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Background: The potential causes of miscarriage are very complex, including genetic, immune, infectious, and endocrine factors.
50%-60% of miscarriages are caused by chromosomal abnormalities. Chromosomal microarray analysis (CMA) is a key tool in this
context, capable of detecting not only copy number variations (CNV) but also loss of heterozygosity (LOH). CMA has been used as
a tool to investigate the genetic reasons for miscarriage.

Methods: In our study, chromosomal microarray analysis (CMA) conducted 1220 miscarriage villous tissues. The results from this
technology were used to identify the genetic reasons for miscarriage and evaluated strategies for subsequent pre-pregnancy planning.
Results: Here, the abnormality rate of miscarriage was 56.07%(684/1220). The aneuploidy rate accounted for 81.14%(555/684), and
was significantly higher in group >35-year-old age. The second most common genetic reason for miscarriage was polyploidy,
accounting for 10.09%(69/684). Additionally, we discovered loss of heterozygosity (LOH) in a small percentage of cases, accounting
for 2.20%(15/684) reason for miscarriage genetic reasons, due to the advantage of CMA can detect isodisomy (a kind of uniparental
disomy). 45 cases (6.58%) with copy number variants, which due to the CMA can detect copy number variations.

Conclusion: Our study indicated that miscarriage villous tissues should be performed genetic analysis, seek help from professional
genetic counseling.
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Introduction

Miscarriage, affecting about 10-15% of child-bearing individuals'=, often has uncertain causes, including genetic,
immune, infectious, and endocrine factors.”* Chromosomal abnormalities are implicated in 50%-60% of
miscarriages,”’ underscoring the importance of genetic analysis in miscarriage tissues to understand underlying reasons
and provide risk assessments for future pregnancies. Chromosomal microarray analysis (CMA) is a key tool in this
context, as it can detect not just copy number variations (CNV) but also loss of heterozygosity (LOH). Its applications
range from prenatal diagnosis to studying developmental delays, autism, and miscarriage.® > The advantage of CMA is
its ability to perform without the need for cell culture, providing a comprehensive analysis.'*'* In addition to
aneuploidies and CNVs, SNP array data from CMA can reveal uniparental disomy (UPD), consanguinity, mosaicism,
zygosity, maternal cell contamination, and parent of origin.'>'® In this study, we involved 1220 miscarriage cases
utilizing CMA to investigate the clinical significance of chromosomal abnormalities in these miscarriages.

Methods and Materials

Study Participants and Samples
This study involved 1220 women who experienced spontancous miscarriages, with samples collected between
January 2017 and August 2023 at the Maternal and Child Health Hospital of Shandong Province, China. The age
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range of participants was 18 to 46 years. These women were categorized into two groups based on age: those under 35
and those 35 or older. When necessary, the partners’ peripheral blood was collected to rule out maternal contamination
and facilitate result interpretation. Informed consent was obtained from all participants, our research complies with the
Declaration of Helsinki, and the study received approval from the Ethics Committee of the Maternal and Child Health
Hospital of Shandong Province.

DNA Extraction

The miscarriage tissues were preserved in 0.9% sodium chloride solution, then separated from maternal blood and
decidua to collect clean villous tissues for DNA extraction. The genomic DNA was extracted following the protocol
provided by the Qiagen kit (Germany). The process involved adding 200 uL of ATL lysis buffer to the villous tissues in
an Eppendorf tube and shaking it at 56°C for 10 minutes, followed by the addition of 200 pL of AL lysis buffer and
further shaking at 70°C for another 10 minutes. Subsequently, 200 pL of absolute ethyl alcohol was added to the mixture.
The solution was then transferred to a separation column, and the DNA was rinsed with a buffer and eluted using EDTA
buffer. The concentration and purity of the extracted DNA were evaluated using a Nanodrop device (USA).

CMA Experiment

The CMA experiment protocol, utilizing the CytoScan 750K microarray from Thermo Scientific (USA), encompasses
a comprehensive process for genomic DNA analysis. Based on the DNA Extraction, the procedure includes DNA
extraction, digestion, ligation, amplification, purification, fragmentation, labeling, hybridization, washing, staining, and
scanning using the Affymetrix CytoScan 750K microarray. The analysis of results is performed with Chromosome
Analysis Suite Version 4.2, adhering to the 2019 ACMG guidelines for pathogenicity interpretation. Reference databases
used include OMIM (https://www.omim.org/), Decipher (https://decipher.sanger.ac.uk/index), PubMed (https://www.

ncbi.nlm.nih.), Clingen (https://dosage.clinicalgenome.org/gov), and DGV (http://dgv.tcag.ca/dgv/app/home). The CNV

results are categorized into five classifications: Pathogenic, Likely Pathogenic, Uncertain Clinical Significance, Likely
Benign, and Benign.

