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Here, we provide gain-of-function, loss-of function, and molecular
evidence supporting genetic interactions between metastasis associated protein 1 (MTA1) and Six3 and between Six3 and rhodopsin. We discovered that MTA1 physically interacts with the Six3
chromatin in a histone deacetylase-dependent manner, leading to
transcriptional suppression of the Six3 gene. MTA1 is also a
Six3-interacting corepressor that contributes to a self-negative
regulation of Six3 transcription by Six3. In contrast, deletion of the
MTA1 alleles in murine embryonic fibroblasts or its knockdown in
rat retinal ganglion cells stimulates Six3 expression. MTA1 inactivation in the MTA1-null mice results in an elevated Six3 level and
proliferation of the retina cells with no obvious abnormities in eye
formation. However, unexpectedly, we discovered an enhanced
recruitment of Six3 to the rhodopsin chromatin in retina from the
MTA1-null mice; Six3’s homeodomain interacts with specific DNA
elements in the rhodopsin promoter to stimulate its transcription,
resulting in increased rhodopsin expression. Further, in holoprosencephaly patients, Six3 protein with a naturally occurring
deletion mutation in the helix 3 of the homeodomain does not bind
to rhodopsin DNA or stimulate rhodopsin transcription, implying a
potential defective rhodopsin pathway in the affected holoprosencephaly patients. Further Six3 cooperates with Crx or NRL in
stimulating transcription from the rhodopsin-luc. These findings
reveal a previously unrecognized role for the MTA1 as an upstream
modifier of Six3 and indicate that Six3 is a direct stimulator of
rhodopsin expression, thus revealing a putative role for the MTA1/
Six3/rhodopsin pathway in vertebrate eye.
MTA1 兩 transcription repressor 兩 histone deacetylase
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t is increasingly accepted that the outcome of gene modifying
pathways is mechanistically influenced by epigenetic and
heritable modifications of target gene chromatin. Furthermore,
perturbation in the expression and activity of chromatin modifiers may contribute to pathologic alterations in their physiologic
functions. One such chromatin modifier is metastatic tumor
antigen 1 (MTA1), the founding member of the MTA family of
coregulators and a component of nucleosome remodeling and
histone deacetylase complexes. MTA1 interacts directly with
histone deacetylase (HDAC) 1 and 2 and represses transcription
by recruiting HDAC corepressor complexes to the target genes
(1–3). MTA1 is highly conserved through evolution and ubiquitously expressed (4–7). Although MTA1 levels are increased in
cancer cells (8–11), its contribution in the regulation of essential
genes in normal tissues, including retina, have as yet not been
delineated.
Six3 is a transcription corepressor with a role in the proliferation of retinal precursor cells and contains a homeobox domain
and a Six domain (12, 13). Mutations in the homeodomain of the
human SIX3 gene have been linked to holoprosencephaly, a
complex and multiloci disorder characterized by eye malfunction, severe malformation of the brain, and vision defects in
addition to characteristic brain malformations (14). Despite a
large body of work in support of an essential role of Six3 in
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vertebrates, the nature of its upstream regulator(s) remains
elusive (12–14). Here, we investigated a potential regulatory role
of MTA1 in controlling the Six3 expression and consequently the
resulting target gene expression.
Results and Discussion
To explore the role of MTA1 in the Six3 pathway, we took
advantage of recently generated stable pooled clones of T7MTA1 in the HC11 murine epithelial cell line. We unexpectedly
found a significant reduction of Six3 mRNA and protein in cells
with elevated levels of MTA1 [supporting information (SI) Fig.
6A], raising the possibility that MTA1 might be an upstream
regulator of the Six3 pathway. MTA1 also repressed the transcription driven by a Six3 promoter-luc in HeLa cells (SI Fig. 6B).
To validate these findings, we studied Six3 expression in murine
embryonic fibroblasts from WT, heterozygous, and homozygous
MTA1 (KO) mice, recently generated in the R.K. laboratory. We
found that the loss of MTA1 alleles in the murine embryonic
fibroblasts caused up-regulation of Six3 protein (Fig. 1A).
