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Abstract: [ Objective] To enhance the genetic diagnostic yield for fetal short femur length (FL) and to evaluate the
integration of whole exome sequencing (WES) with chromosomal abnormality detection in prenatal diagnosis.[Methods] A
total of 27 mid—to—late trimester fetuses diagnosed with short FL. [FL < Sth percentile for gestational age or < =2 SD
(Standard Deviation) | at the Prenatal Diagnosis And Medical Genetics Center, Shenshan Medical Center, Memorial
Hospital of Sun Yat—Sen University between November 2023 and May 2025 were included. Amniotic fluid or umbilical

cord blood samples were collected and subjected to chromosomal karyotyping (19cases) , chromosomal microarray analysis
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(CMA) or low—coverage whole genome copy number variation (CNV=Seq) (27 cases) , and trio—based whole exome
sequencing (trio-WES) (27 cases). The pathogenicity of genetic variants were interpreted according to the American
College of Medical Genetics and Genomics (ACMG) guidelines. [Results] Twenty—six genomic variants were detected in
17 of the 26 fetuses, including numerical chromosomal abnormalities (mosaic type) , copy number variations (CNVs) ,
single nucleotide variants (SNVs) and insertions—deletions (INDELs). Genomic variants detected in 11 cases could
explain the short femur phenotype. The overall diagnostic rate was 11/27, with pathogenic/likely pathogenic variants
explaining 9 cases and variants of uncertain significance (VUS) accounting for 1 cases. In addition Chromosomal karyotype
analysis revealed chromosome mosaicism explaining 1 case. The diagnostic rate of CNV detection (CMA/CNV-seq) was 2/
27, while WES achieved a diagnostic rate of 10/27, with an incremental yield of 8/27 in cases with negative or
inconclusive CNV results. Pathogenic mutations involved genes such as FGFR3, SHOX, DUOX2, CLCN5, and HBA1/
HBA2.[ Conclusion] Trio-WES significantly improves the genetic diagnostic rate for fetal short femur length, particularly
in cases where chromosomal analysis fails to identify a cause. Karyotyping remains valuable for detecting low—level
mosaicism in large—scale chromosomal abnormalities, thereby complementing WES and CNV detection. A stepwise or
parallel genetic testing strategy is recommended in prenatal diagnosis to optimize diagnostic efficiency and support clinical
decision—-making.
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Table 1 Clinical characteristics of fetuses with short

femur (n=27)
US findings Isolated  Short femur with other
short femur ~ US malformations
n 21 6
Z score
Z>-2SD 3 0
-2 SD>Z>-4 SD 17 5
-4 SD>7 1 1

GA at initial diagnosis

Mid—trimester

12 4
(14~27"° weeks)
Late—trimester
9 2
(=28 weeks)
Maternal age
< 35 years 20 5
> 35 years 1 1
Results
Chromosomal
1 0
abnormalities
Copy number
Py 9 1
variations, CNV
Single nucleotide
7 2
variants, SNV
Insertions—deletions, ] i
INDEL
Clinical interpretation 9(9/21) 1(1/6)
Pregnancy Outcomes
Induction of labor 5 1
Preterm birth 7 0
Term delivery 9 5

US: ultrasound; GA: gestational age (weeks+days).
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Table 2 The positive results of CNV in fetus with short femur and the pregnancy outcome

