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INTRODUCTION
During embryonic development, two major types of neurons
migrate and populate the cortex: the excitatory glutamate-releasing
neurons and the inhibitory -aminobutyric acid (GABA)-releasing
interneurons. It has been proposed that some forms of autism are
the result of an imbalance in the excitation/inhibition ratio of the
cortical neurons, leading to an increase in the excitatory state of the
brain (Rubenstein and Merzenich, 2003). This excitatory state
could be achieved by a reduction in the inhibitory signaling or an
increase in the excitatory system.

The differentiation of multipotent neuronal progenitors into
various neuronal cell types requires complex genetic regulatory
mechanisms. For instance, the differentiation and proper migration
of the GABAergic interneurons to the cortex are controlled to a
large extent by homeodomain-containing transcription factors of
the Dlx family (Anderson et al., 1997a; Anderson et al., 1997b).
Four Dlx genes, Dlx1, Dlx2, Dlx5 and Dlx6, are expressed in two
distinct forebrain domains: the ventral telencephalon and parts of
the diencephalon (Bulfone et al., 1993; Robinson et al., 1991).
Their expression in the ventral telencephalon is restricted to the

differentiating GABAergic projection neurons and interneurons,
which will later migrate to the cortex and olfactory bulb (Anderson
et al., 1997a; Stuhmer et al., 2002a; Stuhmer et al., 2002b).

The Dlx genes are organized in convergently transcribed bigene
clusters and have highly similar patterns of expression, possibly
owing to shared cis-acting regulatory elements (CREs) (Nakamura
et al., 1996; Porteus et al., 1991; Price et al., 1991; Robinson and
Mahon, 1994; Robinson et al., 1991; Scherer et al., 1995; Simeone
et al., 1994; Stock et al., 1996). Through phylogenetic footprinting
and transgenic analysis, two CREs, called I56i and I56ii, have been
discovered in the Dlx5/Dlx6 intergenic region (Zerucha et al.,
2000). In reporter assays, both elements are active in the
telencephalon and diencephalon. In-depth analysis of their
enhancer activities has shown that these individual enhancers may
participate in Dlx gene regulation during the development of
specific populations of GABAergic interneurons (Ghanem et al.,
2007; Ghanem et al., 2008).

The Dlx genes have been associated with human autism
spectrum disorders (ASDs) (Hamilton et al., 2005). Two Dlx
bigene clusters, DLX1/DLX2 and DLX5/DLX6, are found in autism
susceptibility loci on chromosomes 2q31.1 and 7q21.3. Two recent
linkage studies have provided evidence that these two loci can be
linked to ASDs (Liu et al., 2009; Nakashima et al., 2009). Liu and
collaborators have shown that two polymorphisms found in the
DLX1/DLX2 loci could potentially increase susceptibility or cause
autism in cohorts of multiplex families in which there is a greater
genetic component for these conditions (Liu et al., 2009). In a
search for autism genomic variants in the DLX1/2 and DLX5/6 loci,
we identified 31 single-nucleotide polymorphisms (SNPs) and two
insertion/deletion polymorphisms. One adenine-to-guanine SNP
was found at position 182 of I56i (Hamilton et al., 2005). The
location of the SNP coincides with one of the two putative Dlx
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SUMMARY
Dlx homeobox genes play a crucial role in the migration and differentiation of the subpallial precursor cells that give rise to
various subtypes of -aminobutyric acid (GABA)-expressing neurons of the forebrain, including local-circuit cortical interneurons.
Aberrant development of GABAergic interneurons has been linked to several neurodevelopmental disorders, including epilepsy,
schizophrenia, Rett syndrome and autism. Here, we report in mice that a single-nucleotide polymorphism (SNP) found in an
autistic proband falls within a functional protein binding site in an ultraconserved cis-regulatory element. This element, I56i, is
involved in regulating Dlx5/Dlx6 homeobox gene expression in the developing forebrain. We show that the SNP results in
reduced I56i activity, predominantly in the medial and caudal ganglionic eminences and in streams of neurons tangentially
migrating to the cortex. Reduced activity is also observed in GABAergic interneurons of the adult somatosensory cortex. The SNP
affects the affinity of Dlx proteins for their binding site in vitro and reduces the transcriptional activation of the enhancer by Dlx
proteins. Affinity purification using I56i sequences led to the identification of a novel regulator of Dlx gene expression, general
transcription factor 2 I (Gtf2i), which is among the genes most often deleted in Williams-Beuren syndrome, a
neurodevelopmental disorder. This study illustrates the clear functional consequences of a single nucleotide variation in an
ultraconserved non-coding sequence in the context of developmental abnormalities associated with disease.
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binding sites (Feledy et al., 1999) within I56i (Zerucha et al.,
2000). This region of I56i also encodes the second exon of the long
polyadenylated non-coding RNA (lpncRNA) Evf2 (Dlx6os1 –
Mouse Genome Informatics) (Feng et al., 2006), which was
recently shown to contribute to the mechanisms by which the
Dlx5/Dlx6 bigene cluster is regulated (Bond et al., 2009).
Furthermore, the I56i CRE was identified as one of 481
ultraconserved elements of the mouse genome (exhibiting 100%
identity, with no insertion or deletions, on DNA fragments longer
than 200 bp between orthologous regions of the human, rat and
mouse genomes) (Bejerano et al., 2004). The 182-SNP was found
to be part of a completely conserved 8 bp motif based on the
sequence conservation between 40 vertebrate genomes (Fig. 1).
Therefore, the unexpected identification of this SNP in the I56i
enhancer suggested that it could have functional consequences for
Dlx5/Dlx6 regulation during development.

Here, we present evidence suggesting that the I56i SNP affects
transcriptional regulation of the Dlx5/Dlx6 bigene cluster through
the I56i CRE. Enhancer activity is impaired by the I56i SNP,
leading to a decrease in the expression of a reporter gene in the
developing telencephalon as well as in different subpopulations of
GABAergic neurons in the adult cortex. Our in vivo and in vitro
assays strongly suggest that Dlx proteins have a reduced affinity
for the variant site. Affinity purification confirmed that Dlx
proteins are bound at or near the SNP sequence and also led to the
identification of Gtf2i as a new regulator of the Dlx5/Dlx6 bigene
cluster. We propose that the impaired I56i enhancer activity
resulting from the 182-SNP could impact on Dlx function and
therefore cortical interneuron development and could constitute a
contributing factor to developmental abnormalities underlying
ASDs.

MATERIALS AND METHODS
Mutagenesis of mouse I56i
The 182-SNP-containing I56i enhancer was generated by PCR using the
overlapping fragment technique. A first fragment was amplified from the
mouse I56i enhancer using oligonucleotides I56i-1.for and I56i-316.rev
(for oligonucleotide sequences, see Table S1 in the supplementary
material). A second overlapping fragment was generated using an
oligonucleotide containing the desired mutation I56i SNP in combination
with the I56i-436 primer. After purification by agarose gel electrophoresis,
the two fragments were used as templates for a final PCR reaction with
I56i-1.for and I56i-436.rev. A mix (1:3) of Taq and Pfx DNA polymerase
(Invitrogen) was used to avoid unwanted mutations. Finally, the mutant
enhancer was purified on a gel, TA-cloned and sequenced.

Transgenic experiments
The I56i and vI56i enhancers were subcloned into the XhoI site of the
p1230 vector (Yee and Rigby, 1993) that contains a human -globin
minimal promoter and a lacZ reporter gene. Transgenic animals were
produced and analyzed as described (Zerucha et al., 2000). Two transgenic
lines and three primary transgenic embryos were obtained for the vI56i-
lacZ construct. These transgenic embryos were compared with two mouse
transgenic lines obtained with the I56i-lacZ construct (Ghanem et al., 2003;
Ghanem et al., 2007; Zerucha et al., 2000).

Histology and double immunohistochemistry
Fixation of E13.5 telencephalon was carried out overnight in 4%
paraformaldehyde (PFA) in 1�PBS. For adult brains, mice (P30) were
deeply anesthetized and subjected to intracardiac perfusion with 10% saline
solution followed by 4% PFA in 1�PBS. The adult brains were removed
and post-fixed in 4% PFA for 2 hours at room temperature. After fixation,
all brains were cryoprotected by immersion in 30% sucrose, frozen in OCT
(Tissue-Tek) on dry ice, and stored at –80°C until use. For single and
double immunohistochemistry, E13.5 brains were cut at 60 m and adult

brains at 40-45 m on a cryostat (Leica CM3050 S). Double
immunostaining was performed as previously described (Ghanem et al.,
2007). An antibody from Abnova was used for Gtf2i
immunohistochemistry (IHC-00273).

