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month-old in fa n t w ith dysmorphic fea tu res  and abnormal thumbs.
During a rou tin e  chromosome a n a ly s is  a t  th at tim e , (not included in  

th is  s tu d y ) , a spontaneous breakage ra te  o f 0 .2  b r e a k s /c e ll  was 
n o ted . The p a t ie n t 's  c l in ic ia n s  subsequently  diagnosed probable FA 

hom ozygosity. At th a t point i t  was decided to  inclu de th is  l i t t l e  
g i r l  in the present study. A repeat cy to g e n e tic  in v e s t ig a tio n  

revealed  a spontaneous breakage rate o f  on ly  0 .13  b r e a k s /c e ll and an 
MMC-induced rate  o f o n ly  0 .07 b r e a k s /c e l l .  A repeat in v e s t ig a tio n  

(not included in the present study) a t 15 months o f a g e , again  
revealed  a low spontaneous breakage r a t e , v iz .  0 .02  b r e a k s /c e l l .  
However, and most im portantly , on c l in i c a l  exam ination a t  t h is  age , 
no som atic stigm ata of FA, apart from abnormal thumbs, were noted and 

a h is to ry  o f severy e p ile p sy  was o b ta in ed . M.G. had apparently  been 
on a number of an ti-o o n v u lsa n t drugs s in c e  the n eo-n ata l p eriod .
Thv.se d r u g s  c o u ld  v e r y  w e l l  h a v e  c a u s e d  th e  in c r e a s e d  s p o n ta n e o u s  

b rea k a g e  f i r s t  s e e n  in  t h i s  c h i l d  when s h e  w as 2 m o n th s -o ld .  The low  

MMC- in d u c e d  b r e a k a g e  r a t e  i s  t h e r e f o r e  n o t  s u p r i s in g  s i n c e  t h i s  

p a t i e n t  i s  p r o b a b ly  n o t  an FA h o m o zy g o te . T h is  c a s e  th u s  s e r v e s  t o  

i l l u s t r a t e  th e  e a s e  w i t h  w h ich  a p a t i e n t  may b e  m is d ia g n o s e d  in  th e  

a b s e n c e  o f  a  f u l l  c l i n i c a l  h i s t o r y .

P a tien t 14 ( S .F .) ,  a p o s i t iv e ly  diagnosed FA homozygote, showed on ly  
0 .30  t r e a k s /c e l l  a f t e r  MMC s t r e s s in g . In te r e s t in g ly , th is  p a t ie n t 's  
spontaneous breakage ra te  was on ly  0 .10  b r e a k s /c e l l , which a lso  f a l l s  

a t the lower end of the spontaneous breakage s c a l e . I t  th erefore  
appears th at the magnitude o f indiced chromosome breakage may in fa c t  

r e f le c t  an in d iv id u a l s u s c e p t ib i l i t y  to  chromosomal in s t a b i l i t y .  
Sim ilar fin d in g s  have been reported by Cohen e t  a l . (1982a).

b) M150 Culture Medium

U sin g  M150 a s  th e  c u l t u r e  medium and s t r e s s i n g  3 FA h o m o zy g o tes  w ith  

0.01 /ig  MMC/ml c u l t u r e , r e s u l t e d  in a mean b r e a k a g e  r a t e  o f  2.23  
b r e a k s / c e l l  ( ra n g e 0 .2 0  -  6 .1 9  b r e a k s / c e l l )  and an a s s o c i a t e d  

s ta n d a r d  d e v i a t i o n  o f  2 .80 . O nce a g a i n ,  v a s t  i n t e r p a t i e n t  v a r i a t i o n  

i s  e v i d e n t . I n t e r e s t i n g l y ,  p a t i e n t  14 (S .F .)  e x h i b i t e d  o n ly  0 .20  

b r e a k s / c e l l , w h i le  h e r  s im u lta n e o u s  s p o n ta n e o u s  b r e a k a g e  r a t e  w ith  

M150 w as o n ly  0.17 b r e a k s / c e l l .  T h is  p a t i e n t  a l s o  show ed



com paratively low spontaneous and MMC-induced breakage when her 
peripheral blood lymphocytes were cu ltu red  in F10 medium (0 .1 0  and 

0 .30  b r e a k s /c e ll  r e s p e c t iv e ly ) .

4 .3 .2 .1 .1 .3 .1  Comparison ot homozygote MMC-induced 
chromosome breal»xtge data w ith other  

s tu d ie s

Ttiere appear to  be r e la t iv e ly  few s tu d ie s  w ith s im ila r  p ro to co ls  on 

the c la s to g e n ic  e f f e c t s  o f MMC in FA. No comparative tab le was 

th erefore  drawn up.

Sasaki and Tbnomura (1973) s tr e s se d  peripheral blood lymphocytes from 
5 FA homozygotes with 0.01 pq MMC/ml cu ltu re  for the la s t  24 hours o f  

the usual 72-hour cu ltu re  period (as opposed to  the la s t  42 hours in  

6 6 -hour cu ltu re s  in the present s tu d y ) . These authors reported a 
breakage range o f 0 .28 to  28.64 chromatid a b e r r a t io n s /c e ll  (mean = 

1 3 .2 7 ) . The present r e s u lt s  in FA homozygotes, although not as  

dramatic in f lu c tu a t io n , thus confirm th is  wide in ter p a tien t  
v a r ia tio n  in s u s c e p t ib i l i t y  to  the c la s to g e n ic  e f f e c t s  o f MMC. The 
same authors noted a mean spontaneous breakage ra te  o f 1.73 

b r e a k s /c e ll in 6 FA p a t ie n ts . This value i s  r e la t iv e ly  h igh , 
p o ss ib ly  exp la in in g  th e ir  much higher MMC-induced breakage range 
compared to  the present study. A lso , a 24 -hour exposure to  the  
mutagen r e s u lt s  in most c e l l s  o n ly  being exposed to  MMC for 1 o e l l  
c y c le .  In the present study (o f 4 8 -hour exposure periods) a number 
o f c e l ls ,-  e s p e c ia l ly  tlie more s e v e r e ly  damaged, would have been 

' l o s t '  ( probably blocked in the G2 phase o f the c e l l  c y c le )  prior to  
the second m ito tic  c y c le .

Cohen e t  a l . (1982b), s tr e sse d  3 FA lym phoblastoid c e l i - l i n e s  for  24 

hours w ith 0 .01  /xg MMC/ml c u lti This resu lted  in an average o f  
1.89 b r e a k s /c e l l .  This f ig u r e , although on ly  based on 3 c e l l - l i n e s  

(but 300 c e l l s )  i s  s tr ik in g ly  c lo s e  to  the means obtained in  the  
present study v iz .  1.85 b r e a k s /c e ll  w ith F 10 (n = 7) an i 2.23  

b r e a k /c e ll w ith M150 (n = 3 ) .



4 . 3 . 2 . 1 . 2 .  H eterozygotes

4 . 3 . 2 . 1 . 2 . 1  Spontaneous chromosome breakage in F anconi's
anaemia heterozygotes

a) Hams F10 cu ltu re  medium

A to ta l  o f 27 o b lig a to ry  heterozygotes were screened for the presence 

o f  spontaneous chromosomal ab erration s a f t e r  cu ltu r in g  for 66 hours 
in  Hams FID. A standard dev ration o f 0 .03 b r e a k s /c e ll  was found to  

be a sso c ia te d  w ith a mean breakage ra te  o f 0 .03  b r e a k s /c e ll (range 
0 .00  -  0 . Id b r e a k s /c e l l ) .  I t  should be noted th at the upper l im its
o f  th is  range overlap  w ith the lower l im it s  o f the range found in

a ffe c te d  homozygotes. The mean breakage va lu es  do however, d i f f e r  
s ig n if ic a n t ly .  (See se c t io n  4 .4 .2 .1 )  (Refer to  se c t io n  4 .3 .2 .1 .3  
for a comparison w ith normal con tro l s u b je c ts .)

b) M150 cu ltu re  medium

Ml50 c u ltu res  o f  6 h eterozygotes y ie ld ed  alm ost id e n t ic a l r e s u lt s  to  
sim ultaneous F10 cu ltu res  o f the same b lood s. (See Appendix A)
Using M150, a mean of 0 .03 b r e a k s /c e l l ,  w ith an a sso c ia ted  standard  
d ev ia tio n  o f 0 .0 2 , was noted . Breakage ranged from 0 .0 0  -  0 .07  

b r e a k s /c e l l . With F10, an average o f  0 .035 b r e a k s /c e ll  was recorded  
and the range was 0 .00 -  0 .08  b r e a k s /c e ll in th ese  6 in d iv id u a ls . In 
the 3 homozygote M150 c u ltu r e s , s l i g h t l y  higher breakage r a te s  were 
noted compared to  the F10 cu ltu res  from the same 3 p a t ie n ts . (See 

sec tio n  4 .3 .2 .1 .1 .1 )  No such d if fe r e n c e  was ev id en t in the 
h etero zy g o tes .

4 .3 .2 .1 .2 .1 .1  comparison of heterozygote spontaneous 
chromosome breakage data w ith other  
s tu d ie s

The breakage r e s u lt s  obtained using both F10 and M.150 media, although  
based on a far  larger  sample s i z e ,  c o r r e la te  extrem ely w ell w ith



p rev io u sly  reported f ig u r e s . (See Table 3 .1 1 ) The heterozygote  
breakage range observed by Cohen e t  a l . ^1982a) a ls o  overlap s w ith  

the lower l im it s  o f  th e ir  ixxnozygote range. Auerbach e t  a l . (1981) 

and Marx e t  a l . (1903) did  not note a s im ila r  o v er la p .

4 .3 .2 .1 .2 .2  DEB-induced chromosome breakage in F anconi's  

anaemia heterozygotes

Peripheral blood lymphocytes from o b lig a to ry  h eterozygotes were 
s tr e s se d  w ith DEB a t con cen tra tion s ranging from 0 .0 1  to  l .O ^ g /m l.  
A ll c u ltu re s  were e s ta b lish e d  in Hams F10 medium.

DEB a t a con cen tration  of 0.01 /ig/m l

0 .0 1  pg DEB/ml cu ltu re  was added to  3 FA heterozygote c u ltu r e s . The 

mean breakage rate  was 0 .12 b r e a k s /c e ll  (range 0 .03  to  0.30  
b r e a k s /c e ll)  and the a sso c ia ted  standard d ev ia tio n  was 0 .13 (0 .03  

b r e a k s /c e ll  were noted in 2 of the h e tero zy g o te s , w h ile  the th ird  
ex h ib ited  0 .30  b r e a k s /c e ll;  the la t t e r  value being skewed by the  

presence o f 1 c e l l  w ith 7 a c en tr ic  fragm ents). Using the same 
concen tration  o f DEB, Cohen e t  a l . (1982a) found a mean breakage 
value o f 0 .04  b r e a k s /c e ll in 10 heterozygote c a se s , whereas Marx e t  
a l . (1983) recorded a mean o f 0 .30  b r e a k s /c e ll in 14 he tero zy g o te s . 
Q uite c le a r ly ,  i t  i s  ev id en t th at d if fe r e n t  la b o r a to r ie s , although  
employing id e n t ic a l con cen tra tion s and o s te n s ib ly  very s im ila r  

tech n iq u es, report v a s t ly  d if fe r e n t  r e s u lt s .

DEB at a con cen tration  o f 0 .1  wg/ml

S tress in g  h eterozygote peripheral blood lymphocytes from 12 su b jects  

w ith 0 .1  fiq DEB/ml cu ltu re  r e su lted  in a mean breakage ra te  of 0.08  
b r e a k s /c e l l . A standard A v ia tio n  o f 0 .06 was found to  be a sso c ia ted  
w ith  th is  mean. The observed breakage r a te s  varied  from a minimum o f  

0 .0 0  to  a maximun o f 0 .23 b r e a k s /c e l l .  Once aga in , a s  with  
spontaneous breakage, th is  range overlap s w ith th at o f  the 
hom ozygotes, eventhough the means d i f f e r  s ig n i f ic a n t ly .  (See s e c t io n  

4 .4 .2 .2 )  I t  should be noted th at on ly  1 homozygous p a t ie n t (F .F .,



p a t i n t  77) was found to  f a l l  w ith in  th e heterozygote range. As 
d iscu ssed  in  se. . an 4 .3 .2 .1 .1 .2 /  th ere has been some debate as to  
whether P .P . i s  in fa c t  a h etero zy g o te , rather than a homozygote. I f  

he were ex c lix . d from the homozygote group, th ere would have been no 
overlap  w ith the heterozygote group. ( For comparisons w ith normal 

c o n tr o ls , see  se c t io n  4 .3 .2 .1 .3 . )

DEB a t a con cen tration  o f 0 .2  /ig/ml

A breakage range o f  0 .00  -  0 .2 6  b r e a k s /c e ll was recorded in 6 
heterozygote cu ltu re s  s tr e sse d  with 0 .2  /xg DEB/ml c u ltu r e . The mean 

breakage ra te  and the a sso c ia te d  standard d ev ia tio n  were 0 .06  and 
0 .0 9  b r e a k s /c e ll r e s p e c t iv e ly , the la t t e r  value g iv in g  an in d ica tio n  

o f  how great a v a r ia tio n  e x is t e d . This mean i s  id e n t ic a l to  th at 

recorded a f t e r  s tr e s s in g  w ith h a lf  t h is  concen tration  o f DEB ( i . e .

0 .1  jig/m l) and s l i g h t l y  lower than th a t noted when 0.01 jxg DEB/ml vas 
added. However, no co n c lu sio n s can a t  th is  s ta g e  be drawn s in ce  only  
3 h eterozygotes were in v e s tig a te d  for the c la s to g e n ic  e f f e c t  o f 0 .01  
t̂g DEB/ml and, as mentioned p rev io u sly , one o f th ese  three  

h eterozygotes showed e x c e ss iv e  breakage.

DEB a t a con cen tration  o f 0 .4  ug/ml

The mean breakage ra te  noted a f t e r  screen ing 0 4 [iq DEB/ml treated  
c u ltu re s  from 5 o b lig a to ry  h eterozygotes was 0 .03  b r e a k s /c e l l .  The 
standard d ev ia tio n  was 0 .0 3 , w hile  breakage r a te s  ranged from 0 .00  to  

0 .0 6  b r e a k s /c e l l .  Thus, the mean breakage ra te  was in fa c t  lower 
than that found a f te r  s tr e s s in g  the c e l l s  w ith lower con cen tration s  

o f  DEB. This fin d in g  i s  perhaps ar in d ica tio n  th at although higher  
con cen tration s o f the mutagen may induce p ro p o rtio n a lly  more 
chromosomal a b erra tio n s , the more se v e r e ly  damaged a c e l l ,  the l e s s  

chance i t  has o f reaching the m ito tic  stage  of the c e l l  c y c le .  
Consequently, on ly  those c e l l s  w ith r e la t iv e ly  l i t t l e  breakage w i l l  
be c y to g e n e t ic a lly  d e te c ta b le . I t  should however be pointed out th at 

the m ito tic  index was not n o ticea b ly  lower with h igh ir  DEB 
c o n cen tra tio n s , but th is  aspecr was not s p e c i f ic a l ly  a s se s s e d .
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DEB a t a concentration  o f  1 .0  uq/ml

Only 3 hecerozyqotes were s tr e sse d  w ith 1 .0  /xq DEB/ml cu ltu re  s in ce  
a t  th is  concentration  a lower m ito tic  index was apparent. Using th is  
c la sto q e n ic  co n cen tra tio n , a mean breakage value o f 0 .04  + 0 .04  

b r e a k s /c e ll  was recorded . Breakage ranged from 0 .00  to 0 .1  
b r e a k s /c e l l .  Once a g a in , i t  appears that c e l l s  w ith a la rge  number 
o f chromosomal a b erra tion s did  not reach m ito s is .  The lower than 
expected breakage r a te s  in these 3 ca ses  were not due to  in d iv id u al 
low s u s c e p t ib i l i t y  to  chromosomal f r a g i l i t y  s in ce  they showed higher 

breakage when sim ultaneously  s tr e sse d  w ith  0 .1 /xo DEB/ml cu ltu re  

(r e fer  to  appendix A).

T herefore, i t  i s  c lea r  chat a d ir e c t  r e la t io n sh ip  between mutagenic 

concentration  and c la s to q e n ic  response was in most in sta n ces  

not apparent. These fin d in g s  confirm th ose o f Cohen e t  a l . (1982a), 
who, in some o f th e ir  heterozygote c a se s , a ls o  did not find  the 
nunber o f  chromosomal ab erration s to  be d ir e c t ly  proportional to the 

mutagenic concentration  employed. I t  th erefore  appears that 

cy to g en etic  eva lu ation  i s  lim ited  by c y to to x ic i ty  in the 
determ ination of d ose-response cu rves, s in c e  the higher the dose o f  
mutagen the sm aller the number of growing c e l l s .  Furthermore, 
s e le c t io n  i s  involved s in c e  only that part o f the c e l l  population  

which i s  le s s  damaged, or i s  le s s  s u s c e p t ib le , su r v iv es .

The mean breakage recorded in the present study (v iz . 0.04  

b r e a k s /c e ll)  was extrem ely low compared to  that noted by Cohen cc_a_l.' 
(1982a) and e t  a l . (1983). These authors recorded mean breakage

values o f  1.30 f id  1 .19  r e sp e c t iv e ly  a f t e r  s tr e s s in g  th e ir  
h eterozygotes w ith 1 .0  fig DEB/ml c u ltu r e . The reasons for th is  large  
discrepancy are u n certa in , wut may have been re la ted  to the ex ce ss iv e  

DEB to x ic i t y  being experienced in the laboratory a t the tim e. LSee 

sec tio n  4 .6 )
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4.3.2.1.2.3 MMC-induced chromosome breakage in Fanconi's
anaemia heterozygotes

MMC a t a con cen tration  o f  0 .01  ug/ml

a) Hams F10 cu ltu re  medium

Nine h eterozygotes were screened for chromosomal ab erration s a f te r  
being s tr e s se d  w ith 0 .01 îg MMC/ml cu ltu re  and cu ltu red  in  Hams F10 

medium. The r e su lt  mean breakage ra te  was 0 .10  b r e a k s /c e ll  and 
the a sso c ia ted  standard d ev ia tio n  was 0.07 b r e a k s /c e l l . Breakage 
va lu es ranged from a low o f 0 .00  to  a high o f  0 .17 b r e a k s /c e l l .
Thus, a + 3 - fo ld  in crease  was noted ever the spontaneous breakage 
r a te . (A 4 - fo ld  in crease  was noted w ith an eq u iv a len t concen tration  

o f  DEB i . e .  0.01 /ig /m l, but fewer su b jec ts  were included in th at  
in v e s t ig a t io n .)  Once aga in , as w ith DEB, although the mean breakage 

r a te s  o f homozygotes and h eterozygotes d if f e r  s ig n i f ic a n t ly  ( see  

se c t io n  4 .4 .3 .3 ) ,  the upper l im it s  o f  the h eterozygote breakage range 
overlap  w ith the lower l im it s  o f the .omozygote breakage range. On 
c lo se r  in sp e c tio n , i t  may be noted th a t on ly  1 homozygote f a l l s  
w ith in  the heterozygote range -  p a tien t 19 (M .G .). As d iscu ssed  in 

sec tio n  4 .3 .2 .1 .1 .3 ,  th is  l i t t l e  g i r l  may w e ll have been 
m is c la s s if ie d  and appears not to  be an FA homozygote. I f  th is  
'p a t ie n t' were excluded from the homozygote group, th ere would be no 
overlap  between homoi^gote and heterozygote responses to  treatm ent 

with 0.01 fiq MMC/ml c u ltu r e .

b) M150 cu ltu re  medium

The 2 heterozygotes cu ltu red  in M150 and s tr e s se d  w ith MMC a t a 
concen tration  o f 0.01 /jg/ml cu ltu re  y ie ld ed  0 .1 3  and 0 .5 0  b r e a k s /c e ll  
r e s p e c t iv e ly , ( i . e .  a mean o f 0 .32 + 0 .18  b r e a k s /c e l l ) .  Breakage 
r a te s  o f  0 .17  and 0.11 b r e a k s /c e ll r e s p e c t iv e ly , were recorded in  

sim ultaneous F10 p lus 0.01 /*g MMC/ml c u ltu r e s . Altnough no d e f in it e  
co n c lu sio n s can be based on on ly  2 p a t ie n ts ,  i t  does appear th at 
con sid erab le  in tra p a tie n t v a r ia tio n  was e v id e n t.
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4 .3 .2 .1 .2 .3  MMC-induced chromosome breakage in Fanconi's
anaemia heterozyqotea

MMC a t a (concentration o f 0 .01  ug/ml

a) Hams F10 cu ltu re  medium

Nine h eterozygotes were screened for  chromosomal ab erration s a f te r  
being s tr e s se d  w ith  0 .01 ftq MMC/ml cu ltu re  and cu ltu red  in Hams F10 

medium. The r e su lta n t mean breakage ra te  was 0 .10  b r e a k s /c e ll and 
the a sso c ia te d  standard d ev ia tio n  was 0.07 b r e a k s /c e l l .  Breakage 

va lu es  ranged from a low o f 0 .00  to  a high o f  0 .17  b r e a k s /c e l l .
Thus/ a + 3 -fo ld  in crease  was noted over the spontaneous breakage 
r a te . (A 4 - fo ld  in crease  was noted w ith an eq u iv a len t concen tration  

o f  DEB i . e .  0 .01 ^ig/ml, but fewer su b jec ts  were included in th a t  
in v e s t ig a t io n .)  Once aga in , as w ith DEB, although the mean breakage 

ra te s  o f  homozygotes and h eterozygotes d if f e r  s ig n i f ic a n t ly  (see  
se c tio n  4 .4 .3 .3 ) ,  the upper l im it s  o f  the heterozygota breakage range 
overlap  w ith  the lower l im it s  o f  the homozygote breakage range. On 
c lo se r  in sp e c t io n , i t  may be noted th at on ly  1 homozygote f a l l s  

w ith in  the heterozygote range -  p a tien t 19 (M .G .). As d iscu ssed  in 
se c t io n  4 .3 .2 .1 .1 .3 ,  t h is  l i t t l e  g i r l  may w e ll have been 
m is c la s s if ie d  and appears not to  be an FA homozygote. I f  th is  
•p a t ie n t1 were excluded from the homozygote group, th ere would be no 
overlap  between homozygote and heterozygote responses to  treatm ent 

w ith 0.01 /ig MMC/ml c u ltu r e .

b) M150 cu ltu re  medium

The 2 heterozygotes cu ltu red  in M150 and s tr e s se d  w ith MMC a t a 
concen tration  o f 0 .01 jig/ml cu ltu re  y ie ld ed  0 .1 3  and 0 .5 0  b r e a k s /c e ll  

r e s p e c t iv e ly , ( i . e .  a mean o f 0 .32  + 0 .18  b r e a k s /c e l l ) .  Breakage 
r a te s  o f  0 .17 and 0.11 b r e a k s /c e ll  r e s p e c t iv e ly , were recorded in 
sim ultaneous F10 p lus 0.01 fiq MMC/ml c u ltu r e s . Although no d e f in it e  
co n c lu sio n s can be based on on ly  2 p a t ie n ts , i t  does appear th at  
con sid erab le  in tra p a tie n t v a r ia tio n  was e v id e n t.
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MMC a t a con cen tration  o f  0.05

0.05 fiq MMC/ml c u ltu re  inducevj a mean breakage ra te  o f  0.21  
b r e a k s /c e ll  ( standard d ev ia tio n  = 0 .1 5 ) in  Hams F10 c u ltu res  from 4 
o b lig a to ry  h e tero zy g o tes . Breakage va lu es ranged from 0 .0 3  to  0 .23  
b r e a k s /c e l l .  Although t h is  mean i s  higher than th a t noted in F10 
plus 0 .01 fiq MMC/.1 c u ltu r e s , the breakage ranges were very s im ila r ,  
both showing wide f lu c tu a t io n s . Cohen e t  a l . (1982a) reported  
breakage r a te s  o f  0 .73  and 0 .19  b r e a k s /c e ll  in 2 p a t ie n ts  a f te r  

s tr e s s in g  th e ir  c u ltu re s  w ith 0 .05  [iq MMC/ml. The present fin d in g s  
confirm the la t t e r  r e s u lt s  and h ig h lig h t the marked in te r p a t ie n t  

v a r ia tio n  in  chromosome breakage which may be seen both spontaneously  
and/or a f te r  c la s to g e n ic  treatm ent.

4 .3 .2 .1 .3  C ontrols

4 .3 .2 .1 .3 .1  Spontaneous chromosome breakage in nominal 
co n tro ls

a) Hams F10 cu ltu re  medium

A to ta l  o f 41 su b jec ts  served as c o n tr o ls  for n on -stressed  cu ltu res  
e sta b lish e d  in Hams F10 medium. The con tro l breakage va lu es varied  

from 0 .0 0  to  0 .07 b r e a k s /c e l l .  T^e mean breakage ra te  was 0.01  
b r e a k s /c e ll and th is  was a sso c ia te d  with a standard d ev ia tio n  o f  

0 .0 2 . I t  can thus he seen th at the average basal le v e l  o f  1 normal1 
spontaneously occurring ( i . e .  probably tech n ica l in o r ig in )  breakage 
in  the w r ite r 's  laboratory  i s  extrem ely low. However, the range o f  
breakage va lues co in cid ed  alm ost e x a c t ly  w ith that found in the  

heterczygote c la s s  and overlapped w ith the lower l im it s  o f  the 

homozygote range. Two o f  the 24 homozygotes in v e s tig a te d  f e l l  in to  
the upper normal breakage range -  ca ses  57 (L.M.) and 77 (F .P . -  
d iscu ssed  in se c t io n  4 .3 .2 .1 .1 .2 ) .
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b) M150 cu ltu re  medium

Using M150 as the cu ltu re  medium, an average spoitaneous chromosome 
breakage ra te  o f 0 .03  + 0 .0 4  b r e a k s /c e ll was d etec ted  in 5 c o n tr o ls . 
Breakaqr values ranged from 0 .0 0  to  0 .10  b r e a k s /c e l l . Thus, a 
s l ig h t l  higher breakage rate  was e v id e n t, compared to  Hams F10 
c u ltu r e s . This M150 con tro l range does however, overlap  com pletely  

w ith th at found ir  heterozygotes cu ltu red  under s im ila r  co n o itio n s  
and the mean spontaneous breakage ra te  in the la t t e r  c la s s  i s  
id e n t ic a l to  th at found in normal c o n tr o ls .  However, there was no 
overlap  with homozygotes cu ltured  under s im ila r  co n d it io n s .

4 .3 .2 .1 .3 .1 .1  Comparison of con tro l spontaneous
chromosome breakage data w ith other

s tu d ie s

The breakage ranges and means noted in normal c o n tr o ls  in the present 
study are s im ila r  to  those reported in previous s tu d ie s  employing far  
sm aller sample s iz e s  (r e fe r  to  Table 3.11 which compares Hams F10 
r e s u lt s  from th is  study with other s im ila r  s tu d ie s  using d if fe r e n t  

cu ltu re  m edia).

4 .3 .2 .1 .3 .2  DKB-induced chromosome breakage in normal 
co n tro ls

Peripheral blood lymphocytes from normal c o n tr o ls  were s tr e sse d  with  

DEB a t con cen tration s ranging from 0 .01  to  1 .0  ^ g /m l. A ll c u ltu res  

were e s ta b lish e d  in Hams F10 medium.

DEB a t a concen tration  o f 0.01 /tg/ml

The one peripheral lymphocyte c u ltu re  which served as a con tro l for  
the 3 sim ultaneously  e s ta b lish e d  heterozygote c u ltu re s  s tr e s se d  with  
0.01  fiq DEB/ml c u ltu re  (se e  se c t io n  4 .3 .2 .1 .2 .2 ) ,  ex h ib ited  no 

breakage.



