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Hox genes regulate 
in thedetermination 
that synpolydactyly 

patterning during limb development. It is believed that they function 
of the timing and extent of local growth rates. Here, it is demonstrated 
, an inherited human abnormality of the hands and feet, is caused by 

expansions of a-polyalanine stretch in the amino-terminal region of HOXD13. The ho- 
mozygous phenotype includes the transformation of metacarpal and metatarsal bones to 
short carpal- and tarsal-like bones. The mutations identify the polyalanine stretch outside 
of the DNA binding domain of HOXD13 as a region necessary for proper protein function. 

Vertebrates have four clusters of ho- 
meobox-containing genes (HoxA, HoxB , 
HoxC, and HoxD) that share a common 
ancestry with the Drosophila Hom-C com- 
plex. Hox genes are remarkably well con- 
served during evolution; the homeodomains 
not only have a high degree of amino acid 
identity, but they are also functionally con- 
served. Furthermore, both Drosophila and 

define a functionally important domain of 
HOXD13. 

Syndactyly and polydactyly are common 
malformations that present, respectively, as 
webbing between fingers and duplication of 
fingers. Type I1 syndactyly or synpolydac- 
tyly (SPD) (OMIM number 186000) is one 
example of a genetically determined isolat- 

mammalian homeobox genes show the 
property of colinearity: Genes located more 
3' within clusters are expressed earlier in 
development and more anteriorly than 
those located more toward the 5' end. The 
genes of the most 5' cluster, the Abdomi- 
nal-B (Abd-B)-type Hox genes, have under- 
gone a large expansion in number. Whereas 
there is a single gene in Drosophila, there are 
a. total of 15 Abd-B-type genes in verte- 
brates ( I  ). 

~tudiks  of developing limbs suggest that 
this group of genes is involved in limb 
development (2-5), but the molecular 
mechanisms by which they act are not 
known. Hox genes are composed of at least 
two regions: a 3' region of 180 base pairs 
(bp) (;he homeoboi) encoding a DNA 
binding motif (the homeodomain) and a 
large 5' region encoding sequences that 
could be involved in interactions with 
other proteins. Although the function of 
the homeodomain has been studied in de- 
tail ( 6 ,  7), less is known about the func- 
tion or functions of the NH7-terminal re- 
gion of Hox proteins. Here we report that 
a limb abnormality in humans, synpoly- 
dactyly, is caused by in-frame insertions in 
the NH2-terminal, non-DNA binding 
part of HOXD13 protein. Alterations in 
the carpal-metacarpal and tarsal-metatar- 
sal regions indicate that the insertions 
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ed limb abnormality involving both web- 
bing and duplications. SPD is generally 
considered to be an autosomal, dominantly 
inherited trait with incomplete penetrance 
(estimated to be 96%) (8). Three families 
investigated in this study (pedigrees I, 11, 
and 111) have the typical features previously 
described (8) for SPD consisting of variable 
syndactyly of digits 111 and IV with an ad- 
ditional digit in between (Fig. 1A). In most 
cases the extra digit arose through the for- 
mation of an additional metacarpal be- 
tween metacarpals I11 and IV with more or 
less normal distal phalanges (Fig. 1B). The 
supernumerary metacarpal was found either 
separate or fused to either of the neighbor- 
ing metacarpals. In some instances the 
metacarpals were normal but the phalanges 
of digit 111 or IV were duplicated. In the 
feet, syndactyly of toes 111, IV, and V was 
observed, usually together with postaxial 
polydactyly (9). 

