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Abstract: Chromosome enumeration in interphase and metaphase cells using fluorescence 

in situ hybridization (FISH) is an established procedure for the rapid and accurate 

cytogenetic analysis of cell nuclei and polar bodies, the unambiguous gender 

determination, as well as the definition of tumor-specific signatures. Present bottlenecks in 

the procedure are a limited number of commercial, non-isotopically labeled probes that can 

be combined in multiplex FISH assays and the relatively high price and effort to develop 

additional probes. We describe a streamlined approach for rapid probe definition, synthesis 

and validation, which is based on the analysis of publicly available DNA sequence 

information, also known as “database mining”. Examples of probe preparation for the 
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human gonosomes and chromosome 16 as a selected autosome outline the probe selection 

strategy, define a timeline for expedited probe production and compare this novel selection 

strategy to more conventional probe cloning protocols. 

Keywords: molecular cytogenetics; chromosomes; heterochromatin; DNA repeats; data 

mining; fluorescence in situ hybridization; bacterial artificial chromosomes; DNA probes 

 

1. Introduction 

Errors during mitotic cell division may lead to chromosome mis-segregation. Aneuploid daughter 

cells can have severe consequences, not only for the affected cell, but for an organism as a whole. 

Examples of this detrimental effect are the failure of aneuploid oocytes to fertilize [1], a reduced rate 

of the nidation of zygotes [2], a higher rate of spontaneously aborted embryos carrying a maternally 

derived supernumerary chromosome 16 (Figure 1) or the devastating consequences of trisomies on the 

development of human fetuses [3–11], only few of which survive to pregnancy term [12,13]. 

Furthermore, aneuploidy is associated with poor prognosis in solid tumors. Spontaneous chromosome 

mis-segregation events in aneuploid cells promote chromosomal instability that may contribute to the 

acquisition of multidrug resistance in vitro [14]. Therefore, different clinical settings, ranging from  

in vitro fertilization (IVF) and pre-implantation genetic diagnosis (PGD), perinatal analysis involving 

fetal and newborn tissues and the analysis of children with unexplained clinical symptoms to cancer 

research, have utilized a method called ‘Fluorescence in situ hybridization (FISH)’. 

Figure 1. The percentage of chromosomal trisomies found in miscarriages (after Lathi et al., 

Fertility and Sterility, 2008 [15] with permission). 

 

In a nutshell, FISH is based on the formation of stable hybrids between DNA targets inside cells 

and labeled DNA probes molecules provided by the investigator [16]. The DNA probes can either be 

marked by a fluorochrome, which can then be detected in the microscope, or by a non-fluorescent, 
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non-isotopical hapten, most often biotin or digoxigenin, which is detected by a fluorescent moiety, 

such as fluorochrome-labeled avidin or antibodies against digoxigenin. Different probe types are 

available to suit particular applications: whole chromosome painting probes allow the delineation of  

inter-chromosomal translocations in metaphase spreads [17–19], while intra-chromosomal rearrangements 

are detected in metaphase or interphase cells with chromosome band-specific probes [20–23] or DNA 

probes targeting somewhat smaller, gene- or locus-specific regions [24–29].  

While FISH found widespread application in research laboratories, its acceptance in clinical settings 

is mostly hampered by a limited selection of commercially available, U.S. Federal Drug Administration 

(FDA)-approved tests and the typically labor-intensive, costly effort to produce DNA probes that 

perform well in multiplexed assays [30]. Our laboratories have an established track record of production 

of novel DNA probes and innovative cell assays, many of which have found their way into 

contemporary cancer research or PGD analysis [18,21,23,24,26,31–38]. To facilitate the broad 

distribution of molecular cytogenetic assays and make DNA probes, as well as multiplex FISH tests, 

available to the less experienced laboratory, we have undertaken probe production pilot studies, which 

take advantage of the vast resources generated in the course of the Human Genome Project, such as 

physical maps and recombinant DNA libraries.  

Our initial studies focused on the preparation of novel DNA probes for chromosome scoring or 

“enumeration” in interphase cell nuclei and metaphase spreads, since these seem to remain the most 

common applications in research and the clinic [30,39]. The vast majority of these chromosome 

enumerator probes (CEPs) target highly reiterated, tandemly-repeated DNA sequences in order to bind 

many copies of a rather small probe sequence to the target, which may be confined to a tightly localized 

area or volume. Different ways of isolating and purifying such DNA probes exist [31,37,38,40–45]. To 

the best of our knowledge, the procedures described in the present communication allow a laboratory 

with common equipment to prepare specific DNA probes in just a few days and, thus, represent the most 

efficient, rapid and cost-conscious approach to the generation of chromosome-specific DNA probes. 

2. Results and Discussion 

The development of probes that bind specifically to individual human chromosomes depends on the 

type of DNA repeat sequences identified on the target chromosome. Here, we will detail the 

approaches for preparation of probes for the human chromosomes Y, X and 16, since each of these 

chromosomes presented particular challenges.  

2.1. Hybridization Targets on the Human Gonosomes 

Two human gonosomes or “sex chromosomes” are carried in diploid cells as one copy each of the 

X- and Y-chromosome in male cells and two copies of the X-chromosome in female cells. In humans, 

where imprinting of gonosomal genes exists and dosage-compensation appears to exist for only a small 

subset of genes, the presence of an extra sex chromosome may lead to clinically recognizable 

phenotypes, including Turner and Klinefelter syndrome, hypogonadism, etc. [9,46,47]. Since gain or 

loss of a single gonosomes may not fully impair embryonic or fetal survival, prenatal screening 

procedures have kept a close watch on the sex chromosome make-up of cell specimens [48–50]. 
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2.2. Hybridization Targets for Enumeration of Human Chromosome 16  

As mentioned earlier, the high frequency of spontaneous abortions with trisomy 16 [15] prompted 

our probe development. We chose the large block of DNA satellite II as a target for our probe 

development, since this heterochromatic block represents a very highly reiterated sequence (Figure 2). 

