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Supplementary Fig. S1 | DDX18 is required for pluripotency maintenance.

a, Relative expression of DDX18 in human ESCs (HUES64) relative to their differentiated
lineages® (top) and during the reprogramming of Detroit 551 (D551) fibroblasts toward iPSCs?
(bottom). Data were extracted from RNA-seq datasets in the public domains as specified.

b, Western blot analysis confirming the marked reduction of OCT4, NANOG, and DDX18
proteins upon EB differentiation of hESCs. B-ACTIN serves as the loading control. Asterisks
indicate non-specific (ns) bands.

¢, Heatmaps of expression changes of RNA following DDX18 depletion. Representative genes
associated with mesoderm, endoderm, and ectoderm genes are shown.

d, Geneset Enrichment Analysis (GSEA) of the three lineages in DDX18 KD vs. control hESCs.
e, Human ESCs are skewed to mesendoderm differentiation upon DDX18 depletion.

f, Principal-component analysis (PCA) comparing the transcriptome of this study with those from
published datasets®.

g, SILAC-MS results showing protein expression ratios in control relative to DDX18 KD cells, X
and Y axes represent the data from shDDX18#1 and shDDX18#3, respectively. The dashed lines
indicate the data cut-off criterion Logz [fold change] <-0.5 or >0.5.

h, GO analysis of significantly up- and down-regulated proteins upon DDX18 KD in hESCs.

i, Scatter plot of the expression changes of proteins and mRNAs following DDX18 KD (shDDX18,
an average value from two replicates of shDDX18#1 and shDDX18#3) relative to control KD
(shLuc). Six different groups of genes are plotted. GO analyses of each group are shown.
Representative genes of each GO term are also listed beside the bar.

Source data are provided as a Source Data file.



ao NIDR Helicase Core (HC) CIDR b
o 1.
@ 0 \
x0.5
o
g o
O o 1oo o 3oo 4oo 5
Residue Number
(; NIDR Helicase Core (HC) cor d
X Domain | Domain 2
[m) I I I I I I
10 100 300
T i)
o 0 1‘"!4 |J‘U“U,Uhllll ﬁfﬂ llilq#f&fll’“l”h
S f
1
1
Oos5fF--===---=---=-- St =Rt o e e i el i
d : Confidence Threshold
0
N Pl
E 2 Confidence Threshold PDB average
E o
e NCPR of DDX18 NIDR

-1.0

K/ R-

Residue Number

Stretch

=

20

40

shDDX18#1
+DDX18"T
<( 0, |

60 80 100 120 140 160 @
X
FBL Merge(+DAP|) 3xFIag—WT 8
; - FBL
- &
5 &
- x
| Distance 1| 8
3xFlag-9A
> FBL .
5[ X X
£ =)
| Distance | .
o
=
©
Q
0's
shDDX18#1 shDDX18#1
+DDX18PQAD +DDX184/0R
, A _“Z’
©
Q
0's

expression

expression

0S

NIDR farRed

Photo Bleach

5S

50 S

CIDR-farRed

100 S

Mus musculus gNSESKKKKKKKRKMVN 119
Rattus norvegicus SNSESKKKKKKKRKMVN 119
Macaca mulatta PDSEVKKKKKKKRKMAN 120
Homo sapiens PDSEVKKKKKKKRKMAN 120

K/R stretch

GFP

GFP

DQAD-GFP

RNA Droplet Hollow Aggregate
0 ng/ul 50 ng/ul 100 ng/pl ! ﬂ
& DDX18-GFP

DDX18-9A-GFP
31 30 33

DDX18-DQAD-GFP

100% 29 25 32
50%
0% =0 50 100
(ng/pl)
0.0-
DDX18 POU5F1 NANOG SOX2
751 B .
£ 38
5.0 o2
s 388
25- 5-977
HEBR
- ShDDX16#1
GATA4 PAX3 HOXA11



Supplementary Fig. S2 | DDX18 undergoes phase separation in vitro and in vivo.
a, Graph plot showing the intrinsic disorder (PONDR VSL2) for DDX18. PONDR VSL2 score

(Y-axis) and amino acid position (X-axis) are shown. The purple bar designates the IDR under
investigation.

b, Representative images showing FRAP of DDX18-GFP. Photo bleach was performed att =0s.
¢, Prion-like domains (PLD), propensity for n-n contacts (n-nt), the fraction of charged residues,
and net charge per residues (NCPR) prediction are shown. Residue numbers corresponding to
DDX18 are shown on the top.

d, Immunostaining of DDX18 domains fused with FarRed in 293T cells. The nucleus is stained
with DAPI. Images were taken at two (20x and 40x) magnifications for each sample.