One individual, 11-8 (from pedigree 11), 
had a different phenotype, which first sug- 
gested a different diagnosis (Fig. 1, C and 
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Fig. 1. Photographs and x-rays 
showing the synpolydactyly pheno- 
type. Hand (A) and x-ray (B) of a 
heterozygous individual indicated 
by arrow in pedigree I I  in Fig. 3. 
Note the branching of metacarpal I l l  
and the resulting extra digit Illa. The 
syndactyly between digits has been 
partially corrected by surgical sep- 
aration of I l l  and Illa-IV. (C) and (D) 
show hand and x-ray of homozy- 
gous individual 11-8 of pedigree I I  
(Fig. 3). Note syndactyly of digits I l l ,  
IV, and V, their single knuckle, the 
transformation of metacarpals I ,  I I ,  
I l l ,  and V to short carpal-like bones 
(stars), two additional carpal bones 
(asterisks), and short second pha- 
langes. The radius, ulna, and prox- 
imal carpal bones appear normal. 
(E) and (F) show foot and x-ray of 
homozygous individual 11-8 of pedi- 
gree II. Note the relatively normal 
size of metatarsal I ,  the small size of 
metatarsal I I ,  and the re~lacement 
of metatarsal I l l ,  IV, and V with a 
single tarsal-like bone (stars). 



D). However, analysis of her pedigree (see 
below) revealed that her parents were first 
cousins, with her mother having an SPD- 
like phenotype, and she had two affected 
sons of which one (Fig. 1, A and B) was 
available for phenotypic analysis. Clinical 
and x-ray evaluation demonstrated classical 
SPD (Fig. 1, C and D). Thus, individual 
11-8 was considered most likely homozygous 
for the SPD mutation with one of her par- 
ents being a nonpenetrant carrier. Her 
hands (Fig. 1, C and D) and feet (Fig. 1, E 
and F) were very small. All of her digits 
were very short, and there was syndactyly 
between digits 111, IV, and V in the hands; 
her feet had only three digits. X-rays 
showed a normal radius and ulna and nor- 

mal proximal carpals. The metacarpals were 
extremely short and had, with the excep- 
tion of metacarpal IV, the appearance of 
carpal bones. The trapezoid could not be 
distinguished. and two accessorv bones were 
prese& next ;o the capitate and the hamate 
(Fig. ID). In addition, phalanx 2 of digit I 
was duplicated, and phalange 2 of digits I1 
through V was very short. In the feet, meta- 
tarsal I1 was verv short and metatarsals 111. 
IV, and V were replaced by one short tarsal- 
like bone. 

With the use of a candidate gene ap- 
proach we genetically mapped SPD to chro- 
mosome 2q. This region of the human ge- 
nome contains the HOXD cluster and sev- 
eral other genes that are related to limb 
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3, :do . auence. The homeodoma~n is within the box, and the ~ o l v -  
alanlne stretch IS hlghllghted In bold. (B) Gel analys~s of PCR- 
amplified polyalan~ne cod~ng regions of HOXD13 from an 
unaffected individual (N) and affected ind~v~duals from pedl- 
grees I, 11, and Ill. The sizes (in base pairs) of the PCR prod- 
ucts are indicated on the right. (CI The wild-type sequence 
(NI and the duplicated region (boxed-in) within HOXD73 in 
affected individuals of pedigrees I. II, and Ill. The sites of 
insertion of the dupl~cated sequences are indicated by vertl- 
cal I~nes. Abbreviations for the amino acid res~dues are as 
follows: A. Ala: C. Cys: D. Asp; E. Giu: F. Phe: G, Gly; H. HIS; 
I. Ile; K, Lys; L, Leu; M, Met; N. Asn: P. Pro; Q. Gln; R, Arg; S, 
Ser; T, Thr; V. Val; W, Trp: and Y, Tyr. 

Fig. 3. Gel analyses of PCR-amplified polyalanine cod- 
ing regions of HOXD73 from individuals of pedigrees I, 
II, and Ill. Nonpenetrant heterozygous individuals in 
pedigrees II  and Ill are indicated by vertical stripes. Note 
homc~zygous individual (11-8) in pedigree II; her son (see 
Fig. 1. A and B) is Indicated by an arrow. 

