












Figure 5. Pancreas regeneration defects in SOM�/� adult mice. (A) Pancreas sections from SOM+/+ and SOM�/� mice untreated (none) or treated
with cerulein and analyzed at days 0, 1, 4 and 7. Dark red H&E staining identifies healthy exocrine acini. Arrows, severely damaged acini. Ei,
endocrine islets. Arrowheads, cell debris. (B) Sox9 immunostaining (red) in sections generated as in A and counterstained with DAPI (blue).
(C) Quantification of the percentage of Sox9-positive cells in tissue sections similar to those shown in B. Data are presented as the average with
standard deviation of values obtained for two to three non-adjacent tissue sections in each of three mice per genotype and time point. (D) qRT-PCR
of Sox9, Ngn3, Pdx1 and Amy1 RNA levels (n=3). *P< 0.05; **P< 0.01.
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Sox9 (34). In contrast, they maintained TgSOM activity in
dorsal root ganglia, a tissue that strongly expresses Sox10.
By demonstrating that Sox9 and Sox10 are sufficient to
activate a SOM-driven reporter and that Sox9 is necessary
for this activation in multiple tissues, these data suggest
that the proteins may similarly mediate the activity of the
endogenous SOM enhancer.

Sox9 directly activates SOM

Sox9 binds its known genomic targets at sites matching
the Sox consensus sequence CA/TTTG

A/T
A/T or present-

ing 1 or 2 nucleotide variations in this sequence (26,35,36).
It binds single sites as a monomer in Sertoli cells, and
binds site pairs as a homodimer in somatic tissues,
provided that these pairs are oriented head to head and
separated by 3–5 bp. Applying these parameters, we found
32 evolutionarily conserved putative binding sites for
Sox9, including seven pairs, in the SOM sequence
(Figure 7A and Supplementary Figure S5). ChIP
revealed that Sox9 specifically binds to SOM in RCS
cells (Figure 7B), and EMSAs showed that SOX9 is able
to bind most predicted sites in vitro, but prefers pairs
(Figure 7C and Supplementary Figure S6A). The
mutation of any Sox9-dimer site reduced SOM activity
by 33–92% in RCS cells and SOX9-expressing 10T1/2
cells (Figure 7D and Supplementary Figure S6B). The
amplitude of these effects was larger than expected for
additive contributions of the sites, strongly suggesting
site cooperativity. Finally, the combined mutation of
multiple pairs abrogated enhancer activity in vitro as
well as in transgenic embryos (Figure 7D and E). We
thus concluded that Sox9 dimers directly bind to
multiple sites in the SOM sequence and thereby coopera-
tively activate the enhancer.

DISCUSSION

This study newly identified an enhancer of the Sox9 gene
and demonstrated its underlying mechanisms and roles
in vivo. The enhancer is located 70 kb 50 of Sox9 and is
highly conserved in vertebrates. It is active in multiple
somatic tissues and we therefore call it SOM. It is directly

targeted by the Sox9 protein, which thereby amplifies its
own gene expression to benefit the development and adult
regeneration of at least one organ, the pancreas.

SOX9 was proposed to be critically controlled by
remote cis-elements almost 20 years ago when alterations
in its surrounding 2-Mb gene desert were found to cause
CD and associated malformations (1–3). Subsequent
transgenic studies lent support to this concept by identify-
ing putative tissue-specific enhancers across the gene
desert, but the actual roles of these enhancers in vivo
remain untested. The present study thus represents a de-
parture from previous studies by newly identifying SOM
and by demonstrating that this enhancer quantitatively
contributes to Sox9 expression in multiple somatic
tissues during development and adult tissue regeneration.
The fact that SOM is not absolutely required for Sox9
expression supports the notion that other enhancers also
participate in Sox9 transcription. Sox9 is not unique in
this regard, as many other genes also are controlled by
multiple, often remote, enhancers (37). The �1-Mb
limb-specific enhancer of the Sonic Hedgehog (Shh) gene
works solo (38), but multiple enhancers in the
>800-kb-wide transcriptional archipelago of the HoxD
cluster work in concert (39). Some enhancers have quali-
tative roles, conferring gene-specific spatiotemporal tran-
scription, while others have quantitative roles, conferring
robustness to transcription. Further studies are thus ne-
cessary to reveal the roles of putative Sox9 enhancers pre-
viously reported, unearth more enhancers and
demonstrate how these enhancers functionally interact
with one another and with SOM.

