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Obesity is known as a heterogeneous and multifactorial disease. The distribution of body fat is crucial for the development of metabolic complications. Comprehensive genetic analyses on different fat tissues are rare but necessary to provide more detailed information. Therefore, we performed genetic analyses of three patients with obesity using high resolution genome wide SNP array (blood, visceral fat tissue) and fluorescence in situ hybridization (FISH) analyses (visceral and subcutaneous fat tissue). Altogether, we identified 31 small Copy Number Variations (losses: 1p31.1, 1p22.2, 1q21.3, 2q34, 2q37.1, 3q28, 6p25.3, 7q31.33, 7q33, 8p23.3, 10q22.3, 11p15.4, 11p15.1, 11p14.2, 11p12, 13q12.3, 15q11.2-q13.1, 15q13.3, 20q13.2, 22q11.21; gains: 2q22.1-q22.2, 3p14.3, 4p16.3, 4q32.2, 6q27, 7p14.3, 7q34, 11p12, 12p11.21, 16p11.2-p11.1, 17q21.31) and 289 small copy-neutral Loss of Heterozygosity (cn-LOH). For the chromosomal region 15q11.2-q13.1, we detected a microdeletion (Prader-Willi-Syndrome) in one patient. Interestingly, we identified chromosomal SNP differences between EDTA-blood and visceral fat tissue (deletion and gain). Small losses of 7q31.33, 7q33, 11p14.2, 11p12, 13q12.3 as well as small gain of 7q34 were detected only in fat tissue and not in blood. Furthermore, FISH analyses on 7q31.33, 7q33 and 11p12 revealed differences between subcutaneous and visceral fat tissue. Generally, the deletions were detected more frequent in visceral fat tissue. Predominantly detected cn-LOH vs. CNV suggests a meaning of these cn-LOH for the pathogenesis of obesity. We conclude that the SNP array and FISH analyses used is applicable to generate more information for basic research on difficult cell subpopulations (e.g., visceral adipose tissue) and could opens up new diagnostic aspects in the field of obesity. Altogether, the significance of these mostly not yet described genetic aberrations in different fat tissues needs to confirmed in a larger series.
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1 INTRODUCTION
Overweight and obesity are important risk factors of disease that generally concerns the health of the society and the personal health of individuals (Fontaine et al., 2003; Whitlock et al., 2009; Loos, 2018). It is becoming a growing and global epidemic in many parts of the world in developed countries (Moleres et al., 2013). The prevalence of obesity in adults has almost quadrupled during the last 4 decades. It is noticeable, that the rise in BMI has slowed down at a high level in most high-income countries. In many countries with low- and middle-income, the increase continues. Especially the global rise in obesity among children and adolescents is worrying (Loos, 2018). Obesity and overweight poses a threat to public health, linked with an exposed health risk for the development of associated disorders like type 2 diabetes, hypertension, cardiovascular disease or inflammatory disorders. Finally, the health costs are rising (Moleres et al., 2013).
Some approaches, that are aimed at prevention of obesity or promotion of weight loss due to lifestyle changes do not have an impact on community and personal levels. These insights leads to the consideration whether innate mechanisms by an encoded genome also have an impact on energy homeostasis (Loos, 2018). In addition to genetic factors, body weight is also determined by environmental factors related to lifestyle such as diet, physical activity or sedentary lifestyle and the interactions between these factors. Obesity appears to be a consequence of a positive energy balance with an alteration in one or several of these factors. With Candidate Genes Analyses and Genome Wide Association Studies (GWAS) useful tools for the detection of new polymorphisms and Copy Number Variations (CNV) associated with obesity and related comorbidities are available (Moleres et al., 2013). This has enabled scientists to identify more than 500 genetic loci linked to adiposity traits (Loos, 2018).
Adiposity is a heterogeneous disease and the development of metabolic complications is associated with fat distribution. Subcutaneous fat tissue is the natural storage of fat. Exceed of storage capacity of subcutaneous fat tissue or due to an impairment of the formation of new fat cells (genetic causes or physiologic/physical stress), so fat stores outside of the subcutaneous fat tissue (Ibrahim, 2010).
Generally, FISH analyses on visceral fat tissue are technically difficult. The aim of the current proof of concept was to implement SNP array and single cell based FISH analyses to investigate different cell subpopulation, such as EDTA-blood and visceral/subcutaneous fat tissue. In our study we used SNP array for genome-wide genetic profile analysis of very obese patients. According to current knowledge, only few studies for identification of CNV with DNA-Microarrays were performed (Thorleifsson et al., 2009; Pettersson et al., 2017). Our study revealed indications for beginning genetic instabilities. To verify incipient instabilities we performed FISH analyses. Furthermore, we have highlighted differences between EDTA-blood and visceral/subcutaneous fat tissue using SNP array. Our first results indicate that rare and small cn-LOH regions as accumulative processes could be a relevant event in the development of obesity.
2 MATERIALS AND METHODS
2.1 Patients
Three patients with obesity were included in the present study. The study was approved by the Ethics Committee at the University of Leipzig. Visceral (two of three patients) and subcutaneous (one of three patients) adipose tissue were removed by surgery. Detailed information on the patients (age, BMI, and diagnostic marker) are listed in Table 1.
TABLE 1 | Clinical data including detailed information on patients age, BMI, and diagnostic marker.