DEB at a concentration of 0.1 wg/ml

Twenty c o n tr o ls  were screened for the c la s to g e n ic  e f f e c t  o f  0 .1  ,̂g 
DEB/ml c u ltu r e . The mean breakage ra te  was 0 .02 + 0 .02  C rea k s/ce ll 
and breakage va lu es ranged from 0 .00  to  0 .06  b r e a k s /c e l l .  Although 
t h is  mean i s  very s l i g h t l y  higher than th at noted in untreated ( i . e .  
spontaneous) c u ltu res  (mean = 0 . 0 1  b r e a k s /c e l l) ,  the two ranges are  
alm ost id e n t ic a l ,  in d ica tin g  th a t th ese  c u ltu r e s , from 1 normal1, 
healthy in d iv id u a ls , were in no way ad v erse ly  a ffe c te d  by th is  dose 

of DEB. The present wean breakage ra te  i s  s l i g h t l y  lower than th ose  

found in previous s t u d ie s , but the comparative ranges do not d i f f e r  

con sid erab ly . (See Table 3 .1 2 )

I t  must however, be noted th at in th is  study, there was once again  
con sid erab le  overlap  o f the con tro l and heterozygous breakage ranges 
and 1 1 homozygote1 (p a tie n t F .P . -  d iscu ssed  in se c t io n  4 .3 .2 .1 .1 .2 ) ,  
f a l l s  hxchin the normal and heterozygous ranges. Both Auerbach e t  

a l .  (1981) and Cohen e t  ai . (1982a) a ls o  noted overlapping between 
th e ir  normal and heterozygous c la s s e s  fo llow in g  s tr e s s in g  with 0 . 1  t̂g 
DEB/ml c u ltu r e . Cohen e t  a l . (1982a) found that th e ir  whole con tro l 
range overlapped w ith th e it  FA homozygote range.

DEB a t a con cen tration  o f 0 .2  /ig/ml

The 2 con tro l c u ltu res  s tr e s se d  with 0 .2  /ig DEB/ml cu ltu re  ex h ib ited  
0 .00  and 0 .0 2  c r e a k s /c e ll  r e s p e c t iv e ly , g iv in g  a mean breakage rate  

of 0.01 + 0 .01  b r e a k s /c e i l .  This mean i s  id e n t ic a l to the 
spontaneous breakage ra te  w ith  Hams F I) medium. Two o f the 
h eterozygotes sim ultaneously  stu d ied  a ls o  showed no breakage and a 
further one had on ly  0 .02  b r e a l s / c e l l . T herefore, based on on ly  2 
c a se s , a t  th is  concen tration  of DEB (as with 0 .01  and 0 .1  jtg /m l), no 
d is t in c t io n  could be made between heterozygotes and c o n tr o ls . (No 
homozygotes were in v e s tig a te d  a t th is  co n cen tra tio n .)

DEB a t a concentration  of 0 .4  /ig/ml

A mean breakage ra te  o f 0.01 b r e a k s /c e ll  and an a sso c ia ted  standard  

d ev ia tio n  o f 0.01 were recorded in 4 con tro l c u ltu re s  trea ted  w ith



0 .4  [iq DEB/ml c u ltu r e . Two o f th ese  c o n tr o ls  ex h ib ited  no breakage, 
whereas 0 . 0 2  b r e a k s /c e ll  were present in  the o th er  two c u ltu r e s . 

T herefore, t h i s  dose, s im ila r  to  the p rev io u sly  d iscu ssed  
co n cen tra tion s o f DEB, d id  not appear to  enhance the number o f 

chromosome ab erration s in  th ese con tro l c u ltu r e s  -  the va lu es  
reported here are id e n t ic a l to  those found in the much larger  
non -treated  con tro l sam ple. (See sec tio n  4 .3 .2 .1 .3 .1 ) .  :ame of the 
heterozygote cu ltu res  s tr e sse d  w ith  an equal amount o f DEB ( i . e .  0 .4  

^ig/ml) had breakage r a te s  fa l l in g  w ith in  th is  s tr e s se d  co n tro l range, 
but the heterozygote mean was higher ( v iz .  0 .03 b r e a k s /c e l l ) .

DEB a t a concen tration  o f 1 .0  uq/ml

The 2 con tro l cu ltu res  treated  w ith  1 .0  fiq DEB/ml cu ltu re  had 

breakage r a te s  o f 0 .00  and 0 .03  o r e a k s /c e l l , w h ile  the 3 
h eterozygotes s tr esse d  w ith an equal con cen tration  of DEB had 0 .0 0 , 
0 .03  and 0 .10  c r e a k s /c e ll  r e sp e c t iv e ly . Although the sample s iz e  was 
sm a ll, i t  n ev erth e less  appears th at in creasin g  the concentration  of  
DEB does un fortu n ately  not r e s u lt  in the unequivocal d if fe r e n t ia t io n  

o f most heterozygotes and normal c o n tr o ls .

4 .3 .2 .1 .3 .3  WIC-ir.duced chromosome nreakage in normal 

c o n tro ls

MMC a t  a concentration  o f 0.01 jig/ml

a ) Hams F10 cu ltu re .neo.um

The 14 normal co n tro ls  treated  w ith 0 .01 /xg MMC/ml cu ltu re  e x h ib ite d , 

on average, a 6 - to ld  in crease  in breakage over the mean normal 
spontaneous breakage r a t e . Thi* mean breakage ra te  in s tr e sse d  
c u ltu r e s  was 0 .06 b r e a k s /c e ll and the so c ia ted  standard d ev ia tio n  

was 0 .0 6 . Breakage ranged from a low o f  0 .00  b r e a k s /c e ll to  a high  
o f 0 .20  c r e a k s /c e l l .  Thus, u n lik e  DEB, MMC a t  a concen tration  o f  
0 . 0 1  pig/ml does appear to  have a s t a t i s t i c a l l y  s ig n if ic a n t  e f f e c t  on 

normal c o n tr o ls .  (See se c t io n  4 .4 .1 )  T his normal range o f induced 
breakage u n fortu n ately  overlap s com pletely  w ith the MMC-stressed



heterozygote range. One hoinozygote (M.G.) a lso  f a l l s  w ith in  th is  
co n tro l range, but as d iscu ssed  in sec tio n  4 .3 .2 .1 .1 .3 ,  t h is  p a tien t  

appears to  have been m is c la s s if ie d  and may in fa c t not be an FA 

homozygote.

b) M150 cu ltu re  medium

E xtensive in te r p a tie n t  v a r ia tio n  in chromosome breakage vas recorded  

fo llow ing the ad d ition  o f 0.01 /*g MMC/ml cu ltu re  to  3 con tro l 
c u ltu r e s . One con tro l cu ltu re  ex h ib ited  0 .23  h r e a k s /c e ll ,  another 
0 .10  b r e a k s /c e ll  and the th ird  had 4 .0  b r e a k s /c e ll ,  a value 10 tim es 
higher than th at found in one sim u ltan eou sly  stu d ied  homozygote!
.„th resp ect to  the la t t e r  c o n tr o l, the e n t ir e  s l id e  revealed  on ly  6  

metaphases, g iv in g  an in d ica tio n  o f the extreme to x ic  e f f e c t  o f MMC 
in  th is  c u ltu r e . ( I t  should be pointed out th at the same untreated  

specimen cu ltu red  sim ultaneously  w ith M150 had a normal m ito tic  

in d ex .) This to x ic i ty  and accompanying high aberration  r a te , was not 
ev iden t in the F10 + NMG cu ltu re  which was processed a t the same time 

and to  which the same MMC so lu tio n  was added: 0 .10  b r e a k s /c e ll  were
noted in 30 c e l l s  screened .

MMC a t a concen tration  c f  0 .05  jig/ml

Using a Hams F10 medium, a dose of 0 .05 fiq MMC/ml cu ltu re  resu lted  in  

1 co n tro l ex h ib itin g  0 .17  b r e a k s /c e ll and the other having 0 .57  
b reak s/c e l l .  The la t t e r  value was higher than th at found in  2 
h eterozygotes sim ultaneously  stu d ied  with the same concen tration  of 
MMC and a lso  e sta b lish e d  in Hams F10 medium (0 .44  and 0.03  
b r e a k s /c e ll  r e s p e c t iv e ly ) ,  w hile a healthy 2 1  year-o ld  s ib l in g  a lso  

in v e stig a te d  a t the same tim e, ex h ib ited  0 .86  b r e a k s /c e l l .  ( I t  
should be pointed out that the con tro l in (question i s  a h ea lth y ,
E ngiish-speaking fe llo w  laboratory worker, and i s  th erefore  u n lik e ly  
to  be an FA h eterozygote .)  These ca ses  serve  to  emphasize the  

importance of sim ultaneously  studying normal c o n tr o ls  -  o c c a s io n a lly  

normal co n tro l c u ltu res  may tie h igh ly  s e n s i t iv e  to  W1C, e s p e c ia l ly  a t  
higher co n cen tra tio n s, and based on breakage va lu es a lo n e , 

m isd iagn osis i s  p o s s ib le .



As p rev iou sly  s ta ted  ( see se c t io n  3 .3 .2 .1 .4 )< s ib l in g s  were 

s p e c i f ic a l ly  not requested for the purposes o f  the present stu d y . 
O ccasion a lly  however, b loods were received  and th ese were then 
p rocessed . Because o f the low number o f s ib s  in v e stig a te d , i t  i s  
alm ost im possible to  draw any d e f in i t e  co n c lu s io n s . N everth e less , 
for the sake o f com pleteness, the r e s u lt s  obtained w il l  be b r ie f ly  

d isc u sse d .

4 .3 .2 .1 .4 .1  Spontaneous chromosome breakage in s ib l in g s

a) Hams F10 cu ltu re  medium

A ll 6  s ib s  included in the present study were screened for the 
presence o f spontaneously occurring chro some aberrations using Hams 

FlO as the cu ltu re  medium. The mean oreakage ra te  was 0.01 
b r e a k s /c e ll (range 0 .0 0  to  0 .0 4  b r e a k s /c e ll)  and the a sso c ia ted  
standard d ev ia tion  was 0 .02  b r e a k s /c e l l . This mean i s  id e n tic a l to 
th at found in the normal con tro l group and the breakage range f a l l s  
w ith in  that noted in the heterozygote group. These r e su lts  are 

somewhat expected s in ce  s ib l in g s  o f a ffe c te d  in d iv id u a ls  may ne 

e ith e r  com pletely normal or heterozygous for the FA gene.

b ) M50 cu ltu re  medium

Two s ib lin g  M150 cu ltu res  ex h ib ited  0 .03  and 0.07 breaks/celL  
r e sp e c t iv e ly . A breakage ra te  o f 0 .03  b r e a k s /c e ll  was recorded in 

the sim ultaneous FlO c u ltu re s  o f both su b je c ts .

4 .3 .2 .1 . / . 1 .1  com parison of s ib l in g  spontaneous
chromosome breakage data with other  

s tu d ie s

The 3 s ib l in g s  in v e s tig a te d  by Auerbach e t  a l . (1981) e x h ib ite d , on 
average, 0.01 b r e a k s 'c e l l .  This value i s  id e n t ic a l to  that noted in



the 6  s ib l in g  F1 0  c u ltu r e s .

4 .3 .2 .1 .4 .2  DEB-induced chromosome breakage in  s ib lin g s

Following s tr e s s in g  o t Hams F10 peripheral blood lymphocyte c u ltu res  

w ith  0 . 1 /ig DEB/mJ c u ltu r e , a mean induced breakage ra te  o f 0.04  
b r e a k s /c e ll  + 0 .0 4  was recorded in 3 s ib lin g  Hams F10 c u ltu re s .  

Breakage ranged from 0 .00  to  0 .06  b r e a k s /c e l l .  This range is  
id e n t ic a l to  th at found in the DEB s tr e s se d  co n tro l group. In 

c o n tr a s t/ Auerbach e t  a l . (1981) reported a mean breakage rate o f  
0.21  b r e a k s /c e ll (range : 0 .12  to 0 .3 4  b r e a k s /c e ll)  in the 3 s ib l in g s  

they s tu d ied . This find in g i s  rather unexpected s in ce  the same 3 
s ib l in g s  had a mean spontaneous breakage ra te  equal to  th a t found in  

the present study with Hams F10 medium, i . e .  0 .01  b r e a k s /c e ll . I t  
i s ,  o f cou rse , p o ss ib le  th at the 3 s ib l in g s  in v e stig a te d  by these  
authors may have been h etero zy g o tes , w hile those included in the 

present study may, by ch-tnce, a l l  have FA-/FA-  genotypes.

4 .3 .2 .1 .4 .3  MMC-induced chromosome breakage in s ib lin g s  

MTC a t  a concentration  o f 0 . 0 1  jig/ml

Only one s ib  Hams F10 cu ltu re  was s tr e s se d  with 0 .01 /ig MMC/ml 
cu ltu r e ;  0 .2 3  b r e a k s /c e ll were recorded. This i s  approxim ately an 
8 - fo ld  in crease  over the spontaneous breakage ra te  in t h is  s ib l in g .
I t  should be remembered that the con tro l group was a lso  s e n s it iv e  to  
the c la s to g e n ic  e f f e c t s  o f MMC and th erefo re  the observation  in th is  

s ib lin g  i s  probably o f no s ig n if ic a n c e .

MMC at a concen tration  o f 0 .05  itg/ml

Two s ib l in g s  showed 0 .10  and 0 .83  b r e a k s /c e ll r e s p e c t iv e ly  a fte r  

s tr e s s in g  Hams F10 cu ltu res  w ith 0 .05 fig MMC/ml c u ltu r e . Although 
the la t t e r  value i s  h igh , the normal co n tro l in v e s tig a te d  a t the same 

time ex h ib ited  0 .57  b r e a k s /c e ll ,  emphasizing the importance ot 
sim u ltan eou sly , under id e n t ic a l c o n d it io n s , studying normal c o n tr o ls .



4 . 3 . 2 . 1 . 5  Features

4 . 3 .2 .1 .5 .1  Spontaneous chromosome breakage in  su b je c ts
w ith  fe a tu r e s  o l F a n co n i's  anaemia

A to t a l  o t 15 in d iv id u a ls  d isp la y in g  fea tu res  o f FA, but not having 
s u f f i c ie n t  c l in ic a l  and/or haem atological stigm ata to  be c la s s i f i e d  
as FA tiomozygotes (r e fe r  to  se c t io n  2 .1 .1  for c r i t e r ia ) ,  wei_ 
screened for the preset ce  of spontaneously occurring chromos xnai 
a b erra tio n s. A mean breakage rate  of 0 .02  b r e a k s /c e ll was recorded 

in Hams F10 c u ltu r e s . The a sso c ia ted  standard d ev ia tio n  was 0.03  
b r e a k s /c e ll  and breakage in th is  group ranged from 0 . 0 0  to  0 .08  
b r e a k s /c e l l .  This range overlap s to  a g rea ter  or le s s e r  ex ten t with  
the ranges noted in a l l  the genotyp ic/phenotyp ic  c la s s e s .  The la t t e r  

fin d in g  i s  q u ite  f e a s ib le  s in ce  in d iv id u a ls  belonging to  the  
'fe a tu r e s ' c la s s  may be normal tor the FA gene, heterozygous for the 
FA gene (s in ce  some FA hoterozygotes may e x h ib it  some c l in ic a l  
fea tu res  o f FA -  see se c t io n  1 .4 .3 ) ,  or have a var ian t form of FA 

w ith v a r ia b le  expression  o f the c l in ic a l  c h a r a c te r is t ic s  o f the 

d iso rd er .

4 .3 .2 .1 .5 .1 .1  Comparison o t spontaneous chromosome
breakage data from the 'fe a tu r e s ' cxass  

with ottier s tu d ies

The 1 fea tu res' c la s s  in v e stig a te d  by Auerbach e t  a l . (1981) a lso  nad 
a mean spontaneous breakage ra te  o t 0.C3 t* e a k s /c e l l  (0 .00  -  0 .07  
b r e a k s /c e l l ) ,  w hile th at o t Cohen e t  a l . (1982a) ex h ib ited  a mean 

value o f 0 .29 b r e a k s /c e lls  (0 .06  -  0.41 b r e a k s /c e l l ) .  (See Table 
3 .11) I t  i s  q u ite  p o ss ib le  that the a p p lic a tio n  o t more str in g e n t  

g u id e lin e s  to the c la s s i f i c a t io n  o f FA homozygotes may have resu lted  
in  su b jec ts  being included in the la t t e r  a u th o r 's  'fe a tu r e s ' c la s s  
which oth er workers may fiave included as FA homo zy g o tes. 
U nfortunately, a s tr in g e n t c l in i c a l  and haem atological c la s s i f i c a t io n  
before chromosome s tu d ie s  were done, was not always p o ss ib le  in the  

present study, because o f the numerous c en tres  from which p a tien ts
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were referred  for in v e s t ig a t io n . Furthermore, lu l l  c l in i c a l  d e t a i l s  

were not always supp lied  a t  the time o f  chromosomal in v e s t ig a t io n .  

These fa c to r s  may have contribu ted  to  the m is c la s s if ic a t io n  o f ,  for  

exam ple, some in d iv id u a ls  w ith fea tu res  o f FA.

4 .3 .2 .1 .5 .2  DEB-induced chromsome breakage in su o je c ts  
with fea tu res o f Fanconi's anaemia

DEB a t a concentration  o f 0 .1  /xg/ml cu ltu re  induced a mean breakage 

ra te  o f 0 .02 + 0 .02  b r e a k s /c e ll  (range 0 .00  -  0 .04  b r e a k s /c e ll)  in 
Hams F10 cu ltu res  from 5 p a t ien ts  d isp la y in g  some stigm ata o f FA.
This mean value i s  equal to  that found in n on -stressed  naiL ures, 
in d ica tin g  th at the c e l l s  stu d ied  were not unduly su sc e p tib le  to  the 

c la s to g e n ic  e f f e c t s  o f  DEB a t th is  co n cen tra tio n . These fig u re s  are 

very s l ig h t l y  lower than th ose  o f Auerbach e t  a l . (1981) and much 
lower than those o f Cohen e t  a l . (1982a). (See Table 3 .1 2 ) As 
p rev io u sly  explained (se c t io n  4 .3 .2 .1 .5 .1 .1 )  lif fe r e n c e s  in 
genotypic c la s s i f i c a t io n  methodology may have led  to  the la t t e r  

d isc re p a n c ie s .

4 .3 .2 .1 .5 .3  MMC-induced chromosome breakage in su b jec ts  

w ith fea tu res  o f Fanconi's anaemia

As w ith DEB, MMC [0 .01  /ig/m l] a lso  d id  not g r e a t ly  enhance the number 
o f  spontaneously occurring ab erra tion s in 5 'fe a tu r e s ' in d iv id u a ls . 

Breakage ranged from 0 .00  to  0 .03  b r e a k s /c e ll and the mean breakage 
ra te  was 0 .02 b r e a k s /c e ll in Hams F10 c u ltu r e s . This mean was 
a sso c ia ted  with a standard d ev ia tio n  o f  0 . 0 2  b r e a k s /c e l l .  
In te r e s t in g ly , in co n tra st w ith th ese  r e s u l t s ,  MMC was found to  
g r e a t ly  enhance chromosome breakage in normal c o n tr o ls . (See sec tio n
4 .4 .1 )  This in co n sis ten cy  h ig h lig h ts  the v a r ia b i l i t y  in r e s u lt s  
fo llow in g  MMC treatm ent.

I t  th erefore  fo llo w s th a t, tnased on induced breakage r a te s  in th is  
group, the p a tien ts  e x h ib it in g  some fea tu res  o f  FA are e ith e r  normal, 
heterozygous, or have a form o f FA not d isp la y in g  abnormal
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chromosomal f r a g i l i t y .  Furthermore, the s tr e s s in g  o f th ese  c e l l s  did  

not con tribu te  to a d e f in i t iv e  d ia g n o s is .

In co n c lu s io n , when review ing the chromosome breakage r e s u lt s  
obtained spontaneously and fo llow in g  c la s to g e n ic  s tr e s s in g  (se c t io n
4 . 3 . 2 . 1 ) ,  i t  i s  ev id en t from the breakage ranges that considerab le  
in ter  p a tien t v a r ia tio n  was o b serv ’d . This problem of ind ividual 
v a r ia b i l i t y  not on ly  p erta in s to overlap s in the observed breakage 
r a te s  among genotypic c la s s e s ,  but a ls o  to  the v a r ia b i l i ty  observed  

w ith in  each c la s s  and the spread among the d if fe r e n t  g en otyp ic / 
phenotypic c la s s e s .  This marked 'w ith in ' c la s s  v a r ia b il i t y  i s  

r e f le c te d  in  the wide breakage ranges: those in d iv id u a ls  a t  the 
extrem es o f  the ranges are d iscu ssed  in the relevan t s e c t io n s . Even 

though the s ig n if ic a n c e  of the overlap  in breakage ranges has been 

alluded  to  in sec tio n  4 . 3 . 2 . 1 , i t  i s  n ev erth e less  necessary to  once 
again emphasize the problens r e la t in g  to  these marked d if fe r e n c e s  in 

breakage which may be noted even w ith in  the homozygote group, tor  

example (se e  sec tio n  4 .3 .2 .1 .1 ) .

Because o f the broad phenotypic d iv e r s i ty  c h a r a c te r is t ic  of FA, 
chromosome breakage has o ften  been suggested  as a laboratory  
d ia g n o stic  tool to  d e te c t a ffe c te d  in d iv id u a ls  (see  sec tio n  1 . 6 ) .  
C lea rly , tne frequency o f aberrant c e l l s  d etected  varied w idely among 

FA homozygotes, h etero zy g o tes , normal c o n tr o ls , s ib s  and in d iv id u a ls  

w ith  fea tu res  o f FA. Although th ese d if fe r in g  breakage r a te s  may 
rep resen t actual in d iv idu a l d if fe r e n c e s , th is  p o stu la te  does not 

always hold tru e , s in ce  in tra p a tie n t v a r ia tio n  i s  a lso  w ell 
docunented (see  s e c t io n s  1 . 6 .1 .2 .1  and 4 .3 .2 .1 .1 .1 ) .

The above-mentioned co n sid era tio n s  a re , o f  cou rse , of prime 

importance in a chromosome breakage study and focus a tten tio n  on the 
fa c t  th at breakage r e s u lt s  must always tie viewed in conjunction wi^h 

c l in ic a l  and haem atological data .
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4 .3 .2 .2  C e llu la r  i n s t a b i l i t y

I t  should tie pointed out th at the c e l lu la r  in s t a b i l i t y  va lu es in no 
way r e f le c t  the breakage r a te s  per se  i . e .  the mean nuntier o f  c e l l s  

w ith breaks as opposed to  the mean number o f breaks per c e l l .

4 .3 .2 .2 .1 .  Spontaneous c e l lu la r  in s t a b i l i t y

In the present study, th e 24 homozygotes d isp layed  a mean spontaneous 
c e l lu la r  in s t a b i l i t y  ra te  o f about 22%. (T his figu re  includes c e l l s  
showing chromatid or isoch rc:.a tid  g a p s). (See Table 3.13) This 
find ing c o r r e la te s  extrem ely v e i l  w ith the c la s s ic  report o f  
Schroeder e t  a l . (1964): they describ ed  two brothers with FA who
ex h ib ited  spontaneous chromosomal ab erration s in about 25% o f c e l s  
examined. Although the mean in s t a b i l i t y  r a te  in the present study i s  
s im ila r  to  that o f  Schroeder e t  a l . ,  i t  should be noted th at a wide 
range in the percentage a ffe c te d  c e l l s  was ev id en t in the 24 p a t ien ts  

in v e s t ig a te d ; 8 % to 47% o f c e l l s  were u n sta b le .

As exp ected , the h etero zy g o te , c o n tr o l , s ib  and fea tu res c la s s e s  were 

a l l  ch aracterised  by mean spontaneous in s t a b i l i t y  r a te s  much lower 
than those seen in the homozygote c la s s  (th e se  d if feren ces  have been 

s t a t i s t i c a l l y  analysed in se c t io n  4 .4 .3 ) .  R e la tiv e ly  small 

in s t a b i l i t y  ranges wecu observed . (Refer to  Table 3.13)

4 .3 .2 .2 .2  DEB- and MMC-induced c e l lu la r  in s t a b i l i t y

The 13 homozygotes s tr e sse d  w ith 0 .1  fig DEB/ml had a mean c e l lu la r  

in s t a b i l i t y  ra te  o f 79% ( range 8 % to 100%). (Refer to Table 3 .13) 
P a tien t F .P ., a p o ss ib le  homozygote but probable heterozygote vsee 
sec tio n  4 . 3 . 2 . 1 . 1 . 2 ) , d isp layed  ab erration s in on ly  8 % o f h is  c e l l s ,  

w hile the next low est ra te  was 33%. Eight o f the 13 p a tien ts  fad a
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c e l lu la r  in s t a b i l i t y  value o f more than 90%. I t  th erefore fo llow s  

th a t v e ty  l i t t l e  'c lu s te r in g ' occurred, i . e .  the chromosome 
ab erration s were f a ir ly  ev en ly  d is tr ib u te d  throughout the c e llu la r  

population that was screened . S im ilar ob servation s were made 
fo llow in g  IWC (0 . 0 1  /iq/ml) treatm ent -  a mean c e l lu la r  in s ta b i l i ty  

ra te  o f 70% was recorded (range 17% to  100%).

DEB and MMC s l ig h t l y  increased the in s t a b i l i t y  r a te s  (ana chromosome 
breakage values -  see  s ec tio n  4.4.1) in the h eterozygote , s i b , 
fea tu res  and con tro l groups. (See se c t io n  4.4.3 for s t a t i s t i c a l  
a n a ly s is .)  Once aaa in , the observed ranges in the mean percentage 

unstable c e l l s  were g en era lly  f a ir ly  sm all a fte r  DEB s tr e s s in g .
Wider ranges were noted in the heterozygotes and co n tro ls  fo llow ing  
MMC s tr e s s in g . I t  should be remembered that on ly  1 s ib  was screened  

for the presence o f MMC-induced chromosomal aberrat.uns and thus no 
meaningful observations can he made w ith  resp ec t to in s t a b i l i t y  ra te s  

in th is  group.

4 . 3 . 3  Q u a lita tiv e  a n a ly s is  o f  spontaneous and clastoqen-induced  

chromosomal ab erration s

4 . 3 .3 .1  Spontaneous chromosomal ab errations

The most common spontaneous chromosomal ab errations in untreated  
cu ltu re s  were chromatid breaks followed by chromatid gaps, (^ee 
se c t io n  3.3.3) Chromosome-type ( i . e .  isochrom atid) aberrations vere  
in turn more frequent than exchange co n fig u ra tio n s . Sim ilar fin d in g s  
have p rev iou sly  been reported by Schroeder and German, 1974; P o lan i, 

1976 and Schroeder, 1982.

The FA homo zygotes c o l l e c t iv e ly  had many more spontaneous 
rearrangements than the oth er c la s s e s  -  17 in 926 c e l l s  as opposed to  
1  in  946 c e l l s  in heterozygotes and the com plete absence o f reunion 

f ig u re s  in the s ib ,  fea tu re  and con tro l groups.

Only 3 o f 926 c e l l s  were endoreduolicated  in FA homozygotes. The



heterozyqotes arvJ c o n tr o ls  each had 1 endoredup lication  in 946 and 

1550 c e l l s  r e s p e c t iv e ly . Although an e x c e s s iv e  tendency for  
endoreduplication  to  occur spontaneously  in FA lymphocytes in cu ltu re  

has been rep orted , the present r e s u lt s  do not su b sta n tia te  those 
f in d in g s . (Schroeder e t  a l . 1964; von Koskull and Aula, 1973).

4. 3 .3 .2  DEB [0 .1  w g/m l]- and MMC [0 .0 1  fig/m l]-induced  
chromosomal ab erra tion s

Q u a lita t iv e ly , the breakage caused by the c la sto q en s DEB and MMC a t  
con cen tration s of 0 . 1  and 0 . 0 1  /xg/ml cu ltu re  r e sp e c t iv e ly , was 
s im ila r  to  that which occurred spontaneously in c e l l s  belonging to  
a l l  5  genotypic/phenotypic c la s s e s  -  chromatid breaks were the most 

frequent aberration both b efore and a f te r  s tr e s s in g . These r e s u lt s  
are in concordance w ith  the o r ig in a l fin d in g s  o f  Auerbach and Wolman 
(1976). Chemical treatm ent d id  however, in crease  the incidence o f  
a l l  types o f  ab erration s. (See se c t io n  3 .3 .3 )  The large numbers o f  
induced chromosomal ab erration s in the homozygotes were not found to  

be concentrated in a few c e l l s ,  but were u su a lly  d istr ib u ted  
throughout the m ajority o f  the c e l l s  screen ed . This i s  su b stan tia ted  
by the r e s u lt s  o f s t a t i s t i c a l  an a ly ses  employing 'breakage r a te s ' and 

'c e l lu la r  in s t a b i l i t y  r a te s '  -  the la t t e r  two s e t s  o f data y ie ld ed  

id e n t ic a l co n c lu sio n s. (See se c t io n  4 .4 )

N either DEB nor MMC increased the number o f endoreduplications in FA 
homo zy g o te s . Endored upl ic a t io n s  were never fom d in both treated  and 

untreated c e l l s  from the same p a t ie n t .

