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Wnt signaling pathways are involved in embryonic develop-
ment and adult tissue maintenance and have been implicated
in tumorigenesis. Dishevelled (Dvl/Dsh) protein is one of key
components in Wnt signaling and plays essential roles in regu-
lating these pathways through protein-protein interactions.
Identifying and characterizing Dvl-binding proteins are key
steps toward understanding biological functions. Given that
the tripeptide VWV (Val-Trp-Val) binds to the PDZ domain of
Dvl, we searched publically available databases to identify pro-
teins containing the VWYV motif at the C terminus that could
be novel Dvl-binding partners. On the basis of the cellular lo-
calization and expression patterns of the candidates, we se-
lected for further study the TMEMSS (target protein trans-
membrane 88), a two-transmembrane-type protein. The
interaction between the PDZ domain of Dvl and the C-termi-
nal tail of TMEMS88 was confirmed by using NMR and fluores-
cence spectroscopy. Furthermore, in HEK293 cells, TMEM88
attenuated the Wnt/B-catenin signaling induced by Wnt-1
ligand in a dose-dependent manner, and TMEMS88 knockdown
by RNAi increased Wnt activity. In Xenopus, TMEMS88 protein
is sublocalized at the cell membrane and inhibits Wnt signal-
ing induced by Xdsh but not 3-catenin. In addition, TMEMS88
protein inhibits the formation of a secondary axis normally
induced by Xdsh. The findings suggest that TMEMS88 plays a
role in regulating Wnt signaling. Indeed, analysis of microar-
ray data revealed that the expression of the Tmem88 gene was
strongly correlated with that of Wnt signaling-related genes
in embryonic mouse intestines. Together, we propose that
TMEMSS8 associates with Dvl proteins and regulates Wnt sig-
naling in a context-dependent manner.

Wnt signaling pathways play important roles in cell devel-
opment, growth, and tumorigenesis (1-3). The cytoplasmic
protein Dishevelled (Dvl/Dsh) (DVL-1, DVL-2, and DVL-3 in
mammals) is a key component of Wnt-signaling pathways,
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which relays the signals from plasma membrane-bound Wnt
receptors to downstream components (4 — 8). Dvl proteins
consist of three highly conserved domains, the DIX (Dishev-
elled-axin), PDZ (post synaptic density-95, disc large and
zonular occludens-1), and DEP (Dishevelled-EGL10-pleck-
strin) domains (9 —16). The PDZ domain modulates Wnt sig-
naling by interacting with several proteins such as seven-
transmembrane Wnt receptor Frizzled (Fz) proteins (12) and
the single-transmembrane receptor Tyr kinase Ryk (3, 17-19),
as well as Wnt signaling modulators such as the proteins Dap-
per (11) and Idax (20, 21). The Dvl PDZ domain is ~100-
amino acids-long and consists of six B-strands (BA—BF) and
two a-helices (edA—aB) (22, 23). Although the binding mecha-
nism of the Dvl PDZ domain and other proteins is not fully
explored, we and others (11, 12, 21, 24) have reported that the
Dvl PDZ domain recognizes the typical C-terminal PDZ-
binding motifs or internal sequences of target proteins by us-
ing the same peptide-binding site on the surface of the Dvl
PDZ domain, which is located between the aB-helix and the
BB-strand structures. To identify additional peptide se-
quences that bind to the Dvl PDZ domain at the same pep-
tide-binding site, we recently performed computational stud-
ies in combination with a NMR mapping assay (25). We
showed that the VWV (Val-Trp-Val) motif is sufficient to
recognize the Dvl PDZ domain. As the completion of genome
sequencing projects in humans and other species have re-
sulted in the discovery of many putative and uncharacterized
proteins; we speculated that some of those proteins might
have a Val-Trp-Val motif at their C termini and regulate the
Wnt signaling pathways by binding Dvl proteins.

