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Mol ecular and Cytogenetic Characteri z at i on o f  de novo 
Acrocentric Rearrangements in Humans 

ABSTRACT 

A dissertation submitted in partial  ful f i l lment o f  the 
requirements for the degree of Doctor of Phi l osophy at 
Virginia Commonwealth Univers ity . 

Lisa Ga il  Sha ffer 

virginia Commonwealth Univers ity 

Advi sor : Judith A .  Brown , Ph . D . 

I have studied 2 6  chi ldren who have a de novo 

rearrangement of the acrocentric chromosomes in order to 

understand the formation o f  these aberrat ions . The fami l ie s  

inc lude ,2 5  probands ascertained f o r  Robertsonian-type 

transl ocations , 13 between nonhomol ogous chromosomes and 1 2  

between homologs , and one rea ( 2 1 i 2 1 )  ( q2 2 i q2 2 ) . The parental 

origins of the de novo rearrangements were determined i n  2 6/ 2 6  

famil ies us ing QFQ and NOR variants and/or RFLP analyses. 

Wh i l e  there was no overal l  d i f ference in the sex d i stribut ion 

o f  the parents o f  origin , there were more maternal ly derived 

nonhomologous ( " true "  Robertsonian )  transl ocat ions ( 8  mat : 5 

pat ) and more paternal ly derived homol ogous rearrangements (4 

mat : 9 pat ) . A role o f  the NOR in de novo format i on of  

acrocentric rearrangements was suggested by a s i gn i f i cantly 



x i i i  

higher inc idence of  dNOR variants i n  the parents i n  whom the 

rearrangements originated ( 1 1/ 2 6 )  as compared to the i r  norma l 

spouses ( 1/26) and a control population ( 5/50) ( p<O. 0001) . 

The dNOR variant was found both in parents in whom de novo 

Robertsonian translocations and homol ogous rearrangements had 

occurred . Additiona l ly , both the parents in whom 

rearrangements originated and their spouses had s igni f i cant ly 

higher NOR scores than the contro l s . Thi s  suggests that 

higher NOR scores in the parents may have contributed to the 

survival of thei r  offspring with de novo acrocent r i c  

rearrangements s ince these rearrangements genera l ly resulted 

in the loss of  two NORs . However , compensation i n  NOR s cores 

or satell ite assoc iations was not evident in these probands . 

RFLP analys i s  o f  rearrangements between homol ogous 

chromosomes result ing in secondary trisomy in 8 cases 

suggested that these rearrangements were i sochromosomes , 

derived from one parental chromosome . Four o f  the homo l ogous 

rearrangements were dicentric suggesting that these 

rearrangements may have resulted from u-type exchanges in  the 

NOR or short arm . 



INTRODUCTION 

Robertsonian translocations , as first described by 

Robertson ( 1 9 1 6 ) , are whole arm exchanges which take p lace 

between acrocentric or telocentric chromosomes . Robertsonian 

transl ocat ion formation is  the most common mechani sm 

contributing to karyotyp ic evolution in pl ants ( Robertson , 

1 9 1 6 )  and anima l s  ( Hsu , 1 9 7 9 ) . In humans , Robertsonian 

trans locations are the most frequently occurring structural 

rearrangements and contribute s igni ficantly to fetal wastage 

and mal formation/mental retardat ion syndromes ( Jacobs , 1 9 8 1 ) . 

Robertsonian trans l ocations between homol ogous 

chromosomes cannot be morphol ogica l ly distingu i shed from 

i sochromosomes . I sochromosomes are chromosomes composed o f  

genet ical ly identical  arms derived from a s ingl e  chromos ome 

( Darl ington , 1 9 3 9 ; 1 9 4 0 ) . The most common i sochromosome in 

humans is  thought to be i ( Xq ) . However , s ince acrocentric 

i sochromosomes cannot be distinguished from Robertsonian 

translocations , one cannot exclude the possibility that 

t ( 2 1q2 1q)  are truly i ( 2 1q ) . Rearrangements of chromosome 2 1  

contribute s igni f icantly to the occurrence of  Down syndrome ; 

the maj ority are de novo rearrangements ,  rea ( 2 1 q2 1 q ) . 

1 
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One approach to understanding the causes and consequences 

of  Robertsonian-type translocat ions in humans is  to study 

individuals who have a new or de novo rearrangement and the i r  

karyotypically normal parents . The primary obj ectives o f  thi s  

investigat ion are ; 1 )  to determine the parental origins o f  

the de novo rearrangements ; 2 )  t o  ident i fy factors whi ch may 

influence the formation of new acrocentric rearrangements such 

as the nucleolar organi z er region or sate l l ite associations ; 

and 3 )  to distinguish between " true " Robertson i an 

transl ocat ions and isochromosomes . Through this  invest igat ion 

it is  hoped that factors invol ved in Robert s on i an 

trans location and isochromosome formation wi l l  be ident i f ied 

and increase our knowledge about acrocentric rearrangements .  



LITERATURE REVIEW 

I .  Hi storical Aspects o f  Acrocentri c Rearrangements 

A .  Robertsoni an Translocations 

In 1 9 1 6 , Robertson examined the chromosomes from var i ous 

species of  grasshoppers ( Robertson , l9 l 6 )  and concluded that 

the V-shaped chromosomes seen in spermatocytes were two non

homol ogous chromosomes permanently associated at the primary 

constriction ( centromere ) .  The appearance o f  V-shaped 

chromosomes in some spec ies accounted for the reduced number 

o f  chromosomes seen in certa in fami l ies o f  gras shoppers . 

The format ion o f  Robertsonian translocat ions i s  known to 

be the most common mechanism in karyotype evolut ion ( Hsu , 

1 9 7 9 ) . Examples o f  mammal s  that have been found to  carry 

naturally occurring Robertsonian transl ocat ions are g iven i n  

Tab l e  1 .  These animals  provide an opportunity to  observe 

segregation and fert i l ity in carriers of Robert s on ian 

trans locations and a l l ow investigation into the mechani sms o f  

Robertsonian transl ocation formation , species evolut ion , and 

imprinting . 

Robertsonian trans l ocations are the most common 

structural rearrangements in humans ( Jacobs , 1 9 8 1 ) . Polani 

( 19 6 0 )  first demonstrated a Robertsonian transl ocation in an 

3 
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Table 1. Mammals demonstrating Robertsonian translocations and their application as animal models 

Species 

Chicken 

Dog 

Sheep 

Mouse 

Cowl 
Buffalo 

Application 

Segregation 

Segregation 

Fertility 

Evolution 
Mechanisms 
Segregation 
Fertility 
Imprinting 

Evolution 

Fertility 

Source 

Bonaminio and Fechheimer, 1988 

Larsen et al., 1979 

Bruere, 1975 
Chapman and Bruere, 1975 
Long, 1977 
Long, 1978 
Bruere et aI., 1981 

Capanna et aI., 1975, 1976 
Miller et aI., 1978 
Ruvinsky et aI., 1987 
Redi et aI., 1985, 1988 
Cattanach, 1986 

Di Berardino and Iannuzzi, 1981 
Iannuzzi, 1987 
Berland et aI., 1988 
King et al., 1980 
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individual with an abnormal phenotype . Carriers o f  fami l i a l  

Robertsonian transl ocation were identi f ied subsequently 

( Carter et al . ,  1 9 6 0 ; Penrose et al . ,  1 9 6 0 ) . 

B. I sochromosomes 

C . D . Darl ington ( 19 3 9 , 1 9 4 0 )  was the f irst to describe a 

chromosome composed of  identical arms which he termed an 

i sochromosome . Thi s  work with several species o f  p l ant 

meiotic cel l s  ( Frit i l l aria , Lily ) provided the foundati on for 

his proposal that isochromosomes arose through centromere 

misdivis ion . The incorrect transverse d ivis i on of the 

centromere woul d  lead to two products , each metacentric i one 

composed of the l ong arms and one of the short arms . Fraccaro 

(196 0 )  first reported a pos s ible i sochromosome in  three 

patients with sex-chromatin pos itive Turner syndrome . The i r  

karyotypes included one normal X chromosome and one l a rge 

metacentric chromosome interpreted as  an i sochromosome Xq . 

Chromosome banding techniques a l l owed for the accurate 

ident i f icat ion o f  the chromosomes involved in rearrangements .  

Caspers son et al e ( 19 7 1 )  demonstrated that a t ( GqGq ) 

rearrangement was actual ly a t ( 2 1q2 1q)  and a t ( DqDq) a 

t ( 1 4 q1 4 q ) . S ince then , a l l  acrocentric chromosomes have been 

found to participate in homol ogous exchanges ( Therman et a l . ,  

1 989) . However , before the ava i l ab i l ity o f  restrict i on 

fragment l ength polymorph isms ( RFLPs ) , i sochromosomes o f  the 

acrocentric chromosomes could not be d i stingui shed from 

Robertsonian trans l ocations between homol ogs ( Schmutz and 

Pinno , 1 9 8 6 ) . Only recently has mol ecular evidence been 
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presented in an attempt to show that the two arms o f  a 

t ( 2 1q2 1q)  are genetica l ly identical ( Creau-Gol dberg et a l . ,  

1 9 8 7 ; Priest et a l . ,  1 9 8 8 ; Grasso et a l . ,  1 9 8 9 ) . 

I I . Inci dence o f  Acrocentri c Rearranqements 

A .  population inci dence and chromosomal aspects of bal anced 

Robertsoni an trans locations 

In humans , Robertsonian trans l ocations occur between the 

acrocentric chromosomes 1 3 , 14 , 1 5 , 2 1 ,  and 2 2 . The incidence 

o f  Robertsonian transl ocat ions has been documented to  be 

approximately 1 in 1 0 0 0  individual s  based on a survey o f  

1 4 , 0 6 9  newborn infants ( Hamerton e t  a l . ,  1 9 7 5 ) . On the 

acrocentric chromosomes , the area above the centromere , the 

short arm , is  divided between the proximal short a rm ,  the 

sta lk or secondary constriction where the nucleolus organi z er 

region ( NOR) is l ocated , and the sate l l ites . It  i s  thought 

that there are two types of Robertsonian transl ocat ions ; 

monocentric and dicentric ( Fig .  1 ) . Monocentric Robertsonian 

transl ocat ions result from breakage in one short a rm and one 

l ong arm of  the participating chromosomes . Dicentric 

Robertsonian transl ocations result from breakage in both short 

arms o f  the participating chromosomes . The maj ority o f  

Robertsonian transl ocat ions appear t o  b e  dicentric ( N i ebuhr , 

1 9 7 2 ; Daniel and Lam-Po-Tang , 1 9 7 6 ; and Mattei et a l . ,  1 9 7 9 ) 

and devoid o f  NORs ( Mattei et al . ,  1 9 7 9 ; Mikkel sen et a l . ,  

19 8 0 )  . In monocentric Robertson ian transl ocations , the 

reciprocal short arm ( centric ) products are usual ly l ost 

although they have been reported to be retained in a few cases 
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( Palmer et al . ,  1 9 6 9 ; Abel i ovich et al . ,  1 9 8 5 ) . 

Few phenotypic e f fects are assoc iated with carriers o f  

Robertsonian translocations . The delet ion o f  the short a rms 

and NORs in some Robertsonian transl ocations does not seem to 

have a phenotypic e f fect . However , there may b e  an 

association between carriers o f  Robertsonian transl ocat i ons 

and Ph-pos itive chronic myel ocytic l eukemia ( Engel et a l . ,  

1 9 6 5 ; Wennstrom et al . ,  1 9 7 3 ; Kohno et al . ,  19 7 8 ; Becher et 

al . ,  1 9 8 5  and Becher et al . ,  1 9 8 7 ) . In  addition , carriers o f  

"bal anced " Robertsonian trans l ocations may b e  a t  risk for 

having increased fetal wastage , unbal anced o ffspring , and 

infertil ity or steril ity ( stene and Stengel -Rutkowski , 1 9 8 8 ) . 

Newborns who are carriers o f  apparently bal anced de novo 

Robertsonian trans locat ions are at a s igni ficant r i sk for 

having mal formations and/ or mental retardat ion at b i rth ( 3 . 0 -

5 . 3 % )  (Warburton , 19 8 5 ; 1 9 8 7 ) . 

Participation o f  the acrocentric chromosomes in 

Robertsonian transl ocations appears to be non-random ( Tabl e  

2 )  ( Therman e t  al . ,  1 9 8 9 ) with 9 0 %  o f  rearrangements between 

nonhomologs (Mattei et al . ,  1 9 7 9 ) . The most common t ( DqDq ) 

i s  t ( 1 3 q1 4 q )  ( 7 8 % ) ; t ( 1 4 q2 1q)  is the most common t ( DqGq ) 

( 7 9 % )  and t ( 2 1q2 1q)  is the most common t ( GqGq )  ( 8 4 % ) . A 

poss ible expl anation for the nonrandomness in the acrocentric 

chromosomes which participate in Robertsonian transl ocat ions 

is that carriers of t ( 1 4 q2 1q)  are more l ikely to be 

ascerta ined through their trisomic o ffspring . Likewise , 

carriers of  Robertsonian translocat ions between h omologs may 
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Fig . 1 .  Formation o f  monocentric and d icentric Robertsonian 

transl ocations . a .  Monocentric Robertsonian transl ocati ons 

result from a break in the short arm o f  one part i c ipat ing 

acrocentric chromosome and a break in the l ong a rm o f  the 

other chromosome . Two monocentric products resul t . b .  

Dicentric Robertsonian transl ocations result from breaks in 

both short arms o f  the participat ing chromosomes .  The 

resul ting short arm acentric product is usua l l y  l ost in  

subsequent cel l divis ions . 
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be over-represented because o f  their ascerta inment through 

multiple miscarriages , trisomic o ffspring , or an abnorma l 

phenotype . Although rare , there have been a few individua l s  

reported with two Robertsonian transl ocat ions ( Marsden e t  a l . ,  

1 9 6 6 ; Rockman-Greenberg et al . ,  1 9 8 2 ; Martinez -Castro e t  a l . ,  

1 9 8 4 ; Morgan et al . ,  1 9 8 5  and Eklund e t  al . ,  1 9 8 8 ) . 

B. Inci dence and cytoqenet i c  aspects o f  unba l anced 

Robertsoni an trans locations 

The most common syndromes associated with unbal anced 

Robertsonian trans l ocations are Down syndrome and Patau 

syndrome . Approximately 5 %  of  cases of Down syndrome are 

caused by a trans location , the maj ority of which a re 

Robertsonian ( >9 5 % )  ( de Grouchy and Turl eau , 1 9 8 4 ) . Thus , 

about 2 0 0 chi ldren are born each year in the united states 

with transl ocat ion Down syndrome ( Pul l iam and Huether ,  1 9 8 6 ) . 

The maj ority o f  cases o f  transl ocat ion Down syndrome are de 

novo ( 6 9 % )  and the rema ining cases are due to a fami l i a l  

transl ocation ( 3 1 % )  ( de Grouchy and Turl eau , 1 9 8 4 ) . Tab l e  3 

shows the proportion o f  t ( Dq2 1q)  and t ( 2 1qGq) found in 

patients with trans l ocat ion Down syndrome ( adapted from de 

Grouchy and Turleau , 1 9 8 4 ) . The proporti on of  t ( 1 4 q2 1 q )  and 

t ( 2 1q2 1q)  are about equal . However , the vast majority of 

t ( 2 1q2 1q)  are de novo and there fore represent the l argest 

class o f  de novo rearrangements in Down syndrome . 

The proportion o f  cases o f  t ( 2 1q2 1q)  that result from an 

i ( 2 1q)  are unknown . Two cases have been reported in  wh ich a 

pat ient with Down syndrome was mosaic 4 5 , rob ( 1 5 ; 2 1)/ 46,i ( 2 1 q )  
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Table 2. Nonrandom participation of acrocentric chromosomes in Robertsonian trnnslocations· 

13 14 15 21 22 

13 43 (2.9)b 

14 479 (32.6) 9 (0.6) 

15 28 (1.9) 34 (2.3) 24 (1.6) 

21 32 (2.2) 447 (30.4) 46 (3.1) 245 (16.7) 

22 11 (0.7) 18 (1.2) 9 (0.6) 30 (2.0) 16 (1.1) 

• from Therman et aI., 1989 
b percent total observed in 1471 subjects studied 
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( Atkins and Bartsocas , 1 9 7 4 ; Vianna-Morgante and Nune sma ia , 

1 9 7 8 ) . In both cases , one poss ible expl anat ion for the 

i ( 2 1q)  was its derivation from the rob ( 1 5 ; 2 1 )  through 

misd ivis ion of the centromere . 

Approximately 2 0 % o f  cases o f  Patau syndrome result from 

a transl ocation and 1 0 %  are accounted for by an unbal anced de 

DQYQ Robertsonian transl ocation ( Hook , 1 9 7 8 ; Perez -Casti l l o  

and Abrisqueta , 1 9 7 8 ) . The transl ocations are mostly t ( 1 3 qDq) 

with the maj ority of these being t ( 1 3 q1 4 q )  ( de Grouchy and 

Turl eau , 1 9 8 4 ) . A few cases of  non-t ( 1 3 q1 4 q )  Patau syndrome 

have been reported [ L e .  one t ( 1 3 q2 1q )  ( Perez -Cast i l l o  and 

Abrisqueta ,  1 9 7 8 ) , two t ( 1 3 q2 2 q ) ( Abe et al . ,  1 9 7 5 ; Dan i e l  

and Lam-Po-Tang , 1 9 7 6 )  and one t ( 1 3 q1 5 q )  ( Mori e t  a l . ,  1 9 8 5 ) ] .  

Table 4 shows the l ikel ihood that a trans l ocat ion 

ascerta ined from a proband with transl ocation Down syndrome 

or Patau syndrome is a new mutat ion ( adapted from Hook , 1 9 8 1 ) . 

Nearly a l l  cases o f  t ( 2 1q2 1q)  and t ( 1 3 q1 3 q )  are new mutati ons . 

Col l ectively , about 1/ 1 0 , 0 0 0  pregnancies results in  an 

unbal anced Robertsonian transl ocat ion and almost a l l  are de 

novo ( Hook , 1 9 8 4 ) . 

c. E s t imates o f  mutation rates for de novo Roberts oni an 

trans1ocations. 

Mutation rates for Robertsonian transl ocati ons have been 

est imated from l iterature surveys o f  spontaneous abortions 

( Jacobs , 1 9 8 1 )  or l ivebirths ( Polan i  et a l . ,  1 9 6 5 ; Jacobs , 

19 8 1 ) , newborns with transl ocat ion Down syndrome in  Japan 

( Kikuch i et al . ,  1 9 6 9 ) , New York ( Hook and Albright , 1981; 



Table 3. The proportion of t(Dq21q) and t(21qGq) in probands with translocation Down s yndrome." 

Rearrangement % Total % de novo % Familial 

t(Dq21q) 54.2 55.0 45.0 

t (13q21q) 11 .9 
t(14q21q) 31.7 
t(15q21q) 10.6 

t(21qGq) 40.9 96.0 4.0 

t (21q21q) 34.1 
t (21q22q) 6.8 

non-rob 4.9 22.0 78.0 

a Adapted from de Grouchy and Turleau (1984) in which 4,760 cases were studied 
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Table 4. Likelihood that a translocation ascertained from a proband with translocation Down 
syndrome or Patau syndrome is a new mutation" 

Rearrangement 

t (13q21q) 

t (14q21q) 

rea (21q21q) 

t(21q22q) 

rea (13q13q) 

t(13qI4q) 

a Adapted for Hook, 1981 

Likelihood of de novo 
rearrangement 

0.30 

0.69 

0.93 

0.50 

0.90 

0.45 
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Hook , 1 9 8 1 ) , o r  Ohio  ( Pul l iam and Huether ,  1 9 8 6 ) , and 

l ivebirths with translocat ion Patau syndrome ( Hook , 1 9 8 1 ) . 

S ince it is impos s ible to dist inguish isochromosomes 2 1  and 

13 from Robertsonian translocat i ons , the proportion of de novo 

rearrangements resulting from isochromosomes is unknown . 

Therefore , a l l  

rearrangements 

mutation rates . 

events l eading to 

are cons idered together 

As shown in Table 5 ,  

Robertsonian-type 

for cal culating 

the mutation rate 

est imates for unbal anced t ( DqGq ) and t ( GqGq) are in c l ose 

agreement between the f ive surveys o f  l ivebirths with 

transl ocat ion Down syndrome ( - lX 1 0 ·s) ( Polani et a l . ,  1 9 6 5 ; 

Kikuchi et al . ,  1 9 6 9 ; Hook and Albright , 19 8 1 ; Hook , 1 9 8 1 ; 

Pul l iam and Huether , 1 9 8 1 )  and with Jacobs ( 19 8 1 )  for 

unbal anced l iveb irths with t ( 2 1qGq ) for which the maj ority are 

t ( 2 1q2 1q) . The mutation rate estimates from surveys o f  

spontaneous abort ions ( Jacobs , 1 9 8 1 )  shows about a 1 0 0 - fold 

increase in the total mutation rate in these cases as  compared 

to l ivebirths , with the maj ority accounted for by t ( DqDq ) 

rearrangements . 

D .  Parental age , temporal changes , and mutagen exposures 

There have been numerous studies documenting the advanced 

maternal age association in trisomy 2 1  ( for a rev i ew see 

Mikkel son , 1 9 7 1 ) . The first study o f  parental age e ffects in 

transl ocat ion Down syndrome is  that o f  Penrose ( 19 6 2 ) in  which 

he found that for t ( Dq2 1q) , there was no d i f ference in 

materna l or paternal age from the control group . However ,  the 

paternal age for t ( 2 1qGq) was s igni f icantly increased over 



Table 5. Comparison of mutation rate estimates for Robertsonian translocations (expressed as mutations/gamete/generation). 

Source Balanced Unbalanced 

DID DIG GIG Total DID DIG GIG 

Polanl et a\. (1965) • • • • 
0.6X10-5 1.4X10-5 

Kikuchi et a\. (1969) • 0.68X10-5 0.19X10-5 0.87X10-5 • 
1.01 X1 0-5 1.14X10-5 

Jacobs (1981) IIveblrths 0.24Xl0-4 0.16X10-4 • • 
1.3X10-5 • 

1.0X10-5 

spontaneous 
• • • • 

16.0X10-4 4.4X10-4 2.6X10-4 

abortions 

All conceptions 0.20Xl0-4 0.16X10-4 • 
0.57X10-4 1 2.51 X1 0-4 0.66X10-4 0.48X10-4 

HookMd 
Albright (1981) • • • • • 

1.1X10-5 1.4X10-5 

Hook (1981) • • • • 
0.8X10-5 1.0X10-5 1.4X10-5 

PuHlam and 

Huether (1981) • • • • • 
0.9X10-5 1.3X10-5 

Notes: 
• z values not given In original report. 
Except for Jacobs (1981) , all DID were 13113, all DIG were 0121 and all GIG were G121 with the majority of G/21 being 21121. 

All types of Robertsonian trans\ocations were accounted for by Jacobs (1981). 

Total 

2.0X10-5 

2.5X10-5 

2.3X10-5 

23.0X10-4 

3.54X10-4 

2.5X10-5 

3.2X10-5 

2.2X10-5 

� 
0"1 
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the control population . In  general , transl ocati ons are found 

more o ften in chi ldren with Down syndrome born to younger 

mothers (Mikkel sen , 1 9 7 1 ) . S ince these early reports , several 

studies have been conducted to examine the e f fects o f  parent a l  

age o n  the formation of  unbalanced d e  novo Robe rtsonian 

trans l ocations . The maj ority o f  these cases were pat ients 

with Down syndrome . These studies are summari z ed in Tab l e  6 .  

For de novo t ( Dq2 1q) , a l l  stud ies found no s ign i f i cant 

d i f ference in the mean paternal age as compared to contro l s  

( Kikuchi e t  a l . ,  1 9 6 9 ; Matsunaga and Tonomura , 1 9 7 2 ; Hook , 

1 9 8 4 ; Pul l iam and Huether , 19 8 6 ) . Although two studies found 

no s ign ificant d i f ference in mean maternal age for t ( Dq2 1q) 

with controls ( Kikuchi et al . ,  1 9 6 9 ; Hook , 1 9 8 4 ) , two stud i e s  

found a s ignificant decrease in maternal age in thi s  category 

( Matsunaga and Tonomura , 1 9 7 2 ; Pul l iam and Huether , 1 9 8 6 ) . 

Although not s igni f icant , the mean paternal age was s l ightly 

higher in de novo t ( 2 1qGq ) cases as compared to control s  in  

three of  four studies ( Kikuch i et  al . ,  1 9 6 9 ; Matsunaga and 

Tonomura , 1 9 7 2 ; Hook , 1 9 8 4 ) . Two studies found a s ign i f icant 

increase in mean maternal age for t ( 2 1qGq) (Matsunaga and 

Tonomura , 1 9 7 2 ; Hook , 1 9 8 4 ) . These findings suggest that 

there is a parental age effect in transl ocat ion Down syndrome ; 

spec i fical ly ,  there may be an association between decreased 

maternal age and de novo t ( Dq2 1q)  and between increased 

maternal age and de novo t ( 2 1qGq) . There does not appear to 

be any e ffect related to paternal age , contrary to prev i ous 

reports ( Penrose , 1 9 6 2 ) . Unfortunately , few studies have been 
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conducted on the parental age effects and non t ( Dq2 1 q )  or 

t ( 2 1qGq) Robertsonian transl ocat i ons . For de novo ( 1 3 qDq )  

cases , Hook ( 1 9 84 ) found n o  parental age e ffect , maternal or 

paternal . In addition , Jacobs ( 198 1 )  found no assoc i a t i on 

between parental age and 8 de novo structural rearrangements 

( at least 3 were Robertsonian transl ocati ons ) .  

Three studies have investigated the temporal changes or  

fluctuation rates for de  novo transl ocation Down syndrome 

( Hook , 1 9 7 8 ; Hook and Albright , 1 9 81 ; Pul l iam and Huether ,  

1 9 8 6 ) . Only one data set ( Hook and Albright , 1 9 81 ) exhib ited 

a change in mutation rates from year to year . The increase 

in mutation rates from 1 9 7 3 - 1 9 7 7  may have reflected 1 )  an 

increase in ascerta inment during these years ; a l though 

amniocentes is was not widely used unti l  a fter thi s  period , 2 )  

a real increase in the number o f  mutat ions that occurred , or 

3 )  a decrease in the number o f  abnormal pregnanc ies that were 

spontaneously aborted because of an unbalanced transl ocat i on . 

Spec i f ic environmental , occupat ional , demographic or med ical 

factors could not be identi f ied to exp l a in the increased 

occurrence . 

Environmental factors predi spos ing to structura l 

abnormal ities , speci f ically de novo Robertsonian 

trans l ocations , have been examined ( Hook et a l . ,  198 3 ) . O f  

7 1  pregnancies studied for exposure to radiation and 6 5  

studied for exposure t o  a drug o r  chemical , none o f  the 

fetuses were found to carry a Robertsonian trans l ocation . To 

support the f ind ing that no ident i f ied environmenta l  factors 



Table 6. Mean parental age for unbalanced Robertsonian translocations 

Rearrangement 

t(Dq21q) 

t(21qGq) 

Mean Aae 
Maternal (control) 

25. 5±.0. 518 (27. 1) 

25. 7±.0.84 (27.2±.1 . 4) 

25. 5±.5.4 (25. 6±.0. 2) 

21.6±.1.188 (24.6) 

30. 8±.0. 78b (27.1)  

28.8±.0.94 (27.1±.1.4) 

27.2±.5.7b (25.7±.0.2) 

24 . 4±.1. 29 (24.6) 

Paternal (control) Source 

2 9 . 9±.0. 90 (30. 4) Matsunaga and 
Tonomura (1969) 

30. 2±.1. 11 (30. 6±.1. 6) Kikuchi et al. (1972) 

28. 7±.7.0 (28.3±.4 . 9) 

24.2±.1.74 (27.5) 

Hook (1984) 

Pulliam and 
Huether (1986) 

28.5±.0.71 (30.4) Matsunaga and 
Tonomura (1969) 

31.4±.0.99 (30.3±.1. 1) Kikuchi et al. (1972) 

30.8±.8.0 (30.0±.5. 1) 

26. 4±.1. 33 (27.5) 

Hook (1984) 

Pulliam and 
Huether (1986) 

a Significant decrease in mean age as compared to control group. 
b Significant increase in mean age as compared to control group. 

.... 
\0 
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have been associated with the formation o f  Robertsonian 

transl ocations in humans , Hecht ( 19 7 6 )  found that these 

rearrangements rarely occurred fol l owing radiation or chemical 

exposure and did not appear to be inducible . 

I I I. Reproductive fitne s s  

A .  carriers o f  bal anced Robertsoni an tran s locations 

Carriers o f  Robertsonian transl ocations have 4 5  

chromosomes and although there i s  loss o f  short arm chromat in , 

the carrier is  cons idered bal anced . Bal anced carriers o f  

Robertsonian translocat ions can b e  ascertained through 

prenatal testing , unbal anced o ffspring , mul t iple miscarr i ages 

or infertil ity .  Their recurrence risk for fetal wastage or 

abnormal offspring may be inferred from thei r  mode of 

ascerta inment s ince transl ocat ions that are more l ikel y  to 

result in chromosomal ly abnormal o ffspring are more l ikely to 

be ascerta ined ( stene and Stengel -Rutkowski , 1 9 8 8 ) . C learly , 

the risk for unbal anced of fspring depends on the chromosomes 

involved in the Robertsonian transl ocat ion . A bal anced 

carrier of  a Robertsonian transl ocat ion between homol ogous 

chromosomes ( or a carrier of an acrocentric isochromos ome ) 

wi l l  have only unbal anced offspring . Carriers o f  

nonhomol ogous Robertsonian translocati ons [ i . e .  t ( 1 4 q2 1 q ) ] 

have three poss ible segregation patterns as  i l lustrated in  

Figure 2 .  Alternate segregation produces gametes that wi l l  

either become chromosomal ly normal o ffspring o r  bal anced 

carriers l ike their carrier parent . Adj acent s egregati on 

produces only unbalanced gametes which result in mono somic or  
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tert iary trisomic o ffspring . 

It has l ong been documented that the segregation rat i o s  

from male carriers o f  bal anced Robertsonian trans locat ions are 

nonrandom ( Hamerton , 19 6 8 ) . There i s  a s ign i f i cant excess o f  

balanced carriers over chromosomally normal o ffspring 

( Hamerton , 1 9 7 1 ) . The segregation ratios for balanced carrier 

offspring have been reported to range from 0 . 6 6 ( Niel sen and 

Rasmussen , 1 9 7 6 )  to 0 . 5 5 ( Harris et a l . ,  1 9 7 9 ) . Additional ly ,  

there is a s igni ficant de fic iency o f  unbal anced o ffspring from 

ma le carriers ( Hamerton , 1 9 7 1 ; Niel sen and Rasmus sen , 1 9 7 6 ; 

Harris et al . ,  1 9 7 9 ) . These observations may be exp l a ined in 

three ways . F irst , there may be a select ive advantage for 

trans l ocat ion carrier sperm over chromosomal ly norma l sperm 

giving rise to more carrier offspring . Second , there may be 

gamet ic sel ection aga inst unbal anced sperm which would l ower 

the frequency of unbal anced o ffspring . Finally , there may be 

early selection aga inst unbal anced embryos resulting from 

paternal ly inherited translocations . 

S ince the reproductive risks for carriers o f  Robertson i an 

trans l ocations depend on the speci fic chromosomes involved , 

the various types o f  rearrangements [ DqDq , DqGq and GqGq ] wi l l  

be cons idered separately . The risk for unbalanced o ffspring 

for both mal e  and femal e  carriers o f  DqDq Robertsonian 

transl ocations is very low «1% ) ( Stene and Stengel -Rutkowski , 

1 9 8 8 )  • The greatest risk i s  for Patau syndrome through 

adj acent segregation . In addition , there have been s evera l 
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F ig . 2 .  Segregation patterns for a balanced carrier o f  a 

Robertsonian transl ocation . a .  Alternate segregati on results 

in balanced gametes ;  chromosomal ly normal and transl ocat i on 

bearing . The gametes wil l  produce chromosomal ly normal and 

bal anced carrier o ffspring . b .  Adj acent I segregation o f  

nonhomologous centromeres and c .  adj acent I I  segregation o f  

homologous centromeres . Adj acent segregation produce s  only 

unbal anced gametes ,  disomic and nul l isomic , which result in 

trisomic and monosomic of fspring , respectively . 
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reports o f  DqDq carriers having chi ldren with trisomy 2 1  

( Hamerton et al . ,  1 9 6 3 ; Hamerton , 1 9 6 8 ; Fernhof f  et a l . ,  1976 ; 

Harris et al . ,  1979 ; Lindenbaum et a l . ,  1 9 8 5 ; Uchida and 

Freeman , 1 9 8 6 ; Gal l ego and Coco , 1 9 8 8 ) . The presence o f  a 

t ( DqDq) is  thought to disrupt the normal pairing proces s  

during meios i s  o f  the chromosomes not involved i n  the 

translocation ( Grel l and Valenc i a , 1 9 6 4 ) . Thi s  inter

chromosomal effect may contribute to nondisj unction and may 

result in aneuploid gametes ( Lindenbaum et al . ,  1 9 8 5 ) . 

However , this assumes that the DqDq carrier was the parent who 

contributed the extra chromosome 2 1 .  Only one study has 

examined the parental origin of  the extra chromosome 2 1  and 

found that it was contributed by the non-Robert s on ian 

transl ocat ion carrier parent ( Uchida and Freeman , 1 9 8 6 ) . 

Although the risk of  trisomy 2 1  to DqDq transl ocat ion carriers 

may be as much as 2% (Mikkel sen , 1971 ) , several studi e s  have 

fa i l ed to find this association in spontaneous abort ions or 

l iveb irths ( Boue and Boue , 19 7 3 ; Niel sen and Rasmussen , 1 9 7 6 ; 

Evans et al . ,  1978 ; Neri et al . ,  1 9 8 3 ; Campana et a l . ,  1 9 8 6 ; 

Schwartz et al . ,  1 9 8 6 ) . Thus , it i s  unclear i f  a rel at i onship 

exists between trisomy 21 and carriers o f  DqDq translocations 

and this association could be by chance . 

