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Abstract: Mechanisms for somatic chromosomal mosaicism (SCM) and chromosomal instability 

(CIN) are incompletely understood. During SNP-array molecular karyotyping and bioinformatic 

analyses of children with neurodevelopmental disorders and congenital malformations (n=612), we 

observed colocalizaion of regular chromosomal imbalances or copy number variations (CNV) with 

mosaic ones (n=47 or 7.7%). Analyzing molecular karyotyping data and pathways affected by CNV 

burdens, we proposed a mechanism for SCM/CIN, which had been designated as 

“chromohelkosis” (from the Greek chromosome ulceration/open wound). Briefly, structural 

chromosomal imbalances are likely to cause local instability (“wreckage”) at the breakpoints, 

which results either to partial/whole chromosome loss (e.g. aneuploidy) or elongation of 

duplicated regions. Accordingly, a function for classical/alpha satellite DNA (protection from the 

wreckage towards the centromere) has been hypothesized. Since SCM and CIN are ubiquitously 

involved in development, homeostasis and disease (e.g. prenatal development, cancer, brain 

diseases, aging), we have metaphorically (ironically) designate the system explaining 

chromohelkosis contribution to SCM/CIN as the cytogenomic “theory of everything” like the 

homonymous theory in physics inasmuch as it might explain numerous phenomena in 

chromosome biology. Recognizing possible empirical and theoretical weaknesses of this “theory”, 

we nevertheless believe that studies of chromohelkosis-like processes are required to understand 

structural variability and flexibility of the genome.  
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1. Introduction 

Despite the fact that mechanisms of chromosomal instability (CIN) and somatic chromosomal 

mosaicism (SCM) remain to be further explored [1–3], CIN-associated genome behavior 

(chromothripsis, chromoanasynthesis, chromoanagenesis) have been already described [4–6]. 

Uncovering underlying processes of the commonest types of SCM/CIN (e.g. aneuploidy) are 

generally less successful [7–9]. Still, somatic aneuploidy (CIN manifested as aneuploidy) has been 

found to result from alterations to a number of molecular/cellular pathways, gene mutations [10,11] 

and/or genetic-environmental interactions [12]. In the postgenomic context, it appears important to 

evaluate the contribution of heritable/sporadic cytogenomic variations (i.e. genomic variations at 

chromosomal and subchromosomal levels) to the formation of CIN and SCM using whole-genome 
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analyses and systems biology approaches. Currently, studies on pathways from regular 

chromosomal imbalances and/or copy number variations (CNV) to CIN/SCM are rare. 

Genome architecture at the DNA sequence level has long been recognized to play a key role in 

formation of structural genome variations [13,14]. A large series of studies using a panel of 

molecular, cytogenomic and bioinformatic techniques have shown that structural genomic variants 

(chromosomal rearrangements and CNV) frequently occur through mechanisms involving repeat 

sequences at the breakpoints as well as DNA recombination-based and replication-based processes 

[15–19]. At the chromosomal/subchromosomal levels, related phenomena have not been 

systematically addressed. However, chromosome segregation errors have been indicated to form a 

wide spectrum of somatic genome rearrangements [20]. These results promise the success of 

forthcoming studies of genome behavior at chromosomal and subchromsomal levels mediating CIN 

and SCM. Therefore, whole-genome and bioinformatic analyses of co-occurring non-mosaic and 

mosaic chromosomal (subchromosomal) variations or CIN in an individual may help to uncover 

previously unrecognized mechanisms for somatic genome variations at the chromosomal level. 

In the present contribution, we describe a SNP-array study of colocalized regular/mosaic 

chromosome imbalances in a cohort of children with neurodevelopmental disorders and congenital 

malformations. Analysis of the structural genomic variations allowed us to propose a previously 

unknown pathway from regular chromosomal imbalances or CNV to SCM (CIN). Furthermore, we 

have introduced a kind of theory, which might be relevant to numerous areas of chromosome 

research, cytogenomics (molecular cytogenetics) and medical cytogenetics. 

2. Results and Discussion 

Molecular karyotyping of the Russian cohort of children with neurodevelopmental disorders 

and congenital malformations [21,22], which currently includes 612 individuals, has been performed 

by high resolution SNP-array using Affymetrix CytoScan platform (HD). During the analysis, we 

observed concomitant regular and mosaic chromosome imbalances located at the same 

chromosomal locus or encompassed similar genomic regions in 47 individuals (7.7%). These 

colocalized structural chromosome abnormalities manifested as deletions and duplications with 

mosaic imbalances presenting mainly larger than regular ones. Accordingly, we have suggested that 

the colocalizations are not coincidental representing therefore a snapshot of a possible dynamic 

process, which starts as a regular chromosomal imbalance (CNV) and proceeds with the formation 

of mosaic imbalances by a kind of “wreckage” at both breakpoints of the regular one. Hence, regular 

structural genomic variants are likely to be the first step initiating genomic instability (GIN) at 

adjacent chromosomal loci (genomic regions). The instability is likely to cause formation of a larger 

rearrangement through defective DNA damage response and/or reparation (duplication — 

elongation by erroneous reparation; deletion — loss of chromosome parts). To define these 

colocalized chromosome abnormalities in an individual and to name the process producing SMC 

and CIN/GIN from regular genomic/chromosomal changes (CNV) by a single term, we have 

introduced the neologism “chromohelkosis”, which literally means “chromosome ulceration or 

ulcer” (from the Greek words chromo designating chromosome and helkosis derived from helkos 

(ἕλκος), which means ulceration, ulcer or open wound). Consequently, the process is designated as 

chromohelkosis, whereas colocalized regular and mosaic chromosomal changes are designated as 

chromohelkosis imbalances. We intentionally composed the word “chromohelkosis” to mimic 

chromothripsis, chromoanasynthesis, and chromoanagenesis [4–6], inasmuch as it also seems to be a 

common mechanism for somatic chromosome rearrangements. Figure 1 shows three examples of 

chromosomal loci affected by chromohelkosis. 
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Figure 1. SNP-array analysis of colocalized regular/mosaic chromosome imbalances in an individual 

(chromosomal loci suggested to be affected by chromohelkosis or chromohelkosis imbalances): (a) 

regular/mosaic deletions at 4q34.3q35.1; (b) regular/mosaic deletions at 7q11.23/7q11.22q21.11; (c) 

regular/mosaic duplications at 11p14.3. 

Chromohelkosis imbalances have been found to affect loci of almost all chromosomes apart 

from chromosomes 6, 8, 18–21 and Y. There have been detected 26 duplications and 21 deletions 

(55/45). Sizes of regular chromosome imbalances have been found to be highly variable from 

small CNV (tens to hundreds of kbp) to partial trisomies and monosomies (large chromosome 

deletions/duplications, e.g. >20 Mb). Mosaic chromosome imbalances have been generally more 

than 2 Mb, except one case (0.87 Mb). Details on the chromohelkosis imbalances are given in 

Table 1.  
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Table 1. Colocalized regular/mosaic chromosome imbalances and CNV marking chromosomal loci affected by chromohelkosis (chromohelkosis imbalances). 