Here, we identified Dvl-binding molecules by combining
bioinformatics, biophysics, and biochemistry approaches. In
addition, microarray data deposited in a public database were
analyzed to identify any correlation between the expression of
the target TMEMS88 gene and that of genes involved in Wnt
signaling. As databases of gene expression profiles have re-
cently increased dramatically in number and scope (26); we
believe that a comprehensive analysis of microarray databases
further facilitated the assessment of the function of a targeted
gene.

Here, we report that the TMEMS88 (transmembrane protein
88) interacts with the cytoplasmic Dvl protein through the
PDZ domain and can attenuate Wnt/B-catenin signaling in-
duced by the Wnt-1 ligand. The analysis of Gene Expression
Omnibus data (26) from three different tissues revealed that
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the expression of the TMEMS88 gene correlates with that of
components of the Wnt pathways, suggesting that TMEMS88
binds Dvl to modulate Wnt signaling.

EXPERIMENTAL PROCEDURES

Database Searches—Using the ScanProsite database, we
searched for proteins containing a Val-Trp-Val motif at the C
terminus in invertebrates and vertebrates (27) in December
2009. We searched for homologs by using Ensemble and Ho-
moloGene from the National Center for Biotechnology Infor-
mation (http://www.ncbi.nih.gov). The GEO database (http://
www.ncbi.nlm.nih.gov/geo/) was analyzed to find any
correlation between TMEMS88 and Wnt signaling-related
genes (26).

Expression and Purification of the '*N-labeled PDZ Domain
of Mouse Dishevelled-1—The detailed method used to prepare
the Dvl-1 PDZ domain has been described previously (12). In
brief, to make a '>N-labeled protein, transformed cells were
grown in MOPS-containing medium with **NH,ClI (1 g/liter)
as the source of *°N. Protein expression was induced by the
addition of 1 mm isopropyl-1-thio-3-p-galactoside. When
the A4, of the cells was ~0.6, 16 h after induction at 16 °C, the
cells were resuspended in lysis buffer (20 mm phosphate, 300
mMm NaCl, pH 7.8) and sonicated. The lysate was centrifuged;
the supernatant was then transferred to a column of nickel-
nitrilotriacetic acid beads, and the column was washed with
50 mM imidazole. The protein was eluted by adding 200 mm
imidazole in 20 mMm phosphate buffer (pH 7.8) and 300 mm
NaCl. The PDZ domain was further purified by chromatogra-
phy on a Superdex® 75 preparative grade column (Amersham
Biosciences Pharmacia) and was eluted by adding 100 mm
phosphate buffer (pH 7.5) and 0.5 mm EDTA.

Peptide Synthesis and Purification—The peptide GSRS-
VPTPGKVWYV (residues 147-159), which is referred to as
TMEMSS8C, was derived from the C-terminal tail of human
TMEMS8 and chemically synthesized by staff in the Hartwell
Center for Bioinformatics & Biotechnology at St. Jude Chil-
dren’s Research Hospital. TMEMS88C was then purified by
reverse-phase HPLC. Analytical HPLC was performed using a
Waters 2695 Separations Module equipped with a Waters
2487 UV detector. Peptide TMEMBS88C was dissolved in aceto-
nitrile: water (50:50) at a concentration of 2 mg/ml and in-
jected onto a VYDAC® C18 5 um column. A gradient profile
was used to run the analysis starting with 100% buffer A (0.1%
trifluoroacetic acid in water) to 100% buffer B (80% acetoni-
trile, 20% water, 0.1% trifluoroacetic acid) in 45 min. Analysis
was performed at 220 nm. The peptide was 84% pure and was
used without any further purification.