[image: Table 1]2.2 Molecular karyotyping using SNP array
Human fat tissue of two patients and human peripheral blood of three patients were subjected to an analysis of chromosomal regions for genome-wide CNV and identification of cn-LOH using SNP array (Affymetrix CytoScan® 750 Array, ATLAS Biolabs, Berlin, Germany). Genomic DNA was isolated from blood tissue and fat tissue based on the protocols using the DNeasy Blood & Tissue Kit (50) (Qiagen, Hilden, Germany). By using agarose gel electrophoresis the DNA quality was checked. The results obtained were evaluated by using the Affymetrix Chromosome Analysis Suite (ChAS 2.0.0.195) in combination with reference data file Affymetrix CytoScanHD_Array.na33. r1. REF_MODEL, using the standard settings for CNV and cn-LOH. According to the literature, we have determined that chromosomal regions of CNV ≥3 Mb and cn-LOH ≥5 Mb are considered as reliable (Beroukhim et al., 2006; Žilina et al., 2015). Detected CNV were divided in gain [Copy Number State (CN) = 3.0] and loss [Copy Number State (CN) = 1.0]. CNV in a range of 398 kb–11 kb as well as cn-LOH regions in a range of 4,181 kb–113 kb were described as small chromosomal alterations.
2.3 Locus-specific fluorescence in situ hybridization
Cell preparation was carried out on EDTA-blood, visceral and subcutaneous fat tissue using standard cytogenetic techniques (colcemid treatment, hypotonic treatment and methanol/acetic acid fixation according to Seabright) (Seabright, 1972). Locus-specific FISH was performed on interphase cells in accordance to the instructions of the manufacturer’s protocol using locus-specific FISH probes from Empire Genomics, Buffalo, New York, United States. The FISH Probes RP11-997P13 (Cat. No. RP11-997P13-OR, Spectrum Orange, chromosomal region chr7: 125,871,154–126,072,115), RP11-639H21 (Cat. No. RP11-639H21-OR, Spectrum Orange, chromosomal region chr7: 133,637,186–133,823,797), and RP11-1140N3 (Cat. No. RP11-1140N3-OR, Spectrum Orange, chromosomal region chr11: 40,389,178–40,568,505) were used. Additionally, the following centromeric probes were used as internal control probes [Abbott, Chicago, Illinois, United States of America: CEP 7 (D7Z1), alpha satellite DNA, spectrum green (Cat. No. 6J3707); and CEP 11 (D11Z1), alpha satellite DNA, spectrum green (Cat. No. 6J3711)]. More than 100 interphase cells were analyzed, respectively.
For the evaluation of the FISH analyses, a cut-off level of 10% was used (related to a specific aberrant signal pattern) according to the guidelines for cytogenetic laboratory diagnostics (Leitlinien zum, 2019).
3 RESULTS
3.1 SNP array analysis
By using the genome wide human SNP array CytoScan® HD, predominantly inconspicuous results for EDTA-blood and visceral fat tissue were detected. Altogether, we identified 31 small CNV. Small gains concerned for the following chromosomal regions: 2q22.1-q22.2, 3p14.3, 4p16.3, 4q32.2, 6q27, 7p14.3, 7q34, 11p12, 12p11.21, 16p11.2-p11.1, and 17q21.31. Small losses were explored for the following chromosomal regions: 1p31.1, 1p22.2, 1q21.3, 2q34, 2q37.1, 3q28, 6p25.3, 7q31.33, 7q33, 8p23.3, 10q22.3, 11p15.4, 11p15.1, 11p14.2, 11p12, 13q12.3, 15q11.2-q13.1, 15q13.3, 20q13.2, and 22q11.21. Furthermore, 23 of these 31 CNV are not listed in Toronto-Database for Copy Number Polymorphism: 1p31.1, 1p22.2, 1q21.3, 2q34, 2q37.1, 3p14.3, 4q32.2, 6q27, 7q31.33, 7q33, 7q34, 8p23.3, 10q22.3, 11p15.4, 11p15.1, 11p14.2, 11p12, 13q12.3, 15q11.2-q13.1, 15q13.3, 17q21.31, and 20q13.2. All detailed physical positions are shown in Table 2.
TABLE 2 | Overview of different Copy Number Variation comparing blood and fat tissue (Patient 3 without fat tissue) by SNP array.
[image: Table 2]In the current literature, CNV with a size ≥3 Mb are considered significant (Beroukhim et al., 2006)]. These criterion is fulfilled only by the chromosomal region 15q11.2-q13.1 with a length of 4.9 Mb (4,903 Mb in EDTA-blood and 4,918 Mb in fatty tissue). These microdeletion of paternal origin represents an constitutional event and is defined as Prader-Willi-Syndrome (PWS) (Figure 1). All other regions are smaller than 398 kb and therefore they were classified as small gains and losses. Chromosomal regions of interest might be 7q31.33, 7q33, 11p14.2, 11p12, 13q12.3 (small losses) as well as 7q34 (small gain) because of their detection only in fatty tissue (not detected in EDTA-blood). In addition, these regions are not described in the Toronto-Database of Genomic Variants (Table 2).
[image: Figure 1]FIGURE 1 | Prader-Willi-Syndrome. High-resolution Affymetrix CytoScan 750 Array analysis of the chromosomal region 15q11.2-q14 revealed an microdeletion 15q11.2-q13.1 (PWS) in patient 2 (red segments). SNP array data from EDTA-blood [(A), red color)] and visceral fat tissue [(B), green color)] showed this microdeletion, respectively (see Copy Number State 1,0 and Allele Peaks ∼1,0).
