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ABSTRACT

Sox proteins belong to the HMG box superfamily of
DNA-binding proteins and are found throughout the
animal kingdom. They are involved in the regulation of
such diverse developmental processes as germ layer
formation, organ development and cell type specifi-
cation. Hence, deletion or mutation of Sox proteins
often results in developmental defects and congenital
disease in humans. Sox proteins perform their function
in a complex interplay with other transcription factors
in a manner highly dependent on cell type and
promoter context. They exhibit a remarkable crosstalk
and functional redundancy among each other.

INTRODUCTION

papeojumoq

junction DNAs of variable sequendg), (CA), repeats that canZ.
adopt such structure8)(or 1,2-d(GpG) cisplatin adduct8)(It S
is unclear whether this capacity is important for Sox protein
functionin vivo. @
Sox proteins also bind to specific DNA sequences. Among H@G
box proteins, this ability for sequence-specific DNA recognitiorgis
unigue to Sox proteins and the distantly related TCF/LEF faiily &
The consensus motif for Sox proteins has been defined as’ the
heptameric sequence®/T)(A/T)CAAAT)G-3' (10). 5
The structure of the Sry-type HMG domain has been solged
both on and off DNA 11,12). Like other HMG domains, it%
consists of three-helices (I-l) that are arranged in a twiste®l
L-shape, with the antiparallel helices | and Il forming the long ghd
helix Il and its associated N-terminal extension forming the sHprt
arm of the L-shape. The overall structure is maintained by, a
hydrophobic core. The amino acids that constitute this core are as

Sox proteins entered the scientific stage less than a decade Bigly conserved among Sox proteins as the ones which progide
with the identification of Sry as the long elusive testis-determinin§e base-specific DNA contacts. Whereas the overall conformaion
factor Tdy/TDF, located on the Y chromosomes of mouse arff the HMG domain remains unaltered upon DNA binding-a
man (L,2). Sry was found to contain a domain with similarity to thé_arge_ conformational change is mduce_d into target DNA such that
DNA-binding domains of the abundant non-histone chromosom#p minor groove follows the concave binding surface of the HNIG
proteins HMG-1 and HMG-2. This so-called HMG domain isdomain perfectly. As a consequence, DNA bound by Sry or ofher
presentin a large number of proteins which all belong to the HME0X proteins has an overall 70-8end, a widened minor groove»
box superfamily. There are few amino acid positions within thignd is helically unwound relative to classical B-DN#LG-16). @
70-80 amino acid long domain which are conserved throughoutThe characteristic minor groove binding activity of Sax
the HMG box superfamily@. Thus HMG domains can be highly Proteins (7) is different from DNA binding of most others
diverse. However, in subgroups of the superfamily, stron%}?@cnpﬂon factors which mainly target the major groove. THus
conservation of HMG box sequences is observed. inding of Sox proteins to DNA in close proximity to othex
Such a subgroup is the Sox protein family. Proteins are groupi@nscription factors is sterically feasible. This and the afdre-
into this family if they contain an HMG domain with strong Mmentioned ability to bend DNA has led to the hypothesis that Sox
amino acid similarity (usually >50%) to the HMG domain of Sry,Proteins might pe_rform part of thel_r function as architectural
which is also known as theyeox Itis this box that gave the Sox Proteins by organizing local chromatin structure and assembiing
protein family its name. other DNA-bound transcription factors into biologically active,
Few reviews have in the past addressed the Sox protein famfi{grically defined multiprotein complexes3(19).

(o))
(4,5). Here, | focus on recent advances in our understanding ofSOX proteins might also recruit proteins into these complexes
Sox protein function. which by themselves do not bind to DNA, but are linked to sigfal

transduction pathways. Such a mechanism is suggesteq‘% by

DNA-BINDING AND THE HMG DOMAIN OF SOX analogy to the re!ated TCF/LEF prOteinS which l‘.ﬁhchtenln E

PROTEINS upon Whnt signaling and thereby translate these extracellular
signals into changes of gene expression (for a revie®(s28.

The HMG domain mediates DNA-binding of Sox proteins. Likelnvolvement in the Wnt signaling pathway is, however, specific

other HMG box-containing proteins, Sox proteins have the abilitior TCF/LEF proteins, as tH&catenin interaction domain is not

to recognize specific DNA structures vitro such as four-way conserved between TCF/LEF and Sox proteins.

N
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Putative C. elegans Sox genes Group B
Group B [ ] 1 B Sox2
I 1 ) 13aa 79aa 18aa 90aa
F40E10.2 (acc. 269792, 212 aa) 38% 89% 61% 41%
OREF contains 2 introns
46 122 Group C
111
i KO8A8.2 (acc. U38377, 274 aa) [T Sox4
= 198 OREF contains 4 introns 100% 67% 86% 55%
Group C 1 Group D
| 7/ C32E12.3 (acc. US0032, 1070aa) [ | | ] Sox6
[ I // gene contains 13 introns 34aa 53aa 79aa
91 167 1% 19% 90%
Group D I Group E
— WO1C8.2 (acc. U41508, 319 aa) [ %% | 774 Sox9
L | gene contains 4 introns 36aa 79aa T4aa 66aa
176 252 78% 91% 61% 41%

apeOjUMO(]

Figure 1. Sox proteins inC.elegans Four putative translation products  Figure 2. Conserved regions within groups of Sox proteins. In addition to thcé
corresponding to Sox proteins were identified in genomic sequences fromHMG domain (black box), further regions are conserved between several
C.eleganaising the BLAST search program. The location of the HMG domain members of the same group of Sox proteins as indicated by differently shaded
within the respective protein is indicated by a black box. The position of introns and striped boxes. One member of group B-E is shown. Sox2 was compaged
within the HMG domain is indicated (l). with Sox1 and Sox3 (99), Sox4 with Sox11, Sox22 and rtSox24 (26), Sox6 with
L-Sox5, xSox12 and Sox13 (116), Sox10 with Sox9 and SoxP1 (44). Tﬁe
number of amino acids (aa) and the percentage of amino acid identity (26)
. . between compared Sox proteins is listed below the conserved regions. £Z,
NMR analyses of the HMG domains of Sox proteins have als@ucine zipper; Q, glutamine-rich domain; S, serine-rich domain; TA, trang:
shown that domain structure as well as sequence-specific DNActivation domain '
binding and bending activities impose severe constraints, resulting

S
in a very limited number of permissive amino acid choices at %
numerous positions. These constraints are largely reSponSIbleé)LrASSIFICATION OF SOX PROTEINS g

the

(o)

the high degree of sequence conservation within the HM
domain of Sox proteins which in turn allowed the rapid isolation| Sox proteins that have been identified so far (including
of partial sequences for many members of the Sox family by ghes fromDrosophilaandC.eleganscan be placed into one of’

degenerate PCR approac@,23). seven subgroups, A-G (Tafile Members of the same subgroug
usually share a >80% amino acid identity within the HMG
NOMENCLATURE OF SOX PROTEINS domain; members of different classes fall below this makk.

