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Fine-tuning of the Wnt/TCF pathway is crucial for multiple
embryological processes, including liver development. Here we
describe how the interaction between Hhex (hematopoietically
expressed homeobox) and SOX13 (SRY-related high mobility
group box transcription factor 13), modulates Wnt/TCF path-
way activity. Hhex is a homeodomain factor expressed in multi-
ple endoderm-derived tissues, like the liver, where it is essential
for proper development. The pleiotropic expression of Hhex
during embryonic development and its dual role as a transcrip-
tional repressor and activator suggest the presence of different
tissue-specific partners capable of modulating its activity and
function. While searching for developmentally regulated Hhex
partners, we set up a yeast two-hybrid screening using an E9.5—
10.5 mouse embryo library and the N-terminal domain of Hhex
as bait. Among the putative protein interactors, we selected
SOX13 for further characterization. We found that SOX13
interacts directly with full-length Hhex, and we delineated the
interaction domains within the two proteins. SOX13 is known to
repress Wnt/TCF signaling by interacting with TCF1. We show
that Hhex is able to block the SOX13-dependent repression of
Wnt/TCF activity by displacing SOX13 from the SOX13-TCF1
complex. Moreover, Hhex de-repressed the Wnt/TCF pathway
in the ventral foregut endoderm of cultured mouse embryos
electroporated with a SOX13-expressing plasmid. We conclude
that the interaction between Hhex and SOX13 may contribute
to control Wnt/TCF signaling in the early embryo.

Wnt signaling is a conserved signaling pathway that plays
crucial roles in animal life by controlling the genetic programs
of embryonic development and adult homeostasis. Recent
reports have particularly highlighted the essential role of Wnt
during liver and pancreas development. Wnt repression in the
anterior endoderm is required for liver and pancreas specifica-
tion, whereas active Wnt signaling in the posterior endoderm
suppresses these fates (1). However, immediately after the
induction of the hepatic program in the endoderm, Wnt signal-
ing is apparently required for the further outgrowth of the

endoderm into a liver bud. In fact, the expression of Wnt2b in
the lateral plate mesoderm appears essential for liver specifica-
tion in the endoderm and bud induction (2). In short, Wnt
activity is extremely dynamic in the course of liver specification
and morphogenesis, suggesting that a tight and fast control of
Wnt signaling is essential for the proper development of the
organ.

Hhex is a homeobox transcription factor of the Antenna-
pedia/Ftz class. Hhex is expressed in the anterior definitive
endoderm (3) that gives rise to the liver and pancreas. After
gastrulation, Hhex is also expressed in mesoderm- and
endoderm-derived tissues such as hematopoietic and vascu-
lar progenitors, endocardium of the heart, liver, thyroid,
lung, thymus, gallbladder, and pancreas (4-7). Hhex plays a
role in cell proliferation and morphogenesis during organogen-
esis (5, 8, 9). Loss-of-function of Hhex in mice results in embry-
onic lethality at E10.5 and shows different degrees of defects in
organs derived from the three embryonic germ layers (4, 7, 10,
11). The defects observed in endoderm-derived organs, such as
thyroid, liver, and pancreas, are associated with alterations in
cell proliferation and cell migration in embryonic progenitors
(5,7, 12, 13). Recently, Hhex locus has been robustly associated
in genome-wide association studies with type 2 diabetes (14).
Human and mouse Hhex proteins share 95% homology
throughout the full sequence and the N-terminal domain.

Hhex is a transcriptional repressor in Xenopus embryos and
cultured cells (15-17). The N-terminal proline-rich domain
(aa® 1-137) is highly conserved among species and exerts a
repressing activity (18). Goosecoid, vascular endothelial
growth factor, and endothelial cell-specific molecule 1 are
among the best characterized targets transcriptionally
repressed by Hhex. But Hhex can also function as a tran-
scriptional activator of the Na " /taurocholate cotransporting
polypeptide and sodium iodide symporter promoters (19,
20). The acidic C-terminal domain (aa 197-271) is respon-
sible for the transactivating properties of Hhex (21). Finally,
the homeodomain (aa 138 —196) is responsible for sequence-
specific binding to DNA.

51 The on-line version of this article (available at http://www jbc.org) contains
supplemental Table 1 and Figs. 1-4.
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Given the wide expression of Hhex and the complexity of its
functions, we speculated that an elevated number of interactors
in different tissues contributes to its differential specificity and
activity. Therefore, we searched an E9.5-E10.5 mouse embryo
library for developmentally regulated proteins that interact
with Hhex. Using a yeast two-hybrid screening approach we
identified SOX13 as a Hhex interactor. Two SOX13 isoforms of
768 bp (255 aa) and 1815 bp (604 aa) were isolated from human
c¢DNA, but only the longer isoform interacted with Hhex. We
mapped the interaction domains in both proteins and showed
that Hhex and SOX13 are colocalized in the nucleus. Finally, we
addressed the function of the Hhex/SOX13 interaction and
show in cultured cells and mouse embryos that it de-represses
Wt activity by disrupting the SOX13-TCF1 complex.

EXPERIMENTAL PROCEDURES

Plasmid Construction—To construct the bait for the yeast
two-hybrid screening, different Hhex fragments were amplified
by PCR using appropriate primers (supplemental Table S1).
After digestion with EcoRI and Sall, fragments were cloned
in-frame into the pBD-Gal4-Cam vector (Stratagene), yielding
five bait plasmids containing the Hhex N-terminal domain or
Hhex-(1-137), HhexAC or Hhex-(1-196), HhexAN or Hhex-
(138 -271), Hhex C-terminal domain or Hhex-(197-271), and
full-length Hhex (aa 1-271) fused to the Gal4 DNA binding
domain. GST-Hhex fusion constructs were constructed by sub-
cloning the Hhex fragments from pBD-Gal4 Cam vectors into
the EcoRI-Sall site in pGex-6P-1 (GE Healthcare). EGFP-Hhex
fusion constructs were constructed by subcloning the Hhex
BamHI-Sall fragments from the pGex-6P-1 vector series into
the BgllI-Sall site in pEGFP-C1 (Clontech). The expression
plasmids containing HA-tagged Hhex, Hhex-(1-137), and
Hhex-(1-196) were obtained by subcloning the EcoRI-Sall
fragments from pBD-Gal4-Cam vector into the EcoRI-Xhol
site in pIRES-hrGFP-2a. Hhex-(138 —271) and Hhex-(197-271)
were amplified by PCR to introduce an initiation codon at the 5
end of the coding sequence and were cloned as above.

The expression plasmids containing FLAG and the Myc-
tagged SOX13isoforms (604 and 255 aa) were obtained by PCR-
cloning from a human hepatic cDNA library (Ambion) using
primers SOX13clonl-3 (supplemental Table S1). To obtain
ASOX13, the 1-100-aa fragment was PCR-cloned so that an
artificial EcoRI restriction site at the 5 end and a HindIII
restriction site at the 3’ end flanked the product. The 210—
604-aa fragment was also PCR-cloned but with an artificial
HindIII restriction site at the 5" end and a Sall restriction site at
the 3’ end. The resulting EcoRI-Sall-flanked PCR products
were ligated to the EcoRI-Sall fragment of pFLAG-CMV2
(Sigma) and also to the EcoRI-Xhol fragment of the pcDNA3-
myc tag to obtain pFLAG-SOX13-255, pFLAG-SOX13-604,
pFLAG-ASOX13, pcDNA3-myc-SOX13-255, pcDNA3-myc-
SOX13-604, and pcDNA3-myc-ASOX13. All the constructed
plasmids were verified by sequencing.