Because the published literature suggests a paramount role of
Six3 in the development of the eye (12), we next wished to extend
these findings to a physiologically relevant retinal ganglion cell
line 5 (RGC5) (15), which expresses both MTA1 and Six3 (Fig.
1B), and in which depletion of MTA1 by specific siRNA further
up-regulates the expression of Six3 mRNA (Fig. 1C) and protein
(Fig. 1D). Further, MTA1 expression in WERI-Rb-1 retinoblastoma cells repressed Six3-luc activity in a TSA-sensitive manner
(Fig. 1E). We also noticed a higher level of Six3 mRNA in the
cultured retina’s from the MTA1-KO mice as compared with the
WT mice (Fig. 1F). Because Six3 interacts with groucho repressors, which associate with HDACs in Drosophila (16), HDAC
inhibitor trichostatin A (TSA) enhanced the expression of Six3
in both retinas (Fig. 1F, lanes 2 and 4). To confirm that the Six3
gene chromatin is a direct target of MTA1, we performed ChIP
assays, using primers encompassing 280 bp of the Six3 promoter
region. MTA1 was recruited to Six3 promoter in a TSA-sensitive
manner in RGC cells (Fig. 1G), suggesting the role of MTA1/
nucleosome remodeling and histone deacetylase complex in the
noted MTA1 repression of Six3 transcription. Because MTA1
engages HDAC complexes to repress transcription (17), we
found that HDAC2 is also recruited to the Six3 promoter in a
TSA-sensitive manner (Fig. 1G). We used Six3 recruitment to its
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own promoter as a positive control. These findings identify
MTA1 as a new upstream regulator of Six3 transcription factor.
To demonstrate the physical interaction of the MTA1/
nucleosome remodeling and histone deacetylase complex with
the Six3 chromatin, we performed a double ChIP in the RGC5
cells; the initial ChIP was done with anti-MTA1 Ab to immunoprecipitate the MTA1-bound DNA sequences, and the second
ChIP was done with the anti-HDAC2 Ab. We found simultaneous coassociation of MTA1 and HDAC2 with the Six3 chromatin and its derecruitment by TSA (Fig. 1H). Interestingly,
MTA1 recruitment to the Six3 promoter was 3–5 times more
robust than that of Six3-recruitment to its own promoter (Fig.
1H; compare lane 5 with lane 3). MTA1 was bound to the Six3
promoter in the retina from the WT but not KO mice (Fig. 1I).
These findings suggested that MTA1 represses Six3 expression in
an HDAC-dependent manner in retinal cells, providing an
explanation for the repression of Six3 expression at the molecular level.
Because Six3 autorepresses its own expression by a consensus
ATTA core motif in its promoter (18), and because this interaction involves MTA1/HDAC (this study), we hypothesized that
MTA1 might also contribute to the corepressor activity of Six3.
We showed that between the Flag-Six3 and endogenous MTA1
(SI Fig. 7), between the endogenous MTA1 and Six3 (Fig. 1J)
and between Six3 and HDAC2 (Fig. 1K) in the RGC5 cells.
Endogenous Six3 also associates with MTA1 and HDAC2 in the
retina of the WT mice (Fig. 1L). Recombinant MTA1 interacts
with amino acids 184–333 of Six3, whereas HDAC2 interacts
with the amino acids 120–333 of Six3 (SI Fig. 8). In brief, MTA1
interacts with Six3 in vitro and in physiologic settings.
To test whether the MTA1/Six3 complex participates in the
recruitment of Six3 to Six3 gene chromatin, we silenced MTA1
in the RGC5 cells and found a reduced association of Six3 with
the Six3 promoter as compared with control siRNA treated cells
(Fig. 2A). These results suggested an inherent role of MTA1/Six3
interaction and of MTA1 status in influencing the ability of Six3
to interact with its promoter. To demonstrate a direct or indirect
binding of MTA1 to the Six3 promoter, we used the Six3-binding
Manavathi et al.

