Table 1  Demographic characteristics of 1160 cases with early missed abortion by molecular karyotyping analysis

    Variants                          N            %   
   Maternal age (years) 
    ≤ 29                             386          33.3
    30-34                            510          44.0       
    35-39                            220          19.0     
    ≥ 40                              44           3.7
 Previous abortion at ≤ 12 weeks
    0                                352          30.3  
    1                                194          16.8     
    2                                462          39.8
    ≥3                               152          13.1
Gestational weeks at miscarriage
    < 7 weeks                          158         13.6                
    7-8+6 weeks                         453         39.1     
    9-10+6 weeks                        387         33.4    
    11-12 weeks                        162         14.0



Table 2  Types and frequencies of chromosomal abnormalities detected in 1160 CVSs

	Chromosomal abnormality    
	CNV-seq 
(n=449)
	SNP array
     (n=711) 
	Total  
(n=1160 ) 

	
	n   Frequency(%)
	n   Frequency(%)
	n  Frequency(%)

	Single aneuploidy
	201          44.8   
	330          46.4  
	531           45.8

	Autosomal trisomy
	127          28.3
	253          35.6
	380           32.8

	Autosomal monosomy
	4             0.9
	4             0.6
	8              0.7

	Monosomy X  
	50            11.1
	43            6.0
	93             8.0

	Sex chromosome trisomy
	0             0.0
	4             0.6   
	4               0.3  

	Mosaicism trisomy
	20            4.5
	26            3.7
	46              4.0

	Multiple aneuploidy
	9             2.0
	22            3.1
	31              2.7

	 Double aneuploidy
	9             2.0
	21            3.0
	30              2.6

	 Triple aneuploidy
	0             0.0
	1             0.1
	1               0.0

	 Quadruple aneuploidy
	0             0.0
	0             0.0
	0               0.0

	Polyploidy
	28            6.2
	22            3.1
	50              4.3

	 Triploidy
	25            5.6
	20            2.8  
	45              3.9

	 Hypotriploidy
	3             0.7
	2             0.3
	5               0.4

	Partial aneuplodidy (large CNVs ≥ 10 Mb)
	31            6.9
	22            3.1
	53              4.6

	 Terminal deletion/duplication
	10            2.2   
	8             1.1
	18              1.6

	Terminal deletion+terminal duplication
involved in two chromosomes
	9             2.0  
	7             1.0
	16              1.4

	Terminal deletion/duplication+interstitial deletion/duplication involve in one chromosome
	1             0.2   
	1             0.1   
	2               0.2

	Terminal deletion+terminal duplication involved in one chromosome
	5             1.1
	3             0.4  
	8               0.7

	Terninal duplication+terminal duplication involved in two chromosomes
	6             1.3  
	0             0.0   
	6               0.5

	Interstitial deletion/duplication
	0             0.0
	2             0.3  
	2               0.2

	Terminal duplication+interstitial deletion
	0             0.0
	1             0.1
	1               0.1

	Microdeletion/microduplication ( CNVs < 10 Mb)
	67           14.9
	11            1.5  
	78              6.7

	Pathogenic CNV  
	16            3.6    
	6             0.8
	22              1.9

	Likely pathogenic CNV
	0             0.0  
	3             0.4
	3               0.3

	VOUS
	51            11.4
	2             0.3
	53              4.6

	UPD  
	2             0.4
	6             0.8
	8               0.7

	Whole genome UPD
	1             0.2
	1             0.1   
	2               0.2

	Single-chromosome UPD
	0             0.0  
	1             0.1
	1               0.1

	Segmental UPD
	1             0.2
	4             0.6  
	5               0.4



Abbreviations: CNV-seq, copy number variation sequencing; QF-PCR, qutantitative fluorescent-polymerase chain reaction; SNP array, single nucleotide polymorphism array; VOUS, variants of unknown significance; UPD, uniparental disomy

Table 3  Partial aneuplodies (CNV ≥ 10 Mb) identified in 53 cases of miscarriage.  