NMR Spectroscopy—All NMR experiments were performed
at 25 °C using a Varian INOVA 600-MHz spectrometer
equipped with an actively shielded xyz-axis gradient triple-
resonance probe head. Samples consisted of the '>°N-PDZ
domain (0.2—3 mm) in 100 mm phosphate (pH 7.5) and 0.5
mm EDTA. The "N heteronuclear single quantum coherence
(HQSC)? experiments were performed to detect chemical

2 The abbreviations used are: HQSC, heteronuclear single quantum coher-
ence; GEO, Gene Expression Omnibus.
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shift perturbations in the spectra of uniformly **N-labeled
PDZ domains of Dvl-1 with the addition of TMEMS88C pep-
tide. NMR spectra were processed using NMRpipe software
(28) and analyzed by Sparky (version 3.1; T. D. Goddard and
D.G. Kneller, University of California, San Francisco). Chemi-
cal shift perturbations (A8y;,,4in) Of 'H and *°N resonances
were obtained and weighted according to the following equa-
tion: Adyiaing = (A8'H)* + (A8"°N X 0.2)%)"2.

Fluorescence Spectroscopy— A Fluorolog-3 spectrofluorom-
eter (Jobin-Yvon, Inc.) was used for the binding assay. A 10 X
4 mm quartz cell (Hellma®) with a minimagnetic stirring bar
was used for equilibration during the titration experiments
with continuous stirring to equilibrate the temperature of the
sample. To record the Trp fluorescent polarization of the Val-
Trp-Val tripeptide and TMEMS88C, we used an excitation
wavelength of 280 nm and an emission wavelength of 360 nm.
The 1.4-ml samples contained ~0.5 uM peptides in 0.1 M po-
tassium phosphate buffer (pH 7.5). The Trp fluorescence po-
larization data were measured during the titration of the
Dvl-1 PDZ domain and analyzed by Prism software
(GraphPad, Inc.).

Cell Culture, Transfection, and Luciferase Assay—Most ex-
perimental methods used have been described previously (13).
In brief, the full cDNA clone of human TMEMS88 (catalog no.
IOH29129) was purchased from Invitrogen. The expression of
Wnt-1 and TMEMS88 was driven by a cytomegalovirus pro-
moter. HEK293 cells were maintained in 24-well plates. Cells
in each well were co-transfected with 0.01 ug Lef-1 expression
plasmid, 0.075 g Lef-1 luciferase reporter plasmid, 0.05 ug
GFP expression plasmid, 0.003 g Wnt-1 expression plasmid,
and various amounts of TMEMS88. Cells were transfected
without Wnt-1 expression plasmid as basal control. Addi-
tional lacZ plasmid was added to to equilibrate the total
amount of DNA to 0.25 ug per transfection. After 1 day of
growth, the cells were lysed, and GFP levels was measured by
using a Wallac multicounter, and luciferase activity levels
were measured using a Luciferase Reporter Gene Assay kit
(high sensitivity, Roche Applied Science) according to the
manufacturer’s instructions; luciferase activity was normal-
ized against the levels of GFP expression. Each experiment
was carried out in duplicate, and the S.D. was calculated.

TMEMS88 Knockdown Experiment—HEK293T cells were
seeded in 24-well plate. 24 h later, cells in each well were
transfected with 0.19 ug TOPflash, 0.01 wg GFP, and 0.14 pg
TMEMS88 RNAI (catalog no. TMEM88-HSS190049 from In-
vitrogen) by using Lipofectamine 2000 according to the man-
ufacturer’s instructions. For the control, cells in each well
were transfected with 0.19 ug TOPflash (T-cell factor re-
porter plasmid), 0.01 ug GFP, and 0.14 ug lacZ. 66 h after
transfection, cell culture medium was replaced by DMEM.
After 6 h cultured in DMEM, cells were lysed and subjected to
GFP and luciferase measurement according to a method de-
scribed previously (29).

Xenopus Embryo Studies—Xenopus eggs were obtained
from female frogs that had been injected with 500 interna-
tional units of human chorionic gonadotropin (Sigma-Aldrich)
and fertilized artificially. Synthesis and microinjection of
mRNAs were carried out as described previously (30, 31).

