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Summary This symposium is concerned with recent studies that have 
at tempted to define the molecular basis of the defects in globin synthesis 
which produce the hematologic manifestation of thalassemia. There have 
been two basic approaches to this problem. Analysis of the structure 
and synthesis of the various mutant  globin chains in patients has permit- 
ted the formulation of a genetic hypothesis by which deletion of specific 
structural or regulator genes could produce the various forms the 
thalassemia. The second approach involves direct search for defects in 
the biochemical processes by which each structural gene directs the 
synthesis of a specific globin chain. The recent developments of these 
studies are reviewed and discussed briefly. 

The thalassemia syndromes are a heterogeneous group of inherited he- 
matologic disorders characterized by reduced or absent synthesis of the a- 
and non-a-globin chains, which form the apoprotein portion of hemoglobin. 
The cumulative results of all the various studies lead to the conclusion 
that  the underlying basic genetic defect in the nucleus causes the decreased 
production of a globin chain-specific messenger RNA(mRNA),  which in 
turn leads to a decreased amount of the globin chain, resulting in the 
unbalanced synthesis of globins. Thus, the major defects in the regulation 
of hemoglobin synthesis are transcriptional. 

In a-thalassemia, a-chain specific mRNA is deficient because of gene 
deletion which has been demonstrated by in vifro synthesis of the com- 
plementary DNA(cDNA), followed by hybridization experiments to mRNA 
and DNA. On the basis of these studies, a gene deletion model may be 
proposed to explain the various forms of a-thalassemia and the hetero- 
geneity of the population for the number of a-chain loci. 

In fi-thalassemia, the basic defects for the deficient/~ mRNA production 
remain to be clear. Although the cDNA-DNA hybridization experiments 
do not show actual /~-chain gene deletion, a partial gene deletion includ- 
ing regulator genes that  are predicted to be linked to the structural loci 
could be the basis of some cases of [% and ~- thalassemias .  
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Fig. 1. Number and linkage of golobin-chain genes. 
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Globin synthesis by intact reticulocytes from heterozygote for 
~-thalassemia; markedly decreased incorporation of leucine 
into E-chains relative to a-chains. 
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CM-Cellulose column chromatography of globin from fraction II 
(Fig. 3) with normal  carr ier  globJns. Fraction II corresponds 
to monomeric  u-chains. 



117 

9 :@~_~04",$ ~,~l]�9 ~ :/.--: ~ ~ ~  ~'~c (Fig. 3), :_ 0 ~ @ r  ~" ~ E : / ~  

~ 7 0 ~ , ~ 5 ) .  Hb H disease ~ * ,  ~ � 9  0 ~ , ~ . ~ � 9  t 

3. a " , " kg ' l z$7~  

~'~. Hb F @ Hb A O~{&~:&< ~ 6 ~ r  Hb Bart ' s-Hydrops fetalis ~ L ~ B ~  

~'~5 70 (Table 1). 

Table 1. The o~ thalassemias 

Gene Horn�9 Heterozygote 

thal. 1 hydrops fetalis mild anemia 
Hb Bar t ' s& Portland and birth 5-t0% Hb Bart's at birth 
no Hbs A and F 

a thal. 2 

Hb Constant Spring 
(cs) 

Hb H disease* 

mild anemia 
5% Hb CS and 95% Hb A 

severe red cell changes 
10-15% Hb H and 85-90% Hb A 
and/or 2-3% Hb CS 

no red cell changes 
1-2% Hb Bart's at birth 

no red cell changes 
Hb CS 0. 5-1% 

as a thal. 1 trait or 
a thal. 2 trait of 
Hb CS trait 

* c~ thal. 1/a thal. 2, or a thal. 1/Hb CS combination (Weatherall, 1974). 

Hb Constant  Spring s  s 7m~b~@~ 

$;}%m~,70 ~8). Hb Constant  Spring ~.~]~O~]~3.~_~.~+t~s162 9, ?~j~_9~@_~m~'~_ 

"~'~570fc6 ~-thal. 2 & P ] ~ O ~ ~  ~ 7 ~ k ~ k 7 0 .  ~ tm H b H  disease ~ '~t  ~-thal. 