When treated  with 0 .1  /ig DEB/ml c u ltu r e , FA homozygote lymphocytes 
responded w ith approxim ately a 1 4 -fo ld  in crease  in chromosomal 
rearrangem ents/reunion f ig u r e s  compared w ith the number of 

spontaneously occurring exchange c o n fig u ra t io n s . MMC a t  a 
concentration  o f 0 . 0 1  fiq/mL cu ltu re  caused a . 8 - fo ld  increase in the 
number o f reunion f ig u r e s . The high number o f induced rearrangements 
noted i s  probably a function  o f  the g r e a t ly  increased number of 
'open' breaks seen in trea ted  c e l l s ,  so  a llow in g exchanges to occu r. 

I f  there are increased 'open' breaks, th ere should a lso  be an
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in crease  in the nuntoer o t con cu rren tly  occurring a c en tr ic  fragments -  

a c e n tr ic s  were indeed increased from 1.6% to 14.7% with DEB and i_o 

0.3% w ith MMC treatm ent.

C learly  tBen, the FA homozygotes c e r ta in ly  show a tendency towards 
higher numbers o f spontaneous and mutagen-induced s tr u c tu ra l 
rearrangem ents# when compared to  normal c o n tr o ls , o b lig a to ry  
h eterozygotes, s ib s  and in d iv id u a ls  w ith fea tu res o f FA. I t  should  
be noted th at not , 1 1  homozygotes ex h ib ited  reunion-type a b erra tio n s, 

in d ica tin g  th at some overlap  does e x i s t .  I t  i s  however, p o ss ib le  
th at i f  a large  number o f c e l l s  were screen ed , reunion fig u re s  might 
ha**e been observed in  a l l  homo zy g o tes. I f  th is  were found tc  be a 
c o n s is te n t  f in d in g , some workers may in the future p refer to  screen  

for th ese  f ig u re s  on ly , should th is  technique prove to  be 
lab ou r-sav in g . Since a large number of c e l l s  would be required for  
such a tech n iq u e, a p r a c tic a l d i f f i c u l t y  may be encountered in that 
FA homozygotes are u su a lly  ty p if ie d  by low m ito tic  in d ic e s . (See 

sec tio n  1 .7 .1 )

Although DEB s ig n i f ic a n t ly  increased  o v e r a ll chromosome breakage in  
heterozygotes (see  se c t io n  3 .4 .1 ) ,  the number o f rearrangements was 

not increasea by DEB s tr e s s in g  -  1 ring in 946 c e l l s  was noted  

spontaneously, w hile 1 ring in 520 c e l l s  was noted fo llow in g  DEB 
s t r e s s in g . (These r in g s  did  not occur in the same in d iv id u a ls .) No 
rearrangements were seen in MMC-stressed tieterozygote c e l l s .

C ontrol, s ib  and fea tu re  in d iv id u a ls  ex h ib ited  no spontaneous or 
DEB-induced exchange co n fig u ra tio n s . The one and on ly  s ib  s tr esse d  

w ith MMC had 1 quadrirad ial fig u re  in 30 c e l l s  screened and 1 
d ic e n tr ic  was noted in 170 M-lC-stressed c e l l s  o f p a t ien ts  with  

fea tu res  o f FA.

T herefore, the mean frequences o t DEB- and MMC-induced rearrangements 
in h eterozygotes do not d if f e r  g r e a t ly  from those in c o n tr o ls , s ib s  
ano in d iv id u a ls  e x h ib itin g  some fea tu res  o f FA. I t  should ho waver be 

noted th at the number o t rearrangements observed i s  extrem ely sm all 

and in  fu ture a far  larger  number o f c e l l s  should be screened in  
suspected  heterozygotes before tr u ly  v a lid  s t a t i s t i c a l  con clu sion s  

can be drawn. In accordance w ith  the present f in d in g s , Cohen e t  a l .



(1982a) noted no s ig n if ic a n t  d if fe r e n c e  (p>0.05) between the number 
o f  DEB-induced rearrangements in heterozygotes and normals. This 

fin d in g  i s  in co n tra st to  the r e s u lt s  obtained by Auerbach e t  a l . 
(1 9 8 1 ). The la t t e r  authors noted th a t in ad d ition  to  the increased  
number o f  chromosome b r e a k s /c e ll  fo llow in g  DEB [0 .1  /xq/mL] treatm ent, 
a s ig n i f ic a n t ly  increased  frequency o f induced tr ir a d ia l  and 
quadrirad ial co n fig u ra tio n s  in the lymphocytes from a l l  non-FA 
in d iv id u a ls  was a ls o  recorded. This fin d in g  was c e r ta in ly  not 

confirmed by the present study.

To sum up, chromatid breaks were the most frequent chromosomal 
ab erration s in a l l  5 genotyp ic/phenotyp ic c la s s e s  both before and 

a f te r  mutagen s t r e s s in g . Endoreduplication occurred a t a lower than 
a n tic ip a ted  frequency in FA homozygotes and DEB- a d  MMC-stressed 
c e l l s  did not show an increased  tendency towards en d ored u p lica tion . 
The number o f spontaneously occurring rearrangements was r e la t iv e ly  
high in  FA homozygotes, and e s p e c ia l ly  so a f te r  treatm ent w ith DEB 
and MMC. However, s tr e s s in g  the c e l l s  o f h eterozygotes, normal 
c o n tr o ls , s ib s  or p a tien ts  with fea tu res  o f FA did not ob viou sly  
in crease  the number o f exchange co n fig u ra tio n s . I t  fo llow s that the  
screen ing for 'reu n ion -typ e' ab erration s on ly , may p o ss ib ly  be of use 

in the d e te c tio n  o f homozygotes, and th is  technique warrants future  

accurate in v e s t ig a t io n .

4 .3 .4  The e f f e c t  of e th n ic  o r ig in  on chromosome breakage r e s u lt s

As noted in se c tio n  3 .3 .4 ,  the Black and White homozygote spontaneous 
breakage ra tes  did  not d i f f e r  s ig n i f ic a n t ly .  I t  should a ls o  be 
pointed out th at a chromosome breakage study by P into (1983) on 23 
Black and 63 White South African in d iv id u a ls  did not revea l any 

s ig n if ic a n t  d iffe re n c e  between spontaneous breakage ra te s  in th ese  

normal c o n tr o ls .

The fin d in g s  o f s tr ik in g ly  s im ila r  breakage values in  the Black and 
White p a t ie n ts  in d ic a te s  th at the m olecular d e fe c t could be the same 

in th ese  2 groups o f p a t ie n ts . However, t h is  [resum ption may not be 

vaJ id s in c e ,  for example, d if fe r e n t  m olecular m utations in j3 ~



thalassaem ia (O rkin, 1983) and Duchenne muscular dystrophy (Monaco e t  
a l .#  1985) are known to  r e s u lt  in the same phenotypic ex p ressio n . 
Furthermore, the c l i n i c a l  course appears to  be s im ila r  in Black and 

White p a t ie n ts  ( t h is  a sp ect i s  s t i l l  in the process o f being 
a ccu ra te ly  a ssessed  -  Prof. L. MacDougall, 1985 -  personal 

communication) .

T herefore, to  sum up, there i s  at present no reason to  suspect that 

the g e n e tic  d e fe c t d i f f e r s  in White and Black p a t ie n ts .

4 .4  STATISTICAL ANALYSIS OF SPDNTANHXXJS AND CLASTJGEN- INDUCED 
PERIPHERAL BLOOD LYMPHOCYTK CHROMOSOME BREAKAGE RESULTS, 
CELLULAR INSTABILITY HATES AND NUMBER OF 1 BREAKAGE-TYPE' 

ABERRATIONS

4 .4 .1  'Within c la s s e s '  a n a ly s is  of breakage data

DEB a t a concen tration  o f 0 .1  ^g/ml cu ltu re  induced a h igh ly  
s ig n if ic a n t  in crease  in the number o f chromosomal ab erration s when 

compared to  spontaneous breakage va lu es o f p a tien ts  homozygous for 

the FA gen e . By c o n tr a s t , DEB did not have a s ig n if ic a n t  e f f e c t  on 
chromosome breakage in u o lig a to ry  h eterozygotes, c o n tr o ls  and 
in d iv id u a ls  with fea tu res  of E’A. (The reader i s  referred  to  sec tio n

3 .4 .1  )

In the homozygote group, 0 .01 /ig MMC/ml cu ltu re  a ls o  s ig n if ic a n t ly  
enhanced chromosome breakage v a lu es . Although no such e f f e c t  was 

noted in the heterozygote and fea tu res  groups, MMC was a lso  noted to  

have a s ig n if ic a n t  c la s to g e n ic  e f f e c t  in the normal con tro l group.

The la t t e r  observation  i s  d i f f i c u l t  to  exp la in  s in c e  i f  MMC has a 

s ig n if ic a n t  c la s to g e n ic  e f f e c t  in normal c o n tr o ls , a s im ila r  e f f e c t  
would be expected in the r* terozygote  and fea tu res  c la s s e s .

I t  i s  o f  in te r e s t  to  note the s im ila r ity  between data including gaps 
and data excluding th ese  a b erra tio n s. In the homozygote group, DEB 

was found to  have a h ig h ly  s ig n if ic a n t  e f f e c t  (p<0 . 0 1 ) both when gaps 
were included and excluded in the c a lc u la t io n  o f breakage r a te s .
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Sim ilar fin d in g s  were noted when homozygote cu ltu re s  were s tr e sse d  

w ith MMC. In the con tro l group, MMC had a h ig h ly  s ig n if ic a n t  e f f e c t  

(p<0 . 0 1 ) when gaps were taken in to  con sid era tio n  and a s ig n if ic a n t  
e f f e c t  (p = 0 .0177) when gaps were not included in the breakage 
r a te s . T his s l ig h t  d iscrepancy i s  probably a ttr ib u ta b le  to  there  

being a sm aller number o f 'non-zero d if fe r e n c e s ' in the 'Spont- vs  
MMC-' comparison than in the 'Spont+ v s  MMC+' comparison. C..early  
then , the in c lu sio n  o f  gaps in the screen ing for  chromosomal 
ab erration s appears to  have no e f f e c t  on the f in a l  r e s u lt s .

4 .4 .2  'Between c la s s e s '  a n a ly s is  o f  breakage data 

The reader i s  referred  to  sec tio n  3 .4 .2 .

4 .4 .2 .1  Spontaneous chromosome breakage

C o lle c t iv e ly , the homozygote group ex h ib ited  spontaneous breakage 
r a te s  s ig n i f ic a n t ly  grea ter  than th ose o f  the h eterozygote , s ib ,  
fea tu res and con tro l groups. This s ig n if ic a n t  d if fe r e n c e  i s  ev id en t  

both when gaps are included and excluded in the c a lc u la tio n  of  
aberration  r a te s . No other genotyp ic/phenotyp ic c la s s  comparisons 
revealed  s ig n if ic a n t  d if fe r e n c e s  in inherent ( i . e .  spontaneous) 
breakage v a lu e s . T herefore, although homozygotes may, as a group, be 
d is tin g u ish ed  from a l l  other c la s s e s  on the b a s is  o f  spontaneous 
breakage r a te s , no d is t in c t io n  i s  p o ss ib le  between FA h eterozygotes, 
s ib s ,  p a t ie n ts  with fea tu res  o f  FA and normal in d iv id u a ls . I t  i s  

hovever im perative to  remember that the lower l im it s  o f  the 
homozygote spontaneous breakage range overlap  w ith the upper l im it s  
o f  the h e tero zy g o te , s ib ,  fea tu res and con tro l spontaneous breakage 
ranges. (See sec tio n  3 .3 .2 .1 . )

So as to  exclude p o ss ib le  ca se s  o f 'n o n -p a ter n ity ', a separate  

a n a ly s is  was performed using breakage va lu es observed in mothers on ly

(HE7Tm) . The ex c lu sio n  o f fa th ers  from the h eterozygote group did  

not have any s t a t i s t i c a l l y  n o ticea b le  e f f e c t  on the o v e r a ll r e s u l t s .



4 .4 .2 .2  DEB [0 .1  jig /m l]-induced chromosome breakage

DEB-stressed FA homozyqote c e l l s  had s ig n if ic a n t ly  higher breakage 
r a te s  than s im ila r ly  s tr e sse d  h eterozygote (both including and 

excluding the fa th e r s ) , fea tu res  and normal con tro l c e l l s .  The fact  
th at on ly  2  s ib s  were included in th is  a n a ly s is  probably accounts for  

there being no s ig n if ic a n t  d if fe r e n c e  between the s ib  and homozyqote 
groups. Although DEB-induced chromosome breakage va lues were sim ila r  
in  some o f the heterozygotes and normal c o n tr o ls , th ese  2  groups as a 
whole, responded s ig n if ic a n t ly  d i f f e r e n t ly  to  0 .1  /tg DEB/ml c u ltu r e .  

(This d iffe re n c e  was not noted in non—s tr e sse d  c u lt u r e s .)

Thus, even though the heterozygote and co n tro l groups are 
s t a t i s t i c a l l y  h igh ly  d is t in g u is h a b le , DEB s t r e s s  cannot be considered  

a d e f in it iv e  d iscrim inator o f in d iv id u a l p u ta tiv e  c a r r ie r s . This 
finding i s  in concordance w ith oth er published r e s u lt s ,  (Auerbach e t  

a l . ,  19B1T Cohen e t  a l . ,  1982a, b; C.rvenka and Hirsch, 1983). No 
d is t in c t io n  could however, be made between the h eterozygote, s in  and 
fea tu res  c la s s e s .  Once aga in , th e in c lu s io n  o f gaps in the breakage 

ra te s  had no n oticeab le  e f f e c t  on the o v e r a ll con clu sion s.
S im ila r ly , the exclu sion  o f  fa th ers  from the heterozygote group did  

not a l t e r  the r e s u lt s .

4 .4 .2 .3  MMC [0 .01  gg/m l]-in duced  chromosome breakage

S tressin g  with MMC enables c lea r  u f fe r e n t ia t io n  between FA 
homo zygotes and heterozyq otes, in d iv id u a ls  with fea tu res o f I-A and 
normal c o n tr o ls . When the homo zygotes were compared to heterozygote  

mothers, a s ig n if ic a n t  d if fe r e n c e  in breakage was noted when gaps 
were included in the c a lc u la tio n  o f aberration  r a te s  but not when 

they were exclvxied -  the ta c t  th at on ly  4 M M C-treated  mothers were 
included in th is  a n a ly s is  probably accounts tor th is  d iscrepancy. 
Only 1 s ib  was s tressed  w ith MMC, ex p la in in g  the n o n -s ig n ifica n t  
d iffe re n c e  between s ib s  and hom ozygotes. Unlike DEB, MMC did not 
have a s ig n if ic a n t  e f f e c t  on heterozyq otes when compared to  normal 

c o n tr o ls . I t  should however, be remembered that MMC a t a 
concen tration  o f 0 . 0 1  /ig/m l was found to  tiave a s ig n if ic a n t



c ld s to y e n ic  e t t e c t  in nonnal c o n tr o ls .  (See s e c t io n  4 .4 .1 )

4 .4 .2 .4  Summary and c o n c lu s io n s  

'Within c la s s e s '  comparison

The Wilcoxon signed ranks t e s t  showed bo th  MMC and DEB to  
s ig n i f ic a n t ly  enhance the number o f spontaneously occurring  
chromosomal ab erration s in FA Ixxnozygotes. DEB appeared to have no 
s ig n if ic a n t  e f f e c t  in norma* c o n tro l  su b je c ts , w hile con tro l c e l l s  
ex h ib ited  increased  s u s c e p t ib i l i t y  to  MMC. H eterozygotes, s ib s  and 
in d iv id u a ls  w ith  fea tu res  of FA showed no in c re a se d  s e n s i t iv i t y  to  
DEB or MMC c la s to g e n ic i ty .

' Between c la s s e s '  comparison

For the 3 v a r ia b le s  prim arily  co n sid e red  i . e .  F10 -  spontaneous 

breakage; F10 + DEB [0 .1  /tg /m l] ind iced  breakage and F10 + MMC [0.01
jig/m l] induced breakage, the g e n o ty p ic /phenotypic c la s s e s  were 
compared in a p a ir -w ise  fa sh io n  oy means of tne U -te st o f  
Mann-Whitnay. With respect to  spontaneous breakage, on ly  the FA 
homozygote group could be d is t in g u is h e d  from a l l  oth er groups.
However, fo llow in g  DEB s tr e s s in g , both Inmozygotes and heterozygoces 
could be d istin g u ish ed  from normal c o n t r o ls .  The tiomozygote group 
could a ls o  be d istin g u ish ed  from the Ile te rozygo te  and fea tu res  

c la s s e s .  (The s ib  group was too  sm all fo r  s t a t i s t i c a l l y  v a lid  
con clu sion s to  be drawn.) MMC a t  a concentration  o f  0.01 /ig/ml hud a 
s im ila r  e f f e c t  to  DEB in the homozygo tes i . e .  fo llow in g  MMC 
s tr e s s in g , the homozygote breakage v a lu es  were found to  d if fe r  
s ig n i f ic a n t ly  from those o f a l l  the  o th e r  c la s s e s .

The in c lu sio n  o f gaps in  th e  c a lc u la tio n  of breakage ra tes  was a t no 
time found to  a lt e r  any co n c lu s io n , w hile the ex c lu sio n  of fa th ers  

from the tieterozygote group was a lso  g e n e r a lly  found not to have any 
e f f e c t  on the o v e r a ll r e s u lt s .

T herefore, on th e  b a s is  of th e se  o b s e rv a tio n s , i t  appears th a t  both
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DEB and MMC s tr e s s in g  are r e l ia b le  and accurate techniques for the 

d e f in it iv e  cy to g e n e tic  d ia g n o sis  o f  FA hom ozygosity. However, the 

ex ten t o f chromosomal f r a g i l i t y  (both spontaneous and in  response to  
c la sto g e n ic  s t r e s s )  must always he a ssessed  w ith in  the con text o f  the 
fam ily  under study and relevan t fam ily data are e s s e n t ia l  so as to  
a scer ta in  p o ss ib le  fa m ilia l l e v e l s  o f  s e n s i t iv i t y .  Furthermore, i t  i s  
im perative to  sim ultaneously  e s ta b lis h  normal con tro l cu ltu res  so as 
to  d e te c t any unusual ex tern a l c la s to g e n ic  fa c to rs  which may be 
operating a t the L.me to  produce a higher than expected number o f  
chromosomal a b erra tio n s . The la t t e r  con sid era tio n s are of the utmost 

importance when the prenatal d ia g n o sis  o f FA, using induced chromosome 
breakage, i s  being con sid ered . I t  i s  th erefore  advocated th at the  
DEB-stress t e s t  in combination w ith the MMC-stress t e s t  be app lied  in  
a l l  problem atic ca ses  o f a p la s t ic  anaemia and in a l l  ca ses  where some 

stigm ata o f FA are e x h ib ite d . However, the d ia g n o sis  o f  FA must under 
no circum stances be made purely on the b a s is  o f an increased  response  
to  c la s to g e n ic  s t r e s s  -  on ly  in the presence o f f u l l  c l in ic a l  and 
cy to g en etic  data should a d e f in it iv e  d ia g n o sis  be cade.

With resp ect to  h eterozygotes, the present study provides no evide e 
th at in d iv id u a l p u ta tive  ca rr ier?  may he d if fe r e n t ia te d  from nor.,_i 
in d iv id u a ls  on the b a s is  o f spontaneous, DEB- or MMC-induced chromosome 
breakage. While DEB induced a s ig n if ic a n t ly  higher number o f  

chromosome ab erration s in FA heterozygotes as a group, compared to  
normal c o n tr o ls , a nm.ber o f h eterozygotes had breakage r a te s  s im ila r  
or even lower than control su b je c ts , thus lim itin g  the c er ta in ty  with  
which data on a s in g le  p o ss ib le  c a rr ier  can tx> in terp re ted . This 
conclusion  was a ls o  reached by Auerbach e t  a l . (1981) and Cohen e t a l .  
(1982b, using DEB, Cervenka e t  a l . (1981) using MMC and Berger e t  a l .  
(1980a) using n itrogen  mustard. Only Marx e t  a l . (1983) noted a c le a r ,  
in d iv id u a l d is t in c t io n  between heterozygotes and normal c o n tr o ls .

4 .4 .3  'Between c la s s e s '  a n a ly s is  o f  c e l lu la r  in s t a b i l i t y  ra te s

Both spontaneous and drug-induced c e l lu la r  in s t a b i l i t y  ra tes  were 
subjected  to  s t a t i s t i c a l  a n a ly s is .



4 ,4 .3 .1  Spontaneous c e l l u la r  i n s t a b i l i t y

The homozygotes, a s  a group, had spontaneous c e l lu la r  in s t a b i l i t y  
ra te s  s ig n i f ic a n t ly  grea ter  than th ose noted in the h eterozygotes, 
s ib  fea tu res  and con tro l groups. No other phenotypic/genotyp ic  
c la s s  comparisons revealed  s ig n if ic a n t  d if fe r e n c e s  in inherent 
c e l lu la r  in s t a b i l i t y .  These r e s u lt s  are id e n t ic a l to  those obtained  
when the spontaneous breakage data were subjected  to  s t a t i s t i c a l  
a n a ly s is . (See sec tio n  4 .4 .2 .1 )  The la t t e r  observation  i s  not 
unexpected s in c e  a c lu s te r in g  of ab erration s was never noted and very  
few c e l l s  revealed  more than 1 b r e a k /c e l l .  Consequently, in th is  

c a se , the c e l lu la r  in s t a b i l i t y  rate i s  in fa c t  a d ir e c t  r e f le c t io n  o f 
the breakage r a te s  w ith in  the c e l l s  screen ed .

4 .4 .3 .2  DEB [0 .1  ftg/m l]-induced c e l lu la r  in s t a b i l i t y

Following DEB s tr e s s in g  w ith 0 .1  /ig/m i c u ltu r e , FA homozygote c e l l s

showed c e l lu la r  in s t a b i l i t y  ra te s  s ig n i f ic a n t ly  higher than those  
recorded in s im ila r ly  s tr e s se d  h etero zy g o te , featu re and normal 

con tro l c e l l s .  Although the s ib  and homozygote c la s s e s  d id  not 
d if f e r  s ig n if ic a n t ly ,  i t  must be remembered th at on ly  3 s ib l in g s  were 
included in th is  a n a ly s is .  The heterozygote and co n tro l groups 

d iffe r e d  s ig n i f ic a n t ly  fo llow in g  DEB s t r e s s in g . These r e s u lt s  are  
once again id e n t ic a l to  th ose obtained when the DEB-induced breakage
data w r e  s t a t i s t i c a l l y  analyzed . ( See se c t io n  4 .4 .2 .2 )

4 .4 .3 .3  MMC [0 .01  jig /m l]-induced c e l lu la r  in s t a b i l i t y

MMC [0.01  jig /m l]-s tr e ssed  humozygote peripheral blood lymphocytes 
ex h ib ited  s ig n if ic a n t ly  more c e l lu la r  in s t a b i l i t y  than s im ila r ly  

trea ted  h etero zy g o te , fea tu re  and co n tro l c e l l s .  Although the 

s t a t i s t i c a l  r e s u lt s  show homezygotes not to  be d is tin g u ish a b le  from 
s ib s ,  i t  must be remembered th at o n ly  1  s ib  was included in th is  

a n a ly s is  and th erefore  no v a lid  con clu sion s can be drawn. I t  i s  o f  

importance to  note th at based on c e l lu la r  in s t a b i l i t y  r a te s , MMC does 
not enable the d if fe r e n t ia t io n  of h eterozygotes and c o n tr o ls . The



la t t e r  fin d in g  ia  in co n tra st to  the DEB-induevtd f in d in g s . (See 
se c tio n  4 .4 .3 .2 )  Tiiese re iiu lts  ire id e n t ic a l to  those obtain, d when 

the MMC-induced chromosome breakage data w^re sut)]ected to  

s t a t i s t i c a l  a n a ly s is .  (See se c t io n  4 .4 .2 .3 )

4 .4 .3 .4  Summary

S t a t i s t i c a l  a n a ly s is  o f spontaneous, DEB- and MMC-induced c e llu la r  
in s t a b i l i t y  ra te s  (% unstable c e l l s )  y ie ld ed  r e s u lt s  id e n t ic a l to  

those obtained when the resp ec tiv e  chromosome breakage ra tes  
(b r e a k s /c e ll)  were s t a t i s t i c a l l y  an a lyzed . (See sec tio n  4 .4 .2 .4 . )
I t  i s  th erefore apparent th at in the present study, the c e l lu la r  
in s t a b i l i t y  ra tes  may be regarded as being a r e f le c t io n  o f the 

chromosome in s t a b i l i t y  r a te s .

4 . 4 . 4  ' Between c la s s e s '  a n a ly s is  o f the number o f
'breakage-type' ab erration s

The b a sic  data tabulated  in Tables 3 .14  to 3 .19  c le a r ly  show th at 
once again the breakage ranges overlap  to a grea ter  or le s s e r  
e x te n t . This was a lso  noted when a l l  ab erration s ( i . e .  1breakage- 1 

and 'reun ion -type' ab erra tion s) were included in ttie c a lc u la tio n s  of  

breakage r a te s . (See se c tio n  3 .3 .2 .1 )

The U -test of Mann-Whitney revealed  th a t the spontaneous homozygote 
'breakage-type' aberration  ra te s  d if fe r e d  s ig n if ic a n t ly  from the  
heterozygote ( i . e .  mothers and f a t h e r s ) , s ib ,  featu re and con tro l 
v a lu es . Following DEB and MMC s t r e s s in g , the homozygotes once again  
had s ig n if ic a n t ly  more 'breakage-type1 ab errations than the 
h eterozygotes, featu re and con tro l groups. In a d d itio n , ttie 
heterozygotes and c o n tr o ls  d if fe r e d  s ig n i f i c a n t ly  a f te r  treatm ent 
w ith DEB (no such d if fe r e n c e  was noted fo llow ing MMC treatm ent) .  
Although no d is t in c t io n  was apparent between the homozygote and s ib  
groups subsequent to DEB and MMC s t r e s s in g , i t  must tie remembered 

th at very few s ib s  were subjected  to  mutagenic treatm ent, thus 
d etra ctin g  from the v a l id i ty  o f  th ese  s t a t i s t i c a l  co n c lu s io n s .



The above-mentioned find in qa are id e n t ic a l to  the r e s u lt s  obtained  

when the cum ulative breakage va lu es ( i . e .  a l l  ab erration s) vere 

subjected  to  the U -te s t  o f Mano-Whitney. This in d ica te s  th at the  
• reu n ion -typ e' ab errations in fa c t  contribu ted  very l i t t l e  to  the 
observed r a te s .  The on ly  c la s s  showing a r e la t iv e ly  high number o f  
1 reu n ion -typ e 1 a b erra tio n s, e s p e c ia l ly  a f t e r  c la s to g e n ic  treatm ent, 
was the homozygotes, but th is  group a ls o  ex h ib ited  high numbers o f  
•breakage-type' a b erra tio n s. (The 'reu n ion -type' aberration  r a te s  
u n fortun ately  could not be subjected  to  s t a t i s t i c a l  a n a ly s is  s in ce  in  
a l l  c la s s e s  except the hcmozygotes, both spontaneously and fo llow ing  

DEB- and MMC-stressing, ex ce p tio n a lly  few 'reun ion -type' aberrations  

were noted -  see  se c t io n  4 .3 .3 ) .