Additionally, vertebrate members of the same subgroup s@re

Contrary to other transcription factor families, such as the POkégions of significant homology even outside the HMG domain
family (24,25) the names of individual members of the Sox(Fig. 2). In some subgroups, regions flanking the HMG domain
protein family conform to general rules. All Sox proteins excepére highly conserved. This is for instance the case in classes®B, C
Sry carry the term Sox in their name, an additional suffix andnd E. Whereas the conserved region within group B is Iocﬁed
sometimes a prefix. For human proteins, all three letters a@terminal to the HMG box and consists of a short amino ggid
capitalized, for other species only the first. The suffix usuallgequence motif, conserved amino acids in classes C and E are
consists of a number, less frequently of a letter. Numbers aketerminal of the HMG domain and in the case of subgrouf:E
assigned to Sox proteins consecutively in the order of theipan 36 amino acids. Other conserved regions in sev:%ral
identification, with the count being now at 24. If a prefix is presensubgroups comprise the transactivation domains, which inghe
in the name of a Sox protein, it generally indicates the speciease of classes C and E are located at the extreme C—ter@nus
from which it was isolated. The use of such a prefix is not ver{l7,26-31). 2
common for Sox proteins identified in mammals, but is often used Members of group D contain a leucine zipper motif in additicn
for other vertebrates. Most Sox proteins so far have been clonedan HMG domain. The distance between HMG domain and
from man, rodents, chickekenopusand rainbow trout. Therefore, leucine zipper iSC250 amino acids. It has been shown far
the most common prefixes used are ‘x’X@nopus laevisc’ for ~ Sox6/SoxLZ, rtSox23 and the long variant of Sox5 (L-Sox5) that
chicken Gallus gallug and ‘rt’ for rainbow trout@ncorhynchus the leucine zipper is capable of mediating homodimerization
mykis$. (32-34). For Sox6/SoxLZ and L-Sox5, heterodimerization hés

It should, however, be pointed out that Sox proteins havalso been demonstratett]. Unlike the leucine zipper of classi¢:
additionally been identified in a number of vertebrates antZip transcription factors, the leucine zipper of group D Sﬁx
invertebrates, including various marsupials, reptiles, ascidiapsoteins is not adjacent to a basic region. Rather, the leutine
and Drosophila melanogasteA survey of genomic sequences zipper is always followed by a glutamine-rich region with which
from the nematod€aenorhabditis elegarfarthermore revealed it forms a contiguous coiled-coil domain. As a consequence,
the presence of at least four putative genes for Sox proteing)(Fig. dimerization does not lead to the creation of a new DNA-binding
although experimental evidence for their expression is presentiyterface as is the case for bZip proteins. Rather, the influence of
lacking. This indicates that Sox proteins are widely distributethe leucine zipper on DNA binding seems to be indirect as leucine
throughout the animal kingdom. | was, however, unable to detezipper-mediated dimerization strongly reduced the affinity of the
a Sox family member among HMG domain-containing proteingimer for single Sox consensus binding siteg833), while
encoded in the yeast genome. simultaneously increasing the ability to recognize two adjacent
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Table 1.Classification of Sox proteins

Group  Factor Species Mapping Size Remarks Accession numbers Reference
A SRY Hs Hs Ypl1 204 aa C-term. TA  L10101, X53772 etc. 1, 61, 62
Mm Mm Y 1.3 kb, 216aa X60687 etc. 2, 68
B Sox1 Hs Hs 13q34 39 kb, 387aa intronless Y13436 110
Mm Mm 8 4.0 kb, 391aa X94126 55
Gg (D8Mit218) 2.5 kb, 373aa ABO011802 99
Sox2 Hs Hs 3q26-27 intronless, 231560 111
Mm 2.4 kb, 319aa weak X94125, U31967 55, 81
Gg 2.5kb, 315aa  C-term. TA  D50603, U12532 53, 100
Xl 311 aa AF022928, AF005476 91
Sox3 Hs Hs Xq26-27 2.3 kb, 443aa  intronless X71135 112
(SoxA) Mm 2.3 kb, 375aa X94125 55
Gg 2.1 kb, 316aa U12467, AB011803 53,99
X1 309aa Y07542 113
ZfSox19 Dr 319aa X79821 50
Sox21 Hs AA040785 52
Gg 278aa not deposited 52
Sox70D Dm chrom III, 2.0 kb, 382aa X96419 85, 86
(Dichaete, 70D1-2 U68056
fishhook)
C Sox4 Hs Hs 6p23 5.2 kb, 474aa  intronless X70683 17
Mm 5.0 kb, 440aa  C-term. TA X70298 17
(IRE-ABP) Rn not deposited 114
Sox11 Hs Hs 2p25 3.5kb, 44laa  intronless U23752 95
Mm 3.5kb, 395aa C-term. TA  AF009414 96
Rn 3.5 kb, 395aa AJ004858 27
Gg 3.4 kb, 396aa U12534, AB012237 53,99
(XLS13A, X1 2.8 kb, 382aa (2 Xenopus  D83650, D86076 79, 115
XLS13B) 2.8 kb, 375aa  orthologs) D87209
Sox22 Hs Hs 20p13 3.5kb, 315aa intronless U35612 98
Sox24* Om 2.3 kb, 367aa intronless AB010741 26
C-term. TA
D Sox5 & Hs Hs 12pi12 1.8 kb, 392 aa  alternative X65663 38
L-SoxS Hs 8q21 (¥) splicing 583308 38
Mm Mm 6 2.0 kb, 392aa; X65657 78
6.3 kb, 763 aa  leucine zipper AB006330, AJO10604 34,116
(L-SoxS) in L-Sox5
Sox6 Mm Mm7(D7Mit40) 7.7 & 3.2 kb, leucine zipper U32614, D61689, 33,34,77
(SoxLZ) 827 & 786aa alternative AJO10605
Om 3.0 kb, 767aa  splicing D61688 33
xSox12 X1 3.2 kb, 470aa  leucine zipper D50552 47
Sox13 Mm 3.3 kb, 595aa  leucine zipper AB006329, AJ000740 117, 118
Sox23 Om 4.5 kb, 585aa _leucine zipper  AB007906 32
E SoxP1 Om 4.0 kb, 467aa D83256 40
Sox9 Hs Hs 17q24-25 43kb,509aa C-term. TA  Z46629, S74504-6 35, 37
Mm Mmli 5.5 kb, 507aa not deposited 43
Gg (D11Mit10) 4.1 kb, 494aa U12533/AB012236 99
Om 4.5 kb, 488aa AB006448 119
Sox10 Hs Hs 22q13 2.9 kb, 466aa  alternative AJ001183 31, 36
(SoxM, Mm Mm15 3.1 kb, 466aa  splicing, AF047043, AF017182 31, 45,
Sox21) (D15Mit71) weak (U66141) 102
Rn 3.1kb,466aa C-term. TA  AJ001029 (S1)
44
F xSox7 X1 2.0 kb, 362aa D83649 41
Sox17 Mm Mm! (DiMitl) 3.1 kb, 419aa  splice switch, D49474/D49473 39
C-term. TA
xSox17a X1 1.6 kb, 380aa AJ0O01730 88
xSox178 1.6 kb, 373aa AJ001742
Sox18 Mm Mm 2 (D2Mit74) 1.6 kb, 378aa  central TA L35032 42
[Hs 20q]
G Sox15° Mm Mml1 231aa ABO014474 -
Sox20 Hs Hs 17p13 1.5 kb, 233aa ABO006867 48, 49
SoxD X1 196aa ABO013896 90

