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EVO-DEVO: Evolution of animal design – Lecture 4 
 
Hox Genes  
 
 Naturalists were interested in transformations of one region of the body into 
another, in order to explain the discontinuous jumps in body form found in the 
evolution of species.  Changes of one body part into another were called homeotic 
transformations.  The moth shown below has a leg transformed into a wing.  In 
1923 Bridges and Morgan isolated bithorax, a four-winged fly, showing that 
homeotic transformations had a genetic basis.  
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 The first vertebrate homeobox gene was isolated by low stringency 
hybridization with a 600 bp Drosophila fragment containing the Antennapedia 
homeobox.  The cloned lamda DNA hybridized not only with Antp, but also with 
Ultrabithorax and fushi-tarazu.  Vertebrates had a homeobox.  Hox genes are 
transcription factors of the helix-turn-helix class. 
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- Extensive studies with mouse knockouts support the view that cells “know” 
their position along the anterior-posterior axis based on the combination of Hox 
genes that they express. 
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- The activation of Hox genes also explains the teratogenenicity of Retinoic Acid 
(Isoretinoin, Accutane), a vitamin A derivative used for the treatment of cystic 
acne.  Despite label warnings, Accutane has been taken by at least 160,000 
women of childbearing age.  The most common abnormality found is cleft 
palate and other head and neck malformations.  Formation of the palate roof 
through fusion of the palate is a complex process, and the cells in this region of 
the anterior head do not express genes of the Hox complexes.  Exposure to RA 
causes the border of Hox gene expression to be displaced anteriorly.  The 
expression of Hox genes in the wrong place is the cause of RA-induced 
congenital malformations.  In mouse, it has been documented that the RA is a 
potent teratogen that acts through the activation of Hox genes. 

 
- Hox proteins can form heterodimers with Pbx, a gene homologous to 

Drosophila Extradenticle.  When a Hox/Pbx heterodimer is bound to DNA, it 
functions as an activator of transcription, whereas Hox homodimers tend to act 
as repressors.  Pbx is so called because it is translocated in 30% of childhood 
Pre-B lymphocytic leukemias (OMIM 176310).  The translocation forms a 
fusion of the homeodomain of Pbx-1 to the activation domain of another 
transcription factor. 

 
 

Nested expression (as in Russian dolls) of ABD-B type Hox genes 
in developing limb buds 
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er the Hand-Foot-Genital syndrome described earlier?  It is
tations in Hoxa 13.  Patients have shortened thumbs and large toes and, 

, genital malformations as well.  

A fabulous online resource for molecular disease is located at
.ncbi.nlm.nih.gov.  In “search”, scroll down from
OMIM (Online Mendelian 

an).  You can search 
direclty for the numbers 

r each disease in the lecture 
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causes it (read 
lso abstract of reference 9 in this 

p
notes, or you can use a disease or gene 
name.  Do this for OMIM # 14000.  this 
Hand-Foot-Genital syndrome seems a 
bizarre disease, but you have a good 
molecular and embryological 
understnading of what 
a
OMIM entry). 
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Hox genes and the evolution of body forms 
 
 In Drosophila, the Antp-C and Bx-C are believed to have played a critical 
role in the evolution of insects.  Flies probably evolved from insects with two pairs 
of wings (most insects have 4, not 2 wings).  Insects probably evolved from 
millipede-like creatures, which had legs on each segment and very few 
specializations at e

les may have hypospadias, and females defects in 
and great toe are 

ither the anterior or the posterior.  Thus Lewis proposed that 
ox genes evolved to cause increasing specialization at the anterior and posterior 

way from a middle, or ground state, 
ward a more posterior or tail-like identity.  For his work on homeotic genes, Ed 

al syndrome ma
terine septation a

shortened.  How do
  

 

 
 
 
 
 
 
 
 
 

(From Langman’s Medical Embryology, a great book). 
 
 

H
of the fly, i.e., the specialization of segments a
to
Lewis was one of the recipients of the 1995 Nobel Prize in Physiology and 
Medicine. 
 

Clinical-Embryological Correlation 
Hox transcription factors in development and disease: 

Hand-Foot-Genital syndrome 
 
 Hand-Foot-Genital syndrome is a dominant hereditary disease caused by 
nonsense mutations that truncate Hoxa 13 in the DNA-binding helix.  In Hand-

oot-GenitF
u nd urethral malformations.  The thumb 

es this come about? 
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 Uterine septation results from incomplete fusion of Müllerian ducts.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 Hypospadias in males is related to the development of the cloaca and 
external genitalia.  Development of the genitalia is identical in male and females 
until the seventh week of pregnancy.  The hindgut forms an enlargement called the 
cloaca.  The cloaca does not open to the outside initially, and is separated by the 
cloacal membrane.  The anterior part will become the urogenital membrane, the 
posterior the anal membrane.  The genital tubercle will become the glans or 
clitoris.  The urethra is formed by folding, so that the epithelium forms a tube.  
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T

The genital tubercle forms the glans or clitoris; the genital/urethral folds the 
enis or the labia minora; and the genital swelling the scrotum or the 
  

his folding process is controlled by an inducing center in the epithelium (which 
ecretes sonic hedgehog and FGF-8) and causes induction of Abd-B type Hox 
enes in the genital tubercle mesoderm. 
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x genes are expressed in genital tubercle, and their expression is driven 
by growth factors secreted by the urethral epithelium.  