Immunohistochemical Staining

The process began with routine fixation, dehydration, and paraffin embedding of the tissue. After sectioning, the tissue
underwent Hematoxylin and Eosin (H&E) staining to examine its morphology. The immunohistochemistry involved the
SP three-step method from Zhongshanjingiao (Beijing, China), utilizing DAB (Diaminobenzidine) for color development
and hematoxylin for contrast staining. The p57kip2 antibody was applied as per the provided instructions. Positive
staining was indicated by nuclear brown granules in the decidua tissue and/or intermediate trophoblast, serving as an
internal control.

STR Genotyping

For STR genotyping, DNA was first assessed for quality using optical density measurements and then diluted to
a concentration of 5~10 ng/uL. The AmpFISTR®Identifiler™ PCR Amplification Kit (Applied Biosystems) was utilized
to detect 15 gene loci alongside a single sex identification locus. The reaction mixture consisted of 10.5 pL of AmpFISTR®
PCR mix, 0.5 uL of AmpliTaq Gold® DNA polymerase, 5.5 pL of AmpFISTR® Sinofiler™ primer set, 1.0 uL of DNA (5-10
ng/uL), and nuclease-free water to a final volume of 25 pL. PCR cycling conditions were as follows: initial denaturation at
95°C for 15 minutes; 28 cycles of 94°C for 1 minute, 59°C for 1 minute, and 72°C for 1 minute; followed by a final extension
at 60°C for 10 minutes. Post-PCR, the products were analyzed using capillary electrophoresis sequencing. The sequence data
was then processed and interpreted using Gene-Mapper™ ID-X version 1.2 software.

Statistical Analysis

Statistical comparisons between groups were conducted using the chi-square test. A P-value of less than 0.05 was
considered indicative of statistical significance. For these analyses, the SPSS Statistics software, version 20.0, was
utilized.
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Results

Genetic Results of Chromosome Abnormalities

In the analysis of 1220 abortion villous samples, 684 (56.07%) exhibited chromosomal abnormalities. These included
555 cases (81.14%) of diploid aneuploidy, 69 cases (10.09%) of polyploidy, 15 cases (2.20%) showing loss of
heterozygosity, and 45 cases (6.58%) with copy number variants. The specific breakdown and details of these findings

are illustrated in Figure 1A.

The Results of Different Types in CMA

In this study of 555 aneuploidy samples, trisomy was identified in 402 cases. Among these, trisomy of chromosome 16 was
most prevalent, accounting for 32.84% (132 out of 402 samples), including 5 mosaicisms. Turner syndrome was detected in
102 samples, which represents 18.38% of the total aneuploidy cases (102/555), with 9 of these exhibiting mosaicism.
Additionally, 20 samples were diagnosed with double trisomy (3.60%, 20/555), of which 5 included Turner syndrome
concomitant with trisomy of another chromosome. There were also 2 instances of triple trisomy, one of which involved
Turner syndrome in conjunction with trisomies of chromosomes 20, 21, and 22. The distribution of these aneuploidy cases
is depicted in Figure 1B. Mosaicism was present in 31 samples, with Turner syndrome mosaicism being the most common
(29.03%, 9 out of 31). There were 4 cases of dual-chromosome mosaicism, 1 chimera, and 1 instance of chromosome 19
trisomy mosaicism, all of which are documented as special cases. Further details are presented in Table 1.

A. The genetic results detected via CMA
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Figure | (A) Distribution of normal, diploid aneuploidy, polyploidy, loss of heterozygosity and copy number variants of miscarriage villous genetic results. (B) Distribution
of single chromosome aneuploidy among the different human chromosomes.
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Table | The Results of Mosaic

Type Sample Count (31)
| chromosome mosaic 15
T2 mosaic |
T7 mosaic |
T10 mosaic |
T13 mosaic 3
T16 mosaic 5
T19 mosaic |
T2 mosaic I
T22 mosaic 2
X mosaic deletion 9
2 chromosomes mosaic 4
3 chromosomes mosaic 3

In this study, we observed 69 polyploidies among the samples. Specifically, 54 cases were identified as triploidy,
constituting 78.26% of the polyploidy cases. Additionally, there were 13 cases of triploid aneuploidy, one hypo-triploid,
and one tetraploid case. These findings are detailed in Table 2.

