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Nuclear Factor I-X Regulates Molecular Pathways Related

to Craniofacial Development Through Phase Separation
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[Abstract] Objective To investigate whether nuclear factor I-X (NFIX) possesses phase separation capability and
to elucidate its mechanism in regulating biological functions related to craniofacial development through phase
separation. Methods An enhanced green fluorescent protein (EGFP)-tagged full-length NFIX recombinant plasmid was
transfected into U20S cells, and its subcellular localization was observed using confocal fluorescence microscopy. The
protein structure of NFIX was analyzed using the Predictor of Natural Disordered Regions (PONDR), a protein analysis
instrument, with a focus on identifying intrinsically disordered regions (IDRs) associated with weak interactions required
for biomolecular condensate formation. A truncated NFIX-EGFP plasmid lacking the IDR was constructed, and changes
in its intracellular localization were observed. Immunoprecipitation-mass spectrometry (IP-MS) was utilized to analyze
differences in protein interactions with downstream factors between full-length and truncated NFIX. Results In the
nucleus, full-length EGFP-NFIX formed biomolecular condensates resembling membraneless organelles. PONDR analysis
confirmed that NFIX contains an IDR (aa245-494) (IDR2), which is critical for biomolecular condensate formation.
Truncation of IDR2 resulted in a diffuse protein distribution in the nucleus. IP-MS revealed that multiple proteins
exhibited IDR2-dependent binding specificity and were significantly enriched in pathways related to craniofacial
development, such as the MAPK pathway. Conclusion NFIX regulates bone developmental homeostasis not only
through canonical transcriptional mechanisms but also through IDR-mediated phase separation. This biomolecular
condensate formation mechanism provides new insights into the pathogenesis of NFIX-related craniofacial
dysmorphogenesis syndromes.
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PILE G AETT 5 15 NFIXAH 04 43 1845 W 25 475K 56 4
B

AT B AR Y R 1 3d 55 A B FDIE iU VB3R
R AR, 52 8 A5 0 5 pH R h Mk B A IR B A AR R 42,
R A LTS B 30) 43 JC R A ] 4 PR U 2R BT A
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1.1 ZApaiEsE

AHFSE R H U208 K 293 TAI AR I8 T ATCC, 14 A
Immocell’V- 5, Zat 5 I EE T4 (STR) %2 1IEH,
U20SHI I H 2 10% 16 4 1175 ( Zeta) I McCoy's 5ARE 7
H£(Gibeo), 293 THIAEAH FH & 10% 64 L3 ( Zeta) Y DMEM
Bi 37 3L (Gibeo), 7EIBIHHY AT ECH5%CO,, 37 CHiFR
FPRTR.
1.2 BARGEHENSH

N T oy BrNFIXEE H 450 /9 I e 2%, i HJPONDR
(Predictor of Natural Disordered Regions) -5 (https://
pondr.com) [ VSL2BEAY . AKHIEL TR {5 A28 0 2%, i
TR TR SR AT 11 (9 ~ 21N E LR ) AL (4
IR | AR LA ) BEA TN, e A ¥ 1 )T ik
B BE 0.5,
1.3 JRAHESHELE

AW g il P eI & TP AR ) TR BRAS R ik
B TR, 2K pcDNA3.1-EGEP, A flaghn s . JFUk:
i N R R YU IS B A TR B w0
UE. WAL AT 44 . SRS EE Y51 S TR AR

x1 RHMEGERAR

Table1 Plasmid designation and application

Plasmid Insert coding sequence Application
EGFP None U20S cell-Control
EGFP-NFIX NFIX full-length (NM_001365902.3) U20S cell-Condensate assay; IP-MS

EGFP-NFIXAIDRI1
EGFP-NFIXAIDR2

NFIX Aaa39-85
NFIX Aaa245-494

EGFP-NFIX-IDR2 NFIX aa245-494

293T cell-Protein purification
U20S cell-Mapping condensate forming region

U208 cell-Mapping condensate forming region; IP-MS
293T cell-Protein purification

293T cell-Protein purification

EGFP: enhanced green fluorescent protein; NFIX: nuclear factor I-X; IDR: intrinsically disordered region; aa: amino acid; IP-MS: immunoprecipitation-mass

spectrometry.