Cell Lines and Transfection—HeLa cells were maintained as
monolayer cultures and grown in Dulbecco’s modified Eagle’s
medium supplemented with 10% newborn calf serum, 50
units/ml penicillin, and 50 mg/ml streptomycin, whereas 293T
cells were also supplemented with 3.5 g/liter of glucose. Plasmid
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DNAs were purified using Qiagen Maxiprep kit columns (Qia-
gen). On the day before transfection, 293T or HeLa cells were
plated in 24-well plates (reporter assay) or 10-cm plates (pro-
tein expression). Plasmids (0.7 ug for the reporter or 10 ug for
the protein expression) were transfected using FuGENE 6 fol-
lowing the manufacturer’s instructions (Roche Applied Sci-
ence). To correct the variations in transfection efficiency in the
reporter assay, 15 ng of pRL-SV40 (Promega) were cotrans-
fected in parallel. Luciferase activities were assayed at 48 h
using Dual Luciferase reporter (Promega).

Adenoviral shRNA Construction—An adenoviral vector ex-
pressing shRNA against Hhex was obtained by homologous
recombination of pJM17 and pAC-shHhex as described (22).
pAC-shHhex was obtained by inserting synthesized Hhex
shRNA (targeting sequence in HHex, TGGACAGTTCCTGT-
GATCAGAG) into the BamHI-EcoRI site in pAC-shRNA plas-
mid. pAC-shRNA plasmid was obtained by replacing the CMV
cassette in pAC-CMYV with the CMV expression cassette from
pPRIME-CMV-GFP (23). An adenovirus expressing shRNA
against luciferase was constructed similarly and used as an
infection control.

Immunofluorescence—HeLa cells growing on coverslips were
cotransfected with plasmids expressing EGFP-Hhex and
SOX13-myc. After 48 h, cells were fixed for 5 min in 4%
paraformaldehyde and permeabilized with PBS containing
0.2% Triton X-100 for a further 5 min. Blocking was carried out
with 1% bovine serum albumin in PBS solution for 30 min.
Primary mouse anti-Myc antibody (9E10 hybridoma, Santa
Cruz Biotechnologies) was incubated using a 1/30 dilution
overnight at 4 °C. The secondary anti-mouse Alexa555-conju-
gated antibody (1/500 dilution, Invitrogen) was incubated for
1 h in PBS containing 1% bovine serum albumin. Cells were
washed with PBS, and coverslips were mounted with Mowiol®.
Fluorescence was viewed through a Leica TCS-SP2 confocal
microscope.

Yeast Two-hybrid Screening—We used a 9.5-10.5-days post-
coitum mouse expression library, kindly provided by Dr. Wein-
traub (Howard Hughes Medical Institute) and Dr. Scambler
(Institute of Child Health, UK). In this library, cDNAs are fused
to a sequence encoding the activation domain of the herpes
simplex virus protein VP16 (24). Hhex-derived bait plasmids
(Fig. 1A) were transformed into the AH109 strain (Ade™, His™,
Leu™, Trp~; Clontech) following the manufacturer’s instruc-
tions. AH109 strain expresses «-galactosidase (MEL1) and
B-galactosidase (LacZ) upon Gal4 activation. Gal4-Hhex fusion
protein expression in yeast was detected by immunoblotting
(Fig. 1B). pBD-Gal4-Hhex-(1-137) was selected as bait given
the extremely low autoactivating capabilities (probably linked
to its function as a repressor) and the biochemical relevance
of the N-terminal domain (see the Introduction). For the yeast
two-hybrid library, 145 ug of the library (~10° transformants)
were transformed into the AH109 strain expressing Gal4-
Hhex-(1-137), plated onto a SD/—Leu/—Trp/—Ala/—His
9-cm plate and grown at 30 °C for 7 days. Plates were checked
for growing colonies on a daily basis. Single-growing colonies
were transferred to SD/—Leu/—Trp/— Ala/—His/+ a-X-gal to
reconfirm the interaction. Confirmed positive clones (blue col-
onies) were stocked in glycerol media at —80 °C. In parallel, all
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the clones appearing on the first 4 days of selection (a total of
522) were amplified by PCR (colony touching) using the prim-
ers flanking the insert: VP16 forward (5'-TCGAGTTTGAGC-
AGATGTTTACCG-3'), VP16 reverse (5'-TTGTAAAACGC-
GGCCAGT-3'), and the Biomek FX robot. Translated
sequences were blasted against the protein data base. Selected
preys were then isolated from yeast using the Wizard® Plus SV
Minipreps DNA purification system (Promega). Isolated plas-
mids were transformed into Escherichia coli, amplified, and
retransformed into AH109 yeast expressing the bait plasmids
and empty pBD-Gal4 Cam to confirm the interaction. a-Galac-
tosidase-activity was measured using the Beta-Glo Assay Sys-
tem (Promega).

In Vitro Glutathione S-Transferase Fusion Protein Pull-
down Assays—GST and GST fusion proteins were isolated
from the E. coli as described (25). Volumes (15-50 ul) cor-
responding to approximately even amounts of individual
GST fusion proteins were coupled to washed glutathione-
Sepharose beads (40 ul suspension) and washed twice with PBS
and once with immunoprecipitation buffer (20 mm Tris-HCl,
pH 8, 200 mm NaCl, 1 mm EDTA, and 0.5% Nonidet P-40). In
the pulldown experiments using the in vitro translated protein,
coupled beads were incubated with 8 ul of [**S]methionine-
labeled in vitro translated protein (Promega TNT® T7 Quick
Coupled Transcription/Translation system) in immunopre-
cipitation buffer containing the Halt Protease Inhibitors
Mixture (Pierce). Alternatively, when extracts from the cell
cultures overexpressing the protein of interest were being
pulled down, 500 ug of total protein lysate in M-Per buffer
(Pierce) were used instead. In both cases beads were incubated
overnight at 4 °C with shaking, washed 6 times with immuno-
precipitation buffer, resuspended in 40 ul of electrophoresis
sample buffer, and heated (95 °C) for 5 min. After SDS-polyac-
rylamide gel electrophoresis, the gel was checked by immuno-
blotting or audioradiography.

Immunoprecipitation and Immunoblotting—Cell protein
extracts were obtained by harvesting transfected cells (HeLa,
293T, or HepG2) with M-Per buffer containing the Halt Prote-
ase Inhibitors Mixture. Approximately, 0.5-1.0 mg of total pro-
tein was incubated with anti-FLAG or anti-HA antibodies
bound to protein G-Sepharose beads overnight at 4 °C (Roche
Applied Science). After five washes in lysis buffer, immunopre-
cipitates were resolved by SDS-PAGE and transferred to Immo-
bilon filters (Millipore). Filters were then immunoblotted using
a rabbit polyclonal anti-Hhex (26), horseradish peroxidase-
conjugated anti-FLAG, or anti-HA antibodies. For the compet-
itive immunoprecipitation assay, 293T cell extracts expressing
SOX13-FLAG and TCF1 Myc-tagged proteins were incubated
with increasing amounts of GST-Hhex or GST alone (40 and
160 pg). Samples were immunoprecipitated as above using
anti-FLAG antibodies bound to protein G-Sepharose. Immu-
noprecipitates were resolved by SDS-PAGE and transferred to
Immobilon filters (Millipore). Filters were immunoblotted
using mouse anti-FLAG or anti-Myc antibodies and incubated
with a True Blot horseradish peroxidase-conjugated anti-
mouse IgG (eBioscience). Immunoreactive proteins were visu-
alized using the ECL detection reagent system (Amersham
Biosciences).
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Quantitative RT-PCR—DNA-free total RNA from human
tissues was obtained from Ambion. Quantification of specific
mRNAs was done as described (27) using porphobilinogen
deaminase and TATA box-binding proteins as internal con-
trols. We designed specific primer sets for the three putative
variants of SOX13 (Table 1). PCR amplicons were specific in
terms of size (agarose gel electrophoresis), melting curve anal-
ysis, and sequencing. After denaturing for 30 s at 95 °C, ampli-
fication was performed in 40 cycles of 1 s at 94°C, 5 s at 62 °C,
and 20 s at 72 °C. The real-time monitoring of the PCR reaction
and the precise quantification of the products in the exponen-
tial phase of the amplification were performed with the Light-
Cycler quantification software according to the manufacturer’s
recommendations. Each reaction was done in triplicate.