Normally, physical sequences with chromosomal aberration of cn-LOH ≥ 5 Mb are considered to be significant. A total of 289 small cn-LOH regions were found in the analyzed samples in a range of 0.113–4,181 Mb. Among these regions, we detected the largest cn-LOH aberration at chromosomal region 2q32.1-q32.2 (Figure 2). Interestingly, the most adipose patient (BMI: 77) showed the highest number of detected cn-LOH regions (95 cn-LOH regions) (Table 3).
[image: Figure 2]FIGURE 2 | cn-LOH region. High-resolution Affymetrix CytoScan 750 Array analysis of the chromosomal region 2q32.1-32.2 revealed an cn-LOH region 2q32.1-q32.2 (size 4.18 Mb) in patient 2 (violet segments). SNP array data from EDTA-blood [(A), red color)] and visceral fat tissue [(B), green color)] showed this cn-LOH region, respectively (see Copy Number State 2,0 and Allele Peaks +1/-1, without value 0).
TABLE 3 | Overview of the detected cn-LOH regions in blood and fat tissue by SNP array (patient 3 without fat tissue).
[image: Table 3]3.2 Locusspecific FISH
For validation of possibly aberrant regions three different locusspecific FISH-probes were used. Additionally, the corresponding centromer probes [CEP 7 (D7Z1) Alpha Satellite DNA SpectrumGreen; CEP11 (D11Z1) Alpha Satellite SpectrumGreen] were used as control. An inconspicious result was detected, as ≥ 90% of the interphase nuclei do not show an aberrant signal pattern. The evaluation of the FISH technique for the choromosomal regions 7q31.33, 7q33, and 11p12 (all losses) was carried out on > 100 interphase cells. Different signal patterns were detected: interphase cells with an inconspicuous signal pattern (two signals) and complete interstitial deletion (two signals for locusspecific probes are missing). For subcutaneous fat tissue, analysed interphase cells between 11.3% and 12.9% were aberrant (for losses of 7q31.33, 7q33, and 11p12) with an conspicuous signal pattern. Different signal patterns were detected for 14,4% to 16,8% of analysed interphase cells of visceral fat tissue (losses of 7q31.33, 7q33, and 11p12; interstitital deletion). In comparison to subcutaneous fat tissue these interstitial deletions were detected more frequently in visceral fat tissue. Hybridization of centromeric probes CEP7 [(D7Z1) alpha satellite DNA SpectrumGreen] and CEP11 [(D11Z1) alpha satellite DNA SpectrumGreen] were unremarkable (Figure 3). Analyses with the database “Atlas of Genetics and Cytogentics in Oncology and Haematology” revealed two genes of interest linked to adiposity: LRP1B (localized at 2q22.1-q22.2) and EXOC4 (localized at 7q33).
[image: Figure 3]FIGURE 3 | Molecular cytogenetic analyses of 7q31.33 (part I.), 7q33 (part II.), and 11p12 (part III.) on subcutaneous and visceral fat tissue of patient 1. The chromosomal ideograms on the left side display the chromosomal regions of the used FISH probes as well as the centromeric probes CEP7 and CEP11 (control FISH probes), respectively. The FISH signal patterns of analysed interphase cells are shown: normal copy numbers (A, C), and (E) and complete interstitial deletions (B, D), and (F). For each signal pattern, the relative and absolute frequency of occurrence are given (subcutaneous: upper line; visceral: lower line).
4 DISCUSSION
In our study, we highlighted the importance of further genetic analyses in addition to Genome Wide Association Studies (GWAS). By comparing different cell subpopulations such as EDTA-blood vs. fat tissue or subcutaneous fat tissue vs. visceral fat tissue, a deeper understanding of the development of adiposity is possible. We used SNP array and locus-specific FISH to identify small genome wide differences of various cell subpopulation.
Generally, we have identified genetic aberrations which are described in the literature for adiposity. We detected a microdeletion 15q11.2-q13.1 (PWS). The PWS is defined as constitutional aberration (e.g., microdeletion) and known as a genetic cause for the development of obesity. Special, hypothalamic dysfunction is associated with hypoactivity and insatiable hunger that results in obesity (Noordam et al., 2021).
Furthermore we detected 20/23 genomic variations, which are not listed in Toronto Database for Genomic Variants, but described in context with adiposity. Our study revealed a loss of 2q37.1 in EDTA-blood. D’Angelo et al. (2018) detected CNV in 279 patients with a syndromic obesity phenotype. The authors suggest that the deletions of 2q37 cause obesity in addition to other aberrations (D’Angelo et al., 2018). Moreover we identified chromosomal abnormalities which have been rarely described in the literature. By analyzing the data, we identified a loss of the chromosomal region 3q28. The study of Rasmussen-Torvik et al. (2009) revealed an correlation between adiponectin measurements by ELISA and SNPs at the chromosomal region 3q28 by using the Marshfield Mammalian Genotyping Service Screening set 12 and GeneMapper® software. Adiponectin is known in context with obesity and insulin resistance (Rasmussen-Torvik et al., 2009). Furthermore, our study revealed a small loss of the chromosomal region 20q13.2. This chromosomal region showed an evidence for the linkage for plasma adiponectin levels on chromosome 20q13.2 according to the study of May-Ruchat et al. (2008) (Ruchat et al., 2008). According to the studies of Lee et al. (1999) and Lembertas et al. (1997) this region is located in an obesity-related chromosomal region (Lembertas et al., 1997; Lee et al., 1999).