4 .4 .4 .1  Summary

On the b a s is  o f 'breakage-type' ab erration s o n ly , the homozygotes 
could be d is tin g u ish ed  from a l l  other groups. However, i t  i s  q u ite  
c le a r  th a t even the sep aration  o f 'breakage-' and 'reunion-type' 
ab erration s does not a llow  for the d e f in it iv e  d is t in c t io n  o f FA 
heterozygotes and norm als. Although the FA c a r r ie r s , as a group, 
d isp layed  s ig n i f ic a n t ly  more DEB-induced 'breakage-type' ab erration s  

than the c o n tr o ls , the breakage ranges overlapped con sid erab ly . 
However, the screening tor  'reu n ion -type' aberrations o n ly , may 
p o ss ib ly  oe o f use in the d e tec tio n  of homozygotes. (See sec tio n  

4 . 3 .3 )

4 .5  AMNIOTIC FLUID CELL AND FIBROBLAST STUDIES

4 .5 .1  D iscu ssion  o f r e s u lt s  of amnioti ' f lu id  c e l l  and 
f ib r o b la s t  s tu d ies

The mean spontaneous chromosome breakage ra te  in cu ltured  'a t-r isk *  
an r.io tic  f lu id  c e l l s  was 0 .23 b r e a k s /c e l l .  The most frequent type o f  

aberration  observed was chromatid breaks. One tr ir a d ia l  fig u re  v«s 

a ls o  noted in  the 30 metaphases screen ed . DEB a t  a con cen tration  o f



0 .1  ^.g/ml c u ltu re  induced 0 .53  b r e a k s /c e l l . When the C®B [0 .1  
^ig/m l]-contain ing medium was removed 48 hours p rior to  h a rv estin g , 
o n ly  0 .27  b r e a k s /c e ll  were noted . A breakage ra te  o f 0.67  
b r e a k s /c e ll  was noted fo llow in g  treatm ent w ith 0 . 5/xg DEB/ml 
c u ltu r e . C e lls  exposed to  DEB a t a concentration  o f  0 .5  /ig/m l 
cu ltu re  and then grown in  fresh  medium for  48 hours before  
h a rv estin g , ex h ib ited  0 .53  b r e a k s /c e l l . (See Table 3 .31)

Skin f ib r o b la s ts  from an FA homozygote had a spontaneous breakage 

ra te  o f  0 .33  b r e a k s /c e ll .  DEB-induced breakage va lu es in th is  

homozygote ranged from 0 .4 7  to 1.27 b r e a k s /c e l l .  (Refer to  Table 

3.32  for d e t a i l s )

By com parison, 0 .0 3  spontaneous b r e a k s /c e ll  were noted in  'normal' 
con tro l am ntotic c e l l s .  Treatment with DEB at a concen tration  o f 0 .1  
^tg/ml cu ltu re  resu lted  in  0 .13  b r e a k s /c e ll p lus 1 endoreduplication  
in  30 contro l c e l l s .  A ll other DEB treatm ents in t h is  con tro l 
y ie ld ed  on ly  0 .03  b r e a k s /ce ll i . e .  the same as the spontaneous 

breakage r a te .

Quite c le a r ly ,  both the spontaneous and drug-induced chromosome 
breakage noted in  the 'a t - r is k '  am niotic c e l l s  are very s im ila r  to  

th at seen in the sim ultaneously  cu ltured  FA fi ir o t .la s ts , and markedly 

e lev a ted  in comparison to  the normal con tro l am niotic c e l l s .
A nniotic c u ltu re s  from the same 'a t - r is k '  pregnancy were 
sim ultaneously  in v e stig a te d  in another laboratory in  South A fr ica . 
These workers a ls o  noted increased  spontaneous and DEB-induced 
breakage, confirm ing the present fin d in g s (Marx e t  a l . ,  1982). On 
the b a s is  o f  the above r e s u l t s ,  the fo e tu s  was diagnosed as  being  
homozygous for  the FA gene, and the parents decided to  term inate the  
pregnancy.

Abortion was induced in the 22nd week o f pregnancy. The le v e l  o f  

spontaneous chromosome breakage in fo e ta l sk in  f ib r o b la s ts  was 0 . 2 0  

b r e a k s /c e ll  and DEB-induced breakage va lu es ranged from 0 .47  to  1.17  

b r e a k s /c e l l .  This DEB-induced breakage range i s  s tr ik in g ly  s im ila r  
to  th at noted in the FA f ib r o b la s ts  stud ied  (0 .47  to  1.27  
b r e a k s /c e l l ) .



A fter term ination o f the pregnancy, the female fo e tu s  was c lo s e ly  
examined and the o n ly  ex tern a l abnorm ality found was a proxim ally  
placed malformed thumb. No otner co n g en ita l malform ations were noted 

e x te r n a lly . An autopsy examination was not performed. The 
s ig n if ic a n t ly  increased  chromosome breakage d etec ted  in  the fo e ta l  
f ib r o b la s ts  togeth er w ith the presence o f an abnormal thumb were 
considered to  be h igh ly  su g g estiv e  confirm atory evidence th at the 

prenatal d ia g n o sis  o f FA homozygosity was c o r r e c t .

With referen ce to  Tables 3.31 and 3 .3 2 , i t  i s  c lea r  th at  
1 breakage-type1 ab erration s were far in  ex cess  o f  1 reu n ion-typ e1 

a b erra tio n s . S im ilar to  the peripheral blood lymphocyte 
r e s u lt s  (se e  se c t io n  3 .3 .3 ) ,  remarkably few rearrangements were 
noted, even a f te r  DEB-treatment. However in the con tro l amnionic 
c e l l s ,  not one reunion fig u re  was s e e n . A very low number of 
endoreduplicated c e l l s  was noted in th e a ffe c te d  fo etu s  and FA 
f ib r o b la s t s .  One endoredt%>lication was seen in con tro l c e l l s .  The 
la t t e r  fin d in g s  confirm the peripheral blood lymphocyte r e s u lt s  which 
in d icated  th at FA homozygotes and heterozygotes are not characterized  
by g r e a t ly  increased  numbers o f endoreduplicated c e l l s .  (See se c t io n  
3 .3 .3 )  More breakage was g e n e ra lly  recorded a f te r  s tr e s s in g  the 
c e l l s  w ith 0 .5  /*g DEB/ml cu ltu re  compared with a dose o f 0 .1  fig 
DEB/ml c u ltu r e . Furthermore, removal o f DEB 48 hours prior to  
harvesting u su a lly  resu lted  in le s s  breakage, but a higher m ito tic  

index. DEB a t a con cen tration  of 0 .1  /ig/ml induced far l e s s  breakage 
in  the a ffe c te d  am niotic c e l l s  and FA f ib r o b la s ts  when compared with  
the e f f e c t s  of t h is  optim al 1 s t r e s s in g 1 concentration  o f DEB on FA 
lym phocytes. I t  i s  th erefo re  advocated th at fu ture 'a t - r is k '  
am niotic c e l l  c u ltu re s  be treated  w ith a t le a s t  2  concen trations o f  

DEB and th a t the c e l l s  be exposed to  DEB for as long as p o ss ib le  
without ad verse ly  a ffe c t in g  ttie m ito tic  ind ex.

4 .5 .1 .1  General comnents

FA was f i r s t  recognised as  being p o te n t ia lly  p ren a ta lly  d iagnosable  
in  1979, when Auerbach e t _ a l .  (1979a) cu ltured  c e l l s  from fo e ta l  
membranes obtained fo llow in g  an e le c t iv e  abortion  in  a pregnancy
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' a t - r i s k 1 f o r  FA. These c e l l s  ex h ib ited  spontaneous and DEB-in d u ced  

chrom osom al breakage c o n s is te n t  with th at seen in  FA heterozygotes  

p r e v i o u s l y  i n v e s t i g a t e d  by th ese  workers (Auerbach and Woiman,

1978). These encouraging r e s u lt s  led  to  attempted d iagnoses of FA in  

cu ltu red  am niotic c e l l s  using DEB as a c la s to g e n .

Tt> d a te / a t  le a s t  30 pregnancies 'a t - r is k '  for  FA have been monitored 
fo r  the presence o f increased  spontaneous and DEB-induced chromosome 

breakage ( Auerbach e t  a l . ,  1985). Seven of th ese  fo e tu se s  were 
p ren a ta lly  diagnosed as a ffe c te d  oy FA; 2 were carried  to  term and 
resu lted  in  the b ir th  o f c l i n i c a l l y  a ffe c te d  c h ild r e n . The other 5 
pregnancies were term inated . One newborn and 2 abortuses had 
co n gen ita l m alform ations, including abn orm alities o f the thumb ana 

rad iu s. The other a ffe c te d  liveborn  (age 5j years a t  the time o f  
w r it in g ) , has severe growth retard ation  and pancytopenia. The 
prenatal d ia g n o sis  o f normal fo e tu se s  in ttte other 23 pregnancies 
•a t -r is k ' for  FA were confirmed a fte r  b ir th  by the absence of 
co n gen ita l abn orm alities and by the normal response o f peripheral 
blood lymphocytes to  DEB in a i l  ca ses  in which t is s u e  was a v a ila b le  

for  study.

A m n io c e n te s is  i s  g e n e ra lly  regarded as  being of low r isk  to th e  

m o th er  and f o e t u s ,  b u t  cannot be performed p r io r  t o  15 -  16 w eek s o f  

g e s t a t i o n .  The time r e q u ir e d  for c u l t u r in g  th e  a m n io t ic  c e l l s  and  

f o r  a n a l y s i s  or c y t o g e n e t i c  and biochem ical o r  m o le c u la r  d a t a , i s  

s u c h  t h a t  a  d e f i n i t i v e  d ia g n o sis  i s  o ften  o n ly  a v a i l a b l e  a t  20 t o  22 

w eek s o f  g e s t a t i o n . I t  would th erefore  be a d v a n ta g e o u s  i f  th e  

d ia g n o s i s  o f  an abnormal fo e tu s  c o u ld  be made in th e  f i r s t  t r im e s t e r  

o f  p reg n a n cy , a s  t h is  would o f f e r  a g rea ter  b e n e f i t  in  te r m s  o f  a  

re d u ce d  w a i t in g  p e r io d  for r e s u lt s  and a sa fer  method o f  a b o r t io n  

s h o u ld  an a b n o r m a lity  be id e n t i f ie d .  To th is  end, a number o f  

i n v e s t i g a t o r s  h ave r ec e n tly  made much progress in d e v e lo p in g  a  s a f e  

and  r e l i a b l e  t e c h n iq u e  for obtain ing j ->nic v i l l u s  b i o p s i e s  in  th e  

f i r s t  t r im e s t e r  o f  pregnancy, and in _ -*-ig, h ave e s t a b l i s h e d  th e

p r a c t i c a l i t y  o f  t h e s e  methods. (Simoni e t  a l . ,  1983; Ward e t  a l . ,  

1983; Smid t - J e n s e n  ana Hahnemann, 1984.)

R ecently , Auerbach e t  a l . (1985) reported on an in v e s t ig a tio n  to
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determ ine the f e a s ib i l i t y  o f  performing prenatal d iagn osis in 
'a t - r is k '  pregnancies for FA, using ch o r io n ic  v i l lu s  c e l l s  cultured  

in the presence o f  DEB. Four o f th e ir  s e r ie s  o f 30 prenatal 
diagn oses were diagnosed as normal on the b a s is  o f  chromosomal 
breakage s tu d ies  in c e l l s  obtained by ch o r io n ic  v i l lu s  b iopsy. 
Subsequent am niocentesis performed a t 16 weeks o f g e sta tio n  a lso  
revealed  no increased chromosomal breakage in am niotic c e l l s  from 
ttiese 4 c a se s . The technique o f  ch o r io n ic  v i l lu s  biopsy thus holds 
g rea t promise for the future d ia g n o sis  o f  a ffec tx J  fo e tu se s .

Sh ip ley  e t  a l . (1984) reported the f i r s t  case in which fo e ta l blood 
was in v estig a ted  for the presence of increased chromosome breakage. 
Following 2 am niotic c e l l  cu ltu re  fa i lu r e s  a t 16 and 18 weeks of  
g e s t a t io n , th e ir  p a tien t was o f f e r e d , and agreed to , fo e ta l blood 

sam pling, which was performed as d escribed  by Rodeck (1980). Tne 

• a t - r i s k ' foetu s was shown to be a ffe c te d  t  A on the b a s is  of 
e x c e ss iv e  spontaneous and MMC-induce i reakas • in 2 -hour cultured  

peripheral blood lymphocytes. Sh ipi » t a l . (1984) found no 
evidence that fo e ta l blood responds d if f e r e n t ly  from children s  or 

a d u lt 's  blood to MMC and they were ab le  to  d e tec t marked 
h y p er sen s it iv ity  to th is  c la stogen  in the foetu s 'a t -r is k ' for FA. 
Thus, no d if feren ces  in drug metabolism between fo e ta l and non -foeta l 
blooo cu ltu res  were ev id en t. These authors th erefore advocate th at 
even though the r isk  o f fo e ta l lo s s  (2% to 3%) follow ing fo e ta l blood 
sampling i s  higher than that a sso c ia te d  with am niocentesis (0.5% to  
1 %), the former procedure should be considered as an a lte r n a tiv e  

technique in the d iagn osis of chromosome breakage syndromes.

The tech n ica l m erits a sso c ia ted  w ith  fo e ta l blood sampling include a 
sh orter  time in which r e s u lt s  can be obtained (4 days as opposed to + 
3  weeks follow ing a m n iocen tesis); the greater ease  in s e tt in g  up 
p a r a lle l control cu ltu res  tor o b lig a to r y  heterozygotes and the index 
p a tien t;  and the higher m ito tic  index g e n e ra lly  obtained in blood 

c u ltu re s  r e la t iv e  to f ib ro b la st or am niotic c e l l  c u ltu r e s . However, 
th ese  advantages must be considered in the l ig h t  of the s l ig h t ly  
higher r isk  o f foetoscopy with regard to  fo e ta l lo s s  and p o ssib le  

prem aturity and p erin ata l m orbidity.



4 .5 .1 .2  Summary and conclusions

The r e s u lt s  o f tne present study on am niotic c e l l  and fib r o b la s t  
cu ltu re s  are in accordance with p rev io u sly  published fin d in g s  and 
c o n c lu s iv e ly  show th a t cy to g en etic  a n a ly s is  of am niotic f lu id  c e l l s  
can provide a r e l ia b le  and r e la t iv e ly  sa fe  method for  the prenatal 
d ia g n o sis  o f FA. The fa c t  that FA heterozygotes are not c le a r ly  
d is tin g u ish a b le  from normal co n tro ls  on the b a s is  o f chromosome 
breakage i s  o f  no consequence in the prenatal d ia g n o sis  o f FA, s in ce  
heterozygotes are g e n e ra lly  ' s i l e n t 1 c a r r ie r s  o f  the FA gen e . (See 

se c t io n  1 .4 .3 )

I t  i s  advocateo th at ultrasonography accompany am n iocentesis , in an 
attem pt to  id e n t ify  con gen ita l m alform ations such as rad ia l d e fe c ts .  
However, i t  i s  im perative th at the ultrasound fin d in g s  be considered  
in  conjunction with am niotic c e l l  chromosome breakage s tu d ie s  s in ce  
the in a b il i ty  to demonstrate abn orm alities on sonar sca n , or the 
absence o f p h ysica l ab norm alities does not rule out a d ia g n o sis  of 
FA. Furthermore, some FA heterozygotes may e x h ib it  some o f the 

som atic fea tu res ty p ic a l o f FA hom ozygosity. (See sec tio n  1 .4 .3 )  
F in a lly , i t  must a lso  be remembered that some FA homozygotes are not 
characterized  by increased chromosomal f r a g i l i t y .  (See se c tio n  1 .6 )  
T herefore, in order to  contem plate prenatal d ia g n o sis  o f FA in  any 
one p a rticu la r  fam ily , the a ffe c te d  member/s of the fam ily must 
e x h ib it  spontaneous and/or induced chromosome breakage c le a r ly  
d is tin g u ish a b le  from th at seen in heterozygotes from the same fam ily  
and normal unrelated c o n tr o ls . Given th ese  co n d itio n s , am niotic  
c e l l s ,  fo e ta l blood and chorion ic  v i l l i  can he used for the prenatal 
d ia g n o sis  of FA.

4 .6  'TROUBLE-SHOOTING'

Mention must be made o f a c r ip p lin g  problem which was encountered  

some 9  months a f te r  the commencement of the present study -  the 
ad d ition  o f DKB to  the peripheral blood lymphocyte cu ltu res  

apparently resu lted  in the c e l l  c y c le  being 'b locked' a t a s ta g e  

p rior to  m ito s is . A ll DEB-treated c u ltu r e s , ir r e sp e c t iv e  o f the DEB



c o n c e n t r a t io n  o r  t h e  FA g e n o ty p e ,  d i s p l a y e d  P h A -tr a n sfo r m e d ,

1 h ea lth y -lo o k in g 1 c e l l s ,  but no m etaphases.

P rob lem  s o l v i n g  s t r a t e g y

I n i t i a l l y  i t  was b e liev ed  th at the DEB stock  so lu tio n  had undergone a 

chem ical a lte r a t io n  lead ing to  a g rea ter  to x ic i t y  p o te n t ia l ,  perhaps 
the r e su lt  o f f lu c tu a tio n s  in r e fr ig e r a tio n  temperature due to  

mechanical f a i lu r e .  No evidence was found to  support t h is  la t t e r  
th eory. At le a s t  3 new b o t t le s  o f DEB (Merck) were purchased but, 
a g a in , a l l  peripheral blood lymphocyte and f ib r o b la s t  cu ltu res  
s tr e sse d  w ith DEB fa ile d  to  y ie ld  any m etaphases. I t  th erefore  
seemed c le a r  that i t  was not the DEB per se  causing the problem, but 
rather an in tera c tio n  between the DEB and another cxxnponent, e ith er  
b io lo g ic a l (eg . an in gred ien t of the cu ltu re  medium) or p h ysica l (eg . 
laboratory m a te r ia ls ) . Consequently, a number o f experim ental 
s t r a te g ie s  were adopted in  an attem pt to  id e n t ify  the cau sa tive  

mechanism behind t h is  problem.

F ir s t ly ,  a l l  p h ysica l m ateria ls  used in ttie cu ltu rin g  process were in  
turn su b s titu te d , one a t a tim e, for  other brands or components. For 
example, s t e r i l e  g la s s  McCartney b o t t le s  were employed in stead  of 

Falcon cen tr ifu g e  tubes; d if fe r e n t  brands o f hypodermic n eed les and 
sy r in g es  were used , w hile some c u ltu re s  were e sta b lish e d  w ithout the  
use o f n eed le s . In a further s e t  o f  experim ents, M150 medium and 
fo e ta l c a l f  serum were used as s u b s t itu te s  tor Hams F10 medium and 
pooled human AB serum. DEB was d ilu te d  in s t e r i l e  s a lin e  or n u tr ien t  
medium in stead  o f the usual s t e r i l e  d i s t i l l e d  w ater. In ad d ition  to  
routin e 6 6 - hour c u ltu r e s , 4 8 -hour and 92-hour c u ltu res  were a lso  
e s ta b lis h e d . Furthermore, DEB was added a t in i t ia t io n  of cu ltu re  and 
a fte r  24, 36 and 48 hours o f c u ltu r e . The DEB con cen tration s used 
ranged from 0.01 /ig/m l to  1 .0 / ig /m l.  A ll experim ents proved 

f r u i t le s s  -  in a l l  cases th e m ito tic  index was zero , whereas 
sim ultaneous c u ltu re s  e sta b lish e d  on the same blood samples w ithout 

DEB y ie ld ed  s a t is fa c to r y  numbers o f  metaphases.

Because the c e l l s  were health y and transformed in  appearance, i t  was 
decided to  in v e s t ig a te  whether DNA sy n th e s is  was s t i l l  occu rrin g , A



number ot d if fe r e n t  cux^ures were sim u ltaneously  e sta b lish ed  using 

the methods described in sec tio n  2 .1 .4 .  Some 42 hours a fte r  
in i t ia t io n  o f cu ltu re  ( i . e .  24 hours p rior to h a rv est in g ), 3 x 1ml 
samples of each cu ltu re  were tran sferred  to separate m icroculture 
w e l l s , allow ing each sample to  be in v e s tig a te d  in t r ip l ic a t e .  To 
each of th ese w e lls , 0 . 1 /iCi [6 -3 h ] thymidine/ml cu ltu re was added 
for a further 24 hours a t 37°C. This cu ltu re  'mix' was then spotted  
onto f i l t e r  paper d is c r , each o f which was subsequently d isso lv ed  in 
5ml s c in t i l la t io n  'c o c k ta i l ' ( ' E s ta g e l: ) .  These samples were 
subsequently 'counted' in a s c i n t i l l a t i o n  cou n ter . In the f i r s t  such 

in v e s t ig a t io n , 4  in d iv id u a ls  ( 1  c o n tr o l, 2  hecerozygotes and 1 

su b jec t with featu res o f FA) were stu d ied  under 12 d if fe r e n t cu ltu re  

c o n d it io n s . These r e s u lt s  are tab ulated  in Table 4 .1 .

TABLE 4 .1  Mean DPM* (d is in te g ra tio n s /m in u te ) follow ing uptake o f  

[6 -3 h] thymidine

CULTURE CONDITION CON. MET. MET . FEAT.

F10 SPONTANEOUS 44 645 1 1 965 28 498 57 258

F10; 0 .1  fig DEB/mi 7 849 2 188 5 545 8 205

F10: 0 .5  nq  DEB/ml 9 205 3 061 6 320 8 569

F10: 1 .0  pq  DEB/ml 4 052 1 751 2 261 2 702

"1 0 ; 0 . 0 1  fiq PMC/ml 47 018 14 806 27 260 52 783

F.O; 0 .1  fiq MMC/ml 15 915 4 803 1 0 917 2 0 312

FIG: 0 . 5 /ig MMC/ml 7 747 1 480 8 029 9 0 2 0

Ml50; SPONTANEOUS 87 0 2 0 2 1 636 47 637 119 601

M150; 0 .1  fiq DEB/ml 14 768 3 420 7 297 9 824

Ml50; 0 .5  fiq DEB/ml 1 0 728 1 938 8 821 1 1 206

M150; 0.01 fiq MMC/ml 63 546 18 138 13 711 81 044

Ml.50; 0.1 fiq MMC/ml 2 0 189 7 501 15 469 27 215

4 x BLANK samples : mean DPM = 17 (= background)

* Mean DPM based in each case on 3 sam ples.



The r e s u lt s  in Table 4 .1  in d ica te  th at thymidine was being 
incorporated i . e .  DNA sy n th e s is  was occurrinc in  a l l  the c u ltu r e s .

The ra te  o f sy n th es is  was however lower in  the spontaneous 
heterozygote cu ltu re  than in the con tro l and 'fe a tu r e s ' c u ltu r e s .  
(U nfortunately , no homozygote peripheral bloods were a v a ila o le  for  
stu d y .) The c u ltu re s  which did not have DEB or MMC added to  them 

showed, not su p r is in g ly , the h ig h est uptake o f [6 -3 h] thym idine.
I t  i s  o f in te r e s t  th at tha M150 cu ltu res  sim ultaneously  processed  
from each of 4  cases ( 2 0  samples) nearly  a l l  showed a greater  
incorporation o f thymidine than the F10 cu ltu res  -  Hams F10 medium is  

g en era lly  reoarded as being far r ich er in n u tr ien ts  than M150. Due 
to  the obvious in crease  in to x ic i t y  w ith increasin g  mutagen 
co n cen tra tio n , an in verse  c o rre la tio n  between DEB/MMC concentration  
and thymidine uptake was g e n e ra lly  noted . S tran gely , there was a 
very sm all d if fe r e n c e  between those cu ltu re s  s tr e s se d  with 0 . 1  /id 
DEB/ml and th ose s tr e sse d  with 0 .5  /ig DEB/ml -  a s l ig h t ly  lower 
incorporation o f  thymidine was seen in th e former c u ltu re s .

At the same time as s e t t in g  up the above-mentioned c u ltu r e s ,  
d u p lica te  c u ltu res  were e sta b lish e d  and subjected  to  id e n t ic a l  

co n d itio n s; [6 -3h ] thymidine was however, not added to th ese  
d u p lica te  c u ltu r e s . These c u ltu res  were harvested a fte r  the usual 6 6  

hours and screened for the presence- o f m etaphases. Although 
metaphases were always noted in  the FIG SPONTANEOUS, M150 SPONTANEOUS 
and p lus MIC c u ltu r e s , the m ito tic  index in those cu ltu res  to  which 
DEB was added was always zero , eventhough the MMC and DEB sy n th es is  
r e s u lt s  were f a ir ly  s im ila r . (See Table 4 .1 )

I t  should be noted th at the above t e s t  was repeated using 5 d if fe r e n t  
bloods and 7 d if fe r e n t  cu ltu re  c o n d it io n s . Very s im ila r  r e s u lt s  to  
those here described  were once again ob ta in ed .

The r e s u lt s  o f  th ese experim ents measuring the uptake of thymidine 
th erefore  in d ica ted  th at the DEB-stressed c e l l s  were probably passing  

through the S-phase o f the c e l l  c y c le  and th er e a fte r  being blocked in  
the G2 phase, prior to  m ito s is . In te r e s t in g ly , flow  cytom etric  
s tu d ie s  o f FA f ib r o b la s ts  have revealed  an accumulation o f  

MMC-treated [0 .0 5  or 0 .1  /ig/m l] c e l l s  in the G2 phase o f the c e l l



c y c le .  (K aiser e t _ a l . ,  1980, .982; Latt e t  a l . ,  1982). The reason 

for  th is  accum ulation o f FA c e l l s  prior to  m ito s is  remains to  be 
determ ined. Latt e t  a l . (1982) pointed out th at d.iina<jed c e l l s  are 

o ften  blocked in or near the G2 phase o f the c e l l  c y c le  and th at th is  
phenomenon i s  not unique for FA c e l l s  or to  c e l l s  trea ted  with MMC.

Quite p la u s ib ly  then , in the present study, an unknown fa c to r  may 
have enhanced the to x ic i ty  o f the DEB, r e su lt in g  in  damage so severe  

th at the c e l l s  were blocked in G2.

At. the time o f experiencing the abn /e-described  cu ltu re  problems, a 
s im ila r  studv on FA was in progress a t  the U n iversity  of the Orange 

Free S ta te  (U .C .F .S .) ,  B loem fontein . (F ig . 3 .1 )  (See Marx e t  a l . ,
1 9 8 3 ). The DEB stock  so lu tio n  which was s u c c e s s fu lly  being employed 
in  the la t t e r  study was forwarded to  the w riter  and duly added to  a 

few con tro l peripheral blood lymphocyte c u ltu res  -  once aga in , the 
m ito tic  index was zero . This served as an in d ica tio n  th at perhaps 
fa c to rs  other than the mutagen i t s e l f ,  were causing th is  apparent 

block in  the c e l l  c y c le .

The next s tep  in pursu it o f a so lu tio n  was to  tra v e l to  U.O.F.S. and 
e s ta b lis h  cu ltu re s  in tn at laboratory using th e ir  m ater ia ls  as w ell 
as m ater ia ls  id e n t ic a l to  those being used in the w r ite r 's  
laboratory . I t  should be s tr e sse d  th at a l l  m ater ia ls  -  DEB, medium, 
serum, s t e r i l e  w ater, f ix a t iv e ,  sy r in g es , n eed le s , cu ltu re  f la s k s ,  
blood samples e t c .  were taken to  Bloemfontein by the w r ite r , but 
ob viou sly  th is  did not include c en tr ifu g es  and in cu b ators. Hov*ver, 
the la t t e r  two p ie c es  o f equipnent were checked and no problems had 

been encountered by the routine laboratory s t a f f  using the same 
equipment. A large s e r ie s  o f d if fe r e n t  c u ltu res  were then 
e s ta b lish e d , b a s ic a lly  comprising d if fe r e n t  com binations o f  
•Bloemfontein m ater ia ls ' and 'Johannesburg m a te r ia ls ' . A ll th ese  
c u ltu re s  were e s ta b lish e d  in d u p lica te  -  one batch was s e t  up by the 
w riter  and the other by an experienced laboratory worker. A ll 

c u ltu re s  y ie ld ed  m etaphases. The sc3 f-same m ater ia ls  were then 
transported back to  Johannesburg and DEB-treated c u ltu re s  were 

e sta b lish e d  in  the w r ite r 's  laboratory and sim ultaneously  in another 

laboratory in Johannesburg -  the r esu lta n t m ito tic  index was in  a l l  

ca ses  zero!
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A lo g ic a l  ana r a tio n a l exp lanation  as to  the extreme to x ic  e f f e c t  
th a t the DBB was a t the time producing in Johannesburg was 

u n fortun ately  never uncovered.



Section 5



5. GENERAL DISCUSSION AND CONCLUSIONS

Fanconi's anaemia (FA) i s  u su a lly  ch aracterized  by a v a r ia b le  natural 
h is to ry  and age o f o n se t , togeth er w ith a wide range o f c l in ic a l  and 
p a th o log ica l m alform ations which may be present e ith e r  s in g ly  or in  
com bination. (See se c t io n  1 .4 .2 )  Untreated ch ild ren  with FA have a 
poor prognosis -  the average duration o f l i f e  a f te r  the on set of 
pancytopenia i s  approxim ately 2  y ea rs , although much v a r ia tio n  does 
e x is t  (Gmyrek and Syllm-Rapoport, 1964). Death i s  commonly caused by 

haemorrhage or in fe c t io n . Evidence i s  accumulating that those  
p a tien ts  who su rv ive th e ir  bone marrow a p la s ia  are l ik e ly  to  develop  
a malignancy, e ith e r  as a r e su lt  o f treatm ent, or more probably, due 
to  the inherent nature o f the FA d ise a se  process i t s e l f .  (See 

sec tio n  5 .3 .5 )

The present study has once again confirmed the extreme s u s c e p t ib i l i t y  
o f the chromosome complement o f FA homozygotes (and to  a lim ited  
e x te n t , FA h etero zy g o tes) ,  to  spontaneous and mutagen-induced 
chromosome breakage. This chapter i s  aimed a t eva lu atin g  the  
s ig n if ic a n c e  o f chromosome in s t a b i l i t y  in the pathogenesis o f th is  
d iso rd er , s p e c i f ic a l ly  w ith resp ect to  the broader a e t io lo g ic a l  and 

pathogenetic a sp ects  o f on cogen esis.

