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Etiologic Mechanisms and Therapeutic Targets of Craniosynostosis
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Abstract Craniosynostosis is a congenital craniofacial disorder characterized by premature fusion of one
or more cranial sutures. Common complications in patients with severe craniosynostosis include increased intra-
cranial pressure and neurocognitive dysfunction. Craniosynostosis can occur alone or in association with multiple
syndromes. Different types of craniosynostosis are associated with specific gene mutations. In addition, epigenetic
alterations and environmental factors are also thought to play an important role in the pathophysiology of cranio-

synostosis. This article reviews the research progress on the types, clinical manifestations, etiology and key molecu-
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lar signaling pathways of craniosynostosis in recent years, and discusses the therapeutic targets developed in animal

models, so as to provide a comprehensive and systematic understanding of the occurrence, development and treat-

ment of craniosynostosis.
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A: the cranial sutures mainly include the sagittal suture, coronal suture, lambdoid suture, and squamosal suture. B: cranial suture cell populations exist

in cranial suture mesenchyme, including cranial suture stem cells, pre-osteoblasts, and osteoblasts, which continuously form new bone to meet the re-

quirements of skull growth and eventually differentiate into osteocytes.

Bl FigEAB R IR EENREE
Fig.1 Schematic representation of cranial suture types and coronal suture structures



PRI OGRS P R R A AL AR 7SS AR

857

Metopic

Synostotic trigonocephaly

£\

=
Bicoronal

Synostotic brachycephaly

Sagittal

Synostotic scaphocephaly

Unicoronal

Synostotic anterior
plagiocephaly

Lambdoid

Synostotic posterior
plagiocephaly

All sutures open

Deformational posterior
plagiocephaly

E2 TR ABImLER S R E R

Fig.2 Skull deformities caused by different forms of craniosynostosis
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Table 1 Partial disease-causing mutated genes in craniosynostosis
B AR LRETE AL FEERAFHIE S R
Gene Inheritance Syndrome Suture(s) affected ~ Major clinical characteristics Reference
EFNBI1 XLD Craniofrontonasal Coronal Frontonasal dysplasia, ocular hypertelorism, [23]
bifid nasal tip, nail splitting
COLECI1I AR 3MC syndrome 2 Metopic Hypertelorism, blepharoptosis, arched eyebrows,  [24]
cleft lip/palate
CDC45 AR Philadelphia Coronal Thin eyebrows, small ears, variable short stature ~ [25]
ERF AD ERF-related Multi-suture Midface hypoplasia, Chiari type I malformation,  [26]
craniosynostosis postnatal onset of craniosynostosis
FGFR1 AD Pfeiffer Multi-suture Craniofacial deformations, syndactyly, digit/limb ~ [23]
abnormalities
FGFR2 AD Apert Coronal, multi- Dysmorphic facies, ocular anomalies, conduc- [27]
suture tive hearing loss, cleft palate, syndactyly
FGFR2 AD Crouzon Multi-suture, Crouzonoid facies, absence of major abnormali-  [28]
coronal, sagittal ties of hands/feet, shallow orbits, normal limbs
FGFR2 AD Pfeiffer Multi-suture Broad thumbs and halluces, cloverleaf skull, [29]
brain anomalies, fused elbows
FGFR3 AD Muenke Coronal Low-frequency sensorineural hearing loss, nor- [30]
mal to dysmorphic face
HUWEIL XLD Crouzon Multi-suture, Learning difficulties [31]
metopic
IL11RA AR craniosynostosis and Multi-suture Craniosynostosis, delayed tooth eruption, some [32]
dental anomalies have supernumerary teeth and conductive hear-
ing loss
MSX2 AD Boston Sagittal, coronal, Highly variable craniosynostosis ranging from [33]
craniosynostosis multi-suture fronto-orbital recession to cloverleaf skull defor-
mity
RAB23 AR Carpenter syndrome 1 Multi-suture Polysyndactyly, obesity, cardiac defects [34]
RUNX2 AD cranioclavicular dys- Multi-suture Delayed closure of fontanelles, dentalabnormali-  [35]
plasia syndrome ties, hypoplastic clavicles
TCF12 AD TCF12-related Coronal Isolated uni- or bicoronal synostosis [36]
craniosynostosis
TWISTI AD Saethre-Chotzen Coronal Abnormal extremities, facial asymmetry [37]

AD: H R R MR % AR: e (iR Rk IA% XLD: X 8 A% .

AD: autosomal dominant inheritance; AR: autosomal recessive inheritance; XLD: X-linked dominant inheritance.
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B8 31 L i am i bRiC 48R (1 3 SR 274 05
f) = F B4k (H3K27me3), AT 58 K &M R
FER k¥, PRIBADIZE WIHF 58 K H, M Twist-19*
/N GRS B P 40 B P Kdm6a 1 Kdm6b KT T 5,
)i 6 2 F AR g w] AR s o, B T e

AR o i g 5 P67 SR s T g 38 5 1 1 7 [
Y% 2(enhancer of zeste homolog 2, EZH2) & —F5¢
BERHE O PR, & 241 5T H3K27me3 (1) {#
HAERL, I AE 2 W a8 A% 2 T b i 28 i PR ) Rk
FEHE, EZH27EFN G BB A o4k A Ak ¥ 4G B AR
H . BRI, EZH2I DY REdh k25 5 AL rigg K B 1
REERIR R, FEUMAE R R R AW teah, AEE
BRA L A& ZoAH SC A IR Rl R iR SEil g 3
NBALATL S FisE 5L A R TE R . BORKESE™IFE
KAV RS A RI, FENUR D55 R, Thx2
B DRLE Pl i 4% 5 2 h I B 7K T sy, R BUE T R