1, ~-thal. 2 o ~ . g  - ~ ~ @ ~ . 9 < ~ ] m i ~ . ~ s  &/L ~" si lent  carrier "~'~570 ~ n ~ b ~ : ,  

~ ) 9 ~ f ~ . ~ ' I ~ I 9 ~  6 ; h ~ .  Hb H disease ~ I ~ O ~ O ~ - ~ 7 ) ~  ~ a-  

~ 7  N T ~ ' ~ . ,  Hb Constant  Spring gene ~ Z ~ O  4 % t ~ - % ~ L ,  ~ . ? c _ ~  
~v_~ 6 ~ 7 0  Hb H disease ~V~J�9 E_ � 9  % ~- s 7Y~I] 6 ~ <  

~,, 70 m. Hb Constant  Spring O a , ~ i  C ~ ' ~ -  @ ~ ~ - 3 1 ~ O  7 ~ / ~ ~ J 3 1 ]  @ ~f'c 
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EXTENDED HEMOGLOBINS 

140 141 
Thr  - Ser - Lys - T y r  - Arg -Tezra. (+ 31 res idues)  

T h r -  S e r -  Lys - Ty r  - Arg - Gin - Ala - G l y -  Ala - S e r -  Val - Ala - - 

T h r -  S e r -  Lys - Ty r  - Arg - Lys - Ala - G l y -  A l a -  S e r -  Val - Ala - - 

T h r -  S e r -  Lys - T y r -  Arg - S e r -  Ala - G l y -  Ala - S e r -  Val - Ala - - 

Normal ACU UCU AAA UAC CGU UAA GCU GGA GCC UCG GUA GCA 
Frame I 

Frame ACU UCA AAU ACC GUU ~ G  CUG GAG CCU CGG UAG CA 

S h i f t  (~) Deletion 
141 146 

Wayne Thr  - Set - A s n  - Thr  - Val - Lys - Leu - Glu - Pro - Arg - Term. 

Fig. 5. Partial amino acid sequence and proposed base sequence of the a-chain of 
hemoglobins A, Constant Spring (CS), Icaria, Koya Dora, and Wayne. 

~ 'K- :g :~ '~<V-7  - b ~  ~ ( f i , ~ � 9  a,~NCNN �9 Yy �9 point 

mutation K-2 b, ~ ' ~ / b ~ d ~ ? ~ c ~ ,  ' ~  l ' ~ 1 6 9  L ~ : ~ / b - ~ s ? , : ~ � 9  

N ~ : b , T o  ~s). Hb IcariM 9), Hb Koya Dora a~ ~ _ ~ o ~ , ~  N ~ � 9 1 6 3  62c~2b,;5 

(Fig. 5). Hb Wayne ~d'~.= I - ~ 1 6 9  deletion r  frame shift ~ L f , : r 1 6 9  

~., ~ : s  F : / m ~ l t ~ N t , , ~ : ~ _ ~ ' ~ s  (untranslational base sequence) 

N ~ & x o N ~ N ~ 2 c ~ o .  

;5~,  Fig. 6 � 9  5~'~-?-z:6 ~,~). 2 ~ ,  ~ - - ~ t ' s  a-thai. 1 2 a-thal. 2 �9 

gene ~'~1 a , ~ ' ~ j ~ s  { ~ i t z b ~ ' ; 6  ~- ~ d ~ b ,  a ~h+ gene ~2:, ~j~?g:~Si  

~ , ~ J ~ � 9  &~,, 5 , ~ , ~ d ' ~  9, ~ � 9  " a-thal. 1 & a-thal. 2 m ~ N  

~ ;5  ~ � 9  Hb Constant Spring gene ~t a ~h+ gene ~ N ~ � 9  L 'I: 4, 7o 

~ ,  Fig. 6 �9 Hb H disease-Hb Constant Spring ~d'~i:  Hb Constant Spring �9  
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"ONE GENE THEORY" "TWO GENE THEORY" 
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Fig. 6. One-gene and two-gene hypothesis for a-thalassemia 
(Wasi, 1973; Benz and Forget, 1975). 

Hb A ~ L "C ~, -5 �9 ~2", 2 N{~_-~75~NN ~ N,.~G.5. Hb Constant Spring ~ M ~ � 9  

~ N  Hb Koya Dora ~ ~ %~_ Hb Rampa ( ~ ~ . . ~ ) ,  Hb A ~N~o{N@~: -  

~ ,  a ~ z  ~ 7 � 9  L-C gene deletion ~ , ~ N m ~ $ ~ ? c / ~  ( ~ ) ,  2 

N { s  ~ ~ f ,  Hydrops fetalis ~-'~s c~ ,~'~ gene �9 deletion, Hb H disease -~" 

~ •  4 1~{s169 5 % 3 N{]~�9 deletion, a-thai. 1 ~'t ' t  4 I~{s169 5 % 2 N{s169 deletion ~ 