I Pedigree I1 

development and was thus considered a 
good candidate region. Linkage was estab- 
lished along a 2-centimorgan interval be- 
tween markers D2Sl l l  and D2S 139 1. This 
interval was accurately positioned by the 
use of an intragenic dinucleotide repeat 
polymorphism that is located within the 
HOXDB gene (10). These results closely 
linked SPD to the HOXD cluster. Similar 
linkage data have been demonstrated by 
other investigators (1 1, 12). The HOXD 
cluster on chromosome 2q31-32 contains 
nine homeobox genes (HOXDI, -D3, -D4, 
-08, -D9, -DlO, -Dl l ,  -012, and -D13);. 
EVX2, a homeobox gene related to the 
Drosophila even-skipped gene; and two ho- 
meobox genes related to the Drosophila dis- 
tal-less gene (DLXI and DLX2) (13). 
HOXD9 through HOXD13 and EVX2, 
DLXI, and DLX2 are expressed in the de- 
veloping limb bud. Of these candidate 
genes HOXD I 2, HOXD 1 3, and EVX2 were 
analyzed because these genes are expressed 
in the most distal part of the limb bud, the 
autopod (14, 15). Sequencing of the ho- 
meoboxes of all three genes revealed no 
base change. With a cosmid that contains 
EVX2 and HOXD 1 0 through HOXD 1 3 
(13), we cloned the human 5' sequence 
(exon 1) of HOXD12 and HOXD13 (16). 
The sequence of HOXD13 revealed that 
the protein contained two serine stretches 
and one alanine stretch consisting of 15 
amino acid residues (Fig. 2A). Amplifica- 
tion of the sequence coding for the alanine 
stretch showed an additional larger band in 
all affected individuals of all three pedigrees 
(Fig. 3)  (17). Sequencing of the wild-type 
and the enlarged amplification product 
demonstrated 21-bp, 24-bp, and 30-bp du- 
plications, all within the alanine coding 
region, in pedigrees 11, I, and 111, respective- 
ly (Fig. 2, B and C). Polymerase chain 
reaction (PCR) amplification and sequenc- 
ing of DNA from individual 11-8 confirmed 
the initial clinical presumption that this pa- 
tient is homozygous for the mutation (Fig. 
3). Individual 111-14, who was clinically un- 
affected, is heterozygous for the mutation 
and is thus a nonpenetrant carrier. PCR 
analysis of DNA from 56 unrelated normal 
control individuals showed only the pres- 
ence of the wild-type product. This, com- 
bined with the fact that pedigree I represents 
a sporadic, nonfamilial case of SPD, makes a 
compelling argument that the mutations are 
indeed causative for the phenotype. 

Polyalanine tracts, similar to that found 
in the HOXD13 amino acid sequence, have 
been observed in other transcription factors 
such as the Drosophila proteins even- 
skipped, engrailed, or Kriippel (1 8-20). 
These proteins act as transcriptional repres- 
sors, with the alanine-rich regions being (in 
addition to the homeodomain) essential for 
strong repression (21, 22). The expansion 
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(if the al'inine tract as i ~ b s e r ~ ~ e d  in our SPL3 
patients may thus alter the i~lnct ion of 
HOXD13. This alteration is unliltel\- to he a 
s t r 1 i 1 1 t o r r 1  loss of f~lnct ion,  because 
mice with a targeteil i i isn~ption o i  Hoxdl3 
do not sllo~v LIII SPD-like phenotvpe (1'3). 
There are simil;irit~es, such as shortening 
anii thickening of the metacarpals, sllorten- 
mg of the second phal,lnges, ancl the ay- 
yenrance o i  an  extra d ~ g l t ,  but the overall 
lihenotvpe ic clearly diiferent from ;inLl 
n.eaker than that o t  the affected illiiiviJuals 
Jescrilxil here. O n e  ci~,>ibilitv is t11,lt com- 
plete .lisru1~tion (if Hoxtll3 m ~ ~ y  not leacl to 
a dramatic phenotype heca~rse its f ~ ~ t l c t i o n  
may be partially comyensateil for by 
Hoxtll 1 anil Hoxd12. In contrast, the mu- 
tant SPI3 protein may still be ahle to par- 
ticipate ~n D N A  1:iniling but m . 1 ~  not,  
throilgh its mutateil NH1-terminal regLon, 
be able to enrage in ~roi luct ive  protein- 
protein interactions. 