To the best of our knowledge, 3/23 detected small aberrant chromosomal regions in our study are not described in adiposity (1q21.3, 3p14.3, and 7q31.33). Most of these chromosomal regions are described in tumors, like breast cancer or brain tumors (Nagahata et al., 2002; Holland et al., 2012). Some of the chromosomal regions are associated with constitutional microdeletions, like childhood myelodysplastic syndromes (3p14.3) or intellectual disability, microcephaly, and epilepsy (1q21.3) (Praulich et al., 2010; Sonmez et al., 2017).
Interestingly, some aberrant chromosomal aberrations were detected only on fat tissue, but not on EDTA-blood: 7q31.33 (not described for obesity), 7q33, 7q34, 11p14.2, 11p12, and 13q12.3. Aberrations for the chromosomal region 7q31.33 are associated with hairy cell leukemia and splenic marginal zone lymphoma (loss of a 11.4 Mb region within the region 7q31.33 to 7q33) (Andersen et al., 2004). However, most chromosomal regions are described in context with adiposity, for example, 7q33. Within the chromosomal region 7q33, the EXOC4-gene is localized. The protein is involved in glucose transport into muscle and fat tissue. Further analyses with locusspecific FISH technique on three chromosomal regions (7q31.33, 7q33, and 11p12) revealed interstitial deletions. We believe, that these beginning instabilities can influence transformation processes in patients with obesity. Similar processes are described in other cell entities like tumors or arthritis (Kinne et al., 2001; Frydrychowicz et al., 2015). To the best of our knowledge, no studies are known comparing the genomic profile of subcutaneous and visceral fat tissue using SNP array (Affymetrix CytoScan 750) and locus-specific FISH analyses. The study of Linder et al. (2004) revealed an differently expressed gene pattern of subcutaneous and visceral adipose tissue of obese patients (Linder et al., 2004). Using FISH technique, our results showed a difference of subcutaneous fat tissue compared with visceral fat tissue at the genetic level (more frequent occurrence of interstitial deletion in visceral fat tissue compared with subcutaneous fat tissue). Therefore, we assume a significance of the increased genetic instabilities within the genome and the more unfavorable properties of the visceral fat tissue vs. subcutaneous fat tissue.
Additionally, we have identified a total of 289 small copy-neutral losses of heterozygosity (<5 Mb) by using high-resolution SNP array. A recent study by Loh et al. (2020) have highlighted the significance of small cn-LOH aberration in context with clonally expanded cells and stem cells. By somatic cn-LOH mutations, inherited alleles become homozygous. The rare coding variants have an impact on the development of blood clones. Alleles with cn-LOH segments promoting the expansion of hematopoetic cells leads to an increased polygenic drive for blood-cell proliferation (Loh et al., 2020). To get information about potentially affected gene expression of the 289 detected cn-LOH regions, we have carried out a comparative analysis with the Atlas of genetics and cytogenetics in oncology and haematology (Huret et al., 2013). We found 71 genes (within 289 cn-LOH regions) linked with adiposity. As an example, the gene ADIPOR1 (within the detected cn-LOH region 1q32.1) encodes for the adiponectin receptor 1 (AdipoR1) and mediates the biological responses to adiponectin (adipocyte–derived abundant plasma protein) (Lustig et al., 2012). Adiponectin is associated with obesity and insulin resistance/type-2 diabetes (Kim et al., 2006; Yamauchi and Kadowaki, 2013).
A total of 24/289 detected cn-LOH regions are larger than 2 Mb. Hereby 20/24 cn-LOH regions are linked with obesity in the literature. For example, we identified an cn-LOH aberration for the chromosomal region 6q22.1-q22.31. According to the study of Meyre et al. (2004), a significant association of the chromosomal region 6q22.31-q23.2 and childhood obesity was revealed (Meyre et al., 2004).
Moreover, for 4/24 cn-LOH regions, no studies related to obesity are known in the literature (localized at 3p12.3, 7q11.21, and 8q11.1-q11.21). Aberrations within these regions are associated with different tumor entities (like adenocarcinoma or prostate cancer), delayed development disorders, or intellectual disability (e.g., schizophrenia) (Wolf et al., 2004; Maiti et al., 2011; Wang et al., 2015; Soueid et al., 2016). Furthermore, we identified the most cn-LOH regions on the sample material of the patient with the highest BMI (BMI: 77; cn-LOH regions: 95; Table 3).
Therefore, cn-LOH may have an potential impact on the further process of adiposity.
In summary, we could confirm for obesity described chromosomal aberrations (PWS) and identified not previously described small genetic aberrations, e.g., in different cell subpopulations (visceral and subcutaneous fat tissue).
Our results suggests, that an accumulation of small cn-LOH regions may have an impact on the pathogenesis of adiposity. We highlighted the importance of further analyses in addition to Candidate Genes Analyses and Genome Wide Association Studies (GWAS). SNP array and FISH analyses are appropriate genetic techniques for detecting potentially minor differences in the genetic profile even in the challenging cell subpopulations of subcutaneous and visceral fat tissue. Therefore, these comparative analyses of different cell subpopulation could provide additional information in the genetic profile on EDTA-blood vs. fat tissue and subcutaneous fat tissue vs. visceral fat tissue. Due to a small cohort and different BMI values, further investigations in a larger cohort comparing the genome-wide profile of subcutaneous and visceral adipose tissue are useful to get deeper insights into the pathogenesis of adiposity and for a better understanding of significance of these cn-LOH regions.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are publicly available. This data can be found here: https://www.ncbi.nlm.nih.gov/dbvar/, accession number: nstd237.