GA at initial
Maternal age/ Clinical In-
Case no. diagnosis Z score CNYV results . Outcome
year terpretation
Iweek
VUS: 100.18 kb duplication at C—section
3 30 30" -2.52 Unexplained
2q24.2 (copy number: 3) (39" weeks)
VUS: 101.40 kb deletion at 6q24.2
5 30 27% -2.60 Unexplained ~ TOP (32 weeks)
(copy number: 1)
Pathogenic: 806.50 kb deletion at C—section
6 32 26+° -1.85 Explained .
16p12.2 (copy number: 1) (39" weeks)
VUS: 104.82 kb duplication at 5p12 Vaginal delivery
7 30 26" -2.14 Unexplained
(copy number: 3) (40" weeks)
VUS: Three CNVs detected: 1.
198.48 kb deletion at 6q24.1 (copy
number: 1) ;2. 113.00 kb duplication C—section
8 25 26" -3.79 Unexplained R
at 9p13.3 (copy number: 3);3. (37" weeks)
404.60 kb deletion at 14q21.2 (copy
number: 1)
Pathogenic: 3.49 mb deletion at
10 30 26" -4.11 Explained TOP (29" weeks )
Xp22.33 (copy number: 1)
VUS: 313.13 kb duplication at Vaginal delivery
12 24 25 -2.28 Unexplained
11p14.1 (copy number: 3) (39" weeks)
VUS: 2.33 Mb duplication at 1p13.3 ) C—section
14 18 27 2,72 Unexplained
(copy number: 3) (37" weeks)
VUS: Two CNVs detected: 1.271.96 .
o C—section
) kb, duplication at 9p24.3 (copy num- ) ,
15 29 27" -2.85 o Unexplained (33" weeks), Fe-
ber: 3);2.337.40 kb duplication at )
tal distress

Xp11.21 (copy number: 3)

US: ultrasound; GA: gestational age (weeks+days); VUS: variant of uncertain significance; TOP: termination of pregnancy; C—section: ce-

sarean section. All the fetuses in this list have no other ultrasound abnormalities.
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CNV K BHPEAR TC I AR A2 W 19 7 G L, WES
For 0 AT AE 4 G )L b & At 7 Rl AR S AL 4
5 SNV, 1 4] INDEL F1 1 {] CNV(SHOX %:[H 6 54k
B, 2.4 kb) LT RE 4 B IG LR AL, 25 1,
WES(Z £ ) Kl 7T 75 CNV K5 0 4 JE Ry | %51 M T
827 LW LR 3,



5234 MR %, 55 5K R A8 W T ARSI AE G LB B J/ N ) 12 Wi 1 1 373

®3 REERILPRHA WESHESERRITRE S

Table 3 WES—positive results detected in fetuses with short femur and pregnancy outcomes

GA at initial ) Paren-
Case Maternal ) ) A other US find- Source of Clinical In-
diagnosis ) WES results o tal phe- i Outcome
no. agelyear score ings variation terpretation
Iweek notype

Cystic area in ~ Pathogenic: 15.11 kb

abdomen, En- homozygous deletion Heterozy- TOP
1 21 30" -4.39  largement of at chrl6: 215997- gous in None  Explained (32*
the cardiac sil- 231107 involving mother only weeks )
houette HBAI/HBA2
TOP
5 VUS: SHOX, ¢.633+ maternally .
2 28 30 -3.02 None . . & Explained (33" wee
3A>G inherited
ks)
Pathogenic: CLCNS : ma-
CLCNS5, ¢.727-2A>  ternally in- .
C—section
1 G hemizygous herited i ,
3 30 30° -2.52 None None  Explained (39"
Likely pathogenic:  EVC:pater-
weeks )
EVC,c.2562-2A>C  nally inher-
heterozygous ited
Pathogenic: FGFR3, TOP
De novo
4 34 20" -3.73 None c.1138G>A (p.Gly3 ) None  Explained (33
variant
80Arg) heterozygous weeks)
Pathogenic: SHOX, TOP
s ) De novo .
5 30 27" -2.60 None EX6 deletion hetero- ] None  Explained (32
variant
zygous weeks)
Pathogenic: 0.42 mb )
C—section
. deletion, 16p12.2 maternally .
6 32 26" -1.85 None ok Explained (39"
(21964744 _ inherited
weeks )
22385630)x1
DUOX2:1.
i ¢.3285_
Pathogenic: DUOX2
3286delTT
compound heterozy-
(p.1le1097
gous: : 1.¢.3285_
Leufs*24)
3286delTT (p.Ile109
maternally )
TLeufs*24) ;2. ¢.158 Vaginal
inherited
8A>T (p. delivery
7 30 26" -2.14 None 2.¢.1588A  None  Explained ,
Lys530%) ,VUS: T (40"
> o
PIEZOI ,chrl6: 3 weeks)
Lys530%)
88786210, NM_
paternally
001142864.2: ¢.6323
inherited
G>A
PIEZO1I
(p.Gly2108Glu)
De novo