PRI OGRS P R R A AL AR 7SS AR

859

B, T Cx4 35 RIRIATKS R . thah, SR
9,5 50 IR P P T 0 AR L A B R [ 3G XU A 9% . El
TR B A B AT R R R AR R ER R
T P10 B DR 5 RIS, 3 i A7 T A PR DA AL SR R I
¥i(paternal age effect, PAE) %", PAEMT 5T 1) 3= %L
BEA 2 — & ApertZi 1L, ZAEIRTE 99% % 51 v i
AR SE i DNA P51 421K (¢.755C>GEL ¢.758C>G) 5
o H, ¢.755C>GRATE 66% 1 1 HH & HETE CpG
THEREL L, e 758C>GA L H FLEE CpG
TRER o X S I RAL W] e Tk ke T
DNA FFEA I B0 28 1 31 42 5 1y e 5 HH B FY
B S H Z AR AR, R R 40 = 290 () 3 R R
0] RS R B ARG ). PR TS
BT I < B RAAG Do 20 PRIk B 0, AT 3 ol R 1tk W
TR RS . A, fiigE 0 5 R gm s RN AT I 4%
K. W R ILZ Fh miRNAs 58] 76 5 T-40 i (mes-
enchymal stem cells, MSCs)F /b4 ¢, —L
miRNAs, @1 miR-133b, JUHAE FGF{E 5% o K5
PEF, AT R R fu & M B 2. POTTER % Pt
TR, 5 TP FRAEAH L, 16 P& 1 s R T
31N RIE ) miRNAFT 9 MER A miRNA. 55—
TR 7t B, K85 9E4% % RNA LncRNA HOTAIRH#
it miR-152-CAMK ol , 78 i 4% 5 P v (1) B 20 i
I R R R AR Y
2.3 IMEFE R MLER AR
TEfSE R A R, AR D HUE T DU E
WL, HA 70%~80% B KR A MATE . X
F A TR I B R AL, 5 FE T LE 1 A5 A
FEGLE R SIS EAEA B, Fik, IRRA G
6 A1 25 00 4 . P o A B ) i L R LI
— I 173 68744 S R TE JLE AN 1 170 5% HE L
1) R [l o e B 9 S 7, S 2 SO TR WA ) B85 i A
JUEE R A P 4 L A ) KU B AS W BE 55 11 ) L 28
H 33%[OR(odds ratio): 1.33; 95% Cl(confidence in-
terval): 1.03~1.73], 73 #h— T30 )0t HEAH 78 < 3,
SV IR ) 2% T R P % L DA IR T B R T Y 1.7 0%
(95% CI: 1.2~2.7)P9, ALDERMANZ SR 53 % B,
BESEAE M4 0 R) B RO o — 4, o7 S8 il
4 5L DI AT RE I A AN RO ) 3.5 . RASMUS-
SEN %5 B8R FH [ 5% H A= i i F0UR35 F 7 19 it R B0,
BB HUR BRI 1) BESR AR T B i SE R A 7T A
&5 (OR: 2.47; 95% CIL: 1.46~4.18). BESEAEIRA:

WA A SR AR A B 2B 5, BLFE EOR IR, K
W 22 DR, 2 5 00 AR R AT 4 7 P 1 XU 34 m 1
BOULETAE 1 tH A2 M HRY, b FdRlk TN
BEE T, HUBRITAE, AT 68 7 Lo B g 21 (1 ]
SN OG . HhAh, BB LSk 20 5 i g
k. SANCHEZ-LARAZ: PUREAL T gk 4 5 %
Mfs. BERIL. MJERRE Z M CEE. 4R R,
1E B LI 491 Hh W 462 31 e PR 8% 51 P B0 XU s s o
Ab, Bkt BN R E TR, BMATERE. £
K D AH 2 %of Sk 0 BB A, AT 3 S P 1)
PR o FRATTIG B2 5T A 78 R I, 4 S R T R A2 P
RN —NMEREE, TEANRE TSR
T AR B P4 B DT 1 R AR

3 M4EFRHIN & G
3.1 FGF/FGFR{ZS&K

% AT 4 41 {2 K Al 7 (fibroblast growth fac-
tor, FGF) Il I 76 I it 2 & Fas B % Bod #2 H k 4%
HEEEH. FGFH 23 MNEARA R, R ERE
/DA 18R, £13% FGF1~1081 FGF16~23, 7 Ll
FGFRI1~4 /&£ HEAEH . FGFRsH %L £
TEE, BSHEEES, A RgE. &
oy AN A A2 B S FE 9, IX i 42 A4S PIBKY
Akt. Ras/MAPKAHI GG Cy{5 5 . FGFRsK
A RAR K2 N THRESRAT M, X Ee AR 20 JE
NS S, TIER AR, FRmMERH. 5
YISI6 22 B, FGFR2ITICS™ > B8 4 Apert 5845 /N B H
PRAE R AREAR, 12 TT DLSE 4+ S FGF2E &, i
7t 5 FGFRs%: &, MWIMTE—EF2E LR T s
P 4% L ATE N 25 SRR . Ak, ERKI/24EH
FGF N5 5%, YINZE SHESE 7 ERK /2405
PD9805S9REM Rumide it Fmh . FiAIET 4> FHLH
(11 4% 5 PR IT P g - P ) 2 BRI 7 B A T B TE
P S5 I T IR
3.2 TGF-BIESiBEg

