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Abstract SOX proteins contain a conserved HMG-related
DNA-binding domain. They fulfil essential functions during the
development of animals. Mutations in several SOX genes have
been implicated in human diseases. We present here a new set of
PCR primers designed to amplify a broad range of SOX HMG-
box sequences. These primers facilitated the cloning of several
new SOX HMG boxes from human genomic DNA, revealing
unexpected complexity of the SOX gene family.
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In mammals, male sex determination is initiated by the
SRY gene located on the Y chromosome. The corresponding
protein, SRY, contains a characteristic 79 amino acid long
DNA-binding domain called the HMG box (high mobility
group) because of its homology with two regions of the
HMG1 and HMG2 proteins [1]. Numerous other genes have
been identi¢ed that encode proteins containing an HMG do-
main related to that of SRY. They have been called SOX
(SRY box-related) when their HMG domains shared at least
50% identical residues with that of SRY [2]. In animals, SOX
genes appear to regulate essential aspects of development
[3^8]. Several of them have also been implicated in human
disease, such as SRY in sex reversal [9], SOX9 in campomelic
dysplasia [10] and SOX10 in Waardenburg-Hirschsprung dis-
ease [11]. As a ¢rst step towards a better understanding of the
importance of the SOX gene family in development and dis-
ease, we and others have started to establish a catalog of SOX
genes by screening the human and mouse genomes for SRY-
related sequences. So far, 22 di¡erent SOX genes have been
identi¢ed in mammals using degenerate PCR and low-strin-
gency hybridization-based approaches [12^20]. Comparison of
these 22 HMG domains showed that they are clustered within
several distinct phylogenetic sub-groups [14,21]. We recently
carried out an extensive phylogenetic study of the HMG-do-
main protein family (Soullier and Berta, unpublished results).
From this analysis, it became possible to design new, highly
degenerate primers capable of amplifying a broad spectrum of
SOX HMG sequences with high speci¢city. Here, we show
that these new primers facilitate the cloning of a wide range
of as yet undetected SOX-box sequences from human genomic
DNA. Our results validate these PCR primers as a powerful
new tool for the identi¢cation and cataloguing of SOX genes.

PCR primers were designed using a multiple alignment of
HMG-domain sequences representative of the SRY/SOX pro-
tein family. Primers were chosen to speci¢cally amplify SRY/