JUkiE Yeffi FH Lipofectamine 3 000(Lipo3000, Thermo
Fisher ) # Ye 2%, $4 FL BT A T & 45 95 3+ (1) Lipo3000
5 DNA+P3000, 75 10 min/5 Il AN EE ) U20S 5293 T4l
5%, 6 hIm ik, 24 h)m WIEL B
14 BREERHEK

T LR (1) ST 75 U J i U20 S A1 B (s TR B A3 850
4%22 B F % 25 8L 81 52 15 min, FifiJ5 {FH0.25% TritonX-

10037 B 10 min, {f /IDNASS & YL DAPI(R
JEE)HFOCIE T AMAL10 min IFRICAMIAZ . GG AL
1855 R A 8 o AR L S0 B e 0 A A R R B
(SpinSR) AT, T2 fdi Fe0x V37 5 1 (5. 22 iR W %
1.5 EHEBMRNBRSREERAERERAR (fluorescence
recovery after photobleaching, FRAP )

ASHIFFEAE P B S 1% 200 L T At A 200 L PN B 2R
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AR AR T 1-XGE R 7 1 R 5 0 A B R O 2 Tl ER AT A 1575

PRBYRES SOGIER A POLIKE R (fluorescence recovery
after photobleaching, FRAP) SZ56 ()W 4%, fEME & R
2 A R R RS B 5%CO,+37 CHEFRIAEE, L
B DR R EUR I A SN 73 I T AR T . A T
WEEEE R IR S BER KRG 1 0L, TEM S R b Fpsk
REEFIZR ([8]FE100 5) o

FRAPJEME SO AR ICHE AN FRY HUSCR 1 75k, 18
WO DO E A BER RN R —FR 7 M E AR,
B WL A 52 T3 TN 1 S 3B 3 9] IR AR
JUIE W BESR AR A B AT i sh P [T R R A fil I SpinSR
A, PR AR IE S A — 1k 588 ] EasyFRAPAR
4 (https://easyfrap.vmnet.upatras.gr/)
L6 HINERMAILEUR

AWK 3R A flag-EGEPARIC (4K 1 5 20 ok
(EGFP-NFIX, EGFP-NFIXAIDR2, EGFP-NFIX-IDR2, &
DG T S A= ) TR A B IR ) e U 22 293 TAH A,
200 M 28 TV RIP AR (5 £ I A 510, 38 2 K)ok b
2 30min 5 B L HCES, A Anti-DYKDDDDK G1
Affinity Resin(GenScript)4 CHEF 1377, K FiflagZ ik (34
ZR)GEFERBAEER . P2k E [ I BCAIKL
G R R K ME WL, I NaClA R M2 PEG 80007 ¥
R4 (B ®4150mmol/L NaClF15% PEG-8000fpH Jy

7 ARG IR R, TR IR R MR N, B153.2,

1.6. 0.8, 0.4, 0.2 pmol/LAYZl b . #F ARV E R 2lifk
R BB b, 7 SRR T 15 23 G 8 5 A B A
5% (SpinSR) F M %L,

SRR B FEER AR TR EK 50 1Y, #£3.2 umol/LiY
4li{L EGFP-NFIXZR [ A 5% 1,6-C B KA AR
SRR A B A, (R v AR R L A, B
BEBERIAMIE S
1.7 ®ENE-FIEEEA (immunoprecipitation-mass
spectrometry, IP-MS )

TEU20SZ0 I P % 1.3 Pk A0 B4 Y flaghr i Y EGFP
253 . NFIX4: K (flag-NFIX) [ IDR2# A8 4 (flag-
NFIXAIDR2) K35 Ok, { FH flaghs 28 8 (1 S e e i 7
& (RERE, R R) 73 W A4 EGFPZE 45, flag-NFIXFI
flag-NFIXAIDR2 S HEA5 & IR A E A1k, 4:SDS-PAGEY)
A BIE S VT A, 45 It AR A B 1 22 SR A 7 VROR £33 -
HRIR T35 (LC-MS/MS) 43T, 3l aod B #:X) BR (EGFP s 14
FEA) HERR TS S B 11, A9 22 S A EAEH A1

X 4 Hh Y 2 S A B 1 T EggNO G FE (v5.0.2,
http://eggnog5.embl.de/#/app/home) $E I A H )
GO ID, R Z IRANME L 73 . 705 D RE A A= Wy B xS 2

TGOS, I I T WikiPathways B 78 % 1X #6261
) & AR L EAT 230, DAEAT 58 nT AR R S A 2
T PEAR AL R 5
1.8 ZitFEAHE