Figure 2. Selection of chromosome 16-specific, satellite DNA-containing bacterial 

artificial chromosome (BAC) clones. Bioinformatic analysis using RepeatMasker [51] 

indicated a region of chromosome 16 (vertical red bar in dark section in chromosome 16 

ideogram, band 16q11.2 shown on top of the figure) that contains a dense assembly of 

tandemly repeated satellite DNA (blue box), but is free of other interspersed DNA repeats, 

which are not chromosome-specific. Four clones within this region were chosen for the 

present analysis (green arrows). 

 

The map positions of BAC discussed in this communication, as well as the BAC insert sizes and the 

Genbank accession numbers of insert end sequences, are listed in Table 1. The Y-specific BAC clone 

RP11-242E13 targets a highly repeated DNA sequence [52], while the X-specific clone RP11-294C12 

targets a cluster of repeated alpha satellite DNA [38]. Thus, this probe combination is expected to bind 

to multiple sites along the long arm of the human Y chromosome and throughout the centromeric 

region of the X chromosome [31,38].  
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Table 1. Selection of BAC clones specific for satellite-rich regions of chromosomes X, Y and 16. 

BAC Chr. Band Start (bp) * End (bp) * Insert (bp) 
BAC End Sequence 
Accession Number 

RP11-242E13 Y q12 multiple multiple 98295 AC068123 
RP11-348G24 X p11.1 58,356,061 58,564,667 208607 AQ528470, AQ528473 
RP11-88G23 16 q11.2 46,385,822 46,412,445 26624 AQ285754, AQ285753 
RP11-246K16 16 q11.2 46,385,808 46,412,485 26678 AQ478385,AQ478388 
RP11-416F8 16 q11.2 46,385,808 46,412,485 26678 AQ551230, AQ661227 
RP11-486E19 16 q11.2 46,385,921 46,412,470 26550 AQ629869, AQ629871 

Note: * Data obtained from the National Center for Biotechnology Information (NCBI), National Institute of 

Health, mapviewer page, Build 37.2. 

The probes for the human X and Y chromosome labeled with digoxigenin and Spectrum Green, 

respectively, were used in a dual color FISH experiments. After incubation of the slide with 

rhodamine-conjugated antibodies against digoxigenin (Roche Molecular), the results showed 

unambiguous labeling of the target region on metaphase chromosomes and the expected number of red 

or green signals (Figure 3).  

Figure 3. Results of in situ hybridization of chromosome X and Y BAC probes. (A) Dual 

color hybridization showing highly specific signals on the X (red) and Y (green) 

chromosomes in metaphase cells. The two diploid interphase cell nuclei from a normal 

male donor show the expected pair of single signals. (B) The approximate locations of the 

hybridization targets shown along ideograms of the human X and Y chromosomes. 

 

Results of the in situ hybridization of BAC-derived probes for chromosome 16 is shown in  

Figures 4 and 5 using metaphase spreads and tissue sections, respectively. Since the four selected 

probes showed virtually identical hybridization patterns, only one example is displayed here. 
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Figure 4. Results of in situ hybridization of a chromosome 16 BAC probe on metaphase 

spreads of ‘normal’ cells. (A) The dual color FISH results showing a normal diploid metaphase 

spread. The DAPI DNA counterstain is shown in gray; (B) Schematic diagram illustrating the 

relative positions of the chromosome 16 whole chromosome painting probe (Coatasome-16, 

Oncor) and the biotinylated DNA repeat probe prepared from BAC RP11-486E19 (detected 

with avidin-FITC, green). 

 

Figure 5. Hybridization of the chromosome 16-specific DNA probe to 8 µm thick tissue 

sections cut from human placenta tissue. (A) Without proteolytic pretreatment, tissue 

sections stored for about eight years at ambient temperature showed a large amount of 

unspecific probe binding; (B) A combined RNAse/pepsin pretreatment eliminated 

unspecific binding, thus greatly facilitating signal enumeration. 

 
  



Int. J. Mol. Sci. 2013, 14 63 

 

 

2.3. Clinical Perspective 

Chromosomal aberrations are very frequently seen in human oocytes and embryos and are often 

responsible for poor pregnancy outcomes in natural, as well as assisted, conceptions [13].  

Chromosome 16 trisomy carries specific significance, as it is considered the most common 

aneuploidy at conception [53], with an incidence of ~1.5% in all clinically recognized pregnancies [12]. 

Trisomy 16, arising from new non-disjunctional events, is the most common cause of sporadic first 

trimester miscarriage (Figure 1) and generally not compatible with life [54]. And, as the rate of 

trisomies increases with maternal age, the proportion of miscarriages with numeric chromosomal 

errors, such as trisomy 16, increases the older the mother is [55]. 

In assisted conception, i.e., in vitro fertilization (IVF) and intracytoplasmatic sperm injection 

(ICSI), trisomy 16 or mosaic trisomy 16 in pre-implantation embryos are responsible for implantation 

failure, developmental arrest and miscarriage. Here, pre-implantation genetic diagnosis (PGD) 

represents a significant scientific advance for couples at risk of having children with heritable and 

debilitating genetic diseases. For couples who carry a balanced chromosomal translocation [25,56,57], 

PGD significantly decreases the risk of spontaneous miscarriage and significantly increases live-birth 

rates [58,59]. The technique described in this communication can be adapted to detect balanced 

translocations, when required by parents faced with such a problem. PGD algorithms often also 

include important new technologies, such as arrayCGH, for the detection of aneuploidy, balanced 

translocations and other chromosome anomalies [59]. 