Infert i l ity has been reported occa s iona l ly in mal e  

carriers of  t ( 1 3 q1 4 q )  (Walker and Harris ,  1 9 6 2 ; Yun i s  e t  a l . ,  

1 9 6 4 ; McI lree et al . ,  1 9 6 6 ; Wil son , 1 971 ; de Kretser et a l . ,  

1 9 7 2 ; Fracarro et al . ,  1973 ) . Decreased fert i l ity has been 

attributed to ol igospermia in some males ( Mc I l ree et a l . ,  
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1 9 6 6 ; de Kretser et al . ,  1 9 7 2 ; Fraccaro et a l . ,  1 9 73 ) . 

However ,  one o f  the largest studies o f  carriers o f  t ( 1 3 q1 4 q) 

found no decrease in fertil ity among mal e  carriers ( N i e l sen 

and Rasmussen , 1 9 7 6 ) . 

In an attempt to uncover the causes o f  infert i l ity in  

carriers of Robertsonian trans l ocations , a study o f  rONA 

l evels  was conducted ( Guanti et al . ,  1 9 8 0 ) . Carriers o f  

Robertsonian trans l ocations may b e  expected to have l e s s  rONA 

because of a loss during the formation o f  the transl ocati on . 

In order to test thi s , hybridi z ation o f  rONA to rRNA wa s 

carried out for twelve infert i l e  male  carriers of  Robertsonian 

transl ocations , six  fert i l e  mal e  carriers , and s ix 

karyotypical ly normal mal es . There was no 

d i f ference in the mean hybridi z ation leve l s , 

supporting the hypothes i s  that infert i l ity i s  

decrea sed levels  of  rONA . 

s ign i f i cant 

thus not 

rel ated to 

A new approach for studying the segregation o f  t ( 1 3 q1 4 q )  

comes from analys i s  of  sperm karyotypes ( Pe l lestor e t  a l . ,  

1 9 8 7 ; Martin , 1 9 8 8 ) . Each study examined one carrier ma l e . 

Both studies found an equal distribution o f  karyotyp i c a l l y  

balanced and normal sperm. Neither study demonstrated an 

inter-chromosomal effect of  the 1 3 q1 4 q  transl ocati on and 

aneuploidies of  chromosomes unrel ated to the trans l ocation 

( i . e .  trisomy 2 1 ) . Although few subj ects have been stud ied , 

both investigat ions demonstrated l ow unbalanced hyper-hapl o id 

sperm compl ements for chromosome 1 3  ( 2 . 5 % and 1 0 % )  and 

chromosome 14  ( 2 . 5 % and 4 % )  ( Pe l lester et al . ,  1 9 8 7  and 
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Martin , 1 9 8 8 , respect ively ) .  

The risk for unbalanced o ffspring and fetal wastage i s  

higher for carriers of  t ( DqGq) than for t ( DqDq) s ince the 

maj ority of DqGq are Dq2 1q and contribute s igni ficantly to 

the occurrence o f  translocation Down syndrome ( Stene and 

stengel -Rutkowski , 19 8 8 ) . The segregation ratio for bal anced 

DqGq carriers i s  0 . 57 and d i f fers s igni ficantly from 0 . 5 0 

( stene , 1970 ) . The risk for having unbalanced o ffspring i s  

d i fferent for male and female carriers . Femal e  carriers o f  

t ( DqGq)  have about a 1 0 . 1%  risk for unbal anced l iveborn and 

a 14 . 5 % risk for an unbalanced fetus detected by amniocentes i s  

( stene and stengel -Rutkowski , 1 9 8 8 ) . Ma l e  carriers are a t  a 

much lower risk for unbalanced of fspring ( Neri et a l . ,  1 9 8 3 ) . 

In  this study o f  5 8  carriers of  t ( DqGq) , no unbalanced 

o ffspring were born to male  carriers . 

Although a l l  stud ies agree that carriers o f  t ( 1 4 q2 1 q )  

are a t  risk for Down syndrome , one report noted a s ign i f i cant 

increased risk of Down syndrome for carriers of  t ( 1 3 q2 1 q )  over 

t ( 1 4 q2 1q)  ( Daniel et al . ,  1 9 8 0 ) . However , the number of cases 

was too smal l  ( 4  famil ies ) to see an e ffect . In  one study , 

invest igators examined the sperm o f  a male  carrier o f  a 

t ( 1 4 q2 1q)  and found a s igni ficantly greater number o f  

karyotypica 1 1y normal sperm as compared t o  bal anced sperm 

( Balkan and Martin , 1 9 8 3 ) . Additional ly , 4 %  ( 1/ 2 4 )  o f  the 

sperm complements carried an extra chromosome 2 1 .  A s im i l a r  

study was done o n  a carrier of  a t ( 15q2 2 q )  ( Syme a n d  Mart in , 

19 8 9 ) . They noted a s l ightly greater number o f  chromosoma l ly 
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normal sperm as compared t o  chromosomal ly bal anced sperm and 

there was no evidence for an inter-chromosomal e ffect for 

aneuploidies unrel ated to the translocat ion . 

For balanced carriers o f  GqGq transl ocat ions , only 

t ( 2 1q2 2 q )  wi l l  be cons idered s ince all o ffspring of  t ( 2 1q2 1 q )  

and t ( 2 2 q2 2 q)  wi l l  b e  unbal anced . The risk to femal e  

carriers o f  t ( 2 1q2 2 q )  for unbalanced o ffspring i s  8 . 9 % for 

unbal anced l iveborn and 1 5 . 8 % for unbalanced fetuses at 

amniocentesis ( Stene , 1970 ; stene and stengel -Rutkowski , 1 9 8 8 ) . 

Aga in , the risk for male carriers i s  very low .  Sperm from a 

male heterozygous for a t ( 2 1q2 2 q )  has been examined ( Syme and 

Martin , 1 9 8 8 ) . They found a s l ight increase in the number o f  

chromosomal ly normal sperm as compared t o  chromosomal ly 

bal anced sperm and did not see any evidence for an i nter

chromosomal effect for non-translocat ion rel ated aneup l o id i e s . 

In summary , the risk of  unbal anced offspring to carriers 

o f  Robertsonian transl ocations appears to depend on the sex 

o f  the carrier and the spec i f ic chromosomes involved in the 

rearrangement . Some other factors that have not been studied 

extens ively include : 1 )  The segregation patterns of d icentric 

versus monocentric Robertson i an rearrangements : 2 )  the e ffects 

o f  retention of  specific  centromeres in monocentric 

rearrangements ; and 3 )  the s iz e  discrepancy between two 

chromosomes involved in a Robertsonian transl ocati on and the 

contribution to mal segregation . In reference to points one 

and two , the particular functional centromere may l ead to the 

segregation patterns seen in certain Robertsonian 
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trans l ocations . For example , carriers o f  t ( 1 3 q2 1 q )  rarely 

have chi ldren with Patau syndrome but are at a s igni f i cant 

risk for having children with Down syndrome ( Daniel et a l . ,  

1 9 8 0 ) . The maj ority of t ( 1 3 q2 1q )  may reta in the centromere 

13 as the funct ional centromere which may l ead to  a 

predispos ition for adj acent I segregation o f  the two 

nonhomologous centromeres resulting in Down syndrome ( Fig . 

2 ) . The adj acent I I  type of segregation pattern i s  much rarer 

and may explain the rarity o f  Patau syndrome in the chi ldren 

of  carriers of  t ( 1 3 q2 1q) . The third point may be c l ar i f ied 

by examining the contribut ion o f  unbal anced o ffspring from 

carriers of t ( 1 3 q1 4 q )  as compared to t ( 1 4 q2 1q) . The unequal 

s i z ed chromosomes involved in the transl ocat ion may contribute 

to improper meiotic pairing , mal segregation and result in 

unbal anced gametes ( Hamerton , 1 9 6 3 ) . However ,  when two sperm 

studies are compared , a carrier o f  a t ( 1 3 q1 4 q )  had 2 6 . 5 % 

( 3 1/ 1 17 ) unbalanced sperm complements whi l e  a carrier o f  a 

t ( 1 4 q2 1q� had 1 2 . 5 % ( 3/ 2 4 )  unbal anced complements ( Ma rt i n , 

1 9 8 8  and , Balkan and Martin , 19 8 3 , respectively ) ,  thus not 

l ending support to the hypothes i s  of malsegregation result ing 

from unequal s i zed chromosomes .  Further studies into the 

mol ecular structure of Robertsonian transl ocations may uncover 

spec i fic characteristics of  certa in Robertsonian 

trans l ocations that contribute to fetal wastage and unbalanced 

offspring . 
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The recurrence risk for de novo rearrangements may result 

from 1 )  a true recurrence of the de  novo event because o f  a 

genetic predi spos ition ; 2 )  recurrence from chance a l one or 3 )  

parental mosa icism .  Waxmann and Arakaki ( 19 6 6 )  were the f i rst 

to report a GqGq mosaic carrier mother and her three chi ldren 

wi th translocation Down syndrome who were fathered by two 

d i fferent males . Wilroy et al e ( 19 6 9 )  reported two s ibl ings 

wi th " de novo" GqGq Down syndrome in which the mother was 

found subsequently to be mosaic  (Wil roy et a l . ,  1 9 7 8 ) . I n  

addition , Steinberg et al e ( 19 8 4 ) found parental mosa i c i sm i n  

four previously reported d e  novo transl ocation Down syndrome 

cases . Hal l ( 19 8 5 )  reported a 1% maternal mos a i c i sm in one 

case and cautioned aga inst giving l ow recurrence risk f i gures 

without exploring parental mosaicism . Although gonadal 

mosaicism can rarely be excluded , the r i sk for having a second 

chi l d  with de novo transl ocation Down syndrome appears to be 

less than 1% in a study o f  7 6  fami l ies ( Gardner and Vea l e , 

1 9 7 4 ) to 2 %  in a study of 1 1 2  famil ies ( Steinberg et a l . ,  

1 9 8 4 ) . However ,  a l l  studies agree that parents who have had 

a child with a de novo transl ocation should be o f fered 

prenatal testing in subsequent pregnancies ( Gardner and Vea l e , 

1 9 7 4 ; Schmidt and Nitowsky , 1 9 7 7 ; Garver et a l . ,  1 9 8 2 ; 

steinberg et al . ,  1 9 8 4 ) . 

The recurrence risks for de novo t ( 2 1q2 1 q )  versus i ( 2 1q )  

have not been examined . Additiona l ly , because o f  the rare 

occurrence , the recurrence risk for non-t ( 2 1q2 1 q )  de novo 



rearrangements has not been examined . 

IV. Causes o f  Acrocentric Rearrangements 

A .  The nucleo l ar organi z er region 

3 0  

In humans , the nucleolar organi z er regions ( NORs ) are 

l ocated in the secondary constriction o f  the f ive pai rs o f  

acrocentric chromosomes : 1 3 , 1 4 , 1 5 , 2 1  and 2 2  ( Ferguson

smith and Handmaker , 19 6 1 ) . The NOR i s  the l ocation o f  the 

tandemly arranged genes coding for the l 8 S  and 2 8 S ribosomal 

RNA ( Evans et a l . ,  1974 ) . Based on 3H-rRNA in s i tu 

hybrid i z ation studies , the amount o f  rONA present d i f fers 

between the acrocentric chromosomes and between ind ivi dual s  

( Evans et al . ,  1974 ) . Addit ional ly , the amount o f  rONA i s  

stab l e  within a n  individual and heritable ( Evans e t  a l . ,  

1 974 ) . 

By employing an ammoniacal s i lver sta ining techni que , 

Goodpasture et al e ( 1976 ) confirmed that the NOR was l ocated 

in the stalk region ( secondary constriction )  o f  the 

acrocentric chromosomes .  The ammoniacal s i lver sta i n  was 

shown to sta in the acidic proteins that surround the act ive 

NOR ( Schwarz acher et al . ,  1978 ) , thus devel oping a mea surement 

of NOR act iv ity . Morton et al e ( 19 8 3 ) demonstrated that total 

NOR score , by s i lver sta ining , correlated pos itively with the 

incorporation of 3H-uridine into nucleolar rRNAs . I n  

addition , they were abl e  t o  show heritab i l ity o f  NOR activity 

( transcription )  within monozygotic twins ( Morton et a l . ,  

19 8 1 )  . Other investigators have also  demonstrated the 

heritab i l ity of NOR express ion (Markovic et a l . ,  1 978 ; Tay l or 
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and Martin-DeLeon , 19 8 1 ; Z akharov et a l . ,  1 9 8 2 a ; Z akha rov et 

al . ,  1 9 8 2 b ) . Recently , investigators have shown that 

transcriptionally active NORs are less methylated and more 

sens itive to DNase I digestion than inact ive NORs ( Ferraro and 

Prantera , 1 9 8 8 ) . 

The number of pos itively sta ining NORs in individual s  

has been shown to vary between four and ten with a mean o f  

about eight ( Bl oom et al . ,  1 9 7 6 ; Mikel saar et al . ,  1 9 7 7 ; Ray 

and Pearson , 1 9 7 9 ; Jackson-Cook , 1 9 8 5 ) . The frequency o f  

positive NORs was l owest for chromosome 2 2  (Mikel saar e t  a l . ,  

1977 ; Z akharov et al . ,  1 9 8 2 b )  and highest for chromosome 2 1  

( Z akharov et al . ,  1 9 8 2 b ) . 

The role of  the NOR in chromosomal abnormal it i e s  was 

f i rst suggested by Ohno et al e ( 19 6 1 ) . They hypothes i z ed that 

during the formation of  the nucleolus and transcription o f  

rDNA , when the acrocentric chromosomes participate in 

sate l l ite associations , breakage and exchange could occur 

between the acrocentric chromosomes g iving r i s e  to 

Robertsonian transl ocations . Evidence for NOR involvement in  

Robertsonian transl ocations comes from Mil ler et  al e ( 1 978 ) 

and Di Berardino and Iannuz z i  ( 19 8 1 )  in  mice and catt l e , 

respectively . The mouse i s  an exceptional model for studying 

Robertsonian translocation formation because all 2 0  pa irs o f  

chromosomes are acrocentric and each chromosome conta ins 

equivalent amounts o f  highly repet itive s ate l l ite DNA . 

However ,  only three to s ix pa irs of  chromosomes have act ive 

NORs . Mi l l er et al e ( 1978 ) found that the chromos omes with 
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act ive NORs were more l ikely to be involved i n  Robertsonian 

transl ocat ions than the chromosomes without NORs or inact ive 

NORs . Additiona l ly , about 3 0 % of the rearrangements were 

homologous Robertsonian transl ocations or isochromosomes .  The 

proportion of  NOR bearing chromosomes result ing in 

" isochromosomes "  was greater than expected if a l l  chromosomes 

were equal ly l ikely to partic ipate . The " isochromos omes "  

could have resulted from " centric fus ion" o f  homol ogous 

chromosomes or through misdivis ion of the centromere . 

Robertsonian translocation formation i s  the primary cause 

of  karyotyp ic evolution in cattle ( Di Berardino and I annu z z i , 

1 9 8 1 ) . One o f  the most investigated examples i s  the 

evolutionary rel ationship between two types of  buf fa l o ; Swamp 

( 2 N=4 8 )  and Murrah ( 2N=5 0 ) . Di Berardino and I annuz z i  ( 1 9 8 1 )  

demonstrated that fus ion took pl ace between chromosomes 4 and 

9 in the Murrah buffalo to g ive rise to the karyotypic 

f indings in the Swamp buffalo . Evidence for NOR involvement 

in this  trans location is provided by 1 )  the Murrah buf f a l o  

chromosome 4 ,  which is  NOR-pos i ti  ve , i s  one of  the chromosomes 

in the Robertsonian translocation of the Swamp buf fa l o ; and 

2 )  the finding of an apparent loss o f  a NOR through a centric 

fus i on in the Swamp buffa l o , who have only five pairs o f  NOR 

positive chromosomes , as opposed to the s ix NOR-pos itive p a i rs 

in the Murrah buffalo . 

The role o f  the NOR in human acrocentric rearrangements 

comes from a series of studies which expl ored exchanges o f  

ribosomal genes between nonhomologous chromosomes (Arnhe im et 
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a l . ,  19 8 0 ; Krystal et al . ,  1 9 8 1 )  and the associat i on o f  

ribosomal genes from nonhomol ogous chromosomes in the 

nucleolus (Mirre et al . ,  19 8 0 ; Stahl et al . ,  1 9 8 3 ) . 

Restriction enzyme analys i s  o f  the ribosomal genes between 

humans and f ive species o f  apes revealed concerted evolut ion . 

In  this  case , concerted evolution refers to the fact that the 

ribosomal genes on nonhomol ogous chromosomes with i n  and 

between species are too s imilar to have arisen independently 

(Arnheim et al . ,  1 9 8 0 ) . The variab i l ity seen between 

chromosomes could be expla ined by unequal s i ster chromat i d  

exchanges within a chromosome and cross ing over between 

nonhomologous chromosomes ( Krystal et a l . ,  1 9 8 1 ) . Studi e s  o f  

the ultrastructure of the nucl eolus o f  human oocytes and 

spermatocytes reveal that ribosomal genes belonging to s evera l 

acrocentric chromosomes associate in the same nucl eolus ( M i rre 

et al . ,  1 9 8 0 ; Stahl et al . ,  1 9 8 3 ) . During thi s  association , 

it has been hypothes i z ed that breakage and erroneous reunion 

could result in Robertsonian transl ocat ions . S ince the 

ribosomal genes intermingle , but not necessarily the ent ire 

pericentromeric regions , more dicentric translocati ons would 

be expected . However ,  homologous areas o f  the short a rms and 

pericentromeric regions between nonhomol ogous chromos omes may 

fac i l itate pairing and exchange , resulting in both d icentri c  

and monocentric translocations . 

B. The peri centromeric regions 

The peri centromeric regions of human chromosomes conta in 

a class of DNA known as satel l ite DNA . Satel l ite DNA refers 



3 4  

to tandemly repeated DNA famil ies that can be separated from 

the rest of the DNA by a CsCI gradient ( Lewin , 1 9 8 3 ) . The 

function of  sate l l ite DNA is unknown at thi s  t ime although it 

has been postulated to be involved in chromosomal organi z at i on 

and structure , gene regulat ion , and mainta ining chromos ome 

pairing and order within the nucleus ( Devine et a l . ,  1 9 8 5 ) . 

There are several famil ies o f  satel l ite DNA : alpha and 

satel l ite I - IV ( Choo et al . ,  19 8 9 ) . The order o f  the 

repeating units of sate l l ite DNA is characteris t i c  o f  

individual chromosomes and i s  thought t o  arise through 

mutation and cross ing over between homol ogous chromosomes 

( Devi l ee et al . ,  1 9 8 6 ) . However ,  other evidence for only the 

acrocentric chromosomes indicates that sate l l ite DNA has been 

di spersed over these chromosomes through unequal cross ing ove r  

between nonhomol ogs ( Kurnit , 1 9 7 9 ) . 

Many DNA sequences have been isolated that hybrid i z e  to 

a l l  f ive human acrocentric chromosomes ,  thus displaying 

sequence homol ogy between the acrocentrics ( Kurnit et a l . ,  

1 9 8 4 ; wil l ard , 1 9 8 5 ; Devine et a l . ,  1 9 8 5 ; Kurnit et a l . ,  

1 9 8 6 ) . Recently , subfamil ies o f  a-sate l l ite DNA sequences 

have been shown to hybridi z e  to speci fic  acrocentric 

chromosomes . Two chromosome-speci f ic subfami l ies have been 

shown to hybrid i z e  to only chromosomes 1 3  and 2 1  ( Devi l ee et 

al . ,  19 8 6 ; J0rgensen et aI , 1 9 8 7 ) . Additiona l ly subfam i l ies 

have been shown to hybridi z e  speci f ically to chromosomes 1 4  

and 2 1  ( Choo e t  a l . ,  1 9 8 8 ) ; chromosome 14  ( Waye e t  a l . ,  1 9 8 8 ) ; 

chromosome 2 2  (McDermid et al . ,  19 8 6 ) ; and chromosomes 1 4  and 
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2 2  ( J0rgensen et al . ,  1 9 8 8 ) . The emergence o f  these 

chromosome speci f i c  a-satel l ite DNA sequences have prompted 

Choo and co-workers to propose the ir model of  Robertsonian 

translocat ion formation through speci fi c  acrocentric short 

arm domains ( Choo et al . ,  1 9 8 8 ; 1 9 8 9 ) . 

The model proposed by Choo et al . ( 19 8 8 ; 1 9 8 9 ) cons iders 

the fol lowing information : 1 )  a-sate l l ite DNA sequences have 

been ident i f ied that are common to a l l  acrocentric chromos omes 

and unique to some ; 2 )  acrocentric chromosomes part i c ipate 

nonrandomly in Robertsonian translocations ; and 3 )  acrocentric 

chromosomes partic ipate in sate l l ite associations . Two 

as sumpt ions are made : First , exchanges can occur between 

nonhomologous acrocentric chromosomes and 

orientation of the doma ins on chromosome 14  

second , the 

are inverted 

compared to chromosomes 13 and 2 1  ( Therman , 1 9 8 0 ) . The 

homol ogy and repet it ive nature o f  the sate l l ite doma ins 

between the acrocentric chromosomes , spec i f ically chromos omes 

1 3 , 14  and 2 1 ,  a l l ows for homol ogous pairing between 

nonhomologs . Additiona l ly , i f  the sequences on chromosome 1 4  

are inverted , this  would exp l a in the high frequency o f  

t ( 1 3 q1 4 q )  and t ( 1 4 q2 1 q )  and the rare occurrence o f  t ( 1 3 q2 1q) ; 

t ( 1 3 q1 4 q )  and t ( 14 q2 1q) , 2 of  1 5  poss ible trans l ocat i ons , 

account for the maj ori ty of cases ( Therman et a l . ,  1 9 8 9 ) . 

Furthermore , the short arm locat ion of these doma ins i s  

cons i stent with the s ite o f  breakage within the maj ority o f  

Robertsonian transl ocat ions . Breaks are thought t o  occur i n  

the short arms s ince the maj ority o f  Robertsonian 
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translocat ions are dicentric and devoid o f  NOR materi a l  

( Matte i e t  al . ,  1 9 7 9 ) . Although chromosomes 14  and 2 2  and 

chromosomes 13 and 2 1  share common doma ins , the sequences on 

these chromosomes are thought to be in the same orientat i on , 

as opposed to be ing inverted , which expla ins the l ow frequency 

of these particular Robertsonian translocations ( 1 . 2 % and 

2 . 2 % ,  respectively ) ( Therman et al . ,  1 9 8 9 ) . However ,  the a 

satel l ite domains that have been shown to be  present i n  a l l  

of the acrocentric chromosomes could explain the occurrence 

of  all 15  poss ible Robertsonian trans l ocations seen in the 

population ( Choo et al . ,  1 9 8 8 ) . 

c. Sate l l ite associ ations 

The acrocentric chromosomes participate in a phenomenon 

termed satell ite associat ion . First reported by Ferguson

Smith and Handmaker ( 19 6 1 ) , satel l ite associations are the 

result of nucl eolus format ion and rDNA transcription in the 

previous cel l cycle . This  observation has l ed to the 

hypothesis  that during nucleolus formation , breakage and 

erroneous exchange leads to Robertsonian transl ocat i on 

formation ( Ferguson-Smith and Handmaker , 1 9 6 1 ; Ohno et a l . ,  

19 6 1 ) . Therefore , satell ite associations , measured at 

metaphase , could be a measure o f  each chromosome I s 

participation in nucleolus organi z ation in the previous 

interphase . 

The acrocentrics have been found to part i cipate in 

satel l ite associations randomly ( Cohen and Shaw , 1 9 6 7 ; Curt i s , 

1 9 7 4 ; Mattei et al . ,  19 7 6 ; Jacobs et al . ,  19 7 6 , Therman et 



3 7  

a l . ,  1 9 8 9 )  and nonrandomly ( Pat i l  and Lubs , 19 7 1 ; Galperin

Lema itre et al . ,  1 9 7 7 ; Ray and Pearson , 1 9 7 9 ) . Pat i l  and Lubs 

( 19 7 1 )  found that chromosomes 1 3 , 1 4  and 21  participated most 

frequently while  Galperin-Lemaitre et a l e ( 19 7 7 ) found that 

chromosomes 13 and 2 1  preferential ly associated . 

Additionally , Ray and Pearson ( 19 7 9 ) observed that 1 5 - 2 2 

associations were higher than expected . 

Several studies have ident i fied factors that may 

influence the formation of sate l l ite associat ions . Ribosomal 

DNA content i s  one such factor which has been invest igated . 

Evans et al e ( 19 7 4 ) showed with 3H-rRNA hybridi z ation stud ies 

that acrocentric chromosomes in association do not exh ibit 

more rRNA hybrid i z ation than the chromosomes not in  

as soc iation . However ,  with few exceptions , Warburton et a l e 

( 1 9 7 6 )  found a s igni ficantly pos itive correlation between the 

number of rDNA gene copies and a tendency for sate l l ite 

associations . It i s  pos s ible that sate l l ite associat i ons are 

more frequent between s ilver-positive ( act ive ) NOR bearing 

chromosomes . Tantravahi et al e ( 1 9 7 6 ) , Di Lerni a  et a l e 

( 1 9 8 0 )  and Morton et al e ( 19 8 1 )  found that the amount o f  

s i lver sta i n i ng was increased on the associated acrocentr ic 

chromosomes . However ,  s ilver-negat ive chromos omes 2 2  

partic ipated in sate l l ite associations a s  frequently a s  the 

s i lver-positive chromosomes ( Tantravahi et a l . ,  1 9 7 6 )  . 

Furthermore , Tantravahi et al e ( 19 7 6 )  found that in  the 

Gori l l a , the acrocentrics that lacked NORs ( and rDNA ) a l s o  

partic ipated i n  sate l l ite associat ions . There fore , sate l l ite 
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associations are not a s imple function o f  rDNA content o r  NOR 

act ivity . 

Other factors which may influence sate l l ite assoc i at i ons 

include the l ength of the short arm ,  short a rm 

heteromorphisms , the length of the stalk and the s i z e  o f  the 

sate l l ites . Zankl and Z ang ( 19 7 4 ) found that acrocentric 

chromosomes with el ongated short arms had lower assoc iation 

frequenc ies than the other acrocentric chromosomes .  Jacobs 

et al . ( 19 7 6 )  observed no correlation between any 

morphological heteromorphi sms and sate l l ite associations . 

Add itional ly , no relationship could be establ i shed between R

band variants of the short arms and the frequency o f  

acrocentric associations ( Bal icek e t  al . ,  1 9 8 2 ) . Acrocentric 

chromosomes with long stal k  lengths have been found to 

as sociate more frequently than their " normal " homol ogs ( Schmid 

et al . ,  1 9 7 4 : Mi l l er et al . ,  1 9 7 7 : de Capoa et al . ,  1 9 7 8 : Di 

Lernia et al . ,  1 9 8 0 ) . Acrocentric chromosomes with l a rge 

sate l l ites have been found to have increased sate l l ite 

associat ions in one study ( Z ankl and Z ang , 1 9 7 4 ) and no 

d i f ference from the other acrocentrics in another ( Di Lernia 

et  al . ,  198 0 ) . F inal ly , the frequency of  s ate l l ite 

a ssociations have not been found to d i f fer between ma l e s  and 

fema les ( Zang and Back , 1 9 6 8 : Mattei et a l . ,  1 9 7 6 : Ray and 

Pearson , 19 7 9 ) although there may be an increase in 

assoc iat ions for individual s  over age 4 0  ( Matte i et a l . ,  

1 9 7 6 ) . However , sate l l ite associat ions have been found to be 

h ighly heritab l e  ( Ph i l l ips , 19 7 5 ; Y ip and Fox , 1 9 8 1 ) . 
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sate l l ite associations have been studied i n  parents and 

their offspring who have trisomy 2 1 .  Cooke and curti s  ( 19 7 4 ) 

found no increase in sate l l ite associations in the parents a s  

compared t o  the control individua l s . However ,  the parental 

origin of the nondisj unctional event was not studied . I n  two 

studies where the parent in whom the nondisj unction occurred 

was determined , one study found an increase in sate l l ite 

assoc iations of chromosomes 2 1  and 14  and spec i fica l l y  2 1 - 2 1 

associations ( Hansson and Mikkel sen , 1 9 7 8 ) whi l e  the other 

noted an increase in all sate l l ite associations in the parents 

but fa iled to find any speci fic associat ions ( i . e .  2 1 - 2 1 )  

( Jacobs and Mayer , 1 9 8 1 ) . 

Zel lweger et al e ( 19 6 6 )  were the first to systemat i c a l l y  

study satel l ite associations and Robertsonian transl ocat ion 

format ion . They found that one parent in each of two fam i l i e s  

who had a child with a d e  novo Robertsonian transl ocati on had 

an increase in satell ite associations over the control 

individuals . However ,  the parental origins of  the de novo 

rearrangements were unknown . More recently , Nikol i s  and Kekic 

( 1 9 8 6 )  studied 1 0  fami l ies having a chi l d  with de novo 2 1q2 1 q  

trans locat ion Down syndrome . The parents o f  origin o f  the de 

novo rearrangement had lower mean sate l l ite associat i ons for 

chromosome 2 1  and speci f ical ly for 2 1-2 1 associations than the 

control individuals . These f indings may indicate that 

sate l l ite associations of chromosomes 2 1  are not a causal 

factor in t ( 2 1q2 1q) . Furthermore , these rearrangements may 

be isochromosomes of 2 1  in which decreased satel l ite 
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associations of chromosome 2 1  may be a factor i n  the i r  

formation . 

D .  Causes speci f i c  to i sochromosome formation 

I sochromosomes , as described by Darl ington ( 19 3 9 ; 1 9 4 0 ) , 

are chromosomes composed o f  identical arms . Because o f  th i s  

genetic identity , isochromosomes must arise from one 

chromosome . Therefore , the mechanisms by which i sochromosomes 

arise are probably d i f ferent from those which g ive rise to 

transl ocat ions . 

There are three mechanisms postulated by which 

isochromosomes could form ( Fig .  3 ) : 1 )  misdiv i s i on o f  the 

centromere , 2 )  s i ster chromatid breakage with a u-type 

reunion , and 3 )  cross ing over with in a pericentric invers i on . 

Very l ittle is  known about acrocentric i sochromosomes s ince 

these mechanisms have been studied in nonacrocentric 

i sochromosomes ; ma inly i ( Xq ) and i sochromosomes that a r i s e  in 

leukemias and tumors [ i . e . i ( 17 q )  and i ( 6p ) , respect ively ] .  

I sochrom9somes can have varying morphol ogies which can provide 

important clues to the pos s ible mechani sms that g ive r i se to 

these rearrangements .  

Misdivis i on ,  the first mechani sm for i sochromosome 

format ion , refers to an erroneous transverse div i s i on of the 

centromere ( Darl ington , 19 3 9 ; 1 9 4 0 ) . Thi s  mechan i sm has been 

used to exp l a in the occurrence of symmetrical monocentric 

chromosomes . Misdivis ion of the centromere has been thought 

to give rise to i ( Xq) ( Priest et a l . ,  1 9 7 5 ; Hsu et a l . ,  1 9 7 8 )  

and i ( 6p )  in retinobl astoma tumor cel l s  ( Horsthemke et al . ,  
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1 9 8 9 ) . However , this  assumes that the byproducts [ i ( Xp )  and 

i ( 6 q) , respectively ] have been l ost in subsequent cel l 

divis i ons . Very few examples exist that show retenti on o f  

both products : i ( 18p)  and i ( 18 q )  i n  Edward syndrome ( Mul l er 

et al . ,  1 9 7 2 ; Larson et al . ,  19 7 8 )  and i ( 17p ) and i ( 17 q )  i n  

two cel l s  of a normal female ( de l a  Chape l l e , 1 9 8 2 ) . Although 

the retention of both products appears to be rare , the absence 

of one product may reflect cel l  viab i l ity or selection ( de l a  

Chape l l e , 1 9 8 2 ) . In contrast , i f  the transverse d iv i s i on 

occurred in me ios i s  and proper segregation o f  the centromeres 

occurred , then only one.  product would be expected ( fi g . 3 a ) . 

An alternate mechanism which could explain both the 

occurrence of  monocentric and dicentric i sochromosomes is an 

isolocal break in s i ster chromat ids with a u-type reuni on 

( Fig .  3 ) . First described by de l a  Chapel l e  et al e ( 1 9 6 6 ) , 

thi s  mechanism has been used to exp l a in the occurrence o f  

d icentric isochromosomes ( de la  Chapel l e  and stenstrand , 1 9 7 4 ; 

Priest et al . ,  1 9 7 5 ; Hsu et al . ,  1 9 7 8 ) . Recently , mol ecular 

evidence has shown that breakage and reunion o f  s i ster 

chromatids is  the most l ikely mechan ism responsible for 

forming dicentric Xq chromosomes ( Harb inson et a l . ,  1 9 8 8 ; 

Phelan et al . ,  1 9 8 8 ) . Interestingly , together these molecu l a r  

studies have shown a n  equal s e x  d i stribution i n  parental 

origin o f  the dic ( Xq )  s and s ince males  have only one X 

chromosome , this  l ends support for " true " i sochromosome 

formation ( Harbinson et al . ,  1 9 8 8 ; Phelan et a l . ,  1 9 8 8 ) . 

Further support for s i ster chromat id exchange i n  i sochromosome 
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Fig . 3 .  Three mechani sms o f  i sochromosome format i on . a .  

Misdivis ion ( or transverse divis ion )  o f  the centromere l eads 

to two monocentric products ; one composed o f  the short a rms 

and one of the l ong arms . b .  s i ster chromat id exchange and 

an erroneous u-type reunion l eads to either a monocentric or 

d icentric product depending on the pos ition of  the exchange 

( centromere or short arm ,  respect ively) .  Cross ing over may 

occur distal to the exchange as ind icated . c .  A crossover 

in a pericentric invers ion leads to a chromosome that appears 

to be an i sochromosome but in fact i s  derived from the 

inverted chromosome and its normal homol og and is not a " true " 

i sochromosome . 