	Case 
number
	Maternal 
age
	Weeks at miscarriage
	Molecular karyotyping results
	Size (Mb)
	Pathogenicity
classification
	Parental
origin
	Associated disease (gene)

	CNV-seq

	1

	21
	10
	seq[hg19] dup(7)(p22.3p21.1)
chr7:g.43377_19791607dup,
7q31.31q36.3
(118,270,793_159,066,363)x1 
	19.7

40.7
	P

P
	mat
	1q21.1 deletion syndrome (GJA5)

(SHH,MNX1, LMBR1,DNAJB6)


	2


	23
	10+4
	seq[hg19]del(8)(p23.3p22)
chr8:g,160001_13800000del
seq[hg19]dup(13)(q32.1q34)
chr13:g,97820001_115100000dup
	13.6

17.3
	P

VOUS
	NA
	8p23.1 deletion syndrome

	
3

	27
	9+1
	seq[hg19]dup(2)(q37.2q37.3)
chr2:g.235953158_243189373del
seq[hg19]dup(10)(q23.3126.3)
chr10:g.92521431_135524747dup[0.77]
	7.2

43
	P

P
	pat
	2q37.3 deletion syndrome

ABCC2, ACADSB, ADD3

	4

	27
	11
	seq[hg19] del(5)p15.33p14.1)
chr5:g.10001_28660001del[0.80]/ 
seqdup(5)(p14.1p12)
chr5:g.28710000-45810000dup[0.20]
seq[hg19]dup(q15q35.3)
chr5:g.96660001-180860000dup [0.20]
	28.7

17

84.2
	P

P

p
	
	CDCS(SDHA, PDCD6, AHRR)
5p13 duplication syndrome
(LSPIP3, CDH6，DROSHA)
Partial trisomy5 q syndrome
(RGMB, FLJ35946, CHD1)


	
5

	31
	8
	seq[hg19]del(22)(q11.1q11.21)
chr22:g.16840000_20260000del
seq[hg19]dup(6)(p22.1q27)
chr6:g.28020000_170920000dup
	3.42

142.9
	P

p
	
	DGS(TBX1)

6q24 region(PLAGL1)

	6


	25
	11+4
	seq[hg19]dup(8q23.3qter)
chr8:g. 115600000-146300000dup
seq[hg19]dup(18pterq22.1)
chr18:g.20000-61880000Mbdup
	30.7

61.9
	P

p
	pat
	8q distal trisomy

18p trisomy,18q partial trisomy(ORPHA)

	7


	28
	12
	seq[hg19] dup(2)(q37.1q37.3)
chr2:g.232800000_243020000del
seq[hg19]dup(20)(p13p12.2)
chr20:g.60000_11100000dup
	10.22

11.04
	P

p
	mat
	2q37 deletion syndrome(HDAC4)

Familial WPWS

	8

	30
	6
	seq[hg19] del(7)(q32.3q36.3)
chr7:g.130560000_159138663del
	28.6
	P
	
	LQTS 2; 
Complex Neurodevelopmental Disorder;
holoprosencephaly 3; 
Currarino syndrome(KCNH2、
KMT2C、SHH和MNX1）

	
9
	30
	12
	seq[hg19] del(5)(p15.33p14.3)
chr5:g.14160000-15580000del[0.58] 
seq[hg19]dup(5)(p14.1p12)
chr5:g.14160000-15580000dup[0.42]
	20.6

17.8
	P

P
	
	CDCS

5p13 duplication syndrome


	10

	25
	10+3
	seq[hg19] del(8)(p23.3p21.3)
chr8:g.160000_22220000del
seq[hg19]del(8)(p21.2p11.22)  
(mos)chr8:g.26380000_39480000del 
	22.1

13.1
	P

P
	
	8p23.1 deletion syndrome (GATA4)

	
11

	34
	9
	seq[hg19] del(8)(p23.3p22)
chr8:g.200001-17800000del
seq[hg19]dup(8)(q22.2q24.3)
chr8:g.9960001-146300000dup
	17.6

46.7
	P

VOUS
	pat
	8p23.1 deletion syndrome (GATA4)