Pre-implantation embryos not only present meiotically derived aneuploidy, but also post-zygotic 

chromosome segregation errors in the cleavage stage [56]. Mitotic chromosome mal-segregation may 

lead to exaggerated mosaicism, with a minority of embryos displaying a mixture of normal and 

aneuploid cells and most mosaic embryos presenting two or more abnormal cell lineages. Some 

embryos show failure of cellular mechanisms that control accurate chromosome segregation, becoming 

karyotypically unstable or “chaotic mosaics” [56,60]. Aneuploidy screening for embryo selection in 

assisted conception is developing fast, as it translates into improved clinical outcomes for infertile 

patients [61–63].  

3. Experimental Section 

3.1. Choosing DNA Probes That Bind to Specific Human Chromosomes 

3.1.1. Selection of Probes for Satellite-Rich Regions of Human Chromosomes 16 and X 

The UCSC Genome Browser GRCh37/hg19, built February 2009, was used to identify bacterial 

artificial chromosome (BAC) clones with high satellite DNA content in the non-centromeric and  

non-telomeric regions of the short and long arms of human chromosomes 16, X and Y [38]. The 

graphic user interface was set to display BAC end pairs and repeat DNA elements. A region with high 

satellite content was identified from which BAC probes were then chosen (i.e., chromosome 16: 

46,385,500 bp-46,457,245 bp, chromosome X: 58,232,531 bp-61,922,800 bp). 
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3.1.2. Determining the Target Sequence on the Y Chromosome  

The nucleic acid sequence used for data mining was defined in our previous studies on in vitro 

DNA amplification of Y chromosome-specific DNA repeat sequences. Specifically, we designed pairs 

of oligonucleotide primers to amplify stretches of 124 bp from the 3.6 kb pentanucleotide DNA repeat 

described by Nakahori et al. (DYZ1, Genbank accession number X06228) [31,52]. Primer annealing 

sites were chosen to have minimal homology with the human satellite III DNA repeat consensus 

sequence “TTCCA” [64,65]. Blood samples from six normal human volunteers were used to validate 

the Y chromosome-specific PCR assay [66,67]. 

Serial cell dilution experiments and artificial mixing of flow-sorted Y chromosome  

carrying cells in predetermined aliquots of white blood cells from female donors determined  

that the primer combination WYR 4 (5’-GAACCGTACGATTCCATTCCTTTTGAA-3’)–WYR 6  

(5’-TTCCATTCCATTCCATTCCTTTCCTTT-3’), amplifying a 248 bp DNA fragment corresponding 

to position 2965-3212 in Genbank accession number X06228, was sufficiently specific to detect a 

single male cell in the background of 1 million female cells [68]. Samples comprised entirely of female 

cells did not yield this product [66,67]. 

3.1.3. Identifying a DNA Probe for the Target Sequence of Chromosome Y 

We screened the human genome nucleotide DNA database at the NCBI for homologous sequences 

using one of the most widely used bioinformatics programs, Basic Local Alignment Search Tool 

(BLAST) [69]. The BLAST approach to rapid sequence comparison directly approximates alignments 

that optimize a measure of local similarity, the maximal segment pair score. The basic algorithm is 

simple, robust and versatile; it can be implemented in a number of ways and applied in a variety of 

contexts, including straightforward DNA and protein sequence database searches, motif searches,  

gene identification searches and in the analysis of multiple regions of similarity in long DNA 

sequences [69,70]. 

Execution of the BLAST querying the human genome database with the 27-nucleotide (nt) 

sequence “ATTCCGTACGATTCCATTCCTTTTGAA” from position 3089-3115 of the human  

Y-specific 3564 bp repeat (Genbank accession number X06228), performed at the NCBI web site [71], 

retrieved multiple hits. Parameters were set to identify clones with a range of levels of nucleic acid 

homology (setting: “Optimize for somewhat similar sequences”, (BLASTn)). 

3.2. Fluorescence in situ Hybridization 

Individual BAC clones were grown overnight in up to 10 mL of Luria broth (LB) medium 

containing 12.5 μg/mL chloramphenicol (Sigma, St. Louis, MO, USA), and the DNA was isolated 

using a ZR BAC DNA Miniprep Kit (Zymo Research, Irvine, CA, USA). For the preparation of DNA 

pools, clones were grown individually and pooled prior to DNA isolation. The isolation of high 

molecular weight BAC DNAs was confirmed on 1% agarose gels and quantitated by spectrophotometry 

(Nanodrop 2000, Thermo Scientific, Wilmington, DE, USA). Probe DNAs were labeled with  

biotin-14-dCTP (part of the BioPrime kit, Invitrogen, La Jolla, CA, USA), digoxigenin-11-dUTP 

(Roche Diagnostics, Indianapolis, IN, USA) or Spectrum Green-dUTP (Abbott, Downers Grove, IL, 
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USA) by random priming using a commercial kit (BioPrime Kit, Invitrogen) [23]. When incorporating 

fluorochrome-labeled deoxynucleoside triphosphates, such as Spectrum Green-dUTP, the dTTP to 

dUTP ratio in the reaction was adjusted to 2:1 [26,72–74]. 

