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Fromm 1959 until its wi thdrawal from the market in 1961, after a larming 
reportss by Mc Bride and Lenz, ' -- the administrat ion of thal idomide as a seda-
tivee caused several thousands of cases of congenital mal format ions. Al though 
thee mechanism under ly ing the et io logy of these ia t rogenic deformi t ies has 
beenn studied by many, an explanation for thal idomide's teratogenic effect on 
thee human embryo has remained elusive for a lmost four decades now. The 
renewedd interest for the pharmacological act ion of the drug tha l idomide as 
ann immunomodu la to ry agent in diseases such as e ry thema nodosum lepro-
sum,-11 diverse ulcerat ive d isorders,4" 6 reumato id ar thr i t is and graf t-versus-
hostt d isease,8 on ly intensif ies the need to unders tand its mechanism of 
action.. Here we would like to use the st rong similarit ies between thal idomide 
embryopa thyy and two human syndromes, the H o l t - O r am and u lnar -mam-
maryy synd rome, to come to a genet ic explanat ion for the compl ica ted phe-
no typee observed in tha l idomide deformi t ies. 

Inn 1986, N e w m an po in ted out the similar i t ies be tween the embryopa thy 
causedd by admin is t ra t ion of thal idomide and a genetic syndrome: "I n Ho l t -
Oramm syndrome, . . ., the upper l imb reduct ion pat tern is verv similar to that 
off  thal idomide, a l though the legs are unaffected".9 Indeed, a str ik ing resem-
blancee exists between the phenotypes of many of the thal idomide victims and 
pat ientss with H o l t - O r am synd rome9 ( O M I M 142900) (see figure I ) , both 
showw identical severe upper l imb deficiencies and cardiac septat ion defects. 
I nn bo th cases one f inds the same t h u mb abno rma l i t i es ( t r i pha lang ism, 
hvpoplasiaa and aplasia), and severe aplasia of the fore l imb long bones, with 
aplasiaa of the forearm most p rominent on the radial side (radial aplasia). 

Figuree 1. (A) Thalidomide deformities of upper limb, showing phocomelia, pro-
jectingg acromio clavicular joints and loss of the preaxial fingers. (B) 
Holt-Oramm syndrome, note the similarities between both phenotypes 
(Fromm Newman, C.G.H: teratogen update. Teratology, 32:133, 1985. 
withh permission of Wiley-Liss, Inc.). 
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However,, patients with Holt-Oram syndrome do not show any deformities 
off  the lower limb, and thus the similarity between both conditions has 
receivedd littl e further attention. 

Anotherr genetic syndrome which shares some of the features of thalidomide 
embryopathyy is the ulnar-mammary syndrome (OMIM 181450),1C' both 
syndromess have in common the same defects in tooth (hypoplasia), renal 
(agenesis/hypoplasia),, genital, anal (atresia/stenosis) and pyloric (atre-
sia/stenosis)) development. 
Interestingly,, the genetic defects underlying the cause of both the Holt-
Oramm and the ulnar-mammary syndrome have now been identified,1'~'3 this 
givess a surprising new insight in the possible correlation between the phe-
notypess observed in these genetic syndromes and those in children with 
thalidomidee deformities. Holt-Oram syndrome is caused by mutations in the 
genee encoding the human transcription factor TBX-5, whereas the ulnar-
mammaryy syndrome is caused by mutations in TBX-3. Both are members of 
thee T-box family of transcript ion factors, originally identified in the 
mouse.14**  '5 Members of the T-box gene family share a DNA-bmding domain, 
thee so-called T-box. Interestingly, where TBX-5 plays a critical role in the 
developmentt of the upper limb and heart, a highly homologous T-box fam-
il yy member, TBX-4, specifies the development of the lower limb.16, '7 Thus 
itt is tempting to postulate that thalidomide or one of its many metabo-
lites188 negatively interferes with either the function of the T-box domain or 
withh a common mechanism whereby those T-box containing transcription 
factorss are activated. 
Thee most pronounced effect of thalidomide is disturbance of limb develop-
ment.. Interference with the action of T-box transcription factors would 
fi tt well within the framework of our current understanding of this complex 
process.199 Both thalidomide exposure and Holt-Oram syndrome lead to 
thee same loss of proximal limb structures specifically. In the development of 
thee vertebrate limb, the proximal-distal axis is established by the specialised 
epitheliumm at the tip of the outgrowing limb bud, in an area called the apical 
ectodermall  ridge (AER), which secretes and can be replaced by FGF. At the 
outset,, the developing limb mesenchyme is only able to generate proximal 
limbb structures. However, the FGF produced by the AER re-specifies the cell 
fatee of some of the cells with a high proliferation rate underlying the AER, 
calledd the progress zone, to form distal structures. Tabin proposed that as 
thalidomidee blocks proliferation in the progress zone and the limb bud fails 
too lengthen, all cells in the developing limb are exposed to the FGF still pro-
ducedd by the AER, and are therefore distalised.20 The FGF specifies a distal 
celll  fate in these cells and as a result a limb develops in which the lack of 
proximall  elements is especially pronounced, whereas distal elements may still 
bee present (figure 2). 