Chromosomal localization 
Deletion (del)/ 

Duplication (dup) 

Genomic localization 1 Size (Mb), 

regular  

Size (Mb), 

mosaic  

Mosacism 

rate (%) 2 Regular  Mosaic 
Regular Mosaic 

1p36.32 1p36.33p36.32 dup 2,793,846-3,123,524 849,466-3,586,707 0.329 2.737 20 

1p36.33 1p36.33p36.32 dup 1,134,091-1,207,463 849,466-5,278,786 0.073 4.429 25 

1q21.1q21.2 1p12q21.2 dup 146,003,044-147,398,560 118,506,747-149,965,913 1.395 31.459 20 

2p25.3 2p25.3 dup 1,611,691-1,861,548 12,770-3,007,511 0.249 2.994 25 

2q22.2 q22.3 2q22.1q23.3 del 143,410,303-145,299,945 140,410,739-150,635,360 1.889 10.224 50 

2q23.1q23.3 2q22.2q24.1 del 148,851,963-151,316,465 143,753,727-155,408,790 2.464 11.655 40 

2q23.1q23.3 2q22.2q24.1 del 149,073,384-151,886,100 144,007,224-156,393,001 2.812 12.385 45 

2q24.1 2q23.3q24.2 del 155,684,576-157,919,431 151,497,654-162,200,234 2.234 10.702 35 

3p26.1 3p26.3p26.1 dup 4,311,166-7,256,278 2,788,170-8,587,443 2.945 5.799 40 

3p26.3p26.2 3p26.3p26.1 dup 1,839,722-3,372,758 61,891-4,693,249 1.533 4.631 60 

3q26.2q26.31 3q26.1q26.31 del 170,316,791-171,650,195 165,957,466-175,300,706 1.333 9.343 30 

4q34.3q35.1 4q34.3q35.1 del 179,568,373-183,377,810 178,503,425-184,251,370 3.809 5.747 55 

5q35.2q35.3 5q35.1q35.3 del 175,029,372-177,324,736 171,538,904-180,719,789 3.395 9.180 30 

7p22.1p15.2 7p22.1p15.2 dup 4,783,314-26,275,210 4,790,968-26,522,153 21.491 21.731 80 

7p22.2p21.3 7p22.3p21.3 del 3,235,409-7,970,015 43,360-8,320,635 4.734 8.277 20 
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7q11.23 7q11.22q21.11 del 72,612,042-74,610,673 68,665,592-79,305,748 1.998 10.640 40 

9p24.3 9p24.3p24.2 dup 203,861-823,845 203,861-2,593,900 0.619 2.390 30 

9p24.3 9p24.3 del 203,861-410,357 203,861-1,074,830 0.206 0.870 25 

9q22.31q22.33 9q22.31q22.33 del 96,109,697-99,973,789 95,891,880-100,145,863 3.864 4.253 70 

9q34.3 9q34.13q34.3 dup 139,053,501-139,435,356 134,317,328-141,020,389 0.381 6.703 30 

9q34.3 9q34.13q34.3 del 139,784,913-141,020,389 135,282,452-141,020,389 1.235 5.737 40 

10q21.1 10q11.23q21.1 dup 53,156,807-57,931,080 52,693,425-58,936,553 4.774 6.243 75 

10q23.1q23.2 10q23.1q23.2 del 86,412,180-88,502,670 85,638,142-89,465,109 2.090 3.826 50 

11p14.3 11p14.3 dup 23,032,300-24,850,872 19,983,179-28,380,051 1.819 8.396 25 

12q24.33 12q24.33 dup 129,804,153-130,492,863 129,577,575-133,777,902 0.688 4.200 20 

12q24.33 12q24.33 dup 129,803,493-130,485,474 130,035,491-133,777,902 0.681 3.742 20 

13q12.11 13q11q12.11 dup 21,683,950-22,155,929 19,436,287-22,422,460 0.471 2.986 20 

13q34 13q34 del 114,085,478-115,107,733 110,963,086-115,107,733 1.022 4.144 40 

14q32.2 14q32.13q32.2 dup 99,153,952-101,024,454 95,563,168-100,095,249 1.870 4.532 20 

15q11.2 15q11.2 dup 22,770,421-23,082,328 22,770,421-25,083,880 0.311 2.313 20 

15q11.2 15q11.2 dup 22,770,421-23,288,350 22,770,421-25,318,376 0.517 2.547 25 

15q11.2q13.1 15q11.2q13.1 del 22,770,421-29,021,034 22,770,421-28,373,187 5.732 5.602 85 

15q13.2q13.3 15q13.1q14 del 30,913,573-32,914,239 28,394,840-36,544,674 2.518 8.149 25 
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16p11.2q11.2 16p11.2q12.1 dup 32,038,693-46,463,769 34,448,198-51,124,520 14.425 16.676 20 

16q23.1 16q22.3q23.3 dup 77,496,014-78,916,839 73,357,720-82,335,001 1.420 8.977 30 

16q24.3 16q24.2q24.3 del 89,683,742-90,155,062 87,157,300-90,155,062 0.471 2.997 25 

17p12 17p13.1p11.2 dup 14,082,944-15,479,940 10,219,298-17,108,606 1.396 6.889 20 

17p13.3 17p13.3p13.2 del 525-1,323,904 525-4,375,742 1.323 4.375 40 

17q25.3 17q25.3 del 80,396,463-81,041,938 77,947,778-81,041,938 0.645 3.094 30 

22q11.21 22q11.1q11.22 dup 18,974,541-21,800,797 17,398,811-23,374,206 2.826 5.975 45 

22q11.21 22q11.1q11.21 dup 18,649,189-20,311,810 16,888,899-22,034,665 1.662 5.145 40 

22q11.21 22q11.1q11.22 dup 18,979,345-21,465,659 16,888,899-23,410,418 2.486 6.521 50 

22q11.21 22q11.1q11.23 dup 18,916,842-21,465,659 16,888,899-23,535,339 2.548 6.646 50 

22q13.2q13.31 22q13.2q13.31 dup 43,337,317-46,575,998 42,018,242-44,860,024 3.238 2.841 50 

Xp22.31 Xp22.32p22.2 del 6,784,550-7,495,395 4,931,788-9,634,138 0.710 4.702 25 

Xp21.1 Xp21.1p11.4 del 32,881,263-35,187,430 31,875,672-38,716,579 2.306 6.840 50 

Xq28 Xq28 dup 153,747,685-153,761,134 147,843,549-152,036,631 0.013 4.193 20 

1 GRCh37/hg19. 

2 mosaicism rates according to Chromosome Analysis Suite (ChAS) software (Affymetrix). 
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Five chromohelkosis imbalances were recurrent, i.e. non-random variations at same genomic 

regions (Figure 2). This observation allowed to conclude that specific genome architecture is likely to 

be involved in chromohelkosis as in germline and somatic variations mediating genomic disorders 

[8,13-16]. Additionally, reciprocal chromohelkosis imbalances (i.e. chromohelkosis deletions and 

duplications at the same chromosomal locus/genomic region) at 9p24.3, 9q34.13q34.3 and 15q11.2 

have been revealed (Table 1). This observation additionally suggests that specificity of local genomic 

architecture makes the loci susceptible to genomic/chromosomal rearrangements) [13,14]. However, 

to provide further evidences and molecular/cellular basis for chromohelkosis, additional analyses of 

molecular karyotyping data appeared to be required. 
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Figure 2. Spectrum of chromohelkosis imbalances classified according to chromosome arms and recurrence at 

the same chromosomal locus, encompassing the same genomic region (del — deletion; dup — duplication). 