Nuclear extract preparation
Nuclear extracts were prepared from the brains of E13.5 mouse embryos
(1 ml of tissue) as described (Sambrook et al., 1989). In addition, the
protein extract was dialyzed against the resuspension buffer using a
Spectra/Por dialysis cuvette (VWR) overnight at 4°C. Aliquots of 50 l
were frozen in liquid nitrogen and stored at –80°C.

DNase I footprinting analysis
A portion of the I56i enhancer corresponding to nucleotides 187-316 was
amplified by PCR using primers zI56i-187 and zI56i-316. PCR fragments
were TA-cloned in the pDrive vector (Qiagen). This fragment was
recovered by digestion with EcoRI and KpnI followed by gel purification
(QIAquick, Qiagen). Directional labeling of each fragment was performed
by 5� end fill using the large fragment of DNA polymerase I (Invitrogen).
Footprinting reactions were carried out as described (Poitras et al., 2007).

Protein-DNA complex purification
Nuclear protein extracts from E13.5 mouse embryos were incubated with
2 g of a double-stranded biotinylated oligonucleotide encompassing the
two Dlx binding sites (see mI56i FP3-FP5.For and .Rev in Table S1 in the
supplementary material) in 1� EMSA binding buffer [7 mM Tris pH 7.5,
81 mM NaCl, 2.75 mM dithiothreitol, 5 mM MgCl2, 0.05% NP40, 1
mg/ml bovine serum albumin, 25 g/ml poly(dI-dC), 10% glycerol] at
room temperature for 60 minutes. After 30 minutes of incubation,
streptavidin-coated agarose (Sigma, S1638) was added to the reaction.
Protein-DNA complexes coupled to the streptavidin-sepharose beads were
washed with 1� EMSA binding buffer. Elution of the protein components
of the complexes was carried out by boiling the reaction mixture in
Laemmli loading buffer (final concentration 2% SDS, 10% glycerol, 5%
2-mercaptoethanol, 0.002% Bromophenol Blue and 0.0625 M Tris-HCl).
Removal of the sepharose beads was achieved by filtering the boiled
reaction through a SPIN-X centrifuge tube filter (Corning).

Sample preparation for mass spectrometry analysis
Eluted proteins were resolved using a 4-12% Criterion XT Bis-Tris
gradient gel (Bio-Rad) and stained with Sypro Ruby (Invitrogen) according
to the manufacturer’s instructions. Images were acquired on a Geliance
CCD-based bioimaging system (PerkinElmer).

Liquid chromatography (LC)-tandem mass spectrometry (MS/MS)
analysis
The entire protein profile on SDS-PAGE was sliced from the gel into 25
bands using a gel excision Lanepicker (The Gel Company). In-gel protein
digestion was performed on a MassPrep liquid handling station
(Micromass) according to the manufacturer’s specifications and using
sequencing grade modified trypsin (Promega). Peptide extracts were dried
using a SpeedVac.

Peptide extracts were separated by online reversed-phase (RP) nanoscale
capillary liquid chromatography (nanoLC) and analyzed by electrospray
mass spectrometry (ES MS/MS). The experiments were performed on a
Thermo Surveyor MS pump connected to an LTQ linear ion-trap mass
spectrometer equipped with a nanoelectrospray ion source (Thermo
Electron, San Jose, CA, USA). Peptide separation took place within a
PicoFrit BioBasic C18 column of 10 cm � 0.075 mm internal diameter
(New Objective, Woburn, MA, USA) with a linear gradient from 2 to 50%
solvent B (acetonitrile, 0.1% formic acid) in 30 minutes at 200 nl/minute.
Mass spectra were acquired using the data-dependent acquisition mode
(Xcalibure Software, version 2.0). Each full-scan mass spectrum (400 to
2000 m/z) was followed by collision-induced dissociation of the seven
most intense ions. The dynamic exclusion function was enabled (30 second
exclusion) and the relative collisional fragmentation energy was set to 35%.
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Interpretation of tandem mass spectrometry spectra
All MS/MS samples were analyzed using Mascot (version 2.2.0; Matrix
Science, London, UK). Mascot was set up to search against the rodent
Uniref_100 protein database (TaxID: 9989) assuming digestion with
trypsin. Fragment and parent ion mass tolerance were 0.5 Da and 2.0 Da,
respectively. Iodoacetamide derivative of cysteine was specified as a fixed
modification and oxidation of methionine was specified as variable
modification. Two missed cleavages were allowed.

Criteria for protein identification
Scaffold (version 02_02_03; Proteome Software, Portland, OR, USA) was
used to validate MS/MS-based peptide and protein identifications. Peptide
identifications were accepted if they could be established at greater than
95.0% probability, as specified by the Peptide Prophet algorithm (Keller et
al., 2002). Protein probabilities were assigned by the Protein Prophet
algorithm (Nesvizhskii et al., 2003). Proteins that contained similar
peptides and could not be differentiated based on MS/MS analysis alone
were grouped to satisfy the principles of parsimony. Using these stringent
identification parameters, the rate of false positive identifications was less
than 1%.

Co-transfection experiments
A zebrafish dlx2a cDNA (845 bp) encompassing the full coding sequence
was amplified by PCR and cloned into the EcoRI site of the pcDNA3-
FLAG expression vector. The construction of the DLX2A homeodomain
mutant was described previously (Poitras et al., 2007). The zebrafish dlx5a
cDNA (1.2 kb) was amplified by PCR and cloned into the BglII/XhoI sites
of the pTL2 expression vector. The rat Gtf2i cDNA (accession BC085815)
subcloned into the expression vector pExpress-1 was purchased from Open
Biosystems.

The wild-type and 182-SNP variant of the mouse I56i enhancer were
PCR amplified and inserted upstream of a minimal promoter driving
expression of the synthetic firefly luciferase (luc2) gene (pGL4.23 vector
from Promega). Cell culture and transfection were carried out as previously
described (Zerucha et al., 2000). Luciferase assays were performed
according to the manufacturer’s protocol (Promega).

Electrophoretic mobility shift assay (EMSA)
EMSAs were performed using double-stranded oligonucleotides
corresponding to the identified putative binding site. Complementary 21
nucleotide oligonucleotides (mI56i FP3.for and mI56i FP3.rev) were
annealed and end-labeled using [32P]-ATP (Amersham) and T4
polynucleotide kinase (New England Biolabs). For each binding reaction,
1 ng of labeled DNA was incubated with recombinant Flag-Dlx2 (TNT
Quick Coupled Transcription/Translation Kit, Promega), GST-Dlx proteins
or with nuclear extracts in reaction buffer. EMSAs were carried out as
described (Poitras et al., 2007).

In the competition assay using nuclear extract, increasing amounts of
unlabeled competitor (0, 5, 20, 50 and 100 ng) were added to the binding
reaction. As a competitor, an unlabeled double-stranded wild-type
oligonucleotide competitor or a version of equal length containing the 182-
SNP (see Fig. 1A) was used.

The competition assay with recombinant Dlx proteins was carried out
using double-stranded 32P-labeled oligonucleotides corresponding to a
triplicate of the core FP3 site (ATAATT), termed I56i FP3 X3, with fixed
amounts of GST-Dlx5a protein. These binding reactions were competed
with increasing amounts (1, 3 and 10 ng) of the unlabeled double-stranded
wild-type oligonucleotide competitor (I56i FP3 X3) or the variant version,
vI56i FP3 X3. Quantification of the percentage of the remaining complexes
was achieved using ImageJ (http://rsbweb.nih.gov/ij/index.html).

For the supershift assay, the Flag-Dlx2 unpurified TNT reaction was
preincubated overnight at 4°C with 1 g of anti-Flag antibody (F7425,
Sigma).

