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Abstract Two syndromic cognitive impairment disorders
have very similar craniofacial dysmorphisms. One is caused
by mutations of SATB2, a transcription regulator and the other
by heterozygous mutations leading to premature stop codons
in UPF3B, encoding a member of the nonsense-mediated
mRNA decay complex. Here we demonstrate that the prod-
ucts of these two causative genes function in the same path-
way. We show that the SATB2 nonsense mutation in our
patient leads to a truncated protein that localizes to the
nucleus, forms a dimer with wild-type SATB2 and interferes
with its normal activity. This suggests that the SATB2 non-
sense mutation has a dominant negative effect. The patient’s
leukocytes had significantly decreased UPF3B mRNA
compared to controls. This effect was replicated both in vitro,
where siRNA knockdown of SATB2 in HEK293 cells resulted
in decreased UPF3B expression, and in vivo, where
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embryonic tissue of Satb2 knockout mice showed signifi-
cantly decreased Upf3b expression. Furthermore, chromatin
immunoprecipitation demonstrates that SATB2 binds to the
UPF3B promoter, and a luciferase reporter assay confirmed
that SATB2 expression significantly activates gene tran-
scription using the UPF3B promoter. These findings indicate
that SATB2 activates UPF3B expression through binding to
its promoter. This study emphasizes the value of recognizing
disorders with similar clinical phenotypes to explore under-
lying mechanisms of genetic interaction.
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Mt Mutant/truncated

NLS Nuclear localization signal

NMD Nonsense-mediated mRNA decay

PBS Phosphate buffered saline

PSG Penicillin-streptomycin-glutamine

SATB2 Special AT-rich Sequence Binding 2

SDS Sodium dodecyl sulfate

siRNA  Small interfering RNA

UPF3B  UPF3regulator of nonsense transcripts homolog B

Wt Wild type

Introduction

Cognitive impairment occurs in approximately 2-3 % of
the population (Ropers and Hamel 2005). Whether syn-
dromic or non-syndromic, it can be caused by genetic and/
or environmental factors. There are at least 1,870 pheno-
typic entries with cognitive impairment as a feature in the
OMIM database (searched May 2012). We identified an
individual with profound mental delay, a jovial personality
and craniofacial dysmorphism including a long thin face,
facial asymmetry, cleft palate, anterior open bite and a
pointed chin (MIM 119540); this person had a nonsense
mutation in the Special AT-rich Sequence Binding 2
(SATB2) gene (Leoyklang et al. 2007). Subsequently, other
individuals with syndromic cognitive impairment showing
similar craniofacial features, including a long thin face,
facial asymmetry, high-arched palate and a prominent chin
(MIM 300676), were reported to have mutations in the
UPF3 regulator of nonsense transcripts homolog
B (UPF3B) gene (Tarpey et al. 2007).

SATB2 (MIM 608148) resides on chromosome 2q32—
q33, contains 11 exons, and spans 191 kb. It encodes a
733-amino acid protein containing a Pfam-B_10016 or
SATB domain required for dimerization (residues 57-231),
two CUT domains with a DNA-binding motif (residues
352-437 and 482-560), a domain for DNA binding (residues
614—677) and a nuclear localization signal (NLS; residues
613-616) (FitzPatrick et al. 2003) (Fig. 1a). SATB2 spe-
cifically binds to genomic nuclear matrix attachment regions
(MAR) and participates in transcription regulation and
chromatin remodeling (Apostolova et al. 2010; Chung et al.
2010; Savarese et al. 2009). Sarb2 knockout mice have
craniofacial abnormalities and defects in osteoblast differ-
entiation and function (Dobreva et al. 2006). Human SATB2
defects cause cognitive deficits, craniofacial dysmorphism,
behavioral changes and osteoporosis (Leoyklang et al. 2007;
Tegay et al. 2009; Urquhart et al. 2009; Rosenfeld et al.
2009). Our patient harbored a heterozygous nonsense
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¢.715C > T (p.R239X) mutation in exon 6 of SATB2. Pre-
vious expression studies showed that the mutant SATB2
mRNA was present (Leoyklang et al. 2007) and was
expected to produce a truncated protein that retained the
SATB2 dimerization domain, but lost the DNA-binding
motifs; this could exert a dominant negative effect.

UPF3B (MIM 300298) resides on chromosome Xq25-
q26, contains 11 exons and spans 18.9 kb (Serin et al. 2001).
It encodes a protein containing a region necessary for
interaction with UPF2 (residues 30-255) (Serin et al. 2001),

NLS
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Fig. 1 Protein domains of SATB2 and expression of the wild-type
and truncated SATB2 proteins. a SATB2 protein outline. SATB2
contains 733 amino acids, including an N-terminal dimerization
domain (residues 57-231), two CUT domains with DNA-binding
motifs (residues 352-437 and 482-560), a DNA-binding domain
(residues 614-677), and a nuclear localization signal (NLS; residues
613-616). The position of our patient’s nonsense mutation, p.R239X,
is indicated. b Immunoblot analysis. HEK293 cells transfected with
the wild-type SATB2/myc-His plasmid (Wt; 84 kDa), the truncated
SATB2/myc-His plasmid (Mt; 29 kDa), or with the empty pcDNA
3.1/myc-His plasmid (EV). Upper panel Probing with anti-c-Myc
antibodies (Ab) showed SATB2 bands at the expected molecular
weights. Middle panel Reprobing the membrane with antibodies to
the C-terminus of SATB2 showed abundant expression of SATB2 in
the Wt SATB2 transfected cells, and less SATB2 expression in the Mt
SATB2 and EV transfected cells. Lower panel Reprobing the same
membrane with anti-B-actin antibodies demonstrated equal protein
loading in all lanes