43 

� 
� 

� 

� � t  
- • ...... 

� ex:: 
� 

� t  =::>c:: 
c t  

<= tIZZ"" • i22221 

=> 
• 

� t t =x: 
c t  =::>c:: 

� =>;<:= � t  
� .-/+� c 0 

-; � c � t  It t 
� � (ZI/21 • 

� � VZ2Zd • 



4 4  

formation comes from studies o f  homogeneously sta ining regions 

( HSRs ) in the MeWo human mel anoma cel l l ines ( Holden et a l . ,  

1 9 8 9 ) . The ampl i f ied HSRs include a l arge inverted repeat o f  

tandemly repeated sequences .  The HSRs were involved in  the 

formation of several i sochromosomes . Thi s  suggests that 

inverted repeats could faci l itate s i ster chromatid exchanges 

l eading to isochromosome formation . Tandemly repeated 

sequences are found in the pericentromeric and nucl eolus 

organi z er regions of  the human acrocentric chromosomes .  

A third mechanism for i sochromosome formation involves 

cross ing over within a pericentric invers ion . Origina l ly 

proposed by Nusbacker and Hirschhorn ( 1 9 6 8 ) , the morphol ogy 

of the result ing i sochromosome would depend on the area o f  

the chromosome involved i n  the invers ion . This  mechanism has 

been used to expl a in two cases of  i ( Xq ) ( Priest et al . ,  1 9 7 5 ; 

Hsu et al . ,  1 9 7 8 ) . However ,  thi s  mechanism i s  the l east 

attractive because of  its complexity . Furthermore , the most 

frequent pericentric invers ion involves chromosome 9 ;  inv ( 9 )  

const itutes 4 0 % of all  pericentric invers ions ( Therman , 1 9 8 0 )  

yet i ( 9 p )  and i ( 9 q )  are rarely reported ( Van Dyke , 1 9 8 8 ) and 

inversions in these parents have not been documented . 

Recently , electron microscopy ( EM)  o f  a pericentric invers ion 

o f  chromosome 2 1  was studied ( Gabriel -Robez et a l . ,  1 9 8 8 ) . 

The chromosome 2 1  b ivalent could be ident i f ied by its 

kinetochore nonal ignment . 

Thi s  was speculated to 

Loop formati on was not observed . 

result from the sma l l  s i z e  o f  

chromosome 2 1  s ince invers ions o f  larger chromosomes ( i . e . 
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chromosome 1 )  have been observed to have invers ion l oops on 

EM study ( Gabriel -Robez et al . ,  1 9 8 8 ) . The nonal ignment o f  

the kinetochores which l eads t o  pairing o f  nonhomol ogous 

segments would minimi ze the opportunity for proper cro s s ing 

over and therefore l imit the format ion of  dupl icati ons and 

deficienc ies through ' aneusomie de recomb inaison ' ( Gabr i e l 

Robez et al . ,  1 9 8 8 ) . Thus , i sochromosome 2 1  formation would 

not be expected from carriers of pericentric invers ions of  

chromosome 2 1 .  A final note about pericentric invers i ons in 

i sochromosome formation comes from Schmutz and Pinno ( 1 9 8 6 ) . 

They reported an i ( 18 q )  in a child born to a mother with a 

pericentric invers ion 18  [ inv ( 1 8 )  ( p 1 1 . 3 q1 1 . 2 )  ] • As they 

point out , a crossover event in an invers ion l oop would l ead 

to a chromosome s imilar to an i sochromosome in morphology but 

the arms would be derived from the inv ( 1 8 )  and its homol og and 

there fore would not be genet ical ly identical , thus not a 

" true " isochromosome . 

v .  Cons equence s  o f  acrocentri c  exchanges :  Nonrandom 

parti cipat i on of acrocentri c  chromos omes in rearrangements 

A. Sate l l i te DNA 

Satel l ite DNA , found in the short arms o f  the acrocentric 

chromosomes , was shown to be present in dicentric Robertsonian 

trans l ocations although always less than the amount in the 

" normal " homol ogs ( Gosden et al . ,  19 8 1 ) . No sate l l ite DNA 

could be detected from the miss ing short arms in  the 

monocentric Robertsonian transl ocat ions tested ( Gosden et a l e , 

1 9 8 1 ) . The breakpo ints in dicentric Robertsonian 
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transl ocations are most l ikely in the sate l l ite DNA o f  the 

short arms caus ing a reduct ion , but rarely a complete l o s s , 

o f  thi s  DNA ( Gosden et al . ,  19 8 1 ) . 

Quantities of sate l l ite I I I  DNA , by in s itu hybridi z at i on 

studies , were found to be highest in chromosomes 15 and 2 2  and 

l owest in chromosomes 1 3 , 14 , and 2 1  ( Gosden et a l . ,  1 9 7 9 ; 

1 9 8 1 )  • Gosden et al e ( 19 7 9 ) suggested that the nonrandom 

participation of the acrocentrics in Robertsonian 

trans locations was rel ated to the amount o f  sate l l ite I I I  DNA 

found on the d i f ferent chromosomes . 

amounts of sate l l ite DNA are 

Chromosomes with smal l er 

" tol erated " better in 

Robertsonian transl ocations ( i .  e .  chromosomes 1 3  and 14 ) . The 

chromosomes that conta in the l argest amounts of  sate l l ite DNA 

( i . e .  15  and 2 2 ) were rarely found in Robertsonian 

transl ocat ions . It is  pos s ible that a sUbstantial l oss o f  

this  DNA , through Robertsonian trans l ocat ion format ion or 

other mechanisms , would be deleterious . Furthermore , the 

retention of satel l ite DNA in these rearrangements may be 

necessary for cel l survival and thi s  may expl a in why the 

maj ority of Robertsonian trans locat ions are dicentric . 

Chromosomes 15 and 2 2 , which conta in the highest amount 

of sate l l ite I I I  DNA , have been reported to part i cipate in 

sate l l ite associations more frequently than the other 

acrocentric chromosomes ( Gosden et al . ,  1 9 7 8 ; Ray and Pearson , 

1 9 7 9 ) . Thus , the amount of sate l l ite I I I  DNA may be rel ated 

to satel l ite associations and if so , loss of thi s  DNA may 

alter chromosomal partic ipat ion in sate l l ite a ssoci a t i ons . 
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Hansson ( 1 9 7 5 )  found that the presence o f  Robertsonian 

transl ocat ions caused a higher frequency o f  satel l ite 

associations among the rema ining homologs . However , Z ankl and 

Z ang ( 19 7 8 ) did not find an alteration in sate l l ite 

association partic ipation after the loss o f  0 and G 

chromosomes in meningiomas . It i s  assumed that satel l ite 

assoc iations are necessary for nucleolus format ion and an 

a lterat ion in satel l ite associations through the format ion of 

certain Robertsonian transl ocati ons may be del eterious and 

could explain the apparent nonrandomness observed in  

Robertsonian transl ocations . 

B .  Nuc l eolus organi z er region 

Al though individual d i f ferences exist in the amount o f  

s i lver-sta ining on the acrocentric chromosomes ( Bl oom and 

Goodpasture , 1 9 7 6 ) , some trends have been establ i shed . In  

one study , the frequency of s i lver-pos it ive NORs were l owest 

in chromosomes 1 4  and 2 2  and equally high in 1 3 , 15 and 2 1  

( Mikel saar et al . , 1 9 7 7 )  whi l e  in another study , chromosome 

2 1  had the largest amount of s i lver sta in and chromosome 1 5  

had the least ( Z akharov et al . ,  1 9 8 2 ) . Cl early , NOR act ivity 

a l one does not account for the nonrandom participation o f  

acrocentric chromosomes in rearrangements .  

It i s  poss ible that the amount of NOR material l ost ( or 

rema ining )  dictates the viab i l ity o f  a rearrangement . 

compensation of NOR act ivity has been studied . Compensat ion 

refers to a mechan ism by which other acrocentric chromosomes 

not involved in the centric fusion increase their activity to 
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make up for the absent NORs . Z ankl and Hahmann ( 1 9 7 8 )  studi ed 

the cel l s  of a carrier of a de novo t ( 1 3 q1 3 q ) . They found 

that the loss of NORs through the format ion of the 

rearrangement was not compensated for by the other acrocentric 

chromosomes . However ,  the sate l l ite associations remained 

cons istent in the proband as compared to her parents because 

o f  an increase in chromosome 2 2  sate l l ite associations . other 

studies of compensation have had mixed results . Gosden et a l e 

( 19 7 9 ) found evidence of compensat ion in a proband with a de 

novo t ( 1 3 q1 4 q )  through the act ivation of a chromosome 2 1  shown 

to be inact ive in the mother . However ,  Jotterand-Be l l omo and 

Van Mel l e  ( 19 8 1 )  did not find evidence of compensat ion in four 

carriers of Robertsonian trans l ocations stud i ed . 

Additional ly , in a study of a family with a t ( 1 3 q1 4 q ) , no 

evidence for compensation was found ( Nikol i s  et a l . ,  1 9 8 1 )  

whereas a compensatory mechani sm was found in probands with 

t ( 2 1q2 1q)  who had Down syndrome ( Nikol i s  and Kekic ,  1 9 8 8 ) . 

Two expl anations of the results can be of fered : 1 )  A 

compensatory mechanism exists for some trans 1 ocat ions ( i . e . 

2 1q2 1q)  but not others ( i . e .  1 3 q1 4 q )  or 2 )  the data were not 

corrected for the fact that the carriers of the t ( 1 3 q 1 4 q )  were 

"bal anced " and the carriers of the t ( 2 1q2 1q)  had Down syndrome 

and therefore had an additional chromosome 2 1  that could 

increase the total NOR score . Furthermore , the t ( 1 3 q1 4 q ) s 

could potentially be los ing two active NORs whereas the 

t ( 2 1q2 1q) s may actually be i ( 2 1q) s thus potent i a l ly l o s ing 

only one act ive NOR . Final ly , " revers e "  compensation has not 
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been documented i n  probands with trisomy 2 1  ( Wegner e t  a l . ,  

1 9 8 0 ) . 

C .  Di centric formation 

The maj ori ty of Robertsonian transl ocations examined have 

been shown to be dicentric ( Niebuhr , 1 9 7 2 ; Daniel and Lam

Po-Tang , 19 7 6 ; Mattei et al . ,  19 7 9 ) . Dicentric chromosomes 

can be unstable because of  the formation o f  anaphase bridges 

and subsequent breakage as observed in Bloom syndrome 

( Therman , 1 9 8 6 ) . The stab i l ity o f  d icentric Robertsonian 

trans locations has been studied extens ively . The mechani sms 

by which stabil ity i s  achieved have been hypothes i z ed : 1 )  The 

close proximity of  the centromeres causes them to act in 

uni son ( Daniel and Lam-Po-Tang , 19 7 6 ; Lau and HSu , 1 9 7 7 ) ; 2 )  

centromere suppress ion , dominance or inactivat ion ( Dani e l  and 

Lam-Po-Tang , 19 7 6 ; Therman et al . ,  1 9 8 6 ) ; 3 )  del etion of one 

centromere (Vianna-Morgante and Rosenberg , 1 9 8 6 ) ; and 4 )  

di sorgan i z ation of the kinetochore in the inact ive centromere 

( Wandal l ,  1 9 8 9 ) . 

The first hypothes i s  for dicentric stab i l ity was 

investigated us ing Cd-banding of  L stra in mouse cel l s  ( Lau 

and HSu , 1 9 7 7 ) . Cd-banding stains only the act ive centromeres 

( E iberg , 1 9 7 4 ) . The mouse cel l s  display a variable number o f  

Robertsonian-type fus i ons . Cd-banding revea l ed that in the 

rearrangements where the centromeres were very close , with no 

heterochromatin between them , two Cd-bands were present . Even 

in a few cases where there was some heterochromat in between 

the centromeres ,  both centromeres sta ined Cd-positive . These 
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f indings suggest that dicentric Robertsonian transl ocati ons 

may reta in two funct ional centromeres ( Lau and HSu , 1 9 7 7 ) . 

The second hypothes i s  of  dicentric stab i l ity involves the 

inactivation or suppress ion of one centromere . Thi s  i s  

evident i n  the rearrangement by the presence of  one primary 

constriction but two C-bands ( Therman et a l . ,  1 9 8 6 )  and in  

some cases a s ingle Cd-band ( Daniel , 1 9 7 9 ) . [ C-banding sta ins 

the large heterochromatic regions o f  chromosomes 1 ,  9 ,  16 and 

Y and the centromeres of a l l  chromosomes ( Benn and Perl e ,  

1 9 8 6 ) ] .  

Unfortunately , chromosomal sta ins g ive l ittle informat i on 

about the actual process by which one centromere i s  

inact ivated . In a case of  a dic ( 1 3 ; 2 0 ) , 6 0 %  o f  the cel l s  

presented the translocat ion a s  a dicentric with the centromere 

13 act ive ( demonstrated by a primary constrict ion )  and the 

centromere 2 0  suppressed ( demonstrated by a pos itive C-band ) . 

In 4 0 % of the cel l s , the chromosome was monocentric with an 

active centromere 2 0  and a deleted centromere 13 ( V i anna

Morgante and Rosenberg , 1 9 8 6 ) . They postul ated that i n  the 

cel l s  in which the dicentric chromosome was unstable , anaphase 

bridge formation and breakage contributed to the cel l s  that 

had the deleted centromere 1 3 . These cel l s  appeared to  be 

stable s ince no cel l s  were observed that had thi s  chromosome 

completely absent . This  rare example may be the except ion 

however and not the rul e . 

For the l ast hypothes is  o f  dicentric stab i l ity , a 

tdic ( 2 1 ; 2 1 )  ( q2 2 ; q2 2 )  was examined ( Wandal l ,  1 9 8 9 ) . This 
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dicentric chromosome occas ional ly demonstrated two p rimary 

constrictions at the centromeres ( 2 2 . 5 % }  but Cd-banding showed 

only one active centromere . Centromere-speci f i c  

autoantibodies reacted weakly t o  one centromere ( inact ive ) 

and strongly with the other ( act ive ) . The weak ant ibody 

reaction indicated that a kinetochore would probabl y  not 

develop . El ectron microscopy confirmed that kinetochore 

devel opment was only at one centromere . However ,  a 

tdic ( 5 ; 1 3 }  ( p12 ; p12 ) had kinetochore devel opment at both 

centromeres .  Thus , kinetochore devel opment may be centromere 

( or rearrangement ) speci fic . 

Final ly , mol ecular probes for chromosome spec i f ic 

centromeres are being developed (Wi l l ard , 1 9 8 5 ) . These probes 

may allow for the ident i f ication of  the active centromere ( s }  

in Robertsonian trans locations . The retention o f  certa in 

act ive centromeres may lead to the apparent nonrandom 

partic ipat ion of  acrocentric chromosomes in Robertsonian 

translocations . Furthermore , particular funct i onal 

centromeres may lead to more viable segregat ion outcomes that 

are ascertained in abortuses or l iveborns [ i . e .  t ( 1 3 q2 1q }  with 

a funct ional centromere 2 1 ] . 

D .  Summary o f  the nonrandomness 

trans locations 

of Robertson i an 

In summary , the nonrandom participation o f  acrocentric 

chromosomes remains essential ly unresolved for a number o f  

reasons : I }  Ascerta inment alone cannot exp l a i n  the 

observation of nonrandomness . I f  more t ( 1 4 q2 1q)  are 
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ascertained because o f  the Down syndrome phenotype , thi s  does 

not explain the rarity of t ( 1 3 q2 1q)  and t ( 1 5 q2 1q)  among thi s  

group ( Therman et al . ,  1 9 8 9 ) . Likewise , ascertainment a l one 

does not explain the high frequency of t ( 2 1q2 1q)  and it i s  

poss ible that some o f  these are isochromosomes and thes e  

rearrangements could arise through more than one mechani sm . 

2 )  Satel l ite association is  probably the maj or mechan i sm by 

which the acrocentric chromosomes occupy cl ose phys ical 

proximi t ies . However ,  the evidence i s  weak that certa in 

sate l l ite associations give rise to certain Robertsonian 

transl ocat ions ( Gosden et al . ,  1 9 7 8 ; Ray and Pearson , 1 9 7 9 ; 

Therman et al . ,  1 9 8 9 ) . 3 )  Staining propert ies o f  the 

acrocentric short arms and NORs have shed l ittle l ight on thi s  

nonrandomness s ince individual heteromorphisms in QFQ and NOR 

staining exists ( Bloom and Goodpasture , 1 9 7 6 ; Mike l saar et 

al . ,  1 9 7 7 ; Morton et al . ,  19 8 1 ; Z akharov et al . ,  1 9 8 2 ) . 4 )  

The molecular variation in the pericentromeric regions , 

espec ially of chromosomes 1 3 , 14  and 2 1  may provide the most 

information to expl ain the high frequency to t ( 1 3 q1 4 q )  and 

t ( 1 4 q2 1q)  ( Choo et al . ,  1 9 8 8 ; 1 9 8 9 ) . Add itiona l ly , as more 

is learned about the DNA content of the p e r i centrome r i c  

regions , information may be gained about the deleteri ous 

e ffects of los ing sate l l ite DNA which may contribute to the 

observed nonrandomness ( Gosden et al . ,  1 9 7 8 ) . 5 )  F ina l ly , the 

mechanisms involved in dicentric stab i l ity may g ive r i s e  to 

the apparent nonrandomness by a l l owing cel l s  carry ing spec i f ic 

translocat ions to survive by avoiding anaphase bridge 
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formation and chromosome breakage . 

VI. studi es o f  the parental oriqin of de novo acrocentr i c  

rearranqements 

A .  Chromosomal staininq vari ants 

The origin of  the extra chromosome in Down syndrome has 

been ident i f ied through the use of  quinacrine fluores cence 

variants of  chromosome 2 1  (Juberg and Mowrey , 1 9 8 3 ) ; 

quinacrine and NOR variants (Mikkel sen et a l . ,  1 9 8 0 ; Jackson

Cook et al . ,  1 9 8 5 ) ; and with the addition of fluorescent R

banding (Verma et al . ,  1 9 8 6 ) . The parental origin o f  

nondisj unction could b e  determined i n  about 5 0 %  of  fam i l ies 

studied us ing only the quinacrine variants and an addit ional 

3 0 % could be determined by comb ining the ammoniacal s i lver 

sta in with quinacrine fluorescence (Jackson-Cook et a l . ,  

1 9 8 5 )  . The consensus among the studies i s  that maternal 

nondisj unction accounts for 8 0% and paternal nondisj unction 

accounts for 2 0 % o f  cases of  trisomy 2 1  ( Juberg and Mowrey , 

1 9 8 3 ) . These sta ining variants have also been used to study ; 

1 )  the parental origin o f  the extra chromosome 1 3  in Patau 

syndrome ( Hara and Sasaki , 19 7 5 ; I shikiriyama and M i i kawa , 

1 9 8 4 ) ; 2 )  paternity ( Ol sen et a l . ,  1 9 8 6 ) ; 3 )  the parent a l  

origin of  the chromosome in trisomic spontaneous abortuses 

( Hassold et a l . ,  1 9 8 7 ) ; and 4 )  the parental origins o f  de novo 

reciprocal and Robertsonian translocations ( Tables  7 and 8 ) . 

s ince the sta ining heteromorphisms are often l ost i n  the 

formation of the Robertsonian rearrangement , the parental 

origins must be ass igned for the free-lying chromosomes and 
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determined by exclus ion ( Chamberl in and Magenis , 1 9 8 0 ) . 
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Thirty- four cases of d e  novo acrocentric rearrangements 

in which the parental origin was known are summari z ed in  

Tables 7 and 8 .  These studies o f  de novo Robertson i an 

transl ocations are divided between those which occurred 

between nonhomologous chromosomes ( Tabl e  7 )  and those between 

homologs ( Table 8 ) . The number of maternal ly and paternal ly 

derived de novo rearrangements are s imilar when the Tab l e s  7 

and 8 are combined ( 2 0  maternal ,  1 4  paternal ) .  However , there 

is a s igni ficant excess of  maternal ly derived de novo 

Robertsonian transl ocat ions ( 8  maternal ,  1 paternal )  among 

those involving non-homologous pairs ( X21=5 . 4 4 p<0 . 0 2 5 ) ( Tabl e  

7 )  . For these " true " Robertsonian transl ocat ions , the 

parental origin cl osely resembles the parental origin o f  

nondisj unct ion i n  trisomy 2 1  ( 8 0 % maternal ) .  The parental 

origins of the homologous rearrangements are equal ly 

di stributed between maternal ( 1 2 )  and paterna l ( 1 3 )  ( Tabl e  

8 )  . The dif ferences in parental origins between " true " 

Robertsonian translocations and rearrangements between 

homologous chromosomes indicate that their etiologies may 

d i f fer . It is  pos s ible that i f  homol ogous rearrangements 

could be divided between rob ( 2 1q2 1q)  and i ( 2 1q ) , a pattern of 

parental origins would emerge . 

Chromosomal variants have been ident i f ied in some parents 

who have a chi l d  with a de novo acrocentric rearrangement 

( Table 9 ) . In two fami l ies , the parent of  origin o f  the 
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Table 7. Parental origin of de novo Robertsonian translocations between nonhomologous chromosomes 

Robertsonian Origin Staining Source 
translocation Mat Pat Variant 

t(13q14q) 1 0 Ag-NOR/DAPI Gosden et al.,1979 

t(13q14q) 1 1 QFQ Chamberlin and Magenis, 1980 

t(13q21q) 1 0 QFQ Perez-Castillo and Abrisqueta, 1978 

t(14q15q) 1 0 QFQ Jacobs et aI., 1974 

t(14q21q) 1 0 QFQ Robinson, 1973 

t(14q21q) 2 0 QFQ Chamberlin and Magenis, 1980 

t(14q21q) 1 0 QFQ/Ag-NOR Mikkelsen et aI., 1980 

Total 8 1 
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Table 8. Parental origin of de novo rearrangements between homologous chromosomes 

Ori�in Staining 
Rearrangement Mat Pat Variant Source 

rea (21q21q)a 1 0 QFQ Schmidt et aI., 1975 

rea (21q21q) 0 1 QFQ Hara and Sasaki, 1975 

rea (21q21q) 0 1 QFQ Magenis et aI., 1977 

rea (21q21q) 1 0 QFQ Jacobs et aI., 1978 

rea (21q21q) 3 1 QFQ Mattei et aI., 1979 

rea (21q21q) 4 1 QFQ Chamberlin and Magenis, 1980 

rea (21q21q) 1 1 QFQ/Ag-NOR Mikkelsen et aI., 1980 

rea (21q21q) 1 3 QFQ/Ag-NOR Nikolis and Kekic, 1986 

i (21q) 1 0 RFLP Creau-Goldberg et aI., 1987 

i (21q) 4 0 QFQ/RFLP Grasso et aI., 1989 

rea (21q21q) 0 2 QFQ/RFLP Grasso et aI., 1989 

rea (13q13q) 1 0 QFQ/RFA Kajii et al.,1976 

rea (13q13q) 0 3 QFQ Chamberlin and Magenis, 1980 

t (21;21) (q21;p13) 0 1 RFA Verma et aI., 1977 

t (21;21) (q22;q22) 0 1 QFQ/Ag-NOR Pfeiffer and Loidl, 1982 

Total 17 15 

a rea is used to denote those rearrangements in which Robertsonian translocations could n ot be 
distinquished from isochromosomes. 
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d e  novo rearrangement was not the parent who possessed a 

chromosome variant ( Jacobs et al . ,  1 9 7 4 ; Verma et a l . ,  1 9 7 7 ) . 

In another family , the mother carried a 2 1p- and was the 

origin of her son ' s  de novo t ( 2 1q2 1q) . Perez -Cast i l l o  and 

Abrisqueta ( 19 7 8 ) described a family in which both parents 

carried a chromosome variant and thus , is uninformative for 

chromosome variant involvement in the formation of the de novo 

Lastly , Jackson-Cook et a l e ( 19 8 8 ) described rearrangement . 

an apparently non-mosaic mother who had two dNOR variant 

children with rea ( 2 1q2 1q)  from chromosomes and had two 

d i fferent males . The involvement o f  the variant chromos omes 

could not be estab l i shed s ince the parental origins o f  the de 

novo rearrangements were not determined . 

B .  Re stri ction fragment l ength polymo rphi sm analys i s  

Restriction fragment length polymorphi sms ( RFLPs ) have 

been used by several invest igators to ass ign the parental 

origin and meiotic stage of  the nondisj unctional error 

result ing in tri somy 2 1  ( Davies et a l . ,  1 9 8 4 ; stewart et a l . ,  

1 9 8 5 ; Hamers et a l . ,  1 9 8 7 ; stewart et a l . ,  1 9 8 8 ; Dagna 

Bricarel l i  et a l . ,  1 9 8 8 ; Rudd et a l . ,  1 9 8 8  ; Galt et a l . ,  

1 9 8 9 )  . Over 5 0  DNA markers have been identi f ied for 

chromosome 2 1  ( stewart et a l . , 1 9 8 8 ) . Twenty- four o f  these 

markers have been mapped through recomb inat ion studies 

( Petersen et al . ,  1 9 8 9 ) . Molecular probes have been 

ident i fied which span the length of chromosome 2 1q ,  but there 

is an absence of useful markers for 2 1p ( Tanz i et a l . ,  1 9 8 8 ; 

Warren et al . ,  1 9 8 9 ; Petersen et al . ,  19 8 9 ) . The DNA markers 
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Table 9. Summary of chromosome variants in parents of children with a de novo acrocent l" ic 
rearrangement 

Variant Parent rea P.O. Source 

ISps + father t(14qlSq) mother Jacobs et aI., 1974 

lqh +  mother t(21;21) (q21;p13) father Verma et aI., 1977 

21p- mother t(21q21q) mother Jacobs et aI., 1978 

Yq + ,ISps + father t(13q21q) mother Perez-Castillo and Abrisquetta, 1971\ 
22ps + mother 

14,22 dNOR( + )  mother rea(21q21q) unknown Jackson-Cook et aI., 1988 
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become helpful too l s  for studying nondisj unction espec i a l ly 

in cases where the cytogenetic markers are uninformative or 

in question ( stewart et al . ,  1 9 8 8 ; Mil l ington-Ward and 

Pearson , 19 8 9 ) . By uti l i z ing a sufficient number o f  DNA 

markers spanning the length of the chromosome , it i s  pos s ib l e  

t o  ass ign the parental origin o f  nondisj unction i n  v i rtual l y  

a l l  cases of  trisomy 2 1  ( stewart e t  a l . ,  1 9 8 8 ; Chakrava rt i ,  

1 9 8 9 ) . 

To date , DNA markers have been used to determine the 

parental origins of acrocentric rearrangements in three 

studies ( Creau-Goldberg et al . ,  1 9 8 7 ; Priest et a l . ,  1 9 8 8 ; 

Grasso et al . ,  19 8 9 )  ( Tabl e  8 ) . In two cases the rea ( 2 1q2 1 q )  

was determined t o  b e  maternal ly derived , one from a mos a i c  

mother ( Priest et al . ,  1 9 8 8 ) and the other a d e  novo event 

( Creau-Goldberg et al . ,  1 9 8 7 ) . In the largest study to date , 

four of  six cases of  rea ( 2 1q2 1q)  were determined to be 

maternal ly derived isochromosomes by RFLP analys i s  ( Gras s o  et 

al . ,  1 9 8 9 ) . In  the future , molecular markers wi l l  cont inue 

to be useful in distinguishing isochromosomes from homol ogous 

Robertsonian transl ocations , observing recombination between 

t ransl ocat ions and normal homologs , and ident i fying the 

mol ecular sequences involved in Robertsonian exchange s . 



MATERIALS AND METHODS 

I. Ascertainment o f  the study subj ects 

The cytogenetic analyses in this  study were comp leted on 

a total of 18 1 individua l s ; 2 6  chi ldren who have a de novo 

rearrangement of the acrocentric chromosomes , the ir parents 

( 5 2 ) , and ava i l able s ibl ings ( 1 8 ) , 2 5  carriers of fami l ia l  

Robertsonian transl ocations , 5 0  control individual s  and 1 0  

other individual s  including chi ldren o f  fami l ial carriers ( 7 )  

and other family members ( 3 ) . A l ist o f  a l l  ind ividual s  

karyotyped at the Medical Col lege o f  Virginia (MCV ) with a 

Robertsonian transl ocation was obtained from the service 

l aboratories in the Department of Human Genet ics ( Tabl e  1 0 ) . 

Carriers of Robertsonian transl ocations were determined to be 

de novo or fami l ial by previously karyotyping other family 

members or  by reviewing fami ly histories that have been 

col l ected in the Department o f  Human Genet ics . A total o f  

1 0 3  individua l s  were found t o  carry a Robertson i an 

transl ocation between . the years o f  1 9 6 5  and 19 8 9 . Letters 

briefly expla ining the study were sent to those famil ies with 

complete addresses . Of  the 5 6  letters sent , 1 4  ( 2 5 % )  

expressed a desire to participate in the study , 1 1  ( 19 . 6 % ) 

did not want to participate and 3 1  ( 5 5 . 4 % )  o f  the l etters were 

6 0  
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Table 10. Cytogenetic findings among patients with Robertsonian translocations karyotyped at t h e  
Medical College of  Virginia from 1965-1989. 

DID DIG GIG 

DID 2 DIG 2 GIG 1 

13/13 1 13/22 1 21/21  19  

13/14 36 14/21 6 21/22 6 

14/15 10 14/22 2 

15/15 1 15/21 15 

15/22 1 

Total 50 27 26 
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either undel iverable o r  received n o  reply . Therefore , a total 

o f  s ix fami l ies who had a child with a de novo Robertsonian 

transl ocat ion and e ight carriers of fami l ial Robertsonian 

translocations were ascerta ined from the cytogeneti c  records 

at Mev . Four addit ional fami l ies ( 1  de novo and 3 fam i l ia l  

carriers ) were a scertained during thi s  investigation through 

the Mev Genetic Counsel ing Cl inic . In addition , 3 7  

cytogenet ic centers were contacted for the ascerta inment o f  

additional fami l ies and 1 8  of  these centers agreed to 

partic ipate . Bl ood samples or prepared sl ides from 1 6  

fami l ies were rece ived from eight d i fferent centers . E ight 

of these fami l ies were unanalyz able because of poor s l ide 

preparat ions ( 6 )  or incomplete fami l ies ( 2 ) . There fore , a 

total of  five individual s  with de novo Robertsonian 

transl ocat ions and the ir parents and three fami l ia l  carriers 

and the ir spouses , were ascerta ined from other genet ic 

centers . Letters were sent to 1 6 6  Down syndrome parents 

organ i z ations across the United states . From thi s  source , 1 4  

fami l ies who have a child with a de novo rearrangement and 1 1  

carriers o f  fami l ial Robertsonian translocations part i cipated 

in this  invest igation . 

g iven in Table 1 1 . 

A summary of the ascerta inment i s  

Fourteen control couples were ascertained from a 

population-based twin panel estab l ished by the Department o f  

Human Genetics a t  Mev . The 2 8  individual s  were the parents 

of twins who were partic ipating in studies through the 

Department of Human Genetics . Pedigrees from a l l  14 coup l e s  



Table 11. Summary of ascertainment of study subjects 

Number of Fami lies 

de novo Familial 

7 11 

5 3 

14 11  

Total 26 25 

Source 

MCV 

other genetic centersa 

Down syndrome parents organizations 

a A. Brothman, Eastern Virginia Medical School, Norfolk, VA 
S. Black and J. Schulman, Genetics and IVF Institute, Fairfax, VA 
T. Hassold and K. May, Emory University, Atlanta, GA 
P. Howard-Peebles, Genetics and IVF Institute, Fairfax, VA 
E. Magenis, Oregon Health Sciences University,Portland,OR 
R. Neu, Vivigen Inc., Santa Fe, NM 
H. Wyandt, Boston University, MA 

63 
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were col l ected t o  assess their reproductive hi stories . One 

couple was found to be a multiple aborter . An additional 2 2  

control individual s  were ascerta ined through their spouses who 

were carriers of famil ia l  Robertsonian translocations . 

The molecular genetic analyses were undertaken for a l l  

parents and children who had a de novo rearrangement result ing 

in a trisomy ( 2 2/ 2 6  fami l ies ) . E ight famil ies could not be 

compl eted because o f  a l ack o f  recoverable DNA from the i r  

samples . Therefore , the mol ecular genet ic analyses were 

compl eted on a total of  14  fami l ies ; 57 individual s  compri sed 

of 28 chromosomal ly normal parents , 1 3  individual s  who had an 

acrocentric chromosomal rearrangement l eading to a trisomy , 

one individua l who had a de novo Robertsonian transl ocat i on 

and trisomy 2 1 ,  and 15  chromosomal ly normal s ibl ings . 

I I . E stab l i shment o f  lymphocyte cul tures 

Three to ten mi l l i l iters o f  heparini z ed venous bl ood for 

chromosome analyses were obta ined from the chi l d  with the de 

novo acrocentric rearrangement , their parents and ava i l ab l e  

s ibl ings . Ten mi l l i l iters o f  heparin i z ed bl ood was obta ined 

from the individual s  who carried a famil ial Robertsonian 

transl ocation , their spouses , and the control individua l s . 

At the time of  the bl ood drawing , consent forms were s igned 

( appendix ) , the study was further exp l ained and questions from 

the study part i cipants were answered . For those individual s  

who l ived outs ide the state o f  Virginia , extens ive counsel ing 

was conducted over the phone . Blood was drawn by the ir l ocal 

phys ic ians or genet ic counsel ing cl inics and was shipped at 
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room temperature by an overnight express carrier . 