Another ~7osibiliti- is that the mutation 
affects the coiiperat~\-e interaction o i  
HOXD13 with other Hox genes and tran- 
scrlptiiin factor .  During inouse 11mb devel- 
oplilent the Abd-B si~l~iamily of the H o d  
cluster (Hozal G, Horctl 1 , anL{ Hoxctl3) are 
expresseii in restricted donlai~ls cllong the 
prosimal-Jiatnl asii  of the liml. bud with 
HoxitlC l?elng mainl\- e~~~reiiei .1 in tlie upper 
limb (stYlol3i~i1), HoxaI 1 in tlle lo\ver liinb 
(:eugopocl), atlil Hoxcil3 in the hand anc1 
toot (autopod) (24) .  Gellei of the Abd-B 
HosD cclmples (Hordl 1 thro~rgh Ho.xdl3 ) 
are espres,eii lnltially along the anteropils- 
terlor asii  in a nested set cetltered around 
the zone o i  polarizing activity (14) .  As the 
autopocl develops, the pattern shlfts trio111 
anterior-poarerlor to proximal-distal ,o that 
their expreislon co\,ers the entire autopod. 
Within the HoxD complex Hosdl3 has the 
mo,t anrerlor border of expreiilon incluJing 
iiiglt I (25).  In the late phase of Hox gene 
espre,,ion, the proslmal bo~~nd , l ry  of 
Hosa l3  ia located more ~irostmal than the 
proslmal ho~rtli1ar.i. of Hosdl3, leaving a re- 

gi~711 of nonovel.lap that 15 li~cateii in the 
i ~ ~ t u r e  ~vrist r e i o n  (23-25). It Hoxit13 .le- 
cernlines rounil, carpal [?one morLiholog\-, aa 
suggested hl- o~.erexyresiiin esperime~lts 
(5 ) )  it is likely that the interaction with 
H o d 3  yroLluces the long b o n e  of the dig- 
its. In h~rmans, an alteration in HOXD13 
that affects its interaction wit11 IHOXA13, 
for esample, co~11i.l conceivahlv lead to 
changes in gro\\,th rate, and sizes of the 
cartilage anlage~ls in the most prosi~llal part 
of the HOXD13 region o i  espre\,ion, tllr~s 
esplailll~lg xvhy the mctacarpalh a11ci meta- 
tarsals are short, carpal- and tarsal-like bones 
in the hi)mo:ygote (Fig. 1 ,  C, 13, E, anil F). 

T h e  develoyment of the tetrapod lilllb 
call 1-e interpreteil as a serles of conilensa- 
tion, 1-ranching, ancl 5egmentation events. 
Shubin and Xlher ih  (26) proposeel a ~llodel 
111 ~ i - h ~ c h  the autopoci represents a site\\-ing 
of the p r ~ m ~ i r y  asls of the 111111. ~n that the 
~ n a i n  axis of collile~lsatio~ls ( the  metaptery- 
gial axis) runs fi-om the ulna throi~gh the 
~ ~ l n a r e  (triquetrum) and then liends anteri- 
orly through the distal carpals ( the  iiigltal 
arch).  In  primiti\-e iish the expresiiin o t  
Hosill 1 Joes not Ibenil anteriorly, a \  ill.- 
ser~.ed in tetrapod.;, but maint,lins a poste- 
r i i~r  rehtriction (27) .  T h e  iish ill1 t l l ~ ~ s  all- 
peari l~l te  a tnlnc,iteJ liml. without auto- 
yoil. It seemi soille\vllat L~araJoxical that 
teleo,t fiih allil mammals, ,ill~elt tllelr I-astly 
illfierent p l ~ e n i > r y ~ e i ,  have the aame num- 
1-er o t  Hox clusteri that contain the same 
set of genes. E\.olutionarv new structures 
,uch a, the  a~~tkipod l\-ould thui re i j~~ire  the  
acquisitlotl of tlen. fi~nctions for Hos  genea. 
Such a i~lnctional expansiotl ccl~~lii  he ac- 
coml~li,liecl 1.y a change in the  tuning, the  
p ~ u t i o t i ,  or le\.el of Hos  9ene exprc.iion, or 
changes ~n the  regulatory interacticons be- 
tween H o s  proteins anil their targets, In 
this respect ~t 1s of inrerest that the  muta- 
tions ilescrlhed here disrupt a dc3main c3i' 