VOLUME 285-NUMBER 53+DECEMBER 31, 2010



TABLE 1
Human proteins that contain the VWV motif at the C terminus

TMEMS8S8 Binds to Dvl PDZ Domain

Accession numbers are from the ScanProsite database. aa, amino acid; N/A, not available.

Accession no. Description Tissue Subcellular location Length (aa) C-terminal sequence
P02743 Serum amyloid P-component precursor Serum and urine Extracellular 223 VIIKPLVWV
(9.5 S a-1 glycoprotein)
Q5H8X8 Urotensin 2 (hormone activity) N/A Extracellular 139 IFKNYVWV
Q6PEY1 Hypothetical protein TMEMS88 Placenta Membrane 159 PTSGKVWYV
Q6ZNZ5 Hypothetical protein FL]26833 N/A N/A 121 CVMVIVWV
QONTI7 Hypothetical protein Clor f183 Brain N/A 297 DINTAVWV
To investigate the subcellular distribution of TMEM88, we =~ RESULTS

generated a fusion of the Myc epitope to the N-terminal re-
gion of TMEMS88, Myc-tagged TMEMS8S8, and injected the
Myc-tagged mRNA into the animal pole region of Xenopus
embryos at the four-cell stage. Animal cap explants were dis-
sected at the late blastula stage and fixed. Immunofluorescent
staining was performed using an anti-Myc antibody and an
FITC-conjugated secondary antibody. In addition, the effect
of TMEMS8S8 on the subcellular distribution of the GFP-tagged
Xdsh (Dsh-GFP) in Xenopus was examined. Dsh-GFP mRNA
was injected alone or co-injected with mRNA of human
TMEMS88 or TMEMS88-AC that lacks the PDZ-binding motif
at the last C-terminal tail into animal blastomerase at the four
to eight cell stage. GFP fluorescence was assessed in animal
explants. Localization of myc-TMEMS88 or Dsh-GFP protein
in Xenopus was examined by fluorescence confocal
microscopy.

For the luciferase assay, the Siamois promoter-driven re-
porter DNA construct (Sialuc, 400 pg) (12, 31, 32) was in-
jected alone or coinjected with mRNAs of Xdsh, B-catenin,
and Myc-tagged TMEMS88 (100 pg each) into the animal pole
region of Xenopus embryos at the two-cell stage. Injected em-
bryos were cultured, and animal cap explants were dissected
at the late blastula stage, and luciferase assays (Promega) were
performed by preparing cell lysates from 10 explants and
measuring luciferase activity in a Lumat LB 9507 luminome-
ter. For the secondary axis assay, Xdsh mRNA (500 pg) or
Xdsh mRNA (500 pg) together with Myc-tagged TMEMS88
(500 pg) were injected into the ventrovegetal region of em-
bryos at the four-cell stage, and injected embryos were then
cultured until they reached the larval stage.