Remarkably, within the 684 samples of abnormal miscarriage villi, we identified 15 instances of loss of heterozygosity
(LOH), accounting for 2.20% of the samples. chromosomal irregularities. These results are elaborated in Table 3. Out of the
abnormal samples, 45 were identified with copy number variants (CNVs). Of these, 21 displayed chromosomal structural
abnormalities. We recalled 10 couples for further testing through peripheral blood karyotyping, leading to the discovery that 2
mothers were carriers of balanced translocation, representing 20% of the tested group. Regrettably, we were unable to recall
the remaining participants for further analysis. Of the CNV cases, 4 samples (8.89%) involved deletions in the short arm of
chromosome 5, corresponding to the cri-du-chat syndrome region, and another 4 (8.89%) involved deletions at chromosome
22q11.2, which includes the TBX1 gene and is associated with haploinsufficiency. Three samples exhibited alterations in
regions of known pathogenicity as well as regions of unknown clinical significance, while one sample was identified with
a likely pathogenic region and another with an unknown region of significance. The comprehensive details of all CNV cases
are presented in Supplemental Table 1 and Supplemental Table 2.

Table 2 The Results of Polyploidy

Type Sample Count (69)
Triploid 54 (78.62%)
69, XXX 21
69, XXY 30
Triploid aneuploid 13 (17.39%)
70, XXN+N I
Triploid & CNV 2
Hypo-triploid |
Tetraploid I(arr(93, XXXY+10))
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Table 3 The Results of Uniparental Disomy

LOH Sample Count (15)

arr[GRCh37] 4q32.3q35.2(164,655,641-190,951,996)x2 hmz |

arr[GRCh37] 8p23.3p21.3(158,048-23,142,068)x2 hmz 2

arr[GRCh37] 10p15.3p11.1(135,330-38,645,824)x2hmz 2

arr[GRCh37] 10q11.21926.3(42,490,962-135,426,384) x2 hmz |

arr[GRCh37] 11q11q25(54,827,208—134,464,532)x2 hmz [

arr[GRCh] 16p13.3p12.3(94,807-20,006,178)x2hmz [

arr[GRCh37] 22ql1.22q13.33(20,278,528-51,157,531)x2 hmz 3

arr(1-22,X)x2 hmz 3

arr(1-22,X)x2 hmz mos pat |

Prevalence of Chromosomal Aneuploidy in Relation to Maternal Age

This study of 752 cases revealed chromosomal abnormalities, encompassing both aneuploidy and polyploidy.
Stratification by maternal age demarcated at 35 years (those younger than 35 vs those 35 or older) highlighted
a statistically significant divergence in the incidence rates of these conditions (P < 0.001). In-depth statistical
analysis underscored a pronounced disparity predominantly in the prevalence of aneuploidy between the two age
groups, with the frequency markedly elevated in women aged 35 and above as opposed to their younger counterparts
(P < 0.000) although no significant variance was noted in the occurrence of polyploidy (P > 0.05). Table 4
elaborates on the specific figures.

Notable Special Cases
Within our results, three special cases captured our attention:

Case 1: We identified a sample exhibiting whole genome mosaic uniparental disomy (WGUPD), which is an
exceedingly rare occurrence in clinical literature. Subsequent pathological staining and STR analysis suggested
a potential paternal hydatid mole, as detailed in Figure 2.

Case 2: The second notable sample was a chimeric individual. CMA analysis indicated arr(X)x1~2,(Y)x0~1,(3)x2~3,
(1,2,4-22)x2 chi. Further analysis through both CMA and STR confirmed the chimerism to be of both paternal and
maternal origins, as illustrated in Figure 2.

Case 3: The third case involved a T19 mosaic, a chromosomal anomaly of extreme rarity. The affected individual
exhibited a mosaicism range of approximately 60~80%, according to our findings, with comprehensive details
presented in Figure 2.

Table 4 The Frequency of Abnormality Types in
Maternal Age Groups

Age Group >35 <35 P

abnormality | 146 (73.06%) | 402 (60.00%) | *<<0.000

aneuploidy | 107 (52.33%) | 234 (34.68%) | **+<0,000

Polyploidy 12 (622%) | 46 (6.45%) 0332

Notes: **P<0.001, ****P<0.0001.
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Discussion