AL A K [ F(transforming growth factor, TGF)
X, BFETGF-B. iELE . MHIRFWRE, 17F
ZHMALMREPREZREENEMH, LHEE
FRARTET R B o TGF-Piki 15 36 R #4510 15 5
Ik, LA ANAIE S . A T RIER SR,
TEH BN LS B B AR R AL fE b R 5 &
B IHRES, BFFER I, TGF-B23RIA & [F3 hnnl #¢



860

L] AERHER S AR

Pt g HL A, 1 TGF-B3 U B0 H AR s i1 FH 70,
OPPERMANZE IHFFAER], —J71H , 1ERE 77T
BN TGF-B2 AT {2 3 B #EL 20 e 15 5, 33k 1T 15 52 i
43 FLRE N AP B TGF-P2 i 3Rk B
ANSEURAE HUIG TE, (H eI 40 i o34k, AR R 4%
e 53771, W0 TGF-B3w] LA i) 4H i fr) 48 5
FEBH Lk AR, A0 TGE-B3 I 1t 7] 5 i 4%
G, X IR BAS [F ) TGF-B#E G AE 5 1 7+
WIS REL AR S, BN Ras .
AN, WFFEEREH, TGF-B2 1] Ge M Erk 1/2 (1 B IR AL,
BRI SE A & . (E G I % U 5 B TGF
55 FWA I, WikRg ik Smad2F1 Smad37KF i) 7+
i 10, IR egh B — DRl | TGRE SEM% R E
R B OCEEREM .
3.3 Watl5 5B

Wntf5 53l B 2 f O 57 (1) 7 Tl Bk 2 —, fE4H
MO sE . A, TR R R 2 G AR
FA U0V, R 1) 2 A A 22 U 3 A 1) 7 Jo ) 4 ok R
Wntf5 5 1) S RAFICNEHE LT, R, K%
J5 Ji 2 1 32 A ¢ 85 11 6(low density lipoprotein re-
ceptor-related protein 6, Lrp6)#t 2k 5 Wnt3/Wnt9FE i
FIRAE FEWntl5 55 FA L, 25| & i R 4%
M F R E RE T, Wt 5168 —FiER,
— R M) B3I B [ (B-catenin)iH PR, 73 AN
FAE MU IRAE 4359 08 Wnt/Ca? 38 4% 1 ~F 11 410 i AR
PEIERE , XRS5 MR E . s 7
Fh, POTTERZE PRI 15 Wntf5 5 1 2% AH ¢ )8t
578 | R SFRP2ANDKK 2, 3% AN (K] & Wit {5
SRR T Ak, YILMAZSS U2 588 i
% FN 573 R B, AXTIN2AE 3 78 Wnt i 2 (1) 171 1
R T, Aes IR AL B-catenin JF i HE P4 fF . AXIN2
DR 5 DY A0 S 1 RAR B S B0 A AR D REAS &2 TT e
Fe SR GE R AR IR . [EARERRRE, AXIN2 EE
FE R B B PREE I R BT VR AR R SRk B e A
IR AXIN2O] 38 sk 38 5 AE 40 Pt 70475 5 il 4 0t . ke
Bro XL TSR AN AR 7R T Wntf5 518 28 ££ /0l 111
KRB HIZCAER, 948 5 PAE ()8 AL 27 B il
Ei s AN
3.4 BMP{=SiBEE

‘B 75 K4 2 H (bone morphogenetic protein, BMP)
s TGF-BR SR bt , Ho T2 HRNKE , TR
HHRE R E ST EEELZNER". BMPH]

DI SIS RS2 AR LE A, B2 AR B0E T LA Smad 1/5/8 1
R4k, It5Smadd A HAEH, i Smad & A ¥ 5247
FIYHARAZ S5 I B T (0 L (R ) 3 % 75 BMP
O3 T 52 P4 RN AL O SR VT T BRI 06 5 1R 4 T 2
— WFICERM, B EIE BMPAZ {3k BMP(S 5
SRk 4 55 Smadl/5/8BEMR AL KT L i, i i
gt B AU, BRSmadl/5/8F1Smad44h, Smad6s&
Smads (1)1 B 51, 4N EAG B ik g R
A HITNEETT, Noggin/s BMPRIFELF, 54k iE
Wt . WANGE: VSIEFe R B, 5 R GE R R
GEMR B R, S B Noggin LRI, HAE
VA B () f 4% HH A WL 2% 21 HL 3R | T BMPAE 535 14 U
I E K. % REFIBMPIS S 78 4% 5 1 v i VE
WFFE N B A ) T THBMPAE 5 1 g /2 1 44 5 1 1)
TBEIEVRIT 715 . WEFREW, Gremlinl, —FiE 5] /)
[FIBMPHEHUH, e AEEKEER H, FH TR FA G
(R S% R A U BRI RI AR IR 3 R 18 3 il
B P 4% L DAL B R, RZ T R A R P (96 T 3
HET E R . T BMPS HoAth 4> 12 1] (1 5 2 AH
HAEH, CAS AL I8 B AR 2546 J7 T A7 TE 11 2 1) 7,
X H A3 T WL 75 B2 — D IR A AL