variant
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GA at initial Paren-
Case Maternal ) A other US find- Source of Clinical In-
diagnosis ) WES results o tal phe- ) Outcome
no. agelyear score ngs variation terpretation
Iweek notype
VUS: PIGB, c.484A Heterozy- C—section
8 25 26" -3.79 None >G (p.Met162Val) gous in None  Explained (377
homozygous both parents weeks)
Pathogenic: FGFR3, TOP
De novo
9 27 26" -3.64 None c.1138G>A (p.Gly3 ] None  Explained (32*
variant
80Arg) heterozygous. weeks)
Pathogenic: 3.72 mb TOP
maternally
10 30 26" -4.11 None deletion, Xp22.33 & Explained (29*
inherited
(60500_3777031)x1 weeks)
Pathogenic: ALDHIS8 .
C—section
R Gallbladder A1, ¢.755G>A (p. Paternally Unex-
13 32 27" -2.66 None (37
agenesis Arg252GlIn) heterozy-  inherited plained
weeks)
gous
Likely pathogenic: Vaginal
BRCA2, ¢.8165C>T Maternally Unex- delivery
16 26 26" -3.15  Polydactyly None
(p.Thr27221le) het-  inherited plained (38"
erozygous weeks )
VUS: GABBRI, ¢.21 C—section
De novo Unex-
17 29 28" -3.27 None 56G>A (p.Gly719 ] None ) (36
variant plained
Asp) heterozygous weeks)

US: Ultrasound ; GA : Gestational age (weeks+days); VUS: Variant of uncertain significance ; TOP : Termination of pregnancy; C—section :

Cesarean section. * Mother’s height: 150 cm; ** Mother's height:149.2 ¢m, There is no obvious abnormality in intelligence and the development is normal.
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CMA FI WES K2 3 4 B . ARG LY R
K A LB, (RS2 50 2 3 B i 2 A% 2547 2 A
ST S IR AN SR AR A Y 2 RO [ A% AR L
FE2 4R 22 DL IR IR (B 3Rtk ), H 5w i 1Y
e A W — 80, B T o [ FISH 8 % otk
HEB R HARAIS L i A (<10%) , 256 6 LI J
5 LR A R G A 8 R 285 FISH Btk .
JRE 5 /0N S 77 I 7 5 A T Turner 2545 11F 7 LAY
T, X MRS AR I R RIS Turner Z55 LA
AN ) AR B2 AR L, e A 455 BB /0N L B SR
HIHRGRBEAR ",

P& VLR S (CNV ) 4 475 ik R4 R By sk 2k
A, R R A AR SR G R B R . CMA
PRYe AT R, DL 51 L 35 4 PR 4 2 52 (array—
based comparative genomic hybridization, aCGH) HI
R R 2 A PR Y (single nucleotide
polymorphism array , SNP array ) £ AR A 3 il , G2 [A]
ARG K PR 2 rp L B AT 68 S BRORAIE 2 3K P 7Y
CNV, HrHt SNP array £ AR RE 7] DAL T CNV 2 Wt
R PR 20 e K B8 O S B I A £ 5 ME A A AR
g , AT LA o SNP 232 Wl A 1 X 38 (region of
homozygosity , ROH) AN 55 {31 55 .

