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Mutations in Hoxa 13 cause malformations of the appendicu-
lar skeleton and genitourinary tract, including digit loss, syn-
dactyly, and hypospadias. To determine the molecular basis for
these defects, the DNA sequences bound by HOXA13 were
empirically determined, revealing a novel high affinity binding
site. Correlating the utilization of this high affinity binding site
with genes exhibiting perturbed expression in Hoxal3 mutant
limbs, we identified that HOXA13 suppresses the expression of
the BMP antagonist, Sostdcl. In the absence of HOXA13 func-
tion, Sostdcl is ectopically expressed in the distal limb, causing
reduced expression of BMP-activated genes and decreased
SMAD phosphorylation. Limb chromatin immunoprecipitation
revealed HOXA13 binding at its high affinity site in two con-
served Sostdcl regulatory sites in vivo. In vitro, HOXA13
represses gene expression through the Sostdcl high affinity
binding sites in a dosage-dependent manner. Together, these find-
ings confirm that the high affinity HOXA13 binding site deduced
by quantitative analyses is used in vivo to facilitate HOXA13 target
gene regulation, providing a critical advance toward understand-
ing the molecular basis for defects associated with the loss of
HOXA13 function.

Although vertebrate Hox genes represent some of the longest
studied developmental genes, the molecular basis for their loss
of function phenotypes has been difficult to establish. One
explanation for this lack of mechanistic progress is that the
developmental functions of HOX proteins are inextricably
linked to the biophysical properties of the native proteins,
including the composition of their preferred binding sites,
affinity for these sites, and the effects of interacting proteins.
When the DNA binding properties of HOX proteins have been
characterized, significant advances in interpreting their devel-

* This work was supported by grants from the Shriners Hospital for Children
(to H.S.S. and H.P.B.), National Institutes of Health Grants
5R01DK066539-01 (to H. S. S.) 5T32GM008617-09 (to W. M. K.), and an N. L.
Tartar Research Fellowship (to W.M.K.). Biostatical and Affymetrix
microarray support was provided in part by the Biostatistics Shared
Resource of the Oregon Health and Science University Cancer Institute
(Grant P30 CA69533). The costs of publication of this article were defrayed
in part by the payment of page charges. This article must therefore be
hereby marked “advertisement” in accordance with 18 U.S.C. Section 1734
solely to indicate this fact.

5] The on-line version of this article (available at http://www.jbc.org) contains
supplemental Fig. 1 and Tables 1 and 2.

" To whom correspondence should be addressed: Shriners Hospital for Chil-
dren, 3101 S.W. Sam Jackson Park Rd., Portland, OR 97239. Tel.: 503-221-
3447; E-mail: hss@shcc.org.

opmental functions have occurred (1-3). Key to this functional
characterization is the emerging concept that HOX proteins
utilize binding sites longer than the canonical TAAT motif, a
process facilitated both by the intrinsic amino acid composition
and structure of the full-length protein as well as extrinsic inter-
actions with members of the PBC and MEIS classes of TALE
proteins (4—-10).

Mutations in Hoxal3 cause hand-foot-genital syndrome, an
autosomal dominant disorder that causes preaxial digit loss,
reduced carpal/tarsal chondrogenesis, and a loss of interdigital
programmed cell death (11). This syndrome has been success-
fully modeled in mice, where mutations similar to those causing
hand-foot-genital syndrome also affect preaxial digit forma-
tion, carpal and tarsal element chondrogenesis, and interdigital
programmed cell death (12—14). Examining the mechanisms
for the loss of programmed cell death in Hoxa 13 mutant limbs,
we identified several gene-regulatory elements in Bmp2 and
Bmp?7 that were bound by HOXA13 (14). Expanding these ini-
tial studies, we first focused on identifying the DNA sequences
bound by HOXA13 with high affinity. By coupling biochemical
site selection with a quantitative assessment of HOXA13 DNA
binding affinity, the full-length binding site for HOXA13 was
determined. Quantitation of HOXA13 affinity for this site,
AAATAAAAC, revealed high affinity (3.8 nm), a finding con-
trasted by similar studies of HOXA1 that suggested only weak
binding to DNA (15).

Next, to draw a functional correlation between the HOXA13
binding site and the defects present in Hoxal3 mutant limbs,
we examined whether genes exhibiting perturbed expression in
the mutant limb contained high affinity binding sites in their
gene regulatory regions. By this analysis, we identified multiple
HOXA13 binding sites within two genomic regions flanking the
BMP antagonist, Sostdcl, whose expression in the limb was
previously unreported (16, 17). This finding, in conjunction
with elevated Sostdcl expression in Hoxal3 homozygous
mutant limbs, led us to hypothesize that HOXA13 utilizes its
unique binding site to suppress Sostdcl in the limb and facili-
tate appropriate levels of BMP signaling. Testing this hypothe-
sis, we confirmed that Bmp4, Bmp5, and Bmp7 expression were
normally expressed in regions ectopically expressing SostdcI;
however, in these same regions, BMP signaling throughput was
substantially reduced, suggesting that ectopic levels of
SOSTDCI1 in Hoxal3 mutant limbs were antagonizing BMP-
mediated signaling. SMAD phosphorylation in the ectopic
Sostdcl regions was also reduced, confirming that BMP signal-
ing throughput was reduced in Hoxa13 mutant limbs irrespec-
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tive of normal Bmp4, Bmp5, and Bmp7 expression in these
same tissues. In vivo, HOXA13 binds the Sostdc1 locus in the
limb at two conserved regions. In vitro, HOXA13 can utilize
multiple DNA binding sites within these bound sequences to
suppress gene expression in a dosage-dependent manner.
Together, these findings demonstrate that the HOXA13 bind-
ing site elucidated by quantitative methods is used in vitro and
in vivo to regulate target gene expression, providing a mecha-
nism to help explain the molecular basis for malformations
associated with the loss of HOXA13 function.