To characterize the spectrum of chromohelkosis imbalances, we used the ratio between sizes of 

regular and mosaic chromosome abnormalities. According to this parameter, cases were divided in 

quartiles from the largest size difference to the smallest size difference. The first quartile (Q1) 

comprised 27 (57%) chromohelkosis imbalances (1p (n=2), 1q, 2p, 2q (n=4), 3q(del), 7q, reciprocal 

9p(del) and 9p(dup), reciprocal 9q(del) and 9q(dup), 11p, 12q (n=2), 13q, 15q(dup) (n=2), 16q(del), 

16q(del), 17p(dup), 17q, Xp, Xq), whereas the remaining quartiles (Q2-Q4) comprised 20 

chromohelkosis imbalances (3p (n=2), 4q, 5q, reciprocal 7p(del) and 7p(dup), 9q(del), 10q (n=2), 14q, 

15q(del) (n=2), 16p, 22q (n=5), Xp). The distribution of chromohelkosis imbalances demonstrates a 

large segregation towards abnormalities with dramatically increased sizes of mosaic ones. 

Q1-imbalances are, therefore, more likely to be associated with a higher rates of local GIN both at the 

breakpoints and at the affected chromosomal loci. Correlations between the ratio and patient age, 

chromosomal localization, or imbalance specificity (deletion/duplication) have not been found. 

Thus, individual susceptibility to chromohelkosis has been proposed as the mechanism of the 

occurrence and distribution in favor of Q1. As described previously, such kind of susceptibility may 

be a result of alterations to molecular and cellular pathways safeguarding genome stability 

[12,23,24]. Recently, a model for pathway-based classification of genomic burden (CNV burden) 

resulting in CIN/GIN and SCM was proposed [25]. Using this model and a novel bioinformatic 

method for pathway-based CNV/gene prioritization [26], we evaluated CNV burden effect on 

pathways required for genome stability maintenance (e.g. DNA reparation and damage response, 

programmed cell death, cell cycle regulation, cancer-related pathways etc.). Accordingly, we 

retrieved ontologies of genes affected by regular CNV and chromosome imbalances in the genome 

stability context and identified Ipp (index of pathway prioritization): Ipp(Q1) = 2.4 and 46 pathways; 

Ipp(Q2-Q4) = 1.7 and 27 pathways (for more details, see [26]). We observed a statistically significant 

difference between Q1 and Q2-Q4 in enrichment of genome stability maintenance pathways (Z-test, 

p<0.001). As a result, we concluded that non-random distribution of chromohelkosis imbalances is 

likely to be caused by individual susceptibility to GIN/CIN produced by alterations to pathways 

safeguarding genome stability. In other words, a kind of saturation in CNV encompassing genes 

involved in these pathways may result in chromohelkosis. Moreover, a correlation between a higher 

CNV burden and a measure of chromohelkosis progression appears to exist. It is highly likely that 

the measure of chromohelkosis progression may be connected to repeat DNA, which is involved in 

genome organization and stability [27] (discussed hereafter). 

The appreciable difference between the regular and mosaic (colocalized) rearrangements is 

reflected in gene content of a chromohelkosis imbalance (Supplementary Table 1). For instance, 3 

individuals exhibited chromohelkosis imbalances characterized by the lack of functionally 

annotated genes in regions affected by regular rearrangements (chromohelkosis imbalance at 11p 

and twice at 2q). In addition, numerous cases demonstrated phenotypic outcomes associated with 

mosaic rearrangements but not with regular ones (e.g. rearrangements at 1p, 9q, 15q, 16q, 17p, and 

22q). However, it is to note that these phenotypic manifestations are milder than those observed in 

recognizable chromosomal (microdeletion or microduplication) syndromes. These observations 

might be used to explain extensive variability of SCM phenotypes, as suggested previously [8,28,29]. 

Here, it is to recognize that chromohelkosis may have a diagnostic relevance comparable to 

chromothripsis, chromoanasynthesis, and chromoanagenesis. 

Among others, chromohelkosis may represent a model of somatic genome variability (i.e. SMC, 

GIN and CIN). We have suggested that chromohelkosis deletions produce local instability at the 

breakpoints leading to progressive loss of adjacent chromosomal regions. As a result, mosaic 

deletions are larger than regular ones. This mechanism is similar to some extent to those proposed 

for explaining pathways from chromosome fragile sites to somatic chromosomal aberrations and 

CIN to some extent [30,31]. Moreover, fragile sites affect replication timing producing DNA 
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flexibility peaks and stress inducible asynchrony at the breakage to produce GIN or CIN [31]. This 

process mimics “wreckages” at the breakpoints of chromohelkosis imbalances. However, 

chromohelkosis is able to lead to the loss of a larger chromosomal region due to the dynamic nature. 

Chromohelkosis affecting the centromere would result in loss of the whole chromosome (mosaic 

aneuploidy/monosomy). Alterations to centromere stability (scission) have been recently shown to 

be a mechanism for GIN/CIN [32]. It is also known that CIN and GIN may be mediated by pathways 

involving centromeric DNA (e.g. classical/alpha satellite DNA) [3,20,32,33]. Although functional 

significance of centromeric satellite DNA (constitutive heterochromatin) remains a matter of further 

investigation, numerous studies indicate the involvement in granting genome/chromosome stability 

[34-36]. Satellite DNA is suggested either to mediate GIN or to protect from alterations to 

chromosome structure [27]. Here, we propose the role of centromeric satellite DNA similar to 

telomeric DNA [37], which seems to play a role in CIN caused by chromohelkosis, as well. Thus, 

centromeric satellite DNA protects centromere from chromohelkosis “wreckage”. Similarly, 

telomeric DNA is proposed to play the canonical role of protecting chromosomal ends from 

chromohelkosis “wreckage”. The failure of centromeric satellite DNA to protect centromere from 

“wreckage” would result in chromosomal loss (aneuploidy). The failure of telomeric DNA to protect 

chromosomal ends from “wreckage” would result in chromosomal rearrangements. Figure 3 

schematically shows suggested mechanisms of chromohelkosis mediated by deletions.  

 

Figure 3. Schematic depiction of chromohelkosis due to a deletion and suggested outcomes relevant 

to the cytogenomic “theory of everything”. Chromosomal imbalances or CNV manifesting as 

deletions are able to cause instability at the sequence level (GIN) at the breakpoints. Consequently, 

wreckage may occur through altered DNA damage response and reparation, which cause 

progressive loss of chromosomal DNA localized at the breakpoints. According to the theory, 

(centromeric) satellite DNA protects chromosomes from propagation of chromohelkosis in a same 
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way as telomeres do. However, the protection may fail to initiate two scenarios: (i) the distal 

chromosome part is wrecked and lost, when telomeres are affected; as a result, somatic chromosome 

rearrangements are formed (on the right-hand side); (ii) the proximal chromosome part is wrecked 

and, if centromeric satellites DNA fail to protect the centromere, the whole chromosome is lost (i.e. 

aneuploidy/monosomy) (on the left-hand side). This cascade of CIN/GIN processes results in 

somatic mosaicism and CIN, which are mechanisms for cancer, infertility, brain diseases, aging, and, 

probably, other morbid conditions. To depict biological basis of chromohelkosis, we have used parts 

of figures from our previous articles distributed under the terms of the Creative Commons 

Attribution License [28,48]. 