aS0x24 from rainbow trout is highly related to Sox11.

bSox15 might be the mouse homologue of human Sox20. Species: Hs, man: Mm, mouse; Rn, rat; Gg, chiekempusl,

Dr, zebrafish; DmProsophila Om, rainbow trout. Mapping: where possible, the name of the closest minisatellite marker
in the mouse genome is mentiongdndicates the existence of a pseudogene. Size: length of transcripts is given in kilobases
(kb), length of proteins in amino acids (aa). Remarks: TA, transactivation domain.
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Sox binding sites34). However, the leucine zipper does not only Group D 38 hs Sox5

allow homodimerization or heterodimerization between group D

Sox proteins, it also mediates interactions with other proteins

(32). It is very tempting to speculate that not only the leucine Group E 2 mm Sox10

zipper of group D Sox proteins, but also those regions found to—o———o—___Hl-l o 17/

be conserved in other classes of Sox proteins, exert their function PWRLL 86

by mediating interactions with other proteins. Group F 28 mm Sox17

Finally, members of the same group of Sox proteins tend to Ns—o—of s | "

have similar genomic organizations in mammals. Mammalian MLGKS

genes for Sox proteins belonging to groups B and C are intronles%mup G

at least with respect to their coding region. As an aside, it deserves EENSNENEN L N iy S—

to be mentioned that this intronless character is not preserved in

C.elegansSox proteins belonging to these groups (EigOpen _ _

reading frames F40E10.2 and KO8A8.2 for group B Sox protein%:gure 3. Gene structure for Sox proteins. Selected Sox genes are showh.
. . . . mbers of the Sox group E are known to share the same genomic organlzﬁon

,Coma'n 2and 4introns, re_SpeCt'Vely’ whereas 13 introns are fouriWF‘iheir open reading frame. The open reading frame is indicated as a box,&he

in the group C open reading frame C32E12.3. HMG domain is marked in black. Introns are depicted as ellipses. The exatt

In contrast to groups B and C, members of groups D—G possesssition of introns within the HMG domain and the flanking amino acid

exon—intron structure in mammals (F8). The exact genomic Sequences are indicated.

structure has only been determined for a handful of mammalian

Sox proteins. Within the open reading frame of group E So

8(3”3;’";?]2 dp;oii]t io?oﬁf irgrogﬁ eisscc:)c)mzﬂixe r\/ﬁ)ﬁbwé Mé\avggnsir;(g protein other than a preliminary classification, as long as itis

b - group © 9 group = 9 known from its HMG domain.

and Sox10 and group F gene Sox3%),(the HMG domain is o ; T . . o
interrupted by an intron. Interestingly, even @elegangroup D Some of the originally identified Sox protei2sd2,23), which 5

; : ; Y ave not yet been determined outside the HMG domain andgstill
open reading frame W01C8.2 carries the intron within the HM@ ; ; X S
domain at exactly the same position as the mammalian gro ait cloning, are: group B Sox14 (DDBJ/EMBL/GenBark

member Sox5, arguing for a conservation of intron positiondcCeSSion no. Z18963), group C Sox12 and Sox19 (accessiof nos
within each subgroup. Furthermore, the group F gene Sox17 al ggg% Uzgj42[:aggx;(9(ggggg's i%rr]OL;]% Exggggoga;ggss'rgr;?%
carries its intron at the same position within the HMG domain ; group y groug

: 16 (accession no. L29084). It should be noted, however,that
the group D gene Sox5. In group E genes, however, the intron S :
moved by four amino acids to the C-terminal side of the HM@rotems highly related to the group E factor Sox8 and to the gr@up

; ; factor Sox7 have already been identified in other species Wwith
domain. A look at the Sox open reading frames ftherlegans . !
furthermore reveals that the ones belonging to groups B and C %ﬁg‘xpl from rainbow troutl() and xSox7 fronKenopug4l). &

ILGSR

hs Sox20

umoq

difficult to make statements about the nature of a particular 8ox

ly

&de//:sd
u%po e//:sdny

al

. . R N
contain introns within the HMG domain, sometimes up to three (séi'cther these proteins are indeed true orthologs will only
KOBA8.2 in Fig.1). These introns are found at positions other thaliccOMe clear after identification of full-length clones for the
the ones in the mammalian Sox proteins. Under the assumption tmiqmmahan factor.
all Sox proteins are derived from a single ancestor, this findin
indicates that at least some of the introns were not present in ttgiMmGUOUS NAMES
common ancestor and were introduced later during the course
evolution. Sox proteins thus seem to be a good example in sup,
of the ‘insertional theory of introns’.