Hosdl3 that ii evolutionarily n(it con- 
serveil. T h e  alanine stretzll cobservei.1 in 
the  llilman HOXD13 zeiqiience 1s a l ~ s e ~ l t  in 

Fig. 4. D~agra~ns of the 
hand skeleton of het- 
erozygous and iiomozy- III IV 

gous ndv idua ls  v ~ i t h  
synpolydact!jly (see Fig. 
1 )  compared w ~ t h  a 
norlna (m~ld-type) hand. ,<- 
Carpal bones are shad- 
ed. The p~s~form bone IS harnate 
not shown D ~ g ~ t s  are n -  trapezium .. trlquetral 

d~cated by Rolnan nci- trapezoid lunate 
I-'" ,-, ,-, 

scaphoid' 
merals.  metacarpals are 11 b ulna 

radius 
I 
I-, 

Indicated by the letter rri 
and the phalanges are 

Wild type Heterozygote Homozygote 
~ i d c a t e d  by p l ,  p2, and 
p3 In the heterozygote, Inetacarpal 1 1  is branched and gives rlse to an extra d~git Illa In tile lioniozygote. 
the metacarpals are fully (metacarpals 1 II 111, V i  or parialI!j imetacarpal1V j replaced by carpal-like bones 
T\wo additona carpal bones are Indicated by asterisks. The trapezoid is absent Note also the shori p2 
n a d ~ g ~ t s .  

the :ehrafish (Danio re~io)  (27) .  In contrast, 
the chick 5 '  HOXD13 seiruellce encoLles 9 
alanine resii l~~es as compareLl n-ith 15 resi- 
dues encoiled hy the 11~1rnan secluence (28) .  
Thns, iiul.ine the e v o l ~ ~ t i o n  from iish to 
tetralwii, an  alanine stretch n7as introLiuccil, 
anil then ciuring the evolut~iin of mammals 
the reaiilues \\-ere almost Lio~~bleii .  It is th~rs  
possible that alteration, in the NH1-term[- 
nal region of the Hoxtll3 seir~lence (and 
that 3i i~tller Hox g e n e )  play a role in the 
aciiuisition (if nem- f~lnctions.  In tetrapocls 
,uch a n e ~ v  f~lnct lon of Host l l i  ma\- be to 
deternli~le local gro~vth r a t e  ~v i th in  the 
,le~.eloping digital arch. T h e  mutations ile- 
scribeci here may came alterations in these 
processes so that some of the digital alllagen 
form ~mproyerly (11ete1-oz\-gous indivi;l~~als) 
or ,ire converteii ~ n t o  short carpal-like 
bones ( h o m o z y g o ~ ~ ~  ind iv id~~a l )  (Fig. 3) .  
Overexyression of the human ~vllii-type 2nd 
mutant HOXU13 sequences with alanille 
runs of different lc~lgtlls th1.0~1d1 the L I S ~  o i  
retroviral vectors in chick embryos s h o ~ ~ l i l  
alliin- a t e t i n g  (if this possib~lity. 
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Interactions Between Electrical Activity and Cortical 
Microcirculation Revealed by Imaging Spectroscopy: 

Implications for Functional Brain Mapping 
Dov Malonek and Amiram Grinvald 

Modern neuroimaging techniques use signals originating from microcirculation to map 
brain function. In this study, activity-dependent changes in oxyhemoglobin, deoxyhe- 
moglobin, and light scattering were characterized by an imaging spectroscopy approach 
that offers high spatial, temporal, and spectral resolution. Sensory stimulation of cortical 
columns initiates tissue hypoxia and vascular responses that occur within the first 3 
seconds and are highly localized to individual cortical columns. However, the later phase 
of the vascular response is less localized, spreading over distances of 3 to 5 millimeters. 