The elongation of duplicated regions might be mediated by fails of chromosomal DNA 

reparation at the breakpoints progressively occurring during each fail. Related mechanisms for CIN 

have been already described in cancers [20,23]. These duplications may also involve repeat (satellite) 

DNA as a driving force for chromohelkosis progression [27]. Probably, the consequences of 

chromohelkosis mediated by deletions may be used to explain a slight preponderance of 

duplications over deletions. More precisely, mosaic deletion is more likely to disappear becoming 

aneuploidy (chromosome loss), whereas mosaic duplication is likely to become a larger one.  

SMC and CIN are important contributors to development, homeostasis, interindividual 

diversity and disease. To be more exact, SMC and CIN are integrated parts of human prenatal 

development [38-40], aging [41,42], cancer [24,43,44], interindiviudal/intercellular genome 

diversification and disease [45-51]. SMC and CIN are considered an major focus of basic and 

diagnostic research for providing therapeutic opportunities in disease and aging [29,51-53]. 

Therefore, it is hard to overestimate the role of SMC and CIN. Our current observation hallmarks a 

common mechanism of somatic genome variability produced by chromosomal imbalances and 

CNV. Taking into account a kind of omnipresence of chromosomal variations and CNV 

[7,28,39,45,52], the chromohelkosis-based pathway to SMC/CIN might underlie a cytogenomic 

theory, which would be relevant to numerous areas of genetics, genomics and chromosome 

research. In our opinion, such a theory resembles much the elusive theory of everything described 

by Stephen Hawking and Leonard Mlodinow [54], because both create a temptation to explain 

almost everything in a given research area. To decrease the temptation, we used metaphoric (ironic) 

designation “the cytogenomic theory of everything” for the system explaining chromohelkosis 

contribution to SCM/CIN. Finally, recognizing empirical and theoretical weaknesses of our 

contribution, we nevertheless insist that chromohelkosis is a process to explore for understanding 

structural variability and flexibility of the genome. 

3. Materials and Methods  

3.1. Patients and Samples  

Molecular karyotyping was performed to identify chromosomal abnormalities and CNV in the 

Russian cohort of children with neurodevelopmental disorders (intellectual disability, autism, 

epilepsy) and congenital anomalies (612 individuals), which has been clinically described in 

previous studies [21,22]. Written informed consent was obtained from the patient parents. 

3.2. SNP-array  

Molecular karyotyping was performed by CytoScan HD Arrays (Affymetrix, Santa Clara, CA) 

consisting of about 2.7 million markers. All the procedures have been repeatedly described in detail 

previously [21,22,55,56]. Cytogenomic variations were visualized using the Affymetrix ChAS 

(Chromosome Analysis Suite) software (CytoScan® HD Array). Reference sequence was 

GRCh37/hg19. 

3.3. Bioinformatic analysis  
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An original approach to prioritization of CNV, candidate genes and processes using molecular 

karyotyping data was carried out as described earlier [57]. The procedure is an ontology-based gene 

filtering/ranking with fusion of data acquired from databases dedicated to clinical genetics, 

genomics, epigenetics (gene expression), proteomics (interactome), and metabolome. Additionally, 

genomic data were analyzed by obtaining the ratio between the size of regular and mosaic 

imbalances. Using this ratio, imbalances were divided in quartiles. The data have been also used for 

pathway analysis.  

3.3.1. Pathway analysis 

Pathway analysis was performed using CNVariome concept and data laundering protocol, 

which were recently described in details [25,26]. The enrichment by genome stability maintenance 

pathways was additionally analyzed using statistical Z-test. 

4. Conclusions 

In summary, we observed co-occurrence of regular and mosaic imbalances 

(deletions/duplications) at same chromosomal loci during molecular karyotyping. Data analysis 

allowed us to propose a mechanism for SMC and CIN — chromohelkosis (chromosome 

ulceration/open wound). Further exploration of this mechanism has led to suggesting a function for 

classical/alpha satellite DNA (protection from the wreckage towards the centromere) and 

cytogenomic “theory of everything”, a metaphorically termed system explaining chromohelkosis 

contribution to SCM and CIN. 
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ChAS Chromosome Analysis Suite 

CIN Chromosomal instability 

CNV Copy number variations 

del Deletion  

dup  Duplication 

GIN 

IPP 

Genome instability 

index of pathway prioritization 

OMIM Online Mendelian Inheritance in Man® (https://www.omim.org/) 

SNP Single nucleotide polymorphism 
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Supplementary Table 1. Disease-associated genes located between breakpoints of mosaic and regular chromosome imbalances (CNV). 1 

Chromosomal 

localization 

(mosaic) 

Genes located between proximal breakpoints Genes located between distal breakpoints 

1p36.33p36.32 — ISG15 [OMIM:147571] (immunodeficiency 38 [OMIM:616126]), 

AGRN [OMIM:103320] (myasthenic syndrome, congenital, 8, with 

pre- and postsynaptic defects [OMIM:615120]), TNFRSF4 

[OMIM:600315] (immunodeficiency 16 [OMIM:615593]), B3GALT6 

[OMIM:615291] (Ehlers-Danlos syndrome, progeroid type, 2 

[OMIM:615349], spondyloepimetaphyseal dysplasia with joint 

laxity, type 1, with or without fractures [OMIM:271640]), DVL1 

[OMIM:601365] (Robinow syndrome, autosomal dominant 2 

[OMIM:616331]), TMEM240 [OMIM:616101] (spinocerebellar 

ataxia 21 [OMIM:607454]), GABRD [OMIM:137163] (epilepsy, 

generalized, with febrile seizures plus, type 5, susceptibility to 

[OMIM:613060], epilepsy, idiopathic generalized, 10 

[OMIM:613060], epilepsy, juvenile myoclonic, susceptibility to 

[OMIM:613060]), SKI [OMIM:164780] (Shprintzen-Goldberg 

syndrome [OMIM:182212]), PEX10 [OMIM:602859] (peroxisome 

biogenesis disorder 6A (Zellweger) [OMIM:614870], Peroxisome 

biogenesis disorder 6B [OMIM:614871]) 

1p36.33p36.32 TAS1R3 [OMIM:605865], DVL1 [OMIM:601365] (Robinow syndrome, 

autosomal dominant 2 [OMIM:616331]), TMEM240 [OMIM:616101] 

(spinocerebellar ataxia 21 [OMIM:607454]), GABRD [OMIM:137163] 

(epilepsy, generalized, with febrile seizures plus, type 5, susceptibility to 

[OMIM:613060], epilepsy, idiopathic generalized, 10 [OMIM:613060], 

ISG15 [OMIM:147571] (immunodeficiency 38 [OMIM:616126]), 

AGRN [OMIM:103320] (myasthenic syndrome, congenital, 8, with 

pre- and postsynaptic defects [OMIM:615120]) 
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epilepsy, juvenile myoclonic, susceptibility to [OMIM:613060]), SKI 

[OMIM:164780] (Shprintzen-Goldberg syndrome [OMIM:182212]), PEX10 

[OMIM:602859] (peroxisome biogenesis disorder 6A (Zellweger) 

[OMIM:614870], peroxisome biogenesis disorder 6B [OMIM:614871]), 

PRDM16 [OMIM:605557] (cardiomyopathy, dilated, 1LL [OMIM:615373], 

left ventricular noncompaction 8 [OMIM:615373]), TP73 [OMIM:601990] 