5 .1  re r .L U L A R  IMPLICATIONS OF CHROMOSOME BREAKAGE IN FANOONI'S 

ANAEMIA

The consequences o f  chromosome breakage to  the in d iv id u a l c e l l  become 
ev id en t a t  anaphase id te lo p h a se : a c en tr ic  fragments w i l l  not be 
attached to  the spii,\_ ,e and w il l  th erefore  be lo s t  from the c e l l ;  
d ic e n tr ic  chromosomes would form bridges which would ev en tu a lly  

break; chromatin masses which have not migrated properly to  e ith e r  
p ole  could be enveloped by nuclear membranes, which would then 
m anifest a s  m icron u cle i. A ll th ese  even ts would lead to  an imbalance 

o f the g e n e tic  m ateria l in the daughter c e l l s  r e su lt in g  in a 
reduction in  th e ir  l i f e s p a n . There are however, important excep tion s  
to  th is  g e n e r a liz a tio n , as some c e l l s  w ith gross changes in  th e ir  
g en e tic  c o n s t itu t io n  may prove s ta b le  and su rv ive  to  continue th e ir
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path through the c e l l  c y c le . (In t h is  resp ect i t  should be noted  
th at chromosomally abnormal c lo n es  have been observed in FA p a t ien ts  

-  see se c t io n  5 .3 .3 ) .

I t  i s  probable that c e l l s  bearing chromosome abn orm alities w i l l  not 
be ab le  to  d iv id e . These c e l l s  are more l ik e ly  to  be elim in ated  in  

v iv o  than in v i t r o . This i s  ev id ent in  the fin d in g  o f far more 
ab erration s in cu ltu red  lymphocytes than in d ir e c t  none marrow 
p rep aration s. (See se c t io n  1 .6 .1 .4 )  Of c~ r  s ig n if ic a n c e  are  
those c e l l s  bearing m icro sco p ica lly  in v is iu . j._ructural anom alies 

such as poin t m utations, gene d e le t io n s  and d u p lic a tio n s , which may 
r e s u lt  from breakage-reunion e v e n ts . D iv is io n s  o f  such c e l l s  would 
u su a lly  be u n restra in ed . Such c e l l s  may be regarded as the seeds of 
malignancy and togeth er with c e l l  l o s s ,  could in i t i a t e  te r a to g e n e s is .

5 .2  CONGENITAL MANIFESTATIONS OF CHROMOSOME BREAKAGE IN FANCPNI'S 

ANAEMIA

I t  i s  p o ss ib le  chat the chromosome ab erration s seen in FA c e l l s  are 
sim ply epiphenomena which are secondary to  a more b asic  m etabolic  
d istu rb an ce . A ltern a tiv e ly , they may be a d ir e c t  expression  o f the 

b asic  g e n e tic  d e tec t and could be c a u sa lly  re la ted  to  the 
haem atologic fin d in g s and perhaps the co n g en ita l abnorm alities seen  
in  a f f l i c t e d  in d iv id u a ls  (Bloom e t  a l . ,  1966). The f e a s ib i l i t y  o f 

the la t t e r  hypothesis demands d is c u s s io n .

Prior to  im p licating  chromosome breakage in the pathogenesis o f FA, 
i t  i s  e s s e n t ia l  to  f i r s t  e s ta b lis h  the r e la t io n sh ip  between the in  
v itr o  fin d in g s  and the actu a l in v ivo  ev en ts . This a s so c ia t io n  may 
be c la r i f ie d  to  some ex ten t through the a n a ly s is  of d ir e c t  chromosome 
preparations from the bone marrow and c y to lo g ic a l in sp ectio n  o f bone 

marrow smears from FA homozygotes. As d iscu ssed  in some d e ta il  in  
se c t io n  1 .6 .1 .4 ,  chromosome breakage in d ir e c t  FA bone marrow 
preparations i s  observed d i s t in c t ly  l e s s  freq u en tly  than in those  
c e l l s  subjected  to  in v itr o  cu ltu re  c o n d it io n s . In tiiose ca ses  where 

chromosomal in s t a b i l i t y  i s  in creased , the observed breakage r a te s  are 
low. Reports o f  anaphase bridges and m icronuclei in bone marrow



smears and the e x is te n c e  o f chromosomal1 y abnormal c lo n es  in fr e sh ly  
asp ira ted  FA bone marrow, a ls o  poin t to  the presence of in v ivo  

chromosomal f r a g i l i t y .  (Set? se c t io n  1 .6 .1 .4 )

Although d ir e c t  bone marrow preparations are g en era lly  not 
characterized  by unusually high chromosome breakage, i t  must be 
r e a liz e d  th at in v itr o  r e s u lt s  cannot be num erically  applied to  in  
v iv o  ev en ts . I t  should be borne in mind th a t a p r e -e x is t in g  
c la sto g e n ic  mechanism could be enhanced and/or provoked in c u ltu re , 
or a lte r n a te ly , a c e l lu la r  d e fic ie n c y  which i s  ev id en t in v ivo  could  
be corrected  by the enriched cu ltu re  medium (Schroeder and Kurth, 
1971). Furthermore, a s  pointed out by Sw ift and Hirschhorn (1966), 

the m itogenic a c t iv i t y  o f  PHA (phytohaem agglutinin) on slow ly  
a iv id in g  lymphocytes has the e f f e c t  o f causing the sim ultaneous 
d isp la y  of ab erration s which have accumulated over a period o f tim e, 
s in ce  many o f those c e l l s  transformed by PHA may very w ell never have 

divided  in  v iv o .

O verall then , there does appear to  be evidence th a t chromosome 
breakage e x is t s  in  v iv o  and could th erefore  be co rre la ted  to  the 
c l in i c a l  and haem atologic stigm ata which ch aracter ize  FA.

In the m ajority o f p a t ien ts  w ith FA, a sso c ia ted  con gen ita l 
abnorm alities ( i f  present) are u su a lly  recognized a t  b ir th  or in  
e a r ly  in fancy. By comparison, the average age o f on set o f marrow 

a p la s ia  in male F* p a tien ts  i s  6 . 6  years and 8 . 8  years in female FA 
p a tien ts  (Gmyrek and Syllm-Rapoport, 1964). Therefore, any theory  
im p licating  chromosome breakage in the on set o f marrow a p la s ia  must 
take in to  account the fa c t  th at there e x i s t s  an asymptomatic period  
in a ffe c te d  in d iv id u a ls  who may have various co n gen ita l abnorm alities  

before anaemia becomes m a n ifest.

I t  should a ls o  be remembered th at in in d iv id u a ls  w ith acquired  
a p la s t ic  anaemia, chromatid and chromosome aberrations are an 
in frequent fin d in g  and leukaemia has seldom been recorded in  such 
cases (Bloom e t  a l . ,  1966). P a tien ts  w ith Bloom's syndrome or 
a ta x ia  te la n g ie c ta s ia  for example, a ls o  e x h ib it  g r e a t ly  increased  

spontaneous chromosome breakage. (See se c t io n  1 .6 .5 )  These



p a tien ts  however, do not develop  pancytopenia. I t  would th erefore  
appear th at the p ostu la ted  ENA rep air  d e fe c t in FA (see  sec tio n  1 .8 )  

i s  s e le c t iv e ly  resp on sib le  for a p la s t ic  anaemia. However, 
parad ox ica lly , the la t t e r  hypothesis appears u n lik e ly , e s p e c ia l ly  in  

view o f the fa c t th at increased chromosome breakage i s  observed even 
fo llow ing s te r o id  treatm ent. A ll th ese  data poin t to  the conclusion  
th a t the profound haem atologic d istu rb ances ch a ra cter iz in g  FA are not 
being d ir e c t ly  and e n t ir e ly  caused by chromosome breakage.

I t  i s ,  o f course, p o ss ib le  th at the g e n e tic  d e fe c t  in FA i s  manifold 
and that p rogressive  stem c e l l  fa ilu r e  could r e s u lt  from the 
increased s e n s i t iv i t y  o f FA c e l l s  to  c y to to x ic  e f f e c t s  and from th e ir  
reduced growth r a te s . (See sec tio n  1 .7 .1 )  In th is  resp ec t, i t  i s  
in te r e st in g  th at De Vroede e t  a l . (1982) described  2 s ib lin g s  with FA 
in  whom a sim ultaneous o n set o f pancytopenia was noted a fte r  

'p o s s ib le  exposure to  comnon ex tern a l a g e n ts ' .  Environmental, as 
w ell as g e n e tic  fa c to rs  may th erefore play an important a e t io lo g ic a l  
ro le  in the pathogenesis o f th is  d iso rd er . A lte r n a tiv e ly , the  
marrow a p la s ia  may not be ev id en t for severa l years u n til  the 
increasing haem atologic demands of the growing c h ild  ev en tu a lly  
overwhelm a system which may be d e fe c t iv e  in producing adequate 

enzyme(s) for normal ery th ro p o ie s is  (Meisner e t  a l . ,  1978).

T o sum up, in FA i t  i s  a most tempting assumption to  incrim inate the 
f r a g i l i t y  o f the chromosomes in the haem atological f in d in g s.
However, on the b a s is  of p resen tly  a v a ila b le  ev id en ce, i t  i s  
extrem ely d i f f i c u l t  to  prove any a sso c ia tio n  between chromosome 
ab errations and p rogressive  pancytopenia and any ca u sa tive  
explanation  must be considered as being e n t ir e ly  sp e c u la tiv e .

By c o n tr a s t, some o f the c l in ic a l  stigm ata ch a ra cter iz in g  FA can 
p la u sib ly  be lin ked  to  chromosome breakage. For example, c e l l  death  
commencing in  utero cou ld , q u ite  con ceivab ly , cause o v e r a ll growth 
reta rd a tio n . In th is  resp ect i t  should be remembered th at Bloom's 

syndro, » i s  a lso  ch aracterized  by short s ta tu r e , but to  a more marked 
ex ten t than that seen in  FA or AT. (See se c t io n  1 .4 .4 )  S im ila r ly , 
the mental d e fic ie n c y  noted in some FA p a tien ts  may he a r e f le c t io n  
o f  a reduction in  the o v e r a ll number o f brain c e l l s .  In t is s u e s



w ith  r e la t iv e ly  slow  ra tes  of c e l l  replacem ent, a low aberration  
frequency o f 1 0 % for example, would be fu n c tio n a lly  in s ig n i f ic a n t . 

However, during en b ryogen esis, areas o f  rapid c e l l  m u ltip lica tio n  
such as the ra d ia l a sp ect o f the forelim b buds, would be vulnerable  

to  m ito tic  ir r e g u la r i t ie s .  This could exp la in  the s k e le ta l  d e fe c ts  
o f  the hands and forearms which are present in about 6 6 % of FA 

p a tie n ts  (A lter  e t  a l . ,  1981).

Pigmentary anom alies, u su a lly  in the form o f c a fe -a u - la i t  s^ a ts , have 
been described in approxim ately 77% of FA homozygotes ( Ib id) and are 
common in Bloom's syndrome p a t ie n ts . (See sec tio n  1 .4 .4 )  Pigmentary 
changes are a ls o  present o c c a s io n a lly  in  XP and AT p a t ie n ts . (See 

s e c tio n  1 .4 .4 )  Polani (1976) has suggested  th at th is  patchy 
pigm entation could r e f le c t  d iv is io n  d i f f i c u l t i e s  during 
em bryogenesis, occurring e s p e c ia l ly  a t p a r ticu la r  developmental 
s ta g e s . A lte r n a tiv e ly , the d iv is io n  e r r o r , r e su lt in g  from widespread 
unrepaired g e n e tic  damage, could invo lve  c e l l s  o f the neural c r e s t  
th a t u lt im a te ly  con trib u te  to  the formation and function  o f pigment 
c e l l s .  I t  has a lso  been proposed by German (1964; 1973a) that 
c a fe -a u - la it  sp ots ana aepigmented sp o ts  could conceivab ly  be the 
eq u iva len t o f twin sp o ts  in maize and Drosophila with the darker 

coloured sp o ts  representing a c lone of c e l l s  tiomozygous tor genes tor 
darker pigm entation and the areas o f hypopigmentation being 
rep resen ta tiv e  o f a c lone homozygous for  genes determining l ig h te r  
pigm entation. This c lo n a l homozygosity could be the r e s u lt  of 
som atic cro ssin g -o v er  or an increased mutation ra te  which i s  u su a lly  
a sso c ia ted  w ith  increased chromosome in s t a b i l i t y .

The above f in d in g s  lead to  the assumption that chromosome breakage i s  
probably an ongoing p ro cess . The m an ifesta tion s o f chromosome 
breakage should th erefore  be apparent in most fa s t  growing t i s s u e s .  
This seems to  be true for the bone marrow, but other ra p id ly  d iv id in g  
t is s u e s  such as the gut and resp ira to ry  ep ithelium  appear to  remain 
un affected  by such ab erra tion s, based on lack o f resp ira tory  or 
g a s tr o - in te s t in a l  m an ifesta tion s in a ffe c te d  homozygotes.

In co n c lu s io n , i t  appears tlvat chromosome breakage may w ell occur in  
v iv o  but based on p resen tly  a v a ila b le  ev id en ce, i t  i s  s t i l l  uncertain



a s  to  whether th is  cy to g en e tic  abnorm ality i s  prim arily  resp on sib le  
for  any o f the c l in ic a l  and haem atological stigm ata present in FA 

homozygotes. I t  i s  n ev erth e less  tempting to  sp ecu la te  th a t  
chromosomal damage induced by breakage even ts could lead to  ab ortive  
or d if f e r e n t ia l  r e p lic a t io n  o f d if fe r e n t  c e l l  ty p es , r e su lt in g  in  

growth retard ation  and a p la s ia . A ltern a te ly , s ta b le  s tru c tu ra l  
changes could r e s u l t , leading to  c lo n a l p r o life r a tio n  o f c e l l s  which 
may be homozygous for  cer ta in  genes such as pigmentary g e n e s , or may 
have a s e le c t iv e  growth advantage and would be considered as being o f  

malignant p o t e n t ia l .

5 .3  ONCOGENIC IMPLICATIONS OF CHROMOSOME BREAKAGE IN FANOONI’S 

ANAEMIA

Garriga and Crosby (1959) were the f i r s t  to note an apparent 
concentration  o f leukaemia ca ses  in fa m ilie s  w ith ch ild ren  a ffe c te d  

by FA. However, prior to  t h i s ,  there had been sporadic reports in  
the l it e r a tu r e  o f th is  a sso c ia t io n  between FA and malignancy and i t  
was known th at leukaemia was not an uncommon occurrence in  fa m ilie s  
o f p a tien ts  with 'a p la s t ic  anaemia' (e g . Heinliold e t  a l . ,  1952).

5 .3 .1  Incidence of malignancy in  Fanconi's anaemia homozygotes

L it t l e  i s  known about the incidence and hypothesized p red isp o sitio n  
to  malignant transform ation in FA. Besides poor documentation of  
c a se s , a contribu tory  factor  may w ell be that in FA any 
p red isp o sitio n  to  malignancy may not oe f u l ly  expressed because, 
u n til  r e la t iv e ly  r ec e n tly , few p a t ien ts  survived tor long fo llow ing  
the onset o f a p la s t ic  anaemia. Consequently, were a n e o p la stic  c e l l -  
l in e  to  emerge and rep len ish  the bone marrow, i t  would have to  do so 
p rior to  the p a tien t succumbing to  haemorrhage or in fe c t io n .
According to  Dosik e t  a l . (1970), the incidence of acute non-lymphoid 
leukaemia in FA i s  approxim ately 8 %. Contrary to  the la t t e r  fin d in g , 
a review of the l it e r a tu r e  by Polani (1976), shows! th at on ly  about 1 
in 50 FA p a tien ts  ( i . e .  2%) develop leukaem ia. A lter e t  a l . (1981) 

have however, s ta te d  th at acute myelogenous leukaemia appears to
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occur term in a lly  in  5% to 10% o f p a t ie n ts  w ith FA. This d iscrepancy  
in  reported in c id en ces i s  probably due t o  the fa c t th at the actu al 
frequency of th e  FA gene i s  a t  p re s e n t  n o t a c c u r a te ly  known, sin ce  

many ca ses  may be m isdiagnosed.

I t  i s  in te r e s t in g  to  note that the genes for two oth er c la s s ic  
chromosome breakage syndromes, v i z .  Bloom's syndrome (BS) and a tax ia  

te la n g ie c ta s ia  (AT), a ls o  appear to  r e s u lt  in an increased  
p r e c .sp o s it io n  to  the development o f  m alignancy. The frequency o f  
neop lasia  in AT i s  thought to  be about 10%, w hile the estim ate of 
cancer in Bloom's syndrome is  approxim ately 21% (Spector e t  a l . ,

1982).

An important un ify in g  c h a r a c te r is t ic  o f the three main chromosome 
in s t a b i l i t y  syndromes ( v iz .  FA, BS and AT) must th erefore be the 
observations th a t in d iv id u a ls  a ffe c te d  by th ese d isord ers are cancer 
prone. However, the phenotypic s p e c i f i c i t y  a sso c ia ted  w ith the 
d if fe r e n t  genotypes may a lso  extend to  s p e c if ic  pattern s o f  
malignancy in th ese  d is e a se s . (See se c t io n  5 .3 .2 )  Quite c le a r ly  

then , there does appear to  be a r e la t io n sh ip  between chromosomal 
in s t a b i l i t y ,  whether induced g e n e t ic a l ly  as in FA for example, or 
environm entally, and the a e t io lo g y  o f malignancy. (This postu lated  

a sso c ia tio n  i s  to  be d iscu ssed  in  sec tio n  5 .3 .5 .2 . )

5 .3 .2  Types o f malignant neoplasms observed in Fanconi's anaemia 

homozygotes

Fanconi's anaemia homozygotes a re  p rim arily  a t  an increased  r isk  for  
the development of acute non-lymphocytic leukaemia (ANLL).
Following a review  of approxim ately 300 FA c a se s , A lter and Potter  
(1981) (c ite d  by Auerbach e t  a l . ,  1982) noted th at ANLL had developed  
in  23 ( 8 %) of th ese c a se s . P a tien ts  belonging to both the e a r ly  and 

la te  on set groups (Zakrzewski and S p erlin g , 1980a) were represented  
in  those 23 c a se s . More o ften  than n ot, the FA p a tien ts  who survive  
th e ir  pancytopenia and develop ANLL, u su a lly  d ie  w ith in  1 to  3 months 
of d ia g n o sis  o f leukaemia (A lter and P o tter , 1981 -  c ite d  by Auerbach 

e t  a l . ,  1982).
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Although there are numerous rep orts in  the l i t e r a tu r e  o f acute  
leukaemia in FA, on ly  a s e le c t  few o f th ese  w i l l  he described or

referred  t o .

In 1955. Cowdell e t  a l . described  a la te  on set FA p a tien t v iz .  a 27 
year-o ld  m ale, who developed ANLL as the f i r s t  haematologic 
m an ifestation  o f FA. The f i r s t  case in the e a r ly  on set group to  
m anifest leukaemia in the absence o f diagnosed bone marrow a p la s ia  
was reported 27 years la te r  by Auerbach e t  a l . (1982). The la t t e r  
authors described  a 6  year-o ld  female FA p a tien t who developed acute  

myeloid leukaemia (AML) as the f i r s t  haem atologic m an ifestation  of 

th is  d iso rd er . The d iagn osis  o f FA vos confirmed by the 
h y p e r se n s it iv ity  to  DEB d isp layed  by her l y  ^nocyte and bone marrow 
chromosomes. Unexpectedly, th is  c h ild  remained in rem ission some IB 
months a f te r  d ia g n o s is , even though her management was com plicated by 

unusually increased s e n s i t iv i t y  to  chemotherapeutic a g en ts .
Although rem ission vas ach ieved , the p a t ie n t 's  bone marrow c e l l s  
continued to  e x h ib it  chromosomally abnormal c lo n e s , in ad d ition  to  
abnormal cu ltu re  pattern s and c e l l  in te r a c t io n s . An unusually high 
frequency o f 1 spontaneous' chromosome breakage was found in her 
lymphocytes and hone marrow c e l l s  fo llow in g  treatm ent. During 
rem ission , her marrow c e l l s  were found to  include n o n -sp e c if ic  marker 

chromosomes as w e l l .  These la t t e r  fin d in g s  can most l ik e ly  be 
ascribed  to  an increased  s e n s i t iv i t y  to  the c la s to g en ic  e f f e c t  of 
chemotherapeutic agents in FA. The doses used are known to  cause 
minimal chromosome damage in most cancer p a tien ts  (S h inzel and

Schmid, 1976).

Skikne e t  a l .  (1978) carried  out s e r ia l  haem atological in v e s t ig a tio n s  
in  5 FA p a tien ts  over periods o f  6  months to  11 y ea rs . Leukaemic 
transform ation occurred in two o f th ese  p a t ie n ts . Their one p a tien t  
f i r s t  presented w ith FA a t the age o f 9 years and developed acute  
myelomonocytic leukaemia seme 9 i years fo llow ing i n i t i a l  
p resen ta tio n . In another o f the p a t ie n ts , bone marrow fin d in g s  a t  
age 16 years ( i . e  10 years a f te r  d ia g n o sis  o f  FA) were in d ic a tiv e  of 
acute m y elob lastic  leukaem ia. Both p a t ien ts  died sh o r tly  a f t e r  the 

d ia g n o sis  o f leukaem ia. At le a s t  2 more o f th is  s e r ie s  o f  p a tien ts  
are known to  have d ied  o f leukaemia subsequent to  p u b lica tion  o f



Skikne e t  a l . ' a  report (P rof. Renee B ern ste in , 1985 -  personal 
communication). The natural h is to ry  in the above p a tien ts  i s  
th erefore  in s t a r k  c o n t r a s t  to  the  unusual c a se s  o f  FA in which 
leukaemic transform ation i s  the f i r s t  haem atologic m an ifestation  of 

the d is e a s e .

The development o f acute erythroleukaem ia in FA homozygotes has been 
reported by Meisnei* e t  a l . (1978), P rindull e t  a l . (1979), Berger e]t 

a l . '1980c) and Rotzak e t  a l . (1982).

Nowell e t  a l . (1984) described  2 young s i s t e r s  w ith hypoplastic  
anaemia and increased chromosome f r a g i l i t y .  No phenotypic 
c h a r a c te r is t ic s  o f 'c la s s ic *  FA were present and consequently , th ese  

s ib s  were diagnosed a s  having the Estren—Dameshek variant o f FA 
( Estren and Dameshek, 1947). One s i s t e r  was found to  have a 
c y to g e n e t ic a lly  abnormal c lon e in  her txxie marrow and developed a 
dysuiyelopoietic  preleukaemia which progressed to acute  
ncn-lynphocytic  leukaem ia. This appears to  be the f i r s t  case  in 
which the f u l l  tr ia d  o f increased chromosome breakage, a 
chromosomally a lte r ed  c lon e and progression to  leukaemia has been 
noted in th is  FA v a r ia n t. However, l i t t l e  uniform ity e x i s t s  in the 
d ia g n o sis  o f so -c a lle d  FA v a r ia n ts  and i t  i s  probable th at ca ses  o f  
FA not e x h ib itin g  c la s s ic  stigm ata o f the d isorder are not always 
defin ed  as having the Fstren-Dameshek varian t of th is  d is e a s e .

Further ca ses of ANLL in FA p a tien ts  have been described by Garriga 
and Crosby (1 959), Bloom e t  a l . (1966), Dosik e t  a l . (1970), 
Schroeder e t  a l . (1976b), Bourgeois and H ill (1977), Evans (1977), 

Berger e t  a l . (1977) and Schroeder e t  a l . (1979). Although th is  i s  
not a comprehensive l i s t  o f ANLL cases a sso c ia ted  with FA, i t  i s  
n ev erth e less  obvious from th ese reports th a t acute myelomonocytic 
leukaemia i s  the most common form of ANLL seen in FA p a t ie n ts . The 

age o f p resen ta tion  and the c l in ic a l  course both  prior to  and 
fo llow in g  leukaemia transform ation appear to  d i f f e r  w idely  from 
p a tien t to p a t ie n t . I n te r e s t in g ly , there i s  an apparent la ck  of 
rep orts  d escr ib in g  lym phoblastic leukaem ias in FA p a t ie n ts .

Although acute leukaemia i s  by far the most common malignant neoplasm



observed in FA p a t ie n ts , a number o f s o l id  tumours o f d iv erse  or ig in  
have a lso  been noted. These include squamous c e l l  carcinoma of the 
oesophagus, carcinoma of the anus and hepatomas (S w ift, ly^Gb). In 
a review  o f  a v a ila b le  FA li t e r a tu r e , Evans (1977) noted 5 cases o f  
hepatoma -  many o f th is  group had been subjected  to androgen therapy, 
which i s  thought to have provoked tumour form ation. (The ro le  of 
androgen therapy in the development of FA -associated m alignancies i s  

d escribed  in sec tio n  5 .3 .5 .1 )

By way o f comparison , i t  i s  in te r e st in g  to  make mention o f  the types 
of m alignant neoplasms observed in the 3 other c la s s ic  chromosome 
breakage d isord ers. Ataxia te la n g ie c ta s ia  p a tien ts  are prim arily a t  
an in creas'd  r isk  for the development o f acute lymphatic leukaemia 
and lymphoma, as w ell as dysgerminoma, g a s tr ic  carcinoma, gliom a, 
medulloblastoma and chronic lymphocytic leukaemia (S w ift 1976b, Sw ift 

e t  a l . ,  1976; Ray and German, 1981; Spector e t  a l . ,  1962). Various 
m alignancies have been described in xeroderma pigmentosum 
homozygotes. These include basal and squamous c e l l  carcinomas, 
m alignant melanomas, ocu lar m align an cies, acute lym phoblastic 
leukaem ia, sarcoma of the t e s t i s  and carcinoma of the tongue (S w ift ,  
1976b; Sw ift and Chase, 1979). In Bloom's syndrome, leukaemia, 
u su a lly  o f  tlie acute myeloid typ e, i s  the predominant malignancy, but 
carcinoma of the tongue, Lymphomas and tumours o f the resp iratory  and 
alim entary tr a c ts  and the kidney have a ls o  occurred (S w ift , 197Gb;

Ray and German, 1981).

Q uite  c l e a r l y  then , a v a s t  a r r a y  o f  w ide ly  d i f f e r e n t  m alignant 
neoplasms have been rep o r te d  to  he a s s o c ia te d  w ith  the c l a s s i c  
chromosome breakage syndromes. The u n ify in g  f e a tu r e s  of these 
d i s o r d e r s  a r e ,  by d e f i n i t i o n ,  in c re a se d  chromosomal f r a g i l i t y ,  and an 
a p p a ren t  g e n e t ic  p re d is p o s i t io n  to  the  development of malignancy. 
Taking the  l a t t e r  t a c t s  in to  acco u n t ,  i t  would appear a t  f i r s t  s ig h t  
th a t  th e re  i s  a d i r e c t  r e l a t i o n s h i p  between chromosomal breakage and 
n e o p la s t i c  t ra n s fo rm a tio n .  The v a l i d i t y  o f  t h i s  assumption i s  
e v a lu a te d  in s e c t io n  5 .3 .5 .2 ,  s in c e  i t  i s  of cou rse  p o s s ib le  th a t  the  
phenotypic  s p e c i f i c i t y  which i s  a r e f l e c t i o n  o f  the  d i f f e r e n t  

geno types , may a l s o  extend to  th e  s p e c i f i c  p a t t e r n s  of malignancy 

which c h a r a c te r iz e  these  d i s o r d e r s .



5 .3 .3  The occurrence and p o ss ib le  s ig n if ic a n c e  o f  chromosomally 
abnormal c lon es in Fanconi's anaemia homozygotes

At the F ir s t  In tern ation a l Workshop on Chromosomes and Leukaemia 
(1977), i t  wee agreed to  d e fin e  a c y to g e n e t ic a lly  abnormal c lon e as  
'two c e l l s  w ith the same ex tra  chromosome or same s tru ctu ra l 
rearrangement, or three c e l l s  w ith in  the same m issing chromosome1.