Sincee Holt-Oram syndrome shows the same defects in limb development, this 
hypothesiss also applies to this syndrome. Importantly, identification of 
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Figuree 2. (A) Normal situation. Initially all cells in the limb bud mesenchyme have 
aa proximal cell fate. The FGF from the AER forms a concentration 
gradientt that distalises the fate of the rapidly proliferating cells in the 
progresss zone. In our model the proliferation of the mesenchyme 
dependss on TBX-5 mediated transcription of T-box target genes. (B) 
Holt-Oramm syndrome/thalidomide embryopathy. Defective TBX-5 medi-
atedd transcription interferes with proliferation of the limb bud mes-
enchyme.. As a result, the limb bud fails to lengthen, however the 
AERR continues to secrete FGF. All cells in the limb bud are now 
exposedd to a high concentration of FGF, thus most of limb is dis-
talised.. resulting in the deformities observed in both Holt-Oram syn-
dromee and thalidomide embryopathy. 

thee genetic defect in H o l t - O r am syndrome has now shown that the lack oi 
prol i ferat ionn of the l imb bud mesenchyme in this synd rome is caused by 
impairedd act ion of TBX-5. The identical features in tha l idomide-af fected 
embryo 'ss can thus be explained by the same mechanism. 

Thiss is .\\-\ a t t ract ive and unify ing hypo thes is because this mechan ism of 
actionn is easily extrapolated to account for other features o\ the very complex 
"thal idomidee phenotype" and more important ly may also explain some ot the 
ant i - inf lammatoryy act ions ot thal idomide. An identical interference with the 
act ionn of TBX- 4 can account for the observed lower l imb abnormal i t ies 
andd analysis of the u lnar -mammary syndrome shows that inhibi t ion ol t ran-
scriptionall  activity of TBX-3 can explain many of the deformities of the inter-
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nall  organs. At the time we became aware of the similarity between the 
thalidomidee phenotype and syndromes caused by mutations in T-box factors 
wee were unable to account for the anti-inflammatory effects of thalido-
mide.. Recently however one of the T-box family members, T-bet has been 
shownn to be the critical transcription factor in the development of a T-
helperr 1 type immune response and the production of IFN-gamma and 
interleukin-122 by these ce l ls . '1 ' - ' 
Inn conclusion, we propose that thalidomide interferes with T-box family 
memberr mediated transcription. We suggest a T-box family specific, but not 
aa single T-box gene selective activity of the drug. This interference could 
accountt for the upper and lower limb deformities, cardiac septal wall defects 
andd many of the other internal organ abnormalities, observed in children 
affectedd by the thalidomide syndrome. 
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