Even those Sox proteins coded for by intron-containing gen nfusion.

are fairly small with sizes <20 kb. They_ are usually transcribe Sox8 was assigned originally to a group E PCR fragment fr%m
into messages of small to moderate sizes (Tabl&rom the 1,50 (DDBI/EMBL/GenBank accession no. Z18957) &nd 2
known chromosomal localizations of Sox genes it has to he roup F fragment from man (accession no. X65663)Given =)
concluded that they are mtgrspe_rsed throughout the mammahﬁqz fact that the mouse homolog of the group F fragment §1as
genome and are not organized in clusters. already been fully cloned as Sox#g) | suggest that the terms
Sox8 should exclusively be used for the group E protein, that is
PARTIALLY CLONED SOX PROTEINS still to be cloned. 2
Sox9 has been used to describe a group E PCR fragment%‘from
As already mentioned, most Sox proteins were originallynouse (accession no. Z18958})(and a group B fragment frome
identified not as full-length proteins, but as PCR-derived partiahan (accession no. X6566%)2]. The group E protein is fuIIy%
sequences corresponding to their HMG domains. Because of ttlened in several species and has been extensively charactetizec
already mentioned high degree of sequence conservation withioth with regards to its expression and functi&$37,43). The
this part of the protein, PCR products sometimes differ from eadroup B protein on the other hand is still only known as a PCR
other only by a limited number of bases. The deduced amino adrdgment. Therefore, | propose to use Sox9 for the well-character-
sequences differ even less. ized group E protein. Once fully cloned, the human group B
Differences could indicate that PCR products are derived frojprotein could be renamed.
highly related, but distinct, genes. Alternatively, they could be Similarly, both a group E fragment from mouse (accession no.
attributed to species-specific differences if different cDNAZ18959) ¢3) and a group B fragment from man (accession
sources were used, or simply to PCR errors. Thus, it is generatig. X65666) 22) were originally designated as Sox10. The

snAge

O
Aﬁother problem arising from the original cloning by PCR is tHat
R@€ntification was so rapid that the same name was given to ECR
fragments of different identity. This has been a source zof

1S
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group B fragment is highly similar, if not identical, to Sox3. The Table 2. Summary of expression patterns and biological function of
group E protein, on the other hand, has been recently identifiedox proteins

in full by us and others and characterized as to its biological

function 31,44,45). Thus, | suggest the term Sox10 to be used Grouwp Factor

exclusively for the group E protein. A
In the case of Sox12 the situation is even more complicated.

The term has been used for a mouse group C (accession nos Z18961

and U70442)Z3), a human group G (accession no. X73038) (
and aXenopugroup D (accession no. D50552)) protein. The
group D protein fronXenopuss the only one that has been fully
cloned as xSox121{). The human group G fragment is identical
to the recently cloned human Sox20 get®49) and the mouse
group C protein is still at large. Once cloned, it could either be
given the name Sox12 and distinguished from xSox12 or,
preferably, given a new name.

The same is true for Sox19 which was assigned to a group C
PCR fragment from mouse (accession no. X98368) put is
also used to name the zebrafish group B Sox protein, zfSox19
(50). To avoid all complications, it would be most convenient to
assign a new name to the group C factor once it has been cloned.

Finally, the term Sox21 has very recently been used to describe
two fully cloned Sox proteins. One is identical to Soxa1),(the
other is a novel group B factdsd). Because one of the two is
identical to Sox10, the term Sox21 should be exclusively used for

the remaining group B factor.

SOX GENE FUNCTION

Between 15 and 20 different Sox proteins have already been
identified in both mouse and man. If partially cloned Sox proteins
and Sox proteins only known from other species are taken into

account, it has to be assumed that the number of Sox proteins i
any given vertebrate species will be >20. Given this high number,
it cannot be surprising that most tissues and cell types express a

Sox protein during at least one stage of their development @able
In effect, a couple of studies have shown that a number of tissues
(53-55) or cell types¥7,34) express more than one Sox protein at
certain times. Although it is conceivable that co-expressed Sox
proteins perform different functions, especially when belonging
to different subgroups and being distantly related, their recog-
nition of similar, if not identical, DNA sequence motifs suggests
that they might influence each other’'s activity or function
redundantly. Functional redundancy is a recurring theme with
Sox proteins. It also poses problems in the interpretation of gene

deletion experiments or dominant-negative interference strat-
egies. Nevertheless, these techniques combined with extensive
analyses of developmental and adult expression patterns have
helped in recent years to highlight some of the important biological
roles of Sox proteins.

Sox proteins and sex determination

Sex determination is historically the classical domain of Sox ¥
protein function. Sry, the prototype of the Sox protein family, is
a decisive factor for male sex determination in mammals located
on the Y chromosomel.@). Sry is expressed for a short period

of time (10.5-12 days post-coitum in the mouse) in certain
somatic cells of the genital ridge, triggering their differentiation
into Sertoli cells and thereby initiating testis differentiation from

the indifferent gonad56-58). When expressed in mice as a °©
transgene, mice develop as males even with an XX karyotype
(59). When deleted from the Y chromosome, chromosomally male

Expression pattern Function
SRY male-specific testis determination
embryonic: genital ridge preceding mutation in humans leads to XY sex
differentiation reversal and gonadal dysgenesis
adult: testis, hypoth: midbrain
Sox1 embryonic central nervous system lens development
(CNS), lens, urogential ridge induction and maintenance of y-
crystallin gene expression
deletion in knockout mice leads to
microphthalmia, cataracts , and
spontaneous seizures
Sox2 inner cell mass, primitive ectoderm, induction by chordin, repression by
developing CNS, lens BMP-4,
activation of FGF4, repression of
osteopontin gene expression;
induction of 8- and y-crystallin gene
expression
modulation of responsiveness to
neuralizing signals
deletion in knockout mice is
embryonic lethal at implantation
Sox3 epiblast, candidate gene for human X-linked
embryonic CNS, urogenital ridge mental retardation syndromes, e.g.
Borjeson-Forssman-Lehmann
ZfSox19 transient; maternal, presumptive CNS in
early gastrula, ventral region of
embryonic diencephalon, midbrain and
hindbrain; retina and lens
Sox21 primitve ectoderm, endoderm,
developing gut, embryonic CNS:
regional, longitudinal stripes in spinal
cord
Sox70D entire trunk of syncytial blastoderm, 7 null mutation is lethal, exhibits
(Dichaete, irregular stripes in cellular blastoderm, segmentation defects, CNS defects
fishhook)  ventral and cephalic neuroectoderm regulation of pair-rule genes
Sox4 embryonic heart (endocardial ridges and  endocardial ridge development
cushion) developing CNS, lung, tooth B-cell development
buds, mesonephros, gonads, thymus deletion in knockout mice leads to
pre-B and T-cells cardiac outflow tract malformation,
lack of pro-B cell expansion, minor
(IRE-ABP) disturbances of thymocyte
development
Sox11 widespread expression in developing neural determination &
CNS and peripheral nervous system differentiation events
(PNS), nascent somites, developing regulation of epithelio-mesenchiymal
(XLS13A,  limbs, facial mesenchyme, somites, interactions and inductive tissue
XLS13B) kidney, lung, specific postmitotic remodelling
neuronal subpopulations
Sox22 throughout embryonic CNS and PNS; neural determination &
developing mesenchymal structures, differentiation events
fetal kidney, heart, pancreas, gonads
Sox24 oocytes
Sox5 adult testis, highest in
post-meiotic round spermatids spermatogenesis
L-Sox5 mesenchymal condensations, chondrogenesis
chondrocytes, embryonic CNS,
notochord, otic vesicle
Sox6 rostrocaudal gradient in embryonic CNS,  chondrogenesis
(SoxLZ) mesenchymal condensations,
chondrocytes, notochord, otic vesicle
adult testis
xSox12 ovary
Sox13 embryonic: saccular component of inner
ear, arterial walls, thymus
adult: thymus, ovary, kidney
Sox23 brain, ovary,
weaker in heart, liver
SoxP1 pituitary, gonads
Sox9 mesenchymal condensations chondrogenesis, regulator of Col2at
chondrocytes, genital ridge and adult and aggrecan
testis, notochord, otocysts, vibrissae, sex determination,
tubular heart strucutres, ventricular CNS  Sertoli cell differentiation factor
cells mutation leads to campomelic
dysplasia in humans
Sox10 neural crest, embryonic PNS and CNS,  determination of neural crest & glial