Analysis of GEO Profiling—Three microarray data sets were
selected from GEO that had high TMEMS88 expression (repli-
cates) and were performed on current Affymetrix GeneChip
mouse genome 430 2.0 arrays (26). To stabilize variance, the
MAS 5.0 signal was natural log-start transformed by the fol-
lowing formula: In(MAS 5.0 signal + 20). The transformed
expression of each probe set on the array was correlated lin-
early with the transformed signal of TMEMS88 by using Pear-
son’s coefficient (p) using a script written for STATA software
(version 10.1, College Station, TX) for each of the experi-
ments. In brief, a correlation sums the gene expression differ-
ences between any two genes across multiple arrays and then
divides that sum by the total number of array experiments
examined to give the Pearson’s p. p values, which measure the
degree of association between variables, range from —1 to 1.
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Identification of Proteins That Have a Val-Trp-Val Motif at
the C-terminal Tail—The Dvl PDZ domain recognizes the
Val-Trp-Val tripeptide (25); thus, we hypothesized that by
interacting with the Dvl PDZ domain, some of the proteins
containing the motif at the C terminus would be novel Wnt-
signaling modulators. We, therefore, searched the ScanProsite
database for such proteins and identified 294 proteins from
invertebrates and vertebrates (protein fragments were ex-
cluded, data not shown). Among these proteins, six are hu-
man proteins (Table 1). To ascertain possible binding part-
ners, we searched for data about these proteins on the
protein-protein interaction databases (33—35), but the results
were negative. We then used the on-line database Ensemble
to examine the expression patterns and subcellular localiza-
tions of the five proteins (Table 1). Because the human DVL
proteins are located in the cytoplasm, ubiquitously expressed
in fetal and adult tissues and not secreted (10, 36), we focused
on TMEMBSS, a transmembrane protein, as the most likely
binding partner of the Dvl PDZ domain. TMEMS88 is a two-
transmembrane-type protein; residues 44 — 66 comprise the
first transmembrane domain, and residues 86 —108 comprise
the second (Fig. 14). Additional database searches revealed
that, in humans, TMEMS88 (Q6PEY1) is expressed in placenta
(28.8%), embryonic tissue (10.02%), spleen (9.66%), muscle
(8.48%), heart (6.64%), bone (6.50%), eye (5.65%), kidney
(4.75%), and other tissues (4.67%). (NCBI Gene ID 92162).
TMEMSS is also well conserved in mammals (Fig. 1, B and C).
Furthermore, ensemble database mining showed that
TMEMS88 (Q9DONS) is expressed throughout the mouse em-
bryo (data not shown).

Direct Interaction between C Terminus of TMEMS88 and Dvl
PDZ Domain—Although the Val-Trp-Val tripeptide is bound
to the Dvl PDZ domain (25), interactions with other upstream
amino acid residues at the C terminus of TMEMS88 may be
important to regulate the interaction of the Dvl PDZ domain.
Therefore, we characterized the interaction between the Dvl
PDZ domain and a 13-mer peptide from the C terminus of
human TMEMS88 (TMEMS88C) by performing NMR titration
experiments in which the 'H,"N-HSQC spectra of the uni-
formly *°N-labeled PDZ domain of Dvl were recorded,
whereas unlabeled TMEMS88C was added gradually (Fig. 2A4)
(37). The expanded region of the ">’ N-HSQC in Fig. 2B repre-
sents the “fingerprint” region corresponding to the important
binding-site residues in the Dvl-1 PDZ domain. During titra-
tion, some peaks disappeared and reappeared, indicating that
the binding was in the intermediate state on the NMR time
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A