EXPERIMENTAL PROCEDURES

Selection of the HOXA13 Binding Site from Random DNA
Sequences—The A13-DBD? peptide used for DNA binding
assays was generated as previously described (14). For the
SELEX enrichment screen, a library of randomized 52-bp
double-stranded DNA fragments was generated by PCR
using an oligonucleotide containing fixed 5’ and 3’ amplifi-
cation sequences and 16 random nucleotides (N, ) as a core
sequence: TACGTCGAATTCGTCAGTN,,GATGGATCC-
TGATGTAGA-3'. Coupling efficiency-adjusted phosphora-
madite concentrations were used during oligonucleotide
synthesis to ensure complete randomization of the N, core
nucleotides as described by the manufacturer (Integrated
DNA Technologies). Generation of the double-stranded
DNA SELEX library was achieved by PCR and the following
forward and reverse primers: R16F, 5'-TACGTCGAATTC-
GTCAGT-3'; RI16R, 5'-TCTACATCAGGATCCATC-3".
Amplified double-stranded DNA was radiolabeled by T4
polynucleotide kinase in the presence of [y->**P]dATP (4500
Ci/mmol; MPBio). **P-Labeled DNA sequences were then
incubated with 0.5 um A13-DBD peptide, and electro-
phoretic mobility shift assay was performed as previously
described (14). The A13-DBD-bound DNA fragments were
excised from the gel and eluted by 2 h of incubation at 65 °C
in DNA buffer (50 mm Tris-HCI, pH 8.4, 1 mMm EDTA, 0.5%
Tween 20). Eluted DNA was purified using a Sephadex G-25
column, amplified using R16F and R16R primers, and used
for the next cycle of selection. After a total of five rounds of
selection and amplification, the eluted DNA was cloned into
the pt3t7 vector and transformed into TOP10 Escherichia
coli (Invitrogen), and the cloned regions were sequenced and
analyzed using VectorNTI (InforMax, Inc.). Energy-normal-
ized LOGOS plots were generated using the EnoLOGOS
Web tool (18); the height of each represented base is
weighted based on its frequency at a given position within
the 100 aligned SELEX sequences.

Fluorescence Anisotropy—The 63-amino acid HOXD13
homeodomain peptide (D13-DBD) (GRKKRVPYTKLQLKEL-
ENEYAINKFINKDKRRRISAATNLSERQVTIWFQNRRVK-
DKKIVSKC) was synthesized and purified as previously

2 The abbreviations used are: A13-DBD, HOXA13 DNA-binding domain pep-
tide; MES, 4-morpholineethanesulfonic acid; PSMAD1/5/8, phosphoryla-
ted SMAD proteins 1, 5,and 8; qRT-PCR, quantitative reverse transcription-
PCR; SELEX, systematic evolution of ligands by exponential enrichment;
D13-DBD, HOXD13 DNA-binding domain peptide; ChIP, chromatin immu-
noprecipitation; GFP, green fluorescent protein; PIPES, 1,4-piperazinedi-
ethanesulfonic acid; Ex, embryonic day x.

described for the A13-DBD (14). Fluorescence anisotropy
measurements were performed on a Pan Vera Beacon 2000
fluorescence anisometer (Invitrogen). Self-annealing oligonu-
cleotides were synthesized carrying a fluorescein via a hexyl
linker (6-carboxyfluorescein) at the 5" end and purified by high
pressure liquid chromatography (Integrated DNA Technolo-
gies). Oligonucleotide sequences are presented in supplemental
Table 1. Oligonucleotides were resuspended as a 100 uM stock
in Tris-EDTA buffer, diluted to 100 nm in Annealing Buffer (1 m
NaCl, 10 mMm Tris-HCI, 0.1 mm EDTA, pH 8), denatured at
95 °C for 10 min, and annealed by cooling to room temperature
for 30 min. Increasing amounts of A13-DBD peptide (0-200
nMm) were added to a solution containing 2 nMm fluorescein-la-
beled DNA in 20 mwm Tris, pH 7.5, 80 mm KCl, 10 mm MgCl,, 0.2
mM EDTA, 1 mm dithiothreitol, and incubated at 15 °C for 1 h.
Measurements were collected at 15 °C with a 10-s delay. For
each protein concentration, three independent binding assess-
ments were performed, and the values were averaged in order
to determine the dissociation constants and S.D. values. The
following nonlinear least squares fit equation was used to plot
the anisotropy data and to calculate the HOXA13-DNA asso-
ciation constant (K,),

1+ K[P]+ KIDNA] — (1 + K[P] + KIDNA])’ — 4[P][DNA]K®
A= 2K[DNA]

X (An —Ag) + A, (Eq.T)

where A represents anisotropy value, A,,, is maximum anisotropy
value detected, A, is minimum anisotropy value detected (anisot-
ropy without protein), K is K, [P] is protein concentration, and
[DNA] is DNA concentration fixed at 1 nm. The dissociation con-
stants were calculated using the formula K, = 1/K,.

Full-length HOXA13 Expression and Purification—The
Hoxal3 cDNA was cloned into the pET16b expression plasmid
and transformed into Rosetta2 E.coli (Novagen). HOXA13
expression was induced with the addition of 100 mm isopropyl
1-thio-B-p-galactopyranoside for 1 h, cells were collected by
centrifugation and lysed in B-Per (Pierce), and the cell pellet
was solubilized in 6 M guanidine HCl, 300 mm NaCl, 50 mm
sodium phosphate, pH 7. The AthenaES Protein Folding Buffer
6 (50 mm MES, pH 6, 240 mm NaCl, 10 mm KCI, 1 mm EDTA,
0.5 M arginine, 0.4 M sucrose, 0.5% Triton X-100, 0.5% polyeth-
ylene glycol 3550, 1 mm GSH, 0.1 mm GSSH) was identified
using the AthenaES protein refolding kit to screen for buffers
compatible with refolding the denatured His-HOXA13. His-
HOXA13 was then purified using TALON beads (Clontech)
according to the manufacturer’s protocol with the following
modification. Purified protein was eluted in Folding Buffer 6
containing 250 mm imidazole. Purified protein was dialyzed
into Folding Buffer 6 to remove imidazole and quantitated by
amino acid analysis.