SOX sequences and were highly degenerate: for each position,
an inosine nucleotide was used as soon as more than two
di¡erent bases were represented in the alignment. Two pairs
of primers were used in order to allow low-stringency PCR
reactions coupled with a nested PCR approach. The primers
were shown to speci¢cally amplify SOX sequences from hu-
man genomic DNA (not shown). Pairs of primers were tested
in all possible combinations for the two consecutive PCR
ampli¢cation steps. The best results were obtained with the
primers P5-1+P3-1 and P5-2+P3-1 for the ¢rst and second
ampli¢cation steps respectively (Fig. 1A,B). We subsequently
ampli¢ed plasmid DNA containing the human SRY [1] or
SOX11 [22] cDNAs to test whether the primers would be
able to amplify strongly divergent SOX sequences. These
two sequences were chosen because SRY and SOX11 HMG
domains are amongst the most divergent, sharing only 59%
identical residues. Although the yields of PCR products were
di¡erent, both templates produced clearly detectable products
after the two rounds of ampli¢cation (Fig. 1C). Human ge-
nomic DNA was then ampli¢ed using the optimal conditions
and the PCR product was cloned into pUC18 plasmid. DNA
was puri¢ed from 87 clones and analyzed by Southern blot
using a mixed probe containing the SRY and SOX11 HMG
boxes. All 48 clones that displayed a positive signal by South-
ern blotting were sequenced using the universal primers
present in the vector. Importantly, all clones containing an
insert were positive by hybridization, demonstrating the high
speci¢city of the nested PCR approach used. The identity of
each sequence was then determined using BLAST analysis
[23]. Among 48 clones sequenced, 18 (38%) corresponded to
known SOX sequences. These sequences represented essen-
tially SOX12 and SOX4, raising the possibility of a biased
ampli¢cation from genomic DNA. Comparison of the 30 un-
known sequences showed that they represented six distinct
new SOX HMG-box sequences. After translation of the nu-
cleotide sequences, it appeared that one of the new peptide
sequences was identical to the mouse Sox14 HMG domain
(accession number: Z18963) and we therefore named the cor-
responding nucleotide sequence SOX14. Four other sequences
showed no identity with any previously described Sox se-
quence and they were labelled SOX25 to SOX28. The last
of the new SOX HMG-box sequences contained a frameshift
caused by a 2-bp deletion after 48 residues (as numbered in
Fig. 2). This was named SOX29 and is likely to be a pseudo-
gene. The SOX29 HMG-box nucleotide sequence is 92% iden-
tical to that of SOX5. Since a SOX5 pseudogene, containing
no signi¢cant open reading frame, was already reported on
chromosome 8q21.1 [24], it might be possible that SOX29
actually is this SOX5 pseudogene. It can also not be formally
excluded that the frameshift observed in the SOX29 sequence
results from a PCR artefact. Fig. 2 shows a comparison of the
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SOX14, SOX25^28, SRY and SOX11 HMG-domain sequen-
ces. Besides mediating DNA binding, one of the proposed
functions of the HMG domain is to target the SOX protein
to the nucleus of cells. In SRY, the ¢rst 20 residues of the
HMG motif constitute a bipartite nuclear localization signal
[25]. The residues involved in this putative NLS and present in
the ampli¢ed sequences of SOX14 and SOX25^28 are highly
conserved among all these sequences (Fig. 2). Furthermore,
the variations of the SRY NLS sequence found in SOX27
have already been described for example in mouse Sry [12].

The new SOX protein sequences were included in a phylo-
genetic tree representing all SOX HMG domains described so
far in human and mouse (Fig. 3). SOX14 as well as SOX25^28
did not cluster together but were instead found scattered
throughout the most abundant group of SOX proteins, orig-

inally described as group B [14]. We clearly demonstrate the
capability of our PCR primers to amplify sequences from
other groups, including SRY, group A; SOX11, group C;
SOX9, group E (Fig. 1C and data not shown). Using the
same primer set, we could also amplify SOX4, 5, 7, 8, 9, 10,
17 and 18 from various cDNA sources (Wafaa Takash, un-
published results). In consequence, although there might be a
bias leading to preferential ampli¢cation of group B sequen-
ces, it is likely that group B is much more important than
previously expected and still contains numerous sequences
to be identi¢ed. Sequences within group B cluster into several
sub-groups. We propose to distinguish between sub-groups B1
(SOX12, 15, 16, 20, 26), B2 (SOX1, 2, 3, 14, 25, 28) and B3
(SOX27), sub-group B2 representing the original group B. All
sequences within group B share at least 75% identical residues,
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Fig. 1. Characterization of the primers used and ampli¢cation of SOX sequences from human genomic DNA. A and B: Determination of the
best primer combination for the two PCR ampli¢cation steps. A: First ampli¢cation from human genomic DNA. 1 = molecular weight marker
(Smart ladder, Eurogentec) 2 = H2O; 3 = P5-1+P3-1; 4 = P5-1+P3-2; 5 = P5-2+P3-1; 6 = P5-2+P3-2. B: Second, nested ampli¢cation using the
¢rst PCR product as template. 1 = molecular weight marker (Smart ladder, Eurogentec); 2 = H2O; 3 = H2O from A2; 4 = P5-1+P3-1 from A3;
5 = P5-1+P3-2 from A3; 6 = P5-2+P3-1 from A3; 7 = P5-2+P3-2 from A3; 8 = P5-2+P3-2 from A4; 9 = P5-2+P3-2 from A5; 10 = P5-2+P3-2
from A6. Arrow shows the ampli¢cation product. A and B: Lower panels show autoradiograms from Southern hybridization using a mix of
the SRY and SOX11 HMG boxes as a probe. C: Ampli¢cation from diverging templates using the optimal primer combination. 1 = H2O;
2 = SRY (¢rst ampli¢cation); 3 = SOX11 (¢rst ampli¢cation); 4 = molecular weight marker; 5 = H2O; 6 = H2O from 1; 7 = SRY (second ampli¢-
cation); 8 = SOX11 (second ampli¢cation). The double band seen in the autoradiography of lane 8 likely represents the products from both the
¢rst and second ampli¢cation steps. PCR cycling conditions were: 35 cycles, each with 1 min, 94³C; 1 min, 50³C; 30 s, 70³C in a 50 Wl reac-
tion mix containing 10 mM Tris-HCl pH 8.3; 1.5 mM MgCl2 ; 50 mM KCl; 400 WM each dNTP; 3 WM each primer; 1.25 U Taq polymerase
(Boehringer Mannheim). Approximately 1 ng and 500 ng of template were used for respectively plasmid and genomic DNA ampli¢cations.
Sequences of the primers are: P3-1 5P-GG(C,T)(C,T)(G,T)(A,G)TA(C,T)TT(A,G)TA(A,G)T(C,T)(G,C)GG-3P ; P3-2 5P-T(T,C)IGG(A,G)T(A,G)-
T(A,G)I(T,C)(T,C)(A,C)(T,G)I(T,C)AIGTG-3P ; P5-1 5P-(A,G)T(G,C)(A,C)(A,G)(A,G)(A,C)G(G,C)CC(A,C)ATGAA(C,T)GC-3P ; P5-2 5P-
CC(A,C)ATGAA(C,T)GC(G,C)TT(C,T)AT(G,C)GT(G,C)TGG-3P.