ETHICS STATEMENT
The studies involving humans were approved by Ethics Committee at the University of Leipzig. The studies were conducted in accordance with the local legislation and institutional requirements. The participants provided their written informed consent to participate in this study.
AUTHOR CONTRIBUTIONS
V-PB: Investigation, Software, Visualization, Writing–original draft, Formal Analysis, Methodology, Writing–review and editing. HH: Conceptualization, Project administration, Supervision, Writing–original draft, Writing–review and editing. MB: Resources, Writing–review and editing. NK: Conceptualization, Resources, Writing–review and editing.
FUNDING
The author(s) declare financial support was received for the research, authorship, and/or publication of this article. The study was supported by Deutsche Forschungsgemeinschaft (DFG, # 209933838; SFB1052/3 B01 to MB, B04 to NK) and by Saxon Ministry of Science and Fine Arts (SMWK, URL: http://www.smwk.sachsen.de/) to HH. The funders had no role in study design, data collection and analysis, decision to publish, or preparation of the manuscript.
ACKNOWLEDGMENTS
The authors thank Viola Döbel for technical assistance and Sarah Barnard for reading the manuscript. The authors acknowledge support from the German Research Foundation (DFG) and Universität Leipzig within the program of Open Access Publishing.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Andersen, C. L., Gruszka-Westwood, A., Østergaard, M., Koch, J., Jacobsen, E., Kjeldsen, E., et al. (2004). A narrow deletion of 7q is common to HCL, and SMZL, but not CLL. Eur. J. Haematol. 72, 390–402. doi:10.1111/j.1600-0609.2004.00243.x
 Beroukhim, R., Lin, M., Park, Y., Hao, K., Zhao, X., Garraway, L. A., et al. (2006). Inferring loss-of-heterozygosity from unpaired tumors using high-density oligonucleotide SNP arrays. PLoS Comput. Biol. 2, e41. doi:10.1371/journal.pcbi.0020041
 D’Angelo, C. S., Varela, M. C., Castro, C. I. E. de, Otto, P. A., Perez, A. B. A., Lourenço, C. M., et al. (2018). Chromosomal microarray analysis in the genetic evaluation of 279 patients with syndromic obesity. Mol. Cytogenet 11, 14. doi:10.1186/s13039-018-0363-7
 Fontaine, K. R., Redden, D. T., Wang, C., Westfall, A. O., and Allison, D. B. (2003). Years of life lost due to obesity. JAMA 289, 187–193. doi:10.1001/jama.289.2.187
 Frydrychowicz, C., Holland, H., Hantmann, H., Gradistanac, T., Hoffmann, K. T., Mueller, W., et al. (2015). Two cases of atypical meningioma with pulmonary metastases: a comparative cytogenetic analysis of chromosomes 1p and 22 and a review of the literature. Neuropathology 35, 175–183. doi:10.1111/neup.12177
 Holland, H., Ahnert, P., Koschny, R., Kirsten, H., Bauer, M., Schober, R., et al. (2012). Detection of novel genomic aberrations in anaplastic astrocytomas by GTG-banding, SKY, locus-specific FISH, and high density SNP-array. Pathol. Res. Pract. 208, 325–330. doi:10.1016/j.prp.2012.03.010
 Huret, J.-L., Ahmad, M., Arsaban, M., Bernheim, A., Cigna, J., Desangles, F., et al. (2013). Atlas of genetics and cytogenetics in oncology and haematology in 2013. Nucleic Acids Res. 41, D920–D924. doi:10.1093/nar/gks1082
 Ibrahim, M. M. (2010). Subcutaneous and visceral adipose tissue: structural and functional differences. Obes. Rev. 11, 11–18. doi:10.1111/j.1467-789X.2009.00623.x
 Kim, M. J., Maachi, M., Debard, C., Loizon, E., Clément, K., Bruckert, E., et al. (2006). Increased adiponectin receptor-1 expression in adipose tissue of impaired glucose-tolerant obese subjects during weight loss. Eur. J. Endocrinol. 155, 161–165. doi:10.1530/eje.1.02194
 Kinne, R. W., Liehr, T., Beensen, V., Kunisch, E., Zimmermann, T., Holland, H., et al. (2001). Mosaic chromosomal aberrations in synovial fibroblasts of patients with rheumatoid arthritis, osteoarthritis, and other inflammatory joint diseases. Arthritis Res. 3, 319–330. doi:10.1186/ar322
 Lee, J. H., Reed, D. R., Li, W. D., Xu, W., Joo, E. J., Kilker, R. L., et al. (1999). Genome scan for human obesity and linkage to markers in 20q13. Am. J. Hum. Genet. 64, 196–209. doi:10.1086/302195
 Leitlinien zum, S. 1-L. (2019). „Pränatalen Schnelltest“. Med. Genet. 31, 238–240. doi:10.1007/s11825-019-0239-1
 Lembertas, A. V., Pérusse, L., Chagnon, Y. C., Fisler, J. S., Warden, C. H., Purcell-Huynh, D. A., et al. (1997). Identification of an obesity quantitative trait locus on mouse chromosome 2 and evidence of linkage to body fat and insulin on the human homologous region 20q. J. Clin. Invest. 100, 1240–1247. doi:10.1172/JCI119637