ATTA core-motif sequence in EMSA. We found that recombinant Six3 but not MTA1 binds to the DNA, whereas inclusion of
Six3 antibody resulted in the partial loss of Six3/DNA complex

Fig. 2. Six3 associates with MTA1 in retinal ganglion cells. (A) ChIP, showing
Six3 derecruitment from its own promoter in RGC5 cells under MTA1 silencing.
(B) EMSA, showing Six3 binding to a synthetic oligo containing ATTA core
(lane 3) and a shift with Six3 antibody (lane 4, bracket) and higher-molecularweight complexes with MTA1 and Six3 (lane 5). Higher protein/DNA complexes are seen in the presence of Six3, MTA1, and Six3 Ab (lane 6). Lane 7
shows no interaction of MTA1 with ATTA DNA oligo.
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Fig. 1. MTA1 regulates Six3 expression. (A) Western blot analysis of Six3, MTA1, and actin in the murine embryonic fibroblasts from the MTA1-KO mice. (B)
Status of MTA1 and Six3 in the nuclear (NE) and cytoplasmic (CE) fractions from RGC5 cells. Paxillin and PARP were used to demonstrate the purity of CE and
NE fractions. (C) Effect of MTA1 siRNA on the levels of Six3 protein in RGC5 cells by qPCR. (D) Effect of MTA1 siRNA on the levels of Six3 protein in the RGC5 cells.
(E) Effect of TSA (100 ng/ml) and MTA1 expression on Six3 luc activity in the WERI-Rb-1 cells. (F) RT-PCR analysis of Six3 mRNA in retina’s of MTA1-KO and WT
mice. (G) ChIP analysis showing recruitment of Six3, MTA1, and HDAC2 onto the Six3 promoter in RGC5 cells. (H) Double ChIP analysis of Six3/HDAC2 or
MTA1/HDAC2 complex onto Six3 promoter in RGC5 cells. (I) MTA1 ChIP analysis onto Six3 promoter in the retina’s of WT mice but not in KO mice. (J–L) Association
of endogenous Six3 with MTA1 (J) and HDAC2 in RGC5 cells (K) and in retinas of the WT mice (L).
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with a faint shifted complex (Fig. 2B, lane 3). Interestingly,
coincubation of MTA1 enabled the formation of higher Six3/
MTA1/DNA complexes (Fig. 2B; compare lanes 3 and 7 with
lane 5). These observations suggested that MTA1/Six3 interaction facilitates the binding of Six3 to the core DNA motif, which
in turn may lead to the repression of Six3 transcription.
Because Six3 plays an important role in eye development (12),
we next determined the expression characteristics of MTA1 and
the status of Six3 in the murine eye from the WT and MTA1-KO
mice. We found that MTA1 is expressed in lens epithelial cells,
retina at embryonic day (E)14.5 and E17.5, and maintained in
the fully differentiated eye and is located in cells of the inner
nuclear layer and in scattered retinal ganglion cells in the adult
WT eye (Fig. 3 A and B). As expected, there was no detectable
expression of MTA1 in eyes from the MTA1-KO mice, as
expected (Fig. 3 A and B). MTA1 is also expressed in the cells
of the inner nuclear layer and ganglion cell layer in the adult
human retina (SI Fig. 9).