The lymphocyte cultures were estab l ished accord ing to 

our modification of the method by Moorhead ( 1 9 6 0 ) . The b l ood 

was trans ferred to a sterile 1 5ml centri fuge tube and 

centri fuged at a speed of 9 0 0  rpm for 8 minutes . The buf fy 

coat was removed sterilely with a 1ml pipet and 0 . 0 5ml was 

pl aced into each of two 2 5cm2 plastic culture f l a sks 

containing 1 0ml media ( Grand I s l and Biologic Company [ GI BCO ] 

McCoys SA media Spinner mod i fied with 1 5 %  FBS ) and 0 . 5ml PHA 

( Well come ) . The cultures were mixed gently by shaking and 

a l l owed to incubate upright with the caps loosened for 7 2  

hours at 3 7°C in ambient air and 5 %  CO2 • The fol l owing 

mod i f icat ions were establ ished for bl ood rece ived by overnight 

express ma il ; 1 )  samples less than 3ml were cultured by 

adding 0 . 5ml of whole blood , and 2 )  samples were cultured for 

9 6  hours with an increase in mitotic index achieved . 

I I I . Cel l harvest and s l i de preparation 

After 7 1 . 2 5 hours of  incubation , O .  1ml o f  col cemid ( GI BCO 

1 0J,Lg/ml stock solution )  was added to each culture , mixed 

gently and returned to the incubator for 4 5  minutes . The 

contents of each flask were trans ferred to a 1 5ml centri fuge 

tube . Each flask was rinsed with 2ml Hank ' s  balanced salt 

solution without cal cium or magnes ium ( GI BCO # 3 1 0 - 4 17 0AJ )  and 

added to the respect ive tube . The cel l  suspens ions were 

centri fuged at 8 0 0  rpm for 8 minutes . The supernatants were 

removed by aspirat ion and the cel l pel lets were resuspended 

by vortexing in 7ml of hypotonic solution [ 0 . 0 7 5M KCI ( Fi sher 
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Scient i f ic ) ] at 3 7°C and incubated at room temperature for 2 0  

minutes . At the end of  the incubation , 4 drops o f  Carnoy ' s  

f ixative ( 3 : 1  absolute methanol , Baker : glacial aceti c  a c i d , 

Baker)  were added , the cel l s  were vortexed and centri fuged at 

8 0 0  rpm for 8 minutes . Fol lowing centri fugation and 

aspiration of the supernatant , the pel l et was resuspended in 

6ml Carnoy ' s  fixat ive and incubated at room temperature for 

10 minutes . The pel let was col lected by centri fugat ion , 

resuspended in 6ml Carnoy ' s  fixative , and centri fuged omitting 

the incubation time . This  step was repeated for a total o f  

three changes be fore the s l ides were prepared . Cel l 

suspensions in fixative were dropped onto ice cold chromic 

acid cl eaned sl ides us ing a s i l icon i z ed 9 inch pasteur p ipet , 

tapped ten t imes , and heated on a hot p l ate at 6 0°C for 1 5  

seconds . The sl ides were labe l l ed and stored for at l east 2 

weeks to permit aging before staining with ammoniacal s i lver 

and quinacrine mustard . The sl ides were used within 2 4  hours 

for C-banding . 

Mod i f icat ions of  the lymphocyte protocol were as  fol l ows 

for amniocytes and tissue cultures . Flasks were incubated at 

3 7°C in ambient a i r  and 5% COz and mon itored dai l y  at the 

microscope in order to harvest at the opt imal time of act ive 

cel l  growth . Colcemid ( 1 0�g/ml stock solut ion) was added i n  

the amounts of O . lml for 3 hours and 0 . 3ml for 4 hours to each 

2 5cmz flask containing amniocytes and t i s sue cultures , 

respect ively . After the incubation period at 3 7°C ,  the medi a  

from each flask was trans ferred t o  the appropriate centri fuge 
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tube , 2ml of  tryps in-EDTA ( G I BCO ) was added to each f l a sk , 

washed over the attached cel l s  for 2 minutes and then added 

to the appropriate tube . This  was repeated and the f l a sks 

were then placed in the 3 7°C incubator for 3 -5 minutes to l i ft 

the cel l s . The fl asks were agitated gently to dislodge the 

cel l s  and checked at the inverted microscope ( Ze i s s ) for 

completion . Hank ' s  balanced salt solution ( 2ml ) was added to 

each flask to wash out the l i fted cel l s . Cel l pel l ets were 

col l ected by centri fugation at 1 0 0 0  rpm for 7 minute s . 

Fol l owing aspiration o f  the supernatant , the cel l pel l et was 

vortexed and 5ml of  3 7°C hypotonic solutions of 0 . 7 % sodium 

citrate (Ma l l inckrodt ) for 2 minutes or o .  0 7 5M KCI for 7 

minutes were added to amn iocyte and t i s sue cultures , 

respect ively . Four drops of  Carnoy ' s  f ixative were added at 

the completion of  the hypotonic incubation and the cel l pel l et 

was col lected by centri fugation . Fol lowing asp iration o f  the 

supernatant and resuspension of the cel l pel let , 7ml of cold 

fixative was added to each tube and incubated for 3 0  minutes 

at 4 °C .  The cel l s  were washed twice with cold f ixative . The 

cel l  suspensions were dropped onto cold , wet s l ides and heated 

in the steam of a beaker of boi l ing water for 5 - 1 0  seconds . 

IV. Chromosome s t ai ni ng 

Chromosomes were sta ined s imultaneously with ammoniacal 

s i lver and quinacrine mustard dihydrochloride accord ing to 

our mod i fications of the methods by Bloom and Goodpasture 

( 1 9 7 6 )  and Caspersson et al . ( 19 7 1 ) , respectively ( Jackson

Cook , 19 8 5 )  for the ident i ficat ion of the acrocentric 
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chromosomes and heteromorphism scoring . Aged s l ides were 

soaked for 10 minutes each in a series of ethanol d ilut i ons ; 

1 0 0 % , 9 0 % , 7 0 %  and 3 0 % . S l ides were soaked for 1 0  minutes i n  

MacI lva ine ' s  buffer ( pH 5 . 4 ) ( O . lM c itric acid , Baker and 0 . 2M 

NazHP04 , Mal l inckrodt ) . Each s l ide was rinsed 1 0  t imes in  

Mi l l ipore water and bl otted dry with f ilter paper . Three 

drops of a 5 0 %  s ilver nitrate ( Baker)  solution in Mi l l ipore 

water ( S I )  was placed on the s l ide , covered with a covers l ip ,  

and pl aced on a 8 5°C hot plate for 3 0  seconds at which t ime , 

the solution bo i l ed . The coversl ip was washed o f f  with 

M i l l ipore water and blotted dry with f ilter paper . One drop 

of a ch i l l ed S I I  solut ion ( 2 g  AgN03 , Baker in 2 . 5ml Mi l l ipore 

water and 3 . 7 5ml NH40H , Fisher Scient i f i c )  and one drop o f  3 %  

forma l in ,  pH 7 . 2  ( 1 0 %  formal in stock solut i on , Baxter) were 

added near the frosted end of the s l ide and covered with a 

covers l ip .  The reaction was monitored in the center o f  the 

s l ide us ing a phase microscope ( Ze i s s , 2 5X obj ective ) . The 

stalk regions of some of the acrocentric chromosomes turned 

bl ack and the chromosomes turned a golden brown . After thi s  

color change , the coversl ip was immediately rinsed o f f  with 

Mil l ipore water and blotted dry with f i lter paper . The s l ides 

were then sta ined in a 0 . 0 0 5 %  solution o f  quinacrine mustard 

dihydrochloride ( S igma ) in MacI lvaine ' s  buf fer ( pH 5 . 4 ) for 

26 minutes . Each s l ide was rinsed 1 0  t imes and soaked for 1 0  

minutes i n  MacI lva ine ' s  buffer ( pH 5 . 4 ) . After a l l owing the 

s l ides to air dry at room temperature overnight , the s l ides 

were coded in a random order by a co-worker . The s l ides were 
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viewed by mounting them with 2 drops o f  MacI lva ine ' s  buf fer 

( pH 4 . 3 ) and a coversl ip .  

Fresh sl ides from subj ects with de novo acrocentric 

rearrangements were C-banded for centromeric determinat i on 

according to Benn and Perle ( 19 8 6 ) . S l ides were treated in 

the fol l owing manner ; 0 . 2M HCl ( 2N ,  S igma ) for 3 0  minutes at 

room temperature , rinsed in Mi l l ipore water two t imes , 0 . 0 7M 

Ba ( OH ) z ( 0 . 3 N ,  S igma ) for 1 0  minutes at 3 7°C ,  rinsed in 

Mi l l ipore water three times , 2 X  SSC ( 0 . 0 3M sodium c itrate and 

0 . 0 3M NaCl , Fisher Scient i f i c )  at 6 5°C for 2 hours , rinsed in 

Mi l l ipore water and sta ined for 2 hours in 1 0 %  giemsa ( Gurr ) 

in phosphate buffer pH 6 . 8  ( 0 . 0 2 5M KHZP04 , F i sher Scient i f ic ) . 

S l ides were viewed with a l ight microscope under o i l  emers i on 

( Leitz , 6 3 X  obj ective ) ( Fig . 4 ) . 

v .  Chromo some analys i s : scoring QFQ and NOR heteromorphi sms 

and satel l i te associat i ons 

Ten mid-metaphase chromosome spreads were examined for 

QFQ and NOR heteromorphi sms and sate l l ite associations in each 

individual . QFQ and NOR heteromorphi sms were scored 

s imultaneously us ing ultra-violet and v i s ible l ight sources . 

The centromere ( chromosomes 1 3  and 2 2  only ) , short a rm and 

satel l ite regions of the acrocentric chromosomes were s cored 

according to the QM staining intens ities as establ i shed at 

the International System for Human Cytogenetic Nomencl ature 

Paris  Conference ( 1 9 7 2 ) ( Fig . 5 ) . The NOR heteromorphi sms 

were scored according to the method by Markovi c  ( 19 7 8 ) as 

modif ied by Morton ( 19 8 3 ) ( Fig .  5 ) . 
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Fig . 4 .  C-banded preparation . The centromeres o f  a l l  

chromosomes and the heteromorphic regions o f  chromosomes 1 ,  

9 ,  1 6  and Y sta in darkly . For example , the rearrangement from 

the proband of  family 1 was d icentric as  ind icated by the 

arrow . 
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Fig . 5 .  standards for scoring QFQ ( top ) and NOR ( bottom ) 

heteromorphisms . a .  The QFQ heteromorphi sms were scored on 

a sca l e  from one to f ive . A score of  one for no fluorescence ; 

two for pale fluorescence as distal lp ; three for medium 

fluorescence ; four for intense fluorescence as d i stal 1 3 g ;  and 

f ive for bri l l iant fluorescence as distal Yg . b .  The NOR 

heteromorphisms were scored on a scale from z ero to four . A 

score of  z ero for no stain ; one for one dot of  stain ; two for 

two sma l l  dots ; three for two large dots or a continuous area 

o f  stain ; and four for a large cont inuous area o f  sta in . The 

two areas of sta in in a double NOR variant were scored 

separately then added together a s  one score for the 

chromosome . ( Courtesy o f  Dr . Jackson-Cook) 



I 

R A N G E  O F  O M  S C O R E S  B A S E D 
O N  S T A I N I N G I N T E N S I T Y 

, 1 

• • A • . . .. n u n  f' . ..  

1 2 3 4 5 

R A N G E  O F N O R  S C O R E S B A S E D  
O N  ST A I N I N G I N T E N S I T Y 

" , f f  ' 

o 1 2 3 4 

7 3  



7 4  

satel l ite associations were scored according t o  the 

modi f icat ions of Ing ( 1 9 7 5 )  of the methods of Cohen and Shaw 

( 1 9 6 7 ) . Acrocentric chromosomes were considered to  be in  

associat ion i f  their sate l l ites were no further apart than 

the l ength of a D group chromosome in the spread ( Fig . 6 ) . 

VI . cytogenet i c  determination o f  parental origins o f  de novo 

acrocentri c rearrangements 

Parental origins o f  the de novo rearrangements were 

determined us ing QFQ and NOR heteromorphisms and chromos�mal 

morphologies from microscopic evaluat ions , photographs and 

comparisons of mean QFQ scores and mean NOR scores for each 

acrocentric impl icated in the rearrangement . Comparis ons o f  

the heteromorphisms were made between the parents and 

o f f spring . S ince the heteromorphic regions were usua l l y  l ost 

during the formation of  the rearrangement , the parental origin 

was determined for the normal free-lying acrocentric homol ogs . 
J 

Once estab l i shed , the parental origin o f  the rearrangement was 

determined by exclus ion ( Fig .  7 ) . 

VI I .  Human genomi c DNA extract i on 

Approximately 2 0ml of  peripheral bl ood in c itrate , E DTA 

or heparin was obta ined from the chi l d  with the de novo 

rearrangement , their parents and ava i l able s ibl ings . The DNA 

was extracted according to the protocol o f  Spence et a l . 

( 19 8 7 ) . The bl ood was trans ferred to a 5 0ml conical tube and 

centri fuged for 15 minutes at 2 5 0 0  rpm . Plasma was removed 

with a sterile p ipet and discarded . Lys i s  s olut i on was added 

to the buffy coat and red bl ood cel l s  to a final volume o f  
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Fig . 6 .  satel l ite assoc iations o f  the acrocent r i c  

chromosomes . Chromosomes were cons idered to be in associat i on 

i f  the ir sate l l ites were no further apart than the l ength o f  

a 0 group chromosome i n  that spread . S ate l l ite assoc i at i ons 

are indicated by the arrows . 
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Fig . 7 .  Determination o f  parental origins o f  de novo 

acrocentric rearrangements us ing QFQ and NOR heteromorphi sms . 

The parental origin was determined for the normal free-lying 

homo l og . Once estab l i shed , the origin o f  the rearrangement 

was determined by exclus ion . The QFQ and NOR heteromorph i sms 

are shown for family 4 ( le ft and right , respectivel y ) .  The 

proband inherited the maternal chromos ome 2 1  with a bright ly 

fluorescent short arm [ var ( 2 1 )  ( p 1 1 , QFQ5 ) mat ] ( lower o f  

materna l complement ) a s  the free-lying chromosome ( upper o f  

proband complement ) ;  indicat ing that the de novo ( 2 1q2 1 q )  was 

inherited from the father . The father has a dNOR variant on 

chromosome 2 1  as indicated by the arrow . 
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5 0ml . ( Lys is solution : 0 . 3 2M sucrose , Bethesda Research 

Laboratories ( BRL) ; 1 0mM TrisHCI pH 7 . 5 ,  S igma ; 5mM MgC lz ' 

F i sher Scient i fic ; and 1%  Triton X- 1 0 0 , S igma ) . The tubes 

were inverted for gentle mixing and placed on ice for 3 0  

minutes . After centri fugation for 15 minutes at 2 5 0 0  rpm , the 

supernatant was decanted , the cel l pel l et was resuspended in  

2 5ml o f  lys is solution and centri fuged for 1 5  minutes at 2 5 0 0  

rpm . The nuclear pel l et was resuspended in  4 . 5ml o f  a 1 0mM 

Tri sHCI solution pH 7 . 4  conta ining 1 0mM NaCI ( Fi sher 

S c ient i f ic ) , 1 0mM NazEDTA ( S igma ) , 2 5 0� 1  of 2 0 % sodium dodecyl 

sul fate ( SDS )  ( BRL) and 2 0 0� 1  proteinase K ( 1 0mg/ml , 

Boehringer Mannheim) and incubated overnight at 3 7°C .  A fter 

the incubat ion , 5ml phenol ( Boehringer Mannhe im)  : chl oro form 

( Baxter ) : isoamyl al cohol ( Fisher Scient i f i c )  ( 5 0 : 4 8 : 2 ) was 

added and rocked gently at room temperature for 1 5  minute s . 

The mixture was centri fuged for 1 5  minutes at 1 0 0 0  rpm to 

separate the phases . The phenol ( lower phase ) was d i s carded 

and the extraction was repeated . Five mil l i l iters chl oroform : 

isoamyl al cohol ( 9 8 : 2 ) was mixed and centri fuged as described 

above to separate phases . A wide t ip 2 5ml pipet was used to  

col lect the upper aqueous phase . The volume was noted and 

l/ I OX volume of 3 .  OM sodium acetate pH 4 . 8  ( Fisher S c i ent i f i c) 

and 2 . 2 X volume of 1 0 0 %  ethanol were added to precip itate the 

DNA . The white clump of  DNA was removed and washed i n  7 0 %  

ethanol . The DNA was dried in a Speedvac Concentrator 

( Savant ) for 2 0  minutes . One mi l l i l iter o f  TE ( 1 0mM Tri sHCI 

pH 7 . 4 ,  1mM NazEDTA pH 8 . 0 ) was added and the DNA a l l owed to 
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go into solut ion at 3 7 °C for about 1 hour . The DNA was stored 

at 4 °C .  The opt ical dens ity of the sample was read at uv 

2 6 0nm us ing a Shimadzu spectrophotometer and the concentrati on 

in �g/ml was recorded . 

VI I I . Restricti on enzyme digestion o t  human genomic DNA 

For each probe-hybridi z at ion react ion , 7 .  S�g o f  tot a l  

human genomic DNA was digested with the appropriate 

restriction enzyme under the temperature and buffer condi t i ons 

specific for each enzyme ( Table 1 2 ) . In  general , a total 

volume of 6 0�1  was used for each individual digestion . The 

volume was composed of the DNA sample , l OX buffer ( BRL) , SU 

enzyme/�g DNA and sterile water . After a 2 hour to overnight 

digest ion , lOX loading buffer ( O . l S %  Bromophenol Blue ; S igma , 

in  S O %  glycerol ; F isher Scient i f i c )  was added to each samp l e . 

The samples were l oaded into the gel wel l s . 

I X . DNA fractionat i on and Southern blot hybr i di z at i on 

Total human genomic DNA was fractionated by agarose gel 

e l ectrophoresis according to the methods o f  Southern as 

described by Maniat i s  et al e ( 1 9 8 2 ) . The digested s amp l e s  

( see above ) were l oaded into a 0 . 8 % agarose gel . The gel was 

prepared as fol l ows : Agarose ( SeaKem , FMC ) was added to  lX 

TAE ( O . 04M Tris-acetate , F i sher Sc ient i fic ; O . O O lM E DTA ) and 

microwaved unti l  boi l ing ( - 7 minutes ) .  Ethidium bromide 

( o . S�g/ml S igma ) was added and the solution was cool ed to 6 0°C 

in a water bath . The cooled agarose was poured into a gel 

mold ( I S .  Scm X 2 S . Scm)  and a comb was inserted so that there 

was a min imum of O . Smm of agarose to seal the bottom of the 



Table 12. Probe/restriction enzyme combinations 

HGM # Probe 

D15S24 CMW-l 
D15S1 pMSl-14 
D15S2 pDP151 
D15S27 pTHH55 
D21S13 pGSM21 

D21S16 pGSE9 

D21S26 26C 

D21S24 p21.3 
D21S112 CRI-1A27 
D2lS15 pGSES 
D21S19 pGSB3 

a BulTer Components 

BulTer 
low 
med 
high 

NaCI 
o 

50mM 
l00mM 

Chromosomal 
Location 

15pter-q13 
15q14-q21 
15q15-q22 
15q 
21pter-q21.1 

21qll.2-q21 

21pter-q21.1 

21q21-qter 
21 
21q22.3 
21q22.3-qter 

Tris-CI 
10mM 
10mM 
50mM 

Restriction 
Enzyme 

�RI 
Mspl 
t&!!RI 
Mml 
Tagl 
btl 
Nrll 
Xbal 
Pstl 
kIll 
btl 
Rsal 
Mspl 
btl 

10mM 
10mM 
10mM 

81 

PIC BuITe� Reaction 
[salt] 'finll <'t-) 

.75 high 37 
.37 low 23 
.33 high 37 
.34 low 23 
.33 med 65 
.27 med 37 
.16 high 37 
.07 high 37 
.35 med 37 
.56 high 37 
.34 med 37 
.93 low 37 
.37 low 23 
.07 (A) med 37 
.27(B) 
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wel l s . After the gel set ( - 4 5  minutes ) ,  the combs were 

removed and the gel was placed into the electrophore s i s  tank 

( DNA Subcel l ,  BioRad ) . About 1 1  o f  1X TAE buf fer was added 

unt i l  the gel was covered . After the samples were l oaded into 

the wel l s , electrophores is  was conducted for 1 8  hours at 4 0 -

5 0  volts . At completion , the gel was photographed with u ltra

violet l ight ( 2 5 4 nm)  and exposed further for 45 seconds . The 

gel was rocked gently for 1 hour at room temperature in 1 1  o f  

denaturat ion solution ( 0 . 5N NaOH , 1 . 5N NaCl ) and rinsed twice 

with deion i z ed water . The gel was then rocked for 1 hour at 

room temperature in 1 1  of  neutral i z at ion solut i on ( 0 . 5M Tri s 

HCl , pH 8 . 0 , 1 . 5N NaCl ) . 

The trans fer o f  the DNA from the gel to a nyl on f i l ter 

was accompl ished by the methods o f  S outhern ( 19 7 5 )  with the 

fol l owing modif ications . The components o f  the trans fer 

apparatus were soaked in l OX SSC ( 2  OX  SSC : 3M NaCl , O .  3M  

sodium acetate , pH 7 . 0 ) and stacked on top o f  one another in  

the fol l owing order : 5 plastic p ipets were pl aced i n  the 

bottom of a glass baking d i sh ; 3 sponges ; 4 sheets o f  f i lter 

paper ( 3MM Chr Whatman ) ; the agarose gel ; transparency with 

cut out expos ing samples ; nyl on f i lter ( Nytran ) i 2 sheets o f  

f i l ter paper ( 3MM Chr Whatman ) ;  2 stacks o f  paper t owe l s ; 

plexiglass sheet and 5 0 0g weight . About 5 0 0ml o f  l O X  S S C  was 

added to the dish and the trans fer proceeded for - 1 2  hours . 

The trans fer apparatus was disassembl ed and the f i l ter was 

washed in 2X  SSC for 15  minutes ( 2  t imes ) then baked at 8 0°C 

in a vacuum oven ( Napco ) for 2 hours . 



x .  Probe preparati on and f i l ter hybridi z at i on 

8 3  

Competent cel l s  ( BRL) were trans formed according t o  the 

mod i f i cations of methods of Hanahan ( 19 8 3 ) . Twenty 

microl iters of E .  col i cel l s  were p laced into a ster i l e  

Eppendorf tube and 1 � 1  o f  undiluted plasmid DNA was added and 

put on ice for 3 0  minutes . The cel l s  were heat shocked to  

take up the DNA by placing them in a 4 2 °C water bath for 4 0  

seconds and placed on ice . Eighty microl iters o f  SOC ( 2 %  

bactotryptone , DIFCO ; 0 . 5 % yeast extract , DIFCO ; 1 0mM MgS04 , 

F isher Sc ienti fic ; 1 0mM MgCI2 , F isher Scient i f i c ; 2 0mM 

glucose , S igma ) was added and the mixture was shaken at 3 7 °C 

for 1 hour . The cel l s  were pl ated on bacto-agar pl ates ( LB 

media : 1 0 9  bactotryptone , Sg bacto-yeast extract , 1 09 NaCI 

with Sg bacto-agar)  with S O�g/ml ampici l l in or l S�g/ml 

tetracycl ine . Only those bacteria which took up the p l a smid 

conta ining the vector , insert and sel ectabl e  res istance marker 

grew on the plates ( see Table 13 for insert/vectors ) .  The 

fol lowing day , one col ony for each probe was sel ected . The 

col ony was grown in Sml LB media overnight . The next day , 

4 . Sml of  a saturated culture was added to 2 S 0ml LB medi a  and 

grown overnight a t  3 7°C in a shaking incubator . After the 

incubation period , O . Sml of culture was froz en in 5 0 %  glycerol 

for storage . 

The plasmid purification procedure used was a 

modi f ication o f  the methods o f  Birnborm and Doly ( 1 9 7 9 ) . At 

the completion of the overnight culture ( - 1 6 hours ) , the 

fl asks were pl aced on ice for 3 0  minutes . Cel l s  were pel l eted 
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at 5 0 0 0  rpm at 4 °C for 1 5  minutes . The cel l s  were resuspended 

in 6ml freshly prepared lys i s  solution ( 2 5mM Tris-HCI , pH 7 . 5 ;  

1 0mM EDTA ; 15%  sucrose ; 4mg/ml lysozyme , S igma ) and incubated 

on ice for 2 0  minutes . Twelve mi l l i l iters o f  a 0 . 2M NaOH and 

1% SDS solution was added , mixed by invers ion and incubated 

on ice for 10  minutes . Then 7 . 5ml of  3M sodium acetate pH 4 . 6  

was added and mixed by invers i on and incubated on ice for 2 0  

minutes . The mixture was centri fuged at 1 5 0 0  rpm for 1 5  

minutes . The supernatant was decanted and 5 0J,LI o f  RNase 

( 1 0mg/ml stock ) was added and incubated for 20  minute s  at 

3 7°C .  The pel let ( l arge chromosomal DNA and cel lular debr i s ) 

was discarded . After the incubat ion , an equal volume o f  a 1 :  1 

phenol : chloroform solution was added , the mixture was rocked 

for 10 minutes at room temperature and centri fuged for 1 0  

minutes at 1 5 0 0  rpm . 

once . Two volumes 

The extract ion procedure was repeated 

of 1 0 0 %  ethanol was added to the 

precipi tate and pl aced in a - 7 0°C freezer overnight . The 

plasmid DNA was pel l eted by centri fugati on at 1 0 , 0 0 0  rpm for 

3 0  minutes . The crude DNA pel l et was washed with 7 0 %  ethanol 

and the pel let was dried in a vacuum for 1 5  minutes . The 

pel l et was resuspended in 1 . 8ml of a 1 0mM Tris-Hcl , pH 8 . 0 , 

1mM EDTA , pH 8 . 0  and 1mM NaCI and the pel l et was a l l owed to 

go into solut ion in a 6 0°C water bath for 3 0  minute s . The 

sample was l oaded onto the top of a p Z 5 2 3 column ( 5prime-

3prime Inc . ) and centri fuged at 2 5 0 0  rpm for 13 minutes . The 

pur i fied plasmid was added to 0 . 6X volume of 1 0 0 %  i s opropanol 

and incubated at room temperature for 2 0  minutes . The mixture 
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was centri fuged at 1 0 , 0 0 0  rpm for 3 0  minutes . The supernatant 

was discarded and the pel l et washed twice with 1ml of 7 0 % 

ethanol . The pel let was dried in a vacuum and then 

resuspended in 1ml TE , pH 7 . 5  and placed in the 6 0°C water 

bath for 3 0  minutes . The concentration o f  the p l a smid was 

determined in �g/ml us ing a Shimadzu spectrophotometer at uv 

2 6 0nm .  The plasmid was digested with the appropriate enzymes 

to cut the insert from the vector us ing the appropriate 

temperature and buf fer conditions ( Tabl e  1 3 ) . Ten percent 

l oading bu ffer was added and the samples were l oaded into a 

1 %  l ow melt ing temperature agarose gel ( SeaPl aque , FMC ) with 

0 . 5�g/ml ethidium bromide and fractionated at 9 0  vol t s  for 1 

hour or unt il good separation between the vector and insert 

fragments was achieved . The insert fragment was cut from the 

gel , weighed , 3 t imes the weight in ster i l e  water was added , 

and the insert/gel/water mixture was boiled for 7 minutes and 

cool ed at 3 7°C for 10 minutes . Each probe was l abe l l ed with 

32pdCTP by the Hexamer-Iabe l l ing procedure ( Fe inberg and 

Vogel stein , 1 9 8 3 ; 1 9 8 4 ) prior to use . The DNA insert ( 3 1� I ) 

was incubated at room temperature for at l east 2 hours with 

2 � 1  bovine serum albumin ( BRL) , 2 � 1  Klenow fragment 

( Pharmacia ) ,  5�1 32PdCTP ( Dupont , - 5 0�Ci ) and 1 0 � 1  of OLB buf fer 

( 1 . 2 5M Tris-HCI , 0 . 1 2 5M MgCI2 , 18�1  2 -mercaptoethanol ,  5 � 1  

O . lM dATP , 5�1 O . lM dGTP , 5�1 O . lM dTTP , 2M Hepes , 9 0  0 0  u/ml 

hexamer polynucleot ides in TE ) . The react ion was stopped with 

2 0 0� 1  o f  stopping solution ( 2 0mM NaCI , 2 0mM Tri s -HCI , 2mM 

EDTA , 0 . 2 5 % SDS , l�M CTP ) . The incorporat ion o f  the 32p wa s 
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Table 13. Conditions for selecting ONA inserts 

Probe Insert Vector- Selectable Enzyme BulTerc 
Size(Kb) Markerb 

015S1 2.9 pBR322 amp f&QRI/HindIII high/med 
015S2 2.6 pBR322 amp I&2RI/HindIII high/med 
015S24 3.8 pUC18 amp f&2RI high 
015S27 7.0 pUC18 amp BamHI med 
021S13 9.0 pUC9 amp EcoRI high 
021S15 6.3 pUC9 amp f&QRI high 
021S16 7.0 pUC9 amp EcoRI high 
021S19 6.4 pUC9 amp f&QRI high 
021S24 3.5 pATl53 tet .&tI med 
021S26 2.5 pAT153 tet .&tI med 
021S112 10-20 Lambda Charon 4A (phage preparation was used) 

"vector sizes: pBR322 = 4.4Kb; pUCI8 =2.7Kb; pUC9 = 2.7Kb; pATl53 = 3.6Kb 

bamp = ampicillin, tet = tetracycline 

Csee Table 12 for butTer descriptions 
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checked by making a 1 : 1 0 dilut ion o f  the probe i n  wate r . a 

5 � 1  a l i quot was placed directly on f i l ter paper ( 2 4mm GF/ C  

Whatman )  and pl aced under a heat l amp t o  dry . F ive 

microl iters were placed in 5ml cold 1 0 %  trichloroacet i c  acid 

( TCA) ( Fisher Scient i f i c )  with 1 0 0�1  o f  2 0mM EDTA/ O . 5mg/ml 

salmon sperm DNA ( S igma ) . After a 1 5  minute incubati on on 

ice , the mixture was filtered through f ilter paper ( 2 4mm GF/ C  

Whatman ) , rinsed with 9 5 %  ethanol and dried under a heat l amp . 

The two filters were each pl aced in heat-seal ed f ilmware 

( Nalgene ) with 3ml of counting solution ( Toluene , Beckman ) and 

counted in a scint i l l ation counter ( LKB ) . The ratio o f  the 

TCA-precip itated cpms to the total cpms determined the percent 

incorporation . The TCA-precipi tated counts ( incorporated ) 

were used to calculate 2 X 1 07 counts per minute , whi ch was 

added to an equal volume of  1 . ON NaOH for 5 minutes in order 

to denature the double stranded probe . The entire incubated 

sample was then added to the prepared f i lter . 

The baked f ilter was pre-washed in 5 0 0ml O . lX SSC  and 1 %  

S DS i n  a 67°C shaking water bath for 1 hour . The f i lter was 

prehybridi z ed in 6 0ml of  a solution o f  6 X  S S C , lX Denhart s  ( 5g 

Ficol l , s igma ; 5g polyvinylpyrrol idone , S igma ; 5g BSA fract i on 

v ,  S igma ) and 0 . 2 5mg/ml sonicated salmon sperm DNA solut i on 

at 6 0°C in a plastic pouch ( Da z ey )  for 4 hours to overnight . 

The pouch was cut in one corner and the prehybrid i z at ion 

solution was d iscarded . The f i l ter was hybridi z ed in  1 0ml o f  

fresh prehybrid i z ation solution , 1 0 %  dextran sul fate , and 

2 X 1 07 cpm/ filter of NaOH denatured probe , sea l ed with a hot 
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iron and incubated at 6 00e overnight . After the incubat i on , 

the pouch was cut with scissors and the solut i on was d iscarded 

into a radioactive l iquid waste container . The f ilter was 

pl aced into a series of 3 washes : (wash 1 )  5 minutes at room 

temperature in 2 X sse and 0 . 5 % SOS ; ( wash 2 )  1 5  minutes at 

room temperature in 2 X sse and 0 . 1 % sos with shaking ; ( wash 

3 )  2 hours at 6 00e in O . lX sse and 0 . 5% s os with shaking . The 

f i l ters were blotted dry with f ilter paper ( 3MM ehr Whatman ) 

and wrapped in plastic wrap ( Reynolds ) .  The f ilters were 

pl aced on Kodak XAR f i lm for overnight exposure or Kodak XRP 

f i lm for a 2 - 3  day exposure in a l ight tight cassette 

( Fotodyne ) with Intensi fying screen ( Fotodyne ) in a - 7 0oe 

freezer . 

The filters could be reused by washing in 0 . 2N NaOH for 

2 0  minutes at 6 7°e fol l owed by washing in O . lX sse , 1 . 0 % s os , 

0 . 2M Tris-Hcl , pH 7 . 5  for 3 0  minutes at 6 7°e .  The f i l ters 

were pl aced in the prehybridi z ation solut i on and treated as 

above . 

XI . Interpretat ion o f  the Autoradiographs for parenta l  origin 

a s s i gnment , recombinat i on and i sochromo some i dent i f i cation 

Parental origins o f  the de novo rearrangements were 

ass igned according to informat ive RFLPs . The copy number o f  

each probe was determined i n  the proband by compari s on o f  band 

intensities to normal heterozygotes and homo zygotes ( thei r  

noncarrier parents and s ibl ings ) ( Fig . 8 ) . After each 

probe/ restrict ion enzyme comb ination was performed for a 

family , the chromosomal hapl otypes were constructed . 
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Fig . 8 .  The use of  restriction fragment l ength polyrnorph i sms 

for the parental origin assignment of de novo acrocentric 

rearrangements . The autoradiograph results o f  S outhern 

hybrid i z ations for famil ies 1 and 2 0  are shown . For each 

family , the upper autoradiographs demonstrate informat ive 

markers ( fami ly 1 ,  paternal ; family 2 0 ,  maternal ) .  The l ower 

autoradiographs show patterns indicative of i sochromosomes as 

the probands are homozygous for these markers and the parents 

are hetero zygous . 