Western blots
Proteins from the previously described E13.5 nuclear extract were
separated on an 8% SDS-PAGE gel and electrophoretically transferred to
Hybond-C membrane (GE Healthcare) in 25 mM Tris, 192 mM glycine,
20% methanol. Membranes were blocked in PBS-T (145 mM NaCl,

10 mM Na-phosphate buffer pH 7.4, 0.2% Tween 20) containing 2.5%
dried milk. The membranes were then incubated with an anti-Gtf2i
antibody (Abnova, IHC-00273; 1/1000) in PBS-T containing 1% dried
milk overnight at 4°C. After washing with PBS-T containing 1% dry milk,
blots were incubated with horseradish peroxidase-conjugated goat anti-
rabbit IgG (1/5000) in PBS-T containing 1% dry milk. The blots were
developed using an HRP chemiluminescence substrate kit (Immun-Star).

Statistical analysis
Statistical significance (P<0.05), as presented in Fig. 6C,D, was determined
using the paired Student’s t-test. All quantitative data are presented as the
mean ± s.e.m.

RESULTS
An SNP affects the activity of the I56i enhancer
We previously identified seven variants in CREs of Dlx genes from
a collection of DNA samples from autistic probands (Hamilton et
al., 2005). Using sequence conservation analysis in orthologous
sequences (see Fig. S1 in the supplementary material) and DNaseI
footprinting to localize binding of trans-acting (Poitras et al., 2007)
(data not shown; see also Fig. 4A), we found that position 182 in
I56i (base 96,641,429 on chromosome 7, see Fig. 2A), changing an
adenine for a guanine, was the only sequence variant predicted to
have a major impact on CRE function. By comparing the
nucleotide sequence of the I56i enhancer from 40 vertebrate
genomes, we found that this adenine (underlined) was part of a
completely conserved 8 bp motif (ATAATTAG) (Fig. 1).

To evaluate potential effects of the 182-SNP on the in vivo
enhancer activity of I56i, we produced transgenic mouse embryos
with reporter constructs that contained either the wild-type I56i or
its corresponding 182-SNP-containing variant (hereafter referred
to as vI56i) in combination with a -globin minimal promoter-lacZ
cassette (Yee and Rigby, 1993). As previously reported, the I56i
enhancer targets the expression of the reporter cassette to the
developing forebrain and branchial arches (Ghanem et al., 2003;
Ghanem et al., 2007; Zerucha et al., 2000) (Fig. 2B). In the
telencephalon of E11.5 mouse embryos, I56i targets lacZ
expression to the subventricular zone (SVZ) and mantle zone (MZ)
of the medial and lateral ganglionic eminences (MGE and LGE)
(Fig. 2C). By contrast, lacZ expression driven by vI56i-lacZ was
reduced in all the aforementioned regions of the forebrain. A more
pronounced effect was observed in the MGE (Fig. 2D-F). The
reductions in transgene expression varied when comparing
embryos from two independent transgenic lines and three primary
transgenic animals, ranging from slight reductions to an almost
total absence of transgene expression (Fig. 2C-F; data not shown).
As we never observed such variations in activity in at least nine
primary transgenic embryos and four established lines expressing
I56i-lacZ (Zerucha et al., 2000) (data not shown), it is most
unlikely that the decreases we observed with vI56i-lacZ are
attributable to integration or to copy number effects.

The activity of the variant enhancer was more severely affected
at E13.5 than at E11.5 (Fig. 2G,H). Moreover, almost no vI56i-
lacZ-expressing cells could be detected in the SVZ and MZ of the
caudal ganglionic eminence (CGE) (Fig. 2I,J). Reductions in
enhancer activity were also observed in more rostral sections of the
telencephalon (data not shown).

We have previously shown that the transcriptional activity of the
I56i enhancer can be observed in GABAergic interneurons that are
migrating tangentially from the ventral telencephalon to the cortex
(Ghanem et al., 2007). Hence, we evaluated the activity of the
vI56i-lacZ transgene in migrating interneurons at E13.5. In the
brains of I56i-lacZ embryos, numerous lacZ-expressing neurons,
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organized in streams, were observed migrating towards the pallium
at the levels of the mid-telencephalon (LGE/MGE) and caudal
telencephalon (CGE) (Fig. 3A-D). By contrast, only a few scattered
migrating cells expressed the vI56i-lacZ transgene at both levels of
the embryonic telencephalon (Fig. 3E-H).

To determine whether the effect of the 182-SNP on I56i
enhancer activity persists after birth, we performed double
immunohistochemistry on the somatosensory cortex of P35
transgenic mice using cortical interneuron markers. We co-labeled
lacZ-expressing cells with markers for four major subtypes of
interneurons: the calcium-binding proteins calbindin, calretinin
(calbindin 2) and parvalbumin (CB, CR and PV) and the
neuropeptide somatostatin (SOM). These four markers were
specifically chosen on the basis of previous findings showing that
most CB+, PV+ and SOM+ interneurons originate from the MGE,
whereas the CGE is one major origin of CR+ interneurons (Fogarty
et al., 2007; Wonders and Anderson, 2006; Wonders et al., 2008).
We observed a significant decrease in co-labeling in the
somatosensory cortex of the vI56i-lacZ mice as compared with the
I56i-lacZ mice (Fig. 4). The mutant vI56i-lacZ transgene was
expressed in 32.4% of CB+, 22.8% of CR+, 31.2% of PV+ and
46.5% of SOM+ interneurons. By contrast, the wild-type I56i-lacZ
was found in 89.5% of CB+, 75.9% of CR+, 75.8% of PV+ and

76.4% of SOM+ interneurons (Ghanem et al., 2007). Taken
together, these results suggest that the 182-SNP has important
functional consequences for I56i enhancer activity at both
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Fig. 2. The 182-SNP affects I56i enhancer activity in the
developing forebrain. (A)Dlx5/Dlx6 bigene cluster. Exons are shown
in black and white (coding), the enhancers I56i in red and I56ii in gray.
The I56i enhancer is enlarged to show the position of the 182-SNP
variant identified by Hamilton and collaborators (Hamilton et al., 2005).
The sequence of the 182-SNP variant (vI56i) and wild-type I56i are
shown beneath. The remainder of the mouse and human I56i
sequences are virtually identical (Zerucha et al., 2000). (B)At E11.5, the
mouse I56i enhancer drives lacZ reporter expression to the ventral
telencephalon (VT), diencephalon (Di) and to the hyoid (Hyo) and
mandibular (Md) arches. (C-J)Transverse sections through the
telencephalon of I56i-lacZ (C,G,I) and vI56i-lacZ (D-F,H,J) mouse
embryos at E11.5 (C-F) and E13.5 (G-J). (A-F)-galactosidase assay
staining. (G-J)Immunohistochemistry for -galactosidase. (E,F)Sections
from primary transgenic embryos. Black arrowheads (C-F) and white
arrowheads (I,J) indicate reduced vI56i enhancer activity in the MGE at
E11.5 and in the MGE, LGE and CGE at E13.5, respectively. The
asymmetric staining observed in E,F could be attributed to tilted
sectioning and is not the result of asymmetric expression of the lacZ
transgene; it is similar to the results of transgenic experiments reported
by Lettice and collaborators concerning a point mutation in the ZRS
enhancer of the Shh gene (Lettice et al., 2008). Scale bars: 1 mm in B;
500m in C-J.

Fig. 1. The SNP found in I56i is located in a highly conserved
sequence. Forty vertebrate genome sequences in the vicinity of the
targeted variant (bold) were aligned. Non-consensus bases are
underlined and inserted bases in tenrec and medaka are indicated as
gaps in all other species. This region corresponds to bases 96,641,417-
96,641,443 of chromosome 7 from the February 2009 human genome
assembly (GRCh37).
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embryonic and postnatal stages of brain development. Therefore,
we propose that a mouse homozygous for the 182-SNP mutation
may present reduced levels of Dlx5/Dlx6 expression, and that this
in turn may affect the development of cortical interneurons

Binding of a forebrain transcription factor is
affected by the presence of the 182-SNP
To characterize the DNA-protein interactions taking place on the
I56i enhancer, we performed a DNaseI footprinting analysis using
mouse E13.5 telencephalon nuclear protein extract. Seven DNA-
protein complexes were observed, four of which are shown in Fig.
5A. The 182-SNP is located within the boundary of DNA-protein
complex 3 (FP3). To examine the effects of the 182-SNP on the
binding of forebrain transcription factors to the I56i enhancer, a
competitive electrophoretic mobility shift assay (EMSA) was
performed. When a 21 bp double-stranded oligonucleotide
corresponding to the FP3 binding site (Fig. 2A) was incubated with
the E13.5 telencephalon nuclear extract, four DNA-protein
complexes were observed (Fig. 5B, E1-E4). As increasing amounts
of the unlabeled I56i-FP3 oligonucleotide were added to the
reaction, all four complexes were abolished. When the unlabeled
vI56i-FP3 oligonucleotide (Fig. 2A) was used as a competitor,
three DNA-protein complexes were efficiently competed.
However, the E4 complex was unaffected by the vI56i-FP3
oligonucleotide. Interestingly, the molecular weights of the E3 and

E4 complexes were comparable to those of complexes produced by
a recombinant Dlx2 (Fig. 6A). This suggests that the 182-SNP is
interfering, in vitro, with the formation of a DNA-protein complex,
which either includes Dlx protein(s) or proteins of similar size.