The causes of miscarriage are multifaceted, with chromosomal anomalies being the primary culprit as current evidence
suggests.'” Our study aligns with past research,™'® revealing that 56.07% of the 684 examined samples presented
abnormalities, predominantly aneuploidy.'® Notably, trisomy 16, 21, 22, and Turner syndrome were observed more
frequently than other chromosomal aneuploidy. Excluding chromosome 1, aneuploidies spanned all chromosomes.**
The genesis of aneuploidy might be linked to meiosis in germ cell formation, where non-disjunction of homologous
chromosomes leads to numerical chromosomal discrepancies in the embryo.*** Furthermore, maternal age is a crucial
determinant in the incidence of trisomy. Our data indicates that the occurrence in women aged 35 or above is significantly
greater compared to their younger counterparts, underscoring a correlation between advancing maternal age and an
increased likelihood of diploid aneuploidy.*'** This increase may be attributed to impaired chromosome separation
during ovarian germ cell formation in older women, coupled with the prolonged arrest of primary oocytes in the first
meiotic phase. Triploidy stands as the secondary chromosomal number aberration contributing to miscarriages.”> Our
findings suggest that triploidy manifests uniformly across all ages within the childbearing spectrum. In addition to
numerical chromosomal abnormalities, CMA is instrumental in detecting LOH and copy number variants through SNP
and CNV hybridization probes. Structural chromosome anomalies such as duplications and deletions observed in the
miscarried villi suggest the possibility of balanced translocations in one or both parents. These insights have profound
implications for genetic counseling, providing valuable direction for their future reproductive decisions.

Our pivotal finding is that LOH accounts for 2.20% of villous abnormalities in miscarriages, aligning with the
previously reported range of 0.5-2.7%.%>7 LOH occurs when one allele at a heterozygous locus is lost, resulting in
homozygosity. UPD arises when both chromosome homologues are inherited from a single parent. UPD can emerge
through several mechanisms, including trisomy rescue, monosomy rescue, gamete complementation, or mitotic errors
post-fertilization. The result may be heterodisomy (both homologues present), isodisomy (two copies of a single
homologue), or a combination thereof (segmental UPD), depending on meiotic recombination events. Consequently,
UPD involving an entire chromosome typically exhibits mixed isodisomic and heterodisomic segments. In our CMA, we
detected segmental UPD in 8 samples and chromosome 22 isodisomy in 3 samples. UPD can be classified as maternal or
paternal, which has implications for disease manifestation due to imprinted genes. However, SNP-based arrays only
detect isodisomy and not heterodisomy due to the absence of LOH regions. Hence, the segmental UPDs we observed
may represent undetected isodisomies owing to the method’s inherent constraints. Remarkably, we have identified 2 cases
of whole-genome uniparental disomy. Individuals with whole-genome UPD are rare, and they exhibit a chimera of two
cell lines: one with normal biparental inheritance and another with uniparental isodisomy across the genome. Our
findings include an extremely unusual case of whole-genome mosaic UPD, identified through a combination of
pathological diagnosis of a hydatidiform mole and paternal origin confirmed by STR analysis. Several hypotheses
exist to explain the occurrence of chimeric whole genome UPD, with the most likely being endoreduplication of a single
parental genome prior to the fusion of pronuclei in the zygote. Clinically, UPD is significant due to its association with
imprinting disorders stemming from errors in gene methylation, as well as autosomal recessive diseases resulting from
isodisomy UPD. Prior research has identified definitive imprinted genes on chromosomes 6, 7, 11, 14, 15, and 20, while
disorders linked to other chromosomes are primarily due to homozygous variations in autosomal recessive genes. In our
study, no cases of single chromosome isodisomy or segmental UPD were found within definitively pathogenic imprinted
regions, suggesting that there may be additional imprinted regions yet to be discovered. Alternatively, recessive
mutations within these UPD regions could lead to severe phenotypes or even spontaneous abortions, particularly if the
genes involved are crucial for embryogenesis and fetal development. Despite the substantial number of UPD cases
detected in our study, both in terms of quantity and sample size, the underlying molecular mechanisms of UPD remain
elusive. Therefore, further molecular genetic studies on UPD are necessary to advance our understanding in this area. In
the retrospective literature review, it was observed that compared to low-depth sequencing for copy number variations,
CMA is capable of detecting triploidy and higher levels of polyploidy, as well as LOH. Our findings suggest that LOH
could be a significant factor contributing to miscarriages, which may have been previously overlooked. For the purpose
of determining the causes of miscarriage and providing a basis for risk assessment in subsequent pregnancies, genetic
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testing and counseling are strongly advised for women who have experienced a miscarriage, irrespective of their age.
Accurate molecular genetic diagnostics are crucial for guiding reproductive decisions. One limitation of Chromosomal
Microarray Analysis is its inability to detect balanced chromosomal rearrangements, gene mutations, low-level mosai-
cism, and heterodisomy. Nevertheless, CMA can offer a more comprehensive genetic profile and provide a precise
diagnosis for the causes of miscarriage, which in turn can inform genetic risk assessments for couples planning future
pregnancies.

Conclusion
As a conclusion, our study indicated that miscarriage villous tissue should be performed genetic analysis, provided
diagnosis for the reason of miscarriage, which can help couples assess recurrent risk of next pregnancy.
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