(SoxM, enteric nervous system, melanoblasts, cells,

Sox21) Schwann cells, oligodendrocytes mutation leads to megacolon,
pigmentation defects and deafness
in humans (Waardenburg-
Hirschsprung syndrome) and mice
(Dominant megacolon)

xSox7 various adult tissues, e.g. gonads,
kidney, lung, brain
Sox17 testis: full length form in premeiotic germ
cells, truncated form in postmeiotic
germ cells
xSox17c,p  late blastula & gastrula, exclusively in determination of endoderm;
presumptive endoderm downstream of activin and Mixer;
induces endodermin, IFABP,
Xhibox8
Sox18 lung, cardiac and skeletal muscle
Sox 20 fetal testis
SoxD blastula and gastrula, prospective inducer of anterior neural tissues;

neuroectoderm, developing CNS

enhanced expression by chordin,
suppressed by BMP-4
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mice adopt a female phenotyp&6(). Analogous observations SOX9 mutations develop as intersexes or XY femags7).
have been made in human sex-reversed patients (see for exanpiias, Sox9 is expressed in the same somatic cells that express Sry
61,62 for a full list of allelic variants see MIM entry 480000). However, whereas Sry expression is transient, Sox9 expression is
How Sry performs its function on the molecular level stillmaintained throughout further testis development. These and
remains a puzzle. Functional interaction with other proteinsther observations have led to the assumption that, although
involved in sex determination such as Dax1 and SF1 is probaldyiginally turned on in the genital ridge in a Sry-independent
an important factor63,64). Most of the SRY missense mutations manner, Sox9 must be under the control of Sry in mammals at the
identified in human patients localize to the HMG domaéis).( time of sex-determination. Contrary to Sry, Sox9 is an ancestral
Severe ones are usually novethose with moderate effects can component of the vertebrate sex-determination pathway as is evident
be transmitted to male progeny. A significant number of thedeom its male-specific expression during the sex determination
mutations interfere with the DNA-binding ability of the HMG period in chicken genital ridgeg3,74). In the chick embryonic
domain or alter the bending characteristic§.(Other functions gonad, Sox9 expression statis day after expression of the/
of the HMG domain might also be affected. Thus, it has beemnti-Miillerian hormone (AMH) gené'§). Therefore, Sox9 doess
shown that the HMG domain of SRY and other Sox proteingot seem to be essential for AMH gene induction. Neverthel@ss,
contains the protein’s nuclear localization sigré®,7). In  Sox9 might be involved in the maintenance of AMH gege
analogy to other transcription factors, it might also be expectexpression, as the AMH promoter contains Sox9 binding sjtes
that the HMG domain engages in functionally important protein{/5) and is activated in tissue culture by a combination of Sex9
protein interactions. and SF-176). é
Outside the DNA-binding domain, Sry is highly divergent Whereas Sry, Sox3 and Sox9 are all restricted to somatic €ells
between species which is otherwise uncommon for Sox proteir@.the gonad, there is a second set of Sox proteins expressgd in
In fact, Sry has been evolving so rapidly that significangerm cells. The group F protein Sox17, for instance, is foun@in
differences can even be detected between various mouse str@fgsmeiotic spermatogoni@9). In contrast, group D proteinss
(68). A transactivation domain has been mapped to the C-terming9x5 and probably Sox6 are both restricted in adult mice-to
of mouse Sry, which is not conserved (either on a structural @st-meiotic germ cells, with highest levels in round spermaﬁds
functional level) in the human proteif9). Reversely, human (77,78). The occurrence of Sox proteins in the female germline
SRY interacts with SIP-1, a novel PDZ domain protein via ités less well analyzed. Sox2 transcripts have been found in oocytes
C-terminal seven amino acids which are not conserved in tf{g5). Maternal transcripts were also detected for XLS13A apd
mouse protein70). Human SRY has recently been shown to beXLS13B, the Xenopusorthologues to mammalian group &
phosphorylated by protein kinase A or a kinase of similaprotein Sox11 {9), rtSox24 g6) and the zebrafish group
substrate specificity at a serine residue in the N-terminal part aféptein zfSox19¢0).
as a consequence to be modulated in its DNA-binding activity
(71). Again, this serine residue is absent from mouse Sry. This
lack of conservation outside the HMG domain might indicate theBox proteins and early embryogenesis
all important functions of Sry are mediated by the HMG domain.
Alternatively, sequences outside the HMG domain might have &n important role for Sox proteins during the initial stages i6f
perform different functions in different species and thereforgntogeny can so far only be inferred from maternal expressio of
might have been subject to directional selection with species-speciisme family members. Evidence exists, however, for an invo&e-
adaptive divergence. ment of Sox proteins in the following early stages. The bgst
Sry must be a relatively recent addition to the mechanism of sexdied case in mammals is the group B protein Sox2. This-$ox
determination as it does not seem to exist in vertebrates other th@Btein is transiently expressed in the inner cell mass andthe
mammals. Given the fact that Sry most closely resembles thgiblast of mouse blastocysts, before it appears later again iéthe
group B protein Sox3 which is localized on the X chromosoméorming neuroepitheliums5,81). Mouse embryos homozygous
it has been proposed that Sry evolved from SG%B Although  for a targeted deletion of Sox2 die around implantaiéh Gox2 <
the developing central nervous system is the major site of Soxpression during early embryogenesis exhibits a pattern broadly
expression in mammalSg), Sox 3 is also expressed in somaticoverlapping with that of the POU transcription factor Oct-88).( &
cells of the early urogenital ridge, lending further support to 8oth factors have been found to cooperate in the transcriptignal
Sox3-derived origin of Sry. Unlike Sry, however, Sox3 is not onlyegulation of genes required during early embryogenesis, such as
expressed in the male, but also in the female genital ridge.  FGF4 and osteopontii{,83,84). Early embryonic expression of.
Sry and its putative ancestor Sox3 are not the only Sox proteitige FGF4 gene is conferred by a strong enhancer in exon 3 With
present very early in the genital ridge. Another Sox protein is theultiple transcription factor binding sites. One of these sites & a
group E protein Sox9. Like Sox3, Sox9 is not exclusivelyecognition element for POU proteins, one a binding site for Sox
expressed during development in the genital ridge, but is algpoteins. Both sites are separated by 3 bp. The function of ¢his
expressed in a number of other places, most prominently at sitashancer is critically dependent on the synergistic interaction
of chondrogenesigi8; below). between Sox-2 and Oct-3/4. Both factors have to be bound to their
Sox9 is initially expressed in both male and female genitakspective sites8() and, additionally, engage in direct protein—
ridges up until the onset of Sry expression. Following this evenprotein interactions, thereby forming a ternary complex with exact
Sox9 expression becomes restricted to the male gonad, wheresttseospecific requiremen&j. Because of these requirements, not
expression follows differentiation of Sertoli cells so closely thaainy pair of Sox and POU proteins will function equally well
it has been proposed to function as a critical Sertoli cetbgether. Thus, it has been observed in tissue culture experiments
differentiation factor{3,74). Such a function is also supported bythat the group E protein Sox10 functions best with
the fact thafl75% of karyotypically male patients with heterozygousTst-1/Oct6/SCIP and the group C protein Sox11 with Brn-1 or