 Linder, K., Arner, P., Flores-Morales, A., Tollet-Egnell, P., and Norstedt, G. (2004). Differentially expressed genes in visceral or subcutaneous adipose tissue of obese men and women. J. Lipid Res. 45, 148–154. doi:10.1194/jlr.M300256-JLR200
 Loh, P.-R., Genovese, G., and McCarroll, S. A. (2020). Monogenic and polygenic inheritance become instruments for clonal selection. Nature 584, 136–141. doi:10.1038/s41586-020-2430-6
 Loos, R. J. (2018). The genetics of adiposity. Curr. Opin. Genet. Dev. 50, 86–95. doi:10.1016/j.gde.2018.02.009
 Lustig, Y., Hemi, R., and Kanety, H. (2012). Regulation and function of adiponectin receptors in skeletal muscle. Vitam. Horm. 90, 95–123. doi:10.1016/B978-0-12-398313-8.00004-X
 Maiti, S., Kumar, K. H. B. G., Castellani, C. A., O'Reilly, R., and Singh, S. M. (2011). Ontogenetic de novo copy number variations (CNVs) as a source of genetic individuality: studies on two families with MZD twins for schizophrenia. PLoS One 6, e17125. doi:10.1371/journal.pone.0017125
 Meyre, D., Lecoeur, C., Delplanque, J., Francke, S., Vatin, V., Durand, E., et al. (2004). A genome-wide scan for childhood obesity-associated traits in French families shows significant linkage on chromosome 6q22.31-q23.2. Diabetes 53, 803–811. doi:10.2337/diabetes.53.3.803
 Moleres, A., Martinez, J. A., and Marti, A. (2013). Genetics of obesity. Curr. Obes. Rep. 2, 23–31. doi:10.1007/s13679-012-0036-5
 Nagahata, T., Hirano, A., Utada, Y., Tsuchiya, S., Takahashi, K., Tada, T., et al. (2002). Correlation of allelic losses and clinicopathological factors in 504 primary breast cancers. Breast Cancer 9, 208–215. doi:10.1007/BF02967591
 Noordam, C., Höybye, C., and Eiholzer, U. (2021). Prader-willi syndrome and hypogonadism: a review article. Int. J. Mol. Sci. 22, 2705. doi:10.3390/ijms22052705
 Pettersson, M., Viljakainen, H., Loid, P., Mustila, T., Pekkinen, M., Armenio, M., et al. (2017). Copy number variants are enriched in individuals with early-onset obesity and highlight novel pathogenic pathways. J. Clin. Endocrinol. Metab. 102, 3029–3039. doi:10.1210/jc.2017-00565
 Praulich, I., Tauscher, M., Göhring, G., Glaser, S., Hofmann, W., Feurstein, S., et al. (2010). Clonal heterogeneity in childhood myelodysplastic syndromes--challenge for the detection of chromosomal imbalances by array-CGH. Genes Chromosom. Cancer 49, 885–900. doi:10.1002/gcc.20797
 Rasmussen-Torvik, L. J., Pankow, J. S., Peacock, J. M., Borecki, I. B., Hixson, J. E., Tsai, M. Y., et al. (2009). Suggestion for linkage of chromosome 1p35.2 and 3q28 to plasma adiponectin concentrations in the GOLDN Study. BMC Med. Genet. 10, 39. doi:10.1186/1471-2350-10-39
 Ruchat, S.-M., Després, J.-P., Weisnagel, S. J., Chagnon, Y. C., Bouchard, C., and Pérusse, L. (2008). Genome-wide linkage analysis for circulating levels of adipokines and C-reactive protein in the Quebec family study (QFS). J. Hum. Genet. 53, 629. doi:10.1007/s10038-008-0291-1
 Seabright, M. (1972). The use of proteolytic enzymes for the mapping of structural rearrangements in the chromosomes of man. Chromosoma 36, 204–210. doi:10.1007/BF00285214
 Sonmez, F. M., Uctepe, E., Aktas, D., and Alikasifoglu, M. (2017). Microdeletion of chromosome 1q21.3 in fraternal twins is associated with mental retardation, microcephaly, and epilepsy. Intractable Rare Dis. Res. 6, 61–64. doi:10.5582/irdr.2016.01075
 Soueid, J., Kourtian, S., Makhoul, N. J., Makoukji, J., Haddad, S., Ghanem, S. S., et al. (2016). RYR2, PTDSS1 and AREG genes are implicated in a Lebanese population-based study of copy number variation in autism. Sci. Rep. 6, 19088. doi:10.1038/srep19088
 Thorleifsson, G., Walters, G. B., Gudbjartsson, D. F., Steinthorsdottir, V., Sulem, P., Helgadottir, A., et al. (2009). Genome-wide association yields new sequence variants at seven loci that associate with measures of obesity. Nat. Genet. 41, 18–24. doi:10.1038/ng.274
 Wang, X., Li, X., Cheng, Y., Sun, X., Sun, X., Self, S., et al. (2015). Copy number alterations detected by whole-exome and whole-genome sequencing of esophageal adenocarcinoma. Hum. Genomics 9, 22. doi:10.1186/s40246-015-0044-0
 Whitlock, G., Lewington, S., Sherliker, P., Clarke, R., Emberson, J., Halsey, J., et al. (2009). Body-mass index and cause-specific mortality in 900 000 adults: collaborative analyses of 57 prospective studies. Lancet 373, 1083–1096. doi:10.1016/S0140-6736(09)60318-4