4 FBERNNETT
4.1 ImKRaTr

H AIa 7 g 5 i) F EZFBOR TR, FlibAE
BRI AN PR OB A7 A5 TV Y SRR, DA PN I
DS R R T B R 2 BARSR G AR TR 3 Pl g% 5 1A
A LU FEIEIYA YT, T — S8 LR S AE TR 2N o 491 75 22
BT /P ERad, B R e R E N E 5
SCREVASCIE® ICPT, thE T ARFE A TR I7 20K
H LR R R AR R Al R R I B AR 1Rt
S W FE B ol B 0 W 1 £ B8 TR R AR ST VBT . A
FREAEDL T, w LM BN T, e R N B AT IR
PR VIR IEAL B . X T 6 HRE LN A2 L,
I S 25 T BRI O T D B A P ), AT
4 7L DA AR S5 S 1A 57 11 A 6~12 0 %, 3K BRI )
e KA =Kk B0 K B B s ER BB B, PR TR K
TE S FAR A B LA (R AR LY, FARIEST
BIIERAEEAEAR G A BRI . o5 N AR ML
TR AR 2R S R B R AN A LA B IR RE X
Wor IR AR AT o PN BB A B ) Pl 4 D) oK 2 I
JRE RIS B AL R Tt i, A8 HL B SR AT PR,



PRI OGRS P R R A AL AR 7SS AR

861

FARTEHNEST FFARE A, 75 2 5E RE U7 DA I =k &6
AR SR L, W8 %% P P A 8 v 1) AT R DR R A
IR RIE. RA@EE e YT, A A v Re A &3
g B G, IF M R B R TF R
4.2 HINEMEATT

ST BT FARBIT B RS S, RFEIHK
BRI R — IR K. — BRI i
K BRI 4% B P TR (B R ) I TR H Ak 1)
7051 T4 HL A1 TGE-B3 1) 2 4B IS DIz 1 P4 F-
A B AR gk R e i 4 L AR . P 45 TR 7 R
H GlilT MSCHYIS .25 2 vl fig B gt 7l & B,
Y U %5 B it ) B Twist 1 pii 48 5 1 /N iR & 10 e
tREE, FGlilT MSCHE N R] AR S 28 ErT DIk
Twistl ™ P4 /N R P 48 Gl e . B, 1X
FhF P48 Twist] ™ /N B Sk B TR, #RE AN HI D fRE
MICPIEH AL . XELHE RN | A KM 4% a7
77 VAR | I 4% 5 P 1Y) I RORE B2 (R} 2 IE
o Bl — IR GG T M EE R A I Rk — P S
R 7 XM T ARV T 7k, AEIX BT,
25 V)% o A B T /AH4E I #E(CD517; CD200" MSCs)
FEA% ] Wnt3asb 3 n] By 1E g H P B, sk, 2
A M G A P S R PH B D AR R R )R 9T I D
O3 B PFAl o 75 /5% 5P 8 Twist1™ /)y A5 2
1, PRIBADIZE W BL{# H] Kdm6a il Kdm6b ) 24 2
AT GSK-JARENS B AR Twist] ™ fil & 4H 0 ) B iy
g, RS E A, ATTBH LE Twist]™ /)N B bR
HEARRNG . BAL, SHINES B8RRI fr 2 I i — S
S M 1(peptidyl prolyl cis-trans isomerase 1, PIN1)
0 ) 50 5 A T e e A 3 S B PR A Fg 25252V /1
A, B EARR A Apert S B IEFER T . BR K
TR L F2 I (protein arginine methyltransferases,
PRMTs)& —H BB, BATEZ MAEY ¥
Pt R B AR SO SR i Y B A T AL
PRMT Litfl i BMP{5 5 1 7 SMADs F £ 4k, AT S
g RGOS FE . &FX PRMT1A 5 H BMP/E 5 1 %
(RRE ) VR TT PT 8 SN FRAIG P 4 57 P RN JFC Atk AH S Pt [T
W %2 PRI P8 72 7 100

5 RESRE

S T 6 T P40 L AL 1 3k 2 4 L A 1
S 42 DR AL 4 T A 2 R s A B T
FOHEIEIAT T 4058 . 5 DU 6T ik 5L M1 I 450 AT

bt, ARt 17— A i A R SR, B
LA R I TE 2 FR IR 70 BT, 5 3 SRV T3 i K
LI AL A SR« RO A 27 2503 DA S R 85 TR 3 A it
ZEHL A ORI TR AR . BEAh, VEARERTT 14D
YRR T R RGBT VG T B8 bR, DN g B KRR TR
ST BT TR BERT RO BB . AR — AR, Ha
THI B Pl 2 L AT R UAME SRR, 8 1 i SUstme i ) 5
AN AR TP AETT 7 o

AR H AR T A B A A AR LR Oy 1R
PLHIEAT T KRBT, B 27 1 2 B U
DRI MW R B, HR R 4% HAR B AR A5 5 0d
RS 5 S 1 Y AR 5 T LA ) S0 R AR A5
B Bk, T s ms AR 5 7 2 00 7 iE A 2
R e AR R . AL, AR — A
2 R A PR 7 R0, 76 22 ARG AT 1P
i o [RIRNF, ISR 252 00 T FR) 5073 2 R AN 30 5 2 2 A
=, DMEA =R A s WAt . Har, 248
W FCEREE AR SR G AL mgE P b, DRIHR B B ™
LR R A AN B B (3R AR I, AT, X T S T R
T 70%~80% [l £5 5 AL 4] A 80 DR 3 AT AN 2
RN T i P - AT (09 IR B w] e S LR R kAT
O HPNRS BRI, KA Bl T i 4 5 P ) T %
BT RUEET AL B .