hTMEM88 | mTMEMS88 | rTMEM88 | cTMEMS88
44 66 86 108 159 hTMEMS8 100
N =—TM1 —TM2—| C mTMEMS88 88 100
PDZ-B rTMEM88 85 93 100
cTMEMS88 93 88 86 100
bTMEMS88 93 88 86 93
B hTMEM88 MADV PGRAQRAV PGDGPE PRDPLDCWACAVLVTAQNLLVAAFNLLLLVLVLGTILLPAVTM 60
mTMEM8 8 MAEVPGAQRPVLAGGPEPRDPLDCWACAVLVTAQNLLVAVFNLLLLALVLGTILLPAVIM 60
rTMEM88 MAEVPAAQRPGLAGAPE PRDPLDCWACAVLVTAQNLLVAVFNLLLLALVLGTILLPAVTM 60
cTMEM88 MAEVPGAQRPAPGGGPEPRDPLDCWACAVLVTAQNLLVAAFNLLLLALVLGTILLPAVTM 60
bTMEMS88 MADVPGAQRPVPGGGPEPRDPLDCWACAVLVTAQNLLVAAFNLLLLALVLGTILLPAVTM 60
** :‘k* . Kk Kk . .. KRXRRARRRRRRARAARAARARARRAR AKX . *x****_ AhkAAAAAAkAAXx *
hTMEMS88 LGFGFLCHSQFLRSQAPPCTAHLRDPGF TALLVTGFLLLVPLLVLALASYRRLCLRLRLA 120
mTMEM8 8 LGFGFLCHSQFLRSQAPLCTSHLRDPGF TALLVTGFLLLVPLLVLALATYRRLCLRLRLA 120
rTMEM88 LGFGFLCHSQFLRSQAPPCTAHLRDPGF TTLLVIGFLLLVPLLVLALATYRRLCLRLRLA 120
cTMEM88 LGFGFLCHSQFLRSQAPPCTAHLRDPGF TALLVTGFLLLVPLLVLALASYRRLCLRLRLA 120
bTMEMS88 LGFGFLCHSQFLRSQAPPCTAHLRDPGF TALLVTGFLLLVPLLVLALASYRRLCLRLRLA 120
KAAXRRKRKRRRRAAAAA AKX **: *******Q: KKK ARAARKRRRRAAAAAK H khkAhhkAhkAArhAk
hTMEMS88 DCLVPYSRALYRRRRAPQPRQIRASPGSQAVPTSGKVWV 159
mTMEM8 8 DCLVPYSRALYRRRRIPQPKQIPVSPGSRSVPTPGKVWV 159
rTMEM88 DCLVPYSRALYRRRRIPQPKQIPVSSSPRSVPTPGKVWV 159
cTMEM88 DCLVPYSRALYRRRRSPQPRQTRALPGTQAGPTSGKVWV 159
bTMEMS88 DCLVPYSRALYRRRRNPQPRPARSSPGPQVAPTSGKVWV 159

KAXKKARKRAKRKRARARAL KAh*Xx. kk KhkAkkk

FIGURE 1. Identification and characterization of the TMEMS88 protein. A, schematic of the TMEM88 protein. The two transmembrane domains, TM1 and
TM2, are indicated in gray, and the PDZ-binding domain is indicated in black. B, amino acid sequence alignments of hTMEM88, mTMEM88, rTMEM88,
cTMEM88, and bTMEM&88 by using CLUSTW. h, m, r, ¢, and b represent human, mouse, rat, Canis familiaris (dog), and Bos taurus (cow), respectively. The aster-
isks indicate identical residues in alignment; the colons indicate that conserved substitutions have been observed; and periods indicate semiconserved sub-
stitutions have been observed. C, percent identity of TMEM88 protein among the species. TM, transmembrane; C, C terminus; N, N terminus.
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FIGURE 2. Direct binding of the TMEM88C peptide to the PDZ domain of Dvl. A, 'H,">N HSQC-spectra of the Dvl-1 PDZ domain and with varying concen-
trations of the 13-mer TMEM88C peptide. B, the extended "H," N HSQC spectra of the Dvl-1 PDZ domain as a function of the concentration of the 13-mer
TMEMB8B8C peptide (blue, 1:0; gray, 1:1; green, 1:3; purple, 1:5; and red, 1:8). C, normalization of the chemical shift perturbation by lle-264 (A8 = 0.591 ppm).
D, the worm representation of the backbone structure of the Dvl-1 PDZ domain (Protein Data Bank code TMC7). The thickness of the worm structure was
normalized to the chemical shift perturbation datum of lle-264 (red, high; blue, low). Insight Il software was used to prepare this model. E, the binding affin-
ity (Kp) of the Val-Trp-Val tripeptide (triangles) and that of the TMEM88C peptide (squares) to the Dvl-1 PDZ domain. The Trp fluorescence polarization of
both peptides was measured during the titration of the Dvl-1 PDZ domain. mP, polarization X 1000.