Wt Stimulation and Chromatin Immunoprecipitation—
Wnt signaling was activated in 293T cells by treatment with
LiCl (28). Cells were grown in 10-cm plates. One-fifth of the
cells were used to obtain RNA and protein extract, whereas the
rest was used for chromatin immunoprecipitation. Chromatin
fixation and immunoprecipitation were performed as previ-
ously described (29) with the following modifications. After
sonication, the samples were centrifuged at full speed for 10
min at 4 °C. The resultant chromatin was diluted Y10 in chro-
matin immunoprecipitation dilution buffer (1% SDS, 10% Tri-
ton X-100, 1.2 mMm EDTA, 50 mMm Tris-HCI, pH 8,200 mm NaCl,
and protease inhibitors) and precleared for 1 h at 4 °C with
salmon sperm DNA/protein G-agarose slurry (Millipore,
16-201). Then 50 ul of diluted chromatin was incubated with 4
pg of mouse monoclonal anti-Myc tag antibody (Upstate Tech-
nology, clone 4A6) or monoclonal mouse anti-HisG antibody
(negative control; Invitrogen) overnight at 4 °C in a rocking
platform. Immunoprecipitated chromatin was eluted from
beads by the addition of 250 ul of 0.1 M sodium bicarbonate, 1%
SDS and incubation for 15 min by shaking at 42 °C. DNA was
recovered using Qiaquick PCR purification kit (Qiagen). Pre-
cipitated DNA was analyzed using the LightCycler 480 real-
time PCR system (30).

In Vivo Electroporation of Mouse Embryos—The ventral
definitive endoderm was electroporated as described in Pier-
reux et al. (31, 32). After electroporation, embryos were cul-
tured for 24 h at 37 °C in a roller culture system (33). Somites
were counted, and only those embryos showing blood circula-
tion and the turning of embryos were selected. The ventral mid-
guts (liver bud region) were dissected, and luciferase activity
was measured with the Dual Luciferase Reporter (Promega).

RESULTS

SOX13 Interacts with Hhex—To search for Hhex interactors
during embryonic development, we performed a yeast two-hy-
brid screening using an E9.5-E10.5 mouse embryo library (see
“Experimental Procedures”) as prey and Hhex-(1-137) as bait.
After the sequential transformation of the AH109 yeast strain
(Fig. 1C), we retrieved 1182 clones that grew in stringent media
SD/—Leu/—Trp/—Ala/—His. Of these, only 1014 grew and
were a-galactosidase-positive when re-plated in SD/—Leu/
—Trp/—Ala/—His/+ a- X-gal. A first round of sequencing (522
isolated clones) provided 294 in-frame coding sequences with
repetitions ranging from 1 to 56 times. TLE-related proteins
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FIGURE 1. Hhex yeast two-hybrid screening. A, a diagram is shown of Hhex
fusion proteins containing the Gal4 DNA binding domain (DBD) in the N ter-
minus. These proteins were tested as putative bait in a yeast two-hybrid
assay. An asterisk indicates the protein used as the final bait in the screening.
The Hhex protein showing functional domains is also shown above as a refer-
ence. N-ter, N-terminal domain; HD, homeodomain; C-ter, C-terminal domain.
B, shown is immunoblotting using an anti-Gal4 antibody of extracts from the
AH109 yeast transformed with the bait. The yeast-expressing plasmid,
pGBKT7-T, expressing the SV40 large antigen T protein was used as a positive
control. C, an overview is shown of the Hhex yeast two-hybrid screening by
sequential transformation of bait and prey (VP16 library). VP16 library, E9.5-
E10.5 mouse embryo library made in the pVP16; SD/—L/—W/—A/—H, syn-
thetic dropout medium lacking leucine, tryptophan, adenine, and histidine;
SD/—L/—W/—A/—H/+X-a-gal, synthetic dropout medium lacking leucine,
tryptophan, adenine, and histidine, and containing 20 ug/ml of X-a-gal.

(AES-1) and members of the Eif4 family (Eif4gl and Eif4g3)
were present in the list, which is in agreement with previous
reports (26, 34). Among the different novel sequences, SOX13
was selected based on the high number of clones detected dur-
ing the screen, expression pattern, and embryological function
of Sox family members which activate or repress target genes
through interaction with different partner proteins (35). Eight
clones of SOX13 were isolated (Fig. 2A4), all of which contained
the region between aa 126 and 218 comprising the leucine zip-
per (LZ) and the glutamine-rich (Q-rich) domain. To confirm
the interaction and to exclude the auto-activation of the iso-
lated clones, a representative prey plasmid (clone 11.23) was
purified from the yeast, amplified in bacteria, and re-trans-
formed in the AH109 yeast strain expressing each pre-selected
Hhex bait (see Fig. 14). Only those transformants expressing
bait that included the N-terminal domain (aa 1-137) were able
to grow and stain positive in SD/—Leu/—Trp/— Ala/—His a-X-
gal media (Fig. 2B). Finally, we quantified the interaction
by measuring (3-galactosidase activity by luminescence. Once
again, only the bait containing the N-terminal domain of Hhex
gave B-galactosidase activity above the background level (Fig.
2QC). In conclusion, SOX13 (aa 126 —218) interacts with Hhex in
yeast.

A 1815-bp Open Reading Frame of SOX13 (604 aa) Is Preva-
lent in Human Tissues—SOX13 is a member of the group D of
the SOX transcription factors that contains the characteristic
high mobility group (HMG) domain together with a LZ and
Q-rich domain. The SOX13 genomic locus contains 14 exons,
and three different isoforms have been reported in the litera-
ture (Fig. 34). SOX13 (36) is an open reading frame of 1815 bp
encoding a 604-aa protein containing the HMG domain and the
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LZ and Q-rich domain in the N terminus (Fig. 3B). Long (L)-
SOX13 (37) is an open reading frame of 2673 bp encoding an
890-aa protein as a result of a missing G nucleotide at base pair
1950 in the sequence reported by Roose et al. (GenBank™
accession number AF083105). This putative deletion leads to a
shift of exon 14 open reading frame, resulting in a longer pro-
tein. Finally, short (S)-SOX13 (ECRBrowser (38)) is an open
reading frame of 768 bp encoding a 255-aa protein caused by
alternative splicing that results in a truncated isoform lacking
the C terminus including the HMG domain. The three isoforms
contain the putative SOX13 interaction domain detected in the
yeast two-hybrid screening (LZ-Q-rich domain, aa 126-218;
Fig. 3B). In preparation for mapping the interaction domain of
SOX13 with Hhex, we decided to determine which SOX13 iso-
form prevails in human tissues. We designed three primer pairs
capable of binding specifically to each coding sequence (Table
1). These primers were validated by PCR using plasmids con-
taining the three different cDNAs. PCR fragments representa-
tive of each PCR reaction were purified and sequenced to con-
firm identity. The mRNA of the SOX13 isoforms was quantified
by qRT-PCR in 18 different tissues from a mixture of at least 3
different human donors (Fig. 3C). Only SOX13 and S-SOX13
were significantly detected in all the tissues tested. SOX13 pre-
dominated in most of the tissues, although S-SOX13 mRNA
was more abundant in the brain, heart, and thyroid. To confirm
the absence of L-SOX13, we designed a pair of primers (num-
bers 4 and 5; Table 1) to amplify the conflicting region in exon
14. The sequencing of the amplified region revealed no deletion
at nucleotide G1950. Based on these results, SOX13 and
S-SOX13 coding sequences were amplified by PCR from human
hepatic cDNA and cloned into the pFLAG-CMV2 vector. We
conclude that isoforms SOX13 and S-SOX13 are prevalently
expressed in human tissues and that both contain the LZ and
Q-rich domain.