To identify factors that bind to the I56i at and near the FP3
binding site, we carried out an affinity purification assay using a
DNA fragment that encompasses the two Dlx binding sites of the
I56i enhancer and nuclear proteins prepared from E13.5 mouse
embryonic telencephalon. Nuclear proteins that were bound to the
affinity matrix were identified by mass spectrometry (see Table S2
in the supplementary material).

Consistent with previous observations that Dlx2 is able to bind
and activate transcription through the I56i enhancer (Zerucha et al.,
2000; Zhou et al., 2004), Dlx proteins were identified among the
purified proteins. However, the most abundant protein isolated
from the purification was general transcription factor 2 I (Gtf2i),
with 49 distinct peptides identified by mass spectrometry (see
Table S2 in the supplementary material). Interestingly, a potential
Gtf2i binding site (Chimge et al., 2008) is located halfway between
the two Dlx binding sites of the sequence used for affinity
purification (see Fig. S1 in the supplementary material).

Transcriptional activity of I56i is affected by the
presence of the 182-SNP
We evaluated the affinity of the Dlx proteins for the FP3 binding
site in its wild-type or 182-SNP-containing versions by a
competitive EMSA. The Dlx5-I56i FP3 X3 complexes were
competed more efficiently by the unlabeled I56i FP3 X3 than by
the variant competitor (vI56i FP3 X3), suggesting that the Dlx
proteins possess more affinity for the wild-type FP3 binding site
than for the variant sequence (Fig. 6B). Next, we examined the
effects of the 182-SNP on the transcriptional activity of the I56i
enhancer in response to Dlx2 or Dlx5 using luciferase reporter
assays following co-transfections in murine fibroblast NIH3T3
cells. In the presence of the 182-SNP, the response of the I56i
enhancer to Dlx2 and Dlx5 decreased by 39% and 24%,
respectively (Fig. 6C).

To test a possible involvement of Gtf2i in Dlx5/Dlx6 regulation
via the I56i enhancer, additional co-transfections were performed
in NIH3T3 cells. Gtf2i and the Dlx proteins were shown to
synergize in activating the expression of the reporter luc2 (Fig.
6D). The transfection of a Gtf2i-expressing plasmid per se did not
stimulate transcriptional activity (0.04%, relative to Dlx2 activation
taken as a 100% reference). However, when co-transfected with the
Dlx2 or Dlx5 expression plasmids, the transcriptional activity
increased to 138.2% and 60.8%, respectively. These activations
represent an increase of 38% (Dlx2) and 24% (Dlx5) when
compared with the transfection reactions in which only Dlx2 or
Dlx5 plasmids were transfected (100% and 49.2%, respectively).

3093RESEARCH ARTICLESNP in a Dlx5/6 enhancer

Fig. 3. I56i enhancer activity is impaired by the 182-SNP in
migrating neuronal precursors at E13.5. 
(A-H)Immunolocalization of -galactosidase (red) in I56i-lacZ (A-D)
and vI56i-lacZ (E-H) transgenic mouse brains at the level of the
LGE/MGE (A,B,E,F) and CGE (C,D,G,H). The boxed regions in
A,C,E,G are shown at higher magnification in B,D,F,H. Numerous
lacZ-expressing neurons were observed migrating from the MGE
and CGE towards the developing cortex in I56i-lacZ brains (A-D),
whereas only a few scattered lacZ-expressing cells were detected
in the migrating streams leaving both eminences from the vI56i-
lacZ brains (E-H). Scale bars: 500m in A,C,E,G; 250m in
B,D,F,H.

Fig. 4. I56i enhancer activity is impaired by the 182-SNP in the
adult cortex. Quantification of the percentage of lacZ-expressing cells
that co-express various GABAergic interneuron subtypes (PV,
parvalbumin; SOM, somatostatin; CB, calbindin; CR, calretinin) in the
adult mouse somatosensory cortex at P35. The contribution of vI56i-
lacZ-expressing precursors to adult cortical interneuron populations
expressing PV, SOM, CB and CR was significantly reduced compared
with that of I56i-lacZ-expressing cells. All data are presented as mean
± s.e.m. *, P<0.001. D
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These results indicate that the 182-SNP interferes with the
activation of the I56i enhancer by Dlx proteins and suggest a role
for interactions between Dlx and Gtf2i proteins in Dlx gene
regulation via the I56i enhancer.

DISCUSSION
In this report, we demonstrated that an SNP, originally isolated in
a screen of autistic probands and located in an ultraconserved
Dlx5/Dlx6 CRE (I56i), has functional consequences for the activity
of the enhancer throughout forebrain development, continuing into
adulthood. The identification of this functionally important SNP in
the I56i enhancer provides an entry point to address the relationship
between Dlx gene regulation in the telencephalon, GABAergic
interneuron development and, potentially, the etiology of ASD.

Since this element was identified as one of 481 ultraconserved
DNA segments among orthologous regions of the human, rat and
mouse genomes, the I56i enhancer is considered as one region of the
genome that is not susceptible to variation (Bejerano et al., 2004).
Furthermore, the SNP was found in a region of I56i that is identical
in 40 vertebrates species surveyed (Fig. 1). Such sequence
conservation made this SNP an unexpected finding and thus
suggestive of a causal relationship. DNaseI footprinting analysis
showed that the 182-SNP is located within the FP3 protein binding
site. This site was previously identified as one of two Dlx binding
sites in the I56i enhancer. These Dlx binding sites play crucial roles
in the auto- or cross-regulation mechanisms of the Dlx5/6 bigene
(Zerucha et al., 2000). Thus, the presence of the 182-SNP within one
of these important binding sites might, by itself, have functional
consequences for the regulatory cascades controlling Dlx expression.

The hypothesis that the 182-SNP would affect auto- or cross-
regulatory mechanisms at I56i is supported by our EMSA and co-
transfection experiments. Dlx affinity for the FP3 sequence was
impaired by the presence of the 182-SNP as was the transcriptional

activity of I56i in response to Dlx2 or Dlx5. Co-transfection assays
provided further evidence that the 182-SNP affected the I56i
enhancer activity induced by the Dlx proteins.

Our EMSA analysis also showed that binding of one factor to
I56i was specifically affected by the SNP. We have shown that this
factor was similar in size to the Dlx proteins. Complexes formed
by the FP3 oligonucleotide with the recombinant Dlx2 migrated in
a similar manner to the E3 and E4 nuclear complexes. A potential
explanation for the presence of two complexes is that Dlx2 binds
to the FP3 site as a monomer and/or as a homodimer. It has been
demonstrated that Dlx proteins can bind DNA as hetero- and
homodimers (Zhang et al., 1997). Supershift experiments on these
complexes with a number of anti-Dlx antibodies were inconclusive
(data not shown). However, our affinity purification experiment
enabled us to identify a new regulator of the Dlx genes: Gtf2i. In
co-transfection assays, this factor was shown to synergize with the
Dlx proteins in activating transcription through I56i and the overall
activity of I56i in the presence of a Dlx plus Gtf2i combination was
affected by the SNP. The mechanism by which Gtf2i interacts with
Dlx proteins on the I56i enhancer is still unknown, but possibilities
include: (1) Gtf2i interacts directly, or through an intermediate
factor, with Dlx proteins independently of the ability of Gtf2i to
bind to DNA [attempts at co-immunoprecipitating Gtf2i and Dlx2
in vitro have not been successful (data not shown)]; and (2) Gtf2i
binds the I56i sequence, possibly at the putative binding site
located between the two Dlx binding sites.