Hum Genet

aregion for binding to UPF2 (residues 52-57) (Kadlec et al.
2004), an EJC-binding domain (residues 418-432) (Buch-
wald et al. 2010), and a region for interaction with RBM8A
(residues 430-447) (Gehring et al. 2003). The UPF3B pro-
tein is a member of the nonsense-mediated mRNA decay
(NMD) complex that rids eukaryotic cells of aberrant
mRNAs containing premature termination codons. These are
discriminated from true termination codons by downstream
cis elements, such as exon—exon junctions (Lykke-Andersen
et al. 2000). No Upf3B mutant mice have been reported.
Human UPF3B defects cause cognitive deficits and cranio-
facial dysmorphisms (Tarpey et al. 2007). Since the two
syndromic cognitive impairment entities had similar cra-
niofacial dysmorphisms, we explored whether the two
underlying genes could function in the same signaling
pathway.

We noticed that the severe clinical features of our
SATB2-mutated patient significantly overlapped with those
of patients carrying UPF3B mutations. Our patient is so far
the only reported person with a nonsense mutation in
SATB2; other SATB2-deficient patients had either small
interstitial deletions leading to haploinsufficiency (Rosen-
feld et al. 2009) or a missense mutation with unknown
pathomechanism (Rauch et al. 2012). Another group of
patients had chromosomal aberrations involving 2q32—q33
which may also affect other genes (Urquhart et al. 2009;
Rosenfeld et al. 2009; Tegay et al. 2009; FitzPatrick et al.
2003). We examined the molecular mechanism, i.e., hap-
loinsufficiency versus a dominant negative effect, leading
to the phenotypic abnormalities of our patient. And we
subsequently explored the potential genetic interactions
between SATB2 and UPF3B.

Methods
Plasmid constructs

Wild-type and truncated (expressing amino acid 1-238,
mimicking our patient’s p.R239X mutation) SATB2 cDNA
were amplified from the IRAMp95E224Q clone (SATB2
cDNA inserted in pCR-Blunt II-TOPO vector; RZPD,
Berlin, Germany) using primers shown in Supplementary
Table 1. The PCR products were subcloned into pPGEM-T
Easy (Promega, Madison, WI, USA) and transferred into
the EcoRI-Sful sites of pcDNA™3.1/myc-His version C
(Invitrogen, Carlsbad, CA, USA), resulting in a myc-His
tagged C-terminus of the SATB2 translated proteins.

Cell culture, transfections and subcellular fractionations

Human embryonic kidney 293 (HEK293) cells were cul-
tured in Dulbecco’s modified Eagle medium (DMEM)

supplemented  with  penicillin-streptomycin-glutamine
(PSG) and 10 % fetal bovine serum (Invitrogen). 2 x 10°
HEK?293 cells were transfected with 2 pg of wild-type (Wt)
or truncated (Mt) SATB2/myc-His plasmids or the empty
vector (pcDNA™3.1/myc-His) by electroporation, using
an Amaxa Nucleoporator, Q001 program, nucleofector
reagent kit V, according to the manufacturer’s instructions
(Lonza group Ltd., Basel, Switzerland). After transfections
(24 h), cells were harvested and separated into one portion
for whole cell extracts and one portion for nuclear-cyto-
plasmic extractions using a NE-PER Nuclear and Cyto-
plasmic Extraction kit (Thermo Scientific, Waltham, MA,
USA). All extracts were immunoblotted as described
below.

Immunoblotting

SATB2-transfected cells were harvested and lysed in 250 pl
lysis buffer (50 mM Tris, 300 mM NaCl, 0.5 % Triton, and
5 mM EDTA) in the presence of protease inhibitors (Com-
plete Mini; Roche Applied Science, Mannheim, Germany).
Total protein concentrations were measured by the DC
Protein assay (Bio-Rad Laboratories, Hercules, CA, USA).
Total protein extracts (25 pg) were mixed with 2x loading
dye, Laemmli Sample buffer (Bio-Rad Laboratories), boiled
at 95 °C for 5 min, and loaded onto 4—-12 % Tris—Glycine
gels (Invitrogen), followed by electroblotting onto nitrocel-
lulose membranes (Invitrogen). The membranes were pro-
bed with one of the following primary mouse monoclonal
antibodies: anti-c-Myc (sc-40, Santa Cruz Biotechnology,
Santa Cruz, CA, USA), anti-SATB2 raised against a
recombinant protein corresponding to the C-terminal region
of human SATB2 (Sc-81376, Santa Cruz Biotechnology),
anti-B-actin (Sigma Aldrich, St. Louis, MO, USA), or anti-o.-
tubulin (CP06, Calbiochem EMD Millipore, Billerica, MA,
USA). Detection was performed with either horseradish
peroxidase (HRP)-conjugated anti-mouse secondary anti-
bodies for enhanced chemiluminescence (ECL) detection
(Amersham Biosciences, Piscataway, NJ, USA) (Fig. 1) or
IRDye800CW-conjugated anti-mouse secondary antibodies
for Li-Cor Odyssey Infrared detection (Li-Cor Biosciences,
Lincoln, NE, USA) (Figs. 2, 3). Before reprobing with
other primary antibodies, membranes were stripped with
Restore™ Western Blot Stripping Buffer (Thermo Fisher
Scientific Inc. Rockford, IL, USA).