From Perrito

26-46 (2002)

 
 
 

o

 
n et 

al., Dev. Biol. 247, 
 

double mutants have no genital tubercle, hands or feet.  Sonic hedgehog mutant 
mice n  

in 
onal teratogenesis during pregnancy (e.g., diethylstilbestrol). 
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h  development and 
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digit-genit

 can place 
constraints on Evolut
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oxd 13 mutant mice have small penial bone (os penis).  Hoxa13;Hoxd13 H

o genital tubercle at all.  The hypospadias in Hand-Foot-Genital Syndrome
is caused by failure of urethral folding.  A more frequent cause of hypospadias 
humans is horm

T e Hand and Foot phenotype is caused is caused by the Hox expression in 
b development.  Hox 13 is expressed in digit 1.  The sequence of Hox 

expression in the digits is regulated by a digit enhancer 
away.  The gene closest to the enhancer is expresse
(“quantitative colinearity”).  Surprisingly, deletion of Hox 13 had less phenotypi
effect than an inactivating mutation that left the Hox 13 gene in its place.  Th
same enhancer used for the digits is also used to deploy Hox genes seq
the genital tubercle.  We will discuss the work of Denis Tubule 

e use of Hox genes for the anteroposterior axis, limb
portant evolutionary consequences.  Regulation by a comm

al enhancer helps explain why some Hox genes are conserved as linear 
arrays of genes in the DNA, and how developmental mechanisms

T

ion. 
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t-Genital Syndrome. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Conclusion: Molecular Medicine can explain the pathogenesis of complex of 

diseases such as Hand-Foo
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 , which encodes the human Aniridia 
ily of homeobox genes related to 
on in which the iris is lost and the 

m u at

Pax-6

re, ectopic expression of the mouse Pax-6 
in ation of ectopic fly eyes.  This led to the 

flies and humans come from an ancestral 
on ancestor 500 million years ago, 

that h
 modified by natural selection. 

 

P x-6 induces eyes 

Up to this moment we have only discussed homeobox genes of the 
ennapedia-type (Hox genes) of which there are about 40 in the mammal.  But 
 is only the tip of the iceberg.  The vast majority of homeobox genes 
respond to the non-Ant-class.  Drosophila, for example, contains 113 homeobox 
es in its genome.  These other homeobox genes form families of transcription 
tors that have names such as PAX, POU, Oct, Lim, Emx, Otx, Msx and are all 
nscription factors. 
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One of the most interesting ones is Pax-6
gene.  Pax-6 is the sixth member of a fam
Drosophila paired.  Aniridia is a human mutati
retina is hypoplastic in heterozygotes (O
fetal lethality and complete loss of eyes 
gene was cloned by positional cloning and found to be

ouse Pax-6.  Mouse Pax-6 has spontaneous m
homozygotes also lack eyes and nasal epithelium.  In 
called eyeless has been known since 1915.  The group of W
this gene and found it to be the homologue of 
in transgenic fruit flies, the eyeless gene gave rise to ect
the antenna, haltere or leg.  What is mo

Drosophila also led to the form
surprising realization that the eyes of 
photosensitive cell already present in a comm

MIM # 106210).  In homozygotes there is 
and olfactory epithelium.  The aniridia 

 the human homologue of 
ions, called small-eye, which as 

Drosophila, a mutation 
alter Gehring cloned 

.  When expressed artificially 
opic eyes in places such as 

t

ad this regulatory gene in place (Halder et al., 1995).  Thus, the eyes of all 
metazoans arose once in evolution and were then
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The eye seems to have evolved before the brain (jellyfish) and there are eye 
tructures even in unicellular dinoflagelates: 

 

 
 
 
 
 
 
 
The common ancestor 
 
 The common ancestor of protostomes and deuterostomes (called Urbilateria 
for Ur = primaeval, bilateria = bilateral animal) was a complicated creature indeed. 
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Jim Lake’s new phylogenetic tree (UCLA
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The U

ne complexes 
) A dorso-ventral system provided by sog/chd and dpp/BMP 
) Genes regulating formation of photoreceptors (Pax-6) 
) A contractile blood vessel (with tinman/Nkx2.5 and MEF2 transcription 

factors). 
) Segmentation genes? 

 

rbilateria had: 
 
1) Hox ge
2
3
4

5
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These and other common elements suggest that all Bilateria are derived from 
 complex ancestor (that existed over 550 million years ago).  This represents a 

jor y thinking, suggesting that the constraints imposed by 
tcome of animal 
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the previous history of species played a greater role in the ou
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