Next, we determined the effect of genetic ablation of MTA1
on the expression pattern and levels of Six3 in embryonic and
adult eye (Fig. 3 A and B). We discovered that Six3 colocalizes
with the MTA1 during the early E14.5 stage in WT eye, gradually
reduces in the E17.5 stage eye, and continues to be expressed in
the adult retina (Fig. 3 A and B, green). In contrast, the levels
of Six3 were distinctly up-regulated in both embryonic and adult
eyes from the MTA1-null mice: during embryonic stages the Six3
expression was present in the whole retina area from the
MTA1-KO mice as compared with the limited Six3 expression in
the inner area of the WT mice. There was a modest but
statistically significant increased proliferation of BrdU-positive
cells in E14.5 retina from the KO mice as compared with the WT
eyes (SI Fig. 10). In adult mice, the Six3 expression strikingly
localized in the outer nuclear layer and was also present in cells
in the ganglion cell layer (Fig. 3B). Consistent with the above
findings, we found an increased expression of Six3 mRNA and
Six3 protein in retina from the MTA1-KO mice as evaluated by
RT-PCR, quantitative RT-PCR, northern hybridization, and
Western blot analysis (Fig. 3 C–G). Increased Six3 in the retina
from MTA1-KO mice was also confirmed by increased ability of
retina lysate to form specific Six3/DNA (ATTA core) complex
in EMSA (Fig. 3H).
Because there were no obvious abnormalities in the eyes of the
MTA1-KO mice (SI Fig. 11), we next compared the expression of
a series of cell type-specific markers in the eyes from the WT and
KO mice. There was no significant change in the expression
characteristics of MAP2, calretinin, calbindin, peripherin-2, GFAP,
beta-tubulin-3 (data not shown), anti-cone arrestin, and S and M
opsins (SI Fig. 12). However, we discovered increased rhodopsin
fluorescence intensity in the outer retinal layer from the MTA1-KO
mice as compared with the eyes from age-matched WT mice (Fig.
4A), raising the exciting possibility of a previously unknown relationship between an increased Six3 level and rhodopsin expression.
To confirm this hypothesis, we next determined the levels of
rhodopsin mRNA and protein in the retina from the WT and
MTA1-KO mice. We discovered that retina from the MTA1-KO
mice contained increased level of rhodopsin mRNA 3.5 kb transcript (Fig. 4B) as well as of rhodopsin protein (Fig. 4C). Because
retina from the MTA1-KO mice also contained an increased level
of Six3, and because Six3 could activate or repress the target genes
(19, 20), we next explored a coactivator role of Six3 on rhodopsin
expression. To directly evaluate this hypothesis, we determined the
effect of Six3 or MTA1 on bovine rhodopsin proximal promoter
[⫺130 to ⫹ 70 bp, bRho130-luc (21)]. More importantly, a careful
analysis of rhodopsin promoter discovered the presence of a core
ATTA site (⫺103 to ⫺106 bp). Results from transient transfection
studies in CV1 and 293T cells indicated that Six3 but not MTA1 is
a potent activator of rhodopsin-driven transcription (Fig. 4D),
revealing a coactivator function of Six3 upon rhodopsin expression.
13130 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0705878104

Fig. 3. Six3 expression is up-regulated in retinas from the MTA1-null mice.
(A) MTA1 and Six3 IF staining in WT and MTA1-KO mice retinas at different
developmental stages. (Scale bar, 100 m.) (B) Expression of MTA1, rhodopsin,
Six3 in retina from WT and MTA1-KO mice. os, outer segment; onl, outer
nuclear layer; inl, inner nuclear layer; gcl, ganglion cell layer. (Scale bar, 20
m.) (C) MTA1 level in retinas from the adult WT and MTA1-KO mice. (D–G)
RT-PCR (D), quantitative PCR (E), Northern blot (⬇2.3-kb mRNA) (F), and
Western blot (G) analyses of Six3 expression in retinas from the adult WT and
MTA1-KO mice. (H) EMSAs show Six3 binding to oligo containing ATTA core,
using retinal lysates from the WT and MTA1-KO mice. P, probe alone; FP, free
probe.

To establish that rhodopsin gene chromatin is a direct target
of Six3 in retina, we next examined the recruitment of Six3 to the
proximal rhodopsin promoter encompassing ⫺180 to ⫹ 10 bp
from the transcription initiation site. We found that Six3 is
recruited to the rhodopsin promoter in retinas from the
MTA1-KO mice over a readily detectable level of Six3 recruitment in the retina from the WT mice (Fig. 4E). These findings
suggest that, in principle, Six3 can bind to the rhodopsin gene
chromatin in vivo and may be responsible for the noted upregulation of rhodopsin in the MTA1-null mice.