e, NCPR of DDX18 NIDR (1-175 amino acid). K-stretch within NIDR was indicated.

f, DDX18 contains a Lysine (K) stretch in its N terminal IDR, which is highly conserved among
multiple species.

g, Representative images and quantification of the nucleoplasm localization of DDX18-WT and
DDX18-9A mutant in hESCs. DDX18-WT is highly enriched in the nucleolus, and FBL is a
nucleolus marker. The right-most panels show the quantified intensity of 3xFlag-WT, 3xFlag-9A
(green), or FBL (red) immunofluorescence signals along the yellow lines in the left images.
Arrows indicate that 3xFlag-9A is localized outside of the nucleolus.

h, Left: Representative images of the mixtures of equal amounts (10 uM) of DDX18-GFP,
DDX18-9A-GFP, and DDX18-DQAD-GFP recombinant proteins with total RNAs from 293T
cells under various concentrations indicated in a buffer comprised of 150 mM NaCl, 25 mM Tris-
HCI, pH 8.0. Right: Quantification of representative structures of the mixtures from in vitro droplet
forming assays (percentages of the representative structures from WT and mutant recombinant
proteins are quantified and plotted). Total droplets counted under respective RNA concentrations
were shown on top of bars.

I, Phase-contrast images showing that hESC differentiation by DDX18 KD cannot be rescued by
IDR deletion or RNA helicase mutant of DDX18.

J, RT-gPCR analysis showing DDX18 IDR deletion or RNA helicase mutant of DDX18 does not
rescue the expression of pluripotency genes. Data were obtained from two biological replicates
and presented as Mean + SD.

Source data are provided as a Source Data file.
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Supplementary Fig. S3 | DDX18 interacts with nucleolar RNAs and GC component proteins.
a, Schematic diagram of IP-MS procedure. Nuclear extracts from 3xFlag-DDX18 hESCs were
used for immunoprecipitation.

b, Schematic depiction of BiFC to detect the specific interaction of DDX18 with NPM1.

¢, Schematic depiction of the iCLIP procedure.

d, Relative enrichment of different RNA species in Adarl iCLIP-seq from GSE63709.

e, CLIP-gPCR analysis of indicated snoRNAs from a single experimental test.

f, IGV snapshots of DDX18 iCLIP-seq on snoRNAs and mRNA (RPS14) locus.

g, CLIP peaks showing the weak DDX18 binding signal at the 5’ETS (1~414 nt) of 47S pre-
rRNAs.

a, b, and ¢ were created in BioRender. Malik, V. (2025) https://BioRender.com/v271155

Source data are provided as a Source Data file.
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Supplementary Fig. S4 | Architecture of the nucleolus arises through multiphase liquid
miscibility and immiscibility of DDX18 with NPM1 and FBL, respectively.

a-b, Experimental strategy (a) and representative images (b) of the mixtures of DDX18-GFP
droplets with RFP-FBL droplets in a buffer comprised of 150 mM NaCl, 25 mM Tris-HCI, pH 8.0.
¢, SILAC data showing nucleolar proteins are unchanged upon DDX18 KD.

d, Western blot analysis with anti-FBL, anti-DDX18, anti-NPM1, and anti-VINCULIN antibodies
confirming that DDX18 KD does not affect NPM1 and FBL protein expression levels.

e, The detection of nucleolar caps during hESC differentiation. Human ESCs were differentiated
into three primary germ layers using the STEMdiffTM Trilineage Differentiation Kit. Top panels:
Immunofluorescence microscopy images of three lineage markers (top panel); Bottom panels: SIM
confocal microscopy images of nucleolar condensate organization in wildtype and differentiated
hESCs. FBL labels the dense fibrillar component (DFC), and NPM1 labels the granular component
(GC).

f, Quantification of immunofluorescence microscopy images shown in f. The percentages of
inclusive or exclusive DFC cells were quantified from at least 20 cells of WT and each of the three
lineages.

Source data are provided as a Source Data file.
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Supplementary Fig. S5 | DDX18 KD disrupted nucleolar structure leading to perinucleolar
heterochromatin organization.

a, Immunofluorescence showing heterochromatin (H3K9me3) and nucleoli (NPM1) of control and
DDX18 KD hESCs.

b, Protein sequence analysis showing two evolutionarily conserved HP 1 a binding motifs in NPM1.
¢, Schematic diagram showing the organization structure of an acrocentric chromosome. (Created
in BioRender. Malik, V. (2025) https://BioRender.com/v271155)

d, Immunofluorescence showing centromere clustering closer to nucleoli (NPM1) in DDX18 KD
than control hESCs.

e, Quantification of the numbers of centromere foci around nucleolus from more than 50 cells.
Each dot represents one cell. ***P < 0.001.

f, IGV snapshots of DDX18 ChlP-seq on 45S rDNA reference genome assembly (see Methods for
mapping description).