Between 0.5 µL and 1 µL of each probe, along with of 0.25 µL human COT1™ DNA (1 mg/mL, 

Invitrogen) and 0.25 µL salmon sperm DNA (20 mg/mL, 3'-5', Boulder, CO), were added to 3.9 µL of 

hybridization master mix (50% formamide (FA), 20% dextran sulfate, in 2 × SSC and 50mM phosphate 

buffer pH 7.0) in a total volume of 6.9 µL. Hybridization and detection of bound probes followed our 

published procedures [37,44,75,76]. Biotinylated and digoxigenin-labeled probes were detected with 

avidin-fluorescein isothiocyanate (FITC) (Vector, Burlingame, CA, USA; green fluorescence) and 

rhodamine-conjugated antibodies against digoxigenin (Roche Diagnostics; red fluorescence). 

3.3. Pretreatment of Tissue Sections with RNase and Pepsin 

A pretreatment of the slides with RNase and pepsin followed by post-fixation with formalin buffer 

was required to reduce the background. Slides were soaked in 2 × SSC for 5 min at 21 °C on a shaking 

platform (20 × SSC is 3 M sodium chloride and 300mM tri-sodium citrate, pH 7.0). Slides were then 

placed into a Coplin jar with RNase solution (RNase solution: 50 µg/mL in 2 × SSC) and incubated for 

15 min at 37 °C, then washed with 2 × SSC for 3 min on a shaker. Tissue sections were then treated 

with pepsin-buffer at 37 °C for 20 min (without agitation) (pepsin buffer: freshly prepared 50 µg/mL 

pepsin in 0.01 M HCl, pre-warmed to 37 °C). Sections were then washed twice for 5 min with 50 mM 

MgCl2 (in 1 × PBS) at 21 °C before they were dehydrated in an ethanol series (70%, 85%, 100%;  

3 min each) and air dried. 

3.4. Image Acquisition and Analysis 

Fluorescence microscopy was performed on a Zeiss Axioskop or Axiovert.A1 microscope  

(Carl Zeiss GmbH, Oberkochen, Germany) equipped with a quadruple filter set for single wavelength 

excitation and observation of either DAPI, FITC, Texas Red/rhodamine/Cy3.5 or Cy5/Cy5.5 

fluorescence (84000v2 Quad, ChromaTechnology, Brattleboro, VT, USA). Images were collected using 

an Axiocam HR camera (Carl Zeiss GmbH), and image processing was done using the Axiovision 

software (Carl Zeiss GmbH) or Photoshop software (Adobe, Inc., Mountain View, CA, USA). 

4. Conclusions 

For the fetal medicine specialist and neonatologists, greater clinical significance lies with the few 

embryos carrying a rare trisomy 16 mosaic aberration, which do not die in utero. “Confined placental 

mosaicism” (CPM) is used to describe trisomy 16 mosaicism, as the trisomic cells are predominantly 

confined to the placenta [46,77,78]. CPM mosaicism for trisomy 16 diagnosed at amniocentesis or 

chorion villous biopsy can bear a great dilemma for genetic counseling, as the pregnancy outcome is 

overall poor, but difficult to predict [53,54]. Among the fetuses reaching viability, up to 45% have at 

least one malformation, predominantly congenital heart defects, but also pulmonary, genitourinary, 

gastrointestinal or craniofacial anomalies. There is a significant increased risk of severe intrauterine 

growth restriction and preterm delivery, with consecutively high perinatal morbidity and mortality [79]. 
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Irrespective of the clinical context, this state-of-the-art technique for identification, preparation and 

hybridization of FISH probes has the potential to take the feasibility and applicability of clinical 

investigations utilizing chromosome-specific DNA repeats to a whole new level [7,30]. At last, routine 

testing, as well as larger-scale studies, can be affordable, reliably delivered and readily adapted by 

smaller, clinical, non-academic laboratories. 

In addition, since cells deriving from a failed trisomy 16 pregnancy are unique and readily 

identifiable, it would be feasible and of interest to use tailor-made probes, as described in this 

communication, to search for persistent fetal cells in maternal peripheral blood. The fate of these cells 

or, indeed, their significance is not yet understood.  

It is important to note that the use of BAC clones for probe preparation is significantly faster and 

more efficient than the preparation of probes from yeast artificial chromosomes [80]. In our experience, 

the clones can be grown much faster, and BAC-derived probes need little or no optimization, so that 

the cycle from probe selection to hybridization results is reduced to less than half the time [45]. 

Acknowledgements 

The skillful assistance of guests and staff of the Weier laboratory, LBNL, is gratefully 

acknowledged. This work was supported in part by a grant from the Leonard Rosenman Fund (BOB) 

and NIH grants CA123370, HD45736, CA132815 and CA136685 (HUW), carried out at the Earnest 

Orlando Lawrence Berkeley National Laboratory, under contract DE-AC02-05CH11231. 

Disclaimer 

This document was prepared as an account of work sponsored by the United States Government. 

While this document is believed to contain correct information, neither the United States Government 

nor any agency thereof, nor The Regents of the University of California, nor any of their employees, 

makes any warranty, express or implied, or assumes any legal responsibility for the accuracy, 

completeness, or usefulness of any information, apparatus, product, or process disclosed, or represents 

that its use would not infringe privately owned rights. Reference herein to any specific commercial 

product, process, or service by its trade name, trademark, manufacturer, or otherwise, does not 

necessarily constitute or imply its endorsement, recommendation, or favoring by the United States 

Government or any agency thereof, or The Regents of the University of California. The views and 

opinions of authors expressed herein do not necessarily state or reflect those of the United States 

Government or any agency thereof, or The Regents of the University of California. 

Conflict of Interest 

The authors declare no conflict of interest. 

References 

1. Weier, H.U.; Weier, J.F.; Renom, M.O.; Zheng, X.; Colls, P.; Nureddin, A.; Pham, C.D.;  

Chu, L.W.; Racowsky, C.; Munne, S. Fluorescence in situ hybridization and spectral imaging 

analysis of human oocytes and first polar bodies. J. Histochem. Cytochem. 2005, 53, 269–272. 