	12

	36
	8
	seq[hg19]del(8)(p23.3p21.3)
chr8:g.160001-2210000del
seq[hg19]del(8)(p21.3p21.1)
chr8:g.22060001-27860000del
	20.4

5.8
	P

LP
	
	8p23.1 deletion syndrome (GATA4)

8p21.2p21.3 deletion syndrome

	13
	31
	12
	seq[hg19] dup(14)(q32.1q32.33)
chr14:g.94400000-107300000dup
	12.9
	P
	
	

	14
	28
	12
	seq[hg19] del(18)(p11.32p11.21)
chr18:g.120000-14980000del
	14.9
	P
	
	18p deletion syndrome

	15

	33
	8+4
	seq[hg19] del(7)(q32.2q36.3)
chr7:g.129720000-159138663del
	29.4
	P
	
	KCNH2,KMT2C,SHH,and MNX1


	16

	27
	9
	seq[hg19] del(8)(p23.3p22 )
chr8:g.160000-16740000del
seq[hg19]dup(8)(q13.2q24.3 )
chr8:g.70280000-146300000dup
	16.6

76.0
	P

P
	pat
	8p23.1 deletion syndrome

Leri pleonosteosis chromosome duplication syndrome

	17

	30
	9
	seq[hg19] del(4)(q34.3q35.2)
chr4:g. 179611562-190957460del
	11.3
	LP
	
	

	18

	33
	8+3  
	seq[hg19] del(1)(p36.33p36.13)
chr1:g.820000-16240000del
seq[hg19]dup(14)(q24.3q32.33)
chr14:g.77620000-107300000dup 

	15.4

29.7

	P

P
	mat
	1p36 deletion syndrome(GABRD)  

	19

	30
	9+1
	seq[hg19] del(1)(q41q44)
chr1:g.215716667-2489082del
dup(12)(q21.31q24.33)
chr12:g.84968124-133841515dup
	33.2

48.9
	
	mat
	

	20



	28
	9
	seq[hg19] del(4)(q32.2q35.2)
chr4:g.163350001-191040000del
seq[hg19]dup(2)(q37.1q37.3)
chr2:g.234690001-243090000dup
	27.2

8.4
	
	pat
	

	21



	36
	8
	seq[hg19] del(2)(q37.1q37.3)
chr2:g.234816411-243074071del
seq[hg19]dup(4)(q32.2q35.2)
chr4:g.163335055-191044276dup
	8.6

27.7
	P

P
	mat
	

	22

	33
	7
	seq[hg19]dup(13)(q21.33q34)(mos)
chr13:g.71700000-115100000dup
	43.4
	P
	
	

	23


	28
	12
	seq[hg19]del(2)(q37.1q37.3)
chr2:g.232800000-2430100000del
seq[hg19]dup(20)(p13p12.2)
chr20:g.60000-11100000dup
	10.2

11.0
	P

P
	pat
	2q37.3 deletion syndrome(HDAC4)

	24


	25
	8+1
	seq[hg19] del(13)(q21.31q34)
chr13:g.63100000-115100000del
seq[hg19]dup(1)(q21.1q44)(mos)
chr1:g.144000000-249220000dup
	52.0

105.2
	P

P
	pat
	Hirschsprung disease(EDNRB) holoprosencephaly-5(HPE5)
1q21.1 duplication syndrome(GJA5)  

	25


	30
	12
	seq[hg19] del(8)(p23.3p12)
chr8:g.10001-33260001del
seq[hg19]]dup(8)(p12q24.3)
seq[hg19]]dup(8)(p12q24.3)
	3.3

13.0
	P

P
	pat
	Partial monosomy 8p syndrome

Trisomy 8q syndrome

	26


	25
	8+6
	seq[hg19]del(4)(q34.3q35.2)
chr4:g.177920001_190940000del
seq[hg19]dup(9)(p24.3p13.1)
chr9:g.200001_38780000 dup
	13.0

38.6
	LP

LP
	NA
	

	27

	33
	10+2
	seq[hg19]dup(15)(q22.31q26.3)
chr15:g.64480001_102400000dup
seq[hg19]del(2)(q37.2q37.3)
chr7:g.129720000-159138663del
	37.9