In Situ Hybridization—The antisense riboprobe specific for
Hoxal3 was produced as described (19). The 450-bp Sostdcl
riboprobe was generated using the primers SostF (5'-AACAG-
CACCCTGAATCAAGC-3') and SostR (5'-TCTCTTC-
CGCTCTCTGTGGT-3’) and amplified by PCR from E12.5
embryonic cDNA. The rabbit anti-phosphorylated SMAD1/
5/8 antibody was used at a 1:1000 dilution. Whole mount ix situ

6844 JOURNAL OF BIOK 36 bcielf Fdh Hi/anmow . orgy at university of maryland baltimordaursy on Séphérhblr #2008 MBER 9+ MARCH 2, 2007


http://www.jbc.org/

hybridization, immunohistochemistry and confocal imaging of
limb frozen sections were performed as previously described
(19, 20).

Quantitative RT-PCR—Hoxal3 wild-type and homozygous
mutant E14.5 forelimb digit I regions were microdissected in
diethyl pyrocarbonate-treated phosphate-buffered saline and
snap frozen on dry ice. Six microdissected tissues were pooled
for total RNA isolation using RNA STAT-60 as per protocol
(Tel-Test). First strand cDNA was synthesized using 2.5 ug of
total RNA according to the manufacturer’s protocol (ImPromlII
Reverse Transcription System; Promega). Three independent
samples of each genotype (Hoxal3 wild-type or homozygous
mutant) were used for quantitative reverse transcription-PCR
(qRT-PCR) analyses with the SYBR Green PCR Master Mix
(Applied Biosystems) on an Applied Biosystems model 7700
Sequence Detector thermal cycler and normalized to either
Actin or Gapdh expression. The oligonucleotide sequences of
the primers used are found in supplemental Table 2.

Chromatin Immunoprecipitation—Chromatin immunopre-
cipitation (ChIP) assays were performed using an anti-
HOXA13 antibody and a ChIP assay kit (Upstate Biotechnol-
ogy) as previously described (14), with the following
modifications. Cross-linked tissues were lysed in 100 ul of cell
lysis buffer (5 mm PIPES, pH 8.0, 85 mm KCl, 0.5% Nonidet
P-40) containing 15 ul/ml protease inhibitor mixture (Sigma)
and incubated on ice for 10 min. Lysates were centrifuged at
2300 X g for 5 min at4 °C, and nuclei were resuspended in 50 ul
of nuclei lysis buffer (50 mm Tris-HCl, pH 8.1, 10 mM EDTA, 1%
SDS), including 15 pl/ml protease inhibitor mixture and incu-
bated on ice for 10 min. Lysates were sonicated for 10 cycles of
30 s “on” and 1 min “off” at 4 °C using a Bioruptor (Cosmo Bio)
to an average length of 200 —1000 bp. The chromatin was pre-
cleared with 40 ul of salmon sperm DNA/protein A-agarose
(Upstate Biotechnology) for 1 h at 4 °C and then centrifuged at
100 X g for 1 min. The protein A-agarose-antibody-HOXA13-
chromatin complexes were washed five times with 500 ul of
wash buffers (Upstate Biotechnology). After elution and revers-
ing cross-links, chromatin was precipitated with 2.5 volumes of
ethanol and incubated at —20 °C for 1 h, and the pellet was
dissolved in 100 ul of TE (10 mm Tris'HCL, 1 mm EDTA, pH
8.0). Chromatin was treated with 25 ul of 5X PK buffer (50 mm
Tris-HCI, pH 7.5, 25 mm EDTA, 1.25% SDS) and 2 ul of pro-
teinase K (20 mg/ml) per sample and incubated at 55 °C for 1 h.
Chromatin was purified using the Qiaquick PCR cleanup kit
(Qiagen). Eluted DNA from the antibody, control IgG, and no
antibody ChIP samples and from the input chromatin was
assessed for the presence of the Sost5’ and Sost3’ DNA regions
using PCR and the following primers: Sost5'F, 5'-CCAGACG-
GTGACAGCACTTA-3'; Sost5'R, 5'-GCATTCTGCATGTC-
TCTTGC-3'; Sost3'F, 5'-CAGGGCCTACATAGTAGGTA-
3'; Sost3'R, 5'-CAATTAGTATAGTTAGCAATTAAC-3'.

Luciferase Reporter Constructs—The 5" and 3’ regions from
the Sostdcl locus (NCBI M35 mouse assembly; ENS-
MUSG00000036169) were identified as conserved regions con-
taining multiple high affinity HOXA13 binding sites. The 5’
region, Sost5'FL, containing five high affinity HOXA13 binding
sites was identified at positions —1763 to —495 upstream of the
Sostdc1 initiation codon (see Fig. 5, B and D). This region was
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amplified from mouse genomic DNA using PCR with the prim-
ers Sost5'F1 (5'-TCCCGACACCATCTTGTTTT-3') and
Sost5'R1 (5'-GTGTAGGGCTTCGGAGTGAA-3'), followed
by restriction digest with BglII. The 3’ Sostdc1 region contain-
ing 10 HOXA13 binding sites, Sost3'FL, was amplified using
the primers Sost3'F1 (5'-CAGTTGGAAGGGTCTGTGGT-
3’) and Sost3'R1 (5'-GGCTTCCCACGGTAGAGATT-3').
The Sost3'FL region is downstream of the initiation codon (+1)
between bp 5410 and 6912 (see Fig. 5, B and D). The PCR-
amplified Sost5'FL and Sost3'FL products were cloned into the
EcoRV site of the pGL4.10 luciferase vector, which is designed
to measure the promoter activity of introduced DNA sequences
(Promega). The pGL4.10 plasmids containing the Sost5'FL
and Sost3'FL fragments are designated pGL4Sost5'FL and
pGL4Sost3'FL, respectively. Deletion constructs removing the
high affinity HOXA13 binding sites were produced by restric-
tion digests of the pGL4Sost5'FL and pGL4Sost3'FL reporter
plasmids. The Sost5’Al construct was produced by a Hind III
restriction digest, which removed bp —1066 to —495 and
ablated three of the five HOXA13 binding sites in the Sost5'FL
element. Sost3’ Al was subcloned from the pGL4Sost3'FL plas-
mid by sequential restriction digests with PpuMI and BglII,
which removed bases 6583—6912 and six of the 10 HOXA13
binding sites. The Sost3’'A2 deletion was produced by sequen-
tial restriction digests with Ndel and Bglll, which removed
bases 5864 — 6912, ablating all 10 high affinity HOXA13 binding
sites. The sequences and orientation of all cloned fragments
were verified by sequencing (ABI).