Immunofluorescence

Normal human fibroblasts were cultured in DMEM supple-
mented with PSG and 10 % fetal bovine serum (Invitrogen).
4 x 10° cells were transfected with 2 pg of the wild-type or
truncated SATB2/myc-His plasmids by electroporation,
using an Amaxa Nucleoporator, U023 program, nucleofector
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Fig. 2 Nuclear localization of the wild-type and truncated SATB?2.
HEK293 cells were transfected with the Wt (lanes 2—4) or Mt (lanes
5-7) SATB2/myc-His plasmids. a Immunoblotting of subcellular
fractionated cell extracts with anti-c-Myc antibodies (Ab) showed that
both the Wt and Mt SATB2 proteins were present in the whole cell
extracts (WE) and nuclear extracts (NE) and absent from cytoplasmic
extracts (CE) (upper panel). The membrane was reprobed with
antibodies to the C-terminus of SATB2 (middle panel) and o-tubulin
as loading control (lower panel). b Immunofluorescence of normal

reagent kit NHDF, according to the manufacturer’s instruc-
tions (Lonza group Ltd., Basel, Switzerland). The transfected
cells were transferred into Lab-Tek®IT Chamber Slides, 4
wells, 4.0 cm? growth area per well (Nunc, Thermoscientific
Roskilde, Denmark). The cells were fixed 24 h post-trans-
fection with 4 % paraformaldehyde and permeabilized with
0.1 % Triton X-100 in phosphate buffered saline (PBS)/
2 mg/ml bovine serum albumin (BSA)/1 mM NaNj, fol-
lowed by blocking with 0.05 % Tween-20 in PBS/2 mg/ml
BSA/1 mM NaNj. Cells were stained with a combination of
rabbit anti-Myc (Cell Signaling Technology, Inc, Danvers,
MA, USA) and mouse anti-SATB2 (Santa Cruz Biotech-
nology) antibodies followed by secondary anti-rabbit Alexa
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human fibroblasts transfected with Wt or Mt SATB2/myc-His
plasmids. Cells were stained with rabbit anti-c-Myc (red) or mouse
anti-SATB2 (green) antibodies, the phalloidin (staining F-actin) to
outline cell boundaries (white), and the nuclear dye DAPI (blue).
Merged images showed nuclear localization of the Wt and Mt
proteins. Note that mock transfected cells, empty vector transfected
cells and cells transfected with Mt SATB2/myc-His showed endog-
enous SATB2 upon SATB2 antibody staining (color figure online)

Fluor 555 (Invitrogen) and secondary anti-mouse Alexa Fluor
488 (Invitrogen). Cells were co-stained with Phalloidin
(Invitrogen) that stained cytosolic F-actin and the nuclear dye
DAPI (Vector Laboratories, Burlingame, CA, USA). Cells
were imaged by a Zeiss 510 META confocal laser-scanning
microscopy (Carl Zeiss, Jena, Germany).

Co-immunoprecipitation (co-IP)

HEK?293 cells were transfected with either a combination of
Wt and Mt SATB2/myc-His plasmids or only the Wt plas-
mid. Cells were harvested 48 h post-transfection in lysis
buffer (150 mM NaCl, 1 % Triton X, 50 mM M Tris—Cl,
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Fig. 3 Interaction between the wild-type and truncated SATB2.
a HEK?293 cells were co-transfected (T) with a combination of the Wt
and Mt SATB2/myc-His plasmids (Wt&Mt), or with only the Wt
SATB2/myc-His plasmid (Wt). Cell extracts were immunoprecipi-
tated (IP) with anti-SATB2 or mouse IgG (negative control)
antibodies. All IP fractions and whole cell extracts (WC) were
immunoblotted with c-Myc antibodies. The Mt protein was detected
in cells transfected with both Wt & Mt SATB2 plasmids (WC
fraction) and precipitated with SATB2 antibodies (SATB2 fraction),
indicating interaction of the Wt SATB2 with the Mt SATB2. Cells
transfected with the Wt plasmid only did not show the 29-kDa protein
band, as expected. M = SeeBlue® Plus2 Pre-Stained Standard
(Invitrogen). b Firefly (F) luciferase activities (from the MAR SATB2
reporter plasmid) shown as fold of Renilla (R) luciferase activity
(from normalization plasmid) (F/R, Y-axis) in cells co-transfected
with different ratios of the Wt or Mt SATB2/myc-His plasmid, or the
empty pcDNA3.1/myc-His vector (EV). Transfection of the Wt
SATB2 repressed MAR-Iuciferase activity (likely due to repression
by SATB2 dimers) compared to EV or Mt transfections. Co-
transfections of the Wt with either EV or Mt SATB2 decreased
repression (likely due to decreased or aberrant SATB2 dimer
formation). The activity of each combination of plasmids was
assayed in three independent experiments and the means and standard
errors were calculated by the ANOVA, ***P < 0.001)