Manavathi et al.

To determine whether there was an effect of increased
rhodopsin expression on visual function, we next compared the
dark-adapted electroretinograms (ERG) of littermate WT and
MTA1-KO mice at 2.5 month of age. ERGs were measured in
response to brief flashes over a range of increasing stimulus
energies. For the high energy stimuli (e.g., 3.0 log sc td s at the
top; SI Fig. 13), the ERG consisted of a negative going a-wave,
reflecting the mass response of the rod photoreceptors, followed
by a positive going b-wave, primarily reflecting rod bipolar cell
function. The responses were very similar in wave form and time
course for WT and MTA1-KO mice, with responses in the KO
at least as large (SI Fig. 14) as responses in the WT. ERGs of WT
and KO animals were similar over the entire range of stimulus
energies, with the smallest measurable responses at the bottom
of the plot (note different amplitude calibration), the negativegoing scotopic threshold responses from inner retina, occurring
around ⫺5.4 log sc td in both groups. The plots in SI Fig. 14 show
amplitudes of a- and b-waves measured at fixed times after the
brief flash near the peaks of the a- and b-waves for seven KO and
five littermate WT mice. The a-wave amplitudes were slightly
larger in the KO animals, but results for the two groups were not
significantly different.
Although there was increased rhodopsin in the MTA1-KO
mice, ERGs were not significantly larger or more sensitive than
in WT littermates. This may be because the increase in rod opsin
was not accompanied by an increase in the chromophore, 11-cis
retinal. A study of mice in which the rod opsin was overexpressed
found that the 11-cis retinal rose only by ⬇30% when the
quantity of opsin doubled (22). Even in normal mice, only limited
supplies of retinoid in excess of the bound chromophore, enough
Manavathi et al.
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Fig. 4. Six3 regulation of rhodopsin expression. (A) Rhodopsin IF in retinas
from adult WT and MTA1-KO mice. (Inset) Shown are enlargements of stained
rhodopsin region. (Right) Quantification of fluorescence density. (B) Northern
blot analysis of rhodopsin mRNA (3.5 kb) in retinas from adult WT and
MTA1-KO mice. (C) Six3 protein in retinas from adult WT and MTA1-KO mice.
(D) Effect of Six3 on the bRho-130 promoter-luc activity in the CV-1 and 293T
cells. (E) ChIP of Six3 recruitment onto indicated regions of the murine
rhodopsin promoter, using retinas from adult old MTA1-WT (⫹/⫹), -heterozygous (⫹/⫺), and -homozygous (⫺/⫺) mice.

for an additional 25–30% are available (23). This means that
photoisomerization rates could hardly increase, limiting potential changes in sensitivity and amplitude of the ERG. Because
there was no such loss of photoreceptors in the MTA1-KO mice
as oppose to the previous study, our findings point to important
inherent regulatory differences between the forced overexpression of exogenous opsin complementary DNA versus natural
increase in the levels of opsin expression because of transcription
stimulation of opsin promoter chromatin by the currently discovered endogenous regulatory pathway, i.e., MTA1-Six3.
Because the rhodopsin promoter region that interacted with
Six3 contained a core ATTA consensus motif (ATTA, ⫺103 to
⫺106), two ATTA like sequences (GTTA, ⫺97 to ⫺100; ATGA,
⫺91 to ⫺94), we next wished to identify the Six3-interacting
DNA sequences in the rhodopsin promoter (SI Fig. 15). We
designed an oligonucleotide encompassing 26 bp (⫺90 to ⫺112)
of the rhodopsin promoter and performed EMSA, using recombinant Six3 generated by an in vitro translation reaction (either
32P-labeled or unlabeled Six3 protein). We found that Six3 forms
a specific complex with the rhodopsin DNA, which could be
effectively competed by the cold oligo probe and also supershifted by a specific anti-Six3 antibody (Fig. 5A), suggesting that
Six3 could directly bind to the rhodopsin DNA sequence.