Fa mi l y  1 

0 2 1 S 1 9 / P st  I 

0 2 1  S 1 1 2 / R s a  I 

Fa m i l y  20 

0 2 1 S 1 3 /Taq I 

0 2 1  S 2 6 / P st  I 
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The molecul ar markers were arranged rel at ive t o  the i r  

mapped pos itions ( Petersen e t  al . ,  1 9 8 9 ; Mei j er e t  a l . ,  1 9 8 9 ) . 

It was assumed that 02 1S 1 3  was the closest marker to the 

centromere 2 1 .  The chromosome 2 1  map a s s ignment used was 

cen->02 1S 1 3 ->02 1S 1 6 ->02 1S2 6 ->02 1S 2 4 - >02 1 S 1 1 2 ->02 1 S 1 5 - >02 1S 1 9  

->qter . Markers 02 1S 1 5  and 02 1S 1 9  were used t o  a s s e s s  

recomb inat ion between the proximal markers 02 1S 1 3  and 02 1S 2 6  

and/or the cytogenetic markers . 

In the probands with homol ogous rearrangements ,  the 

rearrangements were assumed to be Robertsonian transl ocat ions 

between one parental set of homol ogous chromosomes 2 1 .  I f  

the parent o f  origin was heterozygous for the " centromeri c "  

marker 02 1 S 1 3  and the proband was heterozygous f o r  02 1 S 1 3 , 

then the proband was assumed to have a Robertsonian 

trans location . However , i f  the parent o f  origin was 

heterozygous for 02 1S 1 3  and the proband was homo zygous for 

02 1S 1 3 , then the proband was assumed to have an isochromosome 

2 1 .  

X I I . stat i s t i cal Analyse s  

The distributi ons of  a l l  variables were examined u s ing 

the univariant analys is  program from the Stat i st ical Analys i s  

System ( SAS )  computer programs to test i f  the data 

approximated normal d istributions . Al l s igni fi cance l evel s  

were set at Q=O . 0 5 .  

The sex d i stribution o f  the parental origins o f  de novo 

rearrangements and the incidence of dNOR variants among the 

study groups were tested us ing the chi-square goodnes s  of f it 
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test . The mean total NOR scores , mean number o f  s i l  ver 

pos itive chromosomes ,  mean number of sate l l ite assoc i at i ons , 

mean number o f  chromosomes in sate l l ite associat i ons , and 

mean number of  chromosomes per satel l ite association were 

compared between the study groups us ing a Duncan ' s  new 

mul t iple-range test and analys i s  of var iance (ANOVA ) . The 

frequency distributions of the NOR scores for a l l  acrocentric 

chromosomes were obta ined for each study group and compared 

to a random di stribut ion us ing the chi - squared goodness o f  

f i t  test . The frequency o f  the pa irwise sate l l ite 

as sociations was obta ined for each study group and compared 

to random using a chi-square goodness  of f it test . The random 

expectat ions were obta ined by cons idering a l l  poss ib l e  

chromosome pa irings . Homol og-homol og associations could occur 

only one way ( 1/ 4 5 )  ( i . e . 1 3 A/ 1 3 B )  whi l e  nonhomol og-nonhomol og 

associations could occur in 4 ways ( 4/ 4 5 )  ( i . e .  1 3 A/ 1 4A , 

1 3A/ 1 4 B ,  1 3 B/ 14A and 1 3 B/ 14 B ) . These probab i l ities were 

mul t ipl ied by the total number of pa i rwise sate l l ite 

associations observed in order to calcul ate the expected 

pa irwise associat ions for each . 

The sate l l ite association indices (AI ) were cal cu lated 

for each acrocentric chromosome as  the total number of the 

spec i fic chromosome in sate l l ite associat i ons as d iv ided by 

the total number of the speci f ic chromosome per cel l ( Hanss on 

and Mikkel sen , 1 9 7 8 ) . Thi s  corrected for individual s  who 

carry translocations and thus had fewer chromosomes abl e  to 

part ic ipate in satel l ite associat ions . The Als were compared 
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between the study groups by an ANOVA and Duncan ' s  new 

multiple-range test . 

The final analyses were within the study group o f  the 

parents of origin . The parents were d iv ided between dNOR ( + )  

and dNOR ( - )  status and between contributors o f  t rue 

Robertsonian transl ocations and homol ogous rearrangements .  

comparisons in mean NOR score , mean number of  s ilver pos i t ive 

chromosomes , mean number of sate l l  i te associat i ons , mean 

number of chromosomes in satel l ite associations and mean 

number of  chromosomes per sate l l ite association were made 

us ing ANOVA and Duncan ' s  new multiple-range test . 



RESULTS 

I .  The acrocentric rearrangements :  Des cription o f  the s tudy 

popul ations 

Twenty-six probands who carry de novo acrocentr i c  

rearrangements were ascerta ined f o r  thi s  study ( Tabl e  1 4 ) . 

Twenty- five probands had a Robertsonian-type rearrangement 

and one proband had a "mirror image " rearrangement t ( 2 1 ; 2 1 )  

( q2 2  ; q2 2 )  ( proband 2 6 ) . Four probands were "balanced " 

trans locat ion carriers and a l l  four had Robertsonian 

transl ocat ions between nonhomol ogous chromosomes ( probands 2 ,  

9 ,  1 1  and 2 5 ) . An additional proband , 7 ,  who had Down 

syndrome , had a "balanced" de novo rob ( 1 3 q1 4 q )  plus an extra 

chromosome 2 1 .  Of  the 2 0  probands who were "unbal anced" ,  1 8  

had Down syndrome , one had Patau syndrome ( proband 4 )  and one 

was trisomic for chromosome 15 ( proband 8 ) . O f  the probands 

with Down syndrome , 1 1  had apparent rearrangements between 

homol ogous chromosomes 2 1  [ rea ( 2 lq2 1q) ] .  It  was not known 

prior to this study i f  these probands had rob ( 2 1q2 1 q )  or  

i ( 2 1q )  . Seven probands who had Down syndrome had 

rearrangements between nonhomol ogous chromos omes : one 

rob ( 1 3 q2 1q )  ( proband 2 3 ) , f ive rob ( 14 q2 1 q )  ( probands 3 ,  1 0 , 

1 2 , 1 5  and 2 4 ) and one rob ( 15q2 1q)  ( proband 1 6 ) . 

9 4  
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Table 14. Rearrangements found in 26 probands ascertained for de novo Robertsonian translocations 

Proband/Family # Karyotype Diagnosis 

1 46,XX,dic(21 ;21) (p11;p11) Down syndrome 

2 45,XY,rob(13q14q) balanced translocation carrier 

3 46,XX,rob(14q21q) Down syndrome 

4 46,XY ,rob (13q14q) Patau syndrome 

5 46,XY ,rea(21q21q)* Down syndrome 

6 46,XY,rea(21q21q) Down syndrome 

7 46,XX,rob(13q14q) , + 21  Down syndrome 

8 46,XY,dic(1S;15) (p11;p11) Trisomic for chromosome 15 

9 45,XY,rob(13q14q) balanced translocation carrier 

10 46,XX,rob(14q21q) Down syndrome 

11  45,XY,rob(13q15q) balanced translocation carrier 

12 46,XX,rob (14q21 q) Down syndrome 

13 46,XY,rea (21 q21 q) Down syndrome 

14 46,XX,rea(21q21q) Down syndrome 

15 46,XY,rob(14q21q) Down syndrome 

16 46,XY,rob(15q21q) Down syndrome 

17 46,XY ,rea(21q21q) Down syndrome 

18 46,XX,rea(21q21 q) Down syndrome 

19 46,XY,dic(21;21) (p11;pll)  Down syndrome 

20 46,XY,rea(21q21q) Down syndrome 

21 46,XX,dic(21;21) (p11 ;p11) Down syndrome 

22 46,XX,rea (21 q21 q) Down syndrome 

23 46,XX,rob(13q21q) Down syndrome 

24 46,XX,rob(14q21q) Down syndrome 

25 45,XY,rob(lSq21q) balanced translocation carrier 

26 46,XX,dic(21;21) (q22;q22) Down syndrome 

* rea denotes those rearrangements in which it was not known whether the rearrangement was an 

isochromosome or a "true" Robertsonian translocation. 
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The di stribut ion of  a l l  Robertsonian-type rearrangements 

was examined ( Tabl e  1 5 )  . The 
. . " . 

d1str1but10n d i f fered 

s igni ficantly from random ( X2
14=2 14 . 0 3 , p< O . 0 0 0 1 ) • Thi s  

d i fference could b e  due t o  the over-representation o f  

rea ( 2 1q2 1q)  i n  the Down syndrome population . When only the 

nonhomologous rearrangements were examined and a l l  

rearrangements were assumed equal ly probable , the distribution 

d i f fered s igni ficantly from random as a results o f  the over-

representat ion of rob ( 1 3 q1 4 q )  and rob ( 14 q2 1q)  and the under-

representat ion of  rob ( Dq2 2 q )  and rob ( 2 1q2 2 q ) 

O .  0 1 >p> 0 . 0 0 5 )  ( Tabl e  1 6 ) . 

2 ( X 9=2 3 . 1 5 ,  

Twenty- five individuals  were ascertained as balanced 

carriers of  fami l ial Robertsonian transl ocations . Al l 

ind ividuals  were found to carry transl ocat ions between 

nonhomol ogous chromosomes ( Tabl e  17 ) . The distribut ion o f  

the rearrangements d i f fered s igni ficantly from random 

2 ( X  1 4= 6 0 . 14 ,  p< O . 0 0 0 1 )  . There was an over-representati on o f  

rob ( 1 3 q1 4 q )  and rob ( 14 q2 1q)  i n  thi s  population . 

When the fami l ial and de novo populations were comb ined , 

the distribution differed s igni ficantly from random 

1 5 2 . 6 5 ,  p<O . 0 0 0 1 ) ( Tabl e 1 8 ) . The rearrangements rob ( 1 3 q1 4 q )  , 

rob ( 1 4 q2 1q)  and rob ( 2 1q2 1q)  were over-represented among the 

poss ible rearrangements .  When the percent frequency 

d i stribut ions from thi s  study ( Tabl e  1 9 ) were compared to the 

d istribut ion of  14 7 1  Robertsonian transl ocations comp i l ed by 

Therman et al e ( 19 8 9 ) ( Tabl e  2 ) , there was no s igni ficant 

d i fference between the two d i stribut ions ( X2
14=2 3 .  2 6 ,  
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0 . 1 0 >p > 0 . 0 5 )  . 

As shown in Table 1 4 , C-banding revealed two centromeres 

in the rearrangements of  f ive probands ( 1 ,  8 ,  1 9 , 2 1  and 2 6 ) . 

DAPI-Di stamycin sta ining reveal ed two short arms i n  the 

rearrangement in proband 8 [ dic ( 15 ; 15 )  ( p 1 1 ; p1 1 ) ] .  

I I . Parental origin assignments o f  the de novo rearrangemen t s  

A .  cytogenet i c  heteromorphi sms 

By us ing QFQ , NOR and morphol ogical heteromorphi sms , the 

parental origins were determined in 2 1/ 2 5  ( 8 4 % )  of the de novo 

Robertsonian-type rearrangements ( Table 2 0 ) . The parental 

origin was al so determined in the "mirror image " chromosome 

2 1  rearrangement . The parental origins could not be 

determined us ing cytogenetic heteromorphi sms in four fam i l ies . 

In  fami ly 1 0 , all  family members had l ow mitotic indexes . I n  

three fami l ies ( 14 ,  1 8 , and 2 2 ) , the probands inherited a 

free-ly ing chromosome 2 1  that was indistinguishab l e  from 

e ither the maternal or paternal complements . There fore , the 

parental origins were determined for 12/ 1 3  ( 9 2 . 3 % )  de novo 

Robertsonian transl ocat ions and 9/ 12  ( 7 5 % )  de novo homol ogous 

rearrangements . 

When the de novo nonhomol ogous ( " true " )  Robertson ian 

transl ocat ions ( n=13 ) were combined with the homol ogous 

Robertsonian-type rearrangements ( n= 12 ) , there was no 

s igni ficant d i fference between maternal ly derived ( n= l l )  and 

paternal ly derived ( n=1 0 )  de novo rearrangements ( X2
1= 0 . 0 4 8 , 

p> . 9 0 )  ( Table 2 1 ) . Likewise , there were no s ign i f i cant 

d i f ferences in parental origins within " true " Robertsonian 
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Table 15. Distribution of d� nov!! Robertsonian translocations in this study [observed(expected) ] 

Chromosomes 
13 14 15 21 22 

13 0(0.56) 

14 4(2.22) 0(0.56) 

15 1 (2.22) 0(2.22) 1 (0.56) 

21  1 (2.22) 5 (2.22) 2 (2.22) 11 (0.56) 

22 0(2.22) 0(2.22) 0(2.22) 0(2.22) 0 (0.56) 

X\4 = 214.03, P < 0.0001, distribution is nonrandom 

Table 16. Distribution of de novo nonhomolgous Robertsonian translocations in this study 
[observed( expected) ] 

Chromosomes 
13 14 15 21  22 

13 

14 4(1.3) 

1 5  1 (1.3) 0(1.3) 

21  1 (1.3) 5(1.3) 2(1.3) 

22 0(1 .3) 0(1.3) 0(1.3» 0(1.3) 

X29 = 23.15, 0.01 > P > 0.005, distribution is nonrandom 
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Table 17. Distribution of familial Robertsonian translocations in this study [observed(expected) ] 

Chromosomes 
13 14 15 21  22 

13 0(0.56) 

14 10(2.22) 0(0.56) 

15 0(2.22) 0 (2.22) 0 (0.56) 

21  1 (2.22) 9 (2.22) 1 (2.22) 0(0.56) 

22 1 (2.22) 2 (2.22) 0(2.22) 1 (2.22) 0 (0.56) 

X2' 4  = 60.14, P < 0.0001,  distribution is nonrandom 

Table 18. Distribution of combined familial and de novo Robertsonian-type rearrangements in this 
study [observed(expected) ] 

Chromosomes 
13 14 15 21 22 

13 0(1.11)  

14 14(4.44) 0(1.11) 

15 1 (4.44) 0 (4.44) 1 (1.11) 

21 2 (4.44) 14(4.44) 3(4.44) 11 (1.11) 

22 1 (4.44) 2 (4.44) 0(4.44) 1 (4.44) 0(1.11) 

X2' 4 = 152.65, p < O.OOOI, distribution is nonrandom 
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Table 19. Frequencies of combined familial and de novo Robertsonian-type rearrangements in this 
study (percent) 

Chromosomes 
13 14 15 21  22 

13 0(0) 

14 14(28) 0 (0) 

15 1 (2) 0(0) 1 (2) 

21 2 (4) 14(28) 3 (6) 11 (22) 

22 1 (2) 2 (4) 0 (0) 1 (2) 0 (0) 

In a comparison with Therman et aI., 1989 (Table 2), there is no significant difference between the 
two distributions, X214  = 23.26, 0.10 > P > 0.05. 
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Table 20. Assignment of parental origins based on cytogenetic heteromorphisms 

Family Informative Parental Origin 
No. Chrom Mother Father Proband Heteromorphisms 

* of Rearrangement 

1 21  a b  c d b QFQ, NOR paternal 

2 13 a b  c d c QFQ maternal 
14 a b  c c  c NOR maternal 

3 14 a b  c d  a QFQ, M paternal 
21 a b  c d  a c  NOR indeterminate 

4 13 a b  c d  b d NOR indeterminate 
14 a b  c c  c M maternal 

5 21 a b  c d  a QFQ, NOR paternal 

6 21 a b  c d  a QFQ, NOR paternal 

7 13 a b  c d  d QFQ maternal 
14 a b  c d  d QFQ maternal 
2 1  a b  a c  a a d  none indeterminate 

8 15 a a  c d  a M paternal 

9 13 a b  c d  a QFQ, NOR paternal 
14 a b  c c  b QFQ, NOR paternal 

10 14 none low mitotic index 
21 none low mitotic index 

11  13 a b  c d  d NOR maternal 
15 a a  c d  c NOR maternal 

12 14 a b  c d  c NOR maternal 
21 a a  a a  a a  none indeterminate 

13 21 a b  c d  d QFQ maternal 

14 21 a b  a b  a none uninformative 

15 14 a b  c d  d QFQ, NOR maternal 
21  a b  c d  b e  QFQ, NOR indeterminate 

16 15 a b  c d  b QFQ, NOR, M paternal 
21 a b  c c  b e  QFQ, NOR indeterminate 

17 21 a b  c d  c QFQ maternal 

18 21  a a  a b  a none indeterminate 

19 21 a b  c d  c QFQ, M maternal 



Table 20. continued. 

20 21 a b  c d  c QFQ, NOR maternal 

21 21 a b  c c  a QFQ, NOR, M paternal 

22 21 a b  a c  a none indeterminate 

23 13 a b  b c  a QFQ, M paternal 
21 a b  b c  b b  none indeterminate 

24 14 a a  c c  c NOR maternal 
21 a a  a b  a a  none indeterminate 

25 15 a b  c c  b QFQ, NOR paternal 
21 a b  c d  a QFQ, NOR paternal 

26 21 a b  c d  b c c  NOR, M paternal 

• QFQ = Q-bands by fluorescence with quinacrine 
NOR = Nucleolar Organizer Region with ammoniacal silver stain 
M = Morphology 

Table 21 .  Summary of assignments of parental origin based on cytogenetic heteromorphisms 

Rearrangement Maternal 

rob(13qI4q) 3 

rob(13q15q) 1 

rob(13q2 1q) 0 

rob(1�q21 q) 3 

rea (15qI5q) 0 

rob(15q21q) 0 

rea(21q21q) 4 

Total 11  

Combined: X21 = 0.048, 0.95 > p > 0.90 

Paternal Indeterminate 

1 0 

0 0 

1 0 

1 1 

1 0 

2 0 

4 3 

10 4 

"true" Robertsonian translocations: X2 1 = 0.33, 0.75 > p > 0.50 

Homologous rearrangements: X2 1 = 0.11 ,  0.75 > p > 0.50 

102 
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trans locations ( maternal=7 , paternal=5 , x2
,=0 . 3 3 )  o r  w i  thin 

homol ogous rearrangements ( maternal=4 , paternal=5 , X2
,= 0 . 1 1 )  

( Tabl e  2 1 ) . Additiona l ly , the parental origin of the " m i rror 

image " chromosome 2 1  rearrangement in  proband 2 6  was 

determined to be paternal ly derived . 

The util ity of the cytogenetic heteromorphi sms in 

parental origin assignments was examined ( Tabl e  2 2 ) . O f  the 

2 2  informative fami l ies , 3 6% ( 8/ 2 2 )  of  the parental origins 

were determined us ing only one heteromorphi sm ( QFQ , NOR or 

morphological ) and 6 4 %  ( 14/ 2 2 ) were determined based on two 

or more heteromorphi sms . Overal l ,  the use of  two or more 

heteromorphisms nearly doubled ( 1 . 7 5 X )  the abi l i ty to 

determine the parental origins o f  de novo acrocentric 

rearrangements . Additionally , the ut i l ity o f  the cytogenet ic 

heteromorphisms was examined for a total o f  4 9  free-ly ing 

chromosomes from the probands ( Table 2 2 ) . The chromos omes 

shown in Table 2 0  were the free-lying homologs of the 

chromosomes involved in the rearrangements . For examp l e , in  

family 1 ,  the proband had a rea ( 2 1q2 1q)  and the QFQ and NOR 

heteromorphisms for the free-lying chromosome 2 1  were 

informative for ass igning the parental origin . I n  another 

case , family 2 ,  the proband had a rob ( 1 3 q1 4 q )  and free- l y i ng 

chromosomes 1 3  and 1 4  for which the informative 

heteromorphisms , QFQ and NOR respectively , were used to 

determine the parental origin . 

been tabul ated in Table 2 2 . 

These heteromorphi sms have 

Of the 3 7  informat ive 

chromosomes ,  4 3 %  ( 1 6/ 3 7 )  of the parental origins were 
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Table 22. Utility of cytogenetic heteromorphisms in parental origin determination of de novo 
acrocentric rearrangements 

Heteromorphism 
. 

Families free-lying chromosomes 

QFQ only 3 5 

NOR only 3 9 

M only 2 2 

QFQ and NOR 8 13 

QFQ and M 3 3 

NOR and M 1 3 

QFQ, NOR and M 2 2 

none 4 12 

Total 26 49 

• QFQ = Q-bands by fluorescence with quinacrine 
NOR = Nucleolar Organizer Region with ammoniacal silver stain 
M = Morphology 
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determined us ing only one heteromorphi sm ( QFQ , NOR or 

morphological ) and 57% ( 2 1/ 3 7 ) were determined based on two 

or more heteromorphisms . Overa l l , the use o f  two or more 

heteromorphi sms increased the abi l ity to ass ign the parental 

origin of an individual chromosome by 1 . 3 X .  Twenty- four 

percent ( 1 2/ 4 9 )  of the chromosomes could not be ass igned based 

on the cytogenetic heteromorphi sms al one , representing one or 

more of the free-lying chromosomes in seven fami l ies . Al l 

un informative chromosomes were chromosomes 2 1  ( 12 / 1 2 ) . 

However ,  except for the three fami l ies mentioned previously 

in whom the parental origins could not be assigned ( excluding 

family 1 0  with low mitot ic indexes ) ,  the origins were a s s i gned 

for the de novo nonhomologous rearrangements us ing the non

transl ocated free-lying homologous chromosomes in the 

rema in ing four fami l ies . 

The cytogenet ic heteromorphisms o f  a l l  free- l ying 

acrocentric chromosomes were evaluated to rul e -out 

nonpaternity . In  family 7 ,  the proband inherited a chromos ome 

2 1  that was not present in either parent ( Tabl e  2 0 ) . 

Chromosome " d "  was apparently 2 1p- using QM and ammon iacal 

s i lver sta ins . Chromosome " d "  was determined to materna l in 

origin based on RFLP analyses ( Fig . 1 0 ) . The p-arm , NOR and 

satel l ites of  the chromosome 2 1  " d "  may have been l ost during 

the format ion of  the de novo rob ( 1 3 qI 4 q ) . The cytogenetic 

heteromorphisms for the free-lying chromosomes 13 and 1 4  were 

consistent with the paternal chromosomes . Therefore , the 

rearrangement was maternal ly derived . There were no other 
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incons istencies observed between the parental and proband 

compl ements in the other 2 5  fami l ies . 

B .  Restriction fragment l enqth polymorphi sms ( RFLPs ) 

DNA was obta ined for 14  famil ies and the results o f  the 

RFLP ana lyses are shown in Figures 9 and 1 0 . The parental 

origin assignments based on the cytogenetic and RFLP analyses 

were compared in Table 2 3 . The parental origins were a s s i gned 

in the four famil ies in which the cytogenetic heteromorphi sms 

were indeterminate ( fami l ies 1 0 , 14 , 1 8  and 2 2 ) . I n  two 

famil ies in which both probands have " true " Robertsonian 

trans locat ions , the parental origins could not be a s s i gned 

based on the l oci  tested ( fami l ies 12 and 1 6 ) . Construct i on 

of the hapl otypes for chromosome 2 1  in the parents , probands 

and two normal s ibl ings ( fami ly 1 6 ) was not helpful in the 

assignment of these parental origins . In the rema ining e i ght 

famil ies , the cytogenet ic and RFLP parental origin a s s i gnments 

agreed in every case . There fore , the origins of  the de novo 

rearrangements ( and extra chromosome 2 1  in family 7 ) , were 

ass igned by RFLP analys i s  in 12/14  ( 8 5 . 7 % )  cases stud i ed : 8 

homol ogous rearrangements , 3 Robertsonian trans locat i ons and 

1 trisomy 2 1 . Additiona l ly , the rea ( 2 1 ; 2 1 )  ( q2 2 ; q2 2 )  in the 

proband of family 2 6  was confirmed to be paternal ly derived . 

When the cytogenetic and RFLP results were comb ined , the 

parental origins were ass igned in a l l  fam i l ies ( n=2 6 )  ( Tabl e  

2 4 ) • There was n o  s igni ficant d i f ference in  the sex 

distribut ion of the origins in 1 )  the comb ined rearrangements 

( X2
,=0 . 0 4 ) ; 2 )  " true " Robertsonian transl ocat ions ( X2

,= 0 . 6 9 ) ; 
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Fig . 9 .  Hapl otypes for 8 famil ies in which the proband has 

Down syndrome and a de novo rearrangement o f  chromosome 2 1 . 

(Adapted from stewart et al . , 1 9 8 8 . ) Cytogeneti c  

heteromorphisms , RFLPs and ass ignments are shown . Al l 

probands were determined to have i sochromosomes . I n  family 

2 2 , cross ing over occurred between markers D2 1S 1 3  and D2 1 S 2 6 

in the father as indicated . 
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Fig . 1 0 . Hapl otypes f o r  6 famil ies in which the proband h a s  

Down syndrome and a d e  novo Robertsonian translocat ion between 

nonhomol ogous chromosomes ( Adapted from stewart et a l . ,  1 9 8 8 ) . 

cytogenet ic heteromorphisms , RFLPs and a s s ignments are shown . 

cros s ing over occurred in famil ies 3 ,  1 0 , 1 5  and 1 6  a s  

indicated . 
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Table 23. Comparison of cytogenetic and RFLP parental origin assignments 

Family 
Number 

1 

3 

7 

8 

10 

12 

14 

15 

16 

17 

18 

20 

21 

22 

Parental Origin 
Crtogenetic RFLP' 

paternal paternal 

paternal paternal 

maternal MI 

paternal paternal 

maternal 

maternal indeterminate 

paternal 

maternal maternal 

paternal indeterminate 

maternal maternal 

paternal 

maternal maternal 

paternal paternal 

paternal 

111 

. All RFLPs were for loci on human chromosome 21 except in family 8 in which RFLPs used were for 
chromosome 15. 
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Table 24. Parental origin assignments based on cytogenetic heteromorDhisms and RFLP analvses 

Pan:nml Qrigin 
Rearrangement Maternal 

rob(13qI4q) 3 

rob(13qI5q) 1 

rob(13q21q) 0 

rob(14q21q) 4 

rea(15qI5q) 0 

rob(15q21q) 0 

rea (21q21q) 4 

Total 12 

Combined: X2 1 = 0.04, 0.9 > p > 0.75 

Paternal 

1 

0 

1 

1 

1 

2 

7 

13 

"true" Robertsonian translocations: X21 = 0.69, 0.5 > P > 0.25 

Homologous rearrangements: X2 1 = 1.33, P = 0.25 
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or 3 )  homologous rearrangements ( X2
,= 1 . 3 3 )  . Al though not 

stat i stically significant , there was a tendency for more 

maternal ly derived Robertsonian transl ocations ( 8/ 1 3 ) and more 

paternal ly derived homol ogous rearrangements ( 8/ 12 ) . 

In  the analyses o f  the restriction fragment l ength 

polymorphisms , two incons i stencies were seen ( Fig . 1 1 ) . 

F irst , in family 3 ,  the proband had a fragment not found in  

either parent . The fragment , - 2 Kb sma l l er , was demonstrated 

repeatedly with D2 1S 2 6  and BgI I I . No other incons i stenc ies 

in  i nheritance of  RFLP or cytogenet ic markers were noted in  

th i s  family and "paternity" testing with non-2 1 RFLPs were 

con s i stent within this family . The altered fragment may have 

resulted from an altered restriction s ite at or near the s ite 

o f  the rearrangement . Second , in family 1 2 , D2 1S 1 5  was 

repeatedly cons istent with non-maternity s ince the proband is 

l acking any maternal allele . There were no other 

incon s i stencies with other RFLPs in thi s  family and 

" paternity" testing with non- 2 1 RFLPs were cons i stent with i n  

this  fami ly . 

The util ity o f  the RFLPs for parental origin 

determination of  de novo acrocentric rearrangements o f  

chromosome 2 1  was examined ( Tabl e  2 5 ) . The origin cou l d  be 

assigned based on one or more completely informative markers 

in 6 4 %  ( 9/ 1 4 ) fami l ies . An additional 2 1% ( 3/ 14 ) were 

ass igned based on a comb ination of  markers or constructi on o f  

hapl otypes and i n  1 4 %  ( 2/ 14 ) fami l ies , the parental origins 

could not be ass igned based on the l oc i  tested . 
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Fig . 1 1 . Pedigrees o f  famil ies who were found to have 

incons istencies in RFLP analyses [ fami l ies 3 ( top ) and 1 2  

( bottom ) ] .  In family 3 ,  the proband has a de novo rob ( 1 4 q2 1 q )  

and a " new" restriction fragment not observed in  e ither 

parent . This  fragment , - 2 Kb smal l er , was demonstrated 

repeatedly with 02 1 8 2 6 ( 2 1pter-q2 1 . 1 )  and BgI I I . Thi s  new 

fragment may have resulted from an altered restriction s ite 

at or near the s ite of  the rearrangement . In  family 1 2 , the 

proband , who has a de novo rob ( 1 4 q2 1q) , apparently did not 

inherit an allele  from the mother for probe 02 18 1 5  ( 2 1 q2 2 . 3 ) 

as demonstrated repeatedly with MspI . This  f inding suggest 

" non-maternity" . 



Fam i l y  3 

Fa m i l y 1 2  

1 5 . 5  Kb 
1 3 . 5  K b  

4.8 K b  

4 . 1  K b  

3 . 4 K b  

3 . 0 K b 

1 1 5  



Table 25. Utility of RFLPs for determining parental origins 

Number of RFLPs parental 
origin assignment is based 

One or more informative markers 

Number of 
families 

9 

Combined markers or complete haplotype 3 

none 2 

Total 14 

Table 26. Degree of informativeness for each molecular probe 

ONA Probe Number of Families Informativeness (%) 

021S13 A 3 21.4 
B 2 15.4 

021S16 B 1 14.3 

021S26 A 1 7.1 
B 1 7.1 

021S24 1 7.7 

021S112 4 50.0 

021S15 2 14.3 

021S19 A 1 7.1 
B 0 0.0 

1 1 6  

Percent informativeness = number of  families i n  which the probe was informative and  the parenta l 
origin could be assigned, divided by the total number of families tested. 
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The markers d i ffered in their degree o f  informat ivene s s . 

As shown in Table 2 6 ,  02 1 8 1 1 2  was the most informative marker 

fol l owed by 02 1 8 1 3 , 02 18 1 6 B  and 02 18 1 5 . The remaining markers 

were equally informative . The degree o f  informativenes s  found 

in thi s  study somewhat mimics each of the probes ' PIes ( Tabl e  

1 2 ) . 

I I I . Recombination 

Recombination could be assessed in 1 )  the famil ie s  in 

which normal s ibl ings were tested or 2 )  those fami l ie s  i n  

wh ich the rearrangement assignment changed from Robertsonian 

transl ocation to isochromosome ( or the reverse ) due to  a 

detectable recombination ( i . e .  family 1 0 )  [ or the 

nondisj unctional assignment changed from me iosis I to mei o s i s  

I I  i n  trisomy 2 1  cases ] , even i n  the absence o f  normal 

s ibl ings . Recomb ination was asses sed in two ways . F i rst , 

recombinat ion was examined in the chromosomes inherited by 

the proband from the parent of origin . 8econd , recomb inati on 

wa s assessed for the normal ( non-rearranged ) homol og s  by 

examining recomb ination in the chromosomes inherited from both 

parents . 

In famil ies in which the proband had a homol ogous 

rearrangement ( Fig . 9 ) , recomb ination was detected in  the 

rearrangement in proband 2 2  between ONA markers 02 18 1 3  and 

02 1 8 2 6 in the father and was the only examp l e  of detectab l e  

recomb ination in a homol ogous chromosome 2 1  rearrangement . 

Given the results o f  the RFLP analyses , recombination may have 

occurred in the father of proband 8 or the rearrangement may 
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have been an  isochromosome ( Table 2 7 ) . 

In  the famil ies in which the proband had a " true " 

Robertsonian translocation ( Fig .  1 0 ) , recomb inat i on was 

detected in four probands ( 3 , 1 0 , 1 5 and 1 6 ) . It could not 

be determined if the rearranged or the free-lying chromos ome 

2 1  was the recombinant , only that a crossover had taken p l ace 

in one of  the chromosomes contributed by the parent o f  origin . 

Recombination could not be detected in the case o f  trisomy 2 1  

( fami ly 7 ) . Therefore , 5 5 . 5 %  ( 5/ 9 ) o f  chromosomes tested 

from the parents o f  origin had a detectabl e  cross over . The 

maj ority of these resulted in " true " Robertson ian 

trans l ocat ions in the probands ( 4/ 5 ) . 

Recombination could be assessed for a l l  chromosomes 2 1  

in e ight famil ies who had the normal s ibl ings as wel l  a s  the 

probands tested . Recomb ination was detected in five fam i l ies 

( 6 2 . 5 % )  ( 5/ 8 ) ( fami l ies 1 , 3 ,  1 6 , 1 7 , and 2 2 ) . 

IV . I dent i f i cation o f  i sochromo somes 

The molecular and cytogenetic results for the e i ght 

famil ies who had a child with a homol ogous rearrangement 2 1  

are shown in Figure 9 .  Based on the assumpt ions given in  the 

Materials and Methods section , part XI , a l l  e ight probands 

were determined to have isochromosomes of chromosome 2 1 :  seven 

i ( 2 1 q)  and one idic ( 2 1 )  ( pter->q2 2 ) . For example in  fam i l y  1 

( Fig . 9 . ) , the de novo rearrangement in the proband was 

determined to be paternal based on cytogeneti c  heteromorphi sms 

and the DNA marker D2 1S 15 . The rearrangement appeared to be 

an isochromosome based on the homo zygos ity in  the proband of 
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Table 27. RFLP analyses of chromosome 15 In family 8 

Probe Mother Father Abortus 

O15S24 2, 5 2, 3 2, 2, 2  

O15S1 1, 2 1, 1 1, 1 , 1 

D15S2 2, 2 1, 1 1 , 1 , 2 

D15S27 1, 2 1, 1 1 , 1 , 1 
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markers D2 1 8 2 6A and B ,  D2 18 1 1 2  and D2 1 8 1 9A .  