SOM features multiple evolutionarily conserved se-
quences that mediate its cooperative activation by Sox9
dimers. This cooperative mechanism fits with the observa-
tion that SOM makes a difference only when Sox9 expres-
sion is high, in development and following injury, thus
presumably when enough Sox9 molecules are present to
cooperatively activate SOM. It also fits with the dimeric
mode of action of Sox9 that has been demonstrated in sev-
eral somatic tissues, and the fact that mutations in the
SOX9 dimerization domain cause CD (36,40). In
contrast, these mutations do not cause XY sex reversal,
and Sox9 works as a monomer in the gonad, including in

Figure 6. Sox9 is sufficient and necessary to activate TgSOM. (A) 10T1/2 cells were transfected with empty (grey bars) or SOX9 (red bars)
expression plasmid along with Sox9 reporters harboring no enhancer (�), 1 or 4 copies of SOM or 4 copies of Col2a1 enhancer. Reporter activities
are presented relative to the activity of the Sox9 promoter-only reporter. (B) 10T1/2 cells were transfected with the 4-copy SOM reporter and
0–120 ng of FLAG-Sox expression plasmid. Top, relative reporter activities. Bottom, western blot of cell extracts hybridized with FLAG antibody.
The migration level and Mr of protein standards are indicated. Arrowheads, Sox proteins. (C) X-gal-stained sections from E11.5 Sox9+/+TgSOM and
Sox9�/�TgSOM littermates.
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TES activation (21). Thus, although Sox9 may control its
own expression in the gonad, as it does in somatic tissues,
it may use a distinct enhancer and mode of action to
achieve this function in each tissue type. By proving that
Sox9 regulates its own gene expression, our study allows
to more definitively identify Sox9 as a master transcription
factor, i.e. a factor that crucially contributes to deter-
mining cell fate and that ensures this function at least in
part by sustaining its own expression. Other factors of this
caliber include the stem cell factor Sox2 and myogenic
factor MyoD (41,42). It may also include Sox10, as this
factor was recently proposed to orchestrate the activity of
a neural crest-specific enhancer in the vicinity of its gene
(43). Interestingly, Sox9 can activate this Sox10 enhancer,
and Sox10 can activate SOM. Because Sox9 and Sox10
are co-expressed in several cell types (9), it is thus possible
that these proteins upregulate each other’s gene in
addition to their own gene.

While TgSOM activity matched Sox9 expression and
the consequences of SOM deletion in many somatic
tissues, some discrepancies were observed: TgSOM was

Figure 7. Sox9 directly activates SOM. (A) Identification of putative Sox binding sites in SOM. Underneath the UCSC vertebrate conservation plot
of SOM, pink and purple arrowheads represent predicted sites for Sox9 monomers and dimers, respectively; green double arrows, EMSA probes and
blue double arrows, SOM regions amplified by PCR in ChIP assay. (B) ChIP assay of Sox9 binding to SOM in RCS cells. The SOM a and b
regions, and regions located 2-kb upstream or downstream of SOM were amplified by PCR using input material, chromatin precipitated with
non-immune (n.i.) IgG or chromatin precipitated with Sox9 antibodies. PCR products are visualized following resolution in electrophoresis gels. Sox9
antibodies precipitated chromatin containing the SOM a and b regions, but not sequences flanking SOM, demonstrating specific binding of Sox9 to
the enhancer. DNA markers and their length (in bp) are shown on either side of the gel. (C) EMSA of SOX9-expressing COS1 cell extracts incubated
with probes 1–14. The migration levels of free probe and probe bound by SOX9 dimers (dim), SOX9 monomers (mon) and non-specific protein (ns)
are shown. (D) Activity of 4-copy SOM reporters mutated (M) in the Sox9 paired sites 4–13 or in all these sites. (E) Activity of TgSOM mutated in
the Sox9 binding pairs 4–13 in an E14.5 transgenic founder embryo. Ectopic X-gal staining was seen in serous glands in one of five transgenic
embryos, but no staining was seen anywhere else in any embryo.