N ~ _ 6 ~ 7 0 .  ~-tz~b%, a~h~ gene ~ t ~ N  locus �9 deletion 2t,,  5 ~- ~c-?z '5 .  
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i K ~ ' t ; ~ l f l i T ~ S ~ 6 a , ~ J ~ a  ~2~ Y ~ s >, m R N A  ~ 8 ~ ,  e/ 4 ~ p ~ , � 9  reverse  

t ranscr ip tase  ~ 2 { ~ 6 ,  s169  m R N A  E ~ l ~ t a  c omple me n ta ry  DNA (cDNA 

cDNA -%Nt , ,  molecular  hybr id iza t ion  - : ~ c _  a ~ ~f m R N A  % ~N _970  c a ~5~'~'~ 70. 

Table 2. Comparison of the ~/~ globin synthesis ratio by intact celIs and 
and ~ mRNA content by hybridization (Ramirez et al., 1975) 

Source a/ / t  Ratios ~ mRNA/fi mRNA 
Globin synthesis Hybridization 

Normal 

Peripheral blood 1.0 1.0 

Bone marrow 1.0 1.0 

Heterozygous fl+ thalassemia 

Peripheral blood 2. 0 3. 8 

Bone marrow 1.0 3.7 

Homozygous ~+ thalassemia 

Peripheral blood 5. 5 12. 0 

Bone marrow 1.9->20 5.0 

Hemoglobin H disease 

Peripheral blood 0. 55 0. 29 

Bone marrow 0. 55 0. 29 

t ~ i � 9  s 5 ? ~ ~  (Table  2) ~ tp, i K ~ ' ~ i ~ i ~ ' ~ -  t~ m R N A  : ~ m R N A  �9 

N ~  1 : 1, Hb H disease ~ '~ .  ~ m R N A  ~;JkLL~C a m R N A  ~i~'N_L~5~gga5 6 ~ - f ,  

/ C ~ z z ~ k t _ ~ b ~ C t , 7 0  ~_ ~ S A t ,  c2~, ~ .  ~_ �9  c~ S~: ~ ' : / , ~ � 9  

m R N A  � 9  F_ 2 ~ N  6 ~ c _ 8 A ~ c .  Table  3 m, o~, ~ cDNA 

~ ~z ~ 7 N N � 9  N ~ } , ~ � 9  DNA ~ O N � 9  hybr id iza t ion  ~ N � 9  ~~a~ 

H~dro!)s felalis N N � 9  DNA ~r4~, a cDNA ~c-*I~$J#~ DNA sequence ~ l ~  k 

7u ~ z : ~  "<~l ] t~2~, 7o (ff~I~3r169 hybr id iza t ion  ~ &  6 ~ 7 0  �9  ~ &  b 

~C~ cDNA �9 con tamina t ion  ~c-2 ;5 ~ r  6 A - C t , 7 0 ) .  ~ r _  Hb H disease K-mt ,~C& 

70 ~ ,  o~ ~,  gene �9 dele t ion ~l Hydropsfetalis 2 ~ ~ { ,  ~ a 5 s  DNA : 

_[Jydfo/)s DNA (a~f i  gene delet ion) e g % ~ c  1 : 3  � 9  DNA 

sample  ~ N ~ � 9  hybr id iza t ion  ~ 6 ~ c  ~- s ~ 6 ,  ~o~ ,~. gene �9 3/4 N_�9 gene 

dele t ion % ~ L ~ t , 7 0  a & ~ S i ~ N S ~ . ? c  a~>. 8 6 m ~ - ~ ,  o~-thal. 1 N ~ � 9  DNA 
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Table 3. Saturation hybridization values of cellular DNA to purified a and ~ cDNA 

To a cDNA To ~ cDNA Reference 
Source of DNA % hybridization % hybridization 

Normal liver 70 (1) 

Hydrops fetalis liver 40 

Normal liver 60 70 (2) 

Hydrops fetalis liver 20 75 

Normal spleen 39-54 45-61 (3) 

Hydrops fetal@ liver 24-33 48-60 

~+ Thalassemia homozygote spleen [35-49 40-59 

(1) Ottolenghi et al., 1974; (2) Taylor et al., 1974; (3) Ramirez et al., 1975 

Ancestra 
populations ~ 

Duplication and Deletion 

populations a X : Deletion 

"~Mutation 

Fig. 7. Proposed scheme for the evolutionary development 
of human a-chain genes (Nute, 1974). 