ARWFFEGETT ) AT e 240k A 2 /0 3o sy A S
5, A DL x + s, i GraphPad Prism103£4 74k
ot KA R . 2R SR B R 7 2293
Hr(One-way ANOVA), #AF1E i E V2 5, Wk — 2D fiff
JHDunnett's5 5 K 50 5 TP LR, P< 0.05 0 25 54
it o RSB, 0] Fisher' sk i #6900 22
S FIRE T & AR W E ST, P<0.05 R A ST

2 #R

2.1 NFIXTA] RATES B PR T2 A A 0 e BR 4k

TEU20S40 8, EGFP-NFIX4: K 75 [ 1o VK -V AH
3 B E AU AAZ PN P LN ASBE SR IR, T SR EGFPAR 45 25 1
FEANMIAZ R R IR HCIRAS (BI1A L 1B) . X SEEER AR
P SRR LR A BAEE T T WWEGFPZ AR IE
FINFIXEE SR A TR AL G (K11C), IR E K
JIIRE) R ASAT A ; FRAPSERT 1405 nm AR BOGAS LA
30% R B 1O R NFIXEER IR AT RIS A, X B R
1 pm P F X (ROD) BUR A SRR, B A LA s 1]
FAHFEERAE, BORAERTK 100 s, A R, DOGMH
SIE15 sINIKE F i KB A60% 247, IESENFIXEER AP
FRE 2 S AR R S A A (D) o X
BV R EER AL U T 2 55 A0 ELAE T (ANIDRIA] Y
BKELTTERD), TR AR
2.2 BHEXEIDREXHINFIXEH KL EEREWRERE
HIgE

i 3 PONDR T H X NFIXEE [ 54 7 J0 P 0 43 Hr
(fF JHVLXTHE B, B{E>0.5), 45 % B 7~ 1Faa39-85 %
aa245-494 5 P SL 1 = 25 AL BRI B, B bR e Sy SR
HIIDR, 4344 4 N IDR1IAIDR2([E2A) . AIRIFIDR
X B X NFIX AR [ AH 23 2 e 1 52 e, 3l 5 PCRAN 519
H A g i B R A A T IDRE 22 28 {ANFIXAIDR1 K&
NFIXAIDR2([¥12B), ¥ H 7o f# 2 pcDNA3.1-EGFP#A, IF
HMPLU20SH i . LR AR USRS BN,
NFIXAIDRITEARZ WA AT TE e R AR, HEER IS KK
/NENFIXEAKE AR TC B E M0 . A2 T, NFIXAIDR2
FERZ P S BVRTBCAA0 , TG4 DU B AT fa] 5 SR 254 (1€12C
2D) . X PEHIIDR2YT B NFIX SR (A AR S 2 S fig B
BLR
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Fig 1 NFIX forms dynamic liquid condensates in U20S cell nuclei

A, Confocal images of U20S cells expressing EGFP-NFIX or EGFP. B, Fluorescence intensity profiles (ImageJ) across nuclei. C, EGFP-NFIX droplets fuse over time.

D, FRAP assay (n = 6). Scale bar = 5 um.

2.3 NFIXA] ATEMRIMERE S B A g R AR

TE 40 s A Mt P 44 i NFIX 56 28 1178 A 2% vh 4%
PF IR AR, AT DATE I B0 RN FIX A 1
HA GEAR T B R AR 8 ) o 38 3 S B A I e
£, 1£4150 mmol/L NaCIHI15% PEG-80001pH 4 7.4 2%
A 2 e, alifb Y B AR 4 K NFIX R [ (NFIX-WT) 1] [
I IIRICEE T . AR AR ELAT o B A Il L1
He B (Csat) 29°0.4 umol/L, B4 8 1k B T Csati o
VEIE B SR AR, T 4 Csat I H5E SR MK B R it vie i
Fh i B E N . (A4S A, BERIDR2 X B A NFIX
ATDR2ZEARR A [ 76 AH [F] S50 N JC 108 U ] B SR 445
A, BRI R AR A AN KL 25 H 5608 B B
REAR, T M 235 Y IDR2 A Bt (aa245-494) W SR B H B3
FRVRR 3 s A ), FCBE SR AP U Csat fIK T70.4 pmol/L, W]
IDRJE SR BAH 53 B8 (A% O D RERL B (E13A) o #fE— 238 3