 Wolf, M., Mousses, S., Hautaniemi, S., Karhu, R., Huusko, P., Allinen, M., et al. (2004). High-resolution analysis of gene copy number alterations in human prostate cancer using CGH on cDNA microarrays: impact of copy number on gene expression. Neoplasia 6, 240–247. doi:10.1593/neo.3439
 Yamauchi, T., and Kadowaki, T. (2013). Adiponectin receptor as a key player in healthy longevity and obesity-related diseases. Cell Metab. 17, 185–196. doi:10.1016/j.cmet.2013.01.001
 Žilina, O., Koltšina, M., Raid, R., Kurg, A., Tõnisson, N., and Salumets, A. (2015). Somatic mosaicism for copy-neutral loss of heterozygosity and DNA copy number variations in the human genome. BMC Genomics 16, 703. doi:10.1186/s12864-015-1916-3
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2024 Brandt, Holland, Blüher and Klöting. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fgene-14-1323052-t002.jpg
3|

Chromosomal region Aberration  Size (Mb) Phys. position (Mb) Blood  Fat tissue Blood Fat tissue  Blood

1p3L1 Loss 0.048 72.764.808-72.812.440 - - - - +
1p22.2 Loss 0.003 89.475.108-89.477.966 - - - - +
19213 Loss 0.012 152.761.910-152.773.905 - - - - +
“2q34 Loss 0011 213.181.329-213.192.145 - - + - -
“2q34 Loss 0.005 213.186.535-213.191.406 - - - + -
29371 Loss 0.103 233209.122-233311.912 - - - - +
3p143 Gain 0.006 57.034.105-57.040.308 - - - - +
“4q322 Gain 0.050 161952213-162.002.577 - - + - -
*4q322 Gain 0055 161952.582-162.007.295 - - - + -
6q27 Gain 0260 168.333.307-168.593.036 - - - - +
793133 Loss 0015 126.039.843-126.055.212 - + - - -
7933 Loss 0.025 133790.396-133.815.433 - * - - -
7934 Gain 0011 142.475.286-142.486.484 - - - + -
8p233 Loss 0170 392.969-563.413 - - + + -
“10q223 Loss 0.398 81.446.906-81.844.436 - - - + -
10922.3 Loss 0397 81.447.245-81.844.436 + - + - -
11pl5.4 Loss 0023 5.786.044-5.809.230 - - + + -
“11p15.l Loss 0.021 18941.196-18.962.398 - + - - -
*11pl5.1 Loss 0.021 18.941.196-18.961.975 + = 3 = %
11p14.2 Loss 0.004 26.677.866-26.681.396 - + - - -
“11p12 Gain 0.080 37.754.659-37.834.730 - - + - -
“11p12 Gain 0.058 37.767.805-37.825.768 - - - + -
11p12 Loss 0.010 40541.579-40.551.846 - + - - -
13q123 Loss 0.007 31.925.070-31932.148 - + - - B
*15q112-q13.1 Loss 4918 23.615.768-28.534.245 - - - + -
*15q11.2-q13.1 Loss 4,903 23.620.191-28,522.838 - - + - -
“15q133 Loss 0.380 32.914.238-33.294254 - - + - -
“15q133 Loss 0.380 32.914.239-33.294.254 - - - + -
“17q21.31 Gain 0.080 44212.823-44292.742 - - + + -
“17q2131 Gain 0.064 44212823-44276.618 + + - - -
“20q132 Loss 0.014 52.644.753-52.658.593 - - - + -
“20q132 Loss 0.006 52.652.346-52.658.638 - - + - -
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OH regions®

fat tissue

1p35.2-p35.1, 1p33, 1p32.3, 1q31.1, 2p11.2, 2q14.1-q14.2, 2q21.3-q22.1, 2q24.3, 2q323, 2q32.3-q33.1, 3p21.31, 3p21.2-p21.1, 3p122
pl2.1, 3q21.3-q22.1, 326,33, 4p16.1, 4p15.31, 4pl5.1, 4q22.3-q23, 4q26, 4q31.3, 5p12-pl1, 6p22.1, 6p21.1, 6q22.31, 7pl4.3, 7q11.21,
7q21.11-21.12, 7q22.1, 7q31.31, 7q36.1, 8p11.21-p1 1.1, 8q1 1.1-q21.11, 8q21 2-q21.3, 8q21 3, 8q22.2, 8q24.3, 10q22.1-q22.2, 10q24.32-
q25.1,10q25.3, 11p12, 11p11.12, 11q13.4, 12q11-q12, 12q24.11-24.13, 13q31.1, 14q12, 14q23.3-24.1, 1513.2-q13.3, 15q21.3, 15q23-
q24.1, 16q112-q12.1, 16q21-22.1, 17p11.2, 17q21.31, 17q22-q23.1, 17q23.2-q23.3, 19p12, 19q13.2-q13.31, 20q11.21, 20q11.21-q11.23

blood

1p35.2-p35.1, 1p33, 1p32.3, 1311, 2p112, 2q14.1-q14.2, 2q21.3-q22.1, 2243, 2q32.3, 2q32.3-q33.1, 3p2131, 3p212-p21.1, 3p122-
pl2.1, 3q21.3-q22.1, 326,33, 4pl6.1, 4p15.31, 4pl5.1, 4q22.3-q23, 4q26, 4q31.3, 5p12-pl1, 6p22.1, 6p21.1, 6q22.31, 7pl4.3, 7q11.21,
7q21.11-21.12, 7q22.1, 7q31.31, 7q36.1, 8p11.21-p1 11, 8q11.1-q21.11, 8q21.2-q21.3, 8q21.3, 8q22.2, 8q24.3, 10q22.1-q22.2, 10q24.32-
q25.1,10q25.3, 11p12, 11p1112, 11q134, 12q11-q12, 12q24.11-q24.13, 13q31.1, 14q12, 14q23.3-q24.1, 15q13.2-q133, 15q21.3, 15q23-
q24.1, 16q112-q12.1, 16q21-q22.1, 17p11.2, 17q21.31, 17q22-q23.1, 17q23.2-q23.3, 19p12, 19q13.2-q1331, 20q11.21, 20q11.21-q11.23

fat tissue

1p34.3, 1p34.1, 1q213-q22, 1q25.2, 1g32.1, 2p133, 2p13.2, 2p11.2, 2q12.3, 2q21.1, 2q22.3, 2q22.3-23.1, 2q32.1-432.2, 2q32.3, 2q34,
2935, 3p21.31p21.1, 3p14.2, 3p123, 3q213-q22.1, 4p15.2-p15.1, dpl5.1, 4133, 4922.3-23, 4q25, 4g31.22-q31.23, 4q313, 4q32.1,
4q33-q34.1,5p12, 5p12-p11, 5q14.3, 5q213-q22.1, 5423.3-q31.1,6q16.1,7q11.21,711.22, 7q11.23, 7q21.11,7q31.33, 8p21.1-p12, 8p12-
p11.23, 8q11.1-q11.21, 8q21.2, 8q22.2, 9p13.3, 9933.3, 10p12.31, 10q22.1-q22.2, 11pl4.1, 11q12.3-q13.1, 11q13.4, 11q22.3, 11q22.3-
q23.1, 12q12, 12q13.2:q133, 12q21.2-q21.31, 12q21.32-q21.33, 12q24.11, 13q12.11, 13q21.1, 134223, 14q23.3-q24.1, 15q15.2-q15.