(neuroblastoma), CEP104 [OMIM:616690] (Joubert syndrome 25 

[OMIM:616781]) 

2p25.3 MYT1L [OMIM:613084](mental retardation, autosomal dominant 39 

[OMIM:616521]) 

TPO [OMIM:606765] (thyroid dyshormonogenesis 2A 

[OMIM:274500]) 

2q22.2q24.1 ZEB2 [OMIM:605802] (Mowat-Wilson syndrome [OMIM: 235730]), ORC4 

[OMIM:603056] (Meier-Gorlin syndrome 2 [OMIM:613800]), MBD5 

[OMIM:611472] (mental retardation, autosomal dominant 1 

[OMIM:156200]) 

NEB [OMIM:161650](nemaline myopathy 2, autosomal recessive), 

CACNB4 [OMIM:601949] (episodic ataxia, type 5 [OMIM:613855], 

epilepsy, idiopathic generalized, susceptibility to, 9 

[OMIM:607682], epilepsy, juvenile myoclonic, susceptibility to, 6 

[OMIM:607682]) 

2q22.2q24.1 KYNU [OMIM:605197] (hydroxykynureninuria [OMIM:236800]), ZEB2 

[OMIM:605802] (Mowat-Wilson syndrome [OMIM:235730]), ORC4 

[OMIM:603056] (Meier-Gorlin syndrome 2 [OMIM:613800]), MBD5 

[OMIM:611472] (Mental retardation, autosomal dominant 1 

[OMIM:156200]) 

NEB [OMIM:161650] (nemaline myopathy 2, autosomal recessive 

[OMIM:256030]), CACNB4 [OMIM:601949] (episodic ataxia, type 5 

[OMIM:613855], epilepsy, idiopathic generalized, susceptibility to, 

9 [OMIM:607682], epilepsy, juvenile myoclonic, susceptibility to, 6 

[OMIM:607682]) 

3p26.3p26.1 SUMF1 [OMIM:607939] (multiple sulfatase deficiency [OMIM:272200]), 

ITPR1 [OMIM:147265] (gillespie syndrome [OMIM:206700], spinocerebellar 

ataxia 15 [OMIM:606658], spinocerebellar ataxia 29, congenital 

nonprogressive [OMIM:117360]) 

— 

3p26.3p26.1 — CRBN [OMIM:609262] (mental retardation, autosomal recessive 2 
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[OMIM:607417]) 

3q26.1q26.31 

 

PDCD10 [OMIM:609118] (cerebral cavernous malformations 3 

[OMIM:603285]), SERPINI1 [OMIM:602445] (encephalopathy, familial, 

with neuroserpin inclusion bodies [OMIM:604218]), MECOM 

[OMIM:165215] (radioulnar synostosis with amegakaryocytic 

thrombocytopenia 2 [OMIM:616738]), TERC [OMIM:602322] (dyskeratosis 

congenita, autosomal dominant 1[OMIM: 127550], aplastic anemia 

[OMIM:614743], pulmonary fibrosis, idiopathic, susceptibility to} 

[OMIM:614743], SLC7A14 [OMIM:615720](retinitis pigmentosa 68 

[OMIM:615725]) 

GHSR [OMIM:601898] (growth hormone deficiency, isolated 

partial [OMIM:615925]), SPATA16 [OMIM:609856] (spermatogenic 

failure 6 [OMIM:102530]) 

4q34.3q35.1 — TENM3 [OMIM:610083] (microphthalmia, isolated, with coloboma 

9 [OMIM:615145]) 

5q35.1q35.3 

 

SH3PXD2B [OMIM:613293] (Frank-ter Haar syndrome [OMIM: 249420]), 

NKX2-5 [OMIM:600584] (atrial septal defect 7, with or without AV 

conduction defects [OMIM:108900], conotruncal heart malformations, 

variable [OMIM:217095], hypoplastic left heart syndrome 2 

[OMIM:614435], hypothyroidism, congenital nongoitrous, 5 

[OMIM:225250], tetrology of Fallot [OMIM:187500], ventricular septal 

defect 3 [OMIM:614432]), MSX2 [OMIM:123101] (craniosynostosis, type 2 

[OMIM:604757], parietal foramina 1 [OMIM:168500], parietal foramina 

with cleidocranial dysplasia [OMIM:168550]), DRD1 [OMIM:126449] 

PROP1 [OMIM:601538] (pituitary hormone deficiency, combined, 

2), NOLA2 [OMIM:606470] (dyskeratosis congenita, autosomal 

recessive 2), HNRNPAB [OMIM:602688], AGXT2L2 

[OMIM:614683] (phosphohydroxylysinuria [OMIM:615011]), 

GRM6 [OMIM:604096] (night blindness, congenital stationary 

(complete), 1B, autosomal recessive [OMIM:257270]), ADAMTS2 

[OMIM:604539] (Ehlers-Danlos syndrome, type VIIC [OMIM: 

225410]), LTC4S [OMIM:246530] (leukotriene C4 synthase 

deficiency [OMIM:614037]), SQSTM1 [OMIM:601530] (Paget 

disease of bone [OMIM:602080]), FLT4 [OMIM:136352] 

(hemangioma, capillary infantile, somatic [OMIM:602089], 

lymphedema, hereditary, IA [OMIM:153100]) 

7p22.1p15.2 SNX10 [OMIM:614780] (osteopetrosis, autosomal recessive 8 — 
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[OMIM:615085]) 

7p22.2p21.3 GLCCI1 [OMIM:614283] ({glucocorticoid therapy, response to} 

[OMIM:614400]), 

FAM20C [OMIM:611061] (Raine syndrome [OMIM: 259775]), 

HEATR2 [OMIM:614864](сiliary dyskinesia, primary, 18 

[OMIM:614874]), MAD1L1 [OMIM:602686](lymphoma, somatic, 

prostate cancer, somatic [OMIM:176807]), BRAT1 [OMIM:614506] 

(rigidity and multifocal seizure syndrome, lethal neonatal 

[OMIM:614498]), CARD11 [OMIM:607210] (B-cell expansion with 

NFKB and T-cell anergy [OMIM:616452], immunodeficiency 11A 

[OMIM:615206], immunodeficiency 11B with atopic dermatitis 

[OMIM:617638]) 

7q11.22q21.11 AUTS2 [OMIM:607270](mental retardation, autosomal dominant 26 

[OMIM:615834]) 

POR [OMIM:124015] (Antley-Bixler syndrome with genital 

anomalies and disordered steroidogenesis [OMIM:201750], 

disordered steroidogenesis due to cytochrome P450 

oxidoreductase [OMIM:613571]), MDH2 [OMIM:154100] (epileptic 

encephalopathy, early infantile, 51 [OMIM:617339]), HSPB1 

[OMIM:602195] (Charcot-Marie-Tooth disease, axonal, type 2F 

[OMIM:606595], neuropathy, distal hereditary motor, type IIB 

[OMIM:608634]), YWHAG [OMIM:605356] (epileptic 

encephalopathy, early infantile, 56 [OMIM:617665]), SRCRB4D 

[OMIM:607639], ZP3 [OMIM:182889] (oocyte maturation defect 3 

[OMIM: 17712]), PTPN12 [OMIM:600079] (colon cancer, somatic 

[OMIM:114500]), MAGI2 [OMIM:606382] (nephrotic syndrome 15 

[OMIM:617609]) 