From the analyses of  the samples obtained from fami l y  8 ,  

the 1 5/ 1 5  rearrangement in the abortus was consistent with 

e ither an isochromosome 1 5  or a Robertsonian translocat ion . 

The rearrangement was determined to be paternal based on 

0 1 5 8 2 . However , because of  the l ack o f  informat ivenes s  o f  

probes D158 2 7  and 0158 1 i n  thi s  fami ly , the rearrangement 

could not be dist inguished between an i { 1 5 q )  or a rob { 15 q 1 5 q )  

with a recombinat ional event i n  the father ( parent o f  origin ) 

result ing in homo zygosity for 0158 2 4  in the proband ( Tabl e  

2 7) . 

v .  Nuc l e o l ar organi z e r  Region 

A .  vari ants 

1 .  Inci dence 

Oouble NOR variants ( dNORs ) were found in 12 parents who 

had a child with a de novo Robertsonian-type rearrangement ; 

1 1  parents of origin and one normal spouse ( Tabl e  2 8 ) . The 

dNOR var-iant chromosomes were observed in a s ign i f i cant l y  

higher proportion o f  famil ies with d e  novo rearrangements 

( 1 1/ 2 5 )  than in the control population ( 5/ 5 0 )  ( p< O . O O O l ) . Two 

of f ive dNOR pos itive ( + )  control individual s  had a h istory 

o f  multiple miscarriages . 

When present , the dNOR variant was found to be in the 

parent in whom the rearrangement originated in a l l  1 1  

fami l ies . Family 6 was uninformat ive for dNOR involvement 

s ince both parents carried a dNOR variant . The rearrangement 

in the proband was shown by other cytogenetic heteromorphi sms 
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to have been contributed by the father . 

There was no s igni ficant d i fference between the 

distribution of dNOR variants in fami l ies with " true " 

Robertsonian trans l ocat ions ( n=6 ) and those who had 

rearrangements involving homol ogous chromosomes ( n=5 ) . Forty

s ix percent ( 6/ 1 3 ) o f  parents who contributed a " true " 

Robertsonian transl ocation to their offspring were dNOR ( + )  and 

4 2 %  ( 5/ 12 ) parents who contributed a homol ogous rearrangement 

were dNOR ( + ) . There was no s igni ficant d i fference in the s ex 

of the carriers of the dNOR variants ( ma l e= 6 , femal e= 6 ) .  

The dNOR variants were found on chromosomes 1 3  ( n=l ) , 

chromosomes 15  ( n=4 ) , chromosomes 2 1  ( n=6 ) and chromosomes 2 2  

( n=2 ) in the parents and this d i stribution was not 

s igni ficantly d i fferent from a random d istribution for a l l  

acrocentric chromosomes ( X2
4=8 . 9 2 ,  0 . 1 0 >p> 0 . 0 5 ) . Although not 

stat istically s ign i ficant , chromosome 2 1  comprised about 5 0 %  

o f  the dNOR ( + )  chromosomes i n  the parents . 

Among the probands with de novo rearrangements who had 

dNOR ( + )  parents ( Table 2 8 ) , four inherited the ir parents ' 

dNOR ( + )  chromosome as a free-lying chromosome and four did not 

i nherit the var iant chromosome . In one case , demonstrated by 

RFLP analys is , the dNOR ( + )  chromosome was involved i n  the 

rearrangement , idic ( 2 1q )  ( Fig .  1 2 ) . In four probands , the 

inheritance of the dNOR chromosome could not be a s sessed s i nce 

it was the same chromosome as  the chromosomes in  the 

rearrangement and the heteromorphi sms were l ost in  the ir 

formation . RFLP ana lyses were not performed on these famil ies 
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because of  sample unava ilab i l ity . Two o f  2 5  carriers o f  

fami l ial transl ocations were found t o  carry dNOR variant 

chromosomes . The frequency o f  dNOR ( + )  chromosomes in the 

carriers of  famil ial  trans l ocations and in the control 

popul at ion were not s igni ficantly di f ferent ( 2 _  X 1 - 0 . 0 8 ,  

0 . 9 0 >p> 0 . 7 5 ) . There was no s igni ficant d i fference i n  the 

inc idence of free-lying dNOR chromosomes in the probands 

( 4/ 2 5 )  and the carriers of fami l ial  trans locat ions ( 2/ 2 5 )  

( X21 =0 . 7 6 ,  0 . 5 0 >p> 0 . 2 5 ) . 

2 .  Ri sk a s s e s sment 

In order to est imate the power of the dNOR variant i n  

pred ispos ing individual s  to form d e  novo acrocentric 

rearrangements , the absolute and relative ri sks were est imated 

for ind ividual s  who were dNOR ( + )  ( Tabl e  2 9 ) . Although the 

de novo rearrangements in this  study appeared to be 

hete rogeneous ( i . e . i s o chrom o s ome s ,  Rob e rt s o n i a n 

trans l ocations ) and s ince this was the f irst study to show a 

true d i f ference between these rearrangements , no values for 

the incidence o f  each type o f  rearrangement were ava i l abl e .  

There fore , the estimated absolute r i sk was a pool ed risk for 

all Robertsonian-type rearrangements .  The absolute r i sk to 

individuals who were dNOR ( + )  for having a chi l d  with a de novo 

Robertsonian-type rearrangement was estimated a ssuming 1 )  an 

inc idence o f  de novo Robertsonian transl ocations in l iveborn 

infants of 1/ 2 5 , 0 0 0  ( Hook , 1 9 8 1 ) ; 2 )  an incidence o f  

indiv idual s  who were dNOR ( + )  among parents who have had a 

ch i l d  with a de novo Robertsonian-type rearrangement o f  1 1/ 2 5  
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Table 28. Distribution of dNOR variant chromosome 

Family rea ori�in dNOR ori�in Inheritance by proband 

I i (2Iq) paternal IS paternal not inherited 

21 paternal in rmmmgmJmt (by RFLP) 
2 rob(13qI4q) maternal IS maternal free-lying chromosome 

3 rob(14q21q) paternal 21 paternal free-lying chromosome 

5 rea(21q21q) paternal 21 paternal unknown 

6 rea (21q21q) paternal 21 paternal unknown 

22 maternal free-lying chromosome 

8 dic(15;15) (pll ;pll)  paternal 21 paternal not inherited 

9 rob(13qI4q) paternal 22 paternal not inherited 

11  rob(13qI5q) maternal 13 maternal unknown 

13 rea(21q21q) maternal 21 maternal unknown 

15 rob(14q21q) maternal IS maternal not inherited 

24 rob(14q21q) maternal 15 maternal free-lying chromosome 
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Fig . 1 2 . Haplotype for family 1 determined by RFLP analys i s . 

The proband has an idic ( 2 1q )  determined to have originated 

from the father ' s  dNOR ( + )  chromosome 2 1  ( d ) . Her norma l 

s ibl ing did not inherit the dNOR ( + )  variant and had the 

alternative paternal haplotype ( c ) . 
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0 2 1 5 2 6  [J A 2  A 2  A 1  A 2  
8 1  8 1  8 3  8 1  

0 2 1 5 1 3 [J A 1  A 1  A 1  A 1  
8 1  8 2  8 1  8 1  

0 2 1 5 1 6 U 8 1  8 2  8 1  8 2  

0 2 1 5 1 5 U A 1  A 1  A 2  A 2  

D 2 1 S 1 9 D A 2  A 2  A 2  A 1  
8 1  8 2  8 1  8 1  

( a ) ( b ) ( e )  * 
( d )  d N O R { +) 

A 2  A 2  A 2  A 1  A 2  
8 1  8 1  8 1  8 3  8 1  

A 1  A 1  A 1  A 1  A 1  mat (b) 
8 2  8 1  8 1  8 1  8 2  

8 2  8 2  8 2  8 1  8 1  

A 1  A 2  A 2  A 2  A 1  

mat (a) 
A 2  A 1  A 1  A 2  A 2  
B 2  B 1  B 1  B 1  B 1  

( b ) ( d t ( d t ( e )  
mat pat pat pat 
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Table 29. Risk estimates for individuals who were dNOR( +) (adapted from Jackson-Cook, 1985) 

dNOR Phenotype Frequency of Offspring 

dNOR( + )  

dNOR(-) 

Absolute Risk 

Individual 

dNOR( + )  

dNOR(-) 

Relative Risk 

Robertsonian non-Robertsonian 

A. 11/25& X 1/25,OOOb 

C. 14/258 X 1/25,OOOb 

Formula 

A/A+ B 

C/C + D  

A/A + B  
C/C + D  

B. 5/50c X 24,999/25,OOOd 

D. 45/501 X 24,999/25,OOOd 

Risk 

0.0176% 

0.0025% 

7-fold increase 

a Incidence of dNOR( +) individuals among parents of origin. 

b Incidence of de novo Robertsonian translocations among liveborn infants (Hook, 1981) . 

c Incidence of dNOR( + )  individuals in general population (obtained from control subjects) . 

d Incidence of liveborn infants without de novo Robertsonian translocations. 

e Incidence ofdNOR(-) individuals among parents of origin. 

1 Incidence of dNOR(-) individuals in general population (obtained from control subjects) .  
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( 4 4 % )  ( obta ined from this study ) ; and 3 )  an incidence of 

individual s  who were dNOR ( + )  among the general popu l at i on of 

5/ 5 0  ( obta ined from the control population ) . 

The absolute risk to individual s  who were dNOR ( + )  was 

estimated to be 0 . 0 1 7 6 %  ( - 1/ 5 , 0 0 0 )  and to individual s  who were 

dNOR ( - ) , 0 . 0 0 2 5 %  ( - 1/ 4 0 , 0 0 0 ) . Although these risks were very 

smal l ,  the relat ive risk for individual s  who were dNOR ( + ) , 

which was estimated from the ratio of  the absolute r isks for 

dNOR ( + )  individual s  to dNOR ( - )  individua l s , was found to be 

seven t imes higher . 

B .  S cores 

The di stributions of the overal l  NOR scores for each 

study group are shown in Figure 1 3 . The d istributions in  the 

parents of origin , norma l spouses , probands , carriers o f  

fami l ial trans l ocat ions , and control s d i f fered s igni f icantly 

from random . The most common score was 2 for a l l  groups 

except carriers o f  fami l ial trans l ocat ions in whi ch the most 

common score was 3 .  The l east frequent score in a l l  groups 

was a score of  4 or greater . There were no s ign i f icant 

d i fferences in the frequency of these scores between the study 

groups . 

The distribut ions for each acrocentric chromosome are 

shown in Figure 1 4 . In  the parents o f  origin , a score o f  z ero 

was found most frequently on chromosomes 2 2  and a score of 4 

or greater on chromosomes 2 1 .  I n  the normal spouses ,  a s core 

of z ero was found most frequently on chromosomes 2 1  and a 

score of 4 or greater on chromosomes 1 3 . The probands had 
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z eros most o ften for chromosomes 1 4  whi l e  chromosomes 1 5  most 

frequently had a score of  4 or greater . The carriers o f  

fami l ial transl ocations had the oppos ite findings ; z eros for 

chromosomes 1 5  and a score o f  4 or greater for chromos omes 1 4 . 

The control s  had a score o f  z ero most frequentl y  on 

chromosomes 22 and a score of  4 or greater on chromos omes 1 3  

and 2 2 . 

The overal l  mean NOR scores were compared between the 

parents of origin , normal spouses , probands , carriers o f  

famil ial transl ocat ions and control s  ( Tabl e  3 0 ) . Although 

there was no s ign i f i cant d i fference between the parents o f  

origin and their norma l spouses , these two parental groups 

had s igni ficantly higher mean NOR scores than the control 

group ( p < O . O O O l ) . The parental groups and the control group 

had s ignificantly greater mean NOR scores than the probands 

or carriers of famil ial trans l ocations ( p< O . O O O l ) . 

Add itiona l ly , the probands had s ign i f i cantly greater NOR 

scores than fami l ial carriers ( p< O . O O O l ) . 

The mean number of s i lver-positively sta ined chromosomes 

were compared between the study groups ( Table 3 0 ) . No 

s igni ficant d i fferences were noted between the parents of 

origin , the ir normal spouses or control s .  However ,  the 

parental groups and the control group had s igni f icantly 

greater mean number of s i lver-pos itively stained chromos omes 

than either the probands or carriers of famil ia l  

transl ocat ions ( p < O . O O O l ) . Additiona l l y , the probands had 

s ignificantly more s i lver-pos itive chromosomes than the 
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Table 30.  Comparison of mean NOR scores and mean number of silver-positive chromosomes in the 
study groups (Mean±S.E.) 

Group NOR score 

Parents of origin (P) 18.67±0.22 

Normal Spouses (N) 18.82±0.24 

Probands (0) 16.93±0.24 

Carriers of familial 
translocations (F) 15.68±0.18 

Controls (C) 17.80±0.16 

p-value p < O.OOOl 

Comparison P, N > C > 0 > F 

Number AJ:( + ) 

7.67±0.06 

7.84±0.07 

6.99±0.09 

6.41±0.07 

7.59±0.06 

p < O.OOOl 

P, N, C > 0 > F 

Mean NOR score/AJ:( + ) 

2.43±O.02 

2.40±O.02 

2.44±O.02 

p = 0.22 (ns) 
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carriers of  fami l ial transl ocations ( p < 0 . 0 0 0 1 ) . 

In  order to evaluate compensation o f  the NORs i n  the 

probands , the mean NOR scores per s ilver-pos it ive acrocentric 

chromosome were compared between the parents and o ffspring 

( Tabl e  3 0 ) . Although the probands had s igni ficantly l ower 

mean NOR scores and s ign i f i cantly fewer s i lver-pos i t ive 

chromosomes than the parents , the mean NOR score per s i lver

pos itive chromosome was not s igni f icantly d i fferent from the 

parents ( p=O . 2 2 )  . Therefore , there was no evidence for 

compensation of NOR act ivity in the probands . 

The mean NOR scores for each acrocentric chromosome were 

compared between the study groups ( Tabl e  3 1 ) . When the 

parents of  origin , normal spouses and control individual s  were 

compared , there were no s ign i f i cant d i fferences for the mean 

NOR scores for chromosomes 1 3 , 14 or 1 5 . However ,  the parents 

of  origin had a s ign i f i cantly higher mean NOR score for 

chromosome 2 1  than the normal spouses or contro l s  ( p< 0 . 0 0 0 1 ) . 

The normal spouses had a s igni ficantly higher mean NOR s core 

for chromosome 22 than the parents o f  origin or the control 

group (p<0 . 0 0 0 1 ) . 

The probands were compared to their parents . The norma l 

spouses had a s igni ficantly higher mean NOR scores for 

chromosome 13 than the probands ( p=O . 0 2 ) • Both parental 

groups had s ignificantly higher mean NOR scores for 

chromosomes 1 4  and 2 1  than the probands ( p < 0 . 0 0 0 1 ) . There 

was no s igni ficant d i fference between the parental groups and 

the probands for the mean NOR score of chromosome 15 ( p= 0 . 9 4 ) . 
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Table 31. Comparison of mean NOR scores distributed over the acrocentric chromosomes in the study 
groups (Mean±S.E.) 

�hr2mosomes 
Group 13 14 15 21 22 

Parents of 
origin (P) 3.76 +0.11 3.77±0.10 3.61±0.10 4.29±0.11 3.34±0.11 

Normal 
Spouses (N) 4.02 +0.10 3.38±0.10 3.56±0.11 3.27±0.10 4.15±0.10 

Probands (0) 3.60±0.11 2.73±0.11 3.60±0.12 2.90±0.11 4.07±0.11 

Carriers of 
familial (F) 2.91±0.11 2.28±0.10 3.84±0.11 3.17±0.11 3.48±0.10 
translocations 

Controls (C) 3.76±0.08 3.56±0.07 3.38±0.07 3.79±O.O7 3.30±O.O8 

ComI!arisoos 

P, N, C p = 0.09 (ns) p = O.06 (os) p = O.15 (ns) p < O.OOOI p < O.OOOI 
P > C > N  N >  P, C 

P, N, O p = O.02 p < O.OOOI p = 0.94 (ns) p < O.OOOI p < O.OOOl 
N > O  P, N > 0 P > N > O  N, O > P 

O, F p < O.OOOI p < O.OOOI p = O.06 (ns) p = O.07 (ns) p < O.OOOI 
O > F O > F O > F  
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Interest ingly , the probands had a greater mean NOR s core for 

chromosome 22 than the parents o f  origin which l ikely resulted 

from the scores noted for chromosome 22 in the non

contributing parent ( normal spouses ) .  The probands who carry 

de novo rearrangements had s igni ficantly greater mean NOR 

scores than the carriers of famil ial trans locations for 

chromosomes 13 , 1 4  and 22 ( p< O . O O O l ) . There was no 

s ign i f icant d i f ference between these groups for chromosomes 

15 and 2 1 -

S ince the parents in whom the de novo rearrangement 

originated contributed a heterogeneous populat i on o f  

rearrangements , these parents were divided into several 

groups : 1 )  those parents who contributed " true " Robertsonian 

trans locations ( rob ) and those who contributed homol ogous 

rearrangements ( hom ) ; 2 )  those parents who were dNOR ( + )  and 

those who were dNOR ( - ) ; and 3 )  those parents who contributed 

Robertsonian transl ocat ions and were dNOR ( + )  [ rob ( + ) ] or 

dNOR ( - )  [ rob ( - ) ] and those who contributed homol ogous 

rearrangements and were dNOR ( + )  [ hom ( + ) ] or dNOR ( - )  [ hom ( -

) ] .  Henceforth , the parents o f  origin wi l l  be referred to  a s  

"parent s "  with the appropriate des ignat ion [ L e . dNOR ( + ) , 

dNOR ( - ) , rob , hom ] . 

The d i stributions o f  the NOR scores for each acrocentric 

chromosome are shown in Figures 1 5  and 1 6 . The d istribut ions 

of  the overal l NOR scores d i ffered s ign i f i cantly from random 

in a l l  groups . The most frequently occurring overal l  NOR 

score was 2 in a l l  groups except for the rob ( + )  parents in  
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which the most frequently occurring score was 3 .  The l east 

frequent score was 4 or greater in a l l  groups except for the 

hom ( + )  parents in which the l east frequently occurring s core 

was 1 .  There were no s igni ficant d i fferences in the frequency 

of these scores between the parents of origin . 

The distribution of the NOR scores was examined for each 

chromosome ( Fig . 1 7 - 1 9 ) . In  the rob , hom , dNOR ( + )  and dNOR ( -

parents , a score o f  z ero was found most frequently for 

chromosome 2 2 . A score o f  4 or greater was found most 

frequently for chromosome 15 in the rob and dNOR ( - )  parents 

and chromosome 2 1  in the hom and dNOR ( + )  parents ( Fig . 17 and 

1 8 ) . However , a score of  z ero was found most frequentl y  on 

chromosome 14  for the rob ( + )  and hom ( - )  parents ; chromos omes 

15 and 2 2  for the hom ( + )  parents ; and chromosomes 13 and 2 2  

for the rob ( - )  parents ( Fig . 1 9 ) . A score o f  4 or greater was 

found most frequently on chromosomes 1 3 , 2 1  and 2 2  for the 

rob ( + )  parents ; chromosome 2 1  for the hom ( + )  parents ; 

chromosome 1 5  for the hom ( - )  parents ; and chromosome 1 4  for 

the rob ( - )  parents ( Fig .  1 9 ) . 

The overal l  mean NOR scores and mean number o f  s i lver

pos itively sta ined chromosomes were compared between the 

parents of  origin ( Table 3 2 ) . There were no s igni fi cant 

d i f ferences noted between the rob and hom parents ; the dNOR ( + )  

and dNOR ( - )  parents ; o r  the rob ( + ) , rob ( - ) , hom ( + ) , and hom ( 

) parents in either the mean NOR scores o r  the mean number o f  

s i lver-positive chromosomes . 
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Table 32. Comparison of mean NOR scores and mean number of silver-positive chromosomes in the 
parents of origin (Mean±S.E.) 

rob 

NOR 18.71±0.32 
score 

Ag(+ )  7.74 +0.16 

Table 32. continued 

rob( + )  

NOR 19.25±0.40 
score 

Ag( + )  7.73±0.12 

hom 

18.63±0.32 

7.61 + 0.11 

rob(-) 

18.26±0.47 

7.74 + 0.15 

2-value 

p = O.84 (ns) 

2= 0.38 (ns) 

hom ( + )  

18.42±0.45 

7.32±0.14 

dNOR(+ )  

18.87±0.30 

7.54 +0.09 

hom(-) 

18.77±0.45 

7.81±0.15 

dNOR(-) p-value 

18.51±0.32 p=OO (rt;) 

7.78+ 0.11 p=(lll (rt;) 

p-value 

p = 0.40 (ns) 

p = 0.10 (ns) 
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The mean NOR scores for each acrocentric chromosome were 

compared between the parents of  origin ( Tabl e  3 3 ) . No 

s igni ficant d i fferences were noted between the rob and hom 

parents for the mean NOR scores for chromosomes 1 3 , 1 4 , 15 or 

2 2 . However ,  for chromosome 2 1 ,  the hom parents had a 

s igni f icantly greater mean NOR score than the rob parents 

( p < O . O O O l ) . No s igni ficant di fferences were noted between 

the dNOR ( + )  and dNOR ( - )  parents for mean NOR scores of any 

acrocentric chromosome . When the hom ( + )  and hom ( - )  parents 

were compared , there was no s ign i f i cant d i f ference in mean 

NOR score of  chromosome 1 3 . However ,  the hom ( + )  parents had 

s igni f icantly higher mean NOR scores than the hom ( - )  parents 

for chromosomes 1 4  and 2 1  and the hom ( - )  parents had 

s ign i f icantly greater mean NOR scores than the hom ( + )  parents 

for chromosomes 15 and 2 2 . When the rob ( + )  and rob ( - )  parents 

were compared , there was no s ign i f i cant d i f ference for 

chromosomes 15 and 2 1 .  However ,  the rob ( + )  parents had 

s igni ficantly greater mean NOR scores than the rob ( - )  parents 

for chromosomes 13 and 22 whi l e  the rob ( - )  parents had 

s ign i f icantly greater mean NOR scores than the rob ( + )  parents 

for chromosome 14 . 

VI . satel l i te as soci at i ons 

s ince satel l ite associations may contribute to the 

formation o f  Robertsonian-type trans l ocat ions , the study 

groups were compared with respect to : 1 )  mean number o f  

satel l ite associations ; 2 )  mean number o f  chromosomes which 

partic ipated in sate l l ite associations ; and 3 )  mean number o f  
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Table 33. Comparison of mean NOR scores distributed over the acrocentric chromosomes in the 

�rents of origin (mean + S.E.) 
Chromosomes 

Group 13 14 15 21 22 

rob 3.74 + 0.15 3.95.±.0.15 3.74.±.0.15 3.84.±.0.14 3A7+0J5 

hom 3.78.±.0.18 3.58.±.0.14 3.47 + 0.13 4.78.±.0.15 3.21+OJ.6 

dNOR( + )  3.90.±.0.17 3.72.±.0.17 3.56.±.0.18 4.45.±.0.18 3A7+OJ.8 

dNOR(-) 3.65.±.0.15 3.81.±.0.13 3.65+ 0.12 4.16.±.0.13 3.24+OJ.4 

rob( + )  4.12.±.0.20 3.47+ 0.24 3.93.±.0.28 3.68.±.0.23 4.05+0.24 

rob(-) 3.41.±.0.21 4.36.±.0.17 3.59.±.0.15 3.97 .±.0.19 2.97+OJ.6 

hom ( + )  3.64.±.0.29 4.02.±.0.23 3.12.±.0.18 5.36.±.0.24 2.78+023 

hom(-) 3.89.±.0.22 3.26 + 0.16 3.71.±.0.18 4.36 + 0.17 3.51+0.21 

Com�arisons 

rob vs hom p = O.84 p = O.06 p = 0.17 p < O.OOOI p = 0.24 
hom > rob 

dNOR( + )  vs dNOR(-) p = 0.28 p = 0.69 p = O.66 p = 0.19 p = O.3O 

rob( + )  vs rob(-) p = 0.017 p = 0.OO2 p = 0.25 p = 0.31 p=O.ooo2 
( + » (-) (-» ( + )  ( + » (-) 

hom( + )  vs hom(-) p = 0.49 p = O.OO68 p = 0.027 p = 0.OO06 p = 0.02 
( + » (-) (-» ( + )  ( + » (-) (-» ( + )  
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chromosomes per sate l l ite association ( Tabl e  3 4 ) . There were 

no s i gnificant d i fferences between the parents of origin , 

the ir normal spouses and the control group for mean number o f  

satel l ite associations , chromosomes i n  satel l ite associat i ons 

or chromosomes per satel l ite associat ion . Likewise , there 

were no s ignificant d i fferences noted between the two parental 

groups and the probands for mean number o f  sate l l ite 

associations or mean number o f  chromosomes per satel l ite 

association . However ,  as expected , s ince the probands have 

fewer chromosomes ava i l able for participation in sate l l ite 

associations , the parental groups had s igni ficantly more 

chromosomes that participated in sate l l ite associat i ons than 

the probands ( p < O . O O O I ) . Although there was no s ign i f i cant 

d i f ference in the mean number of chromosomes per sate l l ite 

assoc iat ion , the mean number of sate l l ite associations and 

mean number of chromosomes in sate l l ite associations d i f fered 

between the probands and the carriers o f  famil i al  

transl ocat ions ( p < O . O O O I  O>F ) . 

The involvement in satel l ite associations o f  each 

acrocentric chromosome was evaluated for each group through 

the calculation of a mean assoc iat ion index ( AI ) . The mean 

association indexes were then compared between groups ( Tabl e  

3 5 )  . There were n o  s igni f i cant d i f ferences between the 

parents of  origin , their normal spouses and the control group 

for the mean AI of chromosomes 1 3 , 1 4 , 15 or 2 2 . The control 

group was found to have a s igni ficantly greater mean AI for 

chromosome 2 1  than the normal spouses ( p= O . 0 0 8 ) . 
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Table 34. Mean satellite associations (SA) , mean number of chromosomes participated in satellite 
associations and mean number of chromosomes per satellite association io the study groups 
(Meao.±.S.E.) 

Group SA Chrom Chrom/SA 

Pareots of origin (P) 15.4.±.O.64 34.2.±.1.45 2.22.±.O.O2 

Normal spouses (N) 15.8.±.O.66 35.0.±.1.52 2.21.±.O.O3 

Probaods (0) 13.6.±.O.65 29.2.±.1.50 2.1S.±.O.04 

Carriers of fami l ial 
traoslocations (F) ll.2.±.O.63 24.8.±.1.49 2.21.±.O.O3 

Controls (C) 16.3.±.O.55 36.22 + 1.25 2.23.±.O.O3 

p-value p < 0.0001 p < O.OOOl p = O.50 (ns) 
P, N, 0, C > F P, N, C > 0 > F 

p = 0.58 (os) p = 0.58 (os) 
P = N = C  P = N = C  
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Table 35. Comparisoo of mean associatioo iodexes (AI) for each acroceotric chromosome betweeo the 
study groups 

Chromosomes 
Group 13 14 15 21 22 

Pareots of 
origio (P) 0.40±.0.03 0.45 +0.03 0.42±.0.03 0.47±.0.04 0.41+0J)3 

Normal 
Spouses (N) 0.44±.0.04 0.44±.0.03 0.45±.0.03 0.41±.0.03 0A6+0.D4 

Probaods (0) 0.37±.0.03 0.38±.0.04 0.37±.0.03 0.50±.0.04 M3+0J)3 

Carriers of 
familial (F) 0.35±.0.04 0.39±.0.04 0.37 + 0.03 0.41 + 0.04 OAl+0.D4 
traoslocatioos 

Cootrols (C) 0.47±.0.02 0.47±.0.03 0.47±.0.03 0.55±.0.03 0A6+0ill 

�QmDarisoos 

P, N, C p = 0.22 (os) p = O.71 (os) p = 0.52 (os) p = 0.OO6 P = 0 . 4 1  
(os) 

C > N  

P, N, O p = 0.38 (os) p = 0.32 (os) p = 0.23 (os) p = 0.24 (os) p=Gti �  
O, F p = O.68 (os) p = O.88 (os) p = O.99 (os) p =  0.13 (os) p = 0.82 
(os) 
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No s igni f icant d i fferences were noted between the parenta l 

groups and the probands for any acrocentric AI . Likewi s e , no 

s igni f icant d i fferences were noted for any AI between the 

probands and the carriers of famil ial transl ocations . These 

f indings were expected s ince the AI calculation accounted for 

the number o f  spec i fic chromosomes avai l able for sate l l ite 

associations , thus accounting for the loss o f  ava i l ab l e  

chromosomes because of  the rearrangements . 

The pairwise sate l l ite associations were examined for 

each group ( Tabl e  3 6 ) . In every study group , the distribut i on 

o f  pairwise sate l l ite assoc iations d i f fered from random . I n  

the parents o f  origin , there was a n  increased frequency o f  

2 1/ 2 1  associations . In the normal spouses , there was a h igher 

rate of  2 2/ 2 2  associat ions . In the probands , as expected 

because of the loss of  particul ar chromosomes to the 

rearrangements ,  there were decreases in some satel l ite 

assoc iations . Al l assoc iations o f  chromosome 1 4  were 

decreased . Interestingly , there was an increased frequency 

of  2 1/ 2 2  satel l ite associations . The carriers o f  fami l ia l  

trans l ocations had increased 2 2/ 2 2  associations . The control 

group had increased 2 1/ 2 1 and 2 1/ 2 2  associations . 

In  order to examine d i fferences between the groups , the 

mean pa irwise sate l l ite associations were compared ( Tabl e  3 7 ) • 

There were no s igni ficant d i fferences noted in the mean 

pairwise sate l l ite associations between the parents of origin , 

the ir normal spouses and control s  for a l l  associat ions except 

for 2 1/ 2 2  in which the control s  were s igni ficantly greater 
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Table 36. Total pairwise satellite associations in the study groups [observed(expected) ] 

parents of normal familial 
SA origin spouses probands carriers controls 

13/13 8 (12.44) 15 (12.91) 10 (10.38) 3 (8.64) 29 (27.9) 

13/14 49 (49.78) 57 (51.64) 36 (41.51) 29 (35.58) 120 (111 .5) 

13/15 49 (49.78) 53 (51.64) 45 (41.51) 34 (35.58) 1 12 (111.5) 

13/21 42 (49.78) 47 (51.64) 45 (41.51) 24 (35.58) 108 (111.5) 

13/22 43 (49.78) 46 (51.64) 39 (41.51) 33 (35.58) 91 (111.5) 

14/14 10 (12.44) 13 (12.91) 3 (10.38) 0 (8.64) 24 (27.9) 

14/15 47 (49.78) 59 (51.64) 34 (41.51) 28 (35.58) 100 (111 .5) 

14/21 58 (49.78) 40 (51.64) 28 (41.51) 24 (35.58) 120 (111.5) 

14/22 53 (49.78) 50 (51.64) 37 (41.51) 25 (35.58) 93 (111 .5) 

15/15 15 (12.44) 10 (12.91) 12 (10.38) 12 (8.64) 24 (27.9) 

15/21 52 (49.78) 44 (51.64) 31 (41.51) 42 (35.58) 123 (111 .5) 

15/22 44 (49.78) 47 (51.64) 50 (41.51) 49 (35.58) 92 (111 .5) 

21/21 29 (12.44) 17 (12.91) 15 (10.38) 14 (8.64) 42 (27.9) 

21/22 46 (49.78) 53 (51.64) 64 (41.51) 50 (35.58) 142 (111 .5) 

22/22 15 (12.44) 30 (12.91) 18 (10.38) 22 (8.64) 34 (27.9) 

X2 -14- 30.1 31.85 37.46 63.45 31 .97 

p-value 0.01 > P > 0.005 p < 0.005 p < 0.005 p < 0.005 p < 0.OO5 
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Table 37. Comparison of mean pairwise satellite associations between the study groups (Mean±S.E.) 