SEHK (References)

[1]  HEJ, YAN J, WANG J, et al. Dissecting human embryonic skel-
etal stem cell ontogeny by single-cell transcriptomic and func-
tional analyses [J]. Cell Res, 2021, 31(7): 742-57.

[2] MOOSA S, WOLLNIK B. Altered FGF signalling in congenital
craniofacial and skeletal disorders [J]. Semin Cell Dev Biol,
2016, 53: 115-25.

[3] ABDEL-ALIM T, KURNIAWAN M, MATHIJSSEN 1, et al.
Sagittal craniosynostosis: comparing surgical techniques using
3D photogrammetry [J]. Plast Reconstr Surg, 2023, 152(4): 675¢-
88e.

[4] STEVENSON T J, HITPASS ROMERO K, RUSTENHOVEN 1J.
Meningeal lymphatics stem cognitive decline in craniosynostosis
[J]. Cell Stem Cell, 2023, 30(11): 1395-7.

[5] BRAH T K, THIND R, ABEL D E. Craniosynostosis: clinical
presentation, genetics, and prenatal diagnosis [J]. Obstet Gynecol
Surv, 2020, 75(10): 636-44.

[6] ROTH D M, SOUTER K, GRAF D. Craniofacial sutures: signal-
ing centres integrating mechanosensation, cell signaling, and cell
differentiation [J]. Eur J Cell Biol, 2022, 101(3): 151258.

[77  STANTON E, URATA M, CHEN J F, et al. The clinical manifes-
tations, molecular mechanisms and treatment of craniosynostosis
[J]. Dis Model Mech, 2022, 15(4): dmm049390.

[8] ANDERSON P J, LIU K J, MARAZITA M L, et al. Editorial:



862

L] AERHER S AR

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

genetic, environmental and synergistic gene-environment contri-
butions to craniofacial defects [J]. Front Cell Dev Biol, 2022, 10:
887051.

JOHNSON D, WILKIE A O. Craniosynostosis [J]. Eur J] Hum
Genet, 2011, 19(4): 369-76.

HARADA A, MIYASHITA S, NAGAI R, et al. Prenatal sono-
graphic findings and prognosis of craniosynostosis diagnosed
during the fetal and neonatal periods [J]. Congenit Anom, 2019,
59(4): 132-41.

DEMPSEY R F, MONSON L A, MARICEVICH R S, et al.
Nonsyndromic craniosynostosis [J]. Clin Plast Surg, 2019, 46(2):
123-39.

BLESSING M, GALLAGHER E R. Epidemiology, genetics, and
pathophysiology of craniosynostosis [J]. Oral Maxillofac Surg
Clin North Am, 2022, 34(3): 341-52.

CHIANG S N, VARAGUR K, SKOLNICK G B, et al. Calvarial
vault remodeling technique for lambdoid craniosynostosis [J].
Plast Reconstr Surg, 2023. doi: 10.1097/PRS.0000000000010685.
RHODES J L, TYE G W, FEARON J A. Craniosynostosis of the
lambdoid suture [J]. Semin Plast Surg, 2014, 28(3): 138-43.
CHING R C, PALMER S C, JONES K L, et al. Recognising a
child with isolated craniosynostosis [J]. BMJ, 2023, 381: e073906.
DUY P Q, TIMBERLAKE A T, LIFTON R P, et al. Molecular
genetics of human developmental neurocranial anomalies: to-
wards “precision surgery” [J]. Cereb Cortex, 2023, 33(6): 2912-
8.

BIAMINO E, CANALE A, LACILLA M, et al. Prevention and
management of hearing loss in syndromic craniosynostosis: a
case series [J]. Int J Pediatr Otorhinolaryngol, 2016, 85: 95-8.
COULOIGNER V, AYARI KHALFALLAH S. Craniosynostosis
and ENT [J]. Neurochirurgie, 2019, 65(5): 318-21.
TUNCBILEK G, ALANAY Y, UZUN H, et al. Intracranial and
extracranial malformations in patients with craniofacial anoma-
lies [J]. J Craniofac Surg, 2010, 21(5): 1460-4.

TOUZE R, BREMOND-GIGNAC D, ROBERT M P. Ophthal-
mological management in craniosynostosis [J]. Neurochirurgie,
2019, 65(5): 310-7.

TIMBERLAKE AT, KIZILTUG E, JIN S C, et al. De novo muta-
tions in the BMP signaling pathway in lambdoid craniosynostosis
[J]. Hum Genet, 2023, 142(1): 21-32.

IBARRA-ARCE A, ALMARAZ-SALINAS M, MARTINEZ-
ROSAS V, et al. Clinical study and some molecular features of
Mexican patients with syndromic craniosynostosis [J]. Mol Genet
Genomic Med, 2020, 8(8): e1266.