Source data are provided as a Source Data file.
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Supplementary Fig. S6 | Depletion of DDX18 results in chromatin reorganization and HOXA
gene derepression.

a, Saddle plots of Hi-C data binned at 100-kb resolution showing decreased B-B compartment
strength and increased A-A compartment strength in DDX18 KD (shDDX18) relative to control
KD (shLuc) hESCs.

b, Quantitative analysis of the compartment switch in control and DDX18 KD Hi-C data, with A
and B compartments classified based on eigenvector values (PC1) from PCA analysis.

¢, The relationship between transcription and compartment organization from the integrative
analysis of Hi-C sequencing combined with RNA sequencing, revealing that only a small
proportion of bins showing extreme changes in PC1 values (£2) correlated with significant gene
up- or down-regulation.

d, A box plot displaying the average gene expression changes associated with eigenvector values
(PC1) changes, with the number of genes labeled below the box. Positive and negative changes in
PC1 values are expected to imply a shift towards active and inactive transcriptional states,
respectively.

e, A scatter plot showing the correlation of genes with a significant increase in expression with an
increased PC1 value.

f, A global analysis of the correlation between gene expression changes and PC1 value changes.
g, Compartment switch of RORA, RUNX1, PAX6, and FOXP1 genes displayed by IGV snapshots
(left) and their relative RNA expression levels (from RNA-seq data the trimmed mean of M values;
TMM) depicted by bar charts (right) between control and DDX18 KD hESCs.

h, Differential contact heatmap showing increased contact frequency of region 1 (R1) and region
2 (R2).

i, Lamin B1 contacting analysis of a public dataset* showing the site 11l is a LAD gene locus in
wildtype hESCs.

J, Hi-C matrices (250-kb resolution) of control KD cells showing raw interaction counts based on
uniquely mapping reads (bottom left) or unique and multimapping reads (top right). Black boxes
highlight regions with significant rescue of multimapping reads. Blue arrows show gaps in the
short arms in the reference genome GRCh38.

k, Hi-C matrices (250-kb resolution) of control KD cells showing raw interaction counts generated
from mHi-C pipeline using GRCh38 (top) or T2T-CHM13 (bottom) reference genome. Black
boxes highlight regions showing significant reduction in gaps in T2T-CHM13 reference genome.
I, Number of significant interactions detected in DDX18 KD and control KD samples.

m, Contact heatmaps showing weakened interactions of HOXA cluster genes on Chr7 with the
pericentromeric locus (Site Il, Chr21: 14.7 MB-15.1 MB) (R3) and the chromosome arm locus
(Site 111, Chr21: 24.9 MB-26.5 MB) (R4) in DDX18 KD relative to control KD hESCs.

n,0, Contact heatmaps showing weakened and enhanced interactions in the internal (left) and
external (right) HOXA cluster genes, respectively, in DDX18 KD (shDDX18, blue boxes) relative
to control KD (shLuc, black boxes) hESCs (n) and bar charts depicting their quantifications (o).
HOXA1/3 denotes the internal interaction of the genomic region with both HOXAL1 and HOXA3
interacting with HOXAQ9.

Source data are provided as a Source Data file.

12



mCherry

BF

Merge

(o2

Relative expression

Relative expression o

FL-mCherry NIDR-mCherry HD-mCherry CIDR-mCherry

Pre-rRNA d shiuc
2.0-
1.0+
0_] ; <
“\C(\e‘ﬂ C(\e“\‘ C(\e‘N C(\e‘N C(\e‘N shDDX18

1.0

o \\\\0"*"“ o 0\0"\’“\ + shGFP + ShEZH2

Il sgNS M sgAlpha

2 3> o\P A
v\Pﬁoe‘,o\)s” O @5 R e



Supplementary Fig. S7 | NoCasDrop of DDX18 restructures the genome positioning and
controls gene expression.

a, Live-cell imaging of nucleolus localization by dCas9-mCherry fused with full-length (FL)
DDX18 or its truncated domains (NIDR, HD, CIDR) in human ESCs.

b, RT-qPCR analysis showing DDX18 FL increases pre-rRNA production.

¢, RT-gPCR analysis showing NoCasDrop does not affect the expression of pluripotency genes or
ribosomal protein genes.

d, Phase-contrast images showing that hESC differentiation by DDX18 KD cannot be rescued by
depletion of PRC2 gene EZH2 or SUZ12.

Source data are provided as a Source Data file.
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