Similarly, nuclear extracts from the RGC5 cells (SI Fig. 16A) or
recombinant Six3 but not Pax5 (SI Fig. 16B) also formed a
specific Six3-DNA complex. To determine the specificity of the
Six3-interacting DNA sequence, we first mutated the core
ATTA sequence to AGCA in the oligo probe and found no
major inhibitory effect on Six3 binding (SI Fig. 17, lanes 4–6).
Next, we generated six additional oligo probes with mutations in
the ATTA and ATTA-like motifs (ATTA, GTTA, or ATGA to
GCGC alone or combinations) (SI Figs. 15 and 17), and incubated with the recombinant Six3 in EMSA. This analysis identified both ATTA and ATTA-like motifs as Six3-interacting
motif in the rhodopsin promoter, as the oligo probe containing
substitution of ATTA or GTTA or ATGA with GCGC failed to
form complex with Six3 protein (SI Fig. 17, lanes 13–15).
To demonstrate the functionality of the Six3-binding DNA
sequence in the rhodopsin, we showed that a corresponding mutation in the bRho130-luc reporter abolishes the ability of Six3 to
stimulate transcription of the reporter (Fig. 5B). Having identified
the Six3-interacting DNA sequence in the rhodopsin proximal
promoter, we next assayed the DNA-binding activity of the nuclear
extracts from retinas from the WT and MTA1-KO mice. We found
an increased level of Six3/rhodopsin DNA complex by the nuclear
extracts from MTA1-KO retinas (Fig. 5C, lanes 4–9; compare with
lanes 2 and 3). The identity of the Six3 in the DNA complex was
established by showing the lack of binding to the Six3 mutant MT4
probe (Fig. 5C, lanes 10–12). EMSA analysis using retinal nuclear
extracts, immunodepleted of Six3 by Six3 Ab or rabbit IgG, also
resulted in a significant loss of Six3 binding to rhodopsin DNA oligo
(SI Fig. 18). These results are consistent with an increased expression of Six3, with ability to bind to rhodopsin promoter, in the retina
from the MTA1-KO mice.
Because mutations in the homeodomain of the human SIX3
gene has been linked to holoprosencephaly, a complex and
multiloci disorder characterized by eye malfunction in addition
to characteristic brain malformations (14), and because of our
data showing rhodopsin expression is under the control of Six3,
these observations raised an exciting possibility of a defective
Six3/rhodopsin interaction and resulting vision defects in holoprosencephaly patients. We next determined the influence of the
four naturally occurring Six3 mutations on the protein’s ability
to bind to and stimulate the rhodopsin promoter. Surprisingly, we
discovered that the deletion of 9-bp (Six3, nucleotides 694–702,
AACCCCAGC), which results in the loss of asparagine, proline,
and serine at the boarder and beginning of the helix 3 in the
homeodomain results in a distinct suppression of Six3-binding to
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Fig. 5. Rhodopsin is a direct transcriptional target of Six3. (A) EMSA showing specific binding of in vitro translated Six3 (lane 2) and a band shift in the presence
of Six3 antibody (lane 3) to oligo-containing ATTA core of rhodopsin promoter. P, probe alone; FP, free probe. (B) Effect of Six3 on the WT or mutated-rhodopsin
luc activity in 293T cells. (C) EMSA analysis showing Six3 binding onto the WT rhodopsin oligo probe, using the nuclear extracts from the WT and MTA1-KO mice
retina. Lack of binding with mutant rhodopsin MT4 oligo (lanes 10 –12). (D) Effect of naturally occurring Six3 mutations on Six3’s binding ability to the rhodopsin
oligo by EMSA. (E) Effect of naturally occurring Six3 mutations on rhodopsin-luc activity in 293T cells. (F) Cooperative coactivator activity of Six3 with NRL or CRX1
in stimulating rhodospin-luc activity in 293T cells. Increasing amounts of either Six3 or CRX1 or NRL (0.25 g, 0.5 g, 1 g) were transfected in lanes 2–10;
increasing amounts of CRX1 or NRL (0.25 g, 0.5 g, 1 g) and 0.5 g of Six3 were transfected in lanes 11–16; and 0.5 g of Six3, NRL, and Crx1 were transfected
in lane 17. (G) A working model summarizes that MTA1 is a negative regulator of Six3 transcription, whereas Six3 is a positive regulator of rhodopsin transcription.