~: a ~ N f ~ : ~ � 9  50% deletion ~ K ~ f c � 9  a ,~f i2N{CzN~5 6 ~ 7 0 ~ ~  

,5 82~. ~3~,  Table 3 E ~ 9 - s  5~v-, a ~ :  ~ 7 ~ , ~ � 9  DNA ~c~:/~,~ gene 

} ~ . ; i ~ L ~ , : 6  2. 5 K - ~ ; 5 .  ~'-�9 ~_ ~ a ~ j ~  gene � 9 1 6 9  deletion ~ , ~ 1 ~ : 5 .  F_�9 

3 :5  ? ~ ,  ~ b � 9  ~ , , ~ t ' ~ -  gene deletion ~ K ~ , : N : ~ � 9  

~ @ - ~ E  gene deletion ~ 5  L { ~ : ,  ~, ( ~ 5 ~ 6 ~ 5 ~ ,  ~ ' ~ P $ � 9  

tion 75~N:~ ~- ~ ~ ,  ~ - N m N [ N ~ 7 o  (Fig. 7). Hb H disease ~ Hydfops fetal@ ~'; 

~ N ~ E o %  6 ~  7~?ggg7 9 7 ~ N ~ ' ~ : ,  Fig. 7 � 9  3:: 5 m, a ,~2~ gene �9 dele- 

tion e g @ ~ 5 " ~ a ~ 2 ~ ~ # ~ , ~ L ,  ~ ' . ~ ) � 9  ~ 2 ,  a-thal. 1 ,  Hb H 
�9 disease, Hydrops fetalis #~. ~ ~  ~ k N x .  6 ~ .  
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4. # +~9~e ~ 7 , ~  

ri ~ Y 4: ~ Y ~ f ~ ,  ~ t j  b ~  ri~ gene k ~q+-thal. gene ) ~ O  ~ 6 ~ c ~ ,  7o 38). 

& ~ 1 6 9 1 7 7  in tac t  ? a ~ ' ~ b ' C t , , 7 0  ~- a ~ a z ~ 7 0  (Table 4). fl~ 

thai.  E o b , ~ 2 ~ t .  ri , ~ N } ~ { N z ~ � 9  b ~ � 9  delet ion ~ N o  " C b , , S K N ' ~  

70a% ~ c N ~ N  Hb A2 N r i g ~  a 7 a - ' & # Y ~ t c . ~ N ~ N ~ t t & 6 G - f ,  # ' . / . ' ~ #  1., 

~ - ~  ~ 7 0 ~ ' ~ ? ~ 7 0 7 ~ %  H b F  ~ { ~ b ,  ~,-o Hb A2 t~- '<e>~iE~q2"#o70,~eg~ 

~ 2 { ' 7 0  (Table  5). ~_�9 Hb Lepore  }~_{i.N!fl~;~"i~%Sa% Hb Lepore ~ N ~ ? 2  

{ 2 ~ � 9  70. Hb Lepore  ~{X~pO ,~, - r : .~*Nq2-~.  Hb A ~ Hb A~ ~ fK~N b ~C ~,, 70 

~- E75,6,  #,~,~k a~j~ gene O delet ion 72~,, b ~ t . ~ k ? ~ : ~ f ~ l ] ~ N o  ~2v,70 k ~ k 6 a % 3 .  

Table 4. The # thalassemias 

Type Homozygote Heterozygote 

fl thal~ 

# thal+ 

# thal+ (African) 

# thal+ (high Hb F) 

Excess ~ chain production 

Cooley's anemia 
Hb F+A2 

Cooley's anemia 
Hb F + A + A 2  

thalassemia intermedia 
Hb F + A + A 2  

thalassemia intermedia 
Hb F+A+A2 

not described 

mild anemia* 
raised Hb A2 

as above* 

as above* 

as above 
Hb F in 5-10% range 

thatassemia intermedia 
dyserythropoiesis 
inclusion bodies 

* Found in association with fl chain mutants, Hbs S, C, E, D, etc. (Weatherall, 1974). 