scale (37). Based on the peak assignments of the Val-Trp-Val-
bound state of Dvl-1 PDZ (25), we were able to determine the
resonance signals of the >N Dvl-1 PDZ domain bound to the
TMEMSSC peptide. The largest perturbation of signals was
found in residue Ile-264 (A = 0.591 ppm) on the BB-

binding
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strand and in residues Arg-322 (Ad y;,q4ing = 0.513 ppm) and
Val-325 (A8 1,;,qing = 0.527 ppm) on the aB-helix of the Dvl-1
PDZ domain at the saturated concentration (Fig. 2B). The
normalized chemical shift changes (Ady;,qing) for each back-
bone amide are shown in Fig. 2C. In addition, the backbone

“BSEME\
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FIGURE 3. TMEM88 attenuates Wnt-1-induced B-catenin signaling.
HEK293 cells were seeded in 24-well plates 24 h before transfection, and the
cells in each well were co-transfected with 0.01 g Lef-1 expression plasmid,
0.075 ug Lef-1 luciferase reporter plasmid, 0.05 ug GFP expression plasmid,
0.003 g Wnt-1 expression plasmid, and various amounts of either TMEM88
(blank boxes) or TMEM88AC4 (light gray boxes). As controls (Ctl), the cells
were transfected with the same preparation in the absence of the Wnt-1
expression plasmid. The lacZ plasmid was added to equilibrate the total
amount of 0.25 ug DNA per transfection. After 1 day of growth, the cells
were lysed, and GFP levels and luciferase activities were determined. Each
experiment was carried out in duplicate, and error bars represent the S.D.

worm structure of the Dvl-1 PDZ domain was generated to show
the effect of binding the TMEMB88C peptide (Fig. 2D) and indi-
cated that TMEMB88C binds to the conventional peptide-binding
groove between the aB-helix and BB-sheet structures in the PDZ
domain of Dvl-1 as expected. We observed little difference in the
chemical shift perturbations of the Val-Trp-Val tripeptide and
TMEMSSC caused by binding to the Dvl PDZ domain (25). The
difference of A8y, ging (AASyinding) Of the Dvl-1 PDZ domain for
the two bound peptides was <0.03, indicating that the last three
residues at the extreme C terminus of TMEMS88 would be cru-
cial to determine the binding.

To further examine the binding between TMEMS88C and
the Dvl-1 PDZ domain, we measured Trp fluorescence polar-
ization of the peptide during its titration with Dvl-1 PDZ do-
main, which does not contain a Trp residue. Changes in Trp
fluorescence polarization were used to estimate the binding
affinity (K,) of the tripeptide and TMEMS88C for the Dvl-1
PDZ domain (Fig. 2E). As predicted by results from the NMR
experiments, the binding affinity of TMEMS88C (K, = 2.0 *
0.2 um) and that of the tripeptide Val-Trp-Val (K, = 1.9 £
0.3 um) to the Dvl-1 PDZ domain were comparable.

TMEMS88 Attenuates Wntl Ligand-induced Signaling—Be-
cause TMEMS88 binds to the Dvl PDZ domain in vitro, we
examined its effect on Wnt/B-catenin signaling. Because a
direct interaction of the Dvl PDZ domain with the internal
sequence of Fz protein is essential to activate Wnt signaling
(12, 16, 38), we reasoned that if TMEMS8 binds to the Dvl
PDZ domain in cells, then overexpressing TMEM88 might
disrupt the Dvl-Fz interaction at the plasma membrane re-
gion, which, in turn, would suppress Wnt/B-catenin signaling.
To test this hypothesis, we employed a luciferase-based cell
assay (29). In HEK293 cells transfected with the Wnt-1 plas-
mid, canonical Wnt signaling was activated, indicated by in-
creased luciferase activity (Fig. 3) (13). When TMEMS88 was
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FIGURE 4. TMEM88 knockdown increases Wnt activity. HEK293T cells
were seeded in a 24-well plate. 24 h later, cells in each well were transfected
with 0.19 ug TOPFlash, 0.01 ug GFP, and 0.14 ug TMEM88 RNAI by using
Lipofectamine 2000. For the control (Ct), cells in each well were transfected
with 0.19 ng TOPFlash, 0.01 ng GFP, and 0.14 ug lacZ. 66 h after transfec-
tion, cell culture medium were replaced by DMEM. After 6 h of culture in
DMEM, cells were lysed and subjected to GFP and luciferase measurement.
The luciferase activity was increased about two times by knockdown of
TMEM88 by RNAI.