rhodopsin promoter (Fig. 5D, lane 6). However, there were no
significant inhibitory effects of the three natural missense mutations (L226V, R257P, and V250A) on the ability of Six3 to bind
to the rhodopsin promoter. Because all of the three tested
missense Six3 mutants behaved in a similar manner in EMSA, we
next examined the effect of most effective Six3.⌬NPS mutant for
its ability to induce rhodopsin luciferase as compared with the
wild Six3. In this assay, we used Six3.L226V as an additional
negative control. Surprisingly, we found that NPS-deletion mutant of Six3 was unable to stimulate rhodopsin luciferase activity
(Fig. 5E), and thus consistent with the observed reduced binding
in the EMSA assay (Fig. 5E, lane 6). These results suggested that
naturally occurring NPS-deletion mutation impair the ability of
Six3 to stimulate rhodopsin transcription.
Because we now recognized unusual coactivator functions of Six3
upon rhodopsin transcription, we next investigated whether Six3
cooperates with previously characterized coactivators of rhodopsin
promoter, such as NRL (24) and CRX1 (25). We found that Six3
is as effective as NRL or CRX1 in inducing transcription from the
rhod-promoter reporter (Fig. 5F, compare lanes 2–4 with lanes
5–10). Interestingly, we found that coexpression of Six3 and NRL
or CRX1 further enhances rhodopsin-luc activity compared with
the levels achieved by individual coregulators (Fig. 5F, lanes 11–16),
whereas combined expression of all three proteins was accompanied by a significant stimulation of rhodopsin transcription as
compared with coexpression of two proteins (Fig. 5F, lane 17). Such
a transcriptional cooperatively may occur through protein–protein
interactions and may result from efficient DNA binding. Because
both NRL and CRX1 are widely mutated in the human retinal
degeneration, and because Six3, a newly recognized coactivator of
rhodopsin, also cooperates with NRL or CRX1, these findings raise
13132 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0705878104

possibility of the potential mutations of Six3 and perhaps MTA1, in
retinal degeneration diseases. Overall, these observations imply
that naturally occurring deletion mutation in the homeodomain of
the Six3 in holoprosencephaly patients and perhaps in other human
retinal disorders. In summary, findings presented here reveal an
unrecognized role for MTA1 as an upstream modifier of Six3, a
direct stimulator of rhodopsin expression (Fig. 5G). Thus, our work
has revealed a potential regulatory role of MTA1/Six3/rhodopsin
pathway in affecting rhodopsin expression in vertebrate eye. Future
studies are warranted to reveal the significance of these molecular
interactions in the physiology of eye in relevant model systems with
varied genetic background.
Methods
Cell Lines. HEK293T, HeLa and CV1 cells were purchased from
American Type Culture Collection (ATCC, Manassas, VA), and
RGC5 (15) was maintained in DMEM and F12 medium (1:1)
supplemented with 10% FCS.
EMSAs. Six3 binding to either synthetic ologo’s contain ATTA

sequence, or WT or mutant rhodopsin promoter oligo (26
nulceotide) using EMSA were done as described in ref. 18.
ChIP, Reporter, and Biochemical Assays. Chromatin immunopre-

cipitation assays were done by using either Six3 Ab, MTA1 Ab,
or HDAC2 Ab, as described in ref. 2. The primers used for ChIP
are listed in SI Fig. 19. Six3-luc or bovine rhodopsin-luc assays
were performed. Western blot analyses, immunoprecipitation,
and GST-pulldown assays were performed as described in ref. 2.
Mice. MTA1⫺/⫺ mice were crossed in C57/BL6 and 129sv mixed

background.
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