The identification of Gtf2i as a potential regulator of Dlx gene
expression is particularly relevant because GTF2I is a candidate
gene for Williams-Beuren syndrome (WBS), a neurodevelopmental
disorder. A hemizygous deletion of a cluster of 26 genes including
three members of the GTF2 family on chromosome 7 (7q11.23)
has been observed in a majority of the WBS cases. Children with
WBS display distinctive facial features, mental disability and
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Fig. 5. Binding of a forebrain transcription factor to I56i is affected by the 182-SNP. (A)The 182-SNP is located within a nuclear protein
binding site (FP3) in the I56i enhancer as shown by DNaseI footprinting analysis. A DNA fragment corresponding to the I56i enhancer (nucleotides
1-276) was incubated with a nuclear protein extract from E13.5 mouse forebrain (+ Extract). Four regions of the enhancer (FP1 to FP4) were bound
by nuclear proteins. Protected areas (footprints) are represented by thick black bars. Protein-DNA interactions were mapped on the mouse I56i
enhancer sequence using a Maxam-Gilbert guanine/adenine chemical sequencing reaction (GA) as a standard. The 182-SNP was pinpointed within
the protected area FP3. The position on the I56i sequence is shown to the left (Hamilton et al., 2005) (see Fig. S1 in the supplementary material).
(B)A competitive electrophoretic mobility shift assay (EMSA) on I56i FP3 was performed using E13.5 mouse embryonic forebrain nuclear extract. In
the presence of nuclear extract, four protein-DNA complexes are observed (lanes 1 and 6, complexes E1 to E4). These four complexes were
competed by increasing amounts of the unlabeled I56i FP3 oligonucleotide (lanes 2 to 5, I56i FP3). In competition using the SNP-containing vI56i
FP3 oligonucleotide (see Fig. 1A for sequence), protein-DNA complexes E1 to E3 were competed, whereas the lower-mobility complex E4 was
unaffected (lanes 7 to 10, vI56i FP3).
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growth retardation. They also share a unique set of personality
traits, which include over-friendliness, abnormal social behavior
(outwardly social) and an increased trust in strangers (reviewed by
Francke, 1999). Although WBS children show high sociability,
almost half of them display socio-communicative deficits
characteristic of ASD (Klein-Tasman et al., 2007; Lincoln et al.,
2007). Moreover, the genetic analysis of an autistic child exhibiting
the cognitive-behavioral profile (CBP) associated with WBS
revealed an atypical deletion of the WBS critical region (Edelmann
et al., 2007). Although the authors of this study proposed that the
WBS CBP was due to the deletion of the member of the GTF2
family and that the symptoms of autism were due to the deletion of
another gene outside the typical WBS deletion, one cannot exclude
the possibility that the mental retardation and autistic traits
observed in this patient were due to a dosage effect of GTF2I gene
expression. Finally, a case of an autistic individual with a 7q11.23
duplication was recently reported (Van der Aa et al., 2009).
Altogether, there is accumulating evidence suggesting that
members of the GTF2I gene family play an important role in WBS,

even though it remains unclear whether the GTF2I genes can
account for the socio-communicative deficits (characteristic of
ASD) seen in WBS patients.

Dlx genes are key members of genetic cascades responsible for
the establishment of a diversity of neuronal types in the central
nervous system, such as the GABAergic interneurons. In transgenic
animals, the 182-SNP affects I56i enhancer activity in vivo at three
key time points during GABAergic interneuron development: their
early differentiation, their migration to the pallium and their
differentiated phase in the somatosensory cortex. From these
results, we can extrapolate that the presence of the 182-SNP in I56i
may lead to a decrease in Dlx5/Dlx6 expression, which in turn
might affect the early process of GABAergic interneuron
differentiation, as Dlx proteins have been shown to regulate Gad1
and Gad2 expression (Long et al., 2009a; Long et al., 2009b). As
for the impact of the SNP on precursor migration, it has been
shown that neuropilin 2 (Nrp2) is ectopically expressed when Dlx1
and Dlx2 are inactivated (Le et al., 2007). Nrp2 is a transmembrane
protein that is implicated in repulsive axon guidance and, therefore,
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Fig. 6. Transcriptional activation of I56i by Dlx and Gtf2i is impaired by the 182-SNP. (A)The molecular weight of the protein component(s)
of the E4 complex is similar to that of Dlx2. EMSA using the I56i FP3 oligonucleotide with E13.5 mouse embryonic forebrain nuclear extract
(Nuclear Extract) or increasing amounts of recombinant Flag-tagged Dlx2 (Flag-Dlx2). Preincubation of the recombinant Dlx2 with an anti-Flag
antibody leads to the formation of a high molecular weight complex (asterisk, Flag-Ab lane). (B)Affinity of Dlx proteins for the FP3 site is affected
by the 182-SNP. EMSA was performed using the I56i X3 oligonucleotide and a fixed amount of recombinant Dlx5. The resulting complexes
(arrowhead) were competed more efficiently by the unlabeled wild-type I56i X3 (increasing amounts in lanes 3 to 5) than by the variant (vI56i X3,
lanes 6 to 8) competitor. Competition (%) refers to the percentage of remaining complexes with respect to the control reaction (without
competitor, 100%). (C)Replacement of I56i by the 182-SNP-containing variant (vI56i-pGL4.23) impaired transcriptional activation by Dlx2 or Dlx5.
(D)Dlx2 and Dlx5 synergize with Gtf2i in activating the transcription of a luc2 reporter construct containing the I56i enhancer. Values shown in C
and D represent the mean of relative luciferase activity obtained from five (C) or six (D) independent experiments ± s.e.m. Relative luciferase activity
was normalized to Dlx2 plus mI56i-pGL4 (100%). *, P<0.05.
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it was proposed that downregulation of Nrp2 by Dlx proteins could
be a mechanism by which the migration of GABAergic
interneurons was facilitated. We predict that reduced levels of
Dlx5/Dlx6 proteins caused by the SNP could interfere with Nrp2
regulation, potentially leading to the impaired migration of
interneuron progenitors to the cortex.

The impact of altered Dlx gene regulation in GABAergic
interneurons of newborn or adult mice remains to be established.
In mice, the brain of Dlx1-null mutants displays no overt phenotype
at birth, but later in life they develop epileptic seizures (Cobos et
al., 2005). Dlx5/6+/– mice, the cortex of which appears normal,
have spontaneous electrographic seizures and reduced power of
gamma oscillations suggesting defects in cortical interneurons; in
addition, there is evidence for defective development of PV-
expressing interneurons in Dlx5/6–/– and Dlx5–/– mutants (Wang et
al., 2010). Thus, Dlx proteins could adopt a specific role in the
adult brain or subtle alterations that occur during development
could have delayed consequences. In either case, a decrease in I56i
activity in mature neurons could potentially lead to dysfunctions of
neural networks.

The 182-SNP is a rare polymorphism with a frequency of 0.3%
amongst the autistic probands (one affected individual from 161
probands screened) (Hamilton et al., 2005). This SNP was
paternally transmitted and was absent from an affected sibling
(Richler et al., 2006). This situation is not exceptional considering
that siblings, who share half the genetic risk, often display a
different autistic phenotype (Skuse, 2007). It was proposed that one
or several independent risk factors can elevate the chance of
displaying the full autistic phenotype. Furthermore, using a broader
concept of autism, two independent studies have reported that an
increased proportion of unaffected siblings has subsyndromal
autistic impairments (Bishop et al., 2006; Constantino et al., 2006),
supporting the notion of independent risk factors or genetic
susceptibility factors.

Paternal imprinting of the Dlx5 locus was recently
documented (Horike et al., 2005; Okita et al., 2003) and would
have phenotypic implications for an SNP in I56i, depending on
the parent of origin. Horike and colleagues demonstrated that the
loss of Dlx5 imprinting, through Mecp2 inactivation, leads to
biallelic expression of Dlx5, resulting in increased Dlx5
expression. Since Mecp2 mutations are associated with Rett
syndrome, it was suggested that the misregulation of several
genes, including Dlx5, resulting from the loss of their imprinting,
might contribute to the etiology of this syndrome. Imprinting of
Dlx5 has also been observed in human and swine loci (Cheng et
al., 2008; Okita et al., 2003). However, paternal imprinting of
Dlx5 has been challenged by other studies reporting biallelic
expression of the gene (Bischoff et al., 2009; Kimura et al.,
2004; Schule et al., 2007). When one copy of the Dlx5/Dlx6
locus is silenced by imprinting, the presence of the SNP on 
the remaining allele will result in a decrease in Dlx5/Dlx6
expression that is much more substantial than in the absence of
imprinting.