61062/60%7 L/9/LZE
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Brn-2 (27,44). This argues for the existence of a specific partnesuch genes asndoderminHNF13, cerberusand Xhlbox8 as

code between members of both families. their ectopic expression in animal caps activates these endodermal
Early embryonic expression of osteopontin is driven by amarkers. Importantly, injection of Xsox17 proteins or dominant

enhancer in the first intron of the gene. As in the FGF4 enhanceggative fusions between them and #hgrailed repressor

binding sites for both Sox2 and Oct-3/4 are present, although tdemain into whole embryos lead to significant disruptions of

exact configuration of both sites is differe®iB), As a consequence, endoderm development. These data provide evidence that

the effects of Oct-3/4 and Sox2 on osteopontin gene expressidrox1@ and Xsox1PB function as early regulators of normal

strongly differ from their effects on FGF4 transcription. Bindingendoderm development.

of Oct-3/4 to the enhancer is alone sufficient for activation,

whereas binding of Sox2 to its site causes gene repression. Thgs .

the same set of transcription factors can be used simultaneou @2( proteins and neural development

for gene activation and repression depending on the gene-speciiate xenopuslastula stages, not only Xsox17 proteins stango
context. The context-dependent, combinatorial function of Soxga expressed, but also SoxD. Conirary to Xsox17 proteiis
and Oct-3/4 is pro_bably an important principle of transcriptiorhowever, SoxD is found in the prospective ectodé@n During 2
factor function during early development. _ gastrulation, expression levels increase, but at the same time begome
On a sequence level, Sox2 is closely related tBtosophila  yegpricted to the dorsally located, prospective neuroectoderm. Later
Sox protein Sox70D/fish-hook/Dichaete with a 42% overalyn SoxD is widely expressed throughout neural plate and tabe.
identity on the amino acid leve$%,86). Sequence similarity IS soxp expression can be induced by chordin and is suppresséd by
paralleled by a conservation of biochemical properties such thgip-4 signaling. The importance of SoxD during neural
ectopic expression of the mouse Sox2 rescued phenotypic aspgfd§elopment became obvious from the observation that migro-

of Dichaete mutations in transgenic fli€37X There are also jniected SoxD mRNA induces ectopic formation of neural tisstie
resemblances between the expression pattern of Sox2 and Sox7f}he Xenopusembryo, whereas microinjection of a dominarng-

fish-hook/Dichaete. Sox70D/fish-hook/Dichaete is expressed iegative form of SoxD interferes with proper formation &f

the earlyDrosophilaembryo, before taking on a second role lategnterior neural structures. Thus, SoxD is an essential mediatgr of
during neurogenesi§’$,86). Expression initiates in the syncytial major neuralization pathways ¥enopus S
blastoderm in the form of a broad circumferential band corres- |n addition to SoxDXenopusSox2 is also induced by chordiz
ponding to the entire trunk region. This band splits into two stripegnd is widely expressed in the prospective neuroectoderm ag the
and ad_d|t|(_)nal expression starts in the procephallc region. Durilgginning of gastrulatiord(). Contrary to SoxD, however, SoxZ
cellularization of the blastoderm, Sox70D/fish-hook/Dichaetgjid not exhibit any neuralizing activity upon microinjection of ifs
expression domains are further refined into seven irregular strip@§RNA into Xenopuembryos. Rather, Sox2 made the ectodesm
During and following gastrulation Sox70D/fish-hook/Dichaete isesponsive to extracellular signals such as bFGF. In agreerdent
involved in maintaining the proper expression of several pair-rulgith this, experiments in the chick also showed that there isého
and segment polarity genes, with the effechaity, runt and  strict correlation between Sox2 expression and the competenge of
even-skippeexpression being direci §86). Because of this 3 region for neural inductio®®), thus assigning Sox2 a role irg
role, functional inactivation of Sox70D/fish-hook/Dichaete leadseural development downstream from SoxD. N

to severe segmentation defects, including loss or fusion ofSox2 is widely expressed in the early neural plate and e&rly
abdominal denticle belts and to a defective organization of heggural tube of several species includignopus chicken and 5)
structures. The observed segmentation defects are, howev@buse and thus is one of the earliest pan-neural markers
extremely variable, indicating that Sox70D/fish-hook/Dichaetg535591,93). It is assumed that Sox2 strengthens the neural gell
might not be absolutely required for pair-rule gene expressiofate at this period and might help cells to acquire furttier
but rather might have an accessory role, probably througipecification. At later stages, Sox2 expression in the develo’gng
alterations of chromatin structure and synergistic interactionsentral nervous system becomes restricted to the neuroepithilial
with other transcription factors such as the POU proteins Pdmeklls of the ventricular layer, which still divide and exhibit an
and Pdm-2 in the case @lven-skippedexpression 1(586).  immature phenotype. Cells that leave the ventricular layer logse
Similarly, interaction with the POU protein Cfla/drifter/ventral Sox2 expression. Thus, Sox2 and markers of terminally differen-
veinless has been postulated to explain Sox70D/fish-hoolhting cells are expressed in a mutually exclusive mannerz In
Dichaete function during development of midline glia in lateragreement with this, Sox2 expression is no longer detectable in
phases of developmer&7). the fully differentiated central nervous system of the adult.