PACHAJOA H, VASQUEZ-FORERO D M, GIRALDO-OCAM-
PO S. Case report: craniofrontonasal syndrome caused by a novel
variant in the EFNBI gene in a Colombian woman [J]. Front
Genet, 2022, 13: 1092301.

GARDNER O K, HAYNES K, SCHWEITZER D, et al. Famil-
ial recurrence of 3MC syndrome in consanguineous families: a
clinical and molecular diagnostic approach with review of the
literature [J]. Cleft Palate Craniofac J, 2017, 54(6): 739-48.
TING C Y, BHATIA N S, LIM ] Y, et al. Further delineation
of CDC45-related Meier-Gorlin syndrome with craniosynosto-
sis and review of literature [J]. Eur J] Med Genet, 2020, 63(2):
103652.

GLASS G E, O'HARA J, CANHAM N, et al. ERF-related cra-

[27]

(28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

niosynostosis: the phenotypic and developmental profile of a new
craniosynostosis syndrome [J]. Am J Med Genet A, 2019, 179(4):
615-27.

MIN SWE N M, KOBAYASHI Y, KAMIMOTO H, et al. Aber-
rantly activated Wnt/beta-catenin pathway co-receptors LRP5
and LRP6 regulate osteoblast differentiation in the developing
coronal sutures of an Apert syndrome Fgfr2**"" mouse model
[J]. Dev Dyn, 2021, 250(3): 465-76.

HOLMES G, O’ROURKE C, MOTCH PERRINE S M, et al.
Midface and upper airway dysgenesis in FGFR2-related cranio-
synostosis involves multiple tissue-specific and cell cycle effects
[J]. Development, 2018, 145(19): dev166488.

KILCOYNE S, POTTER K R, GORDON Z, et al. Feeding, feed-
ing, communication, hydrocephalus, and intracranial hyperten-
sion in patients with severe FGFR2-associated Pfeiffer syndrome
[J]. J Craniofac Surg, 2021, 32(1): 134-40.

AGOCHUKWU N B, SOLOMON B D, DOHERTY E §, et al.
Palatal and oral manifestations of Muenke syndrome (FGFR3-
related craniosynostosis) [J]. J Craniofac Surg, 2012, 23(3): 664-
8.

MOORTGAT S, BERLAND S, AUKRUST I, et al. HUWEI
variants cause dominant X-linked intellectual disability: a clinical
study of 21 patients [J]. Eur J Hum Genet, 2018, 26(1): 64-74.
AHMAD I, LOKAU J, KESPOHL B, et al. The interleukin-11
receptor variant p.W307R results in craniosynostosis in humans
[J]. Sci Rep, 2023, 13(1): 13479.

SUZUKI T, SUZUKI T, RAVEAU M, et al. A recurrent PJA1
variant in trigonocephaly and neurodevelopmental disorders [J].
Ann Clin Transl Neurol, 2020, 7(7): 1117-31.

HASAN M R, TAKATALO M, MA H, et al. RAB23 coordinates
early osteogenesis by repressing FGF10-pERK1/2 and GLI1 [J].
eLife, 2020, doi: 10.7554/eLife.55829.

KIM W J, SHIN H L, KIM B S, et al. RUNX2-modifying en-
zymes: therapeutic targets for bone diseases [J]. Exp Mol Med,
2020, 52(8): 1178-84.

CHOI T M, LUTEN O W, MATHIJSSEN I M J, et al. Cranio-
facial morphology and growth in Muenke syndrome, Saethre-
Chotzen syndrome, and TCF12-related craniosynostosis [J]. Clin
Oral Investig, 2022, 26(3): 2927-36.

BOK S, YALLOWITZ A R, SUN J, et al. A multi-stem cell basis
for craniosynostosis and calvarial mineralization [J]. Nature,
2023, 621(7980): 804-12.

DAVALOS V, ESTELLER M. Cancer epigenetics in clinical
practice [J]. CA Cancer J Clin, 2023, 73(4): 376-424.

EGGER G, LIANG G, APARICIO A, et al. Epigenetics in human
disease and prospects for epigenetic therapy [J]. Nature, 2004,
429(6990): 457-63.

PORTELA A, ESTELLER M. Epigenetic modifications and hu-
man disease [J]. Nat Biotechnol, 2010, 28(10): 1057-68.
MAGGE S N, SNYDER K, SAJJA A, et al. Identical twins
discordant for metopic craniosynostosis: evidence of epigenetic
influences [J]. J Craniofac Surg, 2017, 28(1): 14-6.

HEMMING S, CAKOUROS D, ISENMANN S, et al. EZH2 and
KDMBO6A act as an epigenetic switch to regulate mesenchymal
stem cell lineage specification [J]. Stem Cells, 2014, 32(3): 802-
15.

PRIBADI C, CAMP E, CAKOUROS D, et al. Pharmacological



PRI OGRS P R R A AL AR 7SS AR

863

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

targeting of KDM6A and KDM6B, as a novel therapeutic strat-
egy for treating craniosynostosis in Saethre-Chotzen syndrome
[J]. Stem Cell Res Ther, 2020, 11(1): 529.

ZHANG L, QU J, Q1 Y, et al. EZH2 engages TGFbeta signaling
to promote breast cancer bone metastasis via integrin betal-FAK
activation [J]. Nat Commun, 2022, 13(1): 2543.