9p24.3p24.2 SMARCA2 [OMIM:600014] (Nicolaides-Baraitser syndrome 

[OMIM:601358] 

— 
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9q34.13q34.3 POMT1 [OMIM:607423] (muscular dystrophy-dystroglycanopathy 

(congenital with brain and eye anomalies), type A, 1[OMIM:236670], 

muscular dystrophy-dystroglycanopathy (congenital with mental 

retardation), type B, 1 [OMIM:613155], muscular 

dystrophy-dystroglycanopathy (limb-girdle), type C, 1 [OMIM:609308]), 

SETX [OMIM:608465] (amyotrophic lateral sclerosis 4, juvenile 

[OMIM:602433], spinocerebellar ataxia, autosomal recessive 1 

[OMIM:606002]), TSC1 [OMIM:605284] (focal cortical dysplasia, Taylor 

balloon cell type [OMIM:607341], lymphangioleiomyomatosis 

[OMIM:606690], tuberous sclerosis-1 [OMIM:191100]), GFI1B 

[OMIM:604383] (bleeding disorder, platelet-type, 17 [OMIM:187900]), CEL 

[OMIM:114840] (maturity-onset diabetes of the young, type VIII 

[OMIM:609812]), SURF1 [OMIM:185620] (Leigh syndrome, due to COX 

deficiency [OMIM:256000]), ADAMTS13 [OMIM:604134] (thrombotic 

thrombocytopenic purpura, familial [OMIM:274150]), ADAMTSL2 

[OMIM:612277] (geleophysic dysplasia 1 [OMIM:231050]), DBH 

[OMIM:609312] (dopamine beta-hydroxylase deficiency [OMIM:223360], 

dopamine-beta-hydroxylase activity levels, plasma), SARDH 

[OMIM:604455] (sarcosinemia [OMIM:268900]), COL5A1 [OMIM:120215] 

(Ehlers-Danlos syndrome, classic type [OMIM:130000]), KCNT1 

[OMIM:608167] (epilepsy, nocturnal frontal lobe, 5 [OMIM:615005], 

epileptic encephalopathy, early infantile, 14 [OMIM:614959]) 

NOTCH1 [OMIM:190198] (Adams-Oliver syndrome 5 

[OMIM:616028], aortic valve disease 1 [OMIM:109730]), AGPAT2 

[OMIM:603100] (lipodystrophy, congenital generalized, type 1 

[OMIM:608594]) 

9q34.13q34.3 TSC1 [OMIM:605284] (focal cortical dysplasia, type II, somatic 

[OMIM:607341], lymphangioleiomyomatosis [OMIM:606690], tuberous 

sclerosis-1 [OMIM:191100]), CEL [OMIM:114840] (maturity-onset diabetes 
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of the young, type VIII [OMIM:609812]), SURF1 [OMIM:185620] 

(Charcot-Marie-Tooth disease, type 4K [OMIM:616684], Leigh syndrome, 

due to COX IV deficiency [OMIM:256000]), ADAMTS13 [OMIM:604134] 

(thrombotic thrombocytopenic purpura, familial [OMIM:274150]), 

ADAMTSL2 [OMIM:612277] (geleophysic dysplasia 1 [OMIM:231050]), 

DBH [OMIM:609312] (orthostatic hypotension 1, due to DBH deficiency 

[OMIM:223360]), SARDH [OMIM:604455] ([sarcosinemia] [OMIM:268900]), 

COL5A1 [OMIM:120215] (Ehlers-Danlos syndrome, classic type, 1 

[OMIM:130000]), MRPS2 [OMIM:611971] (combined oxidative 

phosphorylation deficiency 36) [OMIM:617950], SOHLH1 [OMIM:610224] 

(ovarian dysgenesis 5 [OMIM:617690], spermatogenic failure 32 

[OMIM:618115]), KCNT1 [OMIM:608167] (epilepsy, nocturnal frontal lobe, 

5 [OMIM:615005], epileptic encephalopathy, early infantile, 14 

[OMIM:614959]), LHX3 [OMIM:600577] (pituitary hormone deficiency, 

combined, 3 [OMIM:221750]), CARD9 [OMIM:607212] (candidiasis, 

familial, 2, autosomal recessive [OMIM:212050]), PMPCA [OMIM:613036] 

(spinocerebellar ataxia, autosomal recessive 2 [OMIM:213200]), INPP5E 

[OMIM:613037] (Joubert syndrome 1 [OMIM:213300], mental retardation, 

truncal obesity, retinal dystrophy, and micropenis [OMIM:610156]), 

NOTCH1 [OMIM:190198] (Adams-Oliver syndrome 5 [OMIM:616028], 

aortic valve disease 1 [OMIM:109730]), AGPAT2 [OMIM:603100] 

(lipodystrophy, congenital generalized, type 1 [OMIM:608594]) 

12q24.33 — PUS1 [OMIM:608109] (mitochondrial myopathy and sideroblastic 

anemia 1), P2RX2 [OMIM:600844] (deafness, autosomal dominant 

41 608224), POLE [OMIM:174762] (FILS syndrome [OMIM:615139], 
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], IMAGE-I syndrome [OMIM:618336], colorectal cancer, 

susceptibility to, 12 [OMIM:615083]) 

13q11q12.11 GJA3 [OMIM:121015] (cataract 14, multiple types [OMIM:601885]), GJB2 

[OMIM:121011] (Bart-Pumphrey syndrome [OMIM:149200], 3 Deafness, 

autosomal dominant 3A [OMIM:601544], Deafness, autosomal recessive 1A 

[OMIM:220290], Hystrix-like ichthyosis with deafness [OMIM:602540], 

Keratitis-ichthyosis-deafness syndrome [OMIM:148210], Keratoderma, 

palmoplantar, with deafness [OMIM:148350], Vohwinkel syndrome 

124500]), GJB6 [OMIM:604418] (deafness, autosomal dominant 3B 

[OMIM:612643], deafness, autosomal recessive 1B [OMIM:612645], 

deafness, digenic GJB2/GJB6 [OMIM:220290], ectodermal dysplasia 2, 

Clouston type [OMIM:129500])  

FGF9 [OMIM:600921] (multiple synostoses syndrome 3 

[OMIM:612961]) 

13q34 COL4A2 [OMIM:120090](porencephaly 2 [OMIM:614483], hemorrhage, 

intracerebral, susceptibility to [OMIM:614519]), CARS2 

[OMIM:612800](combined oxidative phosphorylation deficiency 27 

[OMIM:616672]), ING1 [OMIM:601566](squamous cell carcinoma, head 

and neck, somatic [OMIM:275355]), F7 [OMIM:613878](factor VII 

deficiency [OMIM:227500], myocardial infarction, decreased susceptibility 

to [OMIM:608446]), F10 [OMIM:613872](factor X deficiency 

[OMIM:227600]), PROZ [OMIM:176895](protein Z deficiency 

[OMIM:614024]) 

— 

15q11.2 

 

— NIPA1 [OMIM:608145] (spastic paraplegia 6, autosomal dominant 

[OMIM:600363]), MKRN3 [OMIM:603856] (precocious puberty, 

central, 2 [OMIM:615346]), MAGEL2 [OMIM:605283] 