6.0
	P

P
	pat
	15q26 overgrowth syndrome

2q37 deletion syndrome

	28

	37
	8+2
	seq[hg19] dup(9)(p24.3p13.1)
chr9:g.200001-38780000dup (CN:4)
	38.6
	P
	
	Tetrasomy 9p( male)

	
SNP array

	29

	33
	9
	arr[hg19] Xp22.12p11.21
(21,782,384-56,905,943)x1
Xq12q28
(65,783,010-155,160,723)x1
	35.1

89.4
	P

P
	
	MECP2、GRIA3、AFF2 and MAMLD1

	30

	30
	11+1
	arr[hg19] 8q24.22q24.3
(134495771-146295771)x3
21q22.12q22.3 
(36431283-47612400)x1 
	11.8

11.3
	P

P
	Pat*
	

	31

	29
	12
	arr[hg19]1q21.1q44
(145,744,322-249,224,684)x2-3
	103
	P
	
	

	32

	28
	9+1
	arr[hg19] 8q13.3q24.3
(70,949,908-146,295,771)x2-3
22q13.31q13.33
(48,324,664-51,197,766)x1-2
	75.3

2.8
	P

P
	pat
	

	33

	38
	11
	arr[hg19] 9q22.33q33.3
(99,889,390-128,756,159)x2-3
	28.8
	P
	
	

	34

	25
	8
	arr[hg19] 8p23.3p11.21
(158,048-40,469,480)x1
20p13p12.1
(61,661-15,916,956)x3
	40

15.8
	P

P
	mat
	

	35

	24
	8+1
	arr[hg19] 7q31.2q34
(115,729,160-141,679,588)x3  
7q34q36.3
(141,687,274-159,119,707)x1
	26

17
	P

P
	
	

	36

	30
	10
	arr[hg19] 5p15.33p14.3
(113,576-22,823,694)x1 
	22.7
	P
	dn
	CDCS(CTNND2)  

	37

	31
	9
	arr[hg19] 8p23.3p23.1
(3720080-8079920)x1
	11.8
	P
	
	8p23.1deletion syndrome (GATA4)





	38

	30
	12
	arr[hg19] Yp11.31q11.23
(2,650,424-28,799,654)x0-1
	26
	P
	
	

	39

	28
	8
	arr[hg19] 6p25.3q13
(294,825-75,334,384)x3
	75
	P
	
	Partial 6p trisomy  

	40

	27
	9+1
	arr[hg19]4q11q35.2
(52,686,030-190,957,460)x3
arr[hg19] 4p16.3p16.1
(68,345-8,721,580)x1
	138

8.6
	P

P
	pat
	Partial 4q trisomy

WHS

	41

	32
	10
	arr[hg19] 7q34q36.3
(142,342,270-159,119,707)x1,
8q22.3q24.3  
(106,063,542-146,295,771)x3
	16.7

40
	P

P
	NA
	LQTS(KCNH2, KMT2C,SHH), Currarino syndrome( MNX1)


	42


	25
	11
	arr[hg19] 8p23.3p12
(158,048-33,547,773)x1
	33.4
	P
	
	8p23.1deletion syndrome (GATA4)


	43

	28
	8+6
	arr[hg19] 5p15.33p15.2
(113,576-14,921,416)x3
11q24.1q25
(122,084,943-134,529,443)x1 
	14.8

12.4
	LP

P
	pat
	CDCS

Jacobsen syndrome

	44

	25
	11+3
	arr[hg19] 4p16.3p15.32
(68,345-17,567,960)x1
6q23.2q27
(131,312,783-170,914,297)x3
	17.5

39.6
	P

P
	mat
	WHS

PLAG1,HYMAI

	45

	35
	8+1
	arr[hg19] 8p23.3p12
(158,048-35,444,027)x1
	35.0
	P
	
	8p23.1deletion syndrome (GATA4)


	46

	26
	10
	arr[hg19] 15q11.2q25.2
(22,770,421-84,834,123)x3
15q25.2q26.3
(85,053,133-102,429,040)x1
	62.1

17.4
	P

P
	
	PWS/AS

CHD2, IGF1R

	47

	28
	12
	arr[hg19] 18q12.1q23
(29,715,217-78,013,728)x3
	48.3
	P
	
	

	48

	32
	12
	arr[hg19] 9p24.3q21.13
(208454_77662508)x3
	77.5
	P
	
	Partial 9p trisomy  

	49

	33
	12
	arr[hg19] Xp22.33p11.1
(168551_58326434)x1
Xp11.1q28
(58348173_155233098)x3
	58.2

96.9
	P

P
	
	TS

TS

	50

	26
	10
	arr[hg19] Xp22.33p22.12
(168552_19907735)x1,
Xp22.12q28
(20116846_155233098)x1-2
	19.3

135.1
	P

P
	
	TS

TS

	51

	25
	12
	arr[hg19] 2p25.3p22.2
(12771_37039935)x3
	37
	P
	
	

	52

	29
	11
	arr[hg19]Xp22.31p11.22
(168552_52092488)x1,
Xq13.3q28
(75786953_155233098)x1
	51.9

79.4
	P

P
	
	TS

TS

	53

	35
	11
	arr[hg19]1p36.33p36.13
(849,466-16,724,642)x1,
12q24.31q24.33
(122,915,078-133,777,562)x3
	15.8

10.8
	P

LP
	mat#
	1p36 deletion syndrome



[bookmark: OLE_LINK28]Abbreviations: CDCS, Cri du Chat Syndrome; WPWS, Wolff-Parkinson-White syndrome; WHS, Wolf-Hirschhorn syndrome; LQTS, Long QT syndrome; VOUS, variants of uncertain significance; P, pathogenic; LP, likely pathogenic; TS, turner syndrome; PWS, prader willi syndrome ;AS, angelman syndrome ;mat, maternal; pat, paternal; NA, not available CNV-seq, copy number variation sequencing;CN, copy number; LFU, loss to follow up


*In case 30, SNP array on abortion villous tissue revealed a 11.8Mb duplication on 8q24.1q24.3 and a 11.18 Mb deletion on 21q22.12q22.3, whereas parental karyotypes were normal, further FISH analysis result [ish t(8;21)(8p+,21q+;8q+)] revealed that copy number variation in aborted embryos is inherited from the father, chart A1 and A2 shows the results of FISH labeling 8p with green signal, 8q with red signal and 21q with red signal, indicating reciprocal translocation with father (arrow).
#In case 53, SNP array on abortion villous tissue revealed a 15.8Mb deletion on 1p36.33p36.13 and a 10.8 Mb duplication on 12q24.31q24.33 , whereas parental karyotypes were normal, FISH analysis abortion villous tissue revealed ish der(1)t(1;12)(12q+,1q+) (B1, B2), further FISH analysis result [ish t(1;12)(12q+,1q+;12p+,1p+)] revealed that copy number variation in aborted embryos is inherited from the mother (C1, C2), chart c and d shows the results of FISH labeling 1p with green signal, 1q with red signal, 12q with red signal, and 12p with green signa indicating reciprocal translocation with father (arrow).



Table 4  Pathogenic/likely pathogenic microdeletions/duplications (CNVs <10Mb) identified in 25 cases of miscarriage.  
 Case     Maternal  Weeks at        Molecular karyotyping results      Size(Mb)   Pathogenicity    Associated disease (gene)
number  age        miscarriage                                               classification            

CNV-seq
 1        25       12          seq[hg19]del(1)(q21.1q21.1)         1.2        P     1q21.1 deletion syndrome (GJA5)
chr1:g.146520000_147780000del
 2       27       9+4         seq[hg19]del(2)(q37.2q37.3)         7.2        P     2q37.3 terminal region(HDAC4)
chr2:g.235953158_243189373del  
3        28      12        seq[hg19]del(17)(q11.2)             1.1        P     NF1 microdeletion syndrome (NF1)
chr17:g.29061631_30199309)x1 
4       29      10          seq[hg19]del(14)(q13.3q13.3)        0.28       P      Brain-thyroid-lung syndrome (NKX2-1)
chr14:g.36725821-37007136del 
5       30      8+4         seq[hg19]del(8)(p23.3)              1.12       P      Partial monosomy 8p
chr8:g.10132-1126452del
6       32      10+1        seq[hg19]dup(22)(q11.21)           2.48       P      22q11.21 microduplication
chr22:g.18648855_21464764)x3                       syndrome(TBX1)
7         36        6           seq[hg19]dup(22)(q11.1q11.21)       1.8        P      CES [CECR1,CECR2,ATP6V1E1]
chr22:g.16840000-18640000dup mat
8       31      12          seq[hg19]dup(1)(q21.1q21.2)         0.90      P      1q21.1 duplication syndrome (GJA5)
chr1:g.146500000-147400000dup 
9        25        10           seq[hg19]del(22)(q11.21)            1.77       P      DGS(TBX1)
chr22:g.18630001-20730000del 
10         37       12           seq[hg19]del(17)(p12)              1.42        P      HNPP (PMP22)
chr17:g.14160000-15580000del 
11         28       10           seq[hg19]dup(17)(p13.3)            0.38        P      SHFLD3 syndrome(BHLHA9)
chr17:g.1183595-1424500 
12       42       9          seq[hg19]del(15)(q11.2)            0.30        P      BBS(NIPA1, NIPA2)
 chr15:g.22800001_23100000del                        
[bookmark: _GoBack]13       28       8          seq[hg19]del(15)(q26.2q26.3)(mos)   4.62        P      15q26-qter deletion syndrome(IGF1R)              chr15:g.95520000_100140000del
14       29      11+2         seq[hg19]del(20)(q13.33)           0.16        P      BFNS1 (KCNQ2)
chr20:g.62060000-62220000del  
15       30      10          seq[hg19]dup (17)(p12)            1.42        P      HNPP (PMP22)    
chr17:g.14160000-15580000del 
16        36      8+3         seq[hg19]del(X)(q23q24)           9.94        P      MRXS14 (UPF3B)、MRXSN(UBE2A)
chrX:g.109340001_119280000del 
SNP array
17      30         9+2          arr[hg19] 10q26.2q26.3             2.6        LP  
(130,066,717-132,733,665)x3  
arr[hg19] 10q26.3                 1.5        LP
(133,858,562-135,426,386)x1  
18     27         10             arr[hg19] 5q35.3                  1.4         P
(179,249,664-180,715,096)x1  
22q13.2q13.33                   9.9         P
(41,167,042-51,099,092)x3  
19    30       11+1           arr[hg19] 22q13.31q13.33          6.9         P      PMS(SHANK3)  
(44,261,580-51,197,766)x1    
20     29        10+2            arr[hg19] 15q15.1q15.3            3.2         LP
(40,578,808-43,835,278)x1  
21     32        8+6            arr[hg19] Yp11.31p11.2            3.7         P      SRY
(2,650,424-6,356,292)x0,    
Yp11.2(7,251,143-9,745,027)x0      2.4        P       SRY
22   31       9+2            arr[hg19] 1p36.33p36.32            1.7        LP
(849,466-2,579,267)x3,      
15q26.1q26.3                     8.2        P      15q26-qter deletion syndrome (IGF1R) (94,233,409-102,429,040)x1   
23    40      10             arr[hg19] 16p11.2                 0.47        P      16p11.2 microduplication (29,696,959-30,165,725)x3                             (BP4-BP5) syndrome
24     34        9+1             arr[hg19] 17p13.3p13.2             4.9        P       MDS(YWHAE andPAFAH1B1) 
(525-4,931,704)x1                                  
25     28        8               arr[GRCh37]2p25,3                2.4        P       MYTIL    
(1277-2390639)x1,  

Abbreviations: HNPP, hereditary neuropathy with liability to pressure palsies; SHFLD3, split-hand/foot malformation with long bone deficiency 3; BFNS, benign familial neonatal seizures; PMS, Phelan-McDermid syndrome; P, pathogenic; LP, likely pathogenic; MDS, Miller-Dieker syndrome; BBS, Burnside-Butler syndrome


5