DUDAKOVIC A, CAMILLERI E T, XU F, et al. Epigenetic
control of skeletal development by the histone methyltransferase
Ezh2 [J]. J Biol Chem, 2015, 290(46): 27604-17.

MOHAN P, LEMOINE J, TROTTER C, et al. Clinical experi-
ence with non-invasive prenatal screening for single-gene disor-
ders [J]. Ultrasound Obstet Gynecol, 2022, 59(1): 33-9.
RENGASAMY P. Congenital malformations attributed to pre-
natal exposure to cyclophosphamide [J]. Anticancer Agents Med
Chem, 2017, 17(9): 1211-27.

BORKE J L, YU J C, ISALES C M, et al. Tension-induced re-
duction in connexin 43 expression in cranial sutures is linked to
transcriptional regulation by TBX2 [J]. Ann Plast Surg, 2003,
51(5): 499-504.

ASHAPKIN V, SUVOROV A, PILSNER J R, et al. Age-associ-
ated epigenetic changes in mammalian sperm: implications for
offspring health and development [J]. Hum Reprod Update, 2023,
29(1): 24-44.

GLASER R L, BROMAN K W, SCHULMAN R L, et al. The
paternal-age effect in Apert syndrome is due, in part, to the in-
creased frequency of mutations in sperm [J]. Am J Hum Genet,
2003, 73(4): 939-47.

GORIELY A, WILKIE A O. Paternal age effect mutations and
selfish spermatogonial selection: causes and consequences for
human disease [J]. Am J Hum Genet, 2012, 90(2): 175-200.
DING H L, HOOPER J E, BATZEL P, et al. MicroRNA profiling
during craniofacial development: potential roles for mir23b and
mirl33b [J]. Front Physiol, 2016, 7: 281.

YILMAZ E, MIHCI E, NUR B, et al. Recent advances in cranio-
synostosis [J]. Pediatr Neurol, 2019, 99: 7-15.

DONG C, LIU X, L1 J, et al. Dysregulation of the HOTAIR-miR-
152-CAMKIlalpha axis in craniosynostosis results in impaired
osteoclast differentiation [J]. Front Genet, 2022, 13: 787734.
VINCHON M. What remains of non-syndromic bicoronal synos-
tosis [J]? Neurochirurgie, 2019, 65(5): 252-7.

HACKSHAW A, RODECK C, BONIFACE S. Maternal smoking
in pregnancy and birth defects: a systematic review based on 173
687 malformed cases and 11.7 million controls [J]. Hum Reprod
Update, 2011, 17(5): 589-604.

ALDERMAN B W, BRADLEY C M, GREENE C, et al. In-
creased risk of craniosynostosis with maternal cigarette smoking
during pregnancy [J]. Teratology, 1994, 50(1): 13-8.
RASMUSSEN S A, YAZDY M M, CARMICHAEL S L, et al.
Maternal thyroid disease as a risk factor for craniosynostosis [J].
Obstet Gynecol, 2007, 110(2 Pt 1): 369-77.

GARDNER J S, GUYARD-BOILEAU B, ALDERMAN B W, et
al. Maternal exposure to prescription and non-prescription phar-
maceuticals or drugs of abuse and risk of craniosynostosis [J]. Int
J Epidemiol, 1998, 27(1): 64-7.

BOULET S L, RASMUSSEN S A, HONEIN M A. A population-
based study of craniosynostosis in metropolitan Atlanta, 1989-
2003 [J]. Am J Med Genet A, 2008, 146A(8): 984-91.

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

SANCHEZ-LARA P A, CARMICHAEL S L, GRAHAM J M, Jr.
et al. Fetal constraint as a potential risk factor for craniosynosto-
sis [J]. Am J Med Genet A, 2010, 152A(2): 394-400.

XU C, XU J, ZHANG X, et al. Serum nickel is associated with
craniosynostosis risk: evidence from humans and mice [J]. Envi-
ron Int, 2021, 146: 106289.

XIE Y, ZINKLE A, CHEN L, et al. Fibroblast growth factor
signalling in osteoarthritis and cartilage repair [J]. Nat Rev Rheu-
matol, 2020, 16(10): 547-64.

MORITA J, NAKAMURA M, KOBAYASHI Y, et al. Soluble
form of FGFR2 with S252W partially prevents craniosynostosis
of the Apert mouse model [J]. Dev Dyn, 2014, 243(4): 560-7.
YIN L, DU X, LI C, et al. A Pro253Arg mutation in fibroblast
growth factor receptor 2 (Fgfr2) causes skeleton malformation
mimicking human Apert syndrome by affecting both chondro-
genesis and osteogenesis [J]. Bone, 2008, 42(4): 631-43.

WU X, GU Y. Signaling mechanisms underlying genetic patho-
physiology of craniosynostosis [J]. Int J Biol Sci, 2019, 15(2):
298-311.

OPPERMAN L A, GALANIS V, WILLIAMS A R, et al. Trans-
forming growth factor-beta3 (Tgf-beta3) down-regulates Tgf-
beta3 receptor type I (Tbetar-I) during rescue of cranial sutures
from osseous obliteration [J]. Orthod Craniofac Res, 2002, 5(1):
5-16.