(Prader-Willi-like syndrome [OMIM:615547]), NDN 
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[OMIM:602117] (Prader-Willi syndrome [OMIM:176270]), SNRPN 

[OMIM:182279] (Prader-Willi syndrome [OMIM:176270]) 

15q11.2 

 

— MKRN3 [OMIM:603856] (precocious puberty, central, 2 

[OMIM:615346]), MAGEL2 [OMIM:605283] (Schaaf-Yang 

syndrome [OMIM:615547]), NDN [OMIM:602117] (Prader-Willi 

syndrome [OMIM:176270]), SNRPN [OMIM:182279] (Prader-Willi 

syndrome [OMIM:176270]) 

15q13.1q14 HERC2 [OMIM:605837] (mental retardation, autosomal recessive 38 

[OMIM:615516], skin/hair/eye pigmentation 1, blond/brown hair 

[OMIM:227220], skin/hair/eye pigmentation 1, blue/nonblue eyes 

[OMIM:227220]) 

SLC12A6 [OMIM:604878] (agenesis of the corpus callosum with 

peripheral neuropathy [OMIM:218000]), NOP10 [OMIM:606471] 

(dyskeratosis congenita, autosomal recessive 1 [OMIM:606471]), 

ACTC1 [OMIM:102540] (atrial septal defect 5 [OMIM:612794], 

cardiomyopathy, dilated, 1R [OMIM:613424], cardiomyopathy, 

familial hypertrophic, 11 [OMIM:612098], left ventricular 

noncompaction 4 [OMIM:613424]) 

16p11.2q12.1 — VPS35 [OMIM:601501] (Parkinson disease 17 [OMIM:614203]), 

ORC6 [OMIM:607213] (Meier-Gorlin syndrome 3 [OMIM:613803]), 

GPT2 [OMIM:138210] (mental retardation, autosomal recessive 49 

[OMIM:616281]), PHKB [OMIM:172490] (phosphorylase kinase 

deficiency of liver and muscle, autosomal recessive 

[OMIM:261750]), ZNF423 [OMIM:604557] (Joubert syndrome 19 

[OMIM:614844], nephronophthisis 14 [OMIM:614844]), NOD2 

[OMIM:605956] (Blau syndrome [OMIM:186580], sarcoidosis, 

early-onset [OMIM:609464], inflammatory bowel disease 1 

[OMIM:266600], psoriatic arthritis, susceptibility to 

[OMIM:607507]), CYLD [OMIM:605018] (Brooke-Spiegler 
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syndrome [OMIM:605041]; cylindromatosis, familial 

[OMIM:605018], trichoepithelioma, multiple familial, 1 

[OMIM:601606]) 

16q22.3q23.3 FA2H [OMIM:611026] (spastic paraplegia 35, autosomal recessive 

[OMIM:612319]), CHST6 [OMIM:605294] (macular corneal dystrophy 

[OMIM:217800]), TMEM231 [OMIM:614949] (Joubert syndrome 20 

[OMIM:614970], Meckel syndrome 11 [OMIM:615397]), KARS 

[OMIM:601421] (Charcot-Marie-Tooth disease, recessive intermediate, B 

[OMIM:613641], deafness, autosomal recessive 89 [OMIM:613916]), 

ADAMTS18 [OMIM:607512] (microcornea, myopic chorioretinal atrophy, 

and telecanthus [OMIM:615458]) 

WWOX [OMIM:605131] (epileptic encephalopathy, early infantile, 

28 [OMIM:616211], esophageal squamous cell carcinoma, somatic 

[OMIM:133239], spinocrebellar ataxia, autosomal recessive 12 

[OMIM: 614322]), MAF [OMIM:177075] (Ayme-Gripp syndrome 

[OMIM:601088], cataract 21, multiple types [OMIM:610202]), 

GCSH [OMIM:238330] (glycine encephalopathy [OMIM:605899]) 

16q24.2q24.3 FBXO31 [OMIM:609102] (?mental retardation, autosomal recessive 45 

[OMIM:615979]), JPH3 [OMIM:605268] (Huntington disease-like 2 

[OMIM:606438]), CA5A [OMIM:114761] (hyperammonemia due to carbonic 

anhydrase VA deficiency [OMIM:615751]), ZNF469 [OMIM:612078](Brittle 

cornea syndrome 1 [OMIM:229200]), CYBA [OMIM:608508](chronic 

granulomatous disease, autosomal, due to deficiency of CYBA 

[OMIM:233690]), MVD [OMIM:603236](porokeratosis 7, multiple types 

[OMIM:614714]), PIEZO1 [OMIM:611184] (dehydrated hereditary 

stomatocytosis with or without pseudohyperkalemia and/or perinatal 

edema [OMIM:194380], lymphatic malformation 6 [OMIM:616843]), CDT1 

[OMIM:605525] (Meier-Gorlin syndrome 4 [OMIM:613804]), APRT 

[OMIM:102600](adenine phosphoribosyltransferase deficiency 

[OMIM:614723]), GALNS [OMIM:612222](mucopolysaccharidosis IVA 

[OMIM:253000]), ACSF3 [OMIM:614245] (combined malonic and 

— 
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methylmalonic aciduria [OMIM:614265]), CDH15 [OMIM:114019](mental 

retardation, autosomal dominant 3 [OMIM:612580]), ANKRD11 

[OMIM:611192](KBG syndrome [OMIM:148050]), SPG7 

[OMIM:602783](spastic paraplegia 7, autosomal recessive [OMIM:607259]) 

17p13.3p13.2 WDR81 [OMIM:614218]( cerebellar ataxia, mental retardation, and 

dysequilibrium syndrome 2 [OMIM:610185]), SERPINF2 [OMIM:613168] 

(alpha-2-plasmin inhibitor deficiency [OMIM:262850]), SERPINF1 

[OMIM:172860](osteogenesis imperfecta, type VI [OMIM:613982]), 

PAFAH1B1 [OMIM:601545](lissencephaly 1 [OMIM:607432], subcortical 

laminar heterotopia [OMIM:607432]), ASPA [OMIM:608034] (Canavan 

disease [OMIM:271900]), TRPV3 [OMIM:607066] (palmoplantar 

keratoderma, nonepidermolytic, focal 2 [OMIM:616400], Olmsted 

syndrome [OMIM:614594]), TRPV1 [OMIM:602076], CTNS 

[OMIM:606272](cystinosis, atypical nephropathic [OMIM:219800], 

cystinosis, late-onset juvenile or adolescent nephropathic [OMIM:219900], 

cystinosis, nephropathic [OMIM:219800], cystinosis, ocular 

nonnephropathic [OMIM:219750]), P2RX1 [OMIM:600845](bleeding 

disorder, platelet-type [OMIM:609821], bleeding disorder due 

to P2RX1 defect, somatic [OMIM:609821]) 

 

17p13.1p11.2 MYH8 [OMIM:160741] (Carney complex variant [OMIM:608837], 

Trismus-pseudocamptodactyly syndrome [OMIM:158300]), MYH2 

[OMIM:160740] (proximal myopathy and ophthalmoplegia 

[OMIM:605637]), MYH3 [OMIM:160720] (arthrogryposis, distal, type 2A 

[OMIM:193700], arthrogryposis, distal, type 2B [OMIM:601680]), SCO1 

[OMIM:603644] (hepatic failure, early onset, and neurologic disorder), 

TTC19 [OMIM:613814] (mitochondrial complex III deficiency, 

nuclear type 2 [OMIM:615157]), CPI [OMIM:119540] (cleft palate, 

isolated [OMIM:119540]), TNFRSF13B [OMIM:604907] 