Human tumour c e l l s  are frequ en tly  ch aracterized  by nonrandom 
chromosome ab n orm alities; th ese are thought to  r e f le c t  the c lo n a l  
ev o lu tion  o f c e l l  populations in which c er ta in  cy to g en etic  changes 
are a sso c ia ted  w ith the p o ss ib le  in i t ia t io n  o f  malignant 
transform ation and may confer p r o lif e r a t iv e  advantage on the a lready  
malignant c e l l  (Mitelman and Levan, 1978; K le in , 1979; Mitelman,
1984).

In view o f the increased chromosomal in s t a b i l i t y  which ch a ra cter izes  
FA homozygotes, the development o f c y to g e n e t ic a lly  abnormal c lo n es  i s  
to  be expected . Unstable ab erration s such as chromatid and 

isochrom atid gaps and breaks, a c en tr ic s  and complex exchange 
co n figu ration s would probably be in con seq uen tia l in terms of  
lo n g -liv e d  a lte r a t io n s  to the genome, s in ce  c e l l s  bearing such 
abnorm alities i f  not rep aired , would be unable to undergo further  
m ito sis  and would u ltim a te ly  be e lim in ated  from the body. Of far  
greater p o te n tia l s ig n if ic a n c e  for the development o f malignancy, are 
the s tab le chromosome rearrangements such as  tra n s lo ca tio n s  and 
in v ersion s which r e su lt  from chromosome breakage and reunion o f  
broken ends. These s ta b le  rearrangements may r e su lt  in such su b tle  

changes in the g e n e tic  m aterial of the a ffe c te d  c e l l s ,  that su rv iva l 
w il l  probably not be c u r ta ile d ; growth may in  ta c t be enhanced.
These mutant c lo n es  may thus assume numerical predominance.

In l in e  w ith the above-mentioned p r e d ic t io n s , Auerbach e t  a l . (1900) 
described the ev o lu tion  o f a c y to g e n e t ic a lly  aberrant clone observed  
in  a d ip lo id  f ib r o b la st  cu ltu re  from a p a tien t with FA. This c lone  
d isp layed  an unusual p r o lif e r a t iv e  advantage and had an increased  
growth p o ten tia l when compared with d ip lo id  FA f ib r o b la s t  c e l l s  from 
the same p a tien t i . e .  the 1 p a ren ta l1 FA c e l l s .  I t  should be



remembered th at 'p a ren ta l1 FA f ib r o b la s ts  have been shorn to  have 
decreased growth r a te s ,  increased  generation  tim es and a decreased  

a b i l i t y  to  su sta in  m ito tic  c a p a b il ity  (Weksherg e t  a l . ,  1979). 
Auerbach e t  a l . (1980) confirmed tn at FA fib r o b la s ts  appear to  have a 
lower growth p o ten tia l than normal c e l l s .  I t  i s  p o ss ib le  th at the  
unusual c h a r a c te r is t ic s  o f the clone described  by the la t t e r  authors 
are the r e s u lt  of a mutation to  the w ild -typ e  a l l e l e  a t  the FA 
Iccu s . However, th e re ten tio n  o f in s t a b i l i t y  in the c y to g e n e t ic a lly  
aberrant c lo n a l c e l l s  in d ic a te s  that such a reversa l could not have 

taken p la c e . Reports o f abnormal hone marrow c lo n es  with  
p r o life r a t iv e  advantage have a lso  come from Meisner e t  a l . ( .9 7 8 ) and 

Berger e t  a l . (1979).

Published reports o f  abnormal c lon es d etected  in FA p a tien ts  are  

r e la t iv e ly  common. C yto g en etica lly  aberrant c lo n es  have been 

observed in  PHA-stimulated lymphocytes (Schroeder e t  a l . ,  1976a; 
Berger e t  a l . ,  1977, Harnden, 1977; Zaizov e t  a l . ,  1978; German and 
Warburton, unpublished r e s u lt s  -  quoted by Ray and German, 1981), 
dermal f ib r o b la s ts  ( Beard e t  a l . ,  1973; Auerbach e t  a l . ,  1980), and 
fr e sh ly  asp irated  hone marrow preparations (Hirschman e t  a l . ,  1969;
Crossen e t  a l . ,  1972; L isker and de G utierrez 1974; Bargman e t  a l . ,
1977; Berger e t  a l . ,  1977, Bourgeois and H i l l , 1977, Jiamden, 1977; 
Meisner e t  a l . ,  1978). An increased  tendency to  form chromosomally 
abnormal myeloid c lo n es  in the bone marrow i s  observed in both the  
anaemic phase (Hirschman e t  a l . ,  1969; Crossen e t  a l . 1972; Lisker

and de G utierrez, 1974; Pei na e t  a l . ,  1977; Zaizov e t  a l . ,  1978; 
Meisner e t  a l . ,  1978; Berger e t  a l . ,  1980c) and the leukaemic phase
( Berger e t  a l . ,  1977; Bourgeois and H il l ,  1977; Meisner e t  a l . ,
1978; Obeid e t ^ l . ,  1980). Thus fa r , the presence o f  
c y to g e n e t ic a lly  abnormal lymphoid c lo n es  in peripheral blood has not 
been reported in non-leukaemic FA p a t ie n ts . There a ls o  appear to  be 
no reports o f  lymphoid leukaemias a sso c ia ted  w ith FA. (See sec tio n  

5 .3 .2 )

In many o f the c lo n e s  reported in FA homozyogtes, A mroup and C-group 
chromosomes are freq u en tly  in vo lved . However, the co n sisten cy  o f  
th is  involvement i s  far l e s s  than th a t found in  AT c lo n es  which are  
u su a lly  ch aracter ized  by the s p e c if ic  involvement o f  one, and



sometimes both, number 14 chromosomes (Hecht e t _ a l . , 1973; Ray and 

German, 1981). A s tr ik in g  array o f c lo n es  in AT w ith rearrangements 
involv ing chromosome 7, o ften  in conjunction w ith chromosome 14, has 

a ls o  been recorded (Ray and German, 1981).

In a 6 -year s e r ia l  study o f a male FA p a t ie n t , Schroeder e t  a l .
(1976a) noted 5 d if fe r e n t  abnormal c lo n es  in  PHA-stimulated blood 
lymphocyte c u ltu r e s . Each c lon e was however, o n ly  present in a 
frequency of l e s s  than 1 % and would q u ite  p o ss ib ly  have been 
overlooked had s e r ia l  chromosome an a lyses over sev era l y ea rs , not 
been performed. Berger e t  a l . (1977) a ls o  observed that some 

lymphocytic and bone marrow c lo n es  may be present in  r e la t iv e ly  low 
frequ. z ie s .  These fin d in g s  imply th at c lo n es  w ith abnormal 
chromosome complements may occur with a far higher frequency than i s  
cu rren tly  recognized , but are sim ply not being d etec ted  because 
r e la t iv e ly  few c e l l s  ( u su a lly  a t the most 50 to  100) are analyzed.

In the present study, 10 G-oanded metaphases were analyzed in d e ta i l  
and 30 to  50 c e l l s  were screened for breakage -  no abnormal c lon es  

were d e te c ted . (See se c t io n  4 .2 )  Although th is  finding was 
expected , s in ce  none o f the p a t ien ts  were diagnosed as having 
leukaemia or a m ^elodysplastic syndrome a t  the time of in v e s t ig a t io n , 
i t  i s  p o ss ib le  th at some c lo n es  occurring a t low frequencies may have 

been overlook ed , because o f the low number of c e l l s  analyzed.

Whatever the cause o f the emergence of a chromosomally abnormal c lon e  
in  FA homozygotes, the presence o f such an aberrant c e l l - l i n e  i s  
presumed to  be o f s ig n if ic a n c e  in the a e t io lo g y  o f cancer in th ese  
p a tien ts  -  otherw ise c lo n a l abn orm alities would be as commonly 
d etected  in normal t i s s u e s .  I t  i s  however, important (but u su a lly  
im p o ss ib le ), to  determine whether a transformed n e o p la stic  c lon e was 
the p a rticu la r  one in  which a p a r ticu la r  chromosome rearrangement 
occurred. This has s ig n if ic a n t  im p lica tio n s in a s s e ^ in g  whether a 

c e l l  w ith an abnormal chromosome complement should be considered as  
being m alignant and the progenitor o f a n e o p la stic  s te m -lin e .

Such a constant c lone was s e r ia l ly  traced by Saxon e t  a l . (1979), who 
were ab le  to  fo llo w  an abnormal c lon e w ith  a t(1 4 ;1 4 ) in
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non-malignant T-lymphocytes through to  a T -c e ll  lymphoma in a p a tien t  
w ith AT. On the o th er hand, Wake e t  a l . (1982) noted a t(1 4 ;1 4 ) in  
the non—leukaemic c e l l s  o f an AT p a t ie n t , but a d if fe r e n t  c lon a l 
abnorm ality was seen in  the leukaemic c e ^ ls . This observation  led  to  

the conclusion  th at in the la t t e r  c a se , the m alignant c e l l s  probably 
did  not o r ig in a te  from the c e l l s  w ith the p r e -e x is t in g  t (1 4 ;1 4 ) .
The query th at fo llo w s i s  whether s ta b le  c lo n a l chromosome 
aberration s per se  lead to  cancer or whether the chromosome 
abnorm alities found to  ch aracter ize  malignant neoplasms are merely  

epiphenomena. This question  w il l  be addressed in  sec tio n  5 .3 .5 .2 .

5 . 3 . 4  Malignant d isea se  in F ancon i's anaemia ueterozygotes

Although a ffe c te d  homozygotes tor the autosomal recessive#  
n eop lasia -p red isp osin g  syndromes such as FA, a ta x ia  te la n g ie c ta s ia ,  
Bloom's syndrome, xeroderma pigmentosum, Werner's syndrome, 
d ysk era to sis  congenita and Chediak H igashi syndrome are ra re , the 
c l i n i c a l l y  normal heterozygous c a r r ie r s  occur r e la t iv e ly  more 
freq u en tly . For example, Sw ift (1971;1976a) has estim ated th at FA 
heterozygotes probably occur a t a minimum frequency o f approxim ately  
1 in 300 (based on New York S ta te  FA b ir th  in cid en ces from 1956 to  
1967). The present study has in d icated  th at the FA gene may be 
carried  by a t le a s t  1 in 83 White A frikaans-speaking South A fricans. 
(See sec tio n  4 .1 .3 .1 )  S ince the homozygotes for th ese  d ise a se s  are  
known to be a t an increased r isk  o f malignancy, i t  fo llo w s th at the  
presumptive c a r r ie r s  may s im ila r ly  be a t a grea ter  r isk  tor acquiring  

cancer than the general pop u lation .

An i n i t i a l  study by Sw ift (1971) on the causes o f  death in 8  fa m ilie s  
o f  p a tien ts  w ith FA, showed th at heterozygotes for the FA gene 
appeared to  have a r isk  o f dying from malignant neoplasms about 3 
tim es that o f  n o n -ca rr iers . In the above study, a l l  r e la t iv e s  
(n=1 0 2 ) ,  extending to  f i r s t  cousins once removed, were included, 
rather than o n ly  o b lig a to ry  h eterozygotes, so a s  to  enable the  

assessm ent o f a larger  number of in d iv id u a ls  w ith  a wider 

d is tr ib u tio n  o f  a g es . A m alignant neoplasm was found to  be the  
underlying cause o f  death in 27 c a se s , compared to  the 17 .4  deaths



expected (p < 0 .05 ). The estim ated r e la t iv e  r isk  o f malignancy 
compared to  the general population was 2 . 6  for  males and 1 . 1  for  

fem ales.

In 1974, S w ift e t  a l . pointed out th at the above r e s u lt s  should be 
regarded w ith ca u tio n , s in c e , among other p o ss ib le  fa c to r s , FA may be 

present prim arily  in  a population sub-group or stratum in which 
malignant neoplasms are unusually freq u en t# independent o f the FA 
gen e. I f  t h is  p o stu la te  was tr u e , then the supposed increased r isk  
o f dying from malignant neoplasm might not be a sso c ia ted  with the FA 
gene. To t e s t  th is  a lte r n a t iv e  h yp oth esis, data were c le a r ly  
required on the i l ln e s s e s  and causes o f  death in 1 non-blood' 

r e la t iv e s .

H il l  (1976) in v estig a ted  the causes o f death in 18 r e la t iv e s  o f a 
c h ild  w ith FA; 10 deaths were found to  be due to  carcinoma of 
various organs. These d ata , although based on a small sample s i z e , 
were regarded as being su g g estiv e  th at heterozygotes for the FA gene 

are a t an increased  r isk  tor cancer development.

In 1980, S w ift e t  a l . published the r e s u lt s  o f  a study on 25 extended  
fa m ilie s  o f FA probands who were in v e stig a te d  for a p o ss ib le  excess  
o f deaths due to  m alignancies. The sample comprised 601 male blood 
r e la t iv e s ,  605 female blood r e la t iv e s ,  265 male spouse co n tro ls  and 
268 female spouse c o n tr o ls . The non-blood r e la t iv e s  (spouses o f  
aun ts, u n c le s , f i r s t  cousins as w e ll a s  spouses o f grandparents' 
s ib l in g s  and probands' s ib lin g s )  were included to  provide a co .itro l 
population for comparison. This study d if fe r e d  from the e a r lie r  one 
in  the number o f fa m ilie s  (25 compared to  8 ) ,  in the greater  
d iv e r s ity  o f  e th n ic  o r ig in s  and p la ces  o f residence o f the study  
subjects#  in the use of spouse c o n tr o ls , and in  t h * in c lu sio n  o f on ly  
blood r e la t iv e s  whose p ro b a b ility  o f h eterozygosity  was a t le a s t  0.23  

(compared to  0.125 in the previous s tu d y ).

The above extended in v e s t ig a tio n  o f Sw ift e t  a l . (1980) demonstrated 
no o v e ra ll ex cess  o f cancers or cancer deaths for any age or sex  
category o f blood r e la t iv e s ,  and no s t a t i s t i c a l  in crease  in frequency  
o f s p e c if ic  types o f malignancy among the o b lig a to ry  h eterozygotes. 
(As pointed out in sec tio n  5 .3 .2 ,  acute leukaemias are the most



cannon n eo p la sia s  seen in  FA hom ozyqotes.) In f a c t ,  deaths from 
leukaemia among blood r e la t iv e s  o f  FA p a tien ts  were fewer than 
exp ected . The FA blood r e la t iv e s  ex h ib ited  more ca ses  and deaths 
from bladder, stomach and b reast cancer than expected , but th ese  

d iffe r e n c e s  were not s t a t i s t i c a l l y  s ig n if ic a n t .  An ex cess  o f  oeaths  
from lung and stomach cancer a t an e a r ly  age, was a ls o  noted among 
the FA blood r e la t iv e s ,  but again th is  was not s ig n i f ic a n t .
However, among spouse c o n tr o ls , there were fewer deaths than expected  

from bladder, stomach and b reast can cer, leading to  the proposal that 
the expected numbers may be in ap p rop ria te ly  high for  th is  sample.

Sw ift e t  a l . (1980) th erefore  c o n d o le d  th at s in ce  t h is  study was 
larger  and b e tter  co n tro lled  than the previous study (S w ift , 1971), 
the more recent in v e s t ig a tio n  dem onstrating th at presumptive c a rr ie rs  

o f the FA gene are not a t  an increased  r isk  of malignancy, must 
supersede the e a r l ie r  rep ort. The question  or p red isp o s itio n  to  
bladder, stomach and b reast cancer among p u tative  FA heterozygotes, 
remains unresolved and a t th is  s ta g e , on ly  te n ta t iv e  con clu sions  
should be drawn as to the p o ss ib le  a sso c ia tio n  o f the FA gene with  
th ese m alignancies.. Auerbach and Wolman (1978) have pointed out th at  

a r e l ia b le  t e s t  to id e n t ify  FA tieterozygotes would make a d ir e c t  
assessm ent of the frequency o f m alignant neoplasms in c a r r ie r s  o f the  

FA gene p o s s ib le .

The fin d in g s  o f a r e la t iv e ly  recent study by P otter  e t  a l . (1983) 
were in  concordance w ith those of Sw ift e t  a l . (1980). The cancer 
r isk  in re la ted  ram ily members (n=125) o f  9 p a t ien ts  w ith FA was 
in v e s t ig a te d . :.n t o t a l ,  7 m alignancies o f  d iv erse  type were 
observed, as compared w ith  the 10.4  expected . Furthermore# no 
r e la t iv e  developed acute leukaem ia. These fin d in g s th er e fo re , once 
ag a in , provide l i t t l e  support for  there being an ex cess  o f  neoplasms 

in  FA c a r r ie r s .

A ssoc ia tion s o f  the AT and XP genes w ith p articu la . types o f  
malignant neoplasms have a lso  been examined (S w ift 1976b; Sw ift e t  
a l .  1976; Sw ift and Chase, 1979). In 27 fa m ilie s  o f AT p a t ie n ts , a 
s ig n if ic a n t  in crease in deaths from malignant neoplasms was noted 
among blood r e la t iv e s  dying before age 75, and t h is  was e s p e c ia l ly



s tr ik in g  in th ose r e la t iv e s  who died  betore age 45 . From th ese data 

i t  was concluded that more than 5% of a l l  persons dying trom any 

malignancy betore age 45 may carry the gene tor AT. A review ot the 
c h a r a c te r is t ic s  o f the 27 AT fa m ilie s  stu d ied  did not reveal any 
a lte r n a te  exp lan ation , such as geographic d is tr ib u tio n  or e th n ic  
o r ig in , for the grea ter  than expected number o f cancers in th ese  
fa m ilie s . An ex cess  o f sk in  cancers was noted in XP fa m ilie s . In 

the eva luation  o f the la t t e r  r e s u lt s ,  p lace o f resid en ce and 
occupation were taken in to  account. ( I t  should be noted that both 

the AT and XP s tu d ie s  included spouse c o n tr o ls .)

In s ummary, to  d a te , no s ig n if ic a n t  a s so c ia tio n  between an increased  
p red isp o sitio n  to malignancy and FA h etero zy g o sity  has been proven.
By c o n tr a s t, XP and AT r e la t iv e s  appear to  e x h ib it  s ig n if ic a n t ly  more 
malignant neoplasms than the general p op u la tion . The a sso c ia tio n  of 

neop lasia  w ith the FA gene or any oth er gene in the category of 
chromosome breakage syndromes, should be d ir e c t ly  measurable, when 

the neterozygote c a r r ie r s  can be unequivocally  d e tec ted .

5 .3 .5  The a e t io lo g ic a l  b a s is  o f m alignant transform ation in  

Fanconi's anaemia

R etrospective s tu d ie s  have shown th at in d iv id u a ls  homozygous for the 
FA gene are q u ite  c le a r ly  prone to  the development o f  m alignancies, 
u su a lly  in the form o f acute leukaem ias. (See sec tio n  5 .3 .2 )  As 
p rev iou sly  d iscu ssed , a number o t other s in g le  gene d isord ers  
c le r a c te r iz e d  by increased chromosome breakage and d e te c tiv e  DNA 
r ep a ir , are a ls o  a sso c ia ted  with a tendency toward n eo p la stic  
transform ation . D espite the r e la t iv e  r a r ity  o f th ese  syndromes, 
th e ir  a sso c ia t io n  with an increased frequency o f malignancy, lead s to  
the assumption that unrepaired ENA damage has a high carcinogenic  
p o te n t ia l .  A lte r n a tiv e ly , i t  has been suggested th a t in the case of 
FA, androgen therapy may induce m alignant transform ation . This 
hypothesis w i l l  f i r s t  be d iscu ssed , fo llow ed by an eva lu ation  o f the 
proposed lin k  between chromosome f r a g i l i t y  and m alignancy. The 
la t t e r  p o stu la te  w i l l  ne considered in the l ig h t  o t  present evidence  
a v a ila b le  w ith resp ect to  the a sso c ia tio n  o f  s p e c i f ic  m alignancies



w ith p a rticu la r  chromosome ab n orm alities , oncogenes and autosomal 

f r a g ile  s i t e s .

5 . 3 . 5 .1  The r o le  o f  therapy in the in duction o f oncogenesis in 

F anconi's anaemia

Currently, androgen therapy i s  adm inistered to  most FA p a tien ts  for  
th e ir  bone marrow fa i lu r e .  I t  has been suggested th at t h is  treatm ent 

may be an important cause o f cancer in th ese p a tien ts  (P rin du ll e t  
a l . ,  1979, Obeid e t  a l . ,  1980). In a s e r ie s  o f  8  FA p a tien ts  w ith  
leukaem ia, quoted by Obeid e t  a l . ,  (1 9 8 0 ), 4 o f these p a tien ts  are  
reported to  have received  therapy with oxymethalone prior to  the  
development o f leukaem ia. Furthermore, hepatomas have been reported  

in  a t  le a s t  9 cases o f FA (B ernstein  e t  a l . ,  1971; Johnson e t  a l . ,  
1972; Guy and Auslander, 1973; Cattan e t  a l . ,  1974; Holder e t  a l . ,  
1975; M u lv ih ill e t  a l . ,  1975; Sweeney and Evans, 1975; Mokrohisky 
e t  a l . ,  1977). Several o f th ese  hepatoma p a tien ts  had been treated  
w ith androgenic s te r o id s , which appeared to  promote the development 

o f  th e ir  tumours.

I t  should however, be noted th at ANLL has been reported in at le a s t  5 
FA p a tien ts  who did  not rece iv e  androgen therapy prior to  the 
development o f malignancy (Qovxjell e t  a l . ,  1955; Bloom e t  a l . ,
1966; Schvoeder e t  a l . ,  1976b; Auerbach e t  a l . ,  1982).
Consequently, Auerbach e t  a l . (1982) proposed that androgen therapy 
may con trib u te  to  the frequency o f malignant transform ation in th ese  
p a tien ts  sim ply by the resu lta n t prolongation o f th e ir  su rv iv a l tim e.

I t  has been shown th at even normal c e l l s  subjected  to increased  

p r o lif e r a t iv e  demands, are a t a high r isk  for leukaemic 

transform ation (Dameshek, 1967). Increased p r o life r a t io n , which 
would u su a lly  be a sso c ia ted  with an increased  spontaneous mutation 
r a te , occurs when h yp op lastic  FA marrows are treated  w ith androgens 
(Meisner e t  a l . ,  1978). Moreover, i t  fo llo w s th at in FA, th is  
increased  p r o life r a t io n  would be accompanied by chromosome 
in s t a b i l i t y  which i s  i t s e l f  a sso c ia ted  with increased m utation.
This increased  mutation ra te  would in turn favour the development o f



mutant c lo n es  with a growth advantage. (This proposal w i l l  he more 

c lo s e ly  examined in sec tio n  5 .3 .5 .2 . )

C learly  th en , androgenic s te r o id  therapy may w ell play an important 

con trib u tory , but not n e c e ssa r ily  c a u sa tiv e , r o le  in the development 
o f neop lasia  in some cases o f  FA.

5 .3 .5 .2  The s ig n if ic a n c e  of chromosome a lte r a t io n s  in  
n e o p la stic  transform ation in Fanconi's anaemia

Over 70 years ago, Boveri (1914) proposed that malignant tumours 
a r ise  as the r e s u lt  o f  a chromosome imbalance occurring in a somatic 
c e l l  through a m ito tic  d isturb ance. The b asic  assumption im p lic it  in  

th is  theory was th at g en e tic  mutation may lead to  malignant 
transform ation . This hypothesis i s  s t i l l  held as  a fundamental ten e t  

o f oncology. However, based on c l in ic a l  and experim ental evidence  
a v a ila b le  in the p a .t ,  the idea that such a mutation must n e c e ssa r ily  
tr a n s la te  in to  a m icro sco p ica lly  v is ib le  chromosome- change, met w ith  
strong o p p o sit io n . The d iv e r s ity  o f  chromosome a lte r a t io n s  observed  
in tumours were alm ost in variab ly  in terp reted  as secondary 
epiphenomena, consequent to  tumour form ation. More
r ec e n tly , su b sta n tia l advances in cy to g en etic  methods have led  to  the 

recogn ition  o f c o n s is te n t abnorm alities a sso c ia ted  with s p e c if ic  
human tumours, e s p e c ia l ly  in the leukaemias and lymphomas.

At presen t, a t le a s t  22 s p e c if ic  chromosomal d e fe c ts  are known to  be 
a sso c ia ted  with over 30 d is t in c t  types o f human cancer (Sandberg, 
1980: Mitelman, 1983: Yunis, 1983). These abnorm alities are
prim arily  represented by e ith e r  a rec ip roca l tr a n s lc ca tio n  or the 
lo s s  o f  a s p e c if ic  chromosomal band (Y unis, 1983). With the advent 
o f improved techniques for the cu ltu rin g  o f  s o l id  tumours, i t  i s  
probable th a t many more such a s so c ia tio n s  w i l l  become e v id e n t.

Further in te r e s t  in the g e n e tic  b a sis  o f  human neop lasia  has been 
generated by the recen t m olecular d e tec tio n  o f human c e l lu la r  
oncogenes. These have now been mapped, w ith p rec ise  hand assignm ent, 
to  in d iv id u a l chromosomes. Some o f the oncogene lo c a liz a t io n s



co in c id e  w ith the s p e c if ic  breakpoints observed in p a rticu la r  
tumours. (See se c tio n  5 . 3 . 5 . 2 .1 ) B esides the id e n t if ic a t io n  o f  
oncogenes and s p e c if ic  chromosome a lte r a t io n s ,  a number o f h er ita b le  

chromosomal fr a g ile  s i t e s  have a ls o  r ec e n tly  been d efin ed . (See 
se c tio n  5 .3 .5 .2 .2 )  In sev era l in s ta n ce s , a c lo se  co rre la tio n  has 
been observed between the lo c a liz a t io n  o f th ese f r a g ile  s i t e s  and the  
breakpoints o f chromosomal rearrangements a sso c ia ted  with s p e c if ic  

m alignancies. These observed r e la t io n sh ip s  between s p e c if ic  
chromosomal a lte r a t io n s , the lo c i  o f c e l lu la r  oncogenes and cer ta in  
fr a g ile  s i t e s ,  provides a lin k  between cy to g en etic  ob servations and 
m olecular b io logy , th u s, leading to  a tore g en era lized , u n ified  

theory o f  oncogenasis.

5 .3 .5 .2 .1  Chromosome rearrangements and oncogenes a sso c ia ted  
with s p e c if ic  leukaemias and lymphomas

Many non—random, and in some in sta n ces  s p e c i f ic ,  acquired chromosomal 
changes have been shown to  be a sso c ia ted  w ith p a rticu la r  types o f  

human tumours, m ostly leukaemias and lymphomas. These 
rearrangements have been e x te n s iv e ly  reviewed (Sandberg, 1980;
Rowley, 1981; Mitelman, 1983; Rowley, 1983a; Yunis, 1983). This 
sec tio n  w il l  include a b a sic  overview o f th is  su b ject and a b r ie f  
con sid eration  of a few s p e c if ic  chromosome tra n s lo ca tio n s  found in  

leukaemias and lymphomas.

Chronic myelogenous leukaemia (cy .L )

The Philadelphia (Ph1) chromosome i s  present in hone marrow c e l l s  of 

approxim ately 90% o f p a tien ts  with CML, and r e s u lt s  from an 
apparently balanced tra n slo ca tio n  between chromosome 2 2  and u su a lly  

chromosome 9, with breakpoints assigned  to  bands 9q34 and 22q ll 
(Rowley, 1973a). This breakpoint on chromosome 9 i s  in c lo se  
proxim ity to  the locu s o f the nu.an c e l lu la r  oncogene c- a b l , which i s  

homologous to  the oncogene o f the AbeIson murine leukaemia v iru s  
(Heisterkamp e t _ a l . ,  1933). The c h a r a c te r is t ic  9;22 tra n sloca tion  
r e s u lt s  in the tra n sfer  o f  the c -a b l oncogene from chromosome 9 to  
chromosome 22 (De Klein e t a l . ,  1982). At a moler .la r  l e v e l ,  the



tra n sp o sitio n  o t c -a b l to  the her reqion o f chromosome 2 2  r e s u lt s  in  
the production o f a hybrid chromosome 2 2 / c -a b l fu sion  gene tra n scr ip t  

and a c tiv a tio n  o t  th is  oncogene (Heisterkamp e t  a l .» 1985;

Shtivelman e t  a l .» 1985).

B u r k itt 's  lymphoma

In 1976* a tra n slo ca tio n  between chromosomes 8  and 14 was described  
in  B u r k itt 's  lymphoma by Zech e t  a l . The a sso c ia ted  breakpoints were 
defined  as 8q24 and 14q32. Subsequently, a m inority o f  cases have 
been reported w ith variant t  a n s lo ca tio n s  between chromosome 8  and 
e ith e r  chromosome 2 [ t (2 ;8 ) (p l3 ;q 2 4 )]  (van den Berghe e t  a l . ,  1979) 
or chromosome 22 [ t (8 ;2 2 ) ( q 2 4 ;q l l !] ( Berger e t  a l . ,  1979).