Mapping Hhex and SOX13 Interaction Domains—We inves-
tigated which Hhex domains are required for the interaction
with SOX13 and vice versa by pulldown assays using GST-Hhex
fusion constructs. We purified GST-Hhex deletion mutants
from bacteria. We also obtained total protein extracts from the
HeLa cells ectopically expressing FLAG-tagged full-length
SOX13 (604 aa), S-SOX13 (255 aa), and ASOX13, a mutant
SOX13 lacking the LZ and Q-rich domain (lacking aa 126 —218,
the interaction domain). As Fig. 4A illustrates and as Fig. 4B
summarizes, GST-Hhex and all the fragments containing the
N-terminal domain (aa 1-137) were able to co-precipitate full-
length SOX13. When only the N-terminal domain of Hhex was
expressed as a single fragment, it was capable of pulling down
full-length SOX13 more efficiently. This result clearly estab-
lishes the N terminus of Hhex as the binding interface with
SOX13 and confirms the result obtained in the yeast two-hy-
brid assay (Fig. 2). On the one hand, ASOX13, which specifically
lacks the LZ-Q domain of SOX13, was unable to bind Hhex or
any of its fragments. This result is also in agreement with the
yeast two-hybrid assay. On the other hand, we found that the N
terminus of SOX13 alone (the S-SOX13 isoform), which con-
tains the LZ-Q domain, did not interact with Hhex or any of its
deletion mutants. In short, the N terminus, or more specifically
the LZ and Q-rich domain, is essential for SOX13 interaction
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A LZ

SOX13 LSSDWKERFLGRNSMEAKDVKGTQESE(‘AE KELQTLVM IHQTSTLRDQ{LTA HSEQKNMAAMLFEKQQQAMELARQ
11.23 ESLAEKELQLLVMIHQLSALRDQLLTAHSEQKNM AAMLFEKQQQQMELARQ
21.02 ESLAEKELQLLVMIHQLSALRDQLLTAHSEQKNM AAMLFEKQQQQMELARQ
12.03 ESLAEKELQLLVIIHQLSALRDQLLT AHSEQKNMAAMLFEKQQQAMELARQ
01.13 SLAEKELQLLVMIHQLSALRDQLLTAHSEQKNM AAMLFEKQQQQMELARQ
01.03 SLAEKELQLLVMIHQLSALRDQLLTAHSEQKNM AAMLFEKQQQQMELARQ
02.21 RFLGRSNVEAKDVKGTQESLAEKELQLLVMIHQLSALRDQLLT AHSEQKNM AAMLFEKQQQQMELVRQ
06.06 RFLGRSNVEAKDVKGTQESLAEKELQLLVYMIHQLSALRDQLLT AHSEQKNM AAMLFEKQQQAMELVRQ
06.03 RFLGRINVEAKDVKETQESLAEKELQLLVMIHQLSALRDQLLT AHSEQKNMAAMLFEKQQQQAMELVRQ
Cons. SLAEKELQLLVMIHQLSALRDQLLTAHSEQKNM AAMLFEKQQQQMELARQ
SO0X13 QREQIAKQRAALIQAAHKINLLQAQIQQVNMPYVMIPAFPPSHQPLPVTPDSQLALPIQPIPCKPVEYPLQLLHS
11.23 QREQIAKQRAALIQAAQHKINLLQAQIQ VNMPYVMIPAFPPSHQPLPVTPDSQLALPIQPIPCKPVEYPLQ

21.02 QREQIAKQQAALIQAAHKINLLQAQIQ VNMPYVMIPAFPPSHQPLPVTPDSQLALPIQPIPCKPVEYPLQ

12.03 QREQIAKQRRAALIQAAQHKINLLQRARQIQ VNMPYVMIPAFPPSHQPLPVTPDSQLALPIQPIPCKPVEYPLQ

01.13 QREQIAKQRRAALIQAQHKINLLQAQIQQVNMPYVMIP AFPPSHQPLPVTPDSQLALPIQP

01.03 QREQIAKQRAALIQAQHKINLLQAQIQQVNMPYVMIP AFPPSHQPLPVTPDSQLALPIQP

02.21 QREQIAKQRARALIQAQHKINLLRAQIQQVNMPYVMIPACPLS

06.06 QREQIAKQRARALIQAQHKINLLRAQIQQVNMPYVMIPACPLS

06.03 QREQIAKQQAALIQAQAHKINLLRAQIQQVNMPYVMIPACPLS

Cons. QREQIAKQQAALIQAAQHKINLLQQAQIQqVNMPYVMIPAfP
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FIGURE 2. Interaction between Hhex and SOX13 in yeast. A, shown is multiple alignment between mouse
Sox13 and the prey clones isolated in the yeast two-hybrid screening. Relevant functional domains in Sox13,
the leucine zipper (LZ), and Q-rich are emphasized. Asterisks indicate the position of leucines within the LZ
domain. Consensus sequences are in red. B, a representative Sox13 prey plasmid (clone 11.23) was re-trans-
formed into AH109 yeast expressing Hhex bait or empty plasmid as a negative control. The transformed yeast
were plated in SD/—Leu/—Trp and SD/—Leu/—Trp/—Ala/—His/+X-a-gal. C, B-galactosidase activity was also
measured in yeast cotransformed with each Hhex bait and Sox13 prey plasmid (clone 11.23).

Q-rich domain of SOX13 is neces-
sary, but not sufficient, for Hhex
interaction.

SOX13 Directly Interacts with
Hhex—The results illustrated in
Fig. 4 are compatible with the
existence of a direct association
between SOX13 and Hhex. These
interactions were studied by assess-
ing the binding of *°S-labeled in
vitro translated SOX13 to GST-
Hhex immobilized on glutathione-
agarose beads. The GST protein
alone did not interact with SOX13
(Fig. 5A). However, GST-Hhex was
able to interact with full-length
SOX13 and L-SOX5 (another mem-
ber of the group D family of SOX;
data not shown). Neither GST nor
GST-Hhex pulled down the unre-
lated protein Lamin C. These results
show that a direct interaction takes
place between SOX13 and Hhex. To
further corroborate the interaction
between Hhex and SOX13, we per-
formed immunoprecipitation ex-
periments with HeLa cells that
ectopically express both transcrip-
tion factors. Full-length SOX13-
FLAG co-immunoprecipitated with
full-length Hhex-HA (Fig. 5B). No
co-precipitation was detected in
either mock-transfected HeLa cells
or cells transfected with a plasmid
expressing SOX9-FLAG (data not
shown). Endogenous Hhex was also
immunoprecipitated with SOX13
after transfection of HepG2 cells
with a plasmid expressing SOX13-
FLAG (Fig. 5C). Co-localization
studies in transfected HeLa cells
showed nuclear localization of the
proteins and are in agreement with
both co-immunoprecipitation and
the pulldown analysis (Fig. 5D).