Fig. 2. Multiple alignment of the SRY, SOX11, SOX14 and SOX25^28 HMG-domain peptide sequences obtained using the CLUSTALW soft-
ware. Identical residues are shadowed. The positions of the primers used are indicated by arrows. Residues are numbered on the left side and
the conservation (% identity of amino acids) of each new SOX sequence with the HMG domain of SRY is indicated at the end of each se-
quence. The residues included in the putative NLS (and present in the ampli¢ed sequences) are indicated by asterisks. The sequences of
SOX25, SOX26, SOX14, SOX27, SOX28 and SOX29 are registered in GenBank under the accession numbers AFO32449^AFO32454 respec-
tively.
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whereas in a given sub-group, identity between members rises
to at least 85%.

The present study supports the hypothesis that mammalian
genomes contain an unexpectedly large number of SOX genes
and, possibly, pseudogenes. The identi¢cation of these genes is
currently limited by the lack of PCR primers able to amplify
divergent SRY-related sequences. Such strongly degenerate
primers are presented here. It is shown that their use, in com-
bination with nested PCR, allows speci¢c ampli¢cation of a
broad spectrum of SOX sequences. Interestingly, all the new
peptide sequences presented here are only distantly related to
SRY (50^60% identical residues). This suggests that the prim-
ers used in this study allow the ampli¢cation of a new pool of
SOX genes, inaccessible to analysis with the previously pub-
lished sets of primers. The generalization of the use of the
primers presented here with genomic DNA as well as with
cDNAs isolated from various tissues will probably allow a
rapid increase in our knowledge of the complexity and diver-
sity of the SOX gene family.
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Fig. 3. Dendrogram of the multiple alignment of all known SOX HMG-domain sequences known in mammals, as well as of the human
SOX14 and SOX25^28. Alignment was performed with the CLUSTALW software. Mouse sequences were used when the human orthologous
sequences were not available. SOX23 [26] and SOX24 [27], cloned uniquely in rainbow trout, are not represented in the dendrogram. New se-
quences described in this report are highlighted in bold. Upgrade of the groups initially described by Wright et al. [14] is presented on the right
of the dendrogram. Note that the initial group B is now split into B1, B2 and B3.
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