pH 8.0). Protein extracts were pre-cleared with 1 pg of
mouse IgG antibodies (Santa Cruz Biotechnology, Inc.) and
100 Wl (1 mg) of Dynabeads M-280 linked to sheep anti-
mouse IgG (Invitrogen) in an end-over-end rotating mixer
for 1 h, at 4 °C. The pre-cleared proteins were then mixed
with 2 pg of SATB2 antibodies or 1 pug mouse IgG anti-
bodies (negative control) and mixed overnight (all mixing
occurred in an end-over-end rotating mixer at 4 °C). Dyn-
abeads linked to M-280 sheep anti-mouse IgG (Invitrogen)
were then added and mixed for 2 h. After washing the beads
three times with cell lysis buffer, immunoprecipitated pro-
teins were eluted from the beads by boiling for 5 min in 2x

sodium dodecyl sulfate (SDS) loading buffer and subjected
to immunoblotting as described above.

Luciferase reporter assays

COS7 cells were grown in DMEM supplemented with PSG
and 10 % fetal bovine serum (Invitrogen), and seeded in
12-well plates (Nunc). The cells were transfected 24 h after
seeding (Lipofectamine 2000; Invitrogen) with combina-
tions of the following plasmids. For determining interference
between Wt and Mt SATB2 on SATB2 mRNA transcription
activity, a firefly luciferase reporter plasmid (0.4 pg) pFos-
Luc containing the nuclear MAR recognized by SATB2
(kindly provided by Professor Gergana Dobreva, Max
Planck Institution for Immunobiology, Freiburg, Germany)
was co-transfected with Wt or Mt SATB2/myc-His plasmid
or empty pcDNA3.1/myc-His vector (EV). To compensate
for endogenous expressed SATB2 in COS7 cells, the cells
were also co-transfected with varying ratios of Wt or Mt
SATB2/myc-His plasmids [Wt:Mt ratios of 1:1 and 1:4 (1
portion = 0.02 pg)] or with Wt:EV as a negative control.

For determining transcription factor activity of SATB2
on the UPF3B promoter, a firefly luciferase reporter plas-
mid was constructed by subcloning the UPF3B promoter
from position —1 to —633 (ENSR00000261309) into the
Kpnl-HindIIl sites of pGL4.10 [luc2] (Promega), using
primers listed in Supplementary Table 1. This UPF3B
promotor-pGL4.10 firefly reporter plasmid (0.4 pg) was
then co-transfected with five concentrations of the Wt
SATB2/myc-His plasmid (0.004, 0.012, 0.04, 0.12, and
0.4 pg) or with the empty pcDNA3.1/myc-His vector (EV)
as a control.

All above transfections included 0.04 pg of the pGL4.74
[ARIuc/TK] plasmid encoding Renilla luciferase to nor-
malize for transfection efficiency. Both firefly and Renilla
luciferase activities were assayed 48 h post-transfection
using the Dual-Luciferase Reporter Assay System (Pro-
mega, Madison, WI, USA) on a VICTOR? Multilabel Plate
Reader (PerkinElmer, Waltham, MA, USA). All luciferase
assays were performed in three independent experiments
with each reaction performed in triplicate per experiment.
P values were calculated by the ANOVA test.

SATB2 small interfering RNA (siRNA) transfections

We acquired a SATB2 Trilencer kit, containing three
SATB?2 siRNAs (A, B, C) (SR308179; Origene, Rockville,
MD, USA). HEK293 cells were transfected with a com-
bination of two specific siRNAs against human SATB2: Set
I (siRNA A + B + C) and Set II (siRNA B + C), or a
negative control siRNA (Trilencer-27 Universal Scrambled
Negative Control siRNA Duplex, SR30004; Origene). For
all transfections, the siTran 1.0 system was used according
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to the manufacturer’s protocols (TT300001; Origene).
Transfected cells were cultured in 6-well plates. The cells
were harvested and analyzed 48 h post-transfection. For
RNA extraction, we used combination of Trizol (Invitro-
gen) and the RNA-Easy Mini-Kit (QIAGEN) according
to the manufacturer’s protocols. RNA was treated with
DNA-free DNase (Applied Biosystems, Austin, TX, USA).
First-strand cDNA was synthesized with a high-capacity
RNA-to-cDNA kit (Applied Biosystems).