OPPERMAN L A, ADAB K, GAKUNGA P T. Transforming
growth factor-beta 2 and TGF-beta 3 regulate fetal rat cranial
suture morphogenesis by regulating rates of cell proliferation and
apoptosis [J]. Dev Dyn, 2000, 219(2): 237-47.

GORI I, GEORGE R, PURKISS A G, et al. Mutations in SKI
in Shprintzen-Goldberg syndrome lead to attenuated TGF-
beta responses through SKI stabilization [J]. eLife, 2021, doi:
10.7554/eLife.63545.

XIE'Y, HE L, ZHANG Y, et al. Wnt signaling regulates MFS-
D2A-dependent drug delivery through endothelial transcytosis in
glioma [J]. Neuro Oncol, 2023, 25(6): 1073-84.

LIAO J, HUANG Y, WANG Q, et al. Gene regulatory network
from cranial neural crest cells to osteoblast differentiation and
calvarial bone development [J]. Cell Mol Life Sci, 2022, 79(3):
158.

FENDERICO N, VAN SCHERPENZEEL R C, GOLDFLAM
M, et al. Anti-LRP5/6 VHHs promote differentiation of Wnt-hy-
persensitive intestinal stem cells [J]. Nat Commun, 2019, 10(1):
365.

POTTER A B, RHODES J L, VEGA R A, et al. Gene expression
changes between patent and fused cranial sutures in a nonsyn-
dromic craniosynostosis population [J]. Eplasty, 2015, 15: e12.
WU M, WU S, CHEN W, et al. The roles and regulatory mecha-
nisms of TGF-beta and BMP signaling in bone and cartilage
development, homeostasis and disease [J]. Cell Res, 2024, 34(2):
101-23.

KATSIANOU M A, ADAMOPOULOS C, VASTARDIS H, et al.
Signaling mechanisms implicated in cranial sutures pathophysi-
ology: craniosynostosis [J]. BBA Clin, 2016, 6: 165-76.

GUO Y, YUAN Y, WU L, et al. BMP-IHH-mediated interplay
between mesenchymal stem cells and osteoclasts supports cal-
varial bone homeostasis and repair [J]. Bone Res, 2018, 6: 30.
LUYCKX I, VERSTRAETEN A, GOUMANS M J, et al.



864

L] AERHER S AR

[78]

[79]

[80]

[81]

(82]

[83]

SMADG6-deficiency in human genetic disorders [J]. NPJ Genom
Med, 2022, 7(1): 68.

WANG W, ZHOU C, FENG Z, et al. PLGA-based control release
of Noggin blocks the premature fusion of cranial sutures caused
by retinoic acid [J]. Appl Microbiol Biotechnol, 2019, 103(1):
291-301.

HERMANN C D, WILSON D S, LAWRENCE K A, et al. Rap-
idly polymerizing injectable click hydrogel therapy to delay bone
growth in a murine re-synostosis model [J]. Biomaterials, 2014,
35(36): 9698-708.

BELOUAER A, COSSU G, AL-TAYYARI S, et al. The enhanced
recovery after surgery protocol for the surgical management of
craniosynostosis: lausanne experience [J]. Neurosurg Focus,
2023, 55(6): E14.

CHIANG S N, SKOLNICK G B, NAIDOO S D, et al. Outcomes
after endoscope-assisted strip craniectomy and orthotic therapy
for syndromic craniosynostosis [J]. Plast Reconstr Surg, 2023,
151(4): 832-42.

OKAMOTO T, HARADA A, TAKAMATSU A, et al. Molding
helmet therapy for severe deformational brachycephaly: position
of eurion and therapeutic effect [J]. Plast Reconstr Surg, 2023,
152(1): 136-43.

CHI D, GIBSON E, CHIANG S N, et al. A multi-institutional
survey on calvarial vault remodeling techniques for sagittal syn-

[84]

[85]

[86]

[87]

[88]

[89]

[90]

ostosis and outcomes analysis for patients treated at 12 months
and older [J]. J Neurosurg Pediatr, 2022: 1-9.

XUE A S, BUCHANAN E P, HOLLIER L H, Jr. Update in
management of craniosynostosis [J]. Plast Reconstr Surg, 2022,
149(6): 1209e-23e.

ZHAO H, FENG J, HO T V, et al. The suture provides a niche for
mesenchymal stem cells of craniofacial bones [J]. Nat Cell Biol,
2015, 17(4): 386-96.

YU M, MA L, YUANY, et al. Cranial suture regeneration miti-
gates skull and neurocognitive defects in craniosynostosis [J].
Cell, 2021, 184(1): 243-56,¢18.

MENON S, SALHOTRA A, SHAILENDRA S, et al. Skeletal
stem and progenitor cells maintain cranial suture patency and
prevent craniosynostosis [J]. Nat Commun, 2021, 12(1): 4640.
SHIN H R, BAE H S, KIM B S, et al. PIN1 is a new therapeutic
target of craniosynostosis [J]. Hum Mol Genet, 2018, 27(22):
3827-39.

VOGIATZI A, KEKLIKOGLOU K, MAKRIS K, et al. Devel-
opment of Erf-mediated craniosynostosis and pharmacological
amelioration [J]. Int J Mol Sci, 2023, 24(9): 7961.

YE H, CAO L, JACKSON-WEAVER O, et al. PRMT1-mediated
arginine methylation promotes postnatal calvaria bone formation
through BMP-Smad signaling [J]. Bone, 2023, 176: 116887.