Int. J. Mol. Sci. 2013, 14 67 

 

 

2. Magli, M.C.; Gianaroli, L.; Crippa, A.; Munne, S.; Robles, F.; Ferraretti, A.P. Aneuploidies of 

chromosomes 1, 4, and 6 are not compatible with human embryos’ implantation. Fertil. Steril. 

2010, 94, 2012–2016. 

3. Kohn, G.; Ornoy, A.; Ben-Tsur, Z.; Sadovsky, E.; Cohen, M.M. Successive spontaneous abortions 

with diverse chromosomal aberrations in human translocation heterozygote. Teratology 1975, 12, 

283–289. 

4. Hook, E.B.; Schreinemachers, D.M.; Willey, A.M.; Cross, P.K. Rates of mutant structural 

chromosome rearrangements in human fetuses: Data from prenatal cytogenetic studies and 

associations with maternal age and parental mutagen exposure. Am. J. Hum. Genet. 1983, 35,  

96–109. 

5. Callen, D.F.; Ringenbergs, M.L.; Fowler, J.C.; Freemantle, C.J.; Haan, E.A. Small marker 

chromosomes in man: Origin from pericentric heterochromatin of chromosomes 1, 9, and 16.  

J. Med. Genet. 1990, 27, 155–159. 

6. Benadiva, C.A.; Kligman, I.; Munne, S. Aneuploidy 16 in human embryos increases significantly 

with maternal age. Fertil. Steril. 1996, 66, 248–255. 

7. Munne, S.; Magli, C.; Bahce, M.; Fung, J.; Legator, M.; Morrison, L.; Cohert, J.; Gianaroli, L. 

Preimplantation diagnosis of the aneuploidies most commonly found in spontaneous abortions 

and live births: XY, 13, 14, 15, 16, 18, 21, 22. Prenat. Diagn. 1998, 18, 1459–1466. 

8. Starke, H.; Nietzel, A.; Weise, A.; Heller, A.; Mrasek, K.; Belitz, B.; Kelbova, C.; Volleth, M.; 

Albrecht, B.; Mitulla, B.; et al. Small supernumerary marker chromosomes (SMCs):  

Genotype-phenotype correlation and classification. Hum. Genet. 2003, 114, 51–67. 

9. Pflueger, S.M.V. Cytogenetics of spontaneous abortion. In The Principles of Clinical Cytogenetics, 

2nd ed.; Gersen, S.L., Keagle, M.B., Eds.; Humana Press Inc.: Totowa, NJ, USA, 2005; pp. 323–345. 

10. Malmanche, N.; Maia, A.; Sunkel, C.E. The spindle assembly checkpoint: Preventing 

chromosome mis-segregation during mitosis and meiosis. FEBS Lett. 2006, 580, 2888–2895. 

11. Colls, P.; Silver, L.; Olivera, G.; Weier, J.; Escudero, T.; Goodall, N.; Tomkin, G.; Munne, S. 

Preimplantation genetic diagnosis for gender selection in the USA. Reprod. Biomed. Online 2009, 

19, 16–22. 

12. Hassold, T.J.; Jacobs, P.A. Trisomy in man. Annu. Rev. Genet. 1984, 18, 69–97. 

13. Hassold, T.J. Chromosome abnormalities in human reproductive wastage. Trends Genet. 1986, 

105–110. 

14. Lee, A.J.; Endesfelder, D.; Rowan, A.J.; Walther, A.; Birkbak, N.J.; Futreal, P.A.; Downward, J.; 

Szallasi, Z.; Tomlinson, I.P.; Howell, M.; et al. Chromosomal instability confers intrinsic 

multidrug resistance. Cancer Res. 2011, 71, 1858–1870. 

15. Lathi, R.B.; Westphal, L.M.; Milki, A.A. Aneuploidy in the miscarriages of infertile women and 

the potential benefit of preimplanation genetic diagnosis. Fertil. Steril. 2008, 89, 353–357. 

16. Lichter, P.; Ward, D.C. Is non-isotopic in situ hybridization finally coming of age? Nature 1990, 

345, 93–94. 

17. Weier, H.U.; Lucas, J.N.; Poggensee, M.; Segraves, R.; Pinkel, D.; Gray, J.W. Two-color 

hybridization with high complexity chromosome-specific probes and a degenerate alpha satellite 

probe DNA allows unambiguous discrimination between symmetrical and asymmetrical 

translocations. Chromosoma 1991, 100, 371–376. 



Int. J. Mol. Sci. 2013, 14 68 

 

 

18. Weier, H.-U.; Pinkel, D.; Gray, J.W. Whole-chromosome complementary probe fluorescence 

staining. In Molecular Biology and Biotechnology, Meyers, R.A., Ed.; VCH Verlagsgesellschaft: 

Weinheim, Germany, 1995; pp. 965–968. 

19. Zitzelsberger, H.; Bruch, J.; Smida, J.; Hieber, L.; Peddie, C.M.; Bryant, P.E.; Riches, A.C.; Fung, J.; 

Weier, H.U.; Bauchinger, M. Clonal chromosomal aberrations in simian virus 40-transfected 

human thyroid cells and in derived tumors developed after in vitro irradiation. Int. J. Cancer 2001, 

96, 166–177. 

20. Liehr, T.; Weise, A.; Heller, A.; Starke, H.; Mrasek, K.; Kuechler, A.; Weier, H.U.; Claussen, U. 

Multicolor chromosome banding (MCB) with YAC/BAC-based probes and region-specific 

microdissection DNA libraries. Cytogenet. Genome Res. 2002, 97, 43–50. 