Satb2 knockout mice

Satb2 knockout mice were created as described (Dobreva
et al. 2006). Heterozygous knockout mice have no pheno-
type and homozygous Sarb2 mutant mice die shortly after
birth (Dobreva et al. 2006). Therefore, embryos from a
heterozygous mating were collected at embryonic day
(E) 18.5, and kidney tissues (Satb2 and Upf3b genes are
endogenously expressed in embryonic kidneys) were iso-
lated and snap frozen. Genotyping of the embryos was
performed as described (Dobreva et al. 2006). No wild-type
embryos were present in this litter; therefore, four hetero-
zygous embryos and one homozygous embryo were used
for our gene expression experiment (Fig. 4d). RNA was
isolated from the embryonic kidney tissues using a combi-
nation of Trizol (Invitrogen) and the RNA-Easy Mini-Kit
(QIAGEN) according to the manufacturer’s protocols. RNA
was treated with DNA-free DNase (Applied Biosystems,
Austin, TX, USA). First-strand cDNA was synthesized with
a high-capacity RNA-to-cDNA kit (Applied Biosystems).

RNA analysis

Total RNA was isolated from peripheral blood leukocytes
of the patient (after obtaining written informed consent)
and unaffected controls using a QlAamps RNA blood mini
kit (Qiagen, Valencia, CA, USA). mRNA (225 ng) of each
sample was subjected to DNase I treatment, followed by
reverse transcription into ¢cDNA using ImProm-II T™M
reverse transcriptase (Promega). cDNAs of our patient (Pt),
two male and two female Thai unaffected controls (C1-C4)
were subjected to PCR amplification (standard conditions)
of UPF3B in simplex or in duplex with GAPDH
(normalization control). For primer sequences, see
Supplementary Table 2. For quantitative real-time PCR
(qRT-PCR) on patient’s cDNA, each reaction contained
100 ng cDNA, 0.2 pM of each primer and UPF3B or
GAPDH labeled probes (Supplementary Table 2), and
TaqMan® Universal PCR Master Mix (Applied Biosys-
tems, Carlsbad, CA, USA) in a final volume of 20 pl.
Reactions were carried out using a StepOnePlusTM V2.1
Real-Time PCR System (Applied Biosystems) for 40
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cycles (95 °C for 15 s and 60 °C for 60 s) following the
manufacturer’s recommendations.

For qRT-PCR experiments on the siRNA-transfected
HEK?293 cells, human TagMan gene expression assays for
the SATB2 (Hs00392652), UPF3B (Hs00224875) and
ACTB (Hs99999903) genes were used (Applied Biosys-
tems). For qRT-PCR experiments on embryonic mouse
kidney mRNA, mouse TagMan gene expression assays for
the Sarb2 (Mm00507331), Upf3b (Mm01297389) and B2m
(Mm00437762) genes were used (Applied Biosystems).
gRT-PCR was performed with 100 ng cDNA on an ABI
PRISM 7900 HT Sequence Detection System (Applied
Biosystems). The cycling conditions were as above. Data
were analyzed with the comparative Ct method (AACy),
which measures relative gene expression (Livak and Sch-
mittgen 2001). All experiments were performed three times
in triplicate.

Chromatin immunoprecipitation (ChIP) assay

HEK?293 cells were co-transfected with the Wt SATB2/
myc-His plasmid and the UPF3B-promoter-containing
luciferase reporter plasmid (UPF3B promoter-pGL4.10).
After 18 h, cells were harvested and lysed. ChIP assay was
performed using the MAGnify ™ Chromatin Immunoprecip-
itation System kit (Invitrogen) according to the manufacturer’s
protocols. Protein lysates were immunoprecipitated with an
SATB2 antibody (Santa Cruz Biotechnology). A mouse IgG
antibody (Santa Cruz Biotechnology) was used as a negative
control. Primers specific for the UPF3B promoter were used to
amplify DNA fragments (Supplementary Table 1).

Results
Detection of the Mt SATB2 protein

We previously showed the existence of SATB2 mRNA,
despite the presence of a nonsense mutation (c.715C > T;
p-R239X), in our patient’s cells (Leoyklang et al. 2007).
Here, we studied whether the mutant protein was translated
and maintained. We transfected both wild-type (Wt) and
truncated (Mt) SATB2/myc-His plasmids into HEK293
cells (a cell type with endogenous expression of both
SATB2 and UPF3B), and performed immunoblotting
assays. After transfections, both Wt and Mt SATB2 pro-
teins were detected with anti-c-Myc tag antibodies at
expected molecular weights of 84 and 29 kDa, respectively
(Fig. 1b). SATB2 antibodies against the C-terminus of
SATB2 detected abundant Wt SATB2 in transfected cells.
Cells transfected with Mt SATB2/myc-His (lacking the
C-terminal recognition domain of SATB2 antibodies) or
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Fig. 4 UPF3B mRNA expression in SATB2-deficient cells. a Duplex
RT-PCR of leukocyte cDNA showing lower levels of UPF3B
expression in the SATB2 mutated patient (Pt) compared to those in
unaffected female (C1 and C4) or male (C2 and C3) controls. GAPDH
was served as a normalizing control gene. Simplex PCR of UPF3B
and GAPDH in normal cDNA is shown in lanes 7 and 8. Lane I
100-bp DNA ladder. b UPF3B mRNA expression by qRT-PCR in
leukocyte cDNA of our SATB2 mutated patient is significantly
decreased compared to unaffected controls (unpaired ¢ test,
*#*P = (.0008). ¢ HEK293 cells were transfected with two sets
(I and II) of siRNAs against SATB2 or a negative siRNA control.

the empty vector (EV) showed a significantly lighter band
upon SATB2 antibody staining, representing the endoge-
nous SATB2 in HEK293 cells (Fig. 1b).