1,6-C BT HSEI L, B N5% 1,6- 00 Bl s R
NFIX-WTHERMK(EI3B) . WEIA S5 1,6-C i T4k
A 55 EAE R Cngi K A7 L me-meERRD) B AH 23 25 (A B
il —2.
2.4 IDRNSNFIXEEEAWERE

T BE— A HFFEIDR2GTNFIXEE A A F ) AE Y 500,
FEU20SA0 i 43 51l5E Y flaghric INFIX 4 K (flag-NFIX)
JZIDR2# 6 285 4 (flag-NFIXAIDR2) # 3k JFoh, fifi 1]
anti-flagf Sk FEAT S DUVE , #2028 TOVE (19 2 11 BT 7E
SDS-PAGEHEE 4325, B & 2 H B 55 1 XD T,
JEE NI AL A 6 ~ 201 ZUHE R K BE 1) IR B, SR J5 R4 T Il i
(MS) % (K14A) o 453 5N, PIZH ) fA7E1 328
HRILEA B9 ., flag-NFIXAIDR2ZH 5 R4S & 451 4K
1, FLAG-NFIXZH R Stk 4s G121 8 H (K14B) .

XJFLAG-NFIXZHFF VRS & 1 12118 T TGOS
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Fig 2 Key disordered region of NFIX govern condensate formation

A, PONDR (VSL2) analysis of NFIX. The peaks indicate predicted disordered regions (IDR1: 39-85; IDR2: 245-494). B, Schematic of NFIX constructs: full-length

(residues 1-494), AIDR1 (A39-85), and AIDR2 (A245-494). C, Confocal images of U20S cells expressing EGFP-tagged NFIX variants (scale bar = 5 um). D, Quantification

of cells with condensates. Full-length and AIDRI retain condensate-forming capacity; AIDR2 is defective ("~ P < 0.0001, = 3).
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150 mmol/L NaCl, pH = 7.4, 5% PEG8000
0.4 umol/L 0.8 umol/L 1.6 umol/L
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Fig 3 IDR2 drives NFIX condensate formation in vitro

A, Fluorescence microscopy of purified EGFP-NFIX (full-length), EGFP-NFIXAIDR2, and EGFP-NFIX-IDR2 under physiological buffer (150 mmol/L NaCl, pH =

7.4, 5% PEG8000) with concentration range (0.2-3.2 umol/L). B, 1,6-Hexanediol treatment dissolves preformed NFIX condensates. Scale bar = 4 pum.
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Negative regulation of TOR signaling Orexin recenton pathava
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Fig 4 IDR2-dependent interactomes are enriched in developmental pathways
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TOR: target of rapamycin; BDNF: brain-derived neurotrophic factor; TrkB: tropomyosin receptor kinase B; MAPK: mitogen-activated protein kinase; VEGFA:
vascular endothelial growth factor A; VEGFR2: vascular endothelial growth factor receptor 2; EGF: epidermal growth factor; EGFR: epidermal growth factor receptor;
VHL: von Hippel-Lindau tumor suppressor; EPN1: epsin 1; RAPGEF1: Rap guanine nucleotide exchange factor 1; FLCN: folliculin; PARD3: partitioning defective 3
homolog; IFT172: intraflagellar transport protein 172; ROCK1: Rho-associated coiled-coil containing protein kinase 1; MAP3K7: mitogen-activated protein kinase kinase
kinase 7; MKNK1: MAPK interacting serine/threonine-protein kinase 1; RPS6KB1: ribosomal protein S6 kinase beta-1; CREB1: cAMP-responsive element-binding protein
1. A, Peptide length distribution from IP-MS gel-digested samples for validating data quality. B, Venn diagram of proteins co-immunoprecipitated with flag-NFIX versus
flag-NFIXAIDR2. C, GO analysis of IDR2-dependent interactors. D, WikiPathways pie chart of IDR2-dependent interactors.