21. Zitzelsberger, H.; O’Brien, B.; Weier, H.U. Multicolor FISH techniques for the detection of  

inter- and intrachromosomal rearrangements. In FISH Technology; Rautenstrauss, B., Liehr, T., 

Eds.; Springer Verlag: Heidelberg, Germany, 2002; pp. 408–424. 

22. Liehr, T.; Nietzel, A.; Starke, H.; Heller, A.; Weise, A.; Kuechler, A.; Senger, G.; Ebner, S.; 

Martin, T.; Stumm, M.; et al. Characterization of small marker chromosomes (SMC) by recently 

developed molecular cytogenetic approaches. J. Assoc. Genet. Technol. 2003, 29, 5–10. 

23. O’Brien, B.; Jossart, G.H.; Ito, Y.; Greulich-Bode, K.M.; Weier, J.F.; Munne, S.; Clark, O.H.; 

Weier, H.U.G. Chromosomal Rainbows’ detect oncogenic rearrangements of signaling molecules 

in thyroid tumors. Open Cell Signal. J. 2010, 2, 13–21. 

24. Jossart, G.H.; O’Brien, B.; Cheng, J.F.; Tong, Q.; Jhiang, S.M.; Duh, Q.; Clark, O.H.; Weier, H.U. 

A novel multicolor hybridization scheme applied to localization of a transcribed sequence 

(D10S170/H4) and deletion mapping in the thyroid cancer cell line TPC-1. Cytogenet. Cell Genet. 

1996, 75, 254–257. 

25. Cassel, M.J.; Munne, S.; Fung, J.; Weier, H.U. Carrier-specific breakpoint-spanning DNA probes: 

An approach to preimplantation genetic diagnosis in interphase cells. Hum. Reprod. 1997, 12, 

2019–2027. 

26. Weier, H.U.; Rhein, A.P.; Shadravan, F.; Collins, C.; Polikoff, D. Rapid physical mapping of the 

human trk protooncogene (NTRK1) to human chromosome 1q21-q22 by P1 clone selection, 

fluorescence in situ hybridization (FISH), and computer-assisted microscopy. Genomics 1995, 26, 

390–393. 

27. Greulich, K.M.; Kreja, L.; Heinze, B.; Rhein, A.P.; Weier, H.G.; Bruckner, M.; Fuchs, P.;  

Molls, M. Rapid detection of radiation-induced chromosomal aberrations in lymphocytes and 

hematopoietic progenitor cells by mFISH. Mutat. Res. 2000, 452, 73–81. 

28. Greulich-Bode, K.M.; Wang, M.; Rhein, A.P.; Weier, J.F.; Weier, H.U. Validation of DNA 

probes for molecular cytogenetics by mapping onto immobilized circular DNA. Mol. Cytogenet. 

2008, 1, 28.  

29. Chen, X.N.; Korenberg, J.R. BAC resource for molecular cytogenetics. Methods Mol. Biol. 2002, 

204, 391–403. 

30. Munne, S.; Howles, C.M.; Wells, D. The role of preimplantation genetic diagnosis in diagnosing 

embryo aneuploidy. Curr. Opin. Obstet. Gynecol. 2009, 21, 442–449. 

31. Weier, H.U.; Segraves, R.; Pinkel, D.; Gray, J.W. Synthesis of Y chromosome-specific labeled 

DNA probes by in vitro DNA amplification. J. Histochem. Cytochem. 1990, 38, 421–426. 



Int. J. Mol. Sci. 2013, 14 69 

 

 

32. Munne, S.; Grifo, J.; Cohen, J.; Weier, H.U. Chromosome abnormalities in human arrested 

preimplantation embryos: A multiple-probe FISH study. Am. J. Hum. Genet. 1994, 55, 150–159. 

33. Weier, H.U.; Polikoff, D.; Fawcett, J.J.; Greulich, K.M.; Lee, K.H.; Cram, S.; Chapman, V.M.; 

Gray, J.W. Generation of five high-complexity painting probe libraries from flow-sorted mouse 

chromosomes. Genomics 1994, 21, 641–644. 

34. Munne, S.; Sultan, K.M.; Weier, H.U.; Grifo, J.A.; Cohen, J.; Rosenwaks, Z. Assessment of 

numeric abnormalities of X, Y, 18, and 16 chromosomes in preimplantation human embryos 

before transfer. Am. J. Obstet. Gynecol. 1995, 172, 1191–1199. 

35. Munne, S.; Weier, H.U. Simultaneous enumeration of chromosomes 13, 18, 21, X, and Y in interphase 

cells for preimplantation genetic diagnosis of aneuploidy. Cytogenet. Cell Genet. 1996, 75, 263–270. 

36. Weier, H.U.; Tuton, T.B.; Ito, Y.; Chu, L.W.; Lu, C.M.; Baumgartner, A.; Zitzelsberger, H.F.; 

Weier, J.F. Molecular cytogenetic characterization of chromosome 9-derived material in a human 

thyroid cancer cell line. Cytogenet. Genome Res. 2006, 114, 284–291. 

37. Lu, C.M.; Kwan, J.; Baumgartner, A.; Weier, J.F.; Wang, M.; Escudero, T.; Munne, S.; 

Zitzelsberger, H.F.; Weier, H.U. DNA probe pooling for rapid delineation of chromosomal 

breakpoints. J. Histochem. Cytochem. 2009, 57, 587–597. 

38. Zeng, H.; Weier, H.U.G.; Kwan, J.; Wang, M.; O’Brien, B. Data mining empowers the generation of a 

novel class of chromosome-specific DNA probes. J. Data Min. Genomics Proteomics 2011, 2, 108. 