1521.3, 15q23-q24.1, 15q24.1-q24.2, 16q112-q12.1, 16q21-22.1, 17p11.2, 17q11.2, 17q23.1-q23.2, 18q11.1-q11.2, 19q13.2, 20p11.21-
plL1, 20q11.22-q11.23, 22q13.2

blood

1p343, 1p34.1, 1q213-q22, 1q25.2, 1g32.1, 2p13.3, 2p13.2, 2p11.2, 2q12.3, 2q21.1, 2q22.3, 2q22.3-q23.1, 2q32.1-q32.2, 2q32.3, 2934,
2935, 3p21.31p21.1, 3p14.2, 3p123, 3q213-q22.1, 4p15.2-p15.1, dpl5.1, 4q133, 4922.3-23, 4q25, 4g31.22-q31.23, 4q313, 4q32.1,
4q33-q34.1,5p12, 5p12-p11, 5q14.3, 5q213-q22.1, 5423.3-q31.1,6q16.1,7q11.21,711.22,7q11.23, 7q21.11,7q31.33, 8p21.1-p12, 8p12-
p11.23, 8q11.1-q11.21, 8q21.2, 8q22.2, 9p13.3, 9933.3, 10p12.31, 10q22.1-q22.2, 11pl4.1, 11q12.3-q13.1, 11q13.4, 11q22.3, 11q22.3-
q23.1, 12q12, 12q132-q133, 12q21.2-q21.31, 12q21.32-q21.33, 1224.11, 13q12.11, 13q21.1, 13q22.3, 14q23.3-q24.1, 15q152-q153,
15q21.3, 15q23-q24.1, 15q24.1-q24.2, 16q112-q12.1, 16q21-22.1, 17p11.2, 17q11.2, 17q23.1-q23.2, 18q11.1-q11.2, 19q13.2, 20p11.21-
pllL.1, 20q11.22-q11.23, 22q13.2

1 69,4
2 47,8
3 77

blood

1p36.11-p35.3, 1p35.2-p35.1, 1p33, 1p32.3, 1p132, 1p13.1-p12, 1q21.2-q21.3, 1q21.3-q22, 1311, 1q44, 2q11.1-q11.2, 2q11.2, 221.3-
q22.1,2q32.1, 2q32.3, 3p24.3, 3p12.3, 3p12.1-pl 1.1, 3q22.1, 3q24, 4p15.1, 4q13.3-q21.1, 4q24, 4925, 4q28.3, 4933-q34.1, 5p14.3, 5p13.2,
5pI3.1, 5p12, 5q13.3, 5q14.3-q15, 6p22.2-p22.1, 6p21.33-p21.32, 622.1-q22.31, 64233, 7q11.23, 7q22.1, 7q31.1, 7q31.31, 8p22, 8pl2-
p11.22, 8p11.21-pl L1, 8q21.12-q21.13, 8q21.13-q21.2, 8q213, 8q21.3-22.1, 84222, 9q21.13, 9q22.1-q22.2, 9433.2, 9433.2-333,
11p14.1-p13, 11p11.2-p11.12, 11q11-g12.1, 11q13.2, 11q14.1-q14.2, 12q12, 1221.2-21.31, 12q21.31-q21.32, 12q21.32-q21.33,
12q24.11-q24.13, 139143, 13q14.3-q21.1, 13q21.31, 1412, 14q21.1-q21.2, 14q21.3, 14q233-q24.1, 14q32.33, 1513.1, 15q15.1-q15.3,
159212, 1523-q24.1, 15q24.2-q243, 16p12.3, 16p122, 16p112, 16p11.2-p11.1, 16q11.2-q12.1, 16q22.1, 16q22.2, 17q12, 17q21.2-
q2131, 17q22, 17q22-q23.2, 18q12.1, 1812.2-q12.3, 20q1121, 20q11.22-q11.23, 22122-q123

*Detected aberrant regions of blood and fat tissue of patient 1 and patient 2 are identical.
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