Figure 8. Model of Sox9 transcriptional regulation. The 2-Mb Sox9
locus is shown as a loop; the three Sox9 exons as dark grey blocks
and transcription as an angled arrow. SOM is bound by Sox9 dimers
(paired ovals), which upregulate Sox9 expression in a positive feedback
loop (large, curved arrows) in somatic tissues. TES is bound by a Sox9
monomer (single oval), which cooperates with Sf1 (hexagon) to
maintain Sox9 expression in testis (small, curved arrows). Other
putative enhancers are bound by transcription factors (diamonds)
that interact with the basal transcriptional machinery (straight
arrows) to contribute to Sox9 expression in various tissues.
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not active and SOM deletion had no effect in heart
valves, despite expression of Sox9; TgSOM was active at
all ages in brain and cartilage, but SOM deletion affected
Sox9 expression only in fetal brain and adult cartilage;
TgSOM was active in tissues that express Sox10 but
not Sox9, such as dorsal root ganglia. One reason could
be that Sox9 molecules are rare or kept inactive in
heart valves, precluding any SOM activity. An explan-
ation for cartilage, brain and dorsal root ganglia
could be that the threshold of Sox9 or Sox10 protein
needed to activate SOM is lower in TgSOM than in the
Sox9 locus because SOM is present as 4 copies directly
linked to the Sox9 promoter in TgSOM, but present as a
single copy and 70 kb away from the Sox9 promoter in
the endogenous locus. Moreover, the number of copies
and the site of integration of TgSOM in the mouse
genome may also facilitate transgene activity. Finally,
the lack of consequences of SOM deletion in cartilage
and brain is likely due to other enhancers exerting com-
pensatory effects.
Although SOM deletion had no major impact on mice

under standard conditions, RNA assays revealed de-
creases from 18 to 37% in Sox9 expression in several
tissues during development. While such decreases would
likely be inconsequential for many genes, we reasoned that
they could be consequential for Sox9, as SOX9 haplo-
insufficiency causes CD and associated malformations.
Accordingly, pancreas development was as affected in
SOM�/� mice as it is in mice lacking one Sox9 allele in
pancreas progenitors (32,44). Moreover, SOM�/� mice
showed a 2-fold impairment in Sox9 upregulation
when subjected to acute pancreatitis, and recovered
about twice as slowly as control mice. Based on these
data, the importance of Sox9 dosage and the evolutionary
conservation of SOM, we predict that SOM may have
additional roles in development, adult physiology and
such disease settings as tissue repair, fibrosis and cancer,
but that these roles may become apparent only upon
co-deletion of co-acting enhancers. In addition, our data
raise the attracting possibility that SOM be used as a new
genetic tool for various types of scientific and clinical ap-
plications. It could be used for instance to amplify SOX9
expression in CD and other diseases due to SOX9 defi-
ciency or to drive expression of tumor suppressors in
SOX9-positive cancers.
In conclusion, the findings from this study and previous

studies suggest a model whereby Sox9 expression is
controlled by multiple enhancers spread over a large
genomic region (Figure 8). SOM, located at �70 kb,
enhances Sox9 expression in developing and regenerating
somatic tissues, and thereby allows Sox9 to properly
achieve its functions. TES, located at �14 kb, may drive
Sox9 expression in the undifferentiated gonad and testis.
Both SOM and TES mediate a positive feedback loop
of Sox9 auto-regulation. TES binds Sox9 as a monomer
together with its partner Sf1, whereas SOM binds
multiple, cooperatively acting, Sox9 dimers. Additional
enhancers, yet to identified and characterized, must
contribute along with TES and SOM to achieve qualita-
tive and quantitative expression of Sox9 in multiple
cell types.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online:
Supplementary Table 1 and Supplementary Figures 1–6.
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