Table 5. The 3fi thalassemias 

Type Horn�9 Heterozygote 

3# thal~ Cooley's anemia or mild anemia  
thalassemia intermedia Hb F 5-15%, Hb A2 normal 
Hb F only 

3# thai + 

6fl Lepore* Cooley's anemia 
Hb Fq-Lepore 

mild anemia 
Hb F 8-9%, Hb A2 normal 

midle anemia 
Hb Lepore 5-10%, Hb A2 normal 

* Three molecular varieties (Weatherall, 1974). 
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FUSION HEMOGLOBINS 

9 I~ tg 
Chain § 2 4 7  Thr Ash Ala 

B Chain + + + + +  Set Thr Glu 

Lepore-Hollandia 8 

Lepore-Baltimore 

Lepore-Washington 
(Boston) 

Miyada B_ 8 

P Congo B 

P Nilotic 

1 
T Chain + + + + +  Gly 

B Chain § 2 4 7  Val 

Kenya ,,, 

50 86 
Set Set 

Thr Ala 

87 116 117 124 126 
Gin Arc Asn Gln Met 

Thr His His Pro Val 

80 
Asp 

Ash 

81 86 87 
keu Ala Gin 

ke~ Ala Thr 

y_ __B 

Fig. 8. Structure of fused globin chains. 

Hb Lepore �9169 N,~Ib~ ~, C~filj~fl,s169 ~ ~i~I~YIJ.~ 

% ~ ~C ~, "~, 6 ~ s ~ ,~m{~%~F~1�9 { ~J~-< ~ 5  ~ Y , s  ~5 (Table 8). F_ �9 

2 5 ? 2 ~ { ~ I ~ � 9  7hKt 686)K-Z -v ~:~]%~a%?c HB Miyada ~ Hb P-Nilo- 

%�9162 Hb Miyada R ~ Hb P-Nilotic �9 C , ~ J ] ~  a,9~s 

9 ~ 9 ,  t � 9  anti-Lepore ~ . ~ y ~  K y ~ z ~ f ~ b , , 5 .  Hb Lepore } : t - ~ 5 - ~  

-~ Hb P-Nilotic %~t ~ ~ �9  < ~k~-~ y~ ~'y~_~c~-kS~k~t 12-20  

Fig. 9 ~r_ Baglioni as> K-2 7 a 3 ~ Y . - ~ Y e p e d ~ .  N I ~ N N g ~ T a  Z w Hb Lepore 

�9 Hb A, Hb A~ ~ ) ~ @ ~ 9  ~, intact ?$.6,~, /~,~{X-T-�9 deletion 
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Fig. 9. 

/ 

~-~ 

Miyada 
(anti-Lepore) 

Lepore 

Proposed scheme for the formation of Lepore and anti-Lepore 
genes, and deletion of ~- and fl-loci by unequal cross-over 
(Baglioni, 1962). 

G 7 

i. 

2. 

3. 

5. 

Fig. i0. 

Nonhomologous 
Cross-over 

G 7 '---' A~. ~ :# 

/ 
G7 A7 a fl 

' G7 A7 a 

fl+ thalassemia G 7 A7 a 
fl~ thalassemia G 7 A7 ~ -fl 
~/3 thalassemia 
Hereditary persistence of fetal G7 A7_fl kepore type 
hemoglobin ~ 
Hereditary persistence of fetal G7 Kenya type 
hemoglobin 

Regulator genes and a deletion model. Regulator genes are assumed to be 
intercalated among structural ioci indicated. It is possible to derive genotype 
entirely consistent with the findings in ~~ ~*-, 3~-thalassemia, various forms 
of hereditary persistence of fetal hemoglobin, Hb Lepore, and Hb Kenya by 
deletion of the appropriate regulator and/or structure genes. 

5 fa ~-~ �9 ~- ~ ~ 7 ~ .  Lepore ,~.G ant i -Lepore , ~ G ~ ~ . 2  { { ~ s  

.5 as~4~ ant i -Lepore  ~ { ~ ; ~ r 1 6 2  Y ~  K y ~ � 9  in i t ia t ion ~ = ~ 3 ~ ; 5 G ~  

6,  @ ~  gene ~ # ,~N gene � 9 1 6 9  (nonhomologous crossover)  r 2 .  "C,~ 

~},ttt~-* Y~-= 7;';, ~c-~9~,,~c~4"~�9 ~ ~, x~..V.�9 ~ 2l..5,8,~ gene �9 

~ N ~ I , % N ~ N ~ � 9  Hb Lepore,  Hb Miyada ,  Hb 
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Fig. 11. 

~+ Thalassemia spleen DNA 

0 

" ' " ' -  20 

~ ,  a cDNA 
,,x,,~ �9 �9 40 

"~.&..._A 60 
cDNA 

80 

Hybridization of Hydrops 
fetalis liver DNA to puri- 
fied a and /3 cDNA 

A 

' % a  cDNA 
~ , ~ ,  . 