The reason for the exceptional sequence conservation of some
non-coding regulatory elements in vertebrate genomes is still
puzzling. Although it is unlikely to be due to chance that these
regions have been maintained for hundreds of millions of years, it
is also unclear what their function is, given the lack of a phenotype
when some of the ultraconserved regions are deleted (Ahituv et al.,
2007). Our study provides an example of the consequences that a
single nucleotide change could have on the function of an
ultraconserved sequence.
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Table S1. Oligonucleotide sequences
Oligonucleotide Sequence (59-39)
I56i-1.for CTCGAGAAAAATGTTTTCTTTTCTT
I56i-316.rev GCTTTTTAGTATTAAAAGTG
I56i SNP.for TTAAATGCAGCCGTAATTAGAGTAA
I56i-436.rev CTCGAGGCATTATAATTTTGGTTAAT
zI56i-187.for CGGAATTCTTTTTTCCATTCTCATAAAT
zI56i-316.rev CGGTACCGCCTTTTAGTATTAAAAGTG
mI56i FP3.for AAATGCAGCCATAATTAGAGT
mI56i FP3.rev ACTCTAATTATGGCTGCATTT
mI56i FP3 SNP.for AAATGCAGCCGTAATTAGAGT
mI56i FP3 SNP.rev ACTCTAATTACGGCTGCATTT
mI56i FP3-FP5.for CTCTTAAATGCAGCCATAATTAGAGTAATTTTTCATGTAGCCCGCTGATTACAG-

CGTTTTTACCGTCAAAGATAATTACCTGTAATTTTCTTCCA
mI56i FP3-FP5.rev TGGAAGAAAATTACAGGTAATTATCTTTGACGGTAAAAACGCTGTAATCAGCG-

GGCTACATGAAAAATTACTCTAATTATGGCTGCATTTAAGAG
I56i FP3 X3.for CCCCATAATTCCCCATAATTCCCCATAATTCCCC
I56i FP3 X3.rev GGGGAATTATGGGGAATTATGGGGAATTATGGGG
vI56i FP3 X3.for CCCCGTAATTCCCCGTAATTCCCCGTAATTCCCC
vI56i FP3 X3.rev GGGGAATTACGGGGAATTACGGGGAATTACGGGG
EcoRI and KpnI restriction sites are in bold. SNP is in bold and underlined. Dlx binding sites are in bold italic.



Table S2. List of purified proteins identified by mass spectrometry analysis. Proteins are listed in a

decreasing order according to the number of independent peptides identified from each protein.



Protein Description Gene Name Swissprot Accession Number Molecular Weight Unique Peptides
Putative uncharacterized protein (99% similarity with mouse GTF2I) GTF2I Q3UHU8 108 kDa 49

DNA topoisomerase 2-beta TOP2B Q64511 182 kDa 35

Vimentin VIM P20152 54 kDa 34

Putative uncharacterized protein (Heterogeneous nuclear ribonucleoprotein U) HNRNPU Q3TVV6 88 kDa 33

Putative uncharacterized protein (Poly(ADP-ribose) polymerase-1) PARP1 Q3TX36 113 kDa 31

DNA mismatch repair protein Msh2 MSH2 P43247 104 kDa 27

Splicing factor proline/glutamine rich (Polypyrimidine tract binding protein associated) SFPQ Q4KM71 75 kDa 21

MutS homolog 3 (E. coli) MSH3 B2RWY6 123 kDa 18

Actin, cytoplasmic 1 ACTB P48975 42 kDa 17

DEAD (Asp-Glu-Ala-Asp) box polypeptide 5 DDX5 A1L333 69 kDa 17

Putative uncharacterized protein ((Heterogeneous nuclear ribonucleoprotein M) HNRNPM Q3TW40 74 kDa 17

ATP-dependent RNA helicase A DHX9 O70133 149 kDa 17

Alpha-internexin INA P46660 56 kDa 15

Superkiller viralicidic activity 2-like 2 SKIV2L2 Q9CZU3 118 kDa 15

Putative uncharacterized protein (Non-POU domain-containing octamer-binding protein ) NONO Q3TFC2 54 kDa 14

Elongation factor Tu GTP binding domain containing 2 EFTUD2 A2AH85 109 kDa 13

Heat shock cognate 71 kDa protein HSPA8 P19378 71 kDa 13

Thymopoietin TMPO B2RUB9 75 kDa 13

DEAD (Asp-Glu-Ala-Asp) box polypeptide 21 DDX21 Q3TVJ3 94 kDa 12

ATP-dependent DNA helicase 2 subunit 2 XRCC5 P27641 83 kDa 11

Putative uncharacterized protein (Pre-mRNA-processing factor 6) PRPF6 Q3ULJ7 107 kDa 11

Putative uncharacterized protein (Matrin 3) MATR3 Q3TTX0 95 kDa 10

40S ribosomal protein S3 RPS3 P62908 27 kDa 10

Putative uncharacterized protein (DEAD (Asp-Glu-Ala-Asp) box polypeptide 17) DDX17 Q3U741 73 kDa 9

Tubulin beta-5 chain TUBB5 P69893 50 kDa 9

Splicing factor 3B subunit 3 SF3B3 Q921M3 136 kDa 9

SWI/SNF-related matrix-associated actin-dependent regulator of chromatin subfamily A member 5 SMARCA5 Q91ZW3 122 kDa 9

AlF-C1 (Heterogeneous nuclear ribonucleoprotein A/B) HNRNPAB O88311 36 kDa 8

Tubulin alpha-1A chain TUBA1A P68362 50 kDa 8

DNA topoisomerase II, alpha isozyme TOP2A Q01320 173 kDa 8

60S acidic ribosomal protein P0 RPLP0 P14869 34 kDa 8

ATP-dependent RNA helicase DDX3X DDX3X Q62167 73 kDa 8

Nuclear factor 90 IIF3 Q45VK5 76 kDa 8

Dhx36 protein DHX36 B2RQS6 114 kDa 8

Myb-binding protein 1A MYBBP1A Q7TPV4 152 kDa 8

RAT Pyruvate carboxylase, mitochondrial PC P52873 130 kDa 8

Uncharacterized protein C17orf85 homolog Unknown Q8BZR9 70 kDa 7

Histone deacetylase 6 HDAC6 B1AUA6 126 kDa 7

DNA topoisomerase 1 TOP1 Q04750 91 kDa 7

Poly(rC)-binding protein 1 PCBP1 P60335 37 kDa 7

THO complex subunit 1 THOC1 Q8R3N6 75 kDa 7

Methylcrotonoyl-CoA carboxylase subunit alpha, mitochondrial MCCC1 Q99MR8 79 kDa 7

Heterogeneous nuclear ribonucleoprotein D0 HNRPD Q60668 38 kDa 6

THO complex subunit 4 THOC4 O08583 27 kDa 6

Histone H1.2 HIST1H1C P15864 21 kDa 6

Putative uncharacterized protein (RNA binding motif protein X chromosome retrogene) RBMXRT Q91VM5 42 kDa 6

Heterogeneous nuclear ribonucleoprotein K HNRNPK B2M1R6 49 kDa 6

RNA-binding protein 14 RBM14 Q8C2Q3 69 kDa 6

Putative uncharacterized protein (Heterogeneous nuclear ribonucleoprotein R) HNRNPR Q3U8W9 71 kDa 6

Splicing factor 3B subunit 1 SF3B1 Q99NB9 146 kDa 6

Poly(U)-binding-splicing factor PUF60 PUF60 Q3UEB3 60 kDa 6

THO complex 2 THOC2 B1AZI6 183 kDa 6

Polyadenylate-binding protein 1 PABPC1 P29341 71 kDa 6

Myosin-Ib MYO1B P46735 129 kDa 6

Putative pre-mRNA-splicing factor ATP-dependent RNA helicase DHX15 DHX15 O35286 91 kDa 6

60S ribosomal protein L6 RPL6 P47911 34 kDa 6

Nucleolar protein 5A NOL5A Q9D6Z1 64 kDa 6

Aquarius AQR A2AQA7 162 kDa 6

Putative uncharacterized protein (DNA-directed RNA polymerase I subunit RPA1) RPA1 Q3U8B3 71 kDa 6