A third example of how Sox proteins influence early develop- As already mentioned, early neural development marks the
mental processes is given by Xsoalahd Xsox1p, two highly  second major period of Sox2 expression after the preceding
relatedXenopugroteins with sequence similarity to the group Fpresence in the preimplantation embryo. Whereas occurrenée in
mouse protein Sox1B§). Expression of both proteins is first the preimplantation embryo is unique among Sox proteins, S§x2
detected in the late blastula ¥enopus is restricted to the expression in the developing nervous system is higly similarto
presumptive endoderm and remains endoderm-specific throughauid strongly overlapping with the structurally related group B
gastrulation and neurulation. Xsoflifecomes undetectable during proteins Sox1 and Sox3%,82,93).
tailbud stages, whereas Xsogltontinues to be expressed in In the case of Soxl, it was possible to recapitulate this
endoderm-derived tissues. Both proteins have been found to agpression pattern in tissue cultu@?)( Upon retinoic acid
downstream from the endoderm-inducing activin signal. Theinduction of aggregated P19 cells to neuroectodermal derivatives,
expression is dependent on the homeodomain Mixer durirepdogenous Sox1 is transiently induced and becomes down-
gastrulation, not however during the initial phasés.(Xsox1t  regulated before markers for the differentiated neuronal or glial
and Xsox1PB themselves seem to be involved in the regulation gbhenotype are turned on. Importantly, induction of ectopic Sox1
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expression in aggregated P19 cells was able to substitute fox proteins and the neural crest
retinoic acid, showing that Sox1 must be an early response to
neural inducing signals. Another Sox protein with strong expression in the nervous system
From the overlapping expression pattern of group B Sois the group E protein Sox181(44,45,101). Sox10 is first very
proteins, it has been concluded that these proteins might perfobfpadly expressed in cells of the neural crest at the time of their
similar functions in the developing nervous system and might mergence. Sox10 ex_pressic_)n continues in neural crest cells that
functionally redundant. Such an assumption is supported by t&entribute to the forming peripheral nervous system and can be
recent targeted deletion of Sox1 in mice, which exhibit a surprising§etected in the sensory, sympathetic and enteric ganglia as well
mild central nervous system phenotype characterized only & along nerves in a manner typical for cells of the Schwann cell
spontaneous seizurey. lineage {4). Additional Sox10 expression has been detected in
Sox1, Sox2 and Sox3 are, however, not the only examples ras\elapoblastgl@. Whereas.express]on in melanoplas'gs andinthe
possible functional redundancy between Sox proteins. Group €teric nervous system is transient, expression in all other
proteins Sox4, Sox11 and Sox22 also show overlapping expre§§uctures of the peripheral nervous system continues ito
ion in the developing central and peripheral nervous systerg§lulthood and seems to be confined at later times to glial cglls
(17,27,95-98). (44). Differing from the peripheral nervous system, Sox%0
Among the group C proteins, Sox11 has been best analyzed ffPression in the central nervous system starts late _(arounog?day
its expression in the nervous system. In the centramesystem, 13 POst-coitum in the mouse), but then increases in strength,
it is co-expressed in the neuroepithelium with Sox1, Sox2 arf§aching maximal levels during adulthood. In the adult cenfal
Sox3 on alow level and transiently up-regulated in cells that leafleTvouS System, Sox10 expression seems to be largely confined
the neuroepithelium. As these cells simultaneously dowri® 9lia of the oligodendrocyte typed). 3
regulate Sox2 and Sox3, a model has been postulated in whichn the spontaneous mouse mufaaminant megacolofbom), &
neural differentiation is characterized by an ordered switch from0X10 carries a frameshift mutations(102). This mutation 3
one group of Sox proteins to the neXB) Another interesting leaves _the HMG d(_)maln intact, but replaces the protein’s norgal
aspect of SoxL1 concerns its expression in a subset of differentiatfig€minal half with a structurally unrelated sequence. The
brain regions such as the cortical plate and the inferior collicul J§5Ulting protein is functionally inactive(2). As a result of the o
during late embryonic development. This might indicate thafutation,Dom mice suffer from several neural crest defecis

Sox11 is not only important for the development of early neurdfhich in thz h?m.oz?/]gous .arr1]imall are characterized 33' a Ios§| of
precursors, but might also be involved in the differentiation OFmeurons and glia in the peripheral nervous system and a complete

distinct neuronal subpopulation®7}. Outside the nervous 'acK of the enteric nervous systef,L02). In a large percentages

system, Sox11 seems to be primarily expressed at placesg(?iheterozygous animals, ganglia are absent from a variablepart

epithelio-mesenchymal interactions including somites, branchi the distal co_Ion _Ieading_to t_he fo_rmaftion of an agangliofiic
arches, developing face and limBs) megacolon, which in combination with pigmentation defects@f

the skin are the characteristic features ofloen mouse. The &
phenotypic manifestation of the Sox10 mutation in the hetefo-
zygotes is variable and points to haploinsufficiency or tdfa
_ dominant-negative mode of action. >
Sox proteins and lens development Mutations in one SOX10 allele have also been found in patients
who suffer from congenital aganglionic megacolon (Hirschspruing

Sox1, Sox2 and Sox3 are also co-expressed during lens devel8ff£ase) associated with a combination of pigmentation defgcts
ment in chicken. After initial induction of Sox2 and Sox3 in the?d deafness (Waardenburg syndrorB&)36, for a full list of 5
prospective lens area of the surface ectoderm, Sox1 expressfiigic variants see MIM 602229). This so called Waardenbufg—
follows with a slight delay in the lens placode upon it irschsprung or Shah—Waardenburg syndrome closely reser_&;les
invagination shortly after the onset®trystallin gene express- e Phenotype of tiBommouse both with respect to the extensive
ion (99). All three Sox proteins stimulatd-crystallin gene neural crestdysfunction and the phenotypic variability. One of fhe
expression. In the case of the-crystallin gene, activation js '€2SOns for the observed phenotypic variability might be the fole

mediated by direct binding of Sox proteins to the DC5 enhanc@F Soxl0 as a modulato_r of other transcript.ion.factmys While @
which is localized in the third intror.Q0). only possessing a relatively weak transactivation potential, Sox10

: : . efficiently cooperates with co-expressed transcription factors stich
In the mouse, Sox expression during lens development exhlbﬁg'c'en = :
several marked differences as compared with chicken. Sox3, fop P23 and Tst-1/OCt6/SCIB)4). Thus, it is conceivable that,
instance, is not expressed at all in the developing lens and S s Pax3 or Tst-1/0Oct6/SCIP allelic variant present in a particélar

becomes strongly down-regulated the moment Sox1 is turned BiPuSe strain or individual strongly influences the phenotypic
around 12.5 dag/)s/ post-coit%m. From this time onwards, Sox1 danifestation of a given Sox10 mutation. Additionally, SOXID
by far the predominant Sox protein in the developing 188 ( mutations from patients exhibit differing degrees of functional