39. Christensen, B.; Bryndorf, T.; Philip, J.; Lundsteen, C.; Hansen, W. Rapid prenatal diagnosis of 

trisomy 18 and triploidy in interphase nuclei of uncultured amniocytes by non-radioactive in situ 

hybridization. Prenat. Diagn. 1992, 12, 241–250. 

40. Waye, J.S.; Durfy, S.J.; Pinkel, D.; Kenwrick, S.; Patterson, M.; Davies, K.E.; Willard, H.F. 

Chromosome-specific alpha satellite DNA from human chromosome 1: Hierarchical structure and 

genomic organization of a polymorphic domain spanning several hundred kilobase pairs of 

centromeric DNA. Genomics 1987, 1, 43–51. 

41. Waye, J.S.; Willard, H.F. Concerted evolution of alpha satellite DNA: Evidence for species 

specificity and a general lack of sequence conservation among alphoid sequences of higher 

primates. Chromosoma 1989, 98, 273–279. 

42. Weier, H.U.; Kleine, H.D.; Gray, J.W. Labeling of the centromeric region on human chromosome 

8 by in situ hybridization. Hum. Genet. 1991, 87, 489–494. 

43. Weier, H.U.; Gray, J.W. A degenerate alpha satellite probe, detecting a centromeric deletion on 

chromosome 21 in an apparently normal human male, shows limitations of the use of satellite 

DNA probes for interphase ploidy analysis. Anal. Cell. Pathol. 1992, 4, 81–86. 

44. Baumgartner, A.; Weier, J.F.; Weier, H.U. Chromosome-specific DNA repeat probes.  

J. Histochem. Cytochem. 2006, 54, 1363–1370. 

45. Lu, C.M.; Kwan, J.; Weier, J.F.; Baumgartner, A.; Wang, M.; Escudero, T.; Munne, S.;  

Weier, H.U. Rapid mapping of chromosomal breakpoints: from blood to BAC in 20 days.  

Folia Histochem. Cytobiol. 2009, 47, 367–375. 

46. Kalousek, D.K. Pathogenesis of chromosomal mosaicism and its effect on early human 

development. Am. J. Med. Genet. 2000, 91, 39–45. 

47. Guze, C. Human genetics-chromosome abnormalities. Carol’s Classroom Website. Available online: 

http://www.carolguze.com/text/442–5-chromosome_abnormalities.shtml (accessed on 13 April 2011). 



Int. J. Mol. Sci. 2013, 14 70 

 

 

48. Philip, J.; Bryndorf, T.; Christensen, B. Prenatal aneuploidy detection in interphase cells by 

fluorescence in situ hybridization (FISH). Prenat. Diagn. 1994, 14, 1203–1215. 

49. Bryndorf, T. Development and clinical studies of in situ hybridization techniques in prenatal 

diagnosis. Dan. Med. Bull. 1998, 45, 298–312. 

50. Bryndorf, T.; Lundsteen, C.; Lamb, A.; Christensen, B.; Philip, J. Rapid prenatal diagnosis of 

chromosome aneuploidies by interphase fluorescence in situ hybridization: A one-year clinical 

experience with high-risk and urgent fetal and postnatal samples. Acta Obstet. Gynecol. Scand. 

2000, 79, 8–14. 

51. Tarailo-Graovac, M.; Chen, N. Using RepeatMasker to identify repetitive elements in genomic 

sequences. Curr. Protoc. Bioinformatics 2009, 25, doi:10.1002/0471250953.bi0410s05.  

52. Nakahori, Y.; Mitani, K.; Yamada, M.; Nakagome, Y. A human Y-chromosome specific repeated 

DNA family (DYZ1) consists of a tandem array of pentanucleotides. Nucleic Acids Res. 1986, 14, 

7569–7580. 

53. Wolstenholme, J. An audit of trisomy 16 in man. Prenat. Diagn. 1995, 15, 109–121. 

54. Gardner, R.J.M.; Sutherland, G.R. Chromosome Abnormalities and Genetic Counseling, 2nd ed.; 

Oxford University Press: New York, NY, USA, 1996; pp. 59–190.  

55. Ancel, P.Y.; Saurel-Cubizolles, M.J.; Di Renzo, G.C.; Papiernik, E.; Breart, G. Risk factors for 

14–21 week abortions: A case-control study in Europe. The Europop Group. Hum. Reprod. 2000, 

15, 2426–2432. 

56. Delhanty, J.D.; Harper, J.C.; Ao, A.; Handyside, A.H.; Winston, R.M. Multicolour FISH detects 

frequent chromosomal mosaicism and chaotic division in normal preimplantation embryos from 

fertile patients. Hum. Genet. 1997, 99, 755–760. 

57. Weier, H.U.; Munne, S.; Fung, J. Patient-specific probes for preimplantation genetic diagnosis of 

structural and numerical aberrations in interphase cells. J. Assist. Reprod. Genet. 1999, 16, 182–191. 

58. Verlinsky, Y.; Tur-Kaspa, I.; Cieslak, J.; Bernal, A.; Morris, R.; Taranissi, M.; Kaplan, B.;  

Kuliev, A. Preimplantation testing for chromosomal disorders improves reproductive outcome of  

poor-prognosis patients. Reprod. Biomed. Online 2005, 11, 219–225. 

59. Munné, S. Preimplantation genetic diagnosis for aneuploidy and translocations using array 

comparative genomic hybridization. Curr. Genomics 2012, 13, 463–470. 

60. Practice Committee of Society for Assisted Reproductive Technology and Practice Committee of 

American Society for Reproductive Medicine. Preimplantation genetic testing: A Practice 

Committee opinion. Fertil. Steril. 2007, 88, 1497–1504. 