AR TR 2 4 B D 2 0 e 3 A 2 i T R — AR
(next generation sequencing, NGS) £ A 19 3 K 4 #5
D1 #0A% 59 ¥ (copy number varaition sequencing,
CNV-Seq) . CNV=Seq >k H] NGS 4 R X} F£ 45 DNA
PEAT A ARTR B A B R 2 I e o A= W 0 B 0 B LA
KBS RAEARAFAER] CNVs ™

REAE SCHR S T CMA (B 92 438, Btk CNV
TE BB RIG ILHh AR 34 T 3% - 10% Z 18], 41
Cai 55 7E 218 il Jie 7 J& it JL P G T 33 Bl CNV
(15.1%. 33/218), Hrh 19 FEUFM: CNV(8.7%, 19/
218)"; Liu 55" 7E 64 il BB G L R BL T 11 Fil
CNV (17.2%, 11/64) , 2 Bl 5 /5 &) EU CNV
(3.1%,2/64) ; Li % 161 {5 B R LAz b 1
12 Fh SO P/ SE U B0% CNV(7.5%,12/161) ; AR KA
FEAE 27 B BCE SR L LA T 1450 NV, Horh
12 Fliil 5 CMA 3 CNVseq 3 ARK i, 2 11 S Z0 1

CNV(2/27), SREAEMF AT . A 2R CNV K i
oA 12/27(X ST CMA Fl CNVseq 45 5 ) B 8 = T
HABHBF 5%, 7] fE 5 CNV-seq Kt A Ko #HIL T
CMA $ AR 3= 2RI B B0 4 CNV, CNVseq # AR
TCT VIR, P AT BB H B 22 o 2 11 3 SO B
CNV™' AR BFFEAE 27 0 11 8 AR L b &G Hy 2 f31]
o CNV, Ho 1 il 7E BB 4 A R I LI s R
W LC MR AR L3S KB R LA R s, 1 R
SERECE IR LR

B B AH G R UL CNV 2 FF Xp22.33,
7q11.23 4p16.3 Z5 X IR A TRl 2R /i A2, X S X I,
s 20 5 E R 2 RGE KR B A OC M o I
PR AR 58 K 1 1) Xp22.33 X 35k 3 Mb L) I
BI04 A K 2% X R s IR I /N R) U
FEH (SHOX) Yihg , 3 S M /N5 Leri-Weill #01
B REAT T ARG A tH— 1] 16p12.2 IX.
W25 400 kb LA I FBUR T2 A Bk, DECIPHER %4
22 v e B 1 AR LR /N CNV Y 835 il 5k
16p12.2 52 K MG B FRAE 2 I R R 24, 0L
R KBRS GNMEERG A KRG (5
PAER/IN) O RIS U DL SRS 3 /a8 A5 A [l R
16p12.2 & KM e DL e £ 4 i 1 a8t 4% 7 3t
&, 29 95% (1) B S N ACBEAR 8 AE 1 R, (H AN R
AR, AN LI 16p12.2 3845 1 B %, i 5o #F
e B 35 RGO, H B o0 149 em , AN R , K diR
TE Al B G S R
32 BEESRERARE

it 5 v 3 o T AR R B ek 2
ol G LA K R B A O I B R TR R 4 R
ARWRAFFE WES G 46 W AE 13 461 B i L b A
T L1 Rl SNV I 1 FB INDEL, PA Az 2 Fh/N F BR
CNV, BRI WrRK 1027, 5 R A& AR B A
2023 FF AT LS AR . HLHA A T WES K & K
W, 78 94 Bl 5 i )L b K T 38 4411 (40.4% , 4t
16 4381, 38 M8 55 ) i B0 M A8 5 (Bl B8 1 30
PE) S BN B G L K T 5 61 (5.3%) W] fig
BYAWAS S REERILT . 5oh, 5
HoAth = 150 BA B A 55 45 SRAH L, B AT PR ET WES 2
b7 o2 i 2 T s 43 R 80% (12/15) .85%(11/13) il
70% (21/30)" 1" WES ¥ H 5% £ J5 1 [N & 5
Wi, A28 A AR o B AR E SR R —
FN P RS o BRAERFIAEAS /N, Tl B R A
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WALt nT BB | AL PRI A

AR VR FE G 1 S S50 R e 2 7R ) B PR A
S EHEAETRLE FGFR3  SHOX 25 0 B 85 & & A
FE, [RINHL B & DUOX2 . CLCNS %5 0] fig 5 iR ) L#&
UNAER Iy = PO |8 i B o v B A o4 7 DA S
PR32 3(FGFR3) J2 WU R 53 4 15 5% i 2 5 ity
Z— NER ZFp LT g i E K PR R A 2
s R B TR CHER . FGFR3 LN T)