Hhex Modulates SOX13-depen-
dent Wnt Signaling in 293T Cells—
Because Hhex can act as a transcrip-
tional repressor or activator, we
tested the possibility that SOX13
could be a co-repressor or co-acti-
vator of Hhex. To look for SOX13
co-repressing activity, we used the
plasmid Gsc-LUC, a Hhex-specific
reporter system (15). SOX13 did not

with Hhex, but the domain alone is not sufficient for the inter-  significantly change the transcriptional activity of Hhex toward
action in mammalian cells. We conclude that the N terminus of  the Goosecoid promoter (data not shown). Similarly, we tested
Hhex is essential for SOX13 interaction, whereas the LZ and the possible role of SOX13 as a transcriptional co-activator of
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FIGURE 3. SOX13 isoforms present in human tissues. A, shown is a graphic
representation of SOX13 exons as described in ECRBrowser (38). Exons are
depicted as boxes. Exon size is not proportional to box size. Gray boxes repre-
sent translated exons. The HMG box is represented in black (exons 11-12).
Dashed boxes represent the LZ-Q domain (exons 4 -6). The conflictive G1950
in exon 14 is also shown. The primers used for gRT-PCR analysis are depicted
with a number (1-9). Primer sequences are shown in Table 1. B, alignment of
the SOX13 coding sequences are compared with the prey clone 11.23 isolated
from the yeast two-hybrid screening. This fragment contains the LZ-Q
domain of Sox13. Numbers show base pair positions. C, relative SOX73 mRNA
levels in 18 human tissues were determined by qRT-PCR. The numbers in
parentheses represent the primers used for the qPCR reaction (see panel A).
PBGD, porphobilinogen deaminase.

TABLE 1
Primers used in this study
FP, forward primer; RP, reverse primer.

Interaction between Hhex and Sox13
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FIGURE 4. Hhex and SOX13 interaction domains. A, shown is an in vitro
binding assay between purified GST, GST-Hhex-(1-271), GST-Hhex-(1-196),
GST-Hhex-(1-137), GST-Hhex-(138-271), or GST- Hhex-(197-271) from an
E. colilysate and HelLa cell extract expressing FLAG-tagged SOX13, S-SOX13, or
ASOX13. Hela total protein extracts expressing SOX13-related proteins were
incubated with GST-Hhex proteins. Glutathione-Sepharose was used to pull
down the GST-Hhex fusion proteins, and anti-FLAG antibody was used in
Western blots. One-twentieth of the extract was loaded as the input. The
lower band in the SOX13 incubation was routinely observed after overnight
incubation and is a C-terminal degradation product of SOX13. Lower panel,
shown is an immunoblot using anti-GST antibodies in 1% of the beads.
B, shown are diagrams summarizing the results obtained in the GST pulldown
assays. Numbers show amino acid positions. HD, homeodomain; L, leucine
zipper; Q, glutamine-rich; HMG, high mobility group domain.

Hhex using the Na™/taurocholate cotransporting polypeptide
promoter (19). Again, SOX13 was not able to change Hhex
transcriptional activity. Alternatively, we tested whether Hhex
could alter SOX13 transcriptional activity using the general

Number Primer Target Sequence
Reverse-transcription quantitative PCR
1 SOX13-FP SOX13 and S-SOX13 tgattcagcagcagcataagat
2 SOX13-RP1 S-SOX13 taatggatgagagtggctccag
3 SOX13-RP2 SOX13 cagcggatactccactggtt
4 L-SOX13-FP L-SOX13 cgaagagaagagcgatggga
5 L-SOX13-RP L-SOX13 gtatctgccaagtgcacagce
6 SOX13-intron-FP Intron 1 in SOX13 locus gatcccagcaacaatcctgt
7 SOX13-intron-RP Intron 1 in SOX13 locus cctgcccaagetttgtttag
8 SOX13-conflict-FP SOX13 and S-SOX13. Conflict. aacatgcctgtgatcgtcaa
9 SOX13-conflict-RP SOX13 and S-SOX13. Conflict. cgagttgggacaaggtcttc
10 DKK1-FP* DKK1 tggaatatgtgtgtcttctgatcaaa
11 DKK1-RP* DKK1 aagacaaggtggttcttctggaat
Chromatin immunoprecipitation quantitative PCR
12 DKK1-ChIP-FP* attcaacccttactgccaggce
13 DKK1-ChIP-RP* aaggctaccagcgagcgttat
14 SP5-ChIP-FP” tccagaccaacaaacacacc
15 SP5-ChIP-RP? gcttcaggatcacctccaag
16 RPLPO-ChIP-FP acccagctctggagaagtca
17 RPLPO-ChIP-RP gaggtcctccttggtgaaca

“ From Thompson et al. (60).
? From Valenta et al. (43).
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FIGURE 5. Interaction nature and co-localization of Hhex and SOX13.
A,?°S-50X13 and **S-lamin C (negative control) were synthesized in an in vitro
transcription and translation system and incubated with glutathione-Sepha-
rose beads coated with GST-Hhex or GST. Bound proteins were run in SDS/
PAGE and visualized using phosphorimaging. B,immunoblot (WB) analysis of
293T cell lysates transfected with SOX13-FLAG and Hhex-HA detects SOX13-
FLAG afterimmunoprecipitation (ip) with anti-HA antibody and immunoblot-
ting against the FLAG tag. The whole cell lysate (WCL) was immunoblotted
using anti-FLAG or anti-HA to show the expression levels of SOX13-FLAG
and Hhex-HA in the assay. C, immunoblot analysis of HepG2 cell lysates
transfected with SOX73-FLAG detects endogenous Hhex after immuno-
precipitation with anti-FLAG antibody and immunoblotting against a pri-
mary antibody against Hhex. The whole cell lysate was immunoblotted
using anti-FLAG or anti-Hhex to show the expression levels of SOX13-FLAG
and Hhex in the assay. D, co-localization of ectopically expressed Hhex and
SOX13is shown. Hela cells were co-transfected with plasmids expressing the
fusion protein EGFP-Hhex (green) and a SOX13-myc construct and labeled
with anti-Myc antibody (red). Images were acquired with a Leica TCS-SP2
confocal microscope. BF, bright field.

SOX reporter 3xSx (39). SOX13 did not transactivated the 3xSx
luciferase reporter, although other SOX proteins, such as
SOXO9, effectively activated this reporter more than 30-fold
(data not shown). The addition of Hhex did not change SOX13
response (data not shown). In short, neither Hhex nor SOX13
altered the transcriptional capabilities of each other in specific
luciferase reporter plasmids.

