
BREAKS AT TELOMERES AND TRF2-INDEPENDENT END FUSIONS IN 

FANCONI ANEMIA (FA) 

 

Its known that Fanconi anemia, or better known FA, is a rare autosomal recessive 

genetic disease characterized by increased spontaneous and induced 

chromosome instability. The genetics of FA is highly heterogeneous with at least 

eight different genes involved such as FANCA, B, C, D1, D2, E, F and G. All of 

them except FANCB and FANCD1 have been cloned and characterized.  

The recently cloned FANCD2 gene is though to be a key player in the FA  

pathway since it is the only FA gene conserved in evolution. FANCD2 interacts 

with the DNA repair protein BRCA1 and the FA protein complex is assembled in 

the absence of FANCD2, indicating that FANCD2 is downstream in the FA 

pathway. 

Telomeres play important roles in genome stability and in maintaining the 

individuality of linear chromosomes. Telomere is also crucial for organismal 

viability, and in particular for the normal functionality of the hematopoietic system. 

An apparent accelerated shortening of telomeres has been reported in FA 

patients and in similar hematopoietic syndromes such as acquired aplastic 

anemia.  

The molecular mechanism/s leading to telomere shortening in FA cells, however, 

is/are still unknown. An excess of proliferation of surviving hematopoietic cells in 

FA would lead to telomere shortening and senescence. However, it must be kept 

in mind that FA cells are breakage-prone, and direct breakage at telomeric 

sequences would dramatically shorten the telomere. 

Recent investigations hace shown accumulation of breaks at telomeres after 

oxidative stress in human fibroblasts in vitro, DNA repair at telomeres is defective, 

its known that FA cells are highly impaired in their response to oxidative stress.  

An excess of breakage at telomeric sequences leading to the presence of extra-

chromosomic TTAGGG signals in blood lymphocyte metaphases. An increase in 

chromosome end fusions was observed in FA cells which is independent of 

TRF2. 

The results of the present investigation are summarized in the table. A high 

frequency of extra-chromosomic telomeric DNA signals was observed in FA 

patients (7.82 ± 1.0 per cell; mean ± SE) compared to age matched controls, 

(2.67 ± 0.5 per cell) the difference being statistically significant (P < 0.001).  The 

same is true for extra-telomeric intra chromosomic TTAGGG signals per cell with 

a frequency of 0.62 ± 0.1 in controls and 1.22 ± 0.2 in FA patients.  The frequency 

of chromosome ends with undetectable TTAGGG repeats was measured in the 

same donors. A percentage of  0.26 ± 0.04 of telomeres measured in the FA 

group, but only 0.15 ± 00.04% of telomeres in the control group, had undetectable 

TTAGGG repeats. This difference was statistically significant (P < 0.05) although 

it is not known whether it is just too small or inaccessible to the probe. 

 



 

 

  

 

    



Although our results are highly indicative of direct breakage at telomeres in FA 

cells, very terminal breaks at subtelomeric sequences leading to small terminal 

fragments could not be disregarded. To clarify this point we next analysed the 

frequency of excess of telomeric signals per cell (ETSC) in the same 

methapases.  

The ETSC was calculated by applying the formula: ETSC = NTS – 4NC, where 

NTS is the number of telomeric signals per cell and NC is the total number of 

chromosomes per cell. An average of 6.60 ± 0.9 ETSC were found in FA cells 

compared to 2.36 ± 0.5 ETSC in age-matched controls, the difference being 

extremely significant (P < 0.001). The excess of telomeric signals found in the 

control probably account for the technical background. 

 

         Frequency of extra-chromosomic telomeric TTAGGG signals per cell. 

 

A very high correlation was observed between extra-telomeric TTAGGG signals 

and excess of telomeric signals indicating that the two variables are directly and 

causally related. In conclusion, telomeres in FA cells are breakage prone, 

although it cannot be disregarded that breaks in other places in the genome lead 

to cell cycle arrest and so cells with interstitial breaks are underrepresented at 

metaphase. 

According with Q-FISH (quantitative fluorescence in situ hybridization) in FA 

patients, the correlation between the telomere length measured in the short arm 

and in the long one is highly significant. The mean telomere length in FA patients 

3.95 ± 0..40 kb) is, on average, 0.68 kb shorter than in controls 4.63 ± 0.62 kb) 

and is consistently observed in both chromosome arms in a similar magnitude 

and with statistical significance. This concurrent shortening of telomeres at the 

two chromosome arms is indicative of replicative telomere shortening during 

lymphocyte proliferation.  

The frequency of end fusions were examined as a marker of telomere dysfunction 

in FA cells and controls. Only one end fusion in 427 metaphases (0.2%) was 

found in control samples, whereas 3.1% of the 512 FA metaphases presented 

end fusions.  

Telomeres are nucleoprotein complexes comprised of several telomere binding 

factors. Since the telomeric protein TRF2 is the major telomere binding protein 

protecting chromosomes from end fusions, the high frequency of end fusions in 

FA could be related to a defect in telomere binding of TRF2. To answer this 



question we have to take into account the immunohistochemistry analysis of 

TRF2 binding in wild-type cells as well as in FA cell lines and corrected 

counterparts by retrovirus-mediated gene transfer of the corresponding wild-type 

FA gene cDNA. 

FA cells transduced with the empty vector were also included in the experimental 

design as an internal control. As shown in 

Figure 2, TRF2 binds to telomeres in a FA 

cell line. The same results were obtained in 

the FAD2 cells and in wild-type or corrected 

FA cell lines, as well as in lymphocytes from 

FA patients and controls indicating that a 

functional FA pathway is not required for 

recruitment of TRF2 to the telomere. Thus, 

the high frequency of end fusions in FA is 

independent of TRF2.  

 

 

We observed high frequencies of chromosome ends with undetectable TTAGGG 

repeats and extra-chromosomal telomeric DNA signals leading to an excess in 

the total yield of telomeric signals in FA cells. This result is interpreted as an 

excess of breaks in telomeric repeat arrays in FA lymphocytes.  

This reduction was consistently observed in both chromosome arms in a similar 

magnitude and in a concurrent fhasion indicating that, in addition to telomeric 

breakage an accelerated replicative telomere shortening occurred during 

lymphocyte differentiation and proliferation.  

Telomeres are crucial to maintaining the individuality of eukaryotic chromosomes. 

The relationship between telomere length and chromosome fusions in 

mammalian cells became evident in telomerase-deficient mice with short 

telomeres.  

Consistent with impaired telomeres in FA, the frequency of chromosome end 

fusion was much higher in FA lymphocytes when compared to controls. The high 

frequency of end fusions in FA could be related to a defect in telomere binding of 

TRF2. However, immunohistochemistry data indicate that TRF2 binds to 

telomeres independently. To sum up the FA pathway is not required for telomere 

association of TRF2 and that the high frequency of end fusion is not explained by 

a defect in the telomere binding activity of this protein. A possible explanation is 

that higher DNA breakage at the FA telomeres could result in loss of the 

protective end-capping structures leading to end-to-end fusions. 
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