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Abstract

Objective: To explore whether CNV-seq can be used as a first-tier diagnostic method or even replace karyotyping for prenatal

diagnosis alone. Method: A retrospective study was conducted to 4230 amniocentesis samples with CNV-seq detection and

G-banding karyotyping simultaneously. The indications for prenatal diagnosis included abnormal result on Down’s Syndrome

Screening, abnormal fetal ultrasound, abnormal result on noninvasive prenatal screening, and so on. The results that lead to

birth defects definitely were defined as abnormalities, which included aneuploidy, mosaic aneuploidy, large deletion/duplication

and pathogenic copy number variations (pCNVs). Results: 278 cases of abnormalities was identified by karyotyping with

an abnormal detection rate of 6.69%(283/4230). In addition, for all the abnormalities identified by karyotyping, CNV-seq

also identified another 58 cases of abnormalities. A total of 341 cases of abnormalities were identified by CNV-seq with an

abnormal detection rate of 8.06%(341/4230), higher than that of karyotyping. Abnormal detection rate of CNV-seq for the

groups with abnormal result on noninvasive prenatal screening, abnormal fetal ultrasound, abnormal parental chromosome,

adverse pregnancy history, abnormal result on Down’s Syndrome Screening, volunory testing and advanced maternal age were

increased by 2.53%, 1.91%, 1.44%, 1.24%, 1.01%, 0.99% and 0.62% over the karyotyping respectively. Conclusion: CNV-seq

and karyotyping had the same effectiveness in identifying aneuploidies, but CNV-seq had absolute superiority in the detection

of low proportion of mosaics, imbalanced structural abnormalities. This prevents the birth of fetuses with these chromosome

abnormalities that cannot be identified by karyotyping. CNV-seq can replace karyotyping in prenatal diagnosis for chromosome

test alone.

Tweetable abstract

CNV-seq can replace karyotyping in prenatal diagnosis for chromosome test alone.

Funding: No funding support.

Keywords: copy number variation sequencing (CNV-seq), G-banding karyotyping, prenatal diagnosis, ane-
uploidy, copy number variations (CNVs), variants of uncertain significance (VOUS).

INTRODUCTION:

In recent years, copy number variation sequencing (CNV-seq) has been gradually applied in prenatal diag-
nosis. Is this technique used alone or in combination with karyotyping in prenatal diagnosis? This issue is
confusing for clinicians.

Aneuploidy, large deletions/duplications and pathogenic copy number variations(pCNVs) are the major
causes of birth defects[1] . Karyotyping has been the ”gold standard” of chromosome test. It can identify
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the majority of chromosome abnormalities, which included polyploidy, aneuploidy, greater than 10 Mb dele-
tion/duplication, balanced structure rearrangement (reciprocal translocation, Robertsonian translocation,
inversion, etc.). However, it has long detection period, low success rate, low resolution (chromosome ab-
normality less than 5 Mb even 10 Mb cannot be identified)[2] . Chromosomal microarray analysis (CMA)
can provide higher resolution. This can detect genome-wide imbalance chromosomal changes and pinpoint
the location of abnormal changes. However, the cost of CMA was higher. The chromosomal regions that
were not covered by probes cannot be detected[3] .Therefore, there is an urgent need for a more economical
method to detect chromosomal disorders comprehensively and accurately. Copy number variation sequenc-
ing (CNV-seq) based on next generation sequencing(NGS) technology provides a new method for prenatal
diagnosis. Compared with karyotyping, it has the advantages of wide detection range, high resolution, high
success rate, easy operation and short detection period. This study retrospectively analyzed amniocentesis
samples that were analyzed by both CNV-seq and karyotyping, aiming to explore the value of CNV-seq in
prenatal diagnosis.

Objects and Methods:

Research Objects:

In this study, a retrospective study was conducted on 4158 pregnant women whose age ranged from 15 to
52 years old and gestational weeks ranged from 15+4 to 33+6. They underwent amniocentesis and chro-
mosome test by CNV-seq and karyotyping simultaneously at the center of genetic and prenatal diagnosis
of the first affiliated hospital of Zhengzhou University from May 2018 to December 2019. The indications
for prenatal diagnosis included abnormal results on Down’s Syndrome Screening(1889 cases), abnormal fe-
tal ultrasound(680 cases), abnormal result on noninvasive prenatal screening(631 cases), advanced maternal
age(480 cases), adverse pregnancy history(241 cases), abnormal parental chromosomes(208 cases), and vol-
untary testing(101 cases). This study was approved by the medical ethics committee of the first affiliated
hospital of Zhengzhou University, and all patients signed the informed consent.