Parents of oormal 
SA ori!;;in s20uses controls p-value 

13/13 0.03±0.01 0.06±0.02 0.06±0.01 p = 0.25 (os) 
13/14 0.20±0.03 0.23±0.03 0.24±0.02 p = 0.47 (os) 
13/15 0.20±0.03 0.21±0.03 0.23±0.02 p = 0.72 (os) 
13/21 0.19±0.02 0.17±0.03 0.22±0.02 p = 0.32 (os) 
13/22 0.17±0.03 0.IS±0.03 0.IS±0.02 p = 0.94 (os) 
14/14 0.04±0.01 0.05±0.01 0.05±0.01 p = 0.81 (os) 
14/15 0.19±0.03 0.24±0.03 0.20±0.02 p = 0.50 (ns) 
14/21 0.23±0.03 0.16±0.03 0.24±0.02 p = O.OS (os) 
14/22 0.21±0.03 0.20±0.03 0.19±0.02 p = 0.76 (os) 
15/15 0.06 + 0.02 0.04±0.01 0.05±0.01 p = O.5S (os) 
15/21 0.21 + 0.03 0.IS±0.03 0.25±0.02 p = 0.15 (os) 
15/22 0.IS±0.03 0.19±0.03 0.19±0.02 p = 0.95 (os) 
21/21 0.12±0.02 0.07±0.02 O.OS±O.OI p = O.OS (os) 
21/22 0.IS±0.03 0.21±0.03 0.29±0.03 p = 0.03 C > P  
22L22 0.06 + 0.02 0.12 + 0.02 0.07 + 0.01 2= 0.02 N > P  

Table 37 continued 

P,N vs 0 familial O vs F 
SA probands p-value carriers p-values 

13/13 0.04 + 0.01 p = 0.29 (ns) 0.01±0.01 p = 0.05 
13/14 0.14±0.03 p = 0.10 (ns) 0.12±0.02 p = 0.41 (os) 
13/15 0.IS±0.03 p = 0.73 (ns) 0.14±0.02 p = 0.23 (os) 
13/21 0.IS±0.03 p = 0.87 (ns) 0.10±0.02 p = 0.01 0 > F  
13/22 0.16±0.03 p = 0.80 (ns) 0.13±0.02 p = 0.51 (os) 
14/14 0.01±0.01 p = O.04 P,N > O  O.OO±O.OO p = 0.08 (os) 
14/15 0.14±0.02 p = O.04 N > O  0.1 1±0.02 p = 0.47 (ns) 
14/21 0.11±0.02 p = 0.OO6 P > O  0.10±0.02 p = 0.61 (ns) 
14/22 0.14±0.02 p = 0.20 (ns) 0.10±0.02 p = O.13 (os) 
15/15 0.05±0.01 p = O.5S (ns) 0.05±0.01 p = 0.97 (os) 
15/21  0.12±0.02 p = O.09 (ns) 0.21±0.03 p = 0.03 F > O  
15/22 0.20±0.03 p = 0.82 (ns) 0.20±0.03 p = 0.97 (ns) 
21/21 0.06±0.02 p = 0.02 P > N,O 0.06±0.01 p = O.88 (ns) 
21/22 0.26±0.03 p = 0.26 (ns) 0.20±0.03 p = 0.23 (ns) 
22L22 0.07 + 0.02 p = O.04 N > P  0.09 + 0.02 2= 0.49 (ns) 
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than the parents o f  origin ( p= 0 . 0 3 )  and for 2 2/ 2 2  in whi ch the 

normal spouses were greater than the contro l s  and the parents 

of origin ( p=0 . 0 2 ) . Although not s igni ficant , the parents o f  

origin had the greatest frequency o f  2 1/ 2 1 sate l l ite 

associations . In most pairwise sate l l ite associations , there 

were no s igni ficant d i fferences between the parents of origin 

( P ) , the ir normal spouses (N)  and the probands ( 0 ) . However ,  

as  expected , there were d i fferences in 

associations : 14/ 1 4  ( p=O . 0 4 , P ,  N>O ) ; 1 4 / 1 5  

1 4/ 2 1  ( p=0 . 0 0 6 , P>O ) ; and 2 1/ 2 1 ( p=0 . 0 2 ,  P>O ) . 

some sate l l ite 

( p=0 . 04 ,  N>O ) ; 

Fina l ly , there 

were no s ignificant d i f ferences noted between the probands ( 0 )  

and the carriers o f  fami l ial transl ocati ons ( F )  for most 

pa irwise associations except for 1 3/ 2 1 ( p=O . 0 1 , O>F ) and 1 5/ 2 1 

( p=0 . 0 3 ,  F>O ) . 

S ince the parents o f  origin may have contributed a 

heterogeneous group o f  rearrangements ,  the group was d iv ided 

into 1 )  those parents who contributed " true " Robertsonian 

transl ocations ( rob ) and those who contributed homol ogous 

rearrangements ( hom ) ; 2 )  parents of  origin who were dNOR ( + )  

and dNOR ( - ) ; and 3 )  a combination o f  the above rob ( + ) , rob ( 

) , hom ( + )  and hom ( - ) . Henceforth , the parents o f  or ig in w i l l  

be re ferred t o  as " parent s "  with the appropriate des ignat i on . 

There were no s igni ficant d i fferences noted in the mean number 

of  sate l l ite associations , mean number o f  chromosomes whi ch 

partic ipated in satel l ite assoc iations , and mean number o f  

chromosomes per satel l ite association for any compari s on o f  

the parents of  origin ( Table 3 8 ) . 
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Table 38. Mean satellite associations (SA), mean number of chromosomes participated in satellite 
associations and mean number of chromosomes per satellite association in the parents of origin 
(Mean + S.E.) 

Parents of origin SA Chrom Chrom/SA 

rob 15.4 + 0.94 34.0±2.16 2.21 + 0.04 

hom 15.4±0.91 34.4±2.02 2.23±0.03 

p-value p = 0.98 (ns) p = 0.89 (ns) p = 0.62 (ns) 

dNOR( + )  15.9±l.10 35.3±2.48 2.22±0.04 

dNOR(-) 15.0±0.78 33.4±1.77 2.22±0.03 

p-value p = 0.49 (ns) p = 0.52 (ns) p = 0.89 (os) 

rob( + )  15.0±1.69 33.0 +3.85 2.20±0.06 

rob(-) 15.7±1.08 34.9 +2.55 2.22±0.05 

hom ( + )  17.0±1.30 38.0±2.88 2.24±0.06 

hom (-) 14.3±1.13 31.9±2.50 2.23±0.04 

p-value p = 0.55 (ns) p = 0.54 (ns) p = O.96 (ns) 
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The association indexes for each acrocentric chromosome were 

calculated and compared between the parents ( Table 3 9 ) . There 

were no s ignificant d i f ferences noted in any of the 

comparisons except that the dNOR ( + )  parents had a 

s igni ficantly higher mean AI for chromosome 14  than the dNOR ( -

parents ( p=0 . 0 4 6 ) . 

The pairwise sate l l ite association d istributions were 

examined ( Table 4 0 )  and did not d i f fer s i gn i f i cantly from 

random for the dNOR ( + )  parents . However , the distributi ons 

were s ignificantly d i fferent from random for the dNOR ( - )  

parents ( 0 . 0 2 5 >p>0 . 0 1 )  and the hom parents ( p=0 . 0 2 5 )  and was 

borderl ine
· 

s igni ficant for the rob parents ( p=O . 0 5 )  . The 

pairwise distributions did not d i f fer from random in the 

rob ( + )  and hom ( - )  parents . However , the d istributions were 

s igni f icantly d i f ferent from random in the rob ( - )  ( p< 0 . 0 0 5 )  

and hom ( + )  parents ( 0 . 0 5 >p> 0 . 0 2 5 ) . 

The mean pairwise distributions were compared between 

the parents of  origin ( Tabl e  4 1 ) . No s igni ficant d i f ferences 

were noted between the dNOR ( + )  and dNOR ( - ) parents . Although 

no rea ( 1 3 q1 3 q )  were observed among the probands , the only 

s igni ficant di fference found between the rob and hom parents 

was in the 1 3 / 1 3  pairwise sate l l ite assoc iat ion ( p=O . 0 2 , 

hom>rob ) . No s igni f i cant d i fferences were noted i n  any 

pa i rwise sate l l ite association between the rob ( + )  and rob ( 

) parents . Although not stat istica l ly s igni f i cant , the rob ( -

parents had - 2 . 5X higher 2 1/ 2 1 sate l l ite as sociat i ons than 

the rob ( + )  parents . The only s ign i f i cant d i f ferences noted 
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Table 39. Comparison of mean association indexes (AI) for each acrocentric chromosome between the 
parents of origin 

Parents of Chromosomes 
origin 13 14 IS 21  22 
rob 0.39±0.OS 0.47±0.OS 0.47+ 0.05 0.45±0.OS 0.45±o.o4 

hom 0.41±0.04 O.43±O.OS 0.37±0.04 0.50+ 0.05 0.36±0.04 

p-value p = 0.75 (os) p = O.65 (os) p = 0.13 (os) p = 0.52 (os) p=012 �) 
dNOR( + )  0.44±0.05 0.53±0.06 O.44±O.OS 0.47±0.06 0A1±0,O.t 

dNOR(-) 0.38±0.04 0.39±0.04 0.40±0.04 0.47±0.04 OAl+0.04 

p-value p = O.3S (os) p = 0.046 p = O.56 (os) p = O.99 (os) p=(VJ �) 
robe + )  0.46±0.08 0.54±0.08 0.4S±0.07 0.41±0.07 OA1±0.()6 

rob(-) 0.34±0.05 0.40±0.06 0.48±0.07 0.49±0.06 0.49±0.()6 

hom ( + )  0.41±0.07 0.51±0.08 0.43±0.07 0.5S±0.09 OA1±0.07 

hom(-) 0.41±0.06 0.38±0.06 0.33±0.OS 0.46±0.07 032±O.os 

p-value p = 0.59 (ns) p = 0.25 (ns) p = 0.31 (os) p = 0.61 (ns) p=(ID �) 
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Table 40. Total pairwise satellite associations in parents or origin [observed(expected) ] 

SA rob hom dNOR( + )  dNOR(-) 

13/13 1 (6.62) 7 (5.84) 2 (5.75) 6 (6.73) 

13/14 24 (26.48) 25 (23.37) 27 (23.0) 22 (26.93) 

13/15 29 (26.48) 20 (23.37) 23 (23.0) 26 (26.93) 

13/21 17 (26.48) 25 (23.37) 16 (23.0) 26 (26.93) 

13/22 25 (26.48) 18 (23.37) 22 (23.0) 21 (26.93) 

14/14 6 (6.62) 4 (5.84) 7 (5.75) 3 (6.73) 

14/15 29 (26.48) 18 (23.37) 23 (23.0) 24 (26.93) 

14/21 28 (26.48) 30 (23.37) 30 (23.0) 28 (26.93) 

14/22 26 (26.48) 27 (23.37) 25 (23.0) 28 (26.93) 

15/15 7 (6.62) 8 (5.84) 9 (5.75) 6 (6.73) 

15/2 1  2 5  (26.48) 27 (23.37) 22 (23.0) 30 (26.93) 

15/22 29 (26.48) 15 (23.37) 18 (23.0) 26 (26.93) 

21/21 16 (6.62) 15 (5.84) 12 (5.75) 19 (6.73) 

21/22 27 (26.48) 18 (23.37) 17 (23.0) 29 (26.93) 

22/22 9 (6.62) 6 (5.84) 6 (5.75) 9 (6.73) 

X2'4 = 23.61 26.40 19.22 28.58 

p-value p = 0.05 p = 0.025 0.25 > p > 0.10 0.025 > P > 0.010 
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Table 40. continued 

SA rob( + )  rob(-) bom(+)  bom(-) 

13/13 o (3.0) 1 (3.62) 2 (2.67) 5 (3.1 1) 

13/14 15 (12.0) 9 (14.49) 10 (10.67) 13 (12.44) 

13/15 14 (12.0) 15 (14.49) 9 (10.67) 11 (12.44) 

13/21 7 (12.0) 10 (14.49) 9 (10.67) 16 (12.44) 

13/22 15 (12.0) 10 (14.49) 7 (10.67) 11 (12.44) 

14/14 3 (3.0) 3 (3.62) 4 (2.67) 0 (3.11) 

14/15 16 (12.0) 13 (14.49) 7 (10.67) 11 (12.44) 

14/21 16 (12.0) 12 (14.49) 14 (10.67) 16 (12.44) 

14/22 11 (12.0) 15 (14.49) 14 (10.67) 13 (12.44) 

15/15 3 (3.0) 4 (3.62) 6 (2.67) 2 (3.11)  

15/21 9 (12.0) 16 (14.49) 13 (10.67) 14 (12.44) 

15/22 11 (12.0) 18 (14.49) 7 (10.67) 8 (12.44) 

21/21 4 (3.0) 12 (3.62) 8 (2.67) 7 (3.11) 

21/22 9 (12.0) 18 (14.49) 8 (10.67) 11 (12.44) 

22/22 2 (3.0) 7 (3.62) 4 (2.67) 2 (3.11) 

X2 ' 4=  11.92 31.93 23.89 14.45 

p-value 0.75 > p > 0.50 p< 0.OO5 0.05 > P > 0.025 0.5 > p > O.25 
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Table 41. Comparison of mean pairwise satellite associations between the parents of origin 
(Mean + S.E.) 

SA rob hom p-value dNOR( + )  dNOR(-) p-value 

13/13 0.01±0.01 0.06±0.02 p = 0.02 0.02±0.01 0.04±0.02 p=(m VIi) 
13/14 0.19±0.04 0.21±0.04 p = 0.69 (os) 0.25±0.05 0.16±0.03 p=Oll VIi) 
13/15 0.22±0.04 0.17±0.04 p = 0.31 (os) O.21±0.05 O.19±0.04 p=(Y6 VIi) 
13/21 0.13±0.03 0.21±0.04 p = 0.12 (os) 0.lS±0.03 0.19±0.03 p=O£ VIi) 
13/22 0.19±0.04 0.15±0.03 p = 0.39 (os) 0.20±0.04 0.15±0.03 p=ffil VIi) 
14/14 0.05 + 0.02 0.03±0.02 p = 0.59 (ns) 0.06±0.02 0.02±0.01 p=(W VIi) 
14/15 0.22±0.04 0.15±0.03 p = 0.17 (os) 0.21 +0.04 0.17±0.04 p=G:I7 VIi) 
14/21 0.22±0.04 0.25±0.05 p = 0.61 (os) 0.27±0.05 0.20±0.04 � VIi) 
14/22 0.20±0.04 0.23 + 0.04 p = 0.67 (os) 0.23±0.04 0.20±0.04 p=M) VIi) 
15/15 0.05±0.02 0.07 + 0.02 p = O.68 (os) 0.08±0.03 0.04±0.02 p=Ol9 VIi) 
15/21 0.19±0.04 0.23 + 0.05 p = 0.62 (os) 0.20 + 0.05 0.21±0.04 � VIi) 
15/22 0.22 + 0.04 0.13±0.03 p = 0.05 0.17±0.04 0.19±0.04 p=OO VIi) 
21/21 0.12±0.03 0.13 + 0.03 p = 0.98 (ns) 0.11±0.03 0.14±0.03 p=ffi'i VIi) 
21/22 0.21±0.04 0.16±0.04 p = 0.39 (ns) 0.21±0.04 0.16±0.04 p=(1) VIi) 
22/22 0.07±0.02 0.05±0.02 p = 0.51 (ns) 0.06±0.02 0.06±0.02 p=(n) VIi) 

Table 41. continued 
SA rob( + )  rob(-) hom ( + )  hom(-) p-value 

13/13 O.OO±O.OO 0.01±0.01 0.04±0.03 0.07±0.03 p = 0.47 (ns) 
13/14 0.25 + 0.07 0.13±0.04 0.24±0.07 0.19±0.05 p = 0.53 (ns) 
13/15 0.23 + 0.06 0.21±0.06 0.18±0.07 0.16±0.04 p = 0.76 (os) 
13/21 0.14±0.04 0.12±0.04 0.18±0.05 0.23±0.05 p = 0.54 (ns) 
13/22 0.25±0.06 0.14±0.04 0.14±0.05 0.16±0.05 p = 0.81 (os) 
14/14 0.05±0.03 0.04±0.02 0.08±0.04 O.OO±O.OO p = 0.02 
14/15 0.27±0.06 0.19±0.05 0.14±0.05 0.16±0.05 p = 0.81 (ns) 
14/21 0.27±0.07 0.17±0.05 0.28±0.08 0.23±0.06 p = 0.61 (os) 
14/22 0.19±0.05 0.21±0.05 0.28±0.08 0.19±0.05 p = 0.27 (ns) 
15/15 0.05±0.03 0.06±0.03 0.12±0.05 0.03±0.02 p = 0.05 
15/21 0.15±0.05 0.23±0.06 0.26 + 0.08 0.20±0.06 p = 0.53 (ns) 
15/22 0.19±0.05 0.26±0.06 0.14±0.05 0.11±0.04 p = O.68 (ns) 
21/21 0.07±0.03 0.17±0.04 0.16±0.06 0.10±0.04 p = 0.37 (ns) 
21/22 0.15±0.05 0.26±0.07 0.16±0.06 0.16±0.05 p = 0.54 (os) 
22/22 0.10+ 0.04 0.03 + 0.02 0.08 + 0.04 0.03 + 0.02 p = 0.21 (ns) 
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between the hom ( + )  and hom ( - ) parents were in the pa i rwise 

sate l l ite associations o f  14/ 14  [ p= O . 0 2 ,  hom ( + » hom ( - ) ] and 

1 5/ 1 5 [ p=O . 0 5 ,  hom ( + » hom ( - ) ] .  

Final ly , satel l ite assoc iations o f  the dNOR ( + )  homol og 

were assessed ( Tabl e  4 2 ) . First , the dNOR ( + )  chromosomes o f  

the parents of  origin were compared t o  their normal homol ogs 

for the total number of satell ite associations . S ince there 

may have been d i f ferent mechanisms by which homol ogous 

rearrangements and Robertsonian transl ocations arose , thes e  

groups were analyzed separately . In the dNOR ( + )  parents who 

contributed Robertsonian transl ocat ions , there were 

s igni ficantly more satel l ite associations of the norma l  

chromosomes than their dNOR ( + )  homol ogs ( X2
,=1 1 . 0 , p< O . 0 0 5 ) . 

However , in the parents who contributed homol ogous chromosome 

2 1  rearrangements ,  there was no s igni f i cant d i f ference in the 

total number of sate l l ite assoc iations between the dNOR ( + )  

chromosomes and their homol ogs ( X2
,=O . l S ,  O . 7 5 >p> O . 5 0 ) . 

Second , the satel l ite associat ions o f  the dNOR ( + )  

chromosome were compared between those associations that 

involved the chromosomes in the resulting rearrangement and 

those of the other acrocentric chromosomes ( Table 4 2 ) . For 

example , in the parent o f  origin in family 2 ,  there were three 

instances sate l l ite assoc iations which involved the dNOR ( - )  

chromosome 1 5  and one which involved the dNOR ( + )  chromosome 

1 5 . The one associat ion o f  the dNOR ( + )  homol og was with a 

chromosome 1 3 ; one o f  the possible chromosomes that resulted 

in the de novo rearrangement . The expected values for each 
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associat ion was ca lculated based on the poss ible assoc iat i ons . 

For example , in family 2 ,  the proband had a rob ( 1 3 qI 4 q )  and 

the mother had a dNOR ( + )  1 5 . There were 4 o f  4 5  poss ib l e  

associations of  the dNOR ( + )  chromosome with the four 

chromosomes ; 1 3 A ,  1 3 B ,  14A , and 1 4 B . S ince it was not known 

spec i fical ly which chromosomes , A or B ,  were involved in the 

rearrangement , both must be cons idered . Therefore , the chance 

of  an association between the dNOR ( + )  chromosome 15 and 

chromosomes 13 or 14 was 4/ 4 5 . Likewise , the chance that the 

dNOR ( + )  chromosome would associate with a non-chromosome 1 3  

o r  1 4  was 1- ( 4/ 4 5 ) . In the parent who contributed a 

Robertsonian trans l ocation , there were s ign i f i cantly more 

sate l l ite associations of the dNOR ( + )  chromosomes with the 

chromosomes that gave rise to the de novo trans l ocat ions than 

2 _ ) expected by chance ( X  5-2 8 . 1 4 ,  p< O . 0 0 5  . 

parents who contributed homol ogous 

However ,  in the 

chromos ome 2 1  

rearrangements , there was no s ign i f i cant d i f ference between 

the satell ite associations of the dNOR ( + )  chromosomes 2 1  with 

the ir homologs and the other acrocentric chromosomes 

( X2
3=6 . 4 1 ,  0 . 1 0 >p>0 . 0 5 )  ( Tabl e  4 2 ) . 
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Table 42. Comparison of the satellite associations of the dNOR( + )  homolog 

Robertsonian translocations 

Family dNOR(-) dNOR( +} homolo� [observed(�!mcted}] 
Number homolog other acro rea chrom Total 

2 3 o (0.91) 1 (0.09) 1 
3 5 2 (1.87) 0 (0.13) 2 
9 11  1 (1.82) 1 (0.18) 2 

1 1  5 0 (0.93) 1 (0.07) 1 
15 4 4 (3.64) 0 (0.36) 4 
24 5 1 (0.91) 0 (0.09) 1 

Total 33 8 3 11 

Homologous rearrangements 

Family dNOR(-) dNOR( +} homolru: [observed(e!mcted)] 
Number homolog other acro rea chrom Total 

1 8 9 (8.62) 5 (5.38) 14 
5 4 5 (4.31) 2 (2.69) 7 
6 3 0 (1.85) 3 (1.15) 3 

13 8 2 (1.23) 0 (0.77) 2 

Total 23 16 10 26 

1.  Satellite associations of dNOR( +) versus dNOR(-) homologs 

rob X21 = 11 .0, P < 0.005 

hom X21 = 0.IS, 0.75 > p > 0.50 

2. Satellite associations of dNOR( + )  homolog with chromosomes of rearrangements versus other 
acrocentrics 

rob X2s = 28.14, p < 0.005 

hom X23 = 6.41, 0.10 > p > 0.05 



DI SCUSS ION 

I .  Di stribution o f  the rearrangements 

The distribut ion o f  the Robertsonian-type transl ocati ons 

i s  s igni f i cantly d i fferent from random in our study with the 

maj ority accounted for by rob ( 1 3 q1 4 q ) , rob ( 14 q2 1 q )  and 

rea ( 2 1q2 1q) . This  nonrandomness in chromosome part i c ipat i on 

in Robertsonian trans l ocations has been documented in  the 

l iterature for the last 2 0  years ( Rowl ey and Pergament , 1 9 6 9 ; 

Therman et al . ,  1 9 8 9 ) . Although nonrandom , the distribut ion 

found in our sample does not d i f fer from the distributi on o f  

Therman et al e ( 19 8 9 ) . The apparent nonrandomness may result 

from an ascerta inment bias or perhaps the formation o f  such 

trans l ocations is not random . 

An ascerta inment bias exists in our sample s ince the 

maj ori ty of  rearrangements were ascerta ined through Down 

syndrome parents organ i z ations . Consequently , one would 

expect a large number o f  rearrangements involving chromosome 

2 1 .  However ,  there is  not a random distribution o f  a l l  

pos s ible acrocentric rearrangements involving chromos ome 2 1  

s ince there are substantially fewer rob ( 1 3 q2 1q ) , rob ( 15 q2 1 q )  

and rob ( 2 1q2 2 q)  than the numerous rob ( 14 q2 1q )  and rea ( 2 1 q2 1 q ) . 

It  is  poss ible that these under-represented Robertsonian 

1 6 0  
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transl ocations do not result in Down syndrome a s  o ften a s  

rob ( 1 4 q2 1q)  o r  rea ( 2 1q2 1q) , which could explain thei r  

l ow ascerta inment . However , these rearrangements a re a l s o  

under-represented in surveys o f  newborns and amniocenteses 

col l ected by Therman et al . ( 19 8 9 ) . Additiona l ly , rea ( 2 1q2 1 q )  

represents a large maj ori ty of  the rearrangements s een i n  

individual s  with Down syndrome and i s  the maj or homol ogous 

acrocentric rearrangement ascerta ined . Aga in , thi s  may 

re fl ect an ascertainment bias s ince rea ( 1 3 q1 3 q) , rea ( 14 q1 4 q ) , 

rea ( 1 5q15q)  and rea ( 2 2 q2 2 q)  result in deleterious phenotypes 

that are rarely seen in newborns . However , these 

rearrangements are 

( Hassold , 1 9 8 0 )  

rarely seen 

which supports 

in surveys 

the idea 

of abortuses 

that these 

rearrangements rarely form . Therefore , the large number o f  

rea ( 2 1q2 1q) that are ascerta ined from surveys o f  individual s  

with Down syndrome may re flect a real increase i n  format i on 

of these rearrangements . S ince rea ( 2 1q2 1q)  are the most 

frequently occurring de novo rearrangements in Down syndrome , 

these rearrangements may form through more than one mechani sm .  

S ome may form through mechani sms that give rise to " true " 

Robertsonian transl ocat ions while  others may form through 

mechani sms that give rise to isochromosomes . 

Fina l ly , individual s  who carry rob ( 1 3 q1 4 q )  are over-

represented in our study . The maj ority o f  individual s  who 

carry balanced Robertsonian trans l ocat ions were ascertained 

through the cytogenetic records in the Department of Human 

Genet ics at the Medical Col l ege of Virginia . Most o f  thes e  
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individual s  were referred for cytogenetic study because o f  

mul t iple miscarriages o r  an abnormal amniocente s i s . The 

distribution of the rearrangements in the individual s  who 

dec ided to participate in the study reflect the distribut ion 

o f  the rearrangements in the cytogenetic records as a who l e  

and may reflect the population o f  transl ocation carriers in 

the Richmond , Virginia area . S ince individual s  were 

ascerta ined solely on the assumption that they carry a 

Robertsonian transl ocat ion and not on the chromosomes involved 

in the rearrangement , the bal anced carriers ascerta ined most 

probably re fl ect the true distribut ion of these rearrangements 

in the population s ince it i s  reasonabl e  to assume that 

carri ers of rob ( 1 3 q1 4 q )  are no more l ikely to participate in 

sc ient i f i c  investigat ions than carriers of other Robertson i an 

trans l ocations . Al though the observations o f  the chromos oma l 

distribut ion in Robertsonian trans I ocat ions in our study do 

not explain the nonrandomness observed , our study does ref lect 

the distribut ions previously pub l i shed and seems 

representative of most individua l s  who carry Robertsonian

type rearrangements .  

I I . Parental origin o f  de novo acrocentric rearrangements 

cytogenetic heteromorphi sms have been useful too l s  for 

the study of parental origins of  human trisomies . We have 

empl oyed these variants to ass ign the parental origins of de 

novo acrocentric rearrangements . The combined use o f  the QFQ , 

NOR and morphological cytogenetic heteromorphi sms was 

demonstrated to be very e ffective in ass igning the parental 
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origins i n  8 4 % o f  famil ies studied . For the " t rue " 

Robertsonian transl ocations , 9 2 %  o f  the parental origins could 

be  ass igned . Fewer o f  the origins could be ass igned in  the 

homol ogous rearrangements ( 7 5 % ) .  This may be expected s ince 

the parental origin ass ignments o f  these rearrangements are 

based on a s ingle free-lying chromosome . However ,  i n  thi s  

study , we were able t o  ass ign the origins in almost twice a s  

many rea ( 2 1q2 1q)  than a previous report in which only 4 0 % 

could be ass igned us ing QFQ and NOR heteromorphisms ( N ikol i s  

and Kekic , 1 9 8 6 ) . 

Restriction fragment length polymorphi sms ( RFLPs ) have 

been used by other invest igators to ass ign the parental origin 

and meiotic stage of  the nondisj unctional error resulting in  

trisomy 2 1 .  We have appl ied these techni ques to a s s ign the 

parental origins of de novo acrocentric rearrangements 

resulting in trisomy . The use o f  RFLPs proved to be very 

valuable for ass igning parental origins . The origins could 

be  ass igned in 8 6 % of fami l ies studied . O f  the Robertsonian 

trans locations tested , 6 0 % of the origins could be a s s igned . 

Al l o f  the parental origins of  the homol ogous rearrangements 

could be ass igned in addition to the one case of trisomy 2 1 .  

The use of  RFLP analys is  in thi s  study demonstrates the 

uti l ity of this  tool . Addit i onally , the results o f  the RFLP 

analyses confirm the accuracy and usefulne s s  of the 

cytogeneti c  markers for determining parental origins o f  

acrocentric rearrangements s ince the ass ignments agreed in  

every case in which both methods were studied . There fore , 
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using the comb ined cytogenetic and molecular markers , the 

parental origins of  a l l  de novo rearrangements could be 

ass igned . There was an equal distribution between maternal ly 

and paternal ly derived rearrangements for the combined s amp l e . 

Although there was no s igni ficant d i f ference in the parental 

origin distribution of the "true" Robertsonian translocati ons , 

there were more maternal ly derived rearrangements ( 62 % )  which 

agreed with nine previously reported cases ( Tabl e  7 ) . 

Add itiona l ly , albeit not statistical ly s ignificant , there was 

a 2 - fold increase in the number o f  paternal ly derived 

homol ogous rearrangements in thi s  study . I n  twenty - s ix 

previously reported cases of  rea ( 2 1q2 1q)  ( Tabl e  8 ) , there were 

sl ightly more materna l ly derived cases of rea ( 2 1q2 1 q ) . 

However , there was no d i fference in the d istribution o f  a l l  

homol ogous rearrangements previously reported ( Tabl e  8 ) . I n  

our case of  a "mirror image " chromosome , the rearrangement was 

found to be paternal ly derived . Two other "mirror image " 

rearrangements of chromosome 2 1  were a l s o  paternal ly derived 

( Tabl e  8 ) . 

The number of parental origin assignments o f  de novo 

acrocentric rearrangements determined previous to thi s  study 

are smal l .  However , in general , these previous findings agree 

with the distribution of  the parental origins in thi s  study . 

The results in the present study suggest that more 

Robertsonian translocat ions are maternal ly derived . The 

mechanisms by which the de novo Robertsonian trans l ocati ons 

form may be the same as those which have been postul ated to 
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cause maternal meios i s  I nondisj unction . In contrast , the 

mechani sms which give rise to homol ogous rearrangements or 

i sochromosomes may occur more frequently in males . Although 

e ither of these rearrangements can occur in mal es or fema l e s , 

mal e  and female gametogenesis  occur d i f ferently . By examining 

me ios is  in each , one may understand how the proces s  o f  meios i s  

could give rise t o  a preponderance o f  maternal ly derived 

Robertsonian transl ocations and an increased inc idence o f  

paternal ly derived homologous rearrangements . 

Me ios is in the human oocyte begins early in  fetal 

devel opment . At leptotene , each oocyte has several nucl eo l i ,  

each corresponding to an active nucleolar organ i z e r . By 

pachytene , the nucleolar organi zers have fused forming about 

two nucleol i per nucleus . The maj ority of  the nucleol i are 

associated with one bivalent . However ,  in approximatel y  4 0 % 

o f  oocytes , nucleol i are associated with two or three 

nonhomologous b ivalents (Mirre et a l . ,  1 9 8 0 ) . The nucl eol i 

pers ist during dipl otene . Therefore , the oocytes maint a i n  the 

acrocentric associations in the nucl eol i unt i l  ovulati on , 1 2 -

4 0+ years later . During these associations , breakage and 

reunion of nonhomologous chromosomes could lead to the 

formation of Robertsonian translocat ions . In  contrast , during 

me ios i s  in the human spermatocyte , only 2 0 % o f  spermatocytes 

have two or more bivalents associated in the same nucl eolus 

( Stahl et al . ,  1 9 8 3 ) . Therefore , there would appear to be 

much less of an opportunity for Robertsonian trans l ocati ons 

to occur between nonhomologous chromosomes in spermatogenes i s  
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than i n  human oogenes i s . An additional d i f ference in mal e  and 

femal e  gametogenes i s  is that spermatocytes are produced 

continuously a fter puberty in the male and there is no 

interruption during prophase I in spermatogenes i s  as in  

oogenesis . Thi s  may further reduce the opportunity for 

Robertsonian transl ocations to form in the male . 

It may be fortuitous that males were found to have been 

the parent of origin for the maj ority o f  homol ogous 

rearrangements o f  chromosome 2 1 . However , it i s  known that 

the recombination rates for chromosome 2 1  vary al ong the 

length of the chromosome and between the sexes ( Tanz i et a l . ,  

1 9 8 8 : Warren et al . ,  19 8 9 )  and this  may contribute to the sex 

d i f ferences in the risk of  forming homol ogous rearrangements 

of chromosome 2 1 ,  spec i f ically isochromosomes . Fema l e s  have 

approximately twice the recomb inati on of males in the proxima l 

reg ion of  the l ong arm ( near the centromere ) whi l e  both have 

s im i l ar recombination rates in the d i stal region of 2 1q ( Tan z i 

et al . ,  1 9 8 8 : Warren et al . ,  19 8 9 ) . It i s  poss ible that the 

reduced amount of recomb inat ion between the bivalents a l l ows 

for increased amounts of s i ster chromatid exchanges ( intra

recomb ination )  in the pericentromeric region of chromos omes 

2 1  in males . The increase o f  exchanges between s i ster 

chromatids may fac i l itate erroneous u-type reunions resulting 

in i sochromosomes . 

The ass ignments o f  parental origin were based on two 

assumptions . F irst , the de novo rearrangement occurred a s  a 

result of  a meiotic error and not a post-zygotic mitot i c  
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event . Thus , the d e  novo rearrangement was inherited from 

one parent and the corresponding free-lying chromos omes were 

inherited from the other parent . Second , the cytogenet i c  

heteromorphisms are stably inherited and cross ing over in the 

pericentromeric region is negl igible .  

Regarding the first assumption , i f  the trans l ocations 

formed post-zygotica l ly in individual s  who have balanced de 

novo trans locat ions , mosaicism may be expected . Al though only 

one tissue type was examined , no evidence o f  mos a i c i sm was 

present in the 10 cel l s  examined in each o f  f ive probands who 

had bal anced Robertsonian translocations ( probands 2 ,  7 ,  9 ,  

1 1  and 2 5 ) . By examining 1 0  cel l s , mosa icism o f  2 6 % or 

greater can be excluded at the 0 . 9 5 confidence level ( Hsu , 

1 9 8 6 ) . Additionally , no cases of  mosaicism have been reported 

for carriers of de novo "balanced" Robertsonian 

trans l ocat ions . Furthermore , i f  the event had occurred post

zygotically , there would have been a random chance o f  any 

chromosomes becoming transl ocated including the chromos omes 

inherited from d i fferent parents . In  our sample , the free

lying homologous chromosomes to the de novo balanced 

Robertsonian transl ocation came from the same parent in every 

case ( Table 2 0 ) . 

I n  individual s  who had unbal anced Robertsonian 

transl ocat ions leading to tertiary trisomy , a random post

zygotic event could lead to two free-lying homol ogous 

chromosomes from one parent . In  the maj ority o f  cases 

examined in this  study , the two free-lying chromosomes could 



1. 6 8  

be ident i f ied as having been inherited one from each parent . 

However , in famil ies 1. 2 , 2 3  and 2 4 , thi s  could not be 

determined . Additiona l ly , in family 1. 2 , the mol ecular 

analyses were inconclusive . The maj ority o f  chromosome 2 1.  

l oc i  tested in thi s  family were ei  ther uninformative or 

indeterminate and one l ocus , D2 1. 5 1. 5 , was consistent with non

maternity ( Fig .  1. 1. ) . One expl anation for these f indings i s  

that the child i s  not the a l l eged mother I s child . Thi s  

pos s ib i l ity was not explored with the parents and cannot be 

rul ed out . " Paternity" testing with non-2 1. RFLPs were 

cons istent within this  fami ly . Additiona l ly ,  some d i f f i culty 

was experienced with th is sample in the hybridi z at i ons with 

several other probes and the results of  some autoradiographs 

were unclear ( i . e .  D2 1.5 1. 1. 2 , see Fig . 1. 0 ) . Thus , it i s  not 

known at this  t ime i f  these results truly refl ect the 

mol ecular constitution of the proband or i f  they can be 

attributed to art i fact . 