Nuclear localization of Mt SATB2 protein

To investigate the localization of Mt SATB2 protein
lacking the NLS, subcellular fractionation and immuno-
fluorescence assays were performed in HEK293 cells.
Immunoblotting showed that both Wt and Mt SATB2

11 |
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< UPF3B (177-bp)
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sk ! si-control
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SATB2 and UPF3B expression were measured by qRT-PCR and
normalized to [-actin expression. Data are represented as
mean =+ standard deviation (two-sample unequal variant ¢ test,
#P <0.01). d mRNA was extracted from heterozygous and
homozygous mutant Sarb2 knockout mouse littermate embryonic
kidneys (age E 18.5). Both Sarb2 and Upf3b expression, tested by
gRT-PCR, were significantly decreased in mutant (—/—) kidneys
compared to that of heterozygous (+/—) littermates. Experiments
were performed three times in triplicate. Data are represented as
mean =+ standard deviation (two-sample unequal variant 7 test,
*P < 0.05, #*#*P < 0.001)

proteins were present in nuclear extracts (NE) and were not
detected in cytosolic fractions (CE) (Fig. 2a). Furthermore,
immunofluorescence studies of transfected HEK293 cells
also demonstrated localization of both Wt and Mt SATB2
proteins to the nucleus (Fig. 2b).

Interaction of Wt and Mt SATB2

Although Mt SATB2 lacks CUT, NLS and homeodomains,
it still contains the dimerization domain (Fig. 1a). Co-IP
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studies demonstrated that the 29-kDa Mt SATB2 protein
was pulled down along with the 84-kDa Wt SATB2 protein
using an antibody specific to the SATB2 C-terminus
(Fig. 3a). This indicated that Mt SATB?2 retained its ability
to dimerize and/or interact with Wt SATB2 (Fig. 3a). The
Wt SATB2/myc-His construct was used to confirm anti-
body specificity.

Effect of Mt SATB2 on Wt SATB2 mRNA
transcription

SATB2 can regulate transcription regulation by binding to
genomic nuclear MAR. We determined the effects of Mt
and Wt SATB2 proteins on luciferase expression regulated
by a MAR sequence (subcloned into the pFos-Luc plas-
mid). Co-expression of the MAR-pFos-Luc plasmid with
the Wt SATB2/myc-His plasmid showed significantly
decreased levels of luciferase activity, while co-expression
of the MtSATB2/myc-His plasmid exhibited luciferase
activity similar to that of the empty vector (EV) (Fig. 3a).
These results suggest that the Wt SATB2 protein acts as an
inhibitor of MAR-regulated transcriptional activity. With
increasing concentrations of the Mt SATB2 protein co-
translated with Wt SATB2, the inhibitory effect decreased,
with a significant difference between Wt:Mt and Wt:EV at
the ratio of 1:4 (Fig. 3b). This suggests that the Mt SATB2
protein has a dominant negative effect on promoter activity
of the Wt SATB2 protein, possibly by forming aberrant
dimers unable to bind to the MAR sequences.

Decreased UPF3B mRNA expression
in the SATB2-mutated patient

To explore whether SATB2 can act as a transcription
regulator for UPF3B, we first determined the effect of our
patient’s nonsense SATB2 mutation (p.R239X) on UPF3B
mRNA expression in his leukocytes. Duplex reverse tran-
scribed (RT) PCR showed decreased UPF3B expression in
the patient’s cells compared to that of four unaffected
ethnic-matched controls (Fig. 4a). These results were
confirmed by ¢RT-PCR, which revealed significant
reduction of UPF3B mRNA levels in the patient’s leuko-
cytes compared to those of five age-, sex-, and ethnicity-
matched controls (unpaired ¢ test, P = 0.0008). Experi-
ments were performed twice, in triplicate (Fig. 4b).

SATB2 regulates UPF3B expression

To further explore SATB2 regulation of UPF3B expres-
sion, we employed an in vitro (siRNA knockdown of
SATB2 in HEK?293 cells) and an in vivo (embryonic kid-
neys of Satb2 knockout mice) system. Two combinations
of SATB2 siRNA were transfected into HEK293 cells. We
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first confirmed that transfection of SATB2 siRNAs (Set I
and Set II) significantly decreased SATB2 expression
(Fig. 4c). We then demonstrated that decreased siRNA-
induced SATB2 expression in HEK293 cells resulted in
significantly decreased UPF3B expression, indicating that
UPF3B is likely a downstream target of SATB2.

We next compared embryonic kidney mRNA of
heterozygous (4/—) Satb2 knockout mice to that of a
homozygous mutant (—/—) littermate (wild-type embryos
were not available to us). Both Sarb2 and Upf3b mRNA
expression were significantly decreased in mutant embry-
onic kidney tissue (Fig. 4d). These data confirmed a reg-
ulation of Upf3B gene expression by the Satb2 protein
in vivo.