Luciferase Assays—NG108-15 cells (ATCC HB-12317) were
maintained and transfected as previously described (14). Trans-
fections were performed in 12-well plates (Costar) using 2 ug of
pGL4 plasmid, 0.25 ug of pRL-CMV Renilla, and 0.125-0.5 ug
of pCAGGS-Hoxal3 or empty pCAGGS control plasmid per
well. Cell lysates were processed to detect luciferase activity
using the Dual-Glo Luciferase Assay System (Promega) in Opti-
Plate-96F black plates (Packard) as described (Promega) (14).
Luciferase activity was detected using a Packard Fusion Micro-
plate Analyzer (PerkinElmer Life Sciences), and wells were read
three times for 1 s each and averaged. Two replicates of each
transfection were performed, and each transfection assay was
repeated three times. Results were normalized for Renilla, and
control transfections were set to an relative luciferase unit value
of 100 and plotted using SigmaPlot 9.0 (Systat).

RESULTS

The HOXA13 core binding sequences were identified using a
systematic evolution of ligands (SELEX) site selection screen
(21). A library of randomized, double-stranded oligonucleo-
tides were incubated with saturating amounts (500 nm) of the
HOXA13 DNA binding domain peptide (A13-DBD) (Fig. 14)
(14). DNA sequences exhibiting reduced electrophoretic
mobility due to A13-DBD binding were isolated and subjected
to five consecutive rounds of binding and electrophoretic
enrichment (Fig. 1B). One hundred independent sequences
selected by this process were examined using Vector NTT soft-
ware (InforMax, Inc.) which revealed a core sequence of TAA in
all of the bound sequences (Fig. 1, C and D). Analysis of the
flanking base composition revealed 50% of the A13-DBD bound
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FIGURE 1. Identification of HOXA13 DNA binding sites. A, the randomized
DNA sequence used for DNA binding selection. B, electrophoretic mobility
shift assay of A13-DBD peptide bound to DNA sequences present in the first
round of DNA binding selection. Bound DNA, free DNA, and [y->?P]dATP are
labeled (arrows). C, alignment of 10 representative DNA sequences bound by
A13-DBD after five rounds of selection. Core DNA sequence motifs are high-
lighted. D, energy-normalized logo (EnoLOGOS) plot of the A13-DBD binding
site derived from 100 selected and aligned DNA sequences. The height of
each represented base is weighted based on its frequency at a given position
within the 100 aligned SELEX sequences.

TAA-containing sequences were TAAA, 30% were TAAC, and
20% were TAAT, suggesting that HOXA13 may utilize three
separate core binding sites to regulate target gene expression
(Fig. 1, Cand D).

Next, because the nucleotides flanking the transcription fac-
tor core binding sites play a critical role in determining tran-
scription factor-DNA affinity and can be misrepresented by the
saturating protein concentrations used in SELEX screens (22—
24), we performed a series of fluorescence polarization affinity
analyses to determine which nucleotides flanking the TAA core
confer the highest A13-DBD binding affinity (Fig. 2A4). Starting
with an initial sequence CCATAAACC, as identified by the
SELEX alignment (Fig. 1D), the nucleotides flanking the core
TAA site (3 bp upstream and 3 bp downstream) were queried
for their affects on A13-DBD binding affinity. Altering the
nucleotide composition at any of the six positions flanking the
core binding site resulted in substantial changes in A13-DBD
binding affinity (Fig. 2, B-G). Notably, changes at positions —2,
—1,and +1 had the greatest affect on A13-DBD binding affinity
(Fig. 2, C-E). For the —2-position, the replacement of the
favored A nucleotide with a G results in a 16-fold decrease in
binding affinity (AK, = 5.4 = 0.6 to 86 = 11 nwm) (Fig. 2C).
Similarly, the replacement of the A nucleotide with a C at the
—1 position also altered the A13-DBD affinity, causing a
16-fold reduction (AK, = 9.4 = 0.2 to 154 *+ 34 nm) (Fig. 2D). At
the +1-position, A13-DBD binding affinity varied from the
canonical TAAT sequence reported for other homeodomains
(7), preferring an A in this position, which increased A13-DBD
affinity 10-fold (Fig. 2E). Strikingly, even base changes at the
—3- and +3-positions outside the TAA core affect A13-DBD
binding affinity 3—7-fold (Fig. 2, B and G).

Assessing the quantitative affects of all nucleotide substitu-
tions on A13-DBD DNA binding affinity revealed a predicted
high affinity consensus sequence of AAATAAAAC (Fig. 2H).
Analysis of A13-DBD binding to this predicted consensus
sequence resulted in the highest affinity DNA binding detected,
with a K, of 3.9 = 0.3 nm (Fig. 3, A and B). Interestingly,
HOXD13, the closest paralog of HOXA13, exhibited nearly
15-fold less affinity for this same sequence (K, = 56 £ 0.1 nm),
suggesting high specificity for HOXA13 binding to this consen-
sus site (Fig. 3B). In addition, we confirmed that the full-length
HOXA13 protein also binds this same sequence with an affinity
identical to the A13-DBD peptide (K, = 3.6 = 0.5 versus 3.9 =
0.3 nMm), validating the modular function of the HOXA13 DNA
binding domain (Fig. 3C).

A major goal for identifying the high affinity HOXA13 bind-
ing sites was to provide a mechanism to identify genes directly
regulated by HOXA13 and to correlate this regulation with
malformations associated with the loss of Hoxal3 function.
Using high density microarrays (Affymetrix), the gene expres-
sion profiles present in E12.5 Hoxal3 wild-type and homozy-
gous mutant autopods were compared (data not shown).
Knowing that HOXA13 regulates Bmp2 and Bmp?7 expression
in the autopod (14), we focused our analysis of the microarray
data to genes belonging to the BMP signaling pathway.

From this analysis, a greater than 2-fold increase in the
expression of the BMP antagonist SostdcI (Ectodin, AB059271)
was detected in E12.5 Hoxa 13 homozygous mutant limbs. The
presence of Sostdc1 in the limb as well as its overexpression in
Hoxa 13 mutant limbs was surprising, since previous character-
izations of Sostdcl reported the tooth bud and kidney as the
predominant regions of expression and loss of function pheno-
type (16, 17, 25).

To validate that Sostdcl is expressed in the limb and to
identify the mutant limb regions overexpressing Sostdcl, in
situ hybridization of E12.5-E14.5 embryos was performed
using a Sostdcl riboprobe. The localization of Hoxal3 and
Sostdcl transcripts in wild-type limbs revealed reciprocal
domains of expression (Fig. 4, A-F). At E12.5, Hoxal3 is
expressed in the autopod mesenchyme, whereas Sostdc! is
expressed in the distal zeugopod, which does not express
Hoxal3 (Fig. 4, A and D). At E13.5, the transition of Hoxal3
expression to the digits is coincident with the appearance of
Sostdcl expression in the interdigital tissues and distal
zeugopod, where Hoxal3 is not expressed (Fig. 4, B and E).
At E14.5, Hoxal3 is strongly expressed in the ventral auto-
pod, particularly in digit I, the phalangeal joints, and the
developing footpads, whereas Sostdc1 expression is excluded
from these same domains (Fig. 4, C and F).

In contrast, Hoxal3 mutant limbs exhibit expanded Sostdc1
expression into the proximal Hoxa 13 expression domain of the
autopod as early as E12.5 (compare Fig. 4, A, D, and G). In
E13.5-E14.5 mutant limbs, Sostdcl expression is also elevated
in the ventral digit I domain as well as in the developing foot-
pads, tissues where Hoxa13 is normally expressed (Fig. 4, E, F,
H, and I). To quantitate the expression differences detected by
in situ hybridization, qRT-PCR was performed using RNA iso-
lated from the affected ventral limb domain (Fig. 4, / and K). A
comparison of Sostdcl expression in wild-type and homozy-
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FIGURE 2. Quantitation of HOXA13 DNA binding affinlty. A, the DNA sequence used for quantitative analysis
of A13-DBD binding, X indicates an A, T, C, or G at that position. B-G, fluorescence polarization analyses with
base substitutions at positions —3 (B), —2 (C), —1 (D), +1 (E), +2 (F), and +3 (G) of the DNA sequence in A.
H, EnoLOGOS plot of the A13-DBD high affinity DNA sequence derived from the K, values depicted in B-G. The
height of each represented base is weighted using the association constant (K,,) of A13-DBD at each position
within the sequence. Anisotropy data points represent the average of three independent measurements at
each protein concentration. Plots represent a nonlinear least squares fit of the data. Error bars have been
omitted to facilitate direct comparisons between plots. The dissociation constant (K_) for each plot is repre-
sented in the boxed legend followed by its S.D. value.

gous mutant limbs confirmed a con-
sistent 2-fold increase in expression
in the mutant limb (n = 3 independ-
ent analyses) (Fig. 4K). Analysis of
the Bmp genes expressed in the
ectopic Sostdcl domain revealed
Bmp4, BmpS5, and Bmp?7 expression
within digit I and the footpad
region; however, Bmp2 expression
was not detected in these same tis-
sues at E14.5 (Fig. 4K; data not
shown). qRT-PCR analysis revealed
no differences in Bmp4, Bmp5, or
Bmp7 expression between wild-
type and homozygous mutant digit I
and footpad tissues (Fig. 4K).

Using VISTA plot analysis (26) to
identify conserved gene-regula-
tory sequences within the murine
Sostdcl locus, we identified con-
served regions 5’ (Sost5'FL) and 3’
(Sost3'FL) of Sostdc1 that contained
multiple high affinity HOXA13
binding sites (Fig. 5, A, B, and D).
Analysis of these regions revealed
high conservation among several
vertebrate species, including mouse
(Mus musculus), rat (Rattus norve-
gicus), dog (Canis familiaris) and
human (Homo sapiens) (Fig. 5B)
(27). To assess whether HOXA13
binds the Sost5'FL and Sost3'FL
sites in vivo, a ChIP assay was used
to identify HOXA13-DNA com-
plexes present in the developing
limb. The HOXA13 antibody used
in the ChIP assay is capable of
immunoprecipitating both wild-
type HOXA13 and mutant
HOXA13-GFP proteins (14). ChIP
analysis of wild-type limb bud chro-
matin confirms that HOXA13 asso-
ciates with both Sostdc1 sites in vivo
in the developing limb (Fig. 5C). In
contrast, parallel assays using chro-
matin derived from homozygous
mutant limbs could not detect asso-
ciation between the mutant
HOXA13-GFP protein and these
same sites, confirming that the
DNA binding domain deleted in the
mutant HOXA13-GFP protein (13)
is essential for HOXA13-DNA asso-
ciation at the Sost5'FL and Sost3'FL
sites (Fig. 5C).

Based on the ectopic expression
of Sostdcl in Hoxal3 mutant
limbs as well as the association of
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FIGURE 3. Affinity and specificity analysis of the deduced HOXA13 DNA binding site. A, the high affinity
HOXA13 DNA binding site deduced from the fluorescence anisotropy series in Fig. 2. B, analysis of A13-DBD
affinity for the HOXA13 binding site versus a control DNA sequence (black curves and data points). Specificity
was assessed using a HOXD13 DNA binding domain peptide incubated with the same high affinity and control
sequences (green curves and data points). C, full-length HOXA13 protein exhibits the same affinity for the high
affinity site as the A13-DBD peptide. All anisotropy data points represent the average of three independent
measurements at each protein concentration. Plots represent a nonlinear least squares fit of the data. Error bars
have been omitted to facilitate direct comparisons between plots. The dissociation constant (K,) for each plot

is represented in the boxed legend followed by its S.D. value.

HOXA13 with the Sost5'FL and Sost3'FL regions in vivo, we
hypothesized that these sites are bound by HOXA13 to sup-
press gene expression in vivo. Testing this hypothesis in vitro,
we examined whether luciferase reporter expression directed
by the Sost5'FL or Sost3'FL gene-regulatory elements could be
suppressed by HOXA13. Transfections with increasing
amounts of a HOXA13 expression plasmid (125, 250, and 500
ng) suppressed pGL4Sost5'FL luciferase expression in a dose-
dependent manner, resulting in a 2.5-fold reduction in reporter
expression compared with the control (Fig. 5E). Removing
three of the five HOXA13 binding sites in the Sost5'FL element
(Sost5'A1) reduced the capacity of HOXA13 to suppress lucif-
erase expression regardless of the dosage of the HOXA13 plas-
mid (Fig. 5F). Luciferase reporter constructs containing the 3’
Sostdcl regulatory element, pGL4Sost3'FL, also responded to
increasing amounts of HOXA13, suppressing luciferase expres-
sion 4-fold compared with controls (Fig. 5G). Removal of six of
the 10 HOXA13 binding sites in the Sost3'FL element
(Sost3'Al) caused a similar reduction in the capacity of
HOXA13 to suppress luciferase expression (Fig. 5H). The
removal of all 10 HOXA13 binding sites in the Sost3'FL ele-
ment (Sost3'A2) completely negated the capacity of HOXA13
to suppress reporter expression, confirming that HOXA13 uti-
lizes these high affinity binding sites to suppress gene expres-
sion in vitro (Fig. 5I).

The transduction of BMP signaling is facilitated by receptor-
mediated SMAD1/5/8 phosphorylation and induced target
gene expression (28). Previous studies using ectopic SOSTDC1
confirm its function as a potent BMP antagonist inhibiting
BMP-induced osteoblast differentiation in vitro as well as BMP-
mediated target gene expression in the developing tooth cusp
(16). These findings in conjunction with previous reports
that ectopic NOGGIN can affect the differentiation of the
condensed digit mesenchyme (29, 30) led us to hypothesize

tected in the perichondrial region of
digit I (Fig. 6E, white arrowhead) as
well as the developing footpad (Fig.
6E, white asterisks). In contrast, age-
matched Hoxal3 homozygous
mutants exhibit reduced levels of
SMAD1/5/8 phosphorylation in the
domains overexpressing Sostdcl,
including the interdigital tissues (Fig. 6, B, F, and G, white
arrows) as well as the ventral digit I/footpad domain (Fig. 6,
F-H, white arrowheads/white asterisks).

This reduction in SMAD1/5/8 phosphorylation prompted us
to investigate whether BMP-regulated target genes were also
misexpressed in the ectopic SostdcI domain.

qRT-PCR analysis using RNA isolated from the ectopic
Sostdcl domain confirms that BMP target genes are down-reg-
ulated in Hoxal3 homozygous mutants, including Msx1 (—3-
fold), Collagen type II (—3-fold), Collagen type X (—2.5-fold),
Sox9 (—3.5-fold), and Ihh (—1.7-fold) (Fig. 6I). Interestingly,
some putative BMP target genes did not exhibit reduced
expression, including Msx2, Id2, Mfh1, Bambi, and Runx2, sug-
gesting that BMP-independent processes may also be used to
maintain their expression (Fig. 6).

DISCUSSION

HOXA13 function is essential for the normal development of
the distal limb and genitourinary tract. Prior to this investiga-
tion, mutational studies of HOXA13 have focused on the cellu-
lar mechanisms affected by its loss of function, such as defects
in cell adhesion, reduced proliferation, and a decrease in pro-
grammed cell death (13, 14, 19). In the present study, we sought
to extend what was known about HOXA13 developmental
function by characterizing its biochemical properties as a tran-
scription factor. From this analysis, we define the DNA
sequences bound with high affinity by HOXA13 and confirm
their utilization to regulate the expression of the BMP antago-
nist Sostdcl, providing a mechanism to interpret HOXA13
developmental function from a quantitative transcriptional
perspective.

A major criticism of SELEX-based site selection is that the
predicted sites vary from those used by the transcription
factors in vitro and in vivo. One explanation for this paradox
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FIGURE 4. Ectopic Sostdc1 in HOXA13 mutant autopods correlates with domains of Hoxa13 expression. A-/, analysis of Hoxa13 and Sostdc1 expression in
E12.5-E14.5 ventral forelimb autopods by in situ hybridization. A-C, Hoxa13 expression in wild-type autopods; proximal expression boundaries are indicated
by white arrowheads. A, Hoxa13 expression is present throughout the E12.5 ventral autopod; digits |-V are labeled. B, at E13.5, Hoxa13 expression is localized to
the peridigital (white arrows) and developing footpad (white asterisks) tissues. C, by E14.5 Hoxa13 expression is in the developing digits, joints (white arrows),
and footpad tissues (white asterisks). D-F, Sostdc1 expression in wild-type autopods. D, at E12.5, Sostdc1 expression is restricted to the zeugopod. E, by E13.5,
Sostdc1 is expressed in the interdigital tissues between digits Il and IlI, Il and IV, and IV and V (white arrows) as well as the lateral region of the proximal autopod
(white arrowheads) but not in the developing footpads (white asterisks). F, Sostdc1 expression at E14.5 is in discrete bands within digits |-V (white arrows) as well
as in an expression domain proximal to the developing footpads (white arrowheads). Sostdc1 expression is not detected in the developing footpads (white
asterisks). G-I, Sostdc1 expression in E12.5-E14.5 Hoxa 13 homozygous mutant autopods. G, SostdcT expression at E12.5 has expanded into the autopod (white
arrowheads) and overlaps with the proximal expression domain of Hoxa13 (compare white bracketsin A, D,and G). H, in E13.5 autopods, there is ectopic Sostdc1
expression in the proximal autopod (white arrowheads) and in the developing footpads and ventral digit | tissues (white asterisks). Sostdc1 expression is also
increased in the interdigital tissues (compare white arrows in Eand H). |, at E14.5, Sostdc1 expression is present in the footpads and digit | (white asterisks) as well
as in the proximal autopod (white arrowheads). Sostdc1 expression persists in the interdigital tissues between digits Il and IlI, Il and IV, and IV and V and is
expanded in the digits as compared with wild type (compare white arrows in F and /). J, Sostdc1 in situ of an E14.5 wild-type ventral limb; white bars indicate the
digit | and footpad region microdissected for gRT-PCRin K. K, RT-PCR using E14.5 mRNA isolated from Hoxa13™/* and Hoxa13 ™/~ digit | tissues, calculated as
the -fold change in expression of mutant divided by wild type.
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FIGURE 5. HOXA13 binds DNA sequences in Sostdc1 to repress gene expression. A, VISTA plot of Sostdc1 sequence conservation between humans and
mice. Gene information is color-coded as labeled: pink, conserved noncoding sequence (CNS); light blue, untranslated region (UTR); blue, conserved exon. Black
boxes indicate conserved genomic regions containing HOXA13 DNA binding sites 5’ (Sost5’'FL) and 3’ (Sost3'FL) of the Sostdc1 coding sequence. B, detailed
view of Sost5'FL (left) and Sost3'FL (right) DNA sequence conservation between mice, rats, humans, and dogs. C, ChIP assay of HOXA13 bound to high affinity
DNA sequences within Sost5'FL (top) and Sost3'FL (bottom) genomic regions in E12.5 forelimb autopod tissues. Hoxa13™/* (left lanes) and Hoxa13~'~ (right
lanes) ChIP samples are labeled (input, +Hoxa13 antibody, IgG control, water control). ChIP DNA fragments are only amplified in the input lanes and Hoxa13*/*
immunoprecipitated samples. D, alignment of HOXA13 high affinity binding sites present in Sost5’'FL and Sost3'FL. Sequence positions relative to the start
codon of Sostdc1 are indicated for each binding site (1-15); binding sites present in the ChIP fragments are underlined. E-I, luciferase assays in NG108-15 cells
using a deletion series of Sost5’ and Sost3’ genomic regions. Relative luciferase units (RLU) are indicated on the y axis, and the quantity of transfected
pCAGGS-Hoxa13 is labeled on the x axis (the 0 ng lane is transfected with 500 ng of empty pCAGGS plasmid as a control). E, co-transfection of HOXA13 and
Sost5'FL represses luciferase expression 2.5-fold when compared with control pCAGGS transfections. F, the truncated Sost5'FLA1 is only repressed 1.4-fold.
G, co-transfection of Sost3’FL and HOXA13 represses luciferase expression 4-fold. H, the Sost3’A1 truncation is repressed 2-fold, whereas the Sost3'A2
truncation relieves the HOXA13 repression (/).

is that the protein concentrations used for SELEX often some of the sequence variations at positions —3, —2, —1,and
exceed the transcription factor’s dissociation constant (K,;), +2 caused only a slight increase in the dissociation constant
promoting nonspecific protein-DNA interactions, particu- (Fig. 2).

larly at the nucleotides flanking the core residues (22-24, Whereas the HOXA13 core sequence identified as TAAA is
31). Thus, at physiological concentrations of a transcription  similar to other reported HOX binding sites, this core sequence
factor, the binding sites predicted using excess protein appears unique compared with the TTA(G/C) core sequences
would not be readily bound. This conclusion is supported by  bound by other Abd-B proteins, including HOXA10, HOXC13,
the variations between the HOXA13 binding sites predicted and HOXD13 (6, 32-34). More importantly, although
by SELEX, CC(A/G)TAA(A/C/T)(C/G/T)(C/G/A), and the HOXA10, HOXC13, and HOXD13 appear to bind the same
high affinity sites determined by quantitative fluorescence core sequence, the full-length sequences bound by each pro-
polarization. It is important to note that the AAATAAAAC tein, including HOXA13, vary, suggesting that the disparate
high affinity site refined by fluorescence polarization does phenotypes exhibited by Hoxal3, HoxalO, Hoxcl3, and
not reflect the sole site that HOXA13 can bind in vivo, since  Hoxd13 knock-out mice can be explained, in part, by the capac-
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FIGURE 6. Reduced BMP signaling correlates with ectopic Sostdc1 in the Hoxa13 mutant autopod. A and
B, Sostdc1 expression in E14.5 Hoxa13™/* (A) and Hoxa13 ™/~ (B) ventral forelimbs. The white boxes indicate the
digit | tissues analyzed in C-H; the arrows point to the interdigital tissues (/IDT) between digits | and Il. C-H, a
dorsal to ventral series of frontal frozen sections through Hoxa13*/~ (C-E) and Hoxa13~/~ (F-H) digit | and
footpad (FP), immunostained with a-PSMAD1/5/8 (red signal) and endogenous HOXA13-GFP (green signal).
Digits I and Il and the interdigital tissues are labeled in white. C, PSMAD1/5/8 staining is present in the inter-
digital tissues between digits | and Il (white arrow). D, PSMAD1/5/8 staining in the interdigital tissues has
expanded within digit | (white arrows). E, within the footpad, there are multiple domains of PSMAD1/5/8
staining (white asterisks). F, within Hoxa13 ™/~ digit |, there is reduced PSMAD1/5/8 staining in the interdigital
tissues (white arrow). G,PSMAD1/5/8 staining is reduced within Hoxa13 ™/~ digit | tissues (compare white arrows
and arrowheads in D and G). H, PSMAD1/5/8 staining is not visible within the Hoxa13 ™/~ footpad (compare
asterisks in E and H). I, qRT-PCR using E14.5 mRNA isolated from the Hoxa13"/* and Hoxa13™/~ digit | and
footpad, calculated as the -fold change in mutant divided by wild-type expression. Bar, 50 um.

ity of these proteins to bind discrete gene-regulatory elements
(12, 35-37).

HOX protein DNA binding specificity can also be affected by
cooperative interactions with other transcription factors (5, 33,
38-40). Notably, interactions between HOX proteins and
members of the PBC (PBX1-4, EXD, and CEH-20) and MEIS
classes (MEIS-1A and -1B, MEIS2, MEIS3, MEIS4, PREP1, and
PREP2) of TALE (three-amino acid loop extension) transcrip-
tion factors have been shown to modulate HOX protein inter-
action with specific cis-regulatory elements (4, 5,9, 33, 38 —42).
For HOXA13, interactions with MEIS1A and MEIS1B have
been confirmed in vitro, whereas no interactions between
HOXA13 and PBC class proteins have been detected, a finding
consistent with the absence of a YPWM PBC interaction motif
in HOXA13 (4, 9, 33, 38, 39, 41, 43— 46).