(immunodeficiency, common variable, 2 [OMIM:240500], 

immunoglobulin A deficiency 2 [OMIM:609529]) 
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COX10 [OMIM:602125] (Leigh syndrome due to mitochondrial COX4 

deficiency [OMIM:256000], mitochondrial complex IV deficiency 

[OMIM:220110]) 

17q25.3 CCDC40 [OMIM:613799] (сiliary dyskinesia, primary, 15 [OMIM:613808]), 

GAA [OMIM:606800] (glycogen storage disease II [OMIM:232300]), EIF4A3 

[OMIM:608546] (Robin sequence with cleft mandible and limb anomalies 

[OMIM:268305]), CARD14 [OMIM:607211] (pityriasis rubra pilaris 

[OMIM:173200], psoriasis 2 [OMIM:602723]), SGSH [OMIM:605270] 

(mucopolysaccharidosis type IIIA (Sanfilippo A) [OMIM:252900]), ACTG1 

[OMIM:102560] (Baraitser-Winter syndrome 2 [OMIM:614583], deafness, 

autosomal dominant 20/26 [OMIM:604717]), FSCN2 [OMIM:607643] 

(retinitis pigmentosa 30 [OMIM:607921]), PDE6G [OMIM:180073] (retinitis 

pigmentosa 57 [OMIM:613582]), GCGR [OMIM:138033]({diabetes mellitus, 

noninsulin-dependent} [OMIM:125853]), P4HB [OMIM:176790] 

(Cole-Carpenter syndrome 1 [OMIM:112240]), ARHGDIA [OMIM:601925] 

(nephrotic syndrome, type 8 [OMIM:615244]), PYCR1 [OMIM:179035] 

(cutis laxa, autosomal recessive, type IIB [OMIM:612940], cutis laxa, 

autosomal recessive, type IIIB [OMIM:614438]), ASPSCR1 [OMIM:606236] 

(alveolar soft-part sarcoma [OMIM:606243]), DCXR [OMIM:608347] 

([pentosuria] [OMIM:260800]) CSNK1D [OMIM:600864] (advanced 

sleep-phase syndrome, familial, 2 [OMIM:615224])  

 

22q11.1q11.21 IL17RA [OMIM:605461] (candidiasis, familial, 5, autosomal recessive 

[OMIM:613953]), CECR2 [OMIM:607576], CECR1 [OMIM:607575] (Sneddon 

syndrome [OMIM:182410], polyarteritis nodosa, childhood-onset 

[OMIM:615688]), PEX26 [OMIM:608666] (peroxisome biogenesis disorder 

SCARF2 [OMIM:613619] (Van den Ende-Gupta syndrome 

[OMIM:600920]), PI4KA [OMIM:600286] (polymicrogyria, 

perisylvian, with cerebellar hypoplasia and arthrogryposis 

[OMIM:616531]), HCF2 [OMIM:142360] (thrombophilia due to 
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7A (Zellweger) [OMIM:614872], peroxisome biogenesis disorder 7B 

[OMIM:614873]), TUBA8 [OMIM:605742] (polymicrogyria with optic nerve 

hypoplasia [OMIM:613180]) 

heparin cofactor II deficiency [OMIM:612356]), SNAP29 

[OMIM:604202] (cerebral dysgenesis, neuropathy, ichthyosis, and 

palmoplantar keratoderma syndrome [OMIM:609528]), CRKL 

[OMIM:602007], LZTR1 [OMIM:600574] (Noonan syndrome 10 

[OMIM:616564], schwannomatosis-2, susceptibility to 

[OMIM:615670]) 

22q11.1q11.22 IL17RA [OMIM:605461] (candidiasis, familial, 5, autosomal recessive 

[OMIM:613953]), CECR1 [OMIM:607575] (Sneddon syndrome recessive 

[OMIM:182410], polyarteritis nodosa, childhood-onset [OMIM:615688]), 

PEX26 [OMIM:608666] (peroxisome biogenesis disorder 7A (Zellweger) 

[OMIM:614872], eroxisome biogenesis disorder 7B [OMIM:614873]), 

TUBA8 [OMIM:605742] (polymicrogyria with optic nerve hypoplasia 

[OMIM:613180]), PRODH [OMIM:606810] (hyperprolinemia, type I 

[OMIM:239500]), schizophrenia, susceptibility to, 4 [OMIM:600850]), 

RSPH14 [OMIM:605663], (Noonan syndrome 10 [OMIM:616564], 

schwannomatosis-2, susceptibility to [OMIM:615670], tetralogy of 

fallot [OMIM:187500], velocardiofacial syndrome [OMIM:192430]) 

22q11.1q11.23 XKR3 [OMIM:611674], IL17RA [OMIM:605461] (immunodeficiency 51 

[OMIM:613953]), CECR1 [OMIM:607575] (?Sneddon syndrome 

[OMIM:182410], polyarteritis nodosa, childhood-onset [OMIM:615688]), 

CECR2 [OMIM:607576], ATP6V1E1 [OMIM:108746] (cutis laxa, autosomal 

recessive, type IIC [OMIM:617402]), PEX26 [OMIM:608666] (peroxisome 

biogenesis disorder 7A (Zellweger) [OMIM:614872], peroxisome biogenesis 

disorder 7B [OMIM: 614873]), TUBA8 [OMIM:605742] (cortical dysplasia, 

complex, with other brain malformations 8 [OMIM:613180]) 

— 

Xp22.32p22.2 KAL1 [OMIM:300836] (hypogonadotropic hypogonadism 1 with or without 

anosmia (Kallmann syndrome 1) [OMIM:308700]), TBL1X [OMIM:300196] 

(Hypothyroidism, congenital, nongoitrous, 8) [OMIM:301033] 

NLGN4X [OMIM:300427] (mental retardation, X-linked 

[OMIM:300495], Asperger syndrome susceptibility, X-linked 2 

[OMIM:300497], autism susceptibility, X-linked 2 [OMIM:300495]), 
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Xp21.1p11.4 DMD [OMIM:300377](Becker muscular dystrophy [OMIM:300376], 

cardiomyopathy, dilated, 3B [OMIM:302045], Duchenne muscular 

dystrophy [OMIM:310200]) 

XK [OMIM:314850](McLeod syndrome with or without chronic 

granulomatous disease [OMIM:300842]), CYBB 

[OMIM:300481](chronic granulomatous disease, X-linked 

[OMIM:306400], immunodeficiency 34, mycobacteriosis, X-linked 

[OMIM:300645]), RPGR [OMIM:312610](cone-rod dystrophy, 

X-linked, 1 [OMIM: 304020], macular degeneration, X-linked 

atrophic [OMIM: 300834], retinitis pigmentosa 3 [OMIM: 300029], 

retinitis pigmentosa, X-linked, and sinorespiratory infections, with 

or without deafness [OMIM: 300455]), OTC 

[OMIM:300461](ornithine transcarbamylase deficiency [OMIM: 

311250]), TSPAN7 [OMIM:300096] (mental retardation, X-linked 58 

[OMIM: 300210]) 

 2 
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