(F4C), 2550 /R NFIX-IDR2 P AR 11 35 B[Rl V7 2 BF5E © R WINFIXA 59 5 MalanZs:
TmRNARHE, AR M RNAGEEA YN, $98 B1F. Marshall-SmithZR S AERY R PIE R, X UL
NFEIX ] 38 1 5 5% 05 4 0 4% e A5 5 906 (Jn NFIXWHUA L BHOE MR S | 2080 . S0 Fm, H
MAP3K7, MKNK1%) UpJA SR SR8 S AT RE . (A FTLME G eI 1 BE i A 58 4 B REAR N A AL
TERE AR, 3o 5 5 AL & 7 P 2 1) 43 B A A3 B AR GBI 5S4TSR AF 5 43— AR LA FHAIL IR 14
MR AR . P XX e B (A T WikiPathways  #l . 78 & B AL, AR N B 7R A T 4R 406, 5
B (K4D), ZFEA S Z EHCE K (MBDNE KA H] S5 M2 2 fil i) & & Mfs 54 52
TrkB signaling, VEGFA VEGFR2 signaling) JEIZ 2% G2 T FHEIIEN . EEw LI YEER A+
ML PERNFIX-IDR2VE N /3 FARAL, ATREE AT SRR ICHEMR] R T, JERIAAE IR 550 5 IR SE SR Ao mT
T B S A B Z RN 5 7, 76 5 & FASE  LUE AW XS, BR s bl 10 52 A IR i R H, O
14 A B B o AR v R A A 3 Ao 5 SR AR Y A B R R SR Sl A B SR, L IR i
£ N B2 2 0 B AL

ABIFSE R BT NFIXIE#E A Y3 sh B pL il . 40

B FNFIXVE N R W R T, CEPAES 2 Nl 3k KSR 7 51 oW 45 S50 K A= W1 B 2 3
S5 2R AR EIE S R E R, NFIXIOPER] R W], NFIXZR (T H A A5 25 6E 11, BIVAT RULE 40 P9 A
EZFEN, NFIXUURR AT REIE RO AR R LS TN RAERY AR WBERAA, JF LU & S HAUAR BAE o7, SR s T
TRFRFRAL, FERN G RGN E T, NFIXTEFI R 2%, (AR e eSS Bk 7EAR 5 BT I S e WF o v, X432 1
BT A driz, (RdEph AR A o, AR TAIIAR RORA B ROIRAS R — KRS BASMENE SR
B, FEF MR E T, NFIXBUR S8 UK T3 Bl FA7e SR i B RS RS 25, Y- RORH 43 D)

3 e
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SN S A AR R AR, 5 R A 45 EL AR SR Y 52 TRy
PER, NFIXEE A EER R A A B Rl SOGEE S
DENCHHIR A B R, X 5 AR & 7 o R X 4
F SR I S R R R B R AR, PRI, NFIXS
HIAE 3 B BE R AU K B A AR 5 it T
ARSI, TR FARAL, HI)GE 5 5
FIURRT T R T I 2 A
TEXSNFIXEE [ EAR DB T 9 AR 5E v, LATE LA 5
PP R FEU)ASINFIXAH IR F R EIZE ICK
Ui DNAZS & XI5 R R S 31 19 BRI, AR
W92 & BINFIX)F 41 CA Ui ) SCHETIDRAR 5 [ 45 S B0
UIReSH . IDRIEANHA B =5 & R X EL, D
MM AT AE I AR 2, IDRAYAS S AT LSS M 4 B 1
65 1) 1 50 SR ) A B O 5 SR R ) 2L B AT 4% 4
o3 L S AR ARBFSYE LT NFIXE 1Y IDR2
FFUESE T2 X Bk ik S BONFIX R (12 R AHAr B AR T .
J T HE— AR SENFIX-IDR27E 5 X6 NFIXAH 56 35 1
S AR L 2R, ASBIFSE [ FHIP-MSHA, XFNFIXEE A
JNFIXAIDR2%EAS & 4 A TAE K 474007 o
NFIX & 4 218 1, 5NFIXAIDR2JGHESE A 10 8 1 bk
JE SCHIDRAKH LSS B 1, BN X EEAS
NFIX 456 B FIDR2CHE X 3K, SIDR2A T 4H 73 S
MG . GOFE LML ALY, XLEH B EE
£ TmRNAMCH, 25 BBERR L . TORME 5% 4HH
AT G2 K B ARSI S E Y S, 5EMAPK
VEGFA-VEGFR245# A7 ¢ : MAPKAF 5 40K O 9 ik 3¢
AR IR I R A M 3R RS . G4 S T RE; 1 VEGE(H
5 U i AR A SR A A TR, X TR S &
A BRI fe & B 2 G EE ", WikiPathways# & 45
HE— R W CREB1, RPS6KB1%54% [ ELAT IDR2AK i
PE, ERE AR, XEEASMAE LT 5% 5 LN
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