When the lo c i  tor the immunoglobulin ( I g ) complex ot genes were 
mapped, a remarkable concordance w ith the above-mentioned breakpoints 
was noticed  ( Erikson e t  a l . ,  1981; Kirsch e t  a l . ,  1982; Malcolm e t  

a l . ,  1981). Based on the la t t e r  o b serva tion s, Klein (1981) 
p ostu lated  th at p a rticu la r  genes regu la tin g  growth ana 
d if fe t  ' t ia t io n  could be a c tiv a ted  by th e ir  tra n slo ca tio n  to  a 
c r i t i c a l  aoerrant s i t e ,  thus in i t ia t in g  c e l lu la r  changes leading to  
malignancy. T his hypothesis was la te r  proven to  be correct in the  
case  o f  B u r k itt 's  lymphoma, when i t  was shown th a t the c e llu la r  
oncogene c -myc, the homologue o f the transform ing gene o f the avian  
m yelocytom atosis v ir u s , i s  located  a t band 3q24, the breakpoint 
involved in a l l  the B urkitt ra n slo ca tio n s (D alla  Favera f t  a l . ,  

1982b).

In the course o f the usual 8;14 tr a n s lo c a tio n , c -myc i s  transferred  
to  chromosome 14 and thereby d ir e c t ly  lin k ed , head to head to the 

heavy chain constant region which i s  lo c a liz e d  a t 14q32 (Kirsch e£  

a l . ,  1982). Although the c - myc oncogene per se  does not appear to  
be a lte r ed  in  t h is  p ro cess , ex ten siv e  sequence changes in a region 5' 
to  the gene have been d etected  ( Dalia Favera e t  a l . ,  1983) and 
tra n scr ip tio n a l a c t iv a tio n  ot th is  gene has been observed in the  

malignant B -c e ll  (Erikson e t  a l . ,  1983).



Acute m yeloD.'.astic leukaem ia (AML)

The FAB ( French-Am erican-British nom enclature) M2-subtype, or 
d if fe r e n t ia te d  form o f acute nonlymphocytic leukaemia was shown by 
Rowley (1973b) to  be c h a r a c te r is t ic a l ly  a sso c ia ted  w ith a 
t(8 ;2 1 )(q 2 2 ;q 2 2 ). The c e l lu la r  homologue o f the Moloney sarcoma 

v iru s  oncogene, c—mos # i s  located  a t 8q22 (Neel e t  a l .> 1982).
However, in the course of the 8 ;21 tr a n s lo c a tio n , c-tnos i s  not 
transposed to  chromosome 21 ( Diaz e t  a l .,1989 ; Drabkin e t  a l . ,

1985; Rosendorff er a j .., 1985). I t  th erefore  fo llow s that e ith e r  
c-cnos i s  not o f importance in the a e tio lo g y  o f th is  malignancy or 
a lte r n a t iv e ly , i f  c-mos i s  s ig n if ic a n t  in the pathogenesis of 
M2-ANLL, then i t  must tie a c tiv a ted  by some mechanism other than 

tra n sp o sitio n  ( see .review by W illecke and Schafer, 1984).

Acute prom yelocytic leukaemia (APL)

Acute prom yelocytic leukaemia ( API,/M3-ANLi,) i s  characterized  by a 
rec ip roca l tra n slo ca tio n  between chromosomes 15 and 17, w ith the 
breakpoints assigned  to  bands 15q22 and 17q21 (Rowley e t  a l . ,  1977; 
Sheer e t  a l . ,  1985). The oncogene c - f e s ,  the c e l lu la r  homologue o f  
the Snyder-Theilin  fe l in e  sarcoma v iru s  oncogene, maps to  bands 
15q24-25 (Heisterkamp e t  a l . ,  1982; Dalla Favera er a l . ,  1982a). 
Harper e t  a l . ,  (1983) have lo c a liz e d  c - f e s  to  15q25-26. I t  i s  not as 
y et known wtiether c - fe s  i s  m olecu larly  involved in the a e tio lo g y  of 

APL. Another c e l lu la r  oncogene, c - erb A, has been lo c a liz e d  to  the 
i/q 21  breakpoint o f chromosome 17 (Spurr e t  a l . ,  1984). Hovever, in  
the course of the 15;17 tr a n s lo c a tio n , c—erb A is  not transposed to  
chromosome 15 (Sheer e t  a l . ,  1985). Thus, the m olecular s ig n if ic a n c e  
o f  th is  s t r a te g ic a l ly  p osition ed  oncogene remains to  be proven.

In terp reta tion

When con sid erin g  examples such as the t (9 ;2 2 )  in CML and the t(8 ;1 4 )  

in  B u r k itt 's  lymphoma, the con clusion  may be reached th at the 
a c tiv a tio n  o f c r i t i c a l  oncogenes through s p e c if ic  rearrangements 
r e s u lt s  in tum ourigenesis. However, great caution must be ex erc ised  

before u n c r it ic a l ly  accepting such a g e n e r a liz a tio n . I t  should tie
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borne in mind that the a c tiv a tio n  o f human oncogenes through 
tra n sp o sitio n  hes as yet not been demonstrated to  be a general 
phenomenon, anc even i f  i t  were, in v itr o  transform ation assays  
cannot be considered as a d ir e c t  r e f le c t io n  o f the in v ivo  
s itu a t io n . Furthermore, the s p e c i f ic i t y  o f  many o f the chromosome 

a lte r a t io n s  reported in m alignancies i s  not a b so lu te . For example, 
the t(9 ;2 2 ) found in 90% o f GML c a se s , has a ls o  been reported in  
Ml-ANLL, and in FAB-Ll and L2 acute 1 iphoblast.ic leukaemias 
(reviewed by Yunis, 1983). The Rurkivt 1:(8;14) has a d d it io n a lly  been 

found in cases o f acute FAB-L3 lym phoblastic leukaemia and 
immunoblastic lymphoma ( I b id ) . However, i t  should be noted that 
th ese  are B -c e ll tumours.

Therefore, with the evidence a v a ila b le  at th is  s ta g e , i t  i s  not known 
whether the acquired chromosome abnorm alities a sso c ia ted  with 
s p e c if ic  cancers, play a primary, ca u sa tive  ro le  in on cogen esis.
Most evidence su ggests  th at a t le a s t  two (or p o ss ib ly  more) even ts  
such as a mutation and a rearrangement, nay be necessary for the 
natural progression o f a malignancy (Cairns and Logan, 1983).

The above-mentioned s p e c if ic  chromosome abnorm alities found in 
leukaemias and lymphomas serve as examples to  i l lu s t r a t e  the 
r e la t io n sh ip  between cer ta in  chromosome changes, which are brought 
about as a consequence of chromosome breakage and rearrangement, and 
un cogenesis. A review o f the l it e r a tu r e  does "not reveax any o f the  
abnorm alities described in th is  d iscu ssio n  to  have been present in 
ca ses  o f FA which have undergone malignant transform ation . However, 
according to  Sandberg (1980), there i s  no reason to  suspect that 
chromosome changes observed in the leukaemia c e l l s  o f FA p a tien ts  are 
not s im ila r  to  those seen in other p a tien ts  with the same type o f  
leukaem ias, but without the m an ifesta tion s o f FA.

5 .3 .5 .2 .2  The occurrence, lo c a liz a t io n  and p o ss ib le  

s ig n if ic a n c e  of fr a g ile  s i t e s

In 1979, the fo llow in g  comprehensive d e f in it io n  o f  a f r a g i le  s i t e  was 
proposed by Sutherland: 'A f r a g ile  s i t e  i s  a s p e c if ic  poin t on a



chromosome which i s  l ia b le  to  show the [o liow iny te a tu r e s : (1) a 
n on -sta in in g gap o f var iab le  width u su a lly  involv ing both 
chromatids; (2 ) the s i t e  i s  always a t e x a c t ly  the same point on the 
chromosome in c e l l s  examined I rum any iiid iv idu al |> itien t or kindred; 

(3) the s i t e  i s  in h erited  in a Mendelian dominant fa sh io n , and (4) 
f r a g i l i t y  must tie ev iden t by the production (under appropriate in  
v itr o  co n d itio n s) o f a cen tr ic  fragments, d e le ted  chromosomes, 
tr ir a d ia l  f ig u r e s , and the l i k e ' .  Under standard c e l l - c u ltu r e  

co n d itio n s , some fr a g ile  s i t e s  are expressed , w hile o th ers are n ot. 
However, a l l  f r a g i le  s i t e s  are ind ucib le  under sp e c if ie d  cu ltu re  

con d ition s such as  thym idylate s t r e s s .

Since Dekaban reported the f i r s t  fr a g ile  s i t e  in the long arm o f a 
C-group chromosome in 1965, numerous reports have appeared o f fr a g ile  
s i t e s  on a v a r ie ty  o f chromosomes. Legeune (1968) was the f i r s t  to  
show that such s i t e s  are h er ita b le  when tie described a s i t e  a t 2ql in 

a woman and her daughter. At the Seventh Human Uene Mapping 
Workshop, (HGM V II ) , the 'Committee on Chromosome Rearrangements and 
Neoplasia and on F ragile  S it e s '  accepted 50 s p e c if ic  breakpoints in  
chromosomal rearrangements th at occur non-randomly in cancer c e l l s  
(see  sec tio n  5 .3 .5 .2 .1 )  and a to ta l  o f 21 h er ita b le  fr a g ile  s i t e s  (de 
la  ChapelJe and Berger, 1984). The 21 e sta b lish ed  fr a g ile  s i t e s  
belong to  3 c la s s e s  based on th e ir  mode o f in d u ction : fo la te  
s e n s i t iv e ,  distam ycin A -in d u c ih le , and BrdU requiring fr a g ile  s i t e s  

(Hecht and G lover, 1984).

The Xq27 f r a g ile  s i t e  i s  unique in th a t i t  i s  a sso c ia ted  with an 
abnormal phenotype and mental retardation  ( Lubs, 1969; Giraud ejt 
a l . , 1976; Harvey e t _ a l . ,  1977). A ll the other fr a g ile  s i t e s  
apparently tiave no c l in ic a l  expression  and according to  Hecht and 
Hecht (1984a), may be regarded as 'cy to g en etic  markers in search o f a 
biom edical m eaning'. I t  shov'd be noted that even homozygosity tor  
sane o f th ese fr a g ile  s i t e s  appears to  be harmless -  homozygosity for  
the 10q25, 16q22 or 12pl2 fr a g ile  s i t e s  i s  known to  be a sso c ia ted  
with a normal phenotype ( Berg e t  a l .,1969: Schmid e t  a l . ,  1980;
Sutherland, 1981; Izak ovic, 1984).

A ll o f th ese  e s ta b lish e d  s i t e s  are r e la t iv e ly  rare , except for the



10q25 fr a g ile  s i t e  induced by BrdU, which i s  present in approxim ately  
2% to 3% o f the general population and th u s, by d e f in it io n , may be 
regarded as a polymorphism (Hecht and G lover, 1984). Except Lor the 

fr a g ile  s i t e  17pl2 which was reported by Shabtai e t  a l . (1982) and 
the 3pl4 fr a g ile  s i t e  reported by Wegner (1983), id e n t if ic a t io n  of 
the great m ajority o f the other accepted s i t e s  must be cred ited  to  

Sutherland e t  a l . (1983).

A new c la s s  o f fr a g ile  s i t e s  were r e la t iv e ly  recen tly  described by 
r over e t  a l . (1984). These s i t e s ,  known as 'common' fr a g ile  s i t e s  
are induced by the a d d ition  o f c .p h id ico lin , an in h ib ito r  o f DNA 
polymerase a lph a, to  the cu ltu re  medium, and include the ' hot sp o ts' 
seen under con d ition s o f thym idylate s tr e s s  and in s tu d ie s  of 
spontaneous chromosomal damage. The ap h id ico lin -in d u ced  fr a g ile  
s i t e s  were noted to  occur frequently  and may prove u b iqu itous. All 
in d iv id u a ls  stud ied  ex h ib ited  a p h id ico lin  s e n s it iv e  fr a g ile  s i t e s  in  
bands 2q31, 3p l4 , 6q26, 7q32, 16q23 and Xp22. These s i t e s  were 
v is ib le  in a high proportion o f lymphocytes from each in d iv iu a l . A 
number o f other such s i t e s  were a lso  noted , but were d etected  le s s  
often  Thus, the c la s s  o f common fr a g ile  s i t e s  c o n s is t s  o f 6 proven 

and 19 p o ss ib le  fr a g ile  s i t e s .

While the fra Xq27 s i t e  i s  a sso c ia  ed w ith mental reta rd a tio n , the  
s ig n if ic a n c e  o f a l l  other fr a g ile  s i t e s  i s  unknown. Of cou rse , i t  i s  
p o ss ib le  th at th ese may be neutral phenomena which are n e ith er  
advantageous nor d isadvantageous, and may never be found to  be 
a sso c ia ted  with d is e a s e . A lte r n a tiv e ly , c er ta in  f r a g ile  s i t e s  may 
predispose to  chromosome breakage. Chromosome breakage in m eiosis  

would r e s u lt  in the production o f chromosome rearrangements in 
gametes which would be expressed as c o n s t itu t io n a l rearrangements. 
A ltern a te ly , p o st-zy g o tic  breakage could r e su lt  in chromosome 

a lte r a t io n s  which may e ith e r  liave no phenotypic m an ifesta tio n s, or 
th ese changes may have an oncogenic p o te n t ia l . These p o s s ib i l i t i e s  
have been in v e stig a te d  and the data generated by th ese s tu d ie s  w i l l  

be b r ie f ly  d isc u sse d .



5 .3 .5 .2 .2 .1  F rag ile  s i t e s  and th e ir  a sso c ia tio n  with  
c o n s t itu t io n a l rearrangements

Hecht and Hecht (1984b) analyzed the lo c a tio n s  o f  278 breakpoints 
involved in  chromosome rearrangements which were d etected  in  
am n iocen tesis . Of the 278 breakpoints, 59 (21%) were noted to  be 
lo c a liz e d  in bands contain ing fr a g ile  s i t e s ,  compared to  the expected  

31 (11%). This d if feren ce  proved to  be h igh ly  s ig n if ic a n t  
(p<0.001) .  Of the 59 fr a g ile  s i t e s  in bands w ith breakpoints, 25 
were fo la te  s e n s i t iv e , 1 was distam ycin A in d u c ib le , 27 were common 

fr a g ile  s i t e s  and 6 were ra re , p o ss ib le  s i t e s .

In a s im ila r  study, Hecht and Hecht (1984c) examined 874 Breakpoints 
found in spontaneous a b ortion s, s t i l l b i r t h s  and l iv e b ir th s .  In th is  
s e r ie s ,  165 (18,5%) o f the breakpoints co incided  w ith fr a g ile  s i t e  
lo c a t io n s , compared to  an expected 98 (11%). Once aga in # there was a 

h ig h ly  s ig n if ic a n t  ex cess  o f  breakpoints in f r a g i le  s i t e  bands 

(p < 0 .001).

The data presented in th ese  2 s tu d ies  are c le a r ly  in accordance with  

the concept th a t f r a g ile  s i t e s  may w ell predispose to  chromosome 

breakage and rearrangements in m e io s is , and so may predispose to  
h er ita b le  chromosome rearrangem ents. In th is  c o n tex t, i t  i s  o f  
in te r e s t  th a t G a r c i a - S a g redo e t  a l . (1983) documented a case o f a 

fra 16q22 c a rr ier  having a son with a t( l;1 6 )(q 3 2 :q 2 2 ) .

5 .3 .5 .2 .2 .2  F rag ile  s i t e s  and th e ir  a sso c ia tio n  wit h  cancer 
breakpoints and oncogenes

Mitelman (1984) has presented data which demonstrate that on ly  a 
lim ited  nuntier o f breakpoints are reg u la r ly  involved  in chromosomal 

a lte r a t io n s  a sso c ia ted  with human n eo p la s ia . In a d d itio n , th ese  
breakpoints appear to  c lu s te r  to  r e la t iv e ly  few chromosomal 
reg io n s. Based on th ese  f in d in g s , i t  was concluded that th ese  
region s probably contain  genes o f prime importance to  cancer 
developm ent. The remarkable concordance between the chromosomal 
lo ca tio n  o f human c e l lu la r  oncogenes ( c-o n c ) and the breakpoints



involved in cer ta in  c o n s is ten t chromosomal rearrangements a sso c ia ted  
w ith various cancers# enhances th is  view (Rowley# 19B3b). I t  to llo w s  
th a t th ese cancer breakpoints and th e ir  a sso c ia ted  oncogenes, may 
w ell a lso  co in c id e  with the lo c a tio n s  o t h er ita b le  f r a g ile  s i t e s  
which are thought to  predispose to  chromoscme rearrangements.

Hecht and Sutherland (1984) examined the lo c a tio n s  o f  the 21 fr a g ile  
s i t e s  and the 50 cancer breakpoints accepted by the Seventh Human 
Gene Mapping Workshop (de la  Chapelle and Berger# 1984). Nine o f  the 
2 1  f r a g ile  s i t e s  were noted to  tie located  a t  or near a 'cancer* 
breakpoint. S t a t i s t ic a l  a n a ly s is  o f the data revealed  a h igh ly  
s ig n if ic a n t  a sso c ia tio n  between human fr a g ile  s i t e s  and cancer 
breakpoints (p < 0 .001). This a s so c ia t io n  was not narrowly lim ited  to  
one c la s s  o f fr a g ile  s i t e  and appeared to  extend to  leukaemia, 
lymphoma and s o l id  cancer breakpoin ts. S im ilarly# a n a ly s is  o f  the 
common fr a g i le  s i t e s  ( i . e .  ap h id ico lin -in d u ced ) and cancer chromosome 

breakpoints ind icated  th at a t le a s t  8  s i t e s  ar-» in chromosome bands 
contain ing breakpoints leading to  non-random chromosome 
rearrangements in cancer c e l l s .  This concordance was very u n lik e ly  
due to  chance alone (pxO .O l). A s ig n if ic a n t  a sso c ia tio n  between 
fr a g ile  s i t e  lo ca tio n  and chromosomal abnorm alities has a lso  been 
docunenteo by Le Beau and Rowley (1984) as w ell as by De Braekeleer 

e t _ a l . (1985).

With resp ect to  the p o ss ib le  a sso c ia tio n  between oncogenes ano 
fr a g ile  s i t e s ,  the t ( 8 ; 2 1 )(q22;q22) c h a r a c te r is t ic  o f  M2-ANLL, i s  
in trigu in g  sin ce  a f r a g ile  s i t e  and an oncogene# c - mos# have been 
lo c a liz e d  to  8q22 (Neel e t  a l . ,  1982). Although a t le a s t  10 
autosomes carry both an oncogene and a fr a g ile  s i t e ,  on ly  in the case  
of chromosome 8  are they c o in c id en ta l (Le Beau and Rowley, 1984 -  
fin d in g s based on 17 h er ita b le  fr a g ile  s i t e s ;  Hecht and Sutherland, 

1984 -  based on 2 1  h er ita b le  f r a g i le  s i t e s ) .

I f  the a s so c ia tio n  between chromosomal rearrangements found in  
malignancy and h er ita b le  f r a g ile  s i t e s  i s  rea l and m eaningful, then 
one might expect cancer p a tien ts  with s p e c if ic  chromosomal changes to  

be c a r r ie r s  o f f r a g ile  s i t e s  a ffe c t in g  the relevan t chromosomes. 
Prelim inary data suggest ttiat th is  may in fa c t  be s o .  Yunis (1983)
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found a co rre la tio n  between fr a g ile  s i t e s  and s tr u c tu ra l  
rearrangements in four p a t ie n ts . The non—m alignant/ PHA—stim ulated  

lymphocytes of one o f two p a tien ts  w ith s m a ll-c e ll  lymphocytic 
lymphoma and a t ( l l ;1 4 ) ( q l3 ;q 3 2 )  shoved a fr a g ile  s i t e  a t  l lq l3 ;  a
second p a tien t with a malignant lymphoma and a t (1 2 ;1 4 ) ( q l3 ;q 32) 
disp layed  a tr a (1 2 )iq l3  in 13% of the normal lymphocytes: and two
p a tien ts  w ith acute myt xnonocytic leukaemia (AMML) and an inversion  

o f  chromosome 16 [ in v (1 6 '(n,13:q )] a lso  carried  a fra (16)(q22) in
13% and 36% of the c e l l s  r e sp e c ti e ly .  In another study o f 3 
p a tien ts  w ith AMML and an inv(16) or d e l (1 6 )(q22) ,  on ly  one p a tien t  
exh ib ited  a fr a g ile  s i t e  at 16q22 (Arthur ana B loom field , 1983). Le 
Beau and Rowley (1984) reporting on 5 p a tien ts  w ith AMML and an inv  
(1 6 ) (pl3q22) ,  observed a f r a g ile  s i t e  a t  16q22 in 4 of the 5 
p a t ie n ts , but not in 5 healthy c o n tr o ls . One might th erefore p red ict  

th a t fa m ilie s  whose members have a f r a g ile  s i t e  a t  16q22 may be 
predisposed to  developing AMML and having an in v (16 ) or d e l (16) in  
th e ir  malignant c e l l s  — such fa m ilie s  are yet to  be found.

The above-m entioned f in d in g s  imply th a t  f r a g i le  s i t e s  may p lay  a  r o le  
in  o n co g en es is . However, i t  should  be remembered th a t  th e  ev idence 

fo r  t h i s  ro le  i s  c i r c u m s ta n t ia l  and i s  based la r g e ly  on a 
s t a t i s t i c a l l y  s ig n i f ic a n t  r e la t io n s h ip  between th e  lo c a t io n  o f th e  
e s ta b l is h e d  and a p h id ic o lin - in d u c e d  f r a g i l e  s i t e s  and can cer 

chromosome b re a k p o in ts  a t  a c y to g e n e tic  l e v e l .  A c a r e fu l  
docum entation o f f r a g i l e  s i t e s  in  cancer i s  c l e a r ly  in d ic a te d .  T h is 
re se a rc h  should  in c lu d e  f r a g i l e  s i t e  s tu d ie s  in  th e  normal and 
m alignan t c e l l s  of can cer p a t i e n t s ,  s tu d ie s  of—can cer in  fa m ilie s  
showing f r a g i l e  s i t e s  and cc e r s e ly ,  s tu d ie s  o f f r a g i l e  s i t e s  in  
fa m ilie s  p red isp o sed  to  c a n c e r . M olecular s tu d ie s  w i l l  a s s i s t  in  
e lu c id a t in g  the  r e la t io n s h ip  between f r a g i l e  s i t e s  and can cer 
b re a k p o in ts  -  c o in c id e n t lo c a t io n s  a t  a c y to g e n e tic  le v e l  may a t  a 
m olecu lar le v e l in  f a c t  be thousands o f base p a i r s  a p a r t .



5 .3 .5 .2 .3  The a sso c ia tio n  of Fanconi's anaemia breakpoints
w ith  can cer b re a k p o in ts > oncogenes and f r a g i l e

s i t e s

At th e  o u ts e t ,  i t  should  be emphasized th a t  i t  rem ains a m a tte r  o f 
deb a te  a s  to  w hether PA chromosome breakage s i t e s  a re  randomly o r 
non-random ly d i s t r i b u t e d .  (See s e c t io n  1 .6 .1 .2 .3 )  F urtherm ore , th e re  
does no t appear to  be concordance between th e  f in d in g s  of d i f f e r e n t  
research g ro u p s , when l i s t i n g  th e  p re fe r re d  spontaneous breakage 

s i t e s  in  FA. The p re se n t s tu d y  d id  not in c lu d e  an a n a ly s is  of 
breakage s i t e s  s in c e  th e  aim o f the  s tu d y  was a q u a n t i ta t iv e  r a th e r  

th an  a q u a l i t a t iv e  a sse ssm e n t.

Of the 57 breakage s i t e s  id e n t if ie d  by Taylor (1984) in 15 FA 
tK*nozygotes and h e tero zy g o tes , 37 are a ls o  seen in  leukaemia and 
lymphoma p a t ie n ts , but on ly  3 were observed a t the s i t e s  o f 
oncogenes, v iz .  6q24-25 ( c-myb); 8q22 ( c-mos) and 15q25-26 ( c - f e s ) . 
An overlap was a lso  noted between Fanconi's breaks and those in  
tra n slo ca tio n s  a sso c ia ted  w ith some s o lid  tumours, v iz .  Ca bronchus; 
Ca ovary and retinob lastom a. However, FA p a t ien ts  do not appear to  
be a t an increased p red isp o sitio n  to  the development of these  
tumours. (See se c tio n  5 .3 .2 )  In te r e s tin g ly , the most frequent break 

observed in  the la t t e r  FA s e r ie s  was l.lq l3 # which i s  a lso  one o f the 
21 accepted fr a g ile  s i t e s  (HGM VII 1984 -  de la  Chapelle and Berc *r,
1984). Chromosome 8  a t band q22 was a ls o  p a r tic u la r ly  prone to  
breakage -  as p rev iou sly  s ta te d , 8 q2 2  i s  a cancer breakpoint [the  
t(8 ;2 1 )  a sso c ia ted  with M2-ANLL] and i s  a ls o  a f r a g i le  s i t e  and the 

lo ca tio n  o f c-mos.

Von Koskul and Aula (1973) noted a c lu s te r in g  o f b re .k s in FA 
homozygotes a t bands lp22, 3q27, 6pl2 ond i3q32. None o f th ese  s i t e s  
co in c id es  w ith th ose o f th^ 2 1  accepted trr.gi.ie s i t e s  or e sta b lish ed  
common fr a g i le  s i t e s .  Berger e t  a l . (1977; 198Cc) have documented 2 
cases o f FA with leukaemia -  in both ca se s , p a r t ia l chromosome 
d u p lica tio n s were present and involved chromosome 3q a t the same 

breakpoints, in d u c in g  3q27 which i s  one o f the p r e fe re n tia l  
breakpoints reported by von Koskull and Aula (1 973).



I t  i s  obvious that further in v e s t ig a tio n s  in to  FA breakpoints and 
cancer breakpoints in F A -associa ted  m alignancies i s  required before  

any con clu sion s can he drawn w ith  re s p e c t to  the pu tative  a sso c ia tio n  
between FA breakpoints and cancer breakpoints, oncogenes and/or 

f r a g i le  s i t e s .

5 . 4  CONCLUSION: THE CLINICAL SIGNIFICANCE OF CHROMOSOME BREAKAGE

As d iscu ssed  in the preceding s e c t io n s , i t  i s  ev ident th at 
cy to g en etic  a n a ly s is , more o ften  than n ot, r ev ea ls  abnorm alities in 
malignant c e l l s .  Human leukaem ias, lymphomas and s o lid  tumour 
t is s u e s  are u su a lly  characterized  by abnormal m ito tic  f ig u r e s , 
abnormal numbers o f chromosomes per c e l l  and abnorm alities o f  
chromosome stru ctu re  which may in some in stan ces he s p e c if ic  to  the 

tumour typ e. As p rev iou sly  sta ted  in  sec tio n  5 .3 .5 .2 , in the p ast, 
most o n c o lo g is ts  viewed th ese changes as epiphenomena o f the 
uncontrolled  c e l l  growth that i s  known to  ch aracter ize  cancer, and 
thus as being o f no a e t io lo g ic a l  importance in tum ourigenesis.
Ttoday, fo llow ing great s tr id e s  in the f ie ld  o f molecular 
biotechnology and the resu lta n t p o stu la tio n  o f the oncogene concept, 
most observers are now o f the opinion that an a ltered  chromosomal 
complement may be of importance in the evo lu tion  o f a tumour.

The s ig n if ic a n c e  o f the chromosomal changes that are a sso c ia ted  with 
the development o f leukaem ia, lymphomas and s o lid  tumours, i s  
d i f f i c u l t  to  eva lu ate  con vin cin g ly  and r e l ia b ly  because o f some 

d istu rb in g  and confusing o b s e rv a tio n s . The ex isten ce  o f c lo n es  of 
c e l l s  w ith abnormal chromosome complements in some in d iv id u a ls  with  
chromosome breakage syndromes such as FA, AT, BS and XP# both before  
and a fte r  the c l in ic a l  d iagn osis  o f cancer, c o n s t itu te s  some o f  the 
stro n g est evidence p resen tly  a v a ila b le  th at chromosome changes play 
an a e t io lo g ic a l  r o le  in n eo p la stic  transform ation . T ie co rre la tio n  
between d e fe c t iv e  ENA repair in th ese  d isord ers ana a g r e a t ly  
increased p red isp o sitio n  to  the development o f  malignancy in  
homozygotes and p o ss ib ly  heterozygotes (see  sec tio n  5 .3 .4 ) ,  nay once 
again be considered good evidence for the e x is ten ce  o f  a causal 
r e la t io n sh ip  between a change in DNA and the induction o f  can cer.