61. Soini, S.; Ibarreta, D.; Anastasiadou, V.; Ayme, S.; Braga, S.; Cornel, M.; Coviello, D.A.;  

Evers-Kiebooms, G.; Geraedts, J.; Gianaroli, L.; et al. The interface between assisted reproductive 

technologies and genetics: Technical, social, ethical and legal issues. Eur. J. Hum. Genet. 2006, 

14, 588–645. 

62. Otani, T.; Roche, M.; Mizuike, M.; Colls, P.; Escudero, T.; Munne, S. Preimplantation genetic 

diagnosis significantly improves the pregnancy outcome of translocation carriers with a history of 

recurrent miscarriage and unsuccessful pregnancies. Reprod. Biomed. Online 2006, 13, 869–874. 

63. Fiorentino, F.; Kokkali, G.; Biricik, A.; Stavrou, D.; Ismailoglu, B.; de Palma, R.; Arizzi, L.; 

Harton, G.; Sessa, M.; Pantos, K. Polymerase chain reaction-based detection of chromosomal 



Int. J. Mol. Sci. 2013, 14 71 

 

 

imbalances on embryos: The evolution of preimplantation genetic diagnosis for chromosomal 

translocations. Fertil. Steril. 2010, 94, 2001–2011. 

64. Cooke, H.J.; Hindley, J. Cloning of human satellite III DNA: Different components are on 

different chromosomes. Nucleic Acids Res. 1979, 6, 3177–3197. 

65. Cooke, H.J.; McKay, R.D. Evolution of a human Y chromosome-specific repeated sequence. Cell 

1978, 13, 453–460. 

66. Weier, H.U.; Reitsma, M.; Gray, J.W. Detection of fetal cells by in vitro DNA amplification. 

Analyt. Cell. Pathol. 1989, 1, 313. 

67. Weier, H.U.; Reitsma, M.; Gray, J.W. Detection of fetal cells by in vitro DNA amplification. In 

Advances in Analytical Cellular Pathology: Proceedings of the First Conference of the European 

Society for Analytical Cellular Pathology, Schloss Elmau, F.R.G.; Burger, G., Oberholzer, M., 

Vooijs, G.P. Eds.; Elsevier Science Publishers: Amsterdam, The Netherlands, 1990; pp. 105–106. 

68. Gray, J.W.; Weier, H.-U. Y chromosome specific nucleic acid probe and method for determining 

the Y in situ. U.S. Patent 6300066, 9 October 2001. 

69. Altschul, S.F.; Gish, W.; Miller, W.; Myers, E.W.; Lipman, D.J. Basic local alignment search tool.  

J. Mol. Biol. 1990, 215, 403–410. 

70. Altschul, S.F.; Madden, T.L.; Schaffer, A.A.; Zhang, J.; Zhang, Z.; Miller, W.; Lipman, D.J. 

Gapped BLAST and PSI-BLAST: A new generation of protein database search programs.  

Nucleic Acids Res. 1997, 25, 3389–3402. 

71. NCBI/BLAST Home Page. Available online: http://ncbi.nih.gov/blast (accessed on 14 December 2012). 

72. Weier, H.U. Quantitative DNA fiber mapping. Methods Cell Biol. 2001, 64, 33–53. 

73. Weier, H.U.; Wang, M.; Mullikin, J.C.; Zhu, Y.; Cheng, J.F.; Greulich, K.M.; Bensimon, A.; 

Gray, J.W. Quantitative DNA fiber mapping. Hum. Mol. Genet. 1995, 4, 1903–1910. 

74. Fung, J.; Hyun, W.; Dandekar, P.; Pedersen, R.A.; Weier, H.U. Spectral imaging in 

preconception/preimplantation genetic diagnosis of aneuploidy: Multicolor, multichromosome 

screening of single cells. J. Assist. Reprod. Genet. 1998, 15, 323–330. 

75. Fung, J.; Weier H.U.; Pedersen, R.A.; Zitzelsberger, H. Spectral imaging analysis of metaphase 

and interphase cells. In FISH Technology; Rautenstrauss, B., Liehr, T., Eds.; Springer Verlag: 

Heidelberg, Germany, 2002; pp. 363–387. 

76. Kwan, J.; Baumgartner, A.; Lu, C.M.; Wang, M.; Weier, J.F.; Zitzelsberger, H.F.; Weier, H.U. 

BAC-FISH assays delineate complex chromosomal rearrangements in a case of post-Chernobyl 

childhood thyroid cancer. Folia Histochem. Cytobiol. 2009, 47, 135–142. 

77. Kalousek, D.K.; Vekemans, M. Confined placental mosaicism. J. Med. Genet. 1996, 33, 529–533. 

78. Benn, P. Trisomy 16 and trisomy 16 Mosaicism: A review. Am. J. Med. Genet. 1998, 79, 121–133. 

79. Yong, P.J.; Barrett, I.J.; Kalousek, D.K.; Robinson, W.P. Clinical aspects, prenatal diagnosis, and 

pathogenesis of trisomy 16 mosaicism. J. Med. Genet. 2003, 40, 175–182. 

80. Fung, J.; Munné, S.; Duell, T.; Weier, H.-U.G. Rapid cloning of translocation breakpoints: From 

blood to YAC in 50 days. J. Biochem. Mol. Biol. Biophys. 1998, 1, 181–192. 

© 2013 by the authors; licensee MDPI, Basel, Switzerland. This article is an open-access article 

distributed under the terms and conditions of the Creative Commons Attribution license 

(http://creativecommons.org/licenses/by/3.0/). 