SATB?2 protein binds and activates the UPF3B
promoter

After ChIP with SATB2 antibodies in Wt SATB2/myc-His-
transfected HEK293 cells, UPF3B promoter DNA
sequence was demonstrated to be present in the immuno-
precipitates, but was absent from IgG antibody immuno-
precipitates (Fig. 5a). These results indicate that SATB2
was able to bind to the UPF3B promoter.

We next demonstrated the activating effects of the Wt
SATB2 protein on UPF3B promoter activity by luciferase
reporter assays. With transfecting increasing concentra-
tions of Wt SATB2/myc-His plasmid at 0.004, 0.012, 0.04,
0.12, and 0.4 pg, luciferase activity was augmented by 1.4-
(P = 0.032), 1.6- (P = 0.0022), 1.8- (P = 0.00018), 1.9-
(P =0.001), and 1.5- (P = 0.0013) fold, respectively,
compared with the empty vector (Fig. 5b), strongly sug-
gesting that Wt SATB2 binds and activates the UPF3B
promoter.

Discussion

SATB2 is a nuclear matrix protein that acts as a molecular
node in the transcriptional network that regulates skeletal
development (including craniofacial patterning) through
regulating transcription factors involved in osteoblast dif-
ferentiation (Dobreva et al. 2006; Srinivasan et al. 2012).
SATB2 has also been shown to be a specific marker of
colorectal origin among carcinomas (Magnusson et al.
2011; Eberhard et al. 2012). Here we identify UPF3B,
encoding a member of the NMD complex, as a new binding
partner of SATB2. This finding associates SATB2 function
to the nonsense-mediated mRNA decay pathway.

Based on molecular pathomechanism, SATB2 mutations
can be divided into three groups. The first group includes
small interstitial deletions spanning only SATB2, leading to
haploinsufficiency. Three patients with intellectual
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Fig. 5 SATB2 protein binds and activates the UPF3B promoter.
a Chromatin fragments of Wt SATB2/myc-His transfected HEK293
cells were affinity purified by either an SATB2 antibody (SATB2,
lane 2), or a mouse IgG antibody as a negative control (IgG, lane 3),
followed by PCR amplification with primers located in the UPF3B
promoter. PCR fragments were run on an agarose gel and visualized
with ethidium bromide. Input (lane 4) represents PCR products of
bulk chromatin extracts (before immunoprecipitation). Positive
(+ control gDNA, lane 5) and negative (— control gDNA, lane 6)
controls of PCR preparation were included. M (lane 1): 100-bp DNA
ladder. b Firefly luciferase activities from the UPF3B promoter
reporter plasmid, normalized to Renilla luciferase activity, were
measured with co-expression of increasing amounts of the Wt
SATB2/myc-His plasmid (gray bars) as indicated. Expression is
reported as fold activation of the SATB2/myc-His transfected cells
relative to that of the empty pcDNA3.1/myc-His vector transfected
cells (black bars). Experiments were performed three times in
triplicate. Data are represented as mean =+ standard deviation
(ANOVA, *P < 0.05, **P < 0.01, ***P < 0.001)

disability, microcephaly, growth retardation, thin and
sparse hair, feeding difficulties and cleft or high-arched
palate had deletions that ranged in size from 173.1 to
185.2 kb and spanned a part of SATB2 (Rosenfeld et al.
2009). The second group contains chromosomal aberra-
tions, either large deletions or translocations involving
2q32—q33 which may affect more than one gene. For
example, a patient with developmental delay and cleft
palate had a 4.5-Mb deletion including the SATB2 gene
(Urquhart et al. 2009). Four patients with severely intel-
lectual disability and cleft or high-arched palate shared an
8.1-Mb minimal deleted region of 2q32 (van Buggenhout
et al. 2005). Another patient with a diagnosis of Toriello-
Carey syndrome had agenesis of the corpus callosum, cleft
palate/Robin sequence, cardiac defect, hypotonia, intel-
lectual disability with microcephaly, growth retardation,
and facial dysmorphism. He had an apparently balanced de
novo translocation between chromosomes 2 and 14 [46,

XY, t (2;14)(q33;922)], with the break on chromosome 2
interrupting the SATB2 gene (Tegay et al. 2009). A female
with 46, XX, t(2;10)(q33;q21.2) disrupting SATB2 had
developmental delay, cleft palate and behavioral abnor-
malities (Baptista et al. 2008). The two girls first found to
have apparently balanced chromosomal translocations
involving chromosome 2q32 disrupting SATB2 also had
cleft palate, facial dysmorphism and mild learning dis-
ability (Brewer et al. 1999; FitzPatrick et al. 2003). Genes
other than SATB2 may contribute to the phenotypes of the
patients with chromosomal aberrations. The third group
contains patients with intragenic SATB2 (point) mutations.
This group includes our patient with the SATB2 p.R239X
nonsense mutation (Leoyklang et al. 2007), as well as the
recently reported female patient with severe intellectual
disability and bifid uvula with SATB2 p.V381G mutation
(Rauch et al. 2012). The pathomechanism of these point
mutations remains unknown. We investigated whether a
dominant negative effect could cause our patient’s pheno-
typic abnormalities.