However, n o t a l l  c l i n i c a l  c o n d itio n s  in which in  v i t r o  breakage o t 
chromosomes has been observed have a p ro p e n s ity  to  develop n eo p las ia  

a t  a h ig h er r a te  than would norm ally  be e x p ec te d . For exam ple, 
K ostm ann's a g ra n u lo c y to s is  and g lu ta th io n e  re d u c ta se  d e f ic ie n c y  
anaemia a re  c h a ra c te r iz e d  by in c re a se d  chromosome f r a g i l i t y ,  but 
a f f e c te d  in d iv id u a ls  have not been shown to  be a t  a h igher r i s k  than 
th e  g e n e ra l p o p u la tion  o f develop ing  can ce r ( Sandberg, 1980). 
C onverse ly , chromosome breakage has been observed  in p a t ie n ts  who 
presum ably have normal DNA r e p a ir  pathways and have d ise a se s  
r e s u l t in g  from in fe c tio u s  ag en ts  o r  to x ic  su b s ta n c es , and in 

c o n g e n ita l  d iso rd e rs  in  which m alig n an t tra n s fo rm a tio n  i s  not 

co n sid e red  to  be a s ig n i f ic a n t  r i s k  ( I b id ) .

The e x is te n c e  of the  chromosomal b reakage d is o rd e r s ,  though r a r e ,  i s  
n e v e r th e le s s  o f g re a t  in t e r e s t  s in c e  a f f e c te d  in d iv id u a ls  have a 
d i s t i n c t l y  h igher p re d is p o s it io n  to  can cer o r leukaemia developm ent. 
The tumour s p e c if ic  chromosome changes th a t  a re  o fte n  observed as 
in te g r a l  phenomena o f some m alignan t sy stem s, must a lso  be considered  

as  ev idence of the im portance of chromosomal a b e r ra t io n s  in 

n e o p la s t ic  tra n s fo rm a tio n .

I n  most chromosomal i n s t a b i l i  c o n d i t io n s ,  th e  c h a r a c te r i s t i c  
c y to g e n e tic  changes bw e p r im a rily  been dem onstrated  in  c u ltu re d  
blood lym phocytes. I t  fo llow s th a t  one o t the  prime concerns in 
a s s e s s in g  the  re lev an ce  of chromosomal b reakage to  oncogenesis is  

c o r r e la t in g  in v i t r o  o b se rv a tio n s  w ith  th e  in v ivo  s ta tu s  of the  
chromosomes. In the r e l a t iv e ly  few c a se s  in  which the  m  vjvo 
s i t u a t io n  has been ev a lu a ted  by exam ining none marrow chromosomes, 
l i t t l e  d e v ia tio n  from the normal has u s u a lly  been no ted . There a re  
however, some re p o r ts  o t  bone marrow chromosomal i n s t a b i l i t y ,  
in d ic a t in g  th a t chromosome f r a g i l i t y  i s  in  a l l  p ro b a b i l i ty ,  in h e ren t 

to  th ese  system s. (See s e c tio n  1 .6 .1 .4 )

I t  i s  p o s s ib le  th a t  the  g e n e tic  d e fe c ts  c h a ra c te r iz in g  th ese  breakage 
d is o rd e r s  a re  m an ito .d , w ith chromosome breakage being bu t a s in g le  
e n t i t y  com prising on ly  a p a r t  of th e  pheno typ ic  spectrum  a sso c ia te d  
w ith  such g e n e tic  anom alies. The ' s t r e s s f u l '  c o n d itio n s  o f in  v i t r o  

c u l tu r e  may w ell r e s u l t  in an in c reased  number o f chromosome



ab erra tio n s, by comparison w ith th at seen in bone marrow metaphases 
rep resen ta tiv e  o f in vivo c o n d itio n s . In t h is  resp ec t, an analogy  

may be drawn w ith the s itu a t io n  perta in ing to  the in v itr o  
m an ifestation  o f h er ita b le  f r a g i le  s i t e s .  The molecular mechanism 
involved in the expression  o f th ese fr a g ile  s i t e s  remains a mystery, 

but i t  i s  known th at s p e c if ic  cu ltu re  con d itio n s are required for the  
in  v itr o  d e tec tio n  of th ese  s i t e s .  Although the in  v ivo  s ta tu s  o f 
th ese s i t e s  i s  not w ell documented, there i s  evidence suggesting th at 
fr a g ile  s i t e s  may w ell predispose to  chromosomal rearrangements a t  

th ese s i t e s ,  both during m eiosis  and m ito s is . (See sec tio n  

5 .3 .5 .2 ,? .)

Even though the degree o f chromosomal d isru p tion  and rear^ ngement in 
c e l lu la r  system s characterized  by inherent chromosomal f r a g i l i t y  may 
appear im p ressive, i t  i s  probable that th is  in s t a b i l i t y  per se i s  not 
o f d ir e c t  a e t io lo g ic a l  importance in on cogen esis. Rattier, chromosome 
in s t a b i l i t y  may be v i t a l  in providing a predisposing ba ground, and 
should be considered as a c h a r a c te r is t ic  o f  c e l lu la r  system s from 
which cancer i s  l ik e ly  to  emerge, but in which a c l in ic a l  cancer on ly  
sometimes develop s. Thus, the presence o f increased chromosome 

breakage may crea te  a vulnerable s ta te  in which further a e t io lo g ic a l  

fa c to rs  can p r e c ip ita te  n e o p la stic  change.

Hecht and Hecht (1984a) have noted th at a t  th is  poin t in tim e, the 
mechanism by which fr a g ile  s i t e s  might f a c i l i t a t e  malignant 
transform ation i s  ccn gectu ra l. Taking the oncogene concept in to  
account, they have proposed the follow ing p o ss ib le  sequence of 
e v e n ts : transm ission o f a f r a g ile  s i t e ,  follow ed by breakage a t that 

s i t e  and subsequent rearrangement of the chromosome, with  
sim ultaneous rearrangement of a c r i t i c a l  oncogene a t  that s i t e .  
A ctivation  of the oncogene and production o f an oncogene product 

would d ir e c t ly  con trib u te to  the development of can cer . Quite 
conceivab ly , a s im ila r  system may be op erative  in the chromosome 
breakage d iso rd ers . In the la t t e r  co n d it io n s , breakage and r esu lta n t  
chromosomal rearrangements may be taking p lace a l l  the tim e, but only  
the formation o f s p e c if ic  rearrangements a t  c r i t i c a l  s i t e s  with  

resu lta n t a c tiv a tio n  o f relevan t oncogenes would induce 
tu n o u r ig en esis . This hyp othesis i s  in l in e  w ith the find ing th a t the



karyotypic changes observed in the leukaemia c e l l s  o t  su b jects with 
chromosome breakage d isorders are s im ila r  to  those seen in other  
p a tien ts  with the same type ot leukaem ia, but w ithout any o f the 
m an ifesta tion s o f the breakage syndromes (Sandberg, 1980).

A puzzling feature of the chromosome breakage syndromes i s  that 
although chromosome in s ta b iity  i s  ev id en t a t b ir th , and for that 
matter i n u tero , malignancy u su a lly  does not develop before the 
la t t e r  part ot the f i r s t  decade in l i f e .  T herefore, the breakage 
d isord ers should perhaps tie regarded as p ren eo p la stic  s ta te s .

I f  carc in ogen esis  is  seen as at le a s t  a 2 -s te p  process as suggested  
by Knudson (1983), then the formation o f chromosomal rearrangements 

in FA, for example, may c o n s t itu te  but one o f the required step s tor 

oncogen esis. The period taken in order to  achieve the required 
even ts may be equivalent to  the time e lap seo  in these children prior 
to the development ot malignancy. Clones o f mutant c e l l s  that have a 
r e la t iv e ly  poor or only s l ig h t ly  advantageous growth p oten tia l might 

remain o ccu lt for years, perhaps la te r  acquiring secondary or 
te r t ia r y  changes and a resu lta n t g rea ter  p r o lif e r a t iv e  advantage.

Besides being at an increased r isk  for the development ot malignancy, 
p a tien ts  a ffec ted  by the chromosome breakage d isorders may a lso  
e x h ib it  immunodeficiency. (See sec tio n  1 .4 )  I t  i s  in fact 
w e ll-e s ta b lish e d  that a v a r ie ty  o f  immunodeficiency s ta te s  are a lso  
a sso c ia ted  with an increased tendency to malignancy (Klein and K lein,
1985). Pol in i  (1976) proposed that chromosome f r a g i l i t y  could at fee t  
the s t a b i l i t y ,  v ia b i l i t y  and p r o life r a t io n  e f f ic ie n c y  ot the c e l l s  
involved in immune-surv.-illance. This could in turn be responsib le  
for a breakdown ot trie barrier a g a in st m alignant invasion and tor 

creatin g  a r e la t iv e ly  im nunodeficient s t a t e .  Therefore, the 
immunodeficiency assoc ia ted  with th ese d iso rd ers  may in p art, be 

resp on sib le  for the proneness to m alignancy.

Thus fa r , the d iscu ssion  tvis centred on im plicating  chromosome 
mutation in the conversion o f normal c e l l s  to cancerous ones. It 
must however, be borne in mind that a t the phenotypic l e v e l , the 
e f f e c t s  o f mutation ( i . e .  a change in the UNA) in various ce^ ls  w ill



f a l l  roughly in to  two c la s s e s  ( 1 ) those a sso c ia ted  with malignant 
transform ation , and ( 2 ) those that r e su lt  in abnormal embryonic 

developm ent, mental retard  it  ion and s u b t e r t i l i t y  (reviewed by Ueniian, 
1979b). In summary# German (1979b) has pointed out th a t in add ition  
to  being o f oncogenic importance, 1 chromosome imbalance i s  capable of 
distu rb in g  c e l lu la r  fu n ction , w ith c l in ic a l  consequences ranging from 
mild mental retard ation  and anatom ical me,1 formation to  profuand 
retard ation  and anomaiy incom patible with in tra u ter in e  l i f e ,  and from 
mild s u b f e r t i l i t y  to  the complete absence of germ c e l l s  from the 
gonad s'. The tera togen ic  e f f e c t s  nf chromosome breakage pertain ing  

to  FA, have been d iscussed  in sec tio n  5 .2 . (The a sso c ia tio n  of 
reduced f e r t i l i t y  w ith the FA gene in heterozygotes lias not been 

documented.)

To sum up, there i s  l i t t l e  doubt that chromosome breakage may be of 
c l in ic a l  s ig n if ic a n c e , e s p e c ia l ly  in reJ a tion  to  developmental 
malformations and probably in  r e la t io n  to cancer proneness.
T herefore, the cy to g en etic  aberrations seen to  be a sso c ia ted  with the 
chromosome breakage d isord ers may g iv e  r is e  to  c e l l s  with e ith e r  a 
s e le c t iv e  growth advantage (n eop lasia ) or to  c e l l s  with an in a b il i ty  
to  p r o life r a te  and mature (a p la s ia ) .  O v era ll, the s ig n if ic a n c e  of 
chromosome f r a g i l i t y  in the pathogenesis o f cancer i s  s t i l l  poorly  
understood. in th is  resp ec t, German ( 1973a) proposed that future  
research p ersp ectiv es  should include in v e s tig a tio n s  in to  (a) whether 

the c e l l  converting to  cancer was the p arti :ular one in which a 
chromosomal rearrangement had p rev iou sly  occurred; (b) whether that

c e l l  was one of a non-malignant c lon e of c e l l s  d isp lay in g  a 
rearrangement, but which, by v ir tu e  o f a c r i t i c a l  m utation, was 
predisposed to  malignant transform ation or (c) whether a transformed 
descender,t o f an o r ig in a l c e l l  underwent a mutation and by v ir tu e  of 
th is  secondary change# became endowed with p r o lif e r a t iv e  c a p a b il i t ie s  
superior to  those o f both normal and transformed c e l l s .  These data 
are as y e t ,  not a v a i la b le , but would c e r ta in ly  a s s i s t  in the 
e lu c id a tio n  o f the postu lated  r e la t io n sh ip  between m utagenesis and 

oncogen esis.



5 .5  FUTURE RESEARCH PERSPECTIVE IN FANQONI'S ANAEMIA

'The s c i e n t i f i c  value o f  a d iscovery  i s  judged by the 
amount of research i t  provides for o th ers to  d o ' .

C hargaff, 1970.

Even though they are rare , the chromosome breakage syndromes, 
including FA, are o f great in te r e s t  because they represent some of 
the b est evidence p resen tly  a v a ila b le  o f  a lin k  between chromosomal 
in s t a b i l i t y  and malignant transform ation . As a working hyp oth esis, 
th ese  d isorders may he regarded as p o ss ib ly  being «-he phenotypic 
expression  o f g en o ty p ica lly  d e fe c t iv e  ENA repair system s. I t  fo llow s  
th at the c h a r a c te r is t ic  chromosome anom alies and a sso c ia ted  cancers 
may thus a r ise  from unrepaired or m isrepaired CNA. The enzymatic 

d efe c t need n ot, o f course , be e x c lu s iv e ly  involved with DNA, but 
could conceivab ly  a ls o  involve an enzyme d ir e c t ly  or in d ir e c t ly  
a ffe c t in g  the sy n th es is  o f those chromosomal p ro te in s required for  
the maintenance o f the stru ctu ra l in te g r ity  o f the chromor ies. 
N everth eless, the id e n t if ic a t io n  o f the g e n e tic  d e fe c ts  a sso c ia ted  
with the chromosome nreakage d isord ers appears to  o ffe r  some hope o f  
in s ig h t in to  the process of ca rc in o g en esis . However, u n t i l  the 
s p e c if ic  m etabolic d e fe c ts  are c o n c lu s iv e ly  e lu c id a ted , the inh erited  
d e fe c ts  in th ese s o -c a lle d  ' p ren eop lastic  s ta te s '  should be regarded 
as having a f a c i l i t a t iv e  rather than cau sa tiv e  ro le  in on cogen esis .

To d a te , the b asic  m etabolic/enzym atic d e fe c t  underlying the c l in ic a l  
syndrome o f FA has not been id e n t if ie d . The d ia g n o sis  o f  FA 
homozygosity demands the con sid eration  o f both c l in ic a l  and 
cy to g en etic  inform ation . This d ia g n o sis  i s  com plicated by the in 
v itr o  v ar ia tion  found in repeated lymphocyte cu ltu res  from the same 

p a tie n t, between p a tien ts  from the same fam ily and between d if fe r e n t  

fa m ilie s . S ince the m ito tic  index o f FA c e l l s  i s  ty p ic a l ly  low, 
e s p e c ia lly  a f te r  exposure to  DNA c r o ss - lin k in g  ag en ts , even small 
uncontrolled v a r ia tio n s  in c e l l  cu ltu re  co n d ition s might cause 
disproportion ate  changes in the types o f c e l l s  completing (in  the 
case o f 72-hour cu ltu res) 2 c y c le s  o f  r ep lic a tio n  prior to  harvesting  
a t metaphase. Such changes could account for some o f the in ter -stu d y  
v a r ia tio n s  observed. Furthermore, the c l i n i c a l l y  unremarkable



h e te ro zy q o tes  cannot u s u a lly  lie c y to g e n e t ic a l ly  id e n t i f i e d ,  s in ce  

in d iv id u a l c a r r i e r s  f re q u e n tly  have breakage v a lu es  o v erlap p in g  w ith  
hose o f normal c o n t r o l s ,  even when t h e i r  c e l l s  a re  s t r e s s e d ,  

a lth o u g h  c o l l e c t iv e ly  th ey  e x h ib i t  s i g n i f i c a n t ly  h ig h e r chromosome 

breakage than th e  g e n e ra l p o p u la tio n .

Q uite  c l e a r ly  th e n , a d i s t i n c t  need e x i s t s  to  id e n t i f y  th e  b a s ic  
d e fe c t a s s o c ia te d  w ith  FA. T his would a llo w :

i .  the  e s ta b lish m e n t of an a b so lu te  and r e l i a b l e  t e s t  fo r  the
d ia g n o s is  o f FA homozygosity and h e te ro z y g o s ity ;

i i .  th e  p o s s ib le  p ro v is io n  o f a more e f f e c t iv e  th e rap y  regimen fo r

p a t ie n ts  w ith  t h i s  c o n d itio n ; 
i i i .  an u n d erstand ing  o f how t h i s  m etabo lic  a b e r ra t io n  p red isp o se s  

to  c l i n i c a l  m alignancy; 
iv .  assessm ent o f th e  p o s s ib le  a s s o c ia t io n  o f th e  FA gene w ith

s p e c if ic  neoplasm s, w ith  th e  aim o f p rev en tin g  the developm ent 
o f such m alig n an c ies  o r a t  l e a s t  d e te c tin g  them e a r ly  a t  a 

p r o g n o s t ic a l l /  good s ta g e ; 
v . th e  a c c u ra te  d ia g n o s is  o f FA h e te ro z y g o s ity ; and 

v i .  the  d e te rm in a tio n  of the frequency  o f the  gene in  d i f f e r e n t  

p o p u la tio n s .

Should the  a c tu a l  d e fe c t  prove e lu s iv e ,  th e  m olecu lar c lo n in g  o f the  
FA gene would a llo w  fo r  ttie  unequivocal id e n t i f i c a t io n  o f  t h i s  gene. 
I f  -he gene were to  he s u c c e s s fu l ly  c lo n ed , i t  cou ld  be sequenced and 
the  p roduct o f  t r a n s c r ip t io n  cou ld  p o s s ib ly  be i d e n t i f i e d .  
A lte rn a te ly , a r e s t r i c t i o n  fragm ent le n g th  polymorphism (RFLP) 
c lo s e ly  lin k ed  to  the  FA gene could  he employed in  the  d e te c tio n  o f 
FA homozyqc* ?s and h e te ro zy q o te s  in  in fo rm ativ e  f a m il ie s .

At p re sen t we have some d a ta , m ostly  t h e o r e t i c a l ,  on the  s ig n if ic a n c e  
and im p lic a tio n s  o f chromosome damage. More exp erim en ta l and 
ep id em ic)u g ica l d a ta  on the  ap p aren t c o r r e la t io n s  between chromosome 

breakage and p o in t m u ta tio n , som atic  and g e rm -lin e  damage and 
c a rc in o g en es ir  a re  r e q u ire d . F u ture  re s e a rc h  must th e re fo re  
co n c e n tra te  on th e  id e n t i f i c a t io n  o f th e  FA gene m u ta tio n /a  and th e  
a s s o c ia te d  m etab o lic  d e f e c t / s  and the  r a m if ic a t io n s  th e re o f .  U n til 
th e se  f in d in g s  become a v a i l a b le ,  chromosome breakage s tu d ie s



must s t i l l  be regarded as  a u se fu l in v e s t ig a t iv e  to o l f^r the 

r e lia b le  d ia g n o sis  of Fanconi's anaemia.
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APPENDIX A

TABULATION OF PERIPHERAL BLOOD LYMPHOCYTE CHROMOSOME BREAKAGE 
DATA FOR ALL INDIVIDUALS INCLUDED IN THE PRESENT STUDY

1 .
2 .

3.
4 .

P a tien t No, 
Sex

Age
Ethnic Group

5. Control

6.
7.

Fam ily
C lass

8 . P a re n ts

A9 -  J38

in order to  in terp ret the tabulated peripheral blood lymphocyte 
chromosome breakage d a ta , the fo llow ing key should be applied:

SSL
1 -  115
1 = Male
2 = Female 
in years
1 = White
2 -  Black
3 = Asian
4 = Coloured
same number assigned to  p a t ie n t(s )  and 
sim ultaneously in v estig a ted  con tro l 
same number assigned to  members o f the same fam ily

1 = homozygote
2  = o b lig a to ry  heterozygote

3  = con tro l
4 = s ib
5 = fea tu res o f FA
1 = father

2  = mother
number recorded ab erration s and number o f c e l l s  
screened using the sp e c if ie d  cu ltu re  c o n d it io n s:

S = spontaneous breakage 
F = Hams F10 cu ltu re  medium 
M = M150 cu ltu re  medium
D [0 .01 ] = DEB a t a concentration  o f 0.01 /ig/ml 
M[0.05] = MMC a t a concentration  of 0 .05 pig/ml 
+ = number o f ab erration s including gaps 
-  = number o f aberrations excluding gaps 
Number = number o f c e l l s  screened using the 

s o e c if ie d  cu ltu re  con d ition s
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APPENDIX B

CHROMOSOME ABERRATION SCORING SCHEDULE 

CASE (CONTROL:

Culture medium 
DEB concentration  
MMC concentration

Chromatid gap_________
Isochromatid gap_____
Chromatid break.______
Isochromatid break 
A centric fragment
Chromatid d e le t io n ___
Isochromatid d e le tio n
D icen tric_____________
T rirad ia l_____________
Quadriradial__________
Complex exchange_____
Ring__________________
Endoreduplication
Other

Total Breaks ( + gaps) 
Total Breaks ( -  gaps) 
Total Uhstahle C e lls  

Total C e lls

% Unstable C e lls
Breaks /  C ell ( + gaps) 
Breaks /  C ell ( -  gaps)
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COLCHICINE
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Powder i s  s ta b le  in d e f in it e ly .
Stock so lu tio n  :

2 .5  mq C olchicine i s  added to  100 ml d i s t .  water (s ta b le  for

a t le a s t  7 to 10 days i< s o lu t io n ) .
Add 0 .1  ml stock  so lu tion /5m l cu ltu re  i . e .  f in a l  
concentration = 0 .5  /id C o lch ic in e/m l.

DIEPOXYBIJTANE (DEB)

Stock so lu tio n

D ilu tion  o f DEB to f in a l  concentration  o f [0 . fyxq/ml]
i .  Add 0 .1  ml stock  DEB to 9 .9  ml s t e r i l e  d i s t .  water -

S o ln . A. i . e .  112 (XXI jw in 10 m i.
i i .  Add 0 .1  ml So ln . A to  9 .9  ml s t e r i l e  d i s t .  water -  

Sol p . B. i . e .  1120.0 jig in 10 m l.
i i i .  Add 1 ml S o ln . B to  9 ml s t e r i l e  d i s t .  water -  Soln . C.

i . e .  1 1 2 /iq in 1 0  ml = 1 1 . 2  in 1 m l.

For a f in a l concentration o f [0 .1  jug/ml], add 0 .05  ml Soln . C 
(= 0 . 5  fig)  to each 5 ml c u ltu r e .

Storage o f DEB:
DEB has a h a l f - l i f e  in aqueous so lu tio n  o f 4 days. 
Therefore, the DEB so lu tio n  must not be stored  and should 
always be fr e sh ly  made up ju st prior to use.

MW = 86.09  
1  l i t r e  = 1 . 1 2  kq



GIEMSA STAIN

Commercially prepared Giemsa so lu tio n  :
i .  F i l t e r  newly opened b o t t le  prior to  i n i t i a l  u se . 

j i .  R e-f l t e r  i f  sediment reform s.

HYPOTONIC SOLUTION

0.05  M KC1 : 0 .94  g KCl/250 ml d i s t .  w ater.
0.075 M KCl : 1 .40 q KCl/250 ml d i s t .  w ater.

MEDIUM

Can be stored  a t 4°C for up to 2 to 3 months.

1. Hams F10 + 1-glutam ine (Ix ) com m ercially prepared liq u id  

medium. To the commercial medium add
a .  0 .25  ml crystapen per 500 ml medium. ( Crystapen

500mq/vial d ilu ted  in 2 .5  ml s t e r i l e  d i s t .  w ater).

Discard remainder o f v i a l .
b . 0 .25  ml Novostrep per 500 ml medium. (Novostrep lg/3m l

v i a l ) .  Discard remainder o f v i a l .
c .  0 . 8  ml phenol red per 500 ml medium. (0 .5g  phenol red in

1 0 0  ml d i s t .  water; the so lu tio n  i s  f i l t e r e d  through a

0 . 2 2  fim pore s iz e  m illip o re  f i l t e r ) .

2. M150 medium (eq u iva len t to  TC 199 commercially prepared
liq u id  medium). Obtainable from media department o f N ational 
In s t itu te  o f  V irology fNIV), Johannesburg -  already lias 

a n t ib io t ic s  and pH in d icator  added.



MITOMYCIN C (WO

D ilu tion  of MMC to f in a l concentration o f [0 .01  p y/m l]:
i .  To each 2 my v ia l  o f MMC, add 2 ml s t e r i l e  sa lin e  -  

S oln . A.
i i .  Add 0 .1  ml S o ln . A to  9 .9  ml s t e r i l e  sa lin e  -  S o ln . B.

i i i .  Add 1 ml S o ln . B to  9 ml s t e r i l e  sa lin e  -  So ln . C.

For a f in a l concentration o f [0 .0 1  /xq/ml], add 0 .05  ml So ln . C 

(= 0.05/Ltq) to  each 5 ml c u ltu r e .

Storage o f MMC:
MMC so lu tio n s  should preferab ly  be fr e sh ly  made up ju s t  prior  
to  u se , or may be stored  in a lig h t-p r o o f box a t jP to  

5°C for approxim ately 1 week.

PHOSPHATE BUFFER (pH 6 . 8 )

D isso lv e : 27 q potassium dihydrogen orthophosphate (KH2 PO4 )
23 q sodium hydrogen phosphate. 1 2 H2P (Na2 HP0 4 . 1 2 H2P) 

in 4 .5  1 d i s t .  w ater.

PHOSPHATE BUFFERED SALINE (PBS, pH 7 .3 )

Oxoid PBS ta b le ts  (Dulbecco-A) : 1 t a b le t /100 ml d i s t .  w ater.

PHYTOHAEMAQGLUT ININ (PHA)

PHA (WELLCOME)
Add 5 ml s t e r i l e  d i s t .  water per v ia l .
Use 0 .05  ml d ilu ted  PHA per 5 ml c u ltu r e .



TRYPSIN

Stock so lu tio n  :
2 .5  q Trypsin i s  added to  200 ml d i s t .  water (or PBS). 
Store deep-frozen in 2.0ml a l iq u o ts .

TRYPSIN -  EDTA

Working so lu tio n  :
To 20 ml d i s t .  w ater, add 0 .1  g Trypsin p lus 0.05 g EDTA. 

D isso lve as thoroughly as p o s s ib le .
Add 80 .nl PBS.
Pre-warm to  37°C.
Use 3 ml working so lu tio n  per 5 ml c u ltu r e .



APPENDIX D

SOURCES OF REAGENTS

A c e t ic  a c id  -  g l a c i a l  

A lc o h o l -  a b s o lu t e  

Brom ide p h o to g r a p h ic  p ap er  

C o lc h ic in e  

C u ltu r e  v e s s e l s  

D iep o x y b u ta n e  (DEB)

D im e th y Isu lp h o x id e  (DMSO)

EDTA
Film -  Technical Pan 

Foetal c a l f  serum 
Giemsa s ta in  
G lass s l id e s  
Hams F10 medium 
Human AB serum-pooled 
Hypam rapid filter  
Lithium heparin tubes 

M150 medium 
Methanol
M itom ycin  C (ftIC) -  c r y s t a l l i n e

P e n i c i l l i n  -  'C r y s ta p e n 1 600 mg

P h en o l r e d  -  w a te r  s o l u b l e

P h o sp h a te  b u f f e r e d  s a l i n e  t a b l e t s

Phytohaemagg1u tin in
P i p e t t e s  -  s t e r i l e ;  d is p o s a b le

P o ta ss iu m  d ih y d r o g e n  o r th o p h o s p h a te

P o ta ss iu m  c h lo r id e

P ro m ico l u l t r a f i n e  g r a in  d e v e lo p e r

PQ un iversa l developer

S a l in e  -  s t e r i l e

Sodium h ydrogen  p h o sp h a te  * 12 Ĥ D 

S tr e p to m y c in  -  'N o v o -S tr e p 1 lg/3m l 

T hym id ine -  [3h]
T r y p s in

W a t e r - s t e r i l e ; d i s t i l l e d  5 ml am p ou les

Merck

SAIMR

A g f a / I l f o r d

Merck

F a lco n

Merck

BDH

Merck

Kodak

M A B io p r o d u c ts

C l i n i c a l  S c ie n c e s

M en zel-G l& ser

G ib co

SAIMR

I l f o r d

V a c u ta in e r

NIV

Merck

Sigm a

G laxo

BDH

O xoid

W ellcom e

S t e r i l i n

Merck

SAARCHEM

Maybaker

I l f o r d

B a x te r

Merck

Novo

Amersham
D ifc o

B o v it
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