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Figure 1. How strand-specific inversion detection works. BrdU/C is incorporated 

during DNA synthesis, and each nascent strand becomes photo-labile, allowing it to 

be selectively degraded (CO-FISH).  For the purposes of in situ hybridization, this 

results in a metaphase chromosome whose sister chromatids are single-stranded and 

complementary. Because inverted DNA sequences reverse their 5’3’ orientation, 

fluorescently-tagged single-stranded  probes hybridize to the opposite chromatid.  For 

large inversions, the signal switch is accompanied by a corresponding lack of signal 

on the opposite chromatid; for small inversions the unlabeled segment is often 

obscured by the brightness of the fluorescent signal.  The probes are designed to 

unique DNA only and therefore each probe binds to only one location.  Blocking DNA 

(e.g. Cot 1) is not required. 

Figure 3. Chromatid painting.  (a) Directional, 

fluorescently-tagged (red) single-stranded probe 

sets to unique sequences along one chromatid of 

human chromosome 3 are both chromosome- and 

chromatid-specific (insets are higher mag.). (b,c) 

Radiation-induced small and large inversions, 

respectively. (d) A simulated 6kb inversion (red) on 

one chromatid of a normal unirradiated cell.  The 

region is flanked by complementary probe sets 

(green), which hybridize to the opposite chromatid. 

(e) Targeted high-resolution, two-color detection of 

known inversions associated with inv(3) in AML, 

and (f) RET/PTC1 inv(10) associated with 

radiation-induced thyroid cancer; arrows depict 

inverted homologs. 

Figure 2. Determining  the orientation of contigs with respect to the human 

genome data base. The orientation and position of some contigs remain unknown.  

Top: Ideogram and contig map for human chromosome 3 from the human genome 

database. 

Bottom: Photomicrographs of single probe sets were designed to each of the four 

contigs and hybridized to CO-FISH treated human fibroblasts; three were labeled red 

and one green (NT_005612), all hybridized to the same chromatid in the expected 

location indicating that the proposed orientation is correct. 

     ABSTRACT 
Chromosomal inversions are symmetrical exchanges resulting from two DNA double 

strand breaks within a single chromosome that are incorrectly rejoined in an inverted 

orientation.  Using banding methodologies, large inversions, (i.e. >10 Mb) are often 

difficult to detect and inversions smaller than a typical metaphase chromosome band 

are rarely detected.  We developed a new methodology to detect chromosomal 

inversions with a 10 fold improvement in resolution over existing techniques. 

Chromatid painting, like chromosome painting requires chromosome-specific 

fluorescent probes, the difference being that all of the probes in a chromatid paint 

are designed to bind to only one of the two 5’ to 3’ DNA strands.  Newly-replicated  

(nascent) strands are removed from metaphase chromosomes and genomics is 

used to develop probes directed to unique targets on one chromatid and not the 

other.  The first chromatid paint was developed to human chromosome 3. The 

chromatid paint behaves as envisioned, i.e. chromosomes have one chromatid per 

targeted chromosome with fluorescent signal and the other without, inversions 

appear as a fluorescent signal switch to the corresponding position on the other 

chromatid. Radiation of cells prior to chromatid painting resulted in a dose dependent 

increase in the inversion frequency. Dose responses using our chromatid 3 paint 

following γ-ray or HZE ion exposures were determined. Comparison of inversion vs. 

translocation frequencies involving chromosome 3, suggests that inversions are 

approximately 6 times more frequent than translocations. Intriguingly while 

preliminary, the slope of the dose response following HZE irradiation was much 

steeper than that for the γ-rays suggesting the possibility of using radiation-induced 

chromosome inversions to discriminate between and high and low LET radiations.  

We also developed an assay for a thyroid cancer-specific, radiation-induced 

inversion based on chromatid painting.  Using this assay, the PTC 1 inversion was 

detected at low frequency in human thyroid cells immediately after irradiation, and at 

an increased frequency after these irradiated cells were cultured for additional 

population doublings.  Detection of the specific inversion after radiation 

demonstrates a new application for the assay and the increased inversion frequency 

after multiple cell divisions, indicates that this specific inversion was selected for in 

the population of cells. Other cytogenetic applications will be discussed. 

Figure 4. Radiation-induced inversions.  Dose 
responses were evaluated using a chromatid-3-
specific paint in normal human fibroblasts (HSF and 
BJ-1) and lymphocytes (HPL) following low LET 
(137Cs gamma-rays) or high LET (1GeV/n 56Fe; 78 
MeV 16O) exposures.  Errors represent 95% 
confidence about the mean.   
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The RET/PTC1 inversion is a very specific radiation-induced 

inversion that occurs between the RET oncogene and the H4 

gene (CCDC6) on chromosome 10 that leads to papillary 

thyroid cancer (PTC).  The rearrangement always occurs in the 

same two introns of the participating genes, allowing precise 

positioning of  probes.  Caudill et al. (2005) used a human 

thyroid cell line, HTori-3, to demonstrate a dose-dependent 

induction of the RET/PTC1 inversion using RT-PCR and 

primers specific to the mRNA fusion product.  They noted a 

delay of nine days before they could detect a relatively rare 

signal.  We used these same cells to test our specific 

RET/PTC1 assay at two time-points after irradiation,  

immediately after exposure and after a delay of 70 population 

doublings. We found: 

 
 Immediately 

 Dose(Gy)  #RET/PTC1per cell      Frequency/chromosome  10* 

 0   0   0 

 0.25   0   0 

 0.5   2(0.02)   0.007 

 1.0   1(0.01)   0.003 

 2.5   1(0.01)   0.003 

  

 Same cells after 70 PD 

 Dose(Gy)  #RET/PTC1 per cell      Frequency/chromosome 10* 

 0   0   0 

 0.25   1(0.01)   0.003 

 0.5   6(0.06)   0.02 

 1.0   10(0.10)   0.03 

 2.5   15(0.15)   0.05 

 

There was a dose response and the RET/PTC1 inversion 

frequency increased after  70 PD.  The accumulation of the 

inversion with time suggests a possible selection mechanism 

for the expression of the fusion protein. 

Figure. 5. Synteny application of human chromatid 3 paint to gorilla 

fibroblasts.  A control spot representing a single complementary probe 

set is denoted by arrows. A.-C. The paint and CPA were labeled with 

Cy3. D.-G. The paint was labeled with fluorescein and the CPA was 

labeled with Cy3. No recurrent inversions were observed. 

Figure. 6. Synteny application of human chromatid paint to 

orangutan fibroblasts.  The control spot is again denoted by 

arrows. A.-E. The paint and control spot were labeled with Cy3. F.-

G. The paint was labeled with fluorescein and the control spot was 

labeled with Cy3. A large recurrent inversion was observed, as 

expected. L. Preliminary consensus result. 
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Applications 

 Contig orientation and location 

 Discovery and confirmation of small 

previously unknown  inversions 

 Measures individual cells 

 Recurrent inversions in cancer 

  Recurrent inversions in idiopathic 

diseases 

 Diagnostic assays 

 Biodosimetry assay 

 Sensitive indicator of genetic damage 

 Biological mechanisms 

 Inversions over time 

 Synteny 

 Inversions and evolution 
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