Regional  changes in cerebral blood flow 
and blood oxygenation "co-localize" with 
regions of increased neuronal activitv (1 .  . , 

2 r  Signals that reflect these changes have 
been used by positron-emission tomography 
(PET) and functional magnetic resonance 
imaging (f-MRI) to both understand corti- 
cal metabolism and investigate cognitive 
and perceptual processes by rapid identifi- 
cation of functionally distinct cortical areas 
(3, 4). Furthermore, the study of spatial 
relationshins between individual cortical 
columns within a given brain area has be- 
come feasible with optical imaging based on  
intrinsic signals, at a spatial resolution of 
about 50 p m  (5-7). However, there are 
outstanding controversies concerning " " 

whether cortical metabolism is aerobic or 
anaerobic, and indeed, the physiological 
events underlying these secondary signals 
have not been fully assessed (2,  3). It is 
necessary to clarify the spatiotemporal char- 
acteristics of the intrinsic signals (8) in 
order to reveal the electrical activitv under- 
lying these signals and assess clgnitive 
functions. Such clarification would set fun- 
damental limits on  the spatial and temporal 
resolutions for several functional brain im- 
aging techniques. 

Here we characterize the spatial preci- 
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sion and dynamics of blood oxygenation 
signals using in vivo intrinsic optical signals 
reflected from the exposed visual cortex. 
Previous optical imaging studies (5, 9) sug- 
gested that the intrinsic signal observed in 
vivo is composed of several components, 
each of which reflects different vascular and 
metabolic sources. However, the temporal 
dynamics and spatial precision of these 
components were not determined. 

T o  identify the spatiotemporal charac- 

Fig. 1. The system for 
standard optical imaging 
(6, 11,  22). The inset at 
the right shows the 
scheme of the imaging 
spectroscope. It contains 
two tandem-lens macro- 
scopes, diffraction grat- 
ing (22), and an opaque 
disk with a transparent 
slit. The cortical surface 
(bottom image) is illumi- 
nated with white light (A 
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teristics of the individual comnonents of 
the intrinsic signal at many cortical loca- 
tions, we designed the imaging spectroscope 
illustrated schematically in Fig. 1. A nar- 
row. slitlike region from the exnosed cortex - 
of an anesthetized cat was projected onto a 
dispersing grating and focused on  the cam- 
era detector. The image thus obtained rep- 
resents multiple displaced versions of the 
isolated "slitlike cortical image." each of u ,  

which is displaced as a function of wave- 
length. From the intensitv variations in this " 

spatiospectral image (y", A), we obtained 
the reflection spectrum of each imaged cor- 
tical point. In other words, the intensity 
profile of each horizontal line represented 
the reflection spectrum of a given location 
in the imaged cortex. The intensity profile 
along a vertical line represented the spatial 
pattern of cortical activation at a given 
wavelength. During the experiment, a se- 
quence of such spatiospectral images was 
recorded after sensory stimulation. 

Several important features of the spatio- 
spectral image are immediately apparent in 
Fig. 2. Large absorption (lower intensity of 
reflection, dark image) is evident at the wave- 
length range of 500 to 600 nm, and signifi- 
cantly less light was absorbed (higher intensi- 

% lrnaqinq spectroscope 

Image dlsplay 

St 

= 500 to 700 nm) and Im- 
aged through the f~rst 
macroscope onto the 
f~rst Image plane where 
an oDaaue d~sk w~th a sl~t , , 
is positioned. The light thus isolated is collimated, passed through a diffraction grating whose light 
dispersion is perpendicular to the slit, and then focused on the camera target (top image). The axes show 
the different optical transformations that the cortical image undergoes. Temporal resolution was up to 
100 ms. Spectral resolution, 1 to 4 nm. 
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