As a consequence, deletion of both Sox1 alleles in mice Ieads"?S‘Ct'V"’mon in tissue culture experimengOX Taken together,

a failure of lens fibre cells to elongate, ultimately resulting inthese results clearly prove a role for Sox10 at an early stage in

microphthalmia and catara@4). Most of they-crystallin genes, heural crest development.

which like thed-crystallin genes of birds are under the control of

Sox proteins, are not activated in Sox1-deficient mice. Those thgbx proteins and chondrogenesis

are, probably get activated by Sox2, but are turned off at a later

point, indicating that maintenance of their expression alsGlosely related to Sox10 is the group E protein Sox9. As already
requires Sox1 function. mentioned Sox9 is expressed very early in the genital ridge and is
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likely to be involved in sex determination and testis development &ox proteins and haemopoiesis

a crucial Sertoli cell differentiation factar3, 74). Thus, mutation

of one SOX9 allele in humans leads to autosomal sex reversal in . . . .

the majority of affected chromosomally male individuas%7). Interaction wlth other proteins and functional re_dundancy also

Phenotypic manifestations are as variable as observed for SOX M to be important determinants of Sox4 function. Sox4 is very
Whereas sex reversal only affects karyotypically male patienfé/dely expressed during embryogenesis in brain, gonads, lung,

with SOX9 mutations, all carriers are affected by severe skelet3#a't and thymus. Itis a very prominent transcription factor in

malformations, including congenital bowing and angulation off MPhocytes of the B- and T-cell lineagés Targeted deletion

the long bones, but also hypoplastic scapulae, dislocated hips dpd® mouse led to embryonal lethality at day 14 post-coitum due

deformed pelvis. This autosomal dominant syndrome is known & circulatory failure¢7). This circulatory failure is caused by an

campomelic dysplasia and affects in 20 000 births (for a |mpa|red development of the SoxA—expressmg endocardial

detailed description see MIM entry 114290). Mutations found ifidges- As a consequence, the semilunar valves and the atlet

patients affected by campomelic dysplasia often constitufPrtion of the muscular ventricular septum fail to develop. Usihg

missense mutation within the HMG domain or nonsenﬁtal liver gells from .these knockout animals, it was also shown

mutations. These either abrogate DNA binding or remove tH8at there is a block in early B-cell development at the pro—B—cgaII

protein’s C-terminal transactivation domai®9(35,37,103. Stage, similar to that observed for Pabd). This block was, —.

Alternatively, the SOX9 locus is affected by translocations witflowever, notabsolute as a small number of B-cells matured. Such

breakpoints being localized 50-600 kb upstream of the trangakiness is rather'expected for proteins with accessory than with

criptional start site35,37,104). Transgene experiments prove for 2Utonomous function. B

at least some of these translocations that they alter the expressigfithough T-cells also express Sox4, there was only a mild effect

rate of SOX9 {05 of Sox4 dele_tlon on T-cell development. Only upon close mspecﬁon
In addition to the various skeletal defects, campomeli¥vas it possible to detect slightly lower expansion and maturafjon

dysplasia patients sometimes exhibit absence of the olfactoi§f€S which prevent cells of Sox4-deficient animals from efficieritly

bulbs, heart and renal malformations, defects of the tracheBRMPeting in competitive intrathymic reconstitution assays wéth

pulmonary system, deafness or mental retardation. This variety $#d-type thymocytes 109). Although being highly expressed i3

symptoms in humans reflects the expression pattern of Sox9ith the T- and B-cell lineages, Sox4 is thus essential for Bl

mouse development where it is found in brain, otic vesiclglevelopment, but only of minor importance for T-cell developm%]t.

urogenital system, lung and heaPB8¢3). Most importantly,

Sox9 is predominantly expressed in the mesenchymal conden-

sations from which the skeleton develops. There it is expressed

before and during cartilage deposition, first in the prechondraONCLUDING REMARKS

genic precursors and later on in the proliferating and maturing

chondrocytes. From this expression pattern and the phenotype of ) i N

campomelic dysplasia patients it can be concluded that SoRgsearch on Sox proteins has made rapid advances over thHe las

plays an important role in chondrocyte development. few years, with more and more family members being identifigd
One aspect of its function has recently been revealed by tR8d Shown to be intricately involved in regulation of development.
observation that Sox9 is largely co-expressed with collagen [in€ increasing number of cases in which mutations in Jox
(col2al), the major extracellular matrix component of cartilagé_?mte'”s are asso_mated with human _d|s_eases further h|gh||ght_s>the
during development of skeletogenic and a number of other tissu3Portance of this group of transcription factors. More will lge
in the mouse48,34). Additionally, Sox9 has been shown to bind learnt aboyt the functions of Sox proteins from mouse modetg as
to sites within the chondrocyte-specific enhancer present in introrfd@ny family members are currently subject to targeted deletion
of thecol2algene and to activate this enhancer in tissue cultuirategies. However, it will be equally important to understahd
experiments {6,28,106). Mutation of these binding sites severelythe'r m'od.e of action on a molecular level. Whgther they functioreas
disturbs the chondrocyte-specific activity of this enhaimoéitro tr:_:mscrlptlonal activators, modulato_rs or ar_chlte_c_tura_ll compont‘énnts
andin vivo. Additionally, expression of Sox9transgene under Wil only become fully apparent with the identification of more
the control of the Hoxb2 promoter induces ectopic expression Eidet genes, interaction partners and the signals by which $_OX
both the endogenousl2algene and aol2atacZ transgene, Proteins are activated. The coming years should prove to be excifing.
indicating that col2al is probably a direct target of SAXE)(
However, Sox9 activity alone is not sufficient to account for the
full expression pattern of col2al and there is evidence that the
col2al enhancer is targeted by other proteins, including L-SoXSCKNOWLEDGEMENTS
and Sox6%4,107). These two Sox proteins are co-expressed with
Sox9 at all chondrogenic sites of the mouse embryo and form with ) N
Sox9 a multiprotein complex on teel2alenhancer34). As a I thank Elisabeth Sock qnd Irm Hermar)s—Borgmeyer for critical
result thecol2algene is activated by the combination of all thredeading of the manuscript. Research in my laboratory on Sox
Sox proteins to a much higher extent than by Sox9 alone. R{oteins is supported by the Bundesministerium fir Bildung,
similar cooperative activation by L-Sox5, Sox6 and Sox9 has ald¥fissenschaft, Forschung und Technologie and by grants from the
been shown for a second chondrocyte markeaggeecargene. Deutsche Forschungsgemeinschaft (Wel1326/5-2 and We1326/7-1).
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