) was added to
induce protein expression, and the induction was maintained at 18 °C
at 120 rpm for 18 h. Then, cells were ultrasonic split in lysis buffer
(50 mM Tris-HCI, pH 7.5, 500 mM NaCl, 1 mM PMSF) at 80% of 300 W,
on 5s, off 10s, remains 1.5h. By supersound spallation, the fusion
protein is dissolved in lysate as a supernatant. These proteins were first
purified using Ni-NTA Agarose (QIAGEN, 163026181), and then further
purified using Superdex 200 Increase 10/300 GL with AKTA pure.
These proteins were flash-frozen in liquid nitrogen, then stored in
150 mM Tris-HCI, pH 7.5, 500 mM NaCl, 1 mM DTT, and 10% glycerol at
-80 °C. Purified proteins were examined by SDS-PAGE followed by
Coomassie blue staining. Protein concentration was determined by
BCA Protein Quantification Kit (Vazyme, E112-01) with Nanodrop
measurement for OD 562 nm.

In vitro methylation

Methylation assays were conducted by dialyzing MSX1 and PRMT1
proteins against in vitro methylation buffer containing 50 mM Tris-HCI
1mMEDTA, 1 mM DTT.1 pg recombinant MSX1 protein was methylated
by incubating with 1pL S-adenosyl-L-methionine (SAM) (Yeason,
10619ES02) and 1pg recombinant PRMTI1 protein at 30 °C for 2h.
5xSDS protein loading buffer was added and heated at 95°C for
10 min to stop reaction.

MSXI1 droplet assay

Purified MBP-MSX1-mEGFP (FL, R150S or R157S) proteins were diluted
in phase separation buffer (150 mM Tris-HCI, pH 7.5, 1ImM DTT)
including a series of NaCl concentration (0-200 mM) and protein
concentration (0-40 pM) in a total volume of 50 pL. MBP tag was cut
by 3C Protease (Byotime, P2302) at 4 °C overnight. Images of MSX1
droplets were performed by Zeiss LSM710 confocal microscopy using
63x magnification objective.

Quantification of cells with MSX1 granule clusters

For fixed cell quantification, HEK293T cells were initially fixed with 4%
PFA for 30 min and then permeabilized with 0.2% Triton X-100 for
20 min at RT. Nuclear counter-staining was carried out using DAPI
for 3min. Images were captured by the Zeiss LSM710 confocal
microscope system. For transient transfected cells, MS023 was added
24 h before fixation. At least three replicates of each experiment
were conducted. A total of more than 150 cells were counted for
each sample in order to quantify the percentage of cells with MSX1
puncta. Circularity quantification was performed through image).
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Circularity = (4**Area)/(Perimeter?) with a value of 1.0 indicating a
perfect circle, while the value approaches 0.0, it indicates an increas-
ingly elongated shape (for a circle, Area = r*r>; Perimeter = 2*1t°r).

Turbidity assay

Phase separation of MSX1 in the absence or presence of equimolar
amounts was induced as described above for the droplet assay with
various NaCl concentrations in a 20 pL total volume in a 384-well
microplate. The absorption (turbidity) measurement was performed at
380 nm in a SpectraMax microplate reader. All experiments were
performed in triplicate.

Pulldown assay

MSX1-mEGFP (FL/R150S/R157S) and PRMTI-mCherry proteins were
separately expressed in DE3 cells and lysed by sonication and lysozyme
treatment in lysis buffer. The cell lysates were then cleared by cen-
trifugation at 21,000 xg for 10 min and incubated with Anti-GFP
Magnetic Beads (Sigma-Aldrich) at 4 °C overnight. Magnetic beads and
their binding proteins were subsequently spun down, washed four
times with lysis buffer, and boiled in 5 x SDS sample buffer for 5 min.

Statistics and reproducibility

Samples were randomly divided into control and experimental groups
and results are representative of a minimum of three biologically
independent experiments with similar results expressed as mean +
standard deviation (SD) unless stated otherwise. Statistical analyses
were performed by GraphPad PRISM software (ver.8.3.0). The sig-
nificance of differences between groups was assessed using two-tailed
Student’s t-tests, One-way ANOVA with Dunnett’s multiple compar-
isons test, or One-way ANOVA with Turkey’s multiple comparisons
test. P<0.05 was considered statistically significant.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The RNA-seq data generated in this study have been deposited in the
Gene Expression Omnibus under accession code GSE285740. The data
generated in this study about reagents, primers, antibodies, generated
plasmids, etc. are provided in the main text of this article and its
Supplementary Information/Source Data file. Source data are provided
with this paper.
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