BT R T R R B E KEAE BRELEF A
RS BB 0 B LR L, e 1138G > A (p.
G380R) AL RAE % A FE FGFR3 Z AR HF 22
P, 2k BSOS T A S I (W MAPK (STAT) , 3
HlECE AL oAk, 5 & B AR R B A, 2t ke
B AHIRT JRAGI B 2 Bl AR L5 5 1% 2 AR
52(7.4%,2027) ¥R LB KB 5 .

SHOX 3£ Al (short stature homeobox—containing
gene ) J2 Gt A [7] 5 HE 54 538 DR 1 G B L TR, 467 T X
Pea R b, 454 DNA JA 0L R e ik | 8L fg it
Az AR B 20 M A S 3G e DU PR (e
Re gg e mEREE . 588k EF M
R . SHOX JE R 575 S B0 I PRAEAR A BH Sk 1)
S L AE B R /N LB AR (1) e RURRAE , 1] T3
B MRS | Leri-Weill 3B A 1 B 15 25 4 4
(LWD) . Langer it " # & & & A~ B (LMD) Al
Turner ZEEE (TS) &80 . SHOX FE R H A 7| &8
B, —A> SHOX JER 5 DL D g 5 vl S8k K
)5 o SHOX FER ] LAkt X e A iR 20 % | 76 1E 8
o e R | B SRR TR 7 Y NI 5 =S 7
AR AF 5T ILAG H 2 B SHOX R 22 A8 i iR L
Horp 5 SR I SHOX 3K 6 540 B 72 4 M ik
2 (2.4 kb, hgl9 chrX: 605125-607558) , b K& %
A B S BOR T RGE . %6 T E R 28
JAHEAT RIS, 327 W 517 . 2 SR B SHOX
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HEEE . RARIZAE S H AT EOR IR A 7857 K
P ACMG 5 AL RE A R 2 ORI B 254 H
T TE T RE I B BR A J AR , LA S HARE 1 B = R AIE
(150 em , MR ) , ATH R M BE H B0 7] RE , R4S
W58 HR A A ] i R IR e A o T R ik — 2 )
S ATEA TR UE o

Br 2 8 3L ] A, AR BE 5E i K DUOX2
CLCNX \PIGB ZEAE WAL P 5848 | D K 1 i Y o
HFT . DUOX2 HE A 2 G A AU 1 il 2 28 1 1 G

B, FES 5 HRIREERE G A, s T S 80t
oA BRI 2 BE VSR A (CH) , 25 o0 8 Yo o (A b
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e = T BRI ) 4K A A L 2 K AR, S A
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1) DUOX2 SR BUR R (Z A28 %748, 41 3
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c.484A>G, p.Met162Val) , HACRF 4 A1 58 45 () 24
G5 & o PIGB %: 1A (phosphatidylinositol glycan
anchor biosynthesis class B) i A5 Bk JUL 5 SR B8 5
EEYA N B IR M, S 5L IR WEILEE (GPD)
B RE A L AR, o B F I A A R 5 N S A
FRHEE, PIGB 3 A 53 v B LR W0
PE I 5 80 Y A B , — M St Y A R PR PR st A
W) | RS P i 80 B HR F A T TR E
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YOG, HIRJLIER R 464, P = B R 5
HOh B BOA R . %G LG 22T 37 A IE W 4,
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231107) ], 2 Wi B —-SEA/—-SEA %% , B 85 7Y o 3t
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B A R | 5 28 A0 SRR W M 2 5 DR AT Ay B A A
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FEDRI AR | A L PR 4 0 A R G Ik PR BB R W i 3E
it 4 B A R B A A T OB B R

3.3 FAEEBEFERNBARERSE/NEILRHIE
Atk%

B 5 3ot 1 KGR 1) AS W 2 e, A% AL 0 AT
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