co-expressed with Wnt-1 in the cells, Wnt-1-induced activa-
tion of luciferase was attenuated (Fig. 3). The increased
amount of TMEMS88 expression plasmid resulted in the sub-
stantial attenuation of Wnt-1-induced luciferase activity, indi-
cating that the TMEMSS protein blocks Wnt signaling, pre-
sumably by disrupting the Dvl-Fz interaction in cells. To
confirm this result, we performed the same experiment with
TMEMBS88AC4, which lacks four amino acid residues at the
extreme C terminus (Fig. 3). The loss of the PDZ-binding mo-
tif of TMEMSS causes little inhibitory effect on Wnt-1-in-
duced signaling in a dose-dependent manner, indicating that
the binding of TMEMSS to the Dvl-1 PDZ domain is essential
to block Wnt signaling.

Knockdown of TMEMS88 Increases Wnt Activity—Because
TMEMSS8 is expressed in kidney and can inhibit the Wnt-1-
induced signaling in HEK293 cells, we used RNAi to suppress
the endogenous expression of TMEMS88 in HEK293 cells to
investigate the effect of TMEMS88 knockdown on Wnt activ-
ity. By using the luciferase report assay (29), we found that,
comparing to the control, the Wnt activity was increased >2-
fold in the TMEMS88-suppressed cells (Fig. 4), indicating that
endogenous TMEMS88 inhibits canonical Wnt signaling in
HEK293 cells.

Subcellular Localization of TMEMSS8 Protein and Its Effect
on Wnt Signaling in Xenopus—Because TMEMS88 was pre-
dicted to be a membrane protein, we decided to investigate
the subcellular distribution of TMEMS88 in a Xenopus embryo
system. We first generated a fusion of the Myc epitope to the
N-terminal region of TMEMS88, Myc-tagged TMEMS88, and
injected the mRNA of Myc-tagged into the animal pole region
of Xenopus embryos at the four-cell stage. Animal cap ex-
plants were dissected at the late blastula stage and fixed.
Then, immunofluorescent stainings were performed and lo-
calization of Myc-TMEMSS8 protein in Xenopus was examined
by fluorescence confocal microscopy. As showed in Fig. 5,
Myc-TMEMSS proteins were essentially localized to the cell
membrane; indeed, TMEMS88 is a membrane protein.
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Myc-TMEM88

FIGURE 5. Subcellular localization of TMEM88 in Xenopus. Representative
fluorescence confocal microscopy image of Myc-TMEMS88 in the animal cap
explants after they were dissected at the late blastula stage and fixed; Myc-

TMEMB88 is localized in the cell membrane.

Dsh-GFP/TMEM88AC

_Dsh-GFP Dsh-GFP/TMEM88

D

FIGURE 6. Direct interaction of Xdsh-GFP and TMEM88 in Xenopus.
Dsh-GFP RNA (0.5 ng) was injected alone or with TMEM88 RNA (1 ng) or
TMEMB88AC RNA(1 ng) into animal blastomerase at the four to eight cell
stage. GFP fluorescence was assessed in animal cap explants. A, Xdsh-GFP
was found in a punctuate cytoplasmic distribution. B, co-injection of
TMEMB88 leads to the recruitment of Dsh-GFP to the cell membrane. C, co-
injection of TMEM88AC did not change the subcellular distribution of
Dsh-GFP, showing that the last C-terminal residue of TMEM88 is important
to the subcellular distribution of Dsh-GFP.

We then examined the effect of TMEMS88 on the subcellu-
lar distribution of Xdsh-GFP in Xenopus. Xdsh-GFP mRