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Branchio-oto-renal syndrome (BOR) is an autosomal domi-
nant developmental disorder characterized by hearing loss,
branchial arch defects, and renal anomalies. Recently, eight
mutations in the SIX1 homeobox gene were discovered in BOR
patients. To characterize the effect of SIX1 BOR mutations on
the EYA-SIX1-DNA complex, we expressed and purified six
of the eight mutants in Escherichia coli. We demonstrate that
only the most N-terminal mutation in SIX1 (V17E) completely
abolishes SIX1-EYAcomplex formation,whereas all of the other
mutants are able to form a stable complex with EYA.We further
show that only the V17E mutant fails to localize EYA to the
nucleus and cannot be stabilized by EYA in the cell. The remain-
ing five SIX1 mutants are instead all deficient in DNA binding.
In contrast, V17E alone has a DNA binding affinity similar to
that of wild type SIX1 in complex with the EYA co-factor.
Finally, we show that all SIX1 BOR mutants are defective in
transcriptional activation using luciferase reporter assays.
Taken together, our experiments demonstrate that the SIX1
BOR mutations contribute to the pathology of the disease
through at least two different mechanisms that involve: 1) abol-
ishing the formation of the SIX1-EYA complex or 2) diminish-
ing the ability of SIX1 to bindDNA. Furthermore, our data dem-
onstrate for the first time that EYA: 1) requires the N-terminal
region of the SIX1Six domain for its interaction, 2) increases the
level of the SIX1 protein within the cell, and 3) increases the
DNA binding affinity of SIX1.

Branchio-oto-renal syndrome (BOR; Mendelian Inheritance
in Man (MIM) 113650)5 is an autosomal dominant develop-
mental disorder that is characterized by hearing loss, branchial
fistulae, and renal anomalies. Although the penetrance of the

syndrome is highly variable between and even within families
(1), 70–93% of BOR patients exhibit hearing loss (1). This hear-
ing loss can be conductive, sensorineural, or mixed and ranges
in severity. In total, BOR affects an estimated 1 in 40,000 chil-
dren and accounts for 2% of profoundly deaf children (2).
The most commonly mutated gene in BOR syndrome is

EYA1 (3), with an estimated 40% of BOR patients exhibiting
mutations in this gene (4).EYA1 belongs to theEYA gene family
of transcriptional co-factors. There are four mammalian mem-
bers (EYA1–4), each containing an N-terminal transactivation
domain (5), and a highly conserved �270-amino acid C-termi-
nal Eya domain (ED), also referred to as the eya homologous
region. The ED possesses phosphatase activity (6–8) and is
involved in protein-protein interactions with the SIX family of
homeoproteins (9–12). The SIX family of homeoproteins are
characterized by a DNA-binding homeodomain (HD) and the
protein-interaction Six domain (SD), which binds directly to
the ED of EYA (9). As a complex, the SIX and EYA proteins are
believed to form a bipartite transcription factor where SIX con-
fers DNA binding and EYA confers transactivation activity.
Recently, mutations in two SIX family members (SIX5 and

SIX1) have also been identified in BOR syndrome (13–15). Four
different heterozygousmis-sensemutationswere found in SIX5
(13), and functional analysis revealed that two of the mutations
affect SIX5-EYA1 complex formation and the ability of SIX5 or
the SIX5/EYA1 complex to activate transcription. In an inde-
pendent study, Ruf et al. (14, 15) identified three mutations in
the SIX1 gene, which, like the mutations in the SIX5 gene, were
argued to inhibit SIX1-EYA1 binding. In addition, two of the
three identified mutations also interfere with SIX1-DNA bind-
ing. Five additional novel SIX1 mutations have been subse-
quently identified, although the effect of these mutations on
SIX1 function have not yet been determined (16).
To better understand themolecular mechanism of BOR syn-

drome caused by SIX1 mutations, we attempted to analyze all
eight of the SIX1 BOR mutations that have been identified to
date. We report the effects of six of the eight SIX1 BOR muta-
tions on a variety of biological functions including: protein
expression, protein stability, protein-protein interaction, DNA
binding, and transcriptional activation. Significantly, we found
that only the most N-terminal mutation in SIX1 (V17E) is able
to completely abolish the SIX1-EYA protein interaction,
whereas the other five mutations appear to cause major defi-
ciencies in the ability of SIX1 to bind DNA. Finally, we demon-
strate that while residing in different regions of the protein, all
six SIX1 mutations result in the inability of the complex to
activate transcription.
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MATERIALS AND METHODS

Molecular Cloning—Mutations within the human SIX1
cDNA were generated using the QuikChange site-directed
mutagenesis kit (Stratagene), using WT human SIX1 in
pcDNA-3.1 as a template, and the following primers: V17E
(gcaagtggcgtgcgAgtgcgaggttctg), H73P (gatcctggagagccCccag-
ttctcgcctc), V106G (ccctgggcgccgGgggcaaatatcg), R110Q (gtg-
ggcaaatatcAggtgcgccgaaaa), R110W (gtgggcaaatatTgggtgcgcc-
gaaaa), R112C (gcaaatatcgggtgTgccgaaaatttcc), Y129C (gagga-
gaccagctGctgcttcaaggagaag), and del133E (cagctactgcttcaaga-
agtcgaggggtgtc). Generation of all mutants was confirmed by
sequencing. Bacterial expression plasmids were generated by
subcloning the PCR products into the BamHI and XhoI sites of
the pGEX-6P1 (GE Healthcare) vector and were sequenced.
Small Scale ExpressionTests—pGEX-6P1 vectorswere trans-

formed into the Escherichia coli strain XA-90. Two independ-
ent clones for eachmutant were used for small scale expression
tests by inoculating 1 ml of LB medium with an overnight cul-
ture and grown at 37 °C for 2 h. Protein expression was induced
by 1 mM isopropyl �-D-thiogalactopyranoside for 2 h at 37 °C.
Protein expression was analyzed by electrophoresis of cell
lysates on a 12% SDS-PAGE and visualized by Coomassie Blue
staining.
Protein Expression and Purification—All SIX1 proteins were

expressed in E. coli at room temperature by inducing protein
expression for 4 h at anA600 value of 0.8–1.0 with 1mM isopro-
pyl �-D-thiogalactopyranoside. Cell pellets were lysed by soni-
cation in precooled lysis buffer (50 mM Tris-HCl, pH 8.0, 250
mM NaCl, 1 mM TCEP) containing the protease inhibitors
phenylmethylsulfonyl fluoride, pepstatin, and leupeptin. The
supernatant was then treated with 0.4% polyethyleneimine to
precipitate out contaminatingDNA,whichwas pelleted by cen-
trifugation. The resultant supernatantwas then purified on glu-
tathione-Sepharose 4B resin (GE Healthcare), and the fusion
proteinswere cleavedwithPreScissionprotease.TheSIX1protein
was further purified by ion exchange using a RESOURCE S col-
umn (GE Healthcare) and the following buffer A (100 mM Tris-
HCl, pH 8.8, 100 mM NaCl, 0.5 mM TCEP) and buffer B (same as
buffer A but with 1 M NaCl). Purified proteins were adjusted to 5
mMTCEP, pH 8.0, and stored at�80 °C. For EYA2 ED, after Pre-
Scission protease cleavage, the protein preparation was purified
using a Superdex 200 (GEHealthcare) size exclusion column in 50
mM Tris-HCl, pH 8.0, 200 mMNaCl, 0.5 mM TCEP. Purified pro-
tein was adjusted to 5mMTCEP and stored at �80 °C.
Circular Dichroism Spectroscopy—The secondary structure

contents of the purified proteins was assessed by CD spectros-
copy using a Jasco 810 spectropolarimeter (Jasco, Inc). CD
measurements were carried out in a 1-mmcuvette at 18 °Cwith
a protein concentration of 0.25 mg/ml. Each spectrum was the
average of six wavelength scans collected from 196–250 nm in
5 mM Tris-HCl, pH 8.0, 100 mM NaCl, 0.5 mM TCEP. Molar
ellipticity was calculated using the following equation,

[0] � 0obs*/(Cln) (Eq. 1)

where 0obs is the observed ellipticity (mdeg), C is protein con-
centration (M), l is the cuvette path length (mm), and n is the
number of residues in the protein.

Thermal Denaturation—Protein thermal stability was deter-
mined by monitoring the CD signal at 222 nm with increasing
temperature. CD data points were obtained at a scan rate of
2 °C/min for the temperature range of 5–85 °C and plotted as
the fraction of protein folded versus temperature.
Size Exclusion Complex Formation Assay—All SIX1 protein

preparations were run alone or in the presence of the ED on an
analytical Superdex 200 in 50 mM Tris-HCl, pH 8.0, 200 mM

NaCl, 0.5 mM TCEP. The proteins were run alone at 30 �M or
mixed at the same concentration with the ED in a 1:1 molar
ratio and incubated together on ice for 15 min prior to loading
on the column. The gel filtration profiles were overlaid to reveal
the elution volumes of the proteins alone, and the complex.
SDS-PAGE analysis and Coomassie staining was carried out on
the “complex” peak fractions to demonstrate the presence of
both proteins.
Reverse Phase HPLC Analysis of the Complex Peak—Reverse

phase HPLCwas used to confirm the presence of both proteins
in the complex peak. Analytical reverse phase HPLC was per-
formed with a linear gradient of eluents A (0.2% trifluoroacetic
acid inwater) andB (0.2% trifluoroacetic acid in acetonitrile) on
a Zorbax SB300-C18 (2.1 � 150 mm) column. Prior to loading,
the peak fraction was diluted 10-fold with eluent A.
Nuclear Localization Assay—MCF7 cells were cultured onto

10-cm dishes and allowed to adhere overnight. The cells were
co-transfectedwith 8�g/dish of the indicated Six1mutant con-
struct andpcDNA3.1 FLAG-Eya2 using FuGENE6 transfection
reagent (Roche Applied Science). For the EYA1 nuclear local-
ization experiments, the pCMVTag2-FLAG-Eya1 construct
was used. After 48 h nuclear and cytoplasmic extracts were
generated using the NE-PER nuclear/cytoplasmic kit (Thermo
Scientific). Equal protein amounts were run out on 10% SDS-
PAGE gels, transferred to polyvinylidene difluoride mem-
branes, and probed with anti-FLAG M2 antibodies (Sigma).
SIX1 expression levels were assessed by reprobing membranes
with anti-SIX1 antibodies (Affinity Bioreagents). To demon-
strate equal loading, the membranes were then probed with
either anti-HDAC1 (Santa Cruz) or anti-�-actin antibodies
(Sigma).
Intracellular Protein Stability Assay—8 � 104 MCF7 cells/

well were plated in 12-well plates. The cells were transfected
with 250 ng of pcDNA3.1-Six1 and 250 ng of FLAG vector or
250 ng of pcDNA3.1-Six1 and 250 ng of FLAG-Eya2 using the
FuGENE transfection method. After 48 h the cell lysates and
RNA were isolated. The cell lysates were obtained using lysis
buffer PLB (Promega). 40 �g of lysate were electrophoresed on
a 10% SDS-PAGE and transferred to polyvinylidene difluoride
membrane. Themembrane was probed with an anti-SIX1 anti-
body (Affinity Bioreagents) and to ensure that equal loading the
membrane was reprobed with an anti-�-actin antibody
(Sigma). To examine alterations in the message level, RNA was
isolated using the TRIzol reagent (Invitrogen). 2 �g of RNA
were used for cDNA synthesis using the SuperScript III
First-Strand kit (Invitrogen). Real time PCR was carried out
for Six1 and cyclophilin B (control) using TaqMan gene
expression assays on demand (Applied Biosystems) (Six1
Hs00195590_m1, cyclophilin B Hs01018503_m1). The reac-
tions were carried out in triplicate using the Bio-Rad CFX96
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real time system. Six1 expression levels were normalized to
cyclophilin B.
Electrophoretic Mobility Shift Assay—All of the oligonu-

cleotides (Operon) were ordered HPLC-purified. The oligo-
nucleotides used were a fragment of the myogenin promoter
containing the SIX1 binding MEF3 site (GGGGGCTCAGGTT-
TCTGTGGC) and a second oligonucleotidewith thisMEF3 site
scrambled (GGGGGCATGCTGCTCTGTGGC). The oligonu-
cleotides were labeled using T4 polynucleotide kinase and
[�-32P]ATP and purified using CENTRI-SEP columns (Prince-
ton Separations). The reactionswere assembled on ice in 50mM

HEPES, pH 8.0, 75 mM KCl, 200 ng/�l bovine serum albumin,
1 mM TCEP, pH 7.0, 5% glycerol. 4 fmol of oligonucleotide was
used along with 750 fmol of protein. For the reactions that
include the ED, 750 fmol of the SIX1 protein was mixed with

750 fmol of the ED before the addition of DNA. For the Kd
determination, varied quantities of SIX1 or SIX1 and ED were
used (7500, 3750, 1500, 750, 375, 150, 75, 37.5, and 15 fmol)
while holding the DNA quantity constant at 4 fmol/reaction.
For competition reactions the wild type oligonucleotide or the
scrambled version at 200� concentration (800 fmol/reaction)
was used. Electrophoresis was carried out for 90min at 60 volts
at 4 °C using a 6% nondenaturing polyacrylamide gel. The gels
were then dried and exposed to a phosphorimaging plate and
visualized using a Storm phosphorimager (GE Healthcare).
Luciferase Assay—MCF7 cells were seeded onto 24-well

plates at 25,000 cells/well and allowed to adhere overnight. The
following day, the cells were transfected with 300 ng/well
pGL3–6�MEF3, 70 ng/well Renilla luciferase, 100 ng/well of
the indicated pcDNA3.1 Six1 mutant construct, and 150
ng/well of either pcDNA3.1 FLAG-Eya2 or empty vector
using FuGENE 6 (Roche Applied Science) transfection rea-
gent. The cells were lysed 48 h later with passive lysis buffer,
and the resulting extracts were analyzed for luciferase and
Renilla activities. To ensure expression of exogenous SIX1
protein, equal amounts of protein were run out on 10% SDS-
PAGE gels and transferred to polyvinylidene difluoride
membranes, which were probed with an anti-SIX1 antibody
(Affinity Bioreagents), and to ensure equal loading the mem-
branes were reprobed with anti-�-actin (Sigma).

RESULTS

Expression and Purification of
SIX1 BORMutants—All eight iden-
tified SIX1 BOR mutations, includ-
ing seven mis-sense mutations and
one in-frame deletion, reside in
either the SD or the HD (Fig. 1). To
precisely define the molecular
mechanism(s) bywhich thesemuta-
tions compromise SIX1 function,
we generated the eight mutations
using site-directed mutagenesis.
Wild type human SIX1 and the eight
SIX1 mutants were then subcloned
into a GST fusion vector in an effort
to express these proteins in E. coli
for biochemical analyses. Expres-
sion tests in E. coli were first per-
formed using GST fusion proteins
to determine whether all of the
mutant proteins could be expressed
effectively. Two independent clones
for each mutant were treated with
isopropyl �-D-thiogalactopyrano-
side to induce protein expression.
Protein expression was analyzed by
SDS-PAGE and Coomassie stain-
ing. The expression tests demon-
strated that the H73P and R110Q
mutants failed to express in E. coli,
whereas all of the other six mutants
were expressed efficiently (Fig. 2A).

FIGURE 1. Schematic representation of the functional domain structure
of SIX1 and the location of BOR mutations.

FIGURE 2. Expression and purification of human wild type SIX1 and BOR mutants. A, SDS-PAGE analysis of
whole cell lysates from expression tests using two independent clones for each of the various mutants. The
proteins were expressed as GST fusions. Note that H73P and R110Q were unable to be stably expressed.
B, SDS-PAGE analysis of large scale preparations of the proteins purified by glutathione affinity chromatogra-
phy with cleavage from the GST tag by PreScission protease. UC, uncut column, referring to the glutathione
resin before PreScission digestion; CC, cut column, referring to the glutathione resin after PreScission digestion.
C, further protein purification was achieved by ion exchange chromatography. A representative profile is
shown along with a representative SDS-PAGE of the peak fractions (SIX1 WT). D, SDS-PAGE analysis of the
purified protein preparations. 3 �g of protein was analyzed by SDS-PAGE to assure equal purity and quantities
for biochemical characterization.
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Therefore, all subsequent data presentedwill focus onwild type
SIX1 and the six SIX1 mutants that were efficiently expressed
in E. coli.
Subsequent large scale purification of wild type SIX1 and the

six SIX1 mutants using glutathione affinity chromatography
was carried out, and the GST moiety was removed using Pre-
Scission protease (Fig. 2B). The proteins were further purified
by ion exchange chromatography to near homogeneity, as
shown by SDS-PAGE and Coomassie analysis of the peak frac-
tions (Fig. 2C). All of the purified protein preparations used for
subsequent analyses were analyzed using SDS-PAGE and Coo-
massie staining, which demonstrated similar concentrations
and purity (Fig. 2D).
V106G and R112CDestabilize SIX1—To evaluate the impact

of themutations on overall protein structure, we first examined
protein secondary structure using CD spectroscopy. In CD
spectra, �-helical secondary structure is characterized by
strong ellipticity minima at 222 and 208 nm. In highly �-helical
proteins, the ellipticityminima at 222 and 208nmare similar, as
is observed with wild type SIX1 (Fig. 3A). Interestingly, the
R112C and delE133 mutations cause a reduction in �-helical
structure, whereas the rest of the mutations do not consider-
ably alter the �-helical content of SIX1. To further measure
protein stability, CD spectroscopy was used to record the ther-
mal denaturation profiles of wild type SIX1 and the six SIX1
mutant proteins. Both the V106G and R112C mutants demon-
strated a significantly decreased melting temperature (Tm)
when compared with wild type SIX1 (Tm � 28.2 and 26.8 °C for
V106G and R112C, respectively, versus Tm � 34.5 °C for wild
type SIX1) (Fig. 3B). These data suggest that the V106G and
R112Cmutants are less stable thanwild type SIX1 and the other

SIX1mutants. The decrease in protein stability is not surprising
for R112C because it is consistent with the decrease in�-helical
content. Although V106G did not disrupt the �-helical content
noticeably, it nonetheless appears to have an overall destabiliz-
ing effect on the protein in vitro.
V17E Fails to Form a Complex with EYA2 ED in Vitro—Fol-

lowing our assessment of the stability of the SIX1BORmutants,
we evaluated the ability of the samemutants to bind to the EYA
co-factor using size exclusion gel filtration chromatography.
Consistent with previous reports (8, 17), we had difficulty
expressing functional recombinant EYA1 in E. coli. However,
we were able to easily express and purify the ED of human
EYA2. BothmammalianEYA1 andEYA2 can complementDro-
sophila eyamutations with comparable efficiency (18, 19), and
the EYA2 ED, which contains the SIX1-binding region, shares
over 90% sequence similarity with the ED of EYA1. Therefore,
we used the EYA2 ED (hereafter referred to as ED), for all sub-
sequent in vitro analyses.
The elution profiles of wild type SIX1 and the ED alone from

an analytical S200 size exclusion columnwere very similar, with
peaks in close proximity, consistent with their similar molecu-
lar mass. When wild type SIX1 and the ED were mixed and
incubated to allow complex formation prior to analysis on the
S200 column, a shifted elution peak corresponding to the
SIX1-ED complex was observed, suggesting that the two pro-
teins can form a stable complex. Indeed, examination of the
protein content in the complex peak by SDS-PAGE and Coo-
massie staining revealed what appeared to be the presence of
both wild type SIX1 and the ED (Fig. 4A). Because the molecu-
lar weights of the two proteins are similar, making it difficult to
resolve them using SDS-PAGE, the complex peak fraction was

FIGURE 3. Secondary structure and stability of wild type SIX1 and BOR mutants. A, CD spectra were obtained for wild type SIX1 and for the BOR mutants.
Mean residue molar ellipticity is plotted versus wavelength. Note the significant decrease in �-helical structure for R112C and slight decrease for delE133.
B, thermal stabilities of the proteins monitored by CD at 222 nm at a starting temperature of 5 °C. Fraction folded is plotted versus temperature in °C. Note the
decrease in Tm for the mutants R112C and V106G.
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also analyzed by analytical reverse phase chromatography to
confirm the above finding. This analysis demonstrated that
both SIX1 and the ED are present, and importantly, that they
bind in a 1:1 molar ratio (Fig. 4B).
We next analyzed the six SIX1 mutants for their ability to

bind to the ED. Interestingly, we found that all of the mutants
could successfully form a protein complex with the ED except
the V17E mutant (Fig. 4C). Surprisingly, the R110W, Y129C,
and delE133 mutants that were previously shown to be defi-
cient in EYA1 binding using yeast two-hybrid analysis (15) were
able to bind the ED in our assay. Although the R112C-ED com-
plex formation appears reduced, this is likely due to the large
amount of R112C protein that is lost in the void volume, which
is consistent with its decreased secondary structure content
and stability. Together, these results indicate that only the
V17E mutation abolishes SIX1-ED binding in vitro.
V17E Fails to Localize Full-length EYA2 to the Nucleus—Pre-

vious reports have demonstrated that EYA,which is localized in

the cytoplasm in the absence of SIX1, is translocated to the
nucleus by SIX1 (20, 21). Thus, we analyzed the intracellular
distribution of full-length FLAG-tagged EYA2 after transfec-
tion intoMCF7 cells in the presence of either wild type SIX1 or
each of the six SIX1 BOR mutants to assess whether proper
complex formation is taking placewithin the cell. Using nuclear
and cytoplasmic fractionation, we observed cytoplasmic EYA2
localization in the absence of SIX1 (Fig. 5A, no SIX1). In con-
trast, the addition of wild type SIX1 led to predominantly
nuclear localization of EYA2 as expected (Fig. 5A, WT). Simi-
larly, the V106G, R110W, R112C, Y129C, and delE133mutants
were all able to localize the majority of EYA2 in the nucleus
(Fig. 5A,V106G, R110W, R112C, Y129C, and delE133). How-
ever, when the SIX1 V17E mutant was co-expressed with
EYA2, no detectable level of EYA2 could be found in the
nucleus, similar to the control lane that lacked SIX1 expres-
sion (Fig. 5a, V17E and no SIX1). Instead, all visible EYA2
was localized in the cytoplasm. These data further suggest

FIGURE 4. The V17E mutation inhibits the ability of SIX1 to interact with EYA2 ED. A, analytical Superdex 200 gel filtration profiles of SIX1 WT (blue), ED (red),
and SIX1 WT/ED (green) overlaid to show complex formation. The peak fraction from the complex peak was analyzed by SDS-PAGE and revealed the presence
of both proteins. B, analysis of the Superdex 200 complex peak fraction by reverse phase HPLC confirms the presence of both proteins in a 1:1 molar ratio.
C, analysis of the ability of the various SIX1 BOR mutants to complex with the ED by analytical gel filtration. Protein complex formation was analyzed as
described in A. Note only V17E failed to complex with the ED, and a majority of R112C resides in the void volume, underscoring the unstable nature of this
mutant.
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that V17E is the only mutation that abolishes the interaction
between SIX1 and EYA.
V17E Fails to Localize Full-length EYA1 to the Nucleus—Be-

cause EYA1, not EYA2, is implicated in BOR syndrome and

because previous studies had shown, in contrast to ours, that
R110W, Y129C, and delE133 were deficient in EYA1 binding,
we tested the ability of wild type SIX1 and the six SIX1 BOR
mutants to specifically translocate full-length FLAG-tagged
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EYA1 to the nucleus. Again, using nuclear and cytoplasmic
fractionation, we observed that in the absence of SIX1, EYA1
was localized in the cytoplasm (Fig. 5B, no SIX1). However, in
the presence of wild type SIX1, EYA1 was localized in the
nucleus (Fig. 5B, WT). Likewise, V106G, R110W, R112C,
Y129C, and delE133 were all able to localize the majority of
EYA1 in the nucleus (Fig. 5B, V106G, R110W, R112C, Y129C,
and delE133). In contrast, V17E was unable to localize EYA1 in
the nucleus (Fig. 5B,V17E). Because these results are consistent
with the results obtained with EYA2, our data strongly suggest
that V17E is the only mutation that abolishes the interaction
between SIX1 and the EYA proteins.
V17E Fails to Be Stabilized by the Presence of EYA2 Protein—

In the EYA2nuclear localization experiments, we observed that
co-transfection of EYA2 with wild type SIX1 increases the
intracellular quantity of both the SIX1 and EYA2 proteins com-
pared with levels when either protein is expressed alone (data
not shown and Fig. 5A). We thus examined whether the levels
of the various SIX1 BORmutants were affected by the presence
of EYA2. Interestingly, the levels of all the SIX1BORmutants as
well as wild type SIX1 are increased with the addition of EYA2,
with the exception, again, of the V17E mutant (Fig. 5C).
To test whether the increase in SIX1 protein was due to an

increase in SIX1 transcription by the SIX1-EYA2 complex
increasing SIX1 expression or EYA2 teaming up with endoge-
nous SIX1 (or another SIX family member) to stimulate SIX1
expression, we performed a Western blot in conjunction with
quantitative reverse transcription-PCR analysis of SIX1 tran-
script levels. When EYA2 is expressed alone, endogenous SIX1
protein levels are not increased to detectable levels (Fig. 5D,
right panel).When SIX1 is exogenously expressed, the addition
of EYA2 does not increase SIX1 mRNA levels (Fig. 5D, left
panel); however, it does lead to an increase in SIX1 protein
levels (Fig. 5D, right panel). These data suggest that EYA2 is
able to stabilize SIX1 protein levels and further reinforce the
finding that only the V17E mutation is able to abolish SIX1-
EYA complex formation.
The Majority of SIX1 BOR Mutants Are Defective in DNA

Binding—Because our data demonstrate that only the V17E
mutant is completely deficient in binding EYA, we analyzed the
ability of the SIX1 BORmutants to bind to theMEF3 site of the
myogenin promoter (TCAGGTT), a well characterized SIX1
target site (22). As expected, wild type SIX1 is able to efficiently
and specifically bind the MEF3 oligonucleotide (Fig. 6A, lanes
1–4). Interestingly, theV17Emutation increased binding to the
MEF3 site (Fig. 6A, lane 5). In contrast, all of the other SIX1

mutations inhibit the binding of SIX1 to this site (Fig. 6A, lanes
6–10).
We next investigated the role of the ED in SIX1-DNA binding.

As anticipated, the ED alone is unable to bind DNA (Fig. 6B, lane
2).When the ED is added to a reaction containing SIX1 andDNA,
a small but reproducible decrease in migration is observed, sug-
gesting that a ternary complex is formed. In addition, the ED
appears to increase SIX1-DNA binding activity (Fig. 6B, lanes 3
and 4). In contrast, when V17E and the ED are incubated with
DNA, migration of the complex is not altered from the complex
formed with V17E and DNA alone. These data demonstrate that
the ED is unable to enter the V17E-DNA complex, further sup-
porting the finding that V17E is unable to interact with EYA.
We then determined the DNA binding affinities of wild type

SIX1 and the V17E mutant in the presence and absence of the
ED. Interestingly, the binding affinity of wild type SIX1 is
10-fold higher when complexed with the ED (Kd � 2404 nM
versus 383 nM). Surprisingly, V17E alone (Kd � 211 nM) has an
affinity for DNA that is similar to the wild type SIX1-ED com-
plex, and that affinity is not significantly changed in the pres-
ence of the ED (Kd � 336 nM) (Fig. 7 and Table 1).
SIX1 BOR Mutants Are Deficient in Transcriptional

Activation—Toanalyze the effect of the various BORmutations
on the ability of SIX1 to stimulate transcription, we examined
SIX1-mediated transcriptional activation using the pGL3–
6�MEF3-luciferase construct, which contains six repeats of the
SIX1-bindingMEF3 site placed upstream of the luciferase gene
(22). When wild type SIX1 was co-expressed with full-length
EYA2, luciferase activity was increased �10-fold compared
with SIX1 or EYA2 alone. However, all of the SIX1 BOR
mutants were unable to stimulate luciferase activity when co-
expressed with EYA2 (Fig. 8A).
To ensure proper transfection and expression of the

mutants, equal quantities of the luciferase extracts were sub-
jected to SDS-PAGE and Western blot analysis using an anti-
SIX1 antibody. As previously observed, co-expression of EYA2
with all of the SIX1 BOR mutants, except for V17E, led to an
increase in SIX1 protein levels (Fig. 8B).
These results demonstrate that all of themutations, although

occurring in different regions of the protein, functionally inac-
tivate the complex by inhibiting the ability of the SIX1-EYA
complex to activate transcription. It should be noted that
although we were unable to express the two SIX1 mutants in
bacteria, H73P and R110Q, we were able to express them in
mammalian cells, and they both were capable of localizing
EYA2 and EYA1 in the nucleus; their protein levels were stabi-

FIGURE 5. The V17E mutant fails to localize EYA2 and EYA1 to the nucleus and to be stabilized by EYA2. A, analysis of the cellular localization of EYA2 in
the presence of wild type SIX1, the various BOR mutants, or no SIX1 (control). SIX1 WT and the SIX1 BOR mutants were co-transfected with FLAG-tagged
full-length EYA2, and nuclear and cytoplasmic lysates were isolated and analyzed by SDS-PAGE and Western blot analysis. HDAC1 and �-actin were used for
nuclear and cytoplasmic loading controls, respectively. Note that transfection with V17E does not confer localization of EYA2 to the nucleus, similar to the
control reaction that lacked SIX1 expression, whereas transfection with wild type SIX1, as well as all other BOR mutants, does enable nuclear localization of
EYA2. B, analysis of the cellular localization of EYA1 in the presence of wild type SIX1, the various BOR mutants or no SIX1 (control). The experiment was carried
out as in A, using EYA1 instead of EYA2. Note that transfection with V17E does not confer localization of EYA1 to the nucleus. C, EYA2 expression leads to an
increase in SIX1 protein levels in the cell. Wild type SIX1 and SIX1 mutants were co-transfected with pcDNA-3.1 as a control (�) or with full-length EYA2 (�).
Note that EYA2 is able to stabilize wild type SIX1 and all of the SIX1 mutants with the exception of V17E, again suggesting that this mutant is unable to bind EYA.
D, analysis of the effect of EYA2 and SIX1-EYA2 expression on total SIX1 protein and mRNA levels. Western blot analysis (right panel) demonstrates that EYA2
expression alone does not increase the endogenous SIX1 protein to detectable levels, but when EYA2 is co-expressed with SIX1, it leads to a vast increase in
SIX1 protein levels compared with when exogenous SIX1 is expressed alone. Quantitative reverse transcription-PCR analysis (left panel) reveals that when EYA2
is expressed with SIX1, EYA2 does not increase SIX1 transcript levels. The data are presented as normalized fold expression using data from three independent
experiments.
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lized by EYA2, and they failed to activate transcription (data not
shown).

DISCUSSION

Biophysical, biochemical, and cell culture experiments
presented here provide insight into the mechanism by which
SIX1 BOR mutations affect the function of the SIX1-EYA
transcriptional complex. We demonstrate that one of the
mechanisms by which SIX1 BOR mutations affect SIX1

function is likely through an abol-
ished interaction with its co-acti-
vator EYA. However, we find that
the most prevalent mechanism by
which the identified mutations
inhibit the function of the
SIX1 transcriptional complex is
through decreasing the ability of
SIX1 to bind DNA.
Using gel filtration chromatog-

raphy we were able to analyze
direct protein interactions be-
tween six SIX1 BOR mutants and
the ED.Wild type SIX1 and the ED
form a stable complex on the gel
filtration column. Further analysis
of the complex peak by reverse
phase HPLC reveals, for the first
time, that SIX1 and EYA bind in a
1:1 molar ratio. Surprisingly, all of
the BOR mutants tested were able
to form a stable complex with the
ED with the exception of the most
N-terminal mutant, V17E.
These gel filtration results are in

contrast to the finding of Ruf et al.
(15) that the R110W, Y129C, and
delE133 SIX1 mutants are deficient
in EYA1 binding. It is possible that
the different observations could
result from our use of a truncated
form of EYA2 in our binding exper-
iment as opposed to full-length
EYA1, which was used in their
yeast two-hybrid assays. In addi-
tion, we cannot rule out the possi-
bility that the BOR mutants previ-
ously described to be deficient in
EYA1 binding have different affin-
ities for EYA than wild type SIX1,
thus providing an explanation for

the previous observation that the R110W, Y129C, and
delE133 mutants are deficient in EYA1 binding. However,
our cell culture experiments, in which full-length EYA1 and
EYA2 cellular localization was examined in the presence of
the different SIX1 mutants, strongly suggest that our in vitro
biochemical results most likely reflect the in vivo situation,
where only the V17E mutation abolishes binding to EYA
within the cell. These data favor the model where a direct
interaction between SIX1 and EYA rather than an indirect
interaction between the proteins (21) is responsible for the
nuclear localization of EYA because the only mutant that
fails to bind EYA directly in vitro is the only mutant that fails
to localize EYA to the nucleus.
Additionally, we found that EYA2 stabilizes SIX1 protein lev-

els within the cell and that only the V17E mutant is not stabi-
lized by the presence of EYA2.Toour knowledge, this is the first
demonstration that EYA2 leads to an increase in SIX1 protein

FIGURE 6. All SIX1 BOR mutants, with the exception of V17E, are unable to bind DNA efficiently. A, the
ability of the BOR mutants to bind DNA was assessed by electrophoretic mobility shift assay utilizing an
oligonucleotide containing a SIX1-binding site, MEF3 (TCAGGTT). B, the ability of the ED to enter the SIX1-DNA
complex was assessed by electrophoretic mobility shift assay. Note that migration of the V17E-DNA complex is
not altered by the addition of the ED, nor is DNA binding of V17E enhanced by the presence of the ED. In
contrast, the addition of the ED into the wild type SIX1-DNA complex alters the mobility of the complex and
increases the affinity of SIX1 for DNA.

FIGURE 7. Determination of the SIX1-DNA binding affinity in the presence or absence of the ED. Left
panels, electrophoretic mobility shift assays were carried out using an oligonucleotide containing the MEF3
SIX1-binding site, TCAGGTT. A fixed quantity of DNA (4 fmol) and increasing quantities of protein (15, 37.5, 75,
150, 375, 750, 1500, 3750, and 7500 fmol) were used to perform the experiment. Right panel, the data were
analyzed by image quant, and Kd was determined by graphing the percentage of DNA bound versus protein
concentration.

TABLE 1
DNA binding affinity of wild type Six1 and V17E � ED

Kd r2

nM
Six1 WT 2404 � 246 0.996
Six1 WT � ED 383 � 64 0.966
V17E 211 � 44 0.983
V17E � ED 336 � 43 0.989
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levels. EYA2 protein levels also appear to be stabilized by SIX1
because similar levels of EYA2 are found in the V17E and no
SIX1 lanes in the nuclear localization experiment, whereas
EYA2 levels are increased in all other lanes where SIX1 and
EYA2 proteins are able to interact (Fig. 5A).

We have previously reported that SIX1 is degraded through
the anaphase-promoting complex (23). This degradation is
facilitated by binding of the activating subunit, CDH1, to the SD
of SIX1. The binding of EYA to the SD could potentially inhibit
the ability of CDH1 to bind to SIX1, thus blocking/decreasing
SIX1 degradation, although this remains to be proven. Thus,
our protein stabilization finding further underscores the obser-
vation that only the V17E mutant is deficient in EYA binding
and further provides insight into themechanism bywhich SIX1
and EYA2 regulate each other.
It is important to note that the V17Emutation is the only SD

mutation that resides in a predicted �-helix (the first �-helix of
the SD) by secondary structure algorithms (data not shown).
This suggests that the first �-helix of SIX1 is involved in its
interactionwith EYA. Indeed, this valine residue is conserved in
all of the SIX family members, underscoring its importance in
mediating SIX1 function.
We demonstrate that five of the six BOR mutants exhibit

significantly diminished DNA binding, suggesting that this is
the major mechanism by which SIX1 BOR mutants contribute

to the syndrome. For the two muta-
tions that reside in the DNA-bind-
ing HD (Y129C and delE133), this
result is expected and is consistent
with previous observations (15).
The other mutations, V106G,
R110W, and R112C all reside in an
unstructured region of SIX1
(residues100–123) as predicted by
secondary structure algorithms.
This unstructured region links the
last �-helix of the SD with the
N-terminal arm and first �-helix of
the HD. This region, N-terminal to
the HD, is important in DNA bind-
ing specificity for the SIX family
member, SIX4 (10). The integrity of
this region may be crucial for the
function of the N-terminal arm or
for proper folding of the first�-helix
of the HD, thus providing structural
stability. Alternatively, this “linker”
region may be involved directly in
DNAbinding, particularly in light of
the observation that the N-terminal
arm of the SIX family HD lacks
important DNA contacting basic
amino acids that are conserved in
the homeodomain superfamily (24).
The N-terminal arm represents

the first eight or nine amino acids
of the homeodomain and is
unstructured in the absence of

DNA, but upon DNA binding forms direct contacts with bases
in the minor groove (25). Canonical HD N-terminal arms have
a stretch of basic amino acids including an arginine at position
5 that protrudes deep into the minor groove and makes exten-
sive base and sugar contacts. Basic residues at positions 2 and 3
further stabilize the interaction by forming additional hydrogen
bonds with the DNA backbone and give the N-terminal arm a
net charge of �3. All three of these basic residues are absent in
the SIX1 HD and in all of the SIX family members. In fact, two
of these residues are replaced with acidic residues, resulting in
an N-terminal armwith a net negative charge. Thus, the N-ter-
minal arm of SIX1 most likely does not form these stabilizing
DNA contacts. Given the DNA binding deficiencies of the
mutants with mutations located in the linker region, and the
fact that the regionN-terminal of theHD (preceding theN-ter-
minal arm) is important for DNA binding specificity for
another familymember SIX4, one could speculate that the SIX1
protein may contain a noncanonical extension of the N-termi-
nal arm that is involved in DNA binding. Consistent with this
hypothesis, the linker region of SIX1 has a net charge of�6, and
three of the four BORmutations in this linker target two argin-
ines a single amino acid apart, amino acids thatmay be involved
in forming direct DNA contacts, because they do not appear to
significantly affect EYA binding. Thus, this linker region may
help stabilize the DNA interaction by making direct DNA con-

FIGURE 8. All BOR mutants are deficient in transcriptional activation of a SIX1-responsive promoter.
A, Wild type SIX1 and the BOR mutants were either co-transfected with pcDNA-3.1 or full-length EYA2 and
analyzed for their ability to stimulate transcription from the SIX1-responsive 6�MEF3 promoter-luciferase
construct. B, representative Western blot analysis using extracts obtained in the luciferase experiments dem-
onstrates the levels of wild type and mutant SIX1 protein within the luciferase assay. �-Actin was used as a
loading control. Note the failure of V17E to be stabilized by EYA2.
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tacts, extending the DNA binding activity outside of the HD.
Importantly, the residues in this linker region, Val106, Arg110,
and Arg112 are conserved in all of the SIX family members,
again suggesting that these residues play an important func-
tional role.
Our observation that the V17Emutation in the SD enhances

the DNA binding affinity of SIX1 leads to interesting hypothe-
ses related to the function of the SD domain in DNA binding. It
is possible that the SDmay inhibit DNA binding through steric
interference or by masking amino acids that can participate in
DNA contacts. The V17Emutationmay thus disrupt the struc-
ture and/or the positioning of the SD as to no longer sterically
inhibit DNAbinding. Alternatively, itmay promote a structural
change that allowsmore stable DNA contacts to bemade. Con-
sistent with these possibilities, SIX1-EYA complex formation
leads to a �10-fold increase in DNA binding affinity, an
increase that is similar to that reported for another SIX family
member upon EYA binding, SIX2 (24). EYA binding to SIX1
may then disrupt this inhibition by the SD, either by relieving
the steric interference or by exposing amino acids that can now
take part in direct DNAbinding. Further structural analysis will
help answer these hypotheses.
In conclusion, our data demonstrate for the first time that the

integrity of the first �-helix of the SD is critical for SIX1-EYA
complex formation. We also show that SIX1-ED complex for-
mation modulates the ability of SIX1 to bind DNA and that
EYA2 expression leads to an increase in SIX1 protein levels
within the cell. Furthermore, our data demonstrate that the
SIX1 BORmutations contribute to the pathology of the disease
by at least two mechanisms; abolishing the formation of the
SIX1-EYA complex (V17E) or, in the majority of cases, by
diminishing the ability of SIX1 to bind DNA (V106G, R110W,
R112C, Y129C, and delE133).
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