SOX13 was recently described as a key regulator of T-lym-
phocyte differentiation by the inhibition of Wnt signaling (40).
To test whether Hhex could modulate the function of SOX13
in Wnt signaling, we used a luciferase reporter controlled by
multiple wild-type (TOPflash) or mutated (FOPflash) TCF
binding sites (41). Wnt pathway was constitutively activated
by co-transfecting an expression vector containing activated
B-catenin-S37Y. We used 293T cells because they express
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FIGURE 6. Effect of Hhex and SOX13 interaction on Wnt activity. A, shown
are functional domains of Hhex involved in Wnt regulation. HEK 293T cells
were transfected with the Wnt reporter plasmid TOPflash (filled bars) and the
mutated version, FOPflash (dashed bars), as a negative control. An expression
vector containing activated B-catenin-S37Y was cotransfected in each condi-
tion. Those plasmids expressing SOX13 or Hhex derivatives were transfected
as indicated below the graph. The means and S.E. of the relative firefly/renilla
ratios and -fold change over the control of at least three experiments are
shown. The total firefly/renilla ratio of untreated cells transfected with acti-
vated B-catenin (S37Y) was set as 1.0. Hhex#, Hhex-(1-271), Hhex-(1-196), or
Hhex-(138-271). B, shown is dose-dependent regulation of Wnt by HhexVP2,
a Hhex fusion protein containing two copies of the VP16 activator domain
that converts Hhex into a transcriptional activator with or without SOX13
modulation. The same experiment settings as in panel A were used. C, Wnt
activity is shown in HepG2 cells after knocking down endogenous Hhex by
adenovirus-mediated expression of shRNA (Ad-shHhex). An adenovirus
expressing shRNA against luciferase was used in HepG2 control cells. A plas-
mid expressing Hhex is represented at the bottom of the panel as Hhex. The
same experiment settings as in panel A were used. *, p < 0.05, paired Stu-
dent’s t test.

TCF1 and are fully competent to activate transcription of a
luciferase reporter gene controlled by TCF binding sites (41).
Full-length Hhex caused a 2-fold induction of the TCF/B-cat
luciferase reporter, whereas Hhex-(1-196) had no effect (Fig.
6A, compare group 1 and 2), suggesting that the activating
domain of Hhex located in the C terminus is necessary for this
induction. In fact, when a deletion mutant of Hhex containing
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only the activating domain and the homeodomain was used
Hhex-(138-271), Wnt reporter activity increased by 4-fold.
Full-length SOX13 caused a dose-dependent inhibition of the
Wnt reporter in 293T cells (group 3). A concentration of
SOX13 causing an 80% reduction of TOPflash reporter activity
was selected for co-transfection studies. The same concentra-
tion of ASOX13 and S-SOX13 did not change Wnt reporter
activity (supplemental Fig. S1A), suggesting that the LZ-Q
domain is necessary, but not sufficient, for modulation of Wnt
activity. The addition of Hhex to SOX13 abrogated the repres-
sive effect of the latter on Wnt activity in a dose-dependent
manner (Fig. 6A, black bars, compare group 4—6). We specu-
lated that the resulting TOPflash activity may be either the sim-
ple addition of the repressing and activating features of SOX13
and Hhex, respectively, or the result of the interference caused
by Hhex in the SOX13-TCF1 complex on the TOPflash re-
porter. To explore these hypotheses and establish the direction
of this functional interaction (does Hhex rescue SOX13 inhibi-
tion or does SOX13 block Hhex induction?), we used Hhex-(1-
196), a fragment of Hhex that interacts with SOX13 (Fig. 4), but
it was unable to induce Wnt reporter activity on its own. Nev-
ertheless, Hhex-(1-196) was still able to restore TOPflash
activity (Fig. 6A). Conversely, Hhex-(138-271), a fragment of
Hhex that cannot interact with SOX13 (Fig. 4) but is an
enhancer of TOPflash reporter activity on its own, only induced
Wnt reporter activity at higher doses and significantly less effi-
ciently than Hhex. Next, our aim was to definitively address
whether the ability of Hhex to block the SOX13 repression of
Wnt activity was directly dependent on SOX13 interaction or if
it was indirect by co-repressing a factor that would ultimately
alter Wnt reporter. Hhex is a transcriptional repressor that can
be converted into an activator by fusing two copies of the min-
imal transcriptional activation domain of VP16 (Hhex-VP2
(15)). Retention of the entire Hhex open reading frame allows
the examination of Hhex function without disrupting potential
protein-protein interactions. As previously reported (42),
Hhex-VP2 alone caused a dose-dependent decrease in the ac-
tivity of the TOPflash reporter, which is in agreement with the
conversion of Hhex into an activator (Fig. 6B). Paradoxically,
when increasing amounts of Hhex-VP2 were added to SOX13,
Wnt activity increased to basal levels. This indicates that abol-
ishment of the inhibitory activity of SOX13 by Hhex does not
reside in the repressing capabilities of the latter. Rather, it
strongly suggests that Hhex antagonizes SOX13 activity on the
Wnt signaling pathway by displacing and sequestering SOX13
and not indirectly repressing other genes ultimately involved or
linked to Wnt activity.

Next, we conducted loss-of-function experiments in Hhex-
expressing HepG2 cells by means of an adenoviral vector
expressing shRNA against Hhex. Knockdown of Hhex was val-
idated by immunoblotting using specific Hhex primary anti-
bodies (supplemental Fig. S2). Knockdown of Hhex resulted in
inhibition of Wnt activity in agreement with the role of Hhex as
a Wnt inducer (Fig. 6C). SOX13 only caused inhibition of Wnt
activity when Hhex was knocked down simultaneously (Fig. 6C,
group 3). The addition of increasing doses of Hhex slowly
increased Wnt activity in shRNA-treated HepG2 cells, al-
though at a significantly lower rate than control HepG2 cells. In
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FIGURE 7. Hhex and SOX13 competitive immunoprecipitation assay.
A lysate from 293T cells co-transfected with SOX13-FLAG- and TCFI1-myc-
tagged-expressing plasmids was immunoprecipitated (/P) using anti-FLAG
antibody in the absence of GST proteins (lanes T and 4) or with increasing
amounts of purified GST-Hhex (lanes 2 and 3) or GST (lanes 5 and 6). The
immunoprecipitated material was immunoblotted (WB) with anti-Myc anti-
body. The presence of increasing amounts of GST-proteins is shown with
Coomassie staining of a gel run in parallel.

summary, endogenous Hhex in HepG2 cells abolish the repres-
sion of Wnt induced by SOX13.

Hhex Competes with TCFI1 to Bind SOX13 in 293T Cells—
SOX13 is a potent repressor of the Wnt pathway by interacting
and sequestering TCF1 from the Wnt transcriptionally active
complex (40). As shown above, the co-expression of Hhex
together with SOX13 is able to restore Wnt activity to basal
levels. One hypothesis to explain Hhex activity is that Hhex
interacts with SOX13 to release TCF1 that is then restored into
the Wnt activating complex. To test this hypothesis, we per-
formed a competitive immunoprecipitation assay using puri-
fied GST-Hhex as a competitor. As reported, SOX13 binds full-
length TCF-1 (Fig. 7, upper panel, lanes 1 and 4). The addition
of Hhex was able to abolish the formation of the SOX13-TCF1
complex in a dose-dependent manner (Fig. 7; lanes 2 and 3).
Concomitantly, the addition of Hhex restores the Wnt activity
in transfected 293T cells (Fig. 6A). Basically, Hhex is not only
able to interact with SOX13 but is also capable of withdrawing
SOX13 from the SOX13-TCF1 complex and releasing back
TCF1 and restoring Wnt activity to basal levels.

Hhex Influences SOX13-dependent Wnt Activity in Mouse
Embryos—To validate the results obtained in the cell culture,
we designed an in vivo reporter assay. We electroporated
mouse embryos with reporter and expressing plasmids, cul-
tured the embryos for 24 h, isolated the presumptive liver
domain, and measured luciferase activity on the isolated
embryonic tissue extract (Fig. 8). The method was developed to
target the definitive ventral endoderm where the liver and ven-
tral pancreas develop (31). Once again, electroporation of
SOX13 resulted in a severe (>80%) reduction in the Wnt
reporter activity. Unlike our observation in 293T cells, Hhex
electroporation also caused a profound inhibition of the Wnt
pathway in mouse ventral targeted endoderm. The different
behavior of Hhex alone in this system and in cultured cells may
result from tissue-specific differences in expression of other
Wnt regulators. Co-electroporation of Hhex and SOX13 re-
stored TOPflash reporter activity at the control levels, thus
confirming our cell culture experiments. In short, in vivo exper-
iments corroborated that Hhex can revert Wnt inhibition trig-
gered by SOX13.

DKK1, a Target of the B-Catenin-TCF Pathway Is Regulated
by Hhex*SOX13—We addressed the question of whether the
modulation of the Wnt activity by the Hhex:SOX13 complex

JOURNAL OF BIOLOGICAL CHEMISTRY 5733


http://www.jbc.org/cgi/content/full/M109.046649/DC1
http://www.jbc.org/cgi/content/full/M109.046649/DC1

Interaction between Hhex and Sox13

A

24hr
in vitro
culture

Reporter assay

B 1.0
)
o
c
2
S 05
i)
& L]
0.0 mm ]
TOPflash - + + + +
SOX13 - . + - +
Hhex - - - + +

FIGURE 8. Wnt activity in mouse embryos electroporated with SOX73 and
Hhex. A, a diagram shows the orientation of the embryo in the electropora-
tion cuvette. E8.5 mouse embryos were orientated with a 45° angle to specif-
ically transfer DNA to the pre-hepatic and pre-pancreatic endoderm. The
region targeted by DNA is highlighted in red. After electroporation, embryos
were incubated for 24 h in vitro. Turned-embryos, with the E9.5 developmen-
tal stage, were then dissected to isolate the liver bud region, and the reporter
activity was measured. B, luciferase activity is shown of isolated liver buds
from non-electroporated (first chart) or electroporated embryos with
TOPflash reporter, SOX13, and/or Hhex. The total firefly/renilla ratio of
embryos electroporated with TOPflash alone was set at 1.0. Each condition
was done at least three times, and the total number of embryos recovered
and assayed was at least six.

observed in reporter assay could also be detected in endoge-
nous Wnt target. We selected DKK1, a well known Wnt target
previously validated by chromatin immunoprecipitation and
qRT-PCR in cultured cells (28). mRNA levels of DKK1 behaved
in parallel to reporter activity (compare Fig. 9B with Fig. 6A4,
group 3 and 4). After activation of Wnt signaling by LiCl,
SOX13 caused a down-regulation of DKKI mRNA. This re-
pression was accompanied by a reduction of TCF1 bound to the
DKK1 promoter (Fig. 9D). Hhex coexpression increased the
level of DKKI mRNA, obliterating the inhibition caused by
SOX13. Again, the derepression caused by Hhex was followed
by a recovery in the amount of TCF1 bound to the DKK1 pro-
moter. Similar results were obtained with another Wnt target,
SP5 (43) (supplemental Fig. S4).

DISCUSSION

We have shown that binary interactions between Hhex,
SOX13, and TCF regulate Wnt activity in vitro and in vivo. The
three genes are co-expressed in several embryonic tissues, like
the liver and pancreas (44, 45). The B-catenin-TCF complex is a
downstream effector of the Wnt signaling pathway (Fig. 10).
SOX13 binds the transcription factor, TCF1, possibly through
the LZ-Q domain to disrupt the TCF1-B-catenin complex and
inhibit Wnt activity (40). The addition of Hhex results in the
formation of the Hhex:SOX13 complex (Fig. 4) to dislodge
SOX13 from the SOX13-TCF1 complex (Fig. 7) and results in a
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restoration/elevation of the Wnt levels (Fig. 64, 8, and 9). In
short, Hhex and SOX13 act as a pair of antagonists of the Wnt
activity to achieve the right level in different biological contexts.

Through the screening for Hhex-binding proteins with an
E9.5-E10.5 mouse embryo library (24), we isolated cDNA for a
HMG box protein, SOX13. In the only previous yeast two-hy-
brid screening using Hhex as bait, two interactors were isolated;
that is, the HC8 subunit of the proteasome (46) and the CK2f3
(47). In our study we have used an embryo-derived library
instead of a chronic myelogenous leukemia cell line (K562)-
derived cDNA library, which lacks any developmental context.
Other studies using different bait have identified Hhex as an
interacting partner of Jun (48), GATA2 (49), Sox10 (50), TLE1
(34), or PML (51). Noteworthy, our screening confirmed the
interaction of Hhex with TLE1. Besides Sox13, we obtained
other 68 candidates, 24 of them with 2 repetitions or more.
Sox13 was isolated 8 times with a common spanning region of
~100 aa (Fig. 2).

Among the different SOX13 mRNAs described in the litera-
ture, we identify SOX13 (1815 bp) and S-SOX13 (768 bp) as the
isoforms present in human tissues. Our identification is in con-
flict with Roose et al. (37) who described a longer open reading
frame of 2673 bp isolated from embryonic thymic cDNA. We
did not find a significant amount of this longer mRNA in any of
the 18 tissues tested, including adult thymus, which is also in
agreement with a later report from Harley and co-workers (36).

SOX transcription factors are involved in the differentiation
of multiple cell types and developmental processes from the
endoderm. Sox17 plays an essential role in definitive endoderm
formation in the mouse (52). Sox9 is expressed in the pancreas
where it plays a role in the maintenance of a progenitor cell pool
(53). It is also expressed asymmetrically in the ductal plate, and
it seems to control the timing of biliary tubulogenesis (54). Sox4
is essential for the normal formation of endocrine pancreas
(55). SOX13 is expressed in the pancreas and liver, in the vis-
ceral mesoderm of the extraembryonic yolk sac, and also in the
spongiotrophoblast layer of the placenta (45, 56). At the bio-
chemical level, SOX13 contains a leucine zipper and glutamine-
rich domain at the C terminus and the HMG box, an 80-amino
acid sequence that mediates DNA binding (37). SOX13 spans
14 exons and belongs to the group D of the SOX family together
with SOX5 and SOX6. They are characterized by the absence of
the transactivation domain (57). SOX13 is able to bind the con-
sensus sequence (A/T)(A/T)CAA(A/T)G as a monomer or
homodimer, probably through the LZ domain (58). Which
domains are responsible for Hhex/SOX13 interaction? The N
terminus of Hhex (aa 1-137) is apparently necessary and suffi-
cient for SOX13 interaction. When used as bait, it interacts
with the LZ-Q domain of SOX13 to transactivate MEL1 and
LacZ reporter genes under the control of a heterologous GAL4-
responsive upstream activation sequence and promoter ele-
ments in yeast (Fig. 2). In a GST pulldown assay, only Hhex
itself and its deletion mutants containing the N-terminal
domain, i.e. Hhex-(1-137) and Hhex-(1-196), achieve a signif-
icant amount of SOX13 pulldown (Fig. 4). On the other hand,
the LZ-Q domain in SOX13 is necessary, but not sufficient, for
interaction in cells. S-SOX13 contains the LZ-Q domain but
does not interact with any fragment of Hhex. ASOX13, which
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act as a monomer, as suggested by
the fact that co-transfection with
S-SOX13 (containing the LZ-Q
domain but not the HMG domain)
did not block the inhibitory effect of
SOX13 on Wnt activity (supple-
mental Fig. S1B). In short, the
N-terminal domain of Hhex medi-
ates the binding to SOX13 in mam-
malian cells, whereas the LZ-Q
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FIGURE 9. Regulation of DKK1, a target of the B-catenin-TCF pathway, by Hhex. A, shown is a schematic
representation of the human DKK1 gene. TCF binding sites are depicted as black boxes. B, 293T cells were
transfected with plasmids expressing TCF1-myc, SOX13, or Hhex, as shown below the graph. The expression of
DKK1 was assessed by quantitative RT-PCR. C, shown is immunoblot analysis of the transfected 293T cells.
D, 293T cells transfected as in B were cross-linked and lysed. The relative amounts of TCF1-myc on DKK1 promoter
were analyzed by real-time gPCR of immunoprecipitated chromatin using anti-Myc antibody. Binding of TCF1 to the
RPLPO gene was used as a negative control. The image of a representative qPCR stopped at the exponential phase
is also shown. Data are the mean of three experiments. PBGD, porphobilinogen deaminase.
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FIGURE 10. Model depicting the role of Hhex in Wnt activity modulation.
In this model Wnt-responsive genes are up-regulated upon the binding of a
complex containing TCF1-B-catenin to consensus TCF1 binding sites. Wnt
activity is inhibited in the presence of SOX13 because of its interaction with
the TCF1 protein, which disrupts the TCF1-B-catenin complex. The addition of
Hhex results in the formation of a Hhex-SOX13 complex, displacing SOX13

from TCF1 and allowing TCF1 to form the effector complex in sensitive pro-
moters once more.
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SOX13 seems to be specific as SOX9
did not interact with Hhex in an
immunoprecipitation assay. Finally,
we showed that SOX13 and Hhex
interact in a cell system and can do
so directly without a bridging pro-
tein (Fig. 5).

Our work also uncovered the inde-
pendent structural requirements of
Hhex and SOX13 to effectively
modulate Wnt activity. The Wnt signaling pathway describes a
complex network of proteins most well known for their roles in
embryogenesis and cancer but also involved in normal physio-
logical processes in adult animals. Hhex has been recently
described as an inducer of Wnt by repressing the expression of
TLE4 (42). However, Hhex-(1-196), which retains the repres-
sor domain but lacks the transactivator domain, did not induce
Wntactivity (Fig. 6A). In parallel, Hhex-(138 —271), which lacks
the repressor domain, induced Wnt activity by almost 4-fold,
suggesting that Wnt activation depends on the C terminus of
Hhex. It is feasible that the assigned transcriptional function of
specific Hhex domains might be more plastic than initially
thought. Alternatively, TLE4 might be a secondary target of
Hhex. Fragments of Hhex lacking the homeodomain, i.e. Hhex-
(197-271) and Hhex-(1-137), did not alter Wnt activity (data
not shown). This is possibly linked to their extranuclear local-
ization (supplemental Fig. S3) and the inability to bind DNA.
On the other hand, SOX13 integrity seems to be crucial for Wnt
repression. A specific deletion of the LZ-Q domain in SOX13
(ASOX13) completely abolished Wnt repression. S-SOX13,
which lacks the C-terminal domain of SOX13, was also unable
to inhibit Wnt activity (supplemental Fig. S1). An inspection of
the S-SOX13 structure suggests that it might function as a
SOX13 inhibitor. However, it did not interfere with the SOX13-
dependent regulation of Wnt. Full-length Hhex is able to
restore Wnt inhibition after SOX13 co-transfection in 293T
cells. Hhex domains have a statistically significant difference to
restore SOX13-dependent Wnt repression. Hhex-(1-196) was
as efficient as the full-length protein, whereas Hhex-(138 -271)
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only caused a certain degree of Wnt restoration at the highest
dose, which was significantly less pronounced (Fig. 6A4). Given
that Hhex-(138 —271) lacks the N terminus involved in SOX13
interaction, this result suggests that Wnt activity restoration is
caused by direct SOX13/Hhex interaction. In agreement with
this hypothesis, Hhex-VP2, a modified form of Hhex contain-
ing the N terminus, behaves as a transcriptional activator and is
still able to reinstate Wnt activity (Fig. 6B). Thus, Hhex influ-
ences Wnt signaling in the presence of SOX13 and does not
reside in Hhex transcriptional activity. Reporter assay analysis
in HepG2 cells confirmed that Hhex is able to block the inhib-
itory effect of SOX13 either by endogenous expression in
HepG2 cells (Fig. 6C) or by overexpression in 293T cells (Fig.
6A, group 6, black bar). Moreover, knockdown of endogenous
HHEX in HepG2 restored the inhibitory activity of SOX13 (Fig.
6C, group 3). In summary, HepG2 cells behave as 293T cells in
terms of SOX13-dependent Wnt inhibition, when endogenous
Hhex is knocked down.

We validated in cultured mouse embryos the results ob-
tained in cell cultures (Fig. 8). It is somewhat striking that
ectopic expression of Hhex cDNA in 293T cells induces Wnt
activity, whereas in the embryo it inhibits Wnt activity. We can
best explain this discrepancy by suggesting that Wnt induction
is a cell-autonomous effect of Hhex. In the embryo, non-cell
autonomous effects, such as interaction between Hhex express-
ing endoderm and mesoderm during patterning, may induce
expression of the Wnt antagonist that ultimately accounts for a
general inhibition of Wnt activity. In fact, phenotypes observed
in response to overexpression of Hhex resemble those obtained
after expression of Wnt antagonists (15). Loss-of-function of
Hhex in the mouse causes a dorsalization of the embryo, where
most of the ventral structures are missing, i.e. forehead, thyroid,
liver, or ventral pancreas (5, 7), which is compatible with
extended Wnt activity (59).

Keeping in mind that our reporter assay is based on an het-
erologous promoter, we wanted to confirm our results in an
endogenous promoter. We chose DKK1 because it is a relevant
developmentally regulated gene and it has been validated
extensively as a 3-catenin-TCF1 target (28). The mRNA levels
of DKK1 reproduced the expression pattern obtained with the
TOPflash reporter plasmid. Moreover, DKKI mRNA expres-
sion profile was paralleled by TCF1 occupancy of the DKK1
promoter. In summary, the results obtained in reporter assay
were validated with endogenous TCF1-regulated promoter by
qRT-PCR and a chromatin immunoprecipitation assay (Fig. 9).

There seems to be an intense tissue-specific cross-regulation
between Hhex and Wnt during development. Activation of
Wnt/B-catenin signaling in zebrafish (61) induces Hhex expres-
sion in the dorsal yolk syncytial layer. In agreement, 3-catenin-
deficient mouse embryos do not express Hhex in the anterior-
posterior axis on embryonic day 5.5 (62). However, inhibition of
the canonical Wnt pathway in Xenopus induces Hhex in the
underlying endoderm of the heart field (63). Do modulators like
SOX13 determine the output of Hhex and Wnt interrelation-
ship in different tissues? Wnt regulation is particularly essential
for the specification of the liver and pancreas from the ventral
foregut endoderm. Wnt down-regulation in the anterior en-
doderm is shown to be crucial for liver and pancreas specifica-
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tion in the ventral foregut endoderm. But immediately after
inducing the hepatic program in the endoderm, Wnt signaling
is apparently required for the endoderm to outgrow further into
a liver bud (1). In zebrafish, the expression of Wnt2b in the
lateral plate mesoderm, acting through the B-catenin canonical
pathway, appears essential for liver specification in the
endoderm and bud induction (2). Briefly, there must be fast and
sharp control of Wnt in the early steps of liver and pancreas
specification. Part of this control is exerted by the expression of
the Wnt inhibitors (15). In this study we propose that the recip-
rocal interactions between the triad Hhex, SOX13, and TCF1
together with the autoregulatory loop Hhex&&Wnt contribute
to achieve the correct Wnt intensity in the appropriate spatio-
temporal dimension.
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