" t '  

fl cDNA 

0 

20 

40 

60 

80 

10 ~ 

~ .  a cDNA 
".. %.._,_~. 

'..fl cDNA 

i i i 

10x 10 ~ 1'0 a 10 ~' 10 ~ 10 a 1'04 

Cot Cot 
Hybridization of (A) normal and (B) ~-thalassemic spleen, and (C) hydrops fetalis 
liver DNA to purified o~ and ~ cDNA (Ramirez et al., 1975, with permission). 

deletion m~'J>~- 2 o ~ # ~ P  ~: ~ 7 �9169 70. N~c-~2c70  2 

tg deletion model ~-2 70 ~ #+ thal. " ~ ' ~ 3 N � 9 1 6 2  intact "~'/b70h~, ~ � 9  

N ~ N ~ : ~ � 9  deletion 7 4 ~ 7 0 .  3~ ~ ' ~ : N ~ { ~ : f - ~  ~ g ~c_ 3 ,~ .{fN~N{~ 

O ~ N ~ c ~ 4 ~ o  deletion ~ N r ) ,  f i , ~ o @ N ; ~ N N ~ t ~ b , .  

O deletion, ~ o ~ ' ] ~ N N g ~ - e  3'~ ~ ' : / ~ .  r , ~ O ~  t9, 6 ,~4~N~:~ 

O deletion ~ N , ~  6A70. 

N]@I~N~ 6 ~ N N  { @ g ~ f c  mRNA ~. formamide-aerylamide gel N ~ N N ~ "  

2 ~ m @ @ 6 ~ 7 0 ~ , a L  L O 2 o O N @ k C ~ t ~ b ,  cell free system e g N ~ , ~  

~ & ~b g ~  ~ ) ~ f ,  ~_tc Hb H disease 2 " ~ . ~ . 0  ~ eDNA-mRNA hybridization ~ 

2 NN,  a mRNA o N N ~ : ~ ' ~ N  ~ ) ~ ' ; b  70. 

Fig. 11 ~: cDNA ~ # ~ e ~  ~ 7 0 N N ~  DNA O hybridization ~ N o ~ ' / b  

70 75~ ~~ ~§ homozygote O~,I~gg~ DNA ~r_~. ~ cDNA ~r -~N?~:  DNA sequence 

~:, ] ~ N ~ N ~ t ~ :  { N~5 ~ 7 0  ~- ~ 7 4 ~ 2 c ~ : ~ , 7 0  (Table 3). "r ~-thalassemia 

~ - t •  ~ mRNA o { l ~ T ~ t N ~ 5 ~ c 7 0 ~ g ~ b r ~ y ,  #-gene O deletion t~-~ 

O ~ , ~ ,  (cross hybridization) O ~ ~ d ' ~ ? ~ : ~ , , .  ~ ~)~v_, probe ~ L < i ~ N  

~ 7 0  cDNA 0 ~ _ ~ 2 s 7 0  ]~ ~ ' : / ~ : ~ o ~ ( ~ o : ~ : ~ d ' ~ : ~  o 
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N ~ 7 o  �9  P , ~ N ~ � 9  partial  deletion �9 ~ g ~ - C ' ~ ' ~ s : b ,  22~. DX_E 

�9 2 5 ~c_ fl ~- ~ -e r 7 ~';~., gene deletion ~: ~ 6 z~ ~" ?a: t,, ~5~, fl ~ N ~ : [ ~  �9 partial dele- 

tion � 9  ~ �9 ~ b Y c b , .  " ~ c ,  r - � 9  6~5~ transcript ional  

level O ~ a j ~ l N ~ 7 o  ~0r k , ~ , ~ 3 .  @ ~ _ o ~ o ~ / - ' : ~ > ,  k { a m R N A  

~ y ~  ~ z ~ c _ ~ � 9  (1 )#~  y ~  ~~ , s169  m R N A  � 9  (2) 

o~ ~- ~ ~: s 7 ~-~ .N  6 ~ ? ~  gene deIetion ~ N  ~ ~ c ~ ,  ~ ~ ~ ~: ~ 7 ~c_N b ~ ~ ~- 

� 9  - - ~ � 9  b ~ ,  N ~ { ~ - ~ ,  } ~ ' ~ q ' ~ � 9  deletion 

model  e g ~  L~c. 

t ranslat ional  level E ~ b  ~ 7o~i!a �9 6 A 5 .  ~-A ap % ~ f c ~ N / i ~ � 9  
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