Recognizing that HOXA13 regulates gene expression in dis-
crete embryonic regions, it is likely that higher order protein
complexes containing HOXA13 will augment its gene-regula-
tory function. Indeed, recent studies confirm that cooperative
interactions between HOX proteins, such as HOXB1 and

PBX1, can regulate the tissue-spe-
cific expression of collagen V
(COLVA2) (42). In most analyses of
HOX-TALE protein interaction,
both factors bind DNA to coopera-
tively regulate gene expression.
However, recent studies indicate
that TALE factors not bound to
DNA can also interact with HOX-
TALE heterodimers, forming ter-
nary complexes that affect DNA
binding affinity (39, 47).

Although the DNA binding affin-
ity of HOX proteins is usually aug-
mented by cooperative interactions
with TALE co-factors, our findings
also suggest that HOXA13 may pos-
sess monomeric gene-regulatory
functions. This conclusion is sup-
ported by the strong DNA binding
affinity and specificity of the full-
length HOXA13 protein for the
AAATAAAAC binding site with-
out additional accessory proteins.
Moreover, the substantial differ-
ence in affinity for the AAATA-
AAAC site between the HOXA13
and HOXD13 homeodomains,
which share greater than 90% amino
acid identity, also suggests that
properties inherent to the HOXA13
homeodomain may be sufficient to
confer this high degree of specific-
ity. Finally, in vivo studies of the
HOXA13 homeodomain also sup-
port the possibility for its inde-
pendent function, since domain
swap experiments replacing the
HOXA11 homeodomain with the HOXA13 homeodomain
identified transformations of HOXAIl1-expressing tissues
toward those normally expressing HOXA13, including the limb
and female reproductive tract (48).

It is arguable that the defects associated with the loss of
Hoxal3 function may reflect early and global perturbations in
the condensation of limb mesenchyme. However, because the
Hoxal3 mutant limbs do not exhibit uniform defects in digit
chondrogenesis, it is more likely that a region-specific pertur-
bation in the chondrogenic process is occurring, particularly in
the digit I domain. An examination of the timing of digit ontog-
eny supports this conclusion as digit formation in tetrapods
proceeds from digit IV to III, to II, to V, and finally to digit I
(49 -51). Since digit I is the last to form, its maturation at E12.5,
as determined by noggin expression (supplemental Fig. 1), is
consistent with the earliest timing of ectopic SostdcI expression
in Hoxal3 mutant limbs. Similarly, the normal expression of
the chondrogenic determinant, Sox9, in Hoxa 13 mutant limbs
at E11.5 strongly suggests that perturbations in the chondro-
genic process are occurring between E11.5 and 12.5 (supple-
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mental Fig. 1). These findings in conjunction with the detection
of ectopic Sostdcl as early as E12.5 in the Hoxa 13 mutant limb
strongly suggests that the prochondrogenic processes mediated
by BMP signaling could be susceptible to perturbations by an
ectopically expressed BMP antagonist.

Studies examining the loss of BMP receptor function after
the mesenchymal condensations have formed, confirm that the
progression of the chondrogenic process in the limb requires a
sustained BMP signal (52, 53). As the limb continues to mature,
BMP signaling induces a second round of Sox9 expression (52).
In Hoxal3 homozygous mutants, this second round of Sox9
expression is reduced specifically in the ectopic SostdcI expres-
sion domain, indicating that the inductive processes normally
mediated by BMP signaling are being antagonized, presumably
by ectopic SOSTDCI (supplemental Fig. 1) (54, 55).

In this report, we identify the developing limb as a novel site
for Sostdcl expression. To date, it is not clear whether
SOSTDC1 has a specific function in the limb, since limb defects
have not been reported in Sostdcl homozygous mutants (17).
Here compensatory BMP antagonists may help explain this dis-
crepancy, since both noggin and gremlin are expressed in these
same tissues (30, 51, 56). More importantly, whereas loss of
function alleles generally indicate sites requiring a particular
protein, they provide little information regarding how ectopic
levels of the same protein may affect tissue development. In
Hoxal3 mutant limbs, BMP expression is active in the affected
digit I region, yet BMP signaling is reduced, a consequence we
attribute to the presence of an ectopic BMP antagonist.

Previous characterizations of SOSTDCI1 in the tooth bud
confirm a high affinity for multiple BMPs, including BMP2,
BMP4, BMP6, and BMP7. When SOSTDC1 was ectopically
applied to mouse preosteoblastic MC3T3-E1 cells, it clearly
antagonized BMP-mediated osteoblast differentiation (16).
Interestingly, our identification of ectopic Sostdc1 expression in
the distal limb and interdigital tissues of Hoxa13 homozygous
mutants (Fig. 4) may also help to explain why Hoxa 13 heterozy-
gous mutant limbs respond more robustly to exogenous BMP2
or BMP7 treatments than their homozygous mutant counter-
parts (14), since ectopic levels of SOSTDC1 would limit the
therapeutic effect afforded by the BMP treatment.

HOX proteins play an essential role in the formation and
diversification of serially homologous structures, including
insect body segments and flight appendages as well as the ver-
tebrate hindbrain, axial skeleton, and limb (46, 57—-63). A
mechanism common to the HOX-mediated diversification of
these structures is the use of multiple binding sites to modulate
target gene expression (59, 63—65). In Sostdc1, the removal of
the clustered HOXA13 binding sites negated the capacity of
HOXA13 to suppress gene expression, a finding consistent with
studies in Drosophila melanogaster, where multiple Ubx bind-
ing sites are required to suppress spalt expression in the devel-
oping haltere (59). Multiple binding site usage may provide a
unique gene-regulatory code to explain how tissues expressing
two HOX proteins parse the gene-regulatory signals necessary
for tissue development.

Previous reports have identified several genes that are up-
regulated by HOXA13 (14, 41); however, in this body of work,
we have identified and characterized a gene, Sostdcl, that is

down-regulated by HOXA13. It is interesting to speculate how
HOXA13 may mediate these opposite transcriptional effects
through the use of different types of DNA binding sites. Future
work to dissect out the roles of different types of HOXA13
binding sites in transcriptional regulation will provide further
insight into the function of this transcription factor in embry-
onic development and disease.
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