Putative uncharacterized protein (RuvB-like 2 ) RUVBL2 Q3UXP2 51 kDa 6

60S ribosomal protein L23a RPL23A P62751 18 kDa 6



Splicing factor, arginine/serine-rich 1 SFRS1 Q6PDM2 28 kDa 5

Homeobox protein DLX-1 DLX1 Q64317 27 kDa 5

Heterogeneous nuclear ribonucleoprotein H HNRNPH1 O35737 49 kDa 5

Spliceosome RNA helicase Bat1 BAT1 Q9Z1N5 49 kDa 5

60S ribosomal protein L11 RPL11 Q6QMZ8 20 kDa 5

MKIAA0670 protein (Apoptotic chromatin condensation inducer in the nucleus) ACIN1 Q80TU6 143 kDa 5

Eukaryotic initiation factor 4A-III EIF4A3 Q91VC3 47 kDa 5

Guanine nucleotide-binding protein subunit beta-2-like 1 GNB2L1 P68040 35 kDa 5

Cpsf1 protein (Cleavage and polyadenylation specificity factor subunit 1) CPSF1 B5DEL2 161 kDa 5

DNA ligase 3 LIG3 P97386 113 kDa 5

Upstream binding transcription factor, RNA polymerase I UBTF A2AWT5 89 kDa 5

Heat shock protein HSP 90-beta HSP90AB1 P34058 83 kDa 5

rRNA 2'-O-methyltransferase fibrillarin FBL P22509 34 kDa 5

Serine/threonine-protein kinase TAO2 TAOK2 Q6ZQ29 120 kDa 5

Cleavage and polyadenylation specificity factor subunit 2 CPSF2 O35218 88 kDa 5

Putative uncharacterized protein (Splicing factor 3b, subunit 2) SF3B2 Q3UAI4 98 kDa 5

Putative uncharacterized protein (Splicing factor 3 subunit 1) SF3A1 Q3TVM1 89 kDa 5

Putative uncharacterized protein (Transcription intermediary factor 1-beta) TRIM28 Q3UDN8 69 kDa 5

Putative uncharacterized protein (Replication factor C subunit 4) RFC4 Q3UI84 41 kDa 5

Neurofilament medium polypeptide NEFM P08553 96 kDa 5

Nucleophosmin NPM1 P13084 33 kDa 4

Putative uncharacterized protein (H/ACA ribonucleoprotein complex subunit 1) GAR1 Q3TKG5 24 kDa 4

Putative uncharacterized protein (Polymerase delta-interacting protein 3) POLDIP3 Q3TJ78 47 kDa 4

Acetyl-CoA carboxylase 1 ACACA P11497 265 kDa 4

Regulator of nonsense transcripts 1 RENT1 Q9EPU0 124 kDa 4

Putative uncharacterized protein (Heterogeneous nuclear ribonucleoprotein C) HNRNPC Q3U6P5 37 kDa 4

General transcription factor IIIC, polypeptide 4 GTF3C4 Q148Y1 92 kDa 4

Putative uncharacterized protein (Staphylococcal nuclease domain-containing protein 1) SND1 Q3TW51 102 kDa 4

60S ribosomal protein L4 RPL4 Q9D8E6 47 kDa 4

Paraspeckle component 1 PSPC1 Q4KLH4 59 kDa 4

Myosin regulatory light chain RLC-A RLC-A P13832 20 kDa 4

RNA-binding protein 27 RBM27 Q5SFM8 119 kDa 4

Polypyrimidine tract-binding protein 2 PTBP2 Q91Z31 57 kDa 4

RNA binding motif protein 15 RBM15 Q0VBL3 106 kDa 4

Putative uncharacterized protein (Caprin-1) CAPRIN1 Q3UFZ6 38 kDa 4

RAT Cell division cycle 5-related protein CDC5L O08837 92 kDa 4

Activating signal cointegrator 1 complex subunit 3-like 1 SNRNP200 Q6P4T2 245 kDa 4

Nucleolin NCL P09405 77 kDa 4

Putative uncharacterized protein (Oligonucleotide/oligosaccharide-binding fold-containing protein 1) OBFC1 Q3TPH0 43 kDa 4

Laminin receptor RPSA B2CY77 33 kDa 3

Putative uncharacterized protein (Interleukin enhancer-binding factor 2 ) IIF2 Q3UXI9 43 kDa 3

RNA-binding protein 25 RBM25 B2RY56 100 kDa 3

60S ribosomal protein L12 RPL12 P23358 18 kDa 3

Homeobox protein DLX-5 DLX5 P50575 31 kDa 3

60S ribosomal protein L13 RPL13 P47963 24 kDa 3

Poly(RC) binding protein 2 PCBP2 B2M1R7 40 kDa 3

RNA binding motif protein 39 RBM39 A6QRH4 37 kDa 3

PREDICTED: hypothetical protein Unknown UPI0000193CBE 179 kDa 3

Zinc finger CCHC domain-containing protein 8 ZCCHC8 Q9CYA6 78 kDa 3

60S ribosomal protein L7 RPL7 P14148 31 kDa 3

ATP-dependent DNA helicase 2 subunit 1 XRCC6 P23475 69 kDa 3

MutS homolog 6 (E. coli) MSH6 Q6GTK8 151 kDa 3

Putative uncharacterized protein (Symplekin) SYMPK Q3TN10 119 kDa 3

Propionyl-CoA carboxylase alpha chain, mitochondrial PCCA Q91ZA3 80 kDa 3

Methylcrotonoyl-CoA carboxylase beta chain, mitochondrial MCCC2 Q3ULD5 61 kDa 3

Histone H1.1 HIST1H1A P43275 22 kDa 3

Putative uncharacterized protein (60S ribosomal protein L24) RPL24 Q3UW40 18 kDa 3

Thyroid hormone receptor-associated protein 3 THRAP3 Q569Z6 108 kDa 3

Nol5 protein (Nucleolar protein 58) NOL5 Q5PPK6 50 kDa 3

U4/U6.U5 tri-snRNP-associated protein 1 SART1 Q9Z315 91 kDa 3

Splicing factor 3A subunit 3 SF3A3 Q9D554 59 kDa 3

Mta1 protein (Metastasis-associated protein MTA1) MTA1 Q2KHS8 79 kDa 3



Heterogeneous nuclear ribonucleoprotein F HNRNPF Q9Z2X1 46 kDa 3

RuvB-like 1 RUVBL1 P60122 50 kDa 3

ELAV (Embryonic lethal, abnormal vision, Drosophila)-like 1 (Hu antigen R) ELAV1 B5DF91 36 kDa 3

Prp19 beta protein (Pre-mRNA-processing factor 19) PRPF19 Q4ADG5 57 kDa 3

Putative uncharacterized protein (Replication factor C subunit 2 ) RFC2 Q9D0K3 39 kDa 3

LIM/homeobox protein Lhx2 LHX2 Q9Z0S2 44 kDa 3

Pcid2 protein (PCI domain-containing protein 2) PCID2 A0JLQ7 47 kDa 3

DEAD (Asp-Glu-Ala-Asp) box polypeptide 50 DDX50 Q5BKP5 82 kDa 3

S1 RNA-binding domain-containing protein 1 SRBD1 Q497V5 114 kDa 3

Ddx23 protein DDX23 B5DFJ3 93 kDa 3

WD repeat-containing protein 82 WDR82 Q8BFQ4 35 kDa 3

DIM1 dimethyladenosine transferase 1-like (S. cerevisiae) DIMT1L B0BN90 35 kDa 3

N-methylpurine-DNA glycosylase MPG A2AVE7 36 kDa 3

Ribosomal protein L18 RPL18 Q0QEW6 19 kDa 3

Daxx protein (Death domain-associated protein 6) DAXX A1A558 81 kDa 3

Ribosomal protein S8 RPS8 Q5M9L9 24 kDa 3

Far upstream element-binding protein 2 KHSRP Q99PF5 74 kDa 3

Putative uncharacterized protein (SWI/SNF complex subunit SMARCC2) SMARCC2 Q3UID0 125 kDa 3

Putative uncharacterized protein (Myelin expression factor 2) MYEF2 A7UQY4 57 kDa 3

3-alpha,7-alpha,12-alpha-trihydroxy-5-beta-cholest-24-enoyl-CoA hydratase HSD17B4 P51660 79 kDa 3