Research method:

1. Amniocentesis and karyotyping: Amniocentesis were conducted under ultrasonic guidance under asep-
tic conditions. 20 mL amniotic fluid was obtained. 15ml of it was used for G banding karyotyping, and
5 mL of it was used for CNV-seq detection. Genomic DNA of amniotic fluid cells was extracted by
purified column method (QIAamp DNA Blood Mini Kit, QIAGEN company, Germany). Quantitative
fluorescence polymerase chain reaction (QF-PCR) was used to exclude maternal cell contamination and
polyploidy. When the maternal signal was more than 10%, it indicated maternal cell contamination.

2. G-banding Karyotyping: amniotic fluid cells were cultured and harvested after being stimulated with
phytohemagglutinin for 72 h. Metaphase chromosomes were prepared according to the standard cyto-
genetic protocols[4] .

3. CNV-seq detection: The commercial CNV detection library construction kit (Berry Ge-
nomics corporation, Beijing) was used. The CNVs were detected by Illumina NextSeq
500. Their sequencing type is SE45 (single ended sequencing, read length: 45bp) and av-
erage sequencing depth is 0.1x. Human genome reference sequence version GRCh37 (UCSC
database, http://genome.ucsc.edu/cgibin/hgGateway) was selected. Tattini et al[5] analyzed se-
quencing data by the CNV detection algorithm. The resolution of CNVs was more than
100kb. The main reference for pathogenicity analysis of CNVs is the Database of Genomic
Variants (DGV, http://dgv.tcag.ca/dgv/app/home), DECIPHER (https://decipher.sanger.ac.uk),
OMIM (https://omim.org), PubMed (https://www.ncbi.nlm.nih.gov/pubmed/) and ClinGen
(https://www.ncbi.nlm.nih.gov/projects/dbvar/clingen). CNVs is divided into pCNVs, benign
CNVs(bCNVs) and variants of uncertain significance(VOUS). CNVs classification was performed based
on the guidelines of the American College of Medical Genetics[6] .

Results:

First: summary and comparison of the results of karyotyping and CNV-seq.
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4142 cases of 4230 were analyzed by karyotyping successfully (88 cases failed), with a success rate of 97.92%.
4229 cases were successfully analyzed by CNV-seq (1 case failed), with a success rate of 99.98%. Kary-
otyping results included 235 cases of aneuploidies, 18 cases of mosaic aneuploidies, 30 cases of large dele-
tions/duplications, 133 cases of balanced rearrangements, 88 cases of suspicious structure changes, 94 cases
of polymorphism and 3544 cases of normal. CNV-seq results included 240 cases of aneuploidies, 22 cases
of mosaic aneuploidies, 79 cases of pCNVs, 93 cases of VOUS, 102 cases of bCNVs and 3693 cases of nor-
mal. The results that lead to birth defects are defined as abnormalities. They included aneuploidy, mosaic
aneuploidy, large deletions/duplications and pCNVs. The summary and comparison of all karyotyping and
CNV-seq results are shown in table 1.

A total of 283 cases of abnormalities were identified by karyotyping and CNV-seq simultaneously(table
1 red), which included 235 cases of aneuploidies, 18 cases of mosaic aneuploidies, 30 cases of large dele-
tions/duplications or pCNVs. A total of 58 cases of abnormalities were identified by CNV-seq alone(table 1
green), which included 5 cases of aneuploidies, 4 cases of mosaic aneuploidies and 49 cases of pCNVs. Aneu-
ploidies and mosaic aneuploidies were identified by Karyotyping and CNV-seq simultaneously (table 2): 131
cases of trisomy 21(including 2 cases of mosaics), 39 cases of trisomy18, 26 cases of 47,XXY (including one
mosaic), 19 cases of monosomy X (including 11 cases of mosaics), 18 cases of 47, XXX, 14 cases of 47,XYY, 3
cases of trisomy 13 (including 2 cases of mosaics), 1 case of mosaic trisomy 22, 1 case of mosaic trisomy 15, 1
case of 48,XXYY. Aneuploidies and mosaic aneuploidies were identified by CNV-seq alone (table 2): 5 cases
of trisomy 21(including 1 case of mosaic, mos0.25), 1 case of 47,XXX, 1 case of mosaic 47,XXY (mos0.2)
(normal karyotype), 1 case of mosaic trisomy 7 (mos0.1) (normal karyotype), and 1 case of mosaic trisomy
9 (mos0.3) (normal karyotype).

79 cases of large deletions/duplicaitons or pCNVs are shown in table S1. Cases 1-30 with abnormalities were
identified by CNV-seq and karyotyping simultaneously(a total of 30 cases). Cases 31-79 with abnormalities
were identified by CNV-seq alone (a total of 49 cases). The karyotyping results of 79 cases with CNV-seq
results of pCVNs were large deletion/duplication (30 case, case 1˜30), suspicious change(13 cases, case 31˜43),
polymorphism(1 cases, case 44), balanced structural change(2 cases, case 45˜46) and normal(33 cases, case
47˜79). Among 79 cases of pCNVs, there were 4 cases of monogenic disease (steroid sulphatase deficiency) and
43 cases of identified chromosome disease syndrome. This included 9 cases of 22q11 duplication syndrome,
7 cases of 22q11 deletion syndrome (DiGeorge syndrome), 3 cases of 7q11.23 duplication syndrome, 2 cases
of 2q37monosomy syndrome, 2 cases of Cri du Chat Syndrome (5p deletion), 2 cases of Williams-Beuren
Syndrome, 2 cases of 8p23.1 deletion syndrome, 2 cases of 18p deletion syndrome, and all other cases of 14
types of chromosome disease syndromes. The summary and comparison of all structural abnormalities are
shown in Table 3.

Table S2 showed 102 cases of bCNVs(case 1˜102), 93 cases of VOUS(case 103˜195) of CNV-seq and corre-
sponding karyotype results. In the samples with CNV-seq results of bCNVs, the karyotyping results were
the suspicious change (1 case, case 1), normal (89 cases, case 2˜90), polymorphism (5 cases, case 91˜95),
balanced structural change (7 cases, case 96˜102). In the samples with CNV-seq results of VOUS, the kary-
otyping results were the balanced structural change(6 cases, case 103˜108), suspicious change (4 cases, case
109˜112), normal(79 cases, case 113˜191), failed(4 cases, case 192˜195). In this study, 14.39% (20/139) of
the balanced rearrangements accompanied by unbalanced structural changes were identified by CNV-seq,
including 7 cases of pCNVs (cases 39˜45 in table S1), 7 cases of bCNVs (cases 96˜102 in table S2) and 6
VOUS (cases 103˜108 in table S1).

Second: comparison of CNV-seq and karyotyping in different clinical indication groups.

According to indications for prenatal diagnosis, all cases were divided into groups of AR-DSS (1889 cases),
AFU(680 cases), AR-NIPS(631 cases), AMA (480 cases), APH (241 cases), APC(208 cases) and VT (101
cases). The comparison of abnormal detection rates of two detection methods for all cases and groups are
shown in figure 1.

Discussions
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CNV-seq and karyotyping have the same effectiveness in aneuploidy detection, as shown in table 1. However,
the abnormal detection rate of CNV-seq was higher than that of karyotyping[7] in mosaic aneuploidy and
imbalanced chromosome abnormalities. In addition, it has a higher detection success rate. Huilin Wang et
al[8] showed that CNV-seq needs lesser DNA and lower detection cost than CMA technology. We can identify
additional and clinically significant CNVs with enhanced resolution and increased sensitivity of detecting
mosaicism. The reason is that CMA has limited the coverage area of probe and cannot detect low proportion
of mosaic. Compared with CMA, CNV-seq cannot detect the absence of heterozygosity (AOH). The absence
of triploidy and polyploidy can be detected by CMA and karyotyping, but not by CNV-seq. Compared with
karyotyping, CNV-seq cannot detect the absence of balanced rearrangement, such as reciprocal translocation,
Robertsonian translocation, inversion, etc. In fact, most bases are in the state of AOH. Therefore, AOH is
not pathogenic, unless there is a recessive homozygous mutation behind it, or a uniparental disomy with
imprinted genes[9] . In addition, triploidy, polyploidy and ”truly” balanced chromosomal rearrangements do
not lead to birth defects (triploid and polyploid fetuses generally die in early pregnancy). It still requires
further examination by CNV-seq for the cases with suspicious chromosome change, and the cases that have
not been identified by karyotyping. Therefore, CNV-seq can completely replace the karyotyping in prenatal
diagnosis for fetal chromosome analysis alone, as shown in figure 1.

With the improvement of the resolution by CNV-seq, some CNVs with variants of uncertain significance
(VOUS), and even the unprecedented CNVs identified by CNV-seq will cause problems to clinicians’ genetic
counseling and pregnant women. This can cause unnecessary pregnancy termination. In this study, cases
63 92 of CNVs classified as VOUS (case 63 classified as pCNVs) were reclassified as bCNVs, as shown in
table S2. The reason is that these CNVs in fetuses were found to be inherited from one parent after parental
verification. Thus, this technology can help us to avoid this trouble. The pathogenicity of some VOUS can
be determined in the future with extensive application of CNV-seq and accumulation of databases, thus more
pCNVs can be diagnosed in the future. CNV-seq is beneficial to the clinic with its extensive application.

In this study, abnormal results on Down’s Syndrome Screening were the most cause of indications for am-
niocentesis, followed by abnormal fetal ultrasound, abnormal result on noninvasive prenatal diagnosis, then
advanced maternal age, adverse pregnancy history, abnormal parental chromosomes, and voluntary testing.
In fig.1, the abnormal rate of chromosome abnormality on the noninvasive prenatal screening group is the
highest, followed by abnormal fetal ultrasound group and abnormal parental chromosomes group, then ad-
vanced maternal age group. In addition, the abnormal result on Down’s Syndrome Screening group, adverse
pregnancy history group and voluntary testing group are the lowest. In fig.1, abnormal detection rate of
CNV-seq was higher than that of karyotyping, either in all cases or in each clinical indication groups. This
value is especially high in the abnormal parental chromosomes group. Parental chromosome abnormalities
are mainly the balanced rearrangement. Almost all the fetuses that can survive to the amniocentesis period
were the same balanced rearrangement with their parents or normal karyotype. In addition, “true” balanced
chromosome rearrangement do not cause fetal birth defects[10] . Some apparently balanced chromosome
rearrangement may be accompanied by microdeletion/microduplication. This can be identified by CNV-seq
(case 45˜46 in table S1 and case 96˜108 in table S2), even some of them were pCNVs (case 45˜46 in table
S1). In this study, 1.44% of fetal chromosome abnormalities identified by CNV-seq in abnormal parental
chromosomes group were all pCNVs. This may be missed by karyotying. Therefore, CNV-seq can be used
for prenatal diagnosis in group of abnormal parental chromosomes. An inherited balanced rearrangement
will have no consequences for the pregnancy, but is relevant to future reproductive counseling[11] . There-
fore, peripheral blood karyotyping should be performed after birth on fetuses. Their parental balanced
rearrangement will cause abnormal fetal chromosome for future fertility guidance.
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CNV-
seq

CNV-
seq

CNV-
seq

CNV-
seq

CNV-
seq

CNV-
seq

CNV-
seq

CNV-
seq

CNV-
seq

CNV-
seq

total aneuploidymosaic
aneu-
ploidy

pCNVs VOUS bCNVs normal failure failure

total 4230 240 22 79 93 102 3693 1 1
karyotypinganeuploidy235 235

mosaic
aneu-
ploidy

18 18

deletion/duplication30 30
balanced
rear-
range-
ment

133 2 6 7 118

suspicious
change

88 13 4 2 69

polymorphism94 1 3 90
normal 3544 3 33 79 90 3339
failure 88 5 1 4 77 1 1

NOTE: Red: abnormal results identified by karyotyping and CNV-seq simultaneously. Green: abnormal
results identified by CNV-seq alone.

TABLE 2 All results of aneuploidies and mosaic aneuploidies in 4230 samples.

Aneuploidy Detected on karyotyping and CNV-seq simultaneously Detected on karyotyping and CNV-seq simultaneously Detected on CNV-seq alone Detected on CNV-seq alone
Full Mosaics Full Mosaics

Any aneuploidy 235 18 5 4
Common autosomal trisomy 169 6
Trisomy 21 129 2 4 1
Trisomy 18 39 0
Trisomy 13 1 2
Trisomy 22 0 1
Trisomy 15 0 1
Trisomy 9 0 0 1
Trisomy 7 0 0 1
Sex chromosome aneuploidy 66 12
47,XXY 25 1 1
45,X 8 11
47,XXX 18 0 1
47,XYY 14 0
48,XXYY 1 0

NOTE: Red: the normal karyotyping samples; Green: the failure karyotyping samples

TABLE 3 The summary and comparison of all phenotype of structural abnormalities.

Phenotype of structural abnormalities Case identified by CNV-seq Case identified by karyotyping
steroid sulphatase deficiency (STS gene) 4 0
22q11 duplication syndrome 9 0
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22q11 deletion syndrome (DiGeorge syndrome) 7 0
7q11.23 duplication syndrome 3 0
2q37 monosomy syndrome 2 1
Cri du Chat Syndrome (5p deletion) 2 1
Williams-Beuren Syndrome (WBS) 2 0
8p23.1 deletion syndrome 2 2
18p deletion syndrome 2 0
Split hand/foot malformation 1 (SHFM1)syndrome 1 1
7q terminal deletion syndrome 1 1
AZFa, AZFb, AZFb+AZFc, AZFc syndrome 1 1
Xq28 (MECP2) microduplication syndrome 1 0
Wolf-Hirschhorn Syndrome 1 0
1q21.1 recurrent microdeletion syndrome 1 0
15q26.3 deletion syndrome 1 1
12p13.33 Microdeletion Syndrome 1 0
22q11.2 distal deletion syndrome 1 0
8p23.1 duplication syndrome 1 0
15q11q13 duplication syndrome 1 0
9q subtelomeric deletion syndrome 1 0
RCAD (renal cysts and diabetes) syndrome 1 0
Smith-Magenis syndrome 1 0
Other(non-syndromic or non-monogenic disease) 32 22
total 79 30
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