In  regards to the second assumpt ion for a s s i gn ing 

parental origins , the short arms o f  the acrocentric 

chromosomes are thought to rarely undergo recombination based 

on a study of chiasmata frequency o f  over 8 0 0  acrocentric 

chromosomes ( Laurie and Hulten , 1. 9 8 5 ) . The D group 

chromosomes had evidence of short arm chiasmata in l e s s  than 

2 % of chromosomes examined . The G group chromosomes had 

evidence of short arm chiasmata in less than 0 . 5 % o f  

chromosomes studied . There fore , it i s  reasonabl e  to as sume 

that cross ing over in the acrocentric short arms i s  



1 6 9  

negl igible . However ,  to el iminate any biases which may occur 

because of  undetected crossovers , subj ectivity from the 

investigator or unrel iable sta ining , RFLP analys i s  was used 

to supplement the cytogenetic markers . In  this  investigation , 

seven famil ies were studied in which both cytogenetic and RFLP 

analyses were conclus ive . The analyses were performed b l inded 

to one another and in each case studied , the origin 

assignments agreed ( Tabl e  2 3 ) . There fore , the cytogenetic 

markers could be  used to  accurately and rel iably determine the 

parental origins of the de novo acrocentric rearrangements .  

I I I . Factors whi ch may influence Robertson i an tran s location 

and I sochromosome formation 

In this study , a dNOR variant was noted i n  a 

s igni f icantly higher proport ion of  parents who had a ch i l d  

with a d e  novo acrocentric rearrangement as compared to the 

control group . A dNOR variant chromosome has only been 

reported once previously in a mother who had two chi ldren with 

de novo rea ( 2 lq2 lq)  (Jackson-Cook et a l e , 1 9 8 8 ) . Additional ly ,  

two cases of el ongated acrocentric short arms have been 

associated with de novo Robertsonian translocations ( Tabl e  9 )  

( Jacobs et al . ,  1 9 7 4 ; Perez -cast i l l o  and Abrisquetta , 1 9 7 8 ) . 

I f  the dNOR variant i s  involved with the formation o f  de 

novo acrocentric rearrangements , one would expect it to be 

found in the parent in whom the rearrangement originated . I n  

our study , when the dNOR variant was present , i t  was 

invariably found in the parent of  origin . The dNOR variant 

was found both in parents who contributed "true " Robertsonian 



17 0 

transl ocations as wel l  as those in whom de novo homol ogous 

rearrangements originated . 

Poss ible rol es o f  the dNOR variant in acrocentric 

rearrangement formation include 1 )  enhancing nucleolar 

pers i stence to form Robertsonian translocations ; 2 )  caus ing 

recomb ination between nonhomol ogous chromosomes to form 

Robertsonian trans locat ions ; 3 )  promoting u-type reuni ons 

between s i ster chromatids to form i sochromosomes ; and 4 ) 

enhancing nucleolar pers istence which leads to univa l ents that 

undergo intra-chromosomal exchanges to form isochromosomes .  

Ohno et al . ( 1 9 6 1 )  was the f i rst to hypothes i z e  that 

during nucleolar pers istence , breakage and exchange could 

occur between the acrocentric chromosomes .  Mi l ler et a l . 

( 1 9 7 8 ) found that in mice , the chromosomes with the act ive 

NORs were more l ikely to be involved in Robertsonian 

trans locations than those chromosomes with inact ive or absent 

NORs . In this study , we were abl e  to test thi s  ind i rectly by 

examining if the more active NORs ( dNORs ) were involved in  

Robertson ian trans l ocat ions more o ften than the other 

chromosomes . Although there was no s igni ficant d i f ference 

between the parents o f  origin and thei r  normal spouses for 

overa l l  1 )  mean NOR score or 2 )  mean number of s ilver-pos it ive 

chromosomes , the parents of origin had s igni ficantly h igher 

mean NOR scores for chromosome 2 1  than thei r  spouses or 

control s .  Approximately 50% o f  the dNOR ( + )  variants in  the 

parents of origin were on chromosomes 2 1  wh ich accounts for 

the finding that a NOR score o f  4 or greater was found most 
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frequently on chromosome 2 1  in the dNOR ( + )  parents . 

Additional ly , chromosome 2 1  was involved in 7 6 %  o f  the de novo 

rearrangements .  However , there was no s igni ficant d i fference 

between the dNOR ( + )  and dNOR ( - )  parents o f  origin with respect 

to total mean NOR score , mean number o f  s ilver-pos it ive 

chromosomes or mean NOR score for any speci fic acrocentr i c  

chromosome . 

Nucleolar pers istence i s  thought to be visua l i z ed in 

mitotic cel l s  as satel l ite associations . The rat iona l e  i s  

that i f  sate l l ite associations are a n  ind ividual yet stab l e  

tra it ( Phil l ips , 1 9 7 5 ; Y ip and Fox , 1 9 8 1 ) , then a correl a t i on 

can be drawn between what is  viewed in the mitoti c  cel l s  and 

what could be happening in the meiotic cel l s . Acrocentr i c  

chromosomes with l ong stalk l engths have been found to 

part ic ipate in satel l ite associations more frequently than 

the ir homologs ( Schmid et al . ,  1 9 7 4 ; Mil ler et a l . ,  1 9 7 7 ; de 

Capoa et al . ,  1 9 7 8 ; Di Lernia et al . ,  1 9 8 0 ) . Additiona l ly , 

dNOR variants have been shown by in s itu hybridi z at ion with 

l abel led rRNA to have up to s ix t imes the s i lver gra ins a s  

other acrocentric chromosomes suggesting that they conta in 

more copies of  rRNA genes than the other chromosomes ( M i l l er 

et a l . ,  1 9 7 8 ) . One might assume that the greater the number 

of  active rRNA genes , the greater the tendency to enter into 

sate l l ite associations . However ,  several studies have not 

seen an increased satel l ite association with NOR variants 

( Evans et al . ,  1 9 7 4 ; Mi l l er et a l . ,  1 9 7 8 ; Bernste in et a l . ,  

1 9 8 1 )  . 
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In  this  study , satel l ite associations were examined to 

investigate if the dNOR variant was enhancing sate l l ite 

as soc iat ions that could lead to the formation o f  Robertsonian 

transl ocations . There were no s ign i ficant d i fferences between 

the parent of origin , thei r  normal spouses and control s  for 

1 )  mean number of satell ite associations ; 2 )  mean number o f  

chromosomes that partic ipated i n  satel l ite associations ; 3 )  

mean number of chromosome per satell ite association ; 4 )  mean 

association index ; or 5 )  mean pairwise sate l l ite associat i on 

except for 2 1/ 2 2  SA were greater in the control s  and 2 2/ 2 2  SA 

were greater in the spouses . Furthermore , a lthough the 

parents of origin had higher mean NOR scores for chromosome 

2 1 ,  they did not have a higher mean assoc iation index for 

chromosome 2 1 .  The additional f indings that there were no 

s igni ficant d i fferences in the dNOR ( + )  or dNOR ( - )  parents o f  

origin for 1 )  mean satel l ite associations , 2 )  mean number o f  

chromosomes i n  satell ite associations , 3 )  mean number o f  

chromosomes per satel l ite associations , 4 )  mean AI , o r  5 )  mean 

pairwise associations support the observations of the previous 

investigations that the dNOR does not enhance sate l l ite 

associations ( Evans et al . ,  1 9 7 4 ; Mil l er et a l . ,  1 9 7 8 ; 

Bernstein et al . ,  1 9 8 1 ) . Additional ly , when the dNOR ( + )  

chromosomes were compared to thei r  normal homo l ogs , the normal 

homol ogs entered into s igni ficantly more sate l l ite 

associations than the dNOR ( + )  chromosomes also supporting the 

findings of other investigators ( Evans et a l . ,  1 9 7 4 ; Mil ler 

et al . ,  1 9 7 8 ; Bernste in et al . ,  1 9 8 1 ) . However ,  when the 
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spec i fic chromosomes involved in the sate l l ite a s s oc i at i on 

with the dNOR ( + )  homol ogs were examined , there were 

s igni ficantly more associations with the chromosomes that gave 

rise to the de novo Robertsonian translocation than expected 

by chance . In summary , our results do not support an increase 

in sate l l ite associations due to the presence o f  dNOR variants 

in the parents of  origin group . However ,  the dNOR ( + )  

chromosome may partic ipate i n  speci fic sate l l ite assoc iati ons 

that could lead to the format ion of Robertson i an 

trans locations . During these spec i f i c  sate l l ite assoc iations , 

the dNOR ( + )  variant may fac i l itate exchanges between non

homologous chromosomes that come into close associat i on 

because of shared homol ogous regions . Thus , the second 

pos s ible role of the dNOR variant is that it may fac i l itate 

recomb inat ion between nonhomologous chromosomes to form 

Robertson ian transl ocations . 

The acrocentric chromosomes share several classes o f  DNA 

in  common in the ir pericentromeric and stalk regions : rRNA 

genes , the 7 2 4  gene family ( Kurni t et a l . ,  1 9 8 6 ) , a l pha 

sate l l ite DNA and sate l l ite DNA I - IV ( Choo et al . ,  1 9 8 9 ) . 

Many of these DNA sequences have been shown to hybrid i z e  to 

all f ive human acrocentric chromosomes ( Kurnit et a l . ,  1 9 8 4 ; 

W i l l ard , 1 9 8 5 ; Devine et al . ,  1 9 8 5 ; Kurni t et a l . ,  1 9 8 6 ) . 

DNA classes have been postulated to have been d ispersed 

over the acrocentric chromosomes through unequal s i ster 

chromat id exchanges between nonhomol ogous chromosomes ( Kurni t ,  

1 9 7 9 ) . Choo et al e ( 19 8 9 ) have speculated on a model for 
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Robertsonian translocation formation . The model i s  based on 

the assumption that exchanges can occur between nonhomol ogous 

chromosomes . DNA sequences have been ident i f ied that are 

common to all and unique to some acrocentric chromosomes .  The 

homology and repet itive nature of these sequences may 

fac i l itate the homologous pairing of nonhomol ogous 

chromosomes . We can further speculate that the enri ched rRNA 

genes on the dNOR variant chromosome may fac i l itate 

nonhomologous exchanges . Some of these exchanges may l ead to 

Robertsonian transl ocation formation . 

The model presented by Choo et al . ( 1 9 8 9 ) i s  attract ive 

s ince it also accounts for the nonrandom participation of the 

acrocentric chromosomes in Robertsonian transl ocat i ons . I t  

has been postul ated that the pericentromeric sequences shared 

between chromosomes 1 3 , 14 and 2 1  are inverted on chromosome 

1 4  compared to the ori entation of these sequence s  on 

chromosomes 13 and 2 1  ( Therman , 1 9 8 0 ; Choo et a l . ,  1 9 8 8 ) . 

Thi s  would explain the appearance of  rob ( 1 3 q1 4 q )  and 

rob ( 14 q2 1q)  but the absence of  rob ( 1 3 q2 1q) . We can further 

specul ate that the dNOR variant is an inverted repeated 

segment of tandemly repeated units o f  rRNA genes . The NOR i s  

composed of tandemly repeated genes for the 1 8 s  and 2 8 s  

ribosomal RNA . The dNOR variant appears morphol og i ca l ly as  

a doubl ing or  dupl ication of the NOR as  v i sual i z ed by an  

ammoniacal s ilver sta in with an elongated stalk region when 

viewed with QFQ ( Jackson-Cook et al . ,  1 9 8 5 )  ( Fig .  7 ) . The 

dNOR variant has not been characteri z ed with molecular 
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techniques . It i s  poss ible that the dNOR i s  an inverted 

segment of tandemly repeated rRNA genes and the inverted 

orientation would further fac i l itate nonhomologous exchanges 

through increased homologous pairing of nonhomologs . Al though 

we cannot offer any data at thi s  t ime to support thi s  

specul ation , thi s  model i s  nevertheless attractive and worthy 

of further investigation . 

In order to further understand the interacti ons between 

the acrocentric chromosomes ,  one may want to examine 

recombinat ion to assess if a de novo Robertson i an 

transl ocat ion can pair properly with its homol ogs . A 

recomb inational event may indicate that proper pairing wa s 

achieved . The recomb ination in the parent who contributed the 

de novo Robertsonian transl ocation can be compared with the 

homologs inherited from the non-contributory parent in the 

proband and the s ibl ings . In our study , recombination could 

be detected between the chromosomes inher ited from the parent 

of origin in four probands who had Robertsonian trans l ocati ons 

( Fig . 1 0 ) . In two , a recomb inational event occurred between 

the " centromeric " marker D2 1S 1 3  and the cytogenet ic markers 

( fami l ies 1 5  and 1 6 ) . Thi s interpretat ion assumes that the 

chromosomes involved in the translocations were not the s ame 

as those inherited as free-lying chromosomes .  Consequently , 

s ince recomb ination was evident , proper pairing was achieved 

in at l east four famil ies studied . Additiona l ly , 

recombinat ion could be detected in several o f  the s ibl ings in 

two of  these fami l ies . However ,  none o f  these famil ie s  were 
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large enough to make definitive statements about the number 

of recomb inations per chromosome inherited s ince it was 

virtua l ly impos s ible to identi fy the particular recombinant 

chromosomes from nonrecombinants among the s ibl ings . We could 

only state that a recombinational event had occurred 

We have used a narrow and 

i sochromosome as  a chromosome 

identical arms , derived from 

strict de finition o f  an 

composed o f  geneti ca l ly 

one parental chromos ome 

( Darl ington , 1 9 3 9 ; 1 9 4 0 ) . Homol ogous rearrangements o f  

chromosome 2 1  have most commonly been re ferred t o  a s  

rob ( 2 1q2 1q)  . The d i stinct ion between i sochromosomes and 

Robertsonian transl ocations could not be establ i shed unt i l  

the ava i l abil ity of RFLP analyses . In  thi s  study , we have 

employed the techniques of RFLP analys i s , used previously on 

only trisomy 2 1 ,  to distingui sh between Robertsonian 

trans locat ions and isochromosomes . The results o f  the RFLP 

analyses suggest that a l l  rea ( 2 1q2 1q)  were i sochromos omes . 

Additional ly , the "mirror image " rearrangement in proband 2 6  

was also consi stent with an isochromosome . Thus , our results 

indicate that the maj ority of  homol ogous exchanges o f  

chromosome 2 1  are i sochromosomes . 

Several mechanisms of isochromosome formation have been 

postul ated . The two most commonly suggested mechanisms are 

misdiv i s ion of  the centromere ( Darl ington , 1 9 3 9 ; 1 9 4 0 )  and a 

u-type reunion between s i ster chromatids ( de l a  Chapel le et 

al . ,  19 6 6 ) . Whi l e  misdivision of the centromere would result 

in only monocentric products , u-type reunions between s ister 
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chromatids could result in dicentric or monocentric 

isochromosomes . A monocentric i sochromosome could occur i f  

the exchange took pl ace within the chromatin o f  the centromere 

and dicentric i sochromosomes could result from exchanges in  

the short arm or NOR ( Van Dyke , 1 9 8 8 ) . S ince four o f  the 

probable isochromosomes were dicentric ,  our results suggest 

that u-type exchanges between s i ster chromatids may be the 

predominant , if not exclus ive , mechanism by which both 

monocentric and dicentric i sochromosomes form . 

with respect to the third role of  the dNOR variant in  

spec i f ical ly i sochromosome formation , as proposed by Holden 

et al e ( 1 9 8 9 ) , inverted repeated segments in the centromere , 

short arm or the NOR may fac i l itate s i ster chromatid exchanges 

result ing in i sochromosomes . In  our sample , four parents o f  

origin had dNOR ( + )  chromosomes 2 1  and a chi l d  with 

rea ( 2 1q2 1q) . Only one family was studied by RFLP analys i s . 

I n  this  family , the dNOR ( + }  chromosome 2 1  was shown to be the 

chromosome that was inherited as an idic ( 2 1q)  in the chi l d  

( Fig .  1 2 ) . As di scussed previously , it  i s  pos s ib l e  that at 

l east some dNOR variants are inverted dup l i cations o f  tandemly 

repeated units . Inverted repeats o f  tandemly repeated 

segments , such as homogeneously sta ining regions ( HSRs ) , have 

been shown to give rise to i sochromosomes through unequal 

exchanges between s i ster chromatids ( Holden et a l . ,  19 8 9 ) . 

F inal ly , the fourth poss ible mechan i sm by whi ch the dNOR 

variant may contribute to isochromosome format ion i s  by 

nucl eolar pers istence . Nucleolar pers istence could i nhibit 
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the dNOR ( + )  chromosome from pa iring with its homo l og . In the 

absence of proper pairing , either unival ent could undergo an 

intra-chromosomal exchange that l eads to the formati on of an 

i sochromosome . Uni valents in the meiotic cel l s  o f  plants have 

been observed to form isochromosomes ( Darl ington , 1 9 3 9 ) . 

Support for this  rol e  of  the dNOR variant comes from our 

observation of dNOR ( + )  chromosomes 2 1  in a l l  dNOR ( + )  parents 

who contributed a homol ogous chromosome 2 1  rearrangement . As 

ment ioned previously , us ing RFLP analys i s  in family 1 ,  the 

dNOR ( + )  chromosome 2 1  was shown to be the chromosome that 

formed the isochromosome . However ,  under thi s  hypothes i s , 

either univalent may form an i sochromosome . 

In summary , the results o f  thi s  study indicate that the 

maj ority of homol ogous rearrangements of chromosome 2 1  are 

i sochromosomes . This  finding i s  in agreement with Gra s s o  et 

al e ( 1 9 8 9 ) who recently found that four o f  s ix rea ( 2 1q2 1 q )  are 

maternal ly derived i sochromosomes . Unl ike the ir conclus i ons 

however , results of the C-banding in thi s  study suggest that 

an exchange between s i ster chromatids with a U-type reunion 

occurs at least as often as centromere misdivision and could 

poss ib ly occur more frequent ly result ing i n  both monocentric 

and dicentric i sochromosomes . Grasso et a l e ( 19 8 9 ) a ssumed 

that the f inding of recomb ination in two of the probabl e  

i sochromosomes must have resulted from misdiv i s ion o f  the 

centromere prior to me ios i s . However , as expla ined 

subsequently , detecting recomb inat ion does not inevitabl y  l ead 

to the conclus ion of misdivis ion of the centromere . 
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The evaluation of  recomb ination in fami l ies who have 

chi ldren with rea ( 2 1q2 1q)  can poss ibly help one understand 

when these rearrangements occurred in the cel l cycl e  and may 

help to distinguish between isochromosomes and Robertson i an 

exchanges . Homologous rearrangements can occur a s  " t rue " 

Robertsonian trans locations between homol ogous chromos omes or 

as i sochromosomes ( an intra-chromosomal rearrangement ) .  I f  

a Robertsonian transl ocation occurred prior to b ival ent 

formation , recomb inat ion may not occur because of phys ical 

constra ints of the newly formed rearrangement . Furthermore , 

i f  an isochromosome 2 1  forms during meiotic pa iring , it  i s  not 

known if this isochromosome can undergo further recomb inat ion . 

" I sochromosomes "  have been observed to fold back on themse lves 

to permit pa iring of homologous segments o f  DNA in the mei ot i c  

cel l s  of ma i z e  ( Rhoads , 1 9 4 0 )  and tomato ( Sen ,  1 9 5 2 ) . Thi s  

I I  internal pa iring "  was seen more frequently than other pa i r ing 

con f igurat ions in tomato ( Sen ,  1 9 5 2 ) . 

S ince no rob ( 2 1q2 1q)  were ascertained , we were unab l e  to 

evaluate recomb ination in these rearrangements .  However ,  i n  

thi s  study , recomb ination was detected in one isochromosome . 

On the average , chromosome 2 1  has a mean chiasma frequency o f  

1 . 0 6 ( Laurie and Hulten , 1 9 8 5 ) . O f  the 1 9 9  chromos omes 

examined , approximately 9 3 %  had one chiasmata , 5 . 5% had two 

chiasmata and 1% had no detectable chiasmata ( Laurie and 

Hulten , 19 8 5 ) . I f  we assume that i sochromosomes form 

predominantly through a u-type reunion between s i ster 

chromatids , one crossover has occurred in the short a rm or 
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centromere i n  forming the isochromosome . S ince only 5 . 5 % o f  

b ivalents would b e  expected t o  have two chiasmata , our 

observat ion of  one rearrangement in eight ( 12 . 5 % )  in  which an 

additional crossover occurred , i s  not s igni ficantly d i fferent 

from the expected based on the experimental data by Laurie and 

( 2 _ ) Hulten ( 19 8 5 )  X ,-0 . 7 5 ,  0 . 5 0 >p> 0 . 2 5 . However ,  there i s  no 

evidence to suggest that a recomb inational event in the short 

arm could indeed interfere with recomb ination in the l ong arm 

on chromosome 2 1 .  Furthermore , the de ficiency o f  

recomb ination detected i n  distal 2 1q o f  the i sochromosomes ,  

may l ikely be due to the uninformat ive or inconclus ive results 

in these fami l ies for many of  the DNA markers tested . 

However ,  recombination was detected in the free-lying 

chromosomes 2 1  in three famil ies tested . Although 

recombinat ion should have occurred in 9 3 %  of the chromosomes 

studied , it i s  poss ible that it could not be detected g iven 

the l ack of markers used in d i stal 2 1q .  

S ince the maj ority o f  rea ( 2 1q2 1q)  were determined by RFLP 

analys is to be isochromosomes ( intra-chromosoma l 

rearrangements ) , sate l l ite associat ions ( an inter-chromos omal 

event ) are not l ikely to play a s ign i ficant role in the i r  

format ion . Our results o f  no s igni ficant d i f ferences between 

the parents of origin , their spouses or contro l s  for mean 

2 1/ 2 1  satel l ite associat ions support the hypothes i s  that 

sate l l ite associations do not play a rol e  in rea ( 2 1q2 1 q )  

format ion . Additionally , there were no s ign i f i cant 

d i f ferences between the 2 1/ 2 1 pairwise sate l l ite assoc iati ons 
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between the rob and hom parents . Sate l l ite association s  o f  

homol ogous chromosomes 2 1.  were a l s o  found t o  b e  not 

s igni f icant in a study of 10 parents who had chi ldren with de 

novo rea ( 2 1q2 1q)  ( Niko l i s  and Kekic ,  1 9 8 6 ) . However , in the 

present study , there were s igni ficantly more 1 3 / 1 3  satel l ite 

associations in the parents o f  origin who contributed 

homol ogous rearrangements than in the parents who contributed 

Robertsonian translocations . Additiona l ly , the dNOR ( + )  

parents who contributed homol ogous rearrangements had 

s igni ficantly more 14/ 1 4  and 1 5/ 1 5  satel l ite associat i ons than 

the hom ( - )  parents . These findings suggest that there may be 

d i fferent mechani sms that give rise to homol ogous 

rearrangements of the D group chromosomes compared to 

rea ( 2 1q2 1q) . Poss ibly , the maj ori ty o f  rea ( 2 1q2 1q)  are i ( 2 1 q )  

whi l e  homol ogous rea ( DqDq) are truly Robertson i an 

transl ocat ions . 

IV . compensation 

The nonrandom distribution o f  the acrocentric chromos omes 

in  Robertsonian-type transl ocations may be understood by 

examining compensat ion . Compensation refers to a mechani sm 

by which other acrocentric chromosomes not involved in the 

rearrangement increase their activity to make up for the 

absent NORs l ost in the formation of the rearrangement . I n  

general , there has been l ittle evidence o ffered in  favor o f  

a compensatory mechani sm ( Zankl and Hahmann , 1 9 7 8 ; Jotterand

Bel lomo and Van Mel l e , 1 9 8 1 ; Nikol i s  et al . ,  1 9 8 1 ) . However ,  

compensat ion was documented by the assessment of NOR sta in ing 
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i n  a proband with a d e  novo t ( 1 3 q1 4 q )  ( Gosden e t  a l . ,  1 9 7 9 )  

and in a study of  probands with rea ( 2 1q2 1q)  ( Nikol i s  and 

Kekic ,  1 9 8 8 ) . In  the present study , compensation wa s 

evaluated by comparing the mean NOR scores and mean number o f  

s i lver-pos itive chromosomes between the parents and the 

offspring who had de novo Robertsonian-type rearrangements .  

Although the parents had s ign i f icantly higher mean NOR scores 

and mean number of s ilver-pos itive chromosomes than the 

probands , there was no s igni ficant difference in the mean NOR 

score per s i lver-pos itive chromosome between the parent s  and 

offspring ( Tabl e  3 0 ) . There fore , our results do not support 

a compensatory mechani sm in these probands . However , these 

conclus ions are based on the assumption that the total NOR 

score , by s i lver sta in ing , correlates pos itively with the 

incorporation o f  3H-uridine into nucleolar rRNA as  

demonstrated by Morton et  al . ( 19 8 3 ) . Additiona l ly , the 

parents had s ign i f i cantly higher mean NOR scores than the 

control individua l s . This  finding may not be rel evant g iven 

the sample s i z e  of our study : however , s ince a l l  but one o f  

these famil ies were ascertained through a child with a d e  novo 

rearrangement of the acrocentric chromosomes and the prob ands 

may have l ost active NORs , our findings of increased NOR 

scores in the parents may reflect a selecti on process whi ch 

is  attributable to the fetus ' inheritance o f  act ive NORs on 

the ir acrocentric chromosomes not involved in the 

rearrangement . Thus , the fetuses from these parents poss ibly 

have a greater ab i l ity to survive than fetuses with de novo 
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acrocentric rearrangements from parents with l ower NOR scores . 

Additional evaluations for a compensatory mechan i sm in 

probands with de novo acrocentric rearrangements comes from 

the study of satel l ite associations . In order for a de novo 

rearrangement to result in viable offspring , it may be 

important to maintain an undefined threshold l evel of  

sate l l ite associations . A study of 1 2  individual s  o f  varyi ng 

Robertsonian-type transl ocations demonstrated that the free

lying homologous chromosomes o f  the rearrangement part i cipated 

in satel l ite associat ions more o ften than the other 

acrocentric chromosomes ( Hansson , 1 9 7 5 ) . In our study , when 

the parents and offspring were compared , there were no 

s ign i ficant d i fferences in mean number of satel l ite 

associations and mean number o f  chromosomes per sate l l ite 

association . However ,  as expected , the probands had 

s ign i f icantly fewer chromosomes ava i l able for sate l l ite 

assoc iations and thus had a l ower mean number of  chromosomes 

that participated in satel l ite associations . However , when 

the mean association indexes ( AI ) were compared ( the AI takes 

into account the number of  chromosomes per cel l ) , there were 

no s igni f icant d i fferences noted for any acrocentric AI 

between the parents and offspring . Additiona l ly , the probands 

never had a h igher pairwise sate l l ite associat ion than the 

parents and had several that were s ign i ficantly l ower than 

the parents . Therefore , our results do not suggest a 

compensatory mechanism for satel l ite associations in the 

probands . 
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The recurrence ri sks of 
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de novo acrocentric 

rearrangements may result from 1)  a true recurrence o f  the de 

DQYQ event due to a genetic predi spos ition ; 2 )  recurrence by 

chance al one ; or 3 )  parental mosaicism .  Although gonadal 

mosa icism can rarely be excluded , the risk of having a second 

child with de novo transl ocation Down syndrome ranges from 1 %  

( Gardner and Veale , 1 9 7 4 ) t o  2 %  ( Steinberg e t  a l . ,  1 9 8 4 ) . 

There have been reports of rea ( 2 1q2 1q)  recurrence s  to 

apparently non-mosaic , chromosoma l ly norma l individua l s  

( Garver et al . ,  1 9 8 2 ; Schmidt and N itowsky , 1 9 7 7 ; Jackson

Cook et al . ,  1 9 8 8 ) . The recurrence r isks for spec i f i ca l ly 

i ( 2 1q)  and rob ( 2 1q2 1q)  de novo rearrangements have not been 

examined most l ikely because of the i r  rare occurrence . I n  

thi s  study , none of  the parents had a second chi l d  with an 

acrocentric rearrangement although family 8 had a concept i on 

with a 6p+ and family 1 8  had a concept ion with trisomy 2 1 .  

Based on the observation of one in 2 1  subsequent pregnancies 

result ing in an acrocentric chromosome abnormal ity , the 

poisson confidence l imits were obtained us ing the methods o f  

Burste in ( 1 9 7 1 ) . In thi s  study , the r i sk of any acrocentric 

chromosome abnormal ity in a subsequent pregnancy ranged from 

0 . 1% to 2 4 % . The dNOR variant has been impl icated a s  a 

causal factor in nondisj unction associated with Down syndrome 

( Jackson-Cook et al . ,  1 9 8 5 ; Melnyk et a l . ,  1 9 8 7 ) . Thi s  

variant may b e  associated with a 6 - 8  fold increase r i sk for 

having a child with Down syndrome ( Jackson-Cook , 1 9 9 0 ) . 
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However , other studies indicate that the dNOR variant does not 

contribute to nondisj unction of  chromosome 2 1  ( Hassold et a l . , 

1 9 8 7 ; Spinner et al . ,  1 9 8 9 ) . The d i fferences in these studies 

may result from the de finition and identificat ion o f  the 

variants in addition to disparity in s i lver stai ning 

techniques between the invest igators . In  the present study , 

the dNOR variant appeared to be associated with a 7 - fo l d  

increase for having a child with a d e  novo acrocentric 

rearrangement . However ,  the dNOR variant does not appear to 

be an effic ient means of  screening couples who may be at r i s k  

f o r  having a chi l d  with a d e  novo acrocentric rearrangement 

s ince the absolute risk , estimated to be 1 in 5 0 0 0  newborns , 

i s  l ow .  

I n  conclus ion , the dNOR variant was found t o  b e  a 

poss ible factor in caus ing de novo acrocentric rearrangements 

in approximately 4 0 % of fami l ies studied . S ince the dNOR 

variant was found both in fami l ies who have a chi l d  with a de 

novo Robertsonian transl ocation and those who have a chi l d  

with a n  isochromosome , further evaluation of  the dNOR variant 

could provide valuable information for genetic counsel ing for 

these famil ies and their rel atives . 

S ince the maj ority of  famil ies were dNOR ( - ) , other 

unknown factors may be placing subsequent pregnancies at r i sk . 

The empiric recurrence risks ranged from 1 - 3 . 6 % ( Gardner and 

Veal e ,  1 9 7 4 ; Steinberg et al . ,  1 9 8 4 ) . S ince these r isks a re 

higher than the risks associated with prenatal testing ( - 1/ 3 5 0  

for amniocentes is at MCV) , a l l  famil ies should be o f fered 
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prenatal testing . 

Final ly , and most unexpectedly , our results indicate that 

the maj ority of  homologous rearrangements may be 

isochromosomes . Further study of carriers o f  rearrangements 

for chromosome 21 may provide important clues to phenotyp i c  

ef fects of  i sochromosome Down syndrome , translocati on Down 

syndrome and trisomy 2 1 .  Looking ahead to future stud i e s , 

i sochromosomes provide a unique opportunity to study the 

ef fects of homozygos ity on a phenotype and the potential  r isks 

for diseases such as l eukemia . 



CONCLUS IONS 

The primary conclus ions from this  study were : 

1 )  The participation o f  the acrocentric chromosomes i n  
Robertsonian type rearrangements in thi s  study were nonrandom 
but did not d i f fer from previous surveys o f  Robertsonian-type 
rearrangements .  

2 )  By us ing both molecular and cytogenetic techni ques ,  the 
parental origins of a l l  de novo rearrangements cou l d  be 
ass igned ( 2 6/2 6 ) . 

3 )  No s igni ficant d i fference was noted in  the proporti on o f  
d e  novo acrocentric rearrangements from males versus fema l e s  
( 1 2 mat : 1 3  pat ) . There was a trend towards more maternal ly 
derived Robertsonian trans l ocations ( 8  mat : 5 pat ) and more 
paternally derived homol ogous rearrangements ( 8  pat : 4 mat ) . 

4 )  The maj ority o f  homol ogous rearrangements o f  chromosome 2 1  
may be isochromosomes based on our find ing that a l l  probands 
studied with RFLP analys is  were found to carry i ( 2 1q ) . 

5)  The maj or mechanism by which i sochromosomes form was 
concluded to be a u-type reunion between s i ster chromat ids 
based on the observat ion of  both monocentric and d i centric 
i sochromosomes by C-banding . 

6 )  Recombinat ion was detected in 4/ 6 o f  the probands who had 
de novo Robertsonian transl ocations , suggesting that proper 
pairing was achieved between the de novo rearrangement and its 
free- lying homologs in the parents who contributed 
Robertsonian translocations . Additional ly , recomb inat i on was 
detected in 1/ 8 isochromos omes suggest ing that recomb inat ion 
can occur in addition to the formation of the i sochromo s ome . 

7 )  The dNOR variant was ident i f ied as  a pos s ib l e  factor i n  
the format ion of  acrocentric rearrangements in  1 1/ 2 5 fami l i e s . 
Additiona l ly , the dNOR chromosome was invariably i n  the parent 
in whom the de novo acrocentric rearrangement originated . The 
dNOR var iant was found both in parents who contributed de novo 
Robertsonian translocations and homol ogous rearrangements . 
Thus , suggesting that the dNOR variant may have p l ayed a rol e  
i n  the format ion of  both types of  acrocentric rearrangements . 
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8 )  Overal l  sate l l ite associations did not appear t o  p l ay a ·  
rol e  in Robertsonian translocation formation . However ,  the 
dNOR ( + )  chromosome may participate in  spec i f i c  sate l l ite 
associations that could l ead to the formation of  Robertsonian 
transl ocations . 

9 )  The relative risk of having a chi l d  with a de  novo 
acrocentric rearrangement appeared to be 7 t imes h igher among 
the dNOR ( + )  individual s  as compared to the dNOR ( - )  
individuals . 
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