Insulin-like growth factor 2 mRNA-binding protein 1 IGF2BP1 O88477 63 kDa 3

DEAH (Asp-Glu-Ala-His) box polypeptide 35 DHX35 A2ACQ1 79 kDa 3

Putative uncharacterized protein (Nuclear RNA export factor 1) NXF1 Q3TJA5 70 kDa 3

Lysine-specific histone demethylase 1 AOF2 A3KG93 95 kDa 3

Ubiquitin specific protease 39 (Predicted), isoform CRA_b USP39 B2GV41 65 kDa 3

Keratin, type II cytoskeletal 1 KRT1 Q6IMF3 65 kDa 2

Splicing factor, arginine/serine-rich 3 SFRS3 P84104 19 kDa 2

Mitogen-activated protein kinase kinase kinase kinase 4 MAP4K4 P97820 141 kDa 2

Elongation factor 1-alpha 1 EEF1A1 P10126 50 kDa 2

KH domain-containing, RNA-binding, signal transduction-associated protein 1 KHDRBS1 Q60749 48 kDa 2

ELAV (Embryonic lethal, abnormal vision, Drosophila)-like 4 (Hu antigen D) ELAVL4 A2A9R6 41 kDa 2

Transcriptional activator protein Pur-beta PURB O35295 34 kDa 2

Tubulin beta-2B chain TUBB2B Q9CWF2 50 kDa 2

RCG26118, isoform CRA_a SNRPB B0BN51 24 kDa 2

Keratin, type II cytoskeletal 73 KRT73 Q6IG03 60 kDa 2

Single-stranded DNA binding protein 3 SSBP3 B1AS36 38 kDa 2

Putative ATP-dependent RNA helicase DHX29 DHX29 Q6PGC1 154 kDa 2

RNA-binding protein FUS FUS P56959 53 kDa 2

Ldb1 protein (LIM domain-binding protein 1) LDB1 B2RYF3 52 kDa 2

Putative uncharacterized protein (TAR DNA binding protein ) TARDBP Q3U591 45 kDa 2

60S ribosomal protein L10a RPL10A P53026 25 kDa 2

Histone H1.5 HIST1H1B P43276 23 kDa 2

Replication factor C (Activator 1) 5 (Predicted) RFC5 B5DF29 38 kDa 2

Hdac2 protein (Histone deacetylase 2) HDAC2 B1WBY8 61 kDa 2

DNA-directed RNA polymerase II subunit RPB2 POLR2B Q8CFI7 134 kDa 2

Putative uncharacterized protein (ATP-dependent RNA helicase DDX1) DDX1 Q3V1Z7 83 kDa 2

Putative uncharacterized protein (SMARCA4) SMARCA4 Q3TKT4 181 kDa 2

Splicing factor, arginine/serine-rich 7 SFRS7 Q8BL97 31 kDa 2

Structural maintenance of chromosomes 1A SMC1A A2AFQ5 143 kDa 2

Cell division cycle and apoptosis regulator protein 1 CCAR1 Q8CH18-2 36 kDa 2

Serine/threonine-protein kinase VRK3 VRK3 Q8K3G5 51 kDa 2

Crooked neck-like protein 1 CRNKL1 P63154 83 kDa 2

Pre-mRNA-processing factor 40 homolog A PRPF40A Q9R1C7 108 kDa 2

Importin subunit beta-1 KPNB1 P52296 97 kDa 2

Putative uncharacterized protein (Actin-like protein 6A) ACTL6A Q3TF62 48 kDa 2

T-complex protein 1 subunit beta CCT2 P80314 57 kDa 2

Transcriptional activator protein Pur-alpha PURA P42669 35 kDa 2

THO complex subunit 5 homolog THOC5 Q8BKT7 79 kDa 2

Capping protein (Actin filament) muscle Z-line, beta (CAPZB3) CAPZB A2AMV7 34 kDa 2

Zfhx1b zinc finger homeobox 1b ZEB2 Q3T921 137 kDa 2

H1 histone family, member X H1FX Q80ZM5 20 kDa 2

Tubulin beta-2C chain TUBB2C P68372 50 kDa 2



MKIAA1637 protein (Nuclear receptor coactivator 5) NCOA5 Q69ZE0 39 kDa 2

60S ribosomal protein L14 RPL14 Q9CR57 24 kDa 2

Putative uncharacterized protein (Splicing factor, arginine/serine-rich 6) SFRS6 Q3TWW8 39 kDa 2

40S ribosomal protein S7 RPS7 P62082 22 kDa 2

Probable ATP-dependent RNA helicase DDX47 DDX47 Q9CWX9 51 kDa 2

Proline-, glutamic acid- and leucine-rich protein 1 PELP1 Q56B11 119 kDa 2

Transcription factor DLX6 DLX6 A5HKN2 33 kDa 2

Zinc finger protein 768 ZNF768 Q8R0T2 63 kDa 2

PHD finger protein 8 PHF8 Q80TJ7 114 kDa 2

Putative uncharacterized protein (Structural maintenance of chromosomes protein 2) SMC2 Q3ULS2 139 kDa 2

60S ribosomal protein L3 RPL3 P21531 46 kDa 2

Propionyl-CoA carboxylase beta chain, mitochondrial PCCB P07633 59 kDa 2

PHD finger protein 6 PHF6 B1B0W7 51 kDa 2

Bromodomain adjacent to zinc finger domain protein 1A BAZ1A O88379 178 kDa 2

POZ (BTB) and AT hook containing zinc finger 1 PATZ1 Q5NBY9 74 kDa 2

DNA-directed RNA polymerases I, II, and III subunit RPABC1 POLR2E Q80UW8 25 kDa 2

60S ribosomal protein L8 RPL8 P62918 28 kDa 2

Helicase-like transcription factor HLTF Q6PCN7 113 kDa 2

RNA-binding protein 26 RBM26 Q6NZN0 114 kDa 2

GC-rich sequence DNA-binding factor homolog GCFC P58501 105 kDa 2

Putative uncharacterized protein (General transcription factor IIIC, polypeptide 3) GTF3C3 Q3TMP1 101 kDa 2

Tropomodulin-2 TMOD2 P70566 39 kDa 2

U4/U6 small nuclear ribonucleoprotein Prp31 PRPF31 Q8CCF0 55 kDa 2

Splicing factor U2AF 65 kDa subunit U2AF2 P26369 54 kDa 2

40S ribosomal protein S10 RPS10 P63325 19 kDa 2

Histone H1.4 HIST1H1E P43274 22 kDa 2

Nuclear cap-binding protein subunit 1 NCBP1 Q3UYV9 92 kDa 2

40S ribosomal protein S9 RPS9 Q6ZWN5 23 kDa 2

Eukaryotic initiation factor 4A-II EIF4A2 P10630 46 kDa 2

Putative uncharacterized protein (RNA-binding protein 7) RBM7 Q3U5M9 23 kDa 2

H/ACA ribonucleoprotein complex subunit 2 NHP2 Q9CRB2 17 kDa 2

COUP transcription factor 2 NR2F2 O09018 46 kDa 2

Splicing factor, arginine/serine-rich 2 SFRS2 Q62093 25 kDa 2

SAFB-like transcription modulator SLTM Q8CH25 117 kDa 2

Neuronal migration protein doublecortin DCX O88809 41 kDa 2

40S ribosomal protein S4 RPS4 P47961 30 kDa 2

T-complex protein 1 subunit zeta CCt6A P80317 58 kDa 2

Putative RNA methyltransferase NOL1 NOL1 Q922K7 87 kDa 2

Putative uncharacterized protein (XRCC1) XRCC1 Q3TGI0 69 kDa 2

Protein KIAA1967 homolog Unknown Q8VDP4 103 kDa 2

Putative uncharacterized protein (Pre-mRNA-splicing factor SYF1 (XPA-binding protein 2)) XAB2 Q3UKP5 100 kDa 2

Putative uncharacterized protein (Nucleolar complex protein 2 homolog) NOC2L Q3UZI6 80 kDa 2

T-complex protein 1 subunit theta CCT8 P42932 60 kDa 2

ELAV-like protein 3 ELAVL3 Q60900 40 kDa 2

Myosin-Va MYO5A Q99104 216 kDa 2

Homeobox protein cut-like 1 CUX1 P53564 166 kDa 2

Casein kinase II subunit alpha CSNK2A1 P19139 45 kDa 2

Serrate RNA effector molecule homolog (Ars2) SRRT Q99MR6 100 kDa 2
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