We previously showed expression of mutant SATB2
mRNA caused by a nonsense mutation, c.715C > T
(p-R239X), in our patient’s leukocytes (Leoyklang et al.
2007). We now demonstrate the presence of the truncated
SATB?2 protein of 238 residues (29 kDa) (Fig. 1b), which
retains its dimerization domain (residues 57-231) but lacks
the two functional CUT domains, homeodomain, and NLS
domain (residues 613-616) (Fig. 1a). We also showed that
the truncated SATB?2 was localized to the nucleus, similar
to the wild-type SATB2 (Fig. 2). Most proteins destined to
the nucleus require a NLS (Schlenstedt 1996). Some pro-
teins lacking the NLS, however, could enter the nucleus by
either interacting with another protein containing the NLS
(Steidl et al. 2004) or via passive diffusion, if their
molecular weights are less than 50 kDa (Macara 2001).
Our co-immunoprecipitation assays showed that the trun-
cated SATB2 could bind to the wild-type SATB2 (Fig. 3a),
providing an explanation for the presence of the truncated
SATB2, lacking the NLS, in the nucleus.

Luciferase assays using a MAR sequence binding
domain showed that the truncated SATB2 interfered with
the repressive function of the wild-type SATB2 (Fig. 3b).
These findings suggested that the truncated SATB2 had a
dominant negative effect on the wild-type SATB2, possibly
by formation of dimers unable to repress MAR-regulated
gene expression, leading to the phenotypic abnormalities in
our patient.

Patients with SATB2 mutations including ours had
intellectual disability and craniofacial dysmorphisms sim-
ilar to patients with UPF3B mutations. Patients with
UPF3B mutations exhibit attention deficit hyperactivity
disorder, childhood onset schizophrenia (Addington et al.
2011), intellectual disability with/without autism (Tarpey
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et al. 2007), and craniofacial dysmorphisms. Different
phenotypes stemming from mutations of the same gene are
not uncommon and could be related to different patho-
mechanisms, residual protein activities, and alleles of
modifier genes (Grandis et al. 2008; Lebrun et al. 2011;
To-Figueras et al. 2011). Regardless of the underlying
mechanisms, some patients with UPF3B mutations had
craniofacial dysmorphisms similar to those of patients with
SATB2 mutations. It is also known that SATB2 can serve as
both an activator and a repressor in different cell types
(Dobreva et al. 2003, 2006; Ellies and Krumlauf 2006).
This led us to investigate whether the products of the two
genes functioned in the same pathway.

Hypothesizing that SATB2 is an activator of UPF3B, we
first performed expression studies. We found significantly
lower UPF3B mRNA levels in leukocytes of our SATB2
patient and in embryonic Satb2-deficient mouse kidney
tissue than in unaffected controls (Fig. 4a, b, d). Down-
regulation of SATB2 expression by siRNA also led to
significantly decreased UPF3B expression (Fig. 4c). Using
ChIP, we showed that the SATB2 protein could bind to the
UPF3B promoter (Fig. 5a). In addition, the luciferase
reporter assays showed that SATB2 could activate tran-
scription of the UPF3B promoter, suggesting transcrip-
tional activation of UPF3B by SATB2 (Fig. 5b). In our
patient’s cells, the truncated SATB2 led to decreased
UPF3B mRNA, likely causing decreased UPF3B protein.
Since UPF3B is a member of the NMD complex, lower
UPF3B levels may decrease the ability of cells to remove
aberrant mRNAs containing premature termination codons,
leaving the truncated SATB2 mRNA in our patient unde-
graded, creating a vicious cycle potentiating its effects.

There exist other examples of using similar human
genetic disease clinical phenotypes to elucidate disease
gene functions (van Driel et al. 2006). For example, the
distinctive and overlapping features of Noonan syndrome,
Costello syndrome and cardiofaciocutaneous (CFC) syn-
drome (facial appearance, cognitive deficits, heart defects,
and musculocutaneous abnormalities) linked these disor-
ders clinically (Aoki et al. 2008). Half of Noonan patients
have mutations in the PTPN1I gene, while HRAS germline
mutations are present in some patients with Costello syn-
drome; both genes function in the RAS-RAF-ERK pathway
(Aoki et al. 2008). Based on the observation of the clinical
similarities among the three disorders, the KRAS and BRAF
genes, encoding proteins functioning in the RAS-RAF-
ERK pathway, were identified as genes associated with
CFC (Niihori et al. 2006). Similarly, the resemblance of
two cognitive impairment disorders led us to demonstrate
that the SATB2 protein acts upstream of UPF3B to regu-
late its transcription.

In summary, using a phenotype database to identify a
new protein—gene interaction, we investigated two diseases
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with overlapping clinical features (profound cognitive
impairment and palatal and craniofacial abnormalities) to
link two different genes (SATB2 and UPF3B). Our evi-
dence has indicated that the SATB2 protein acts as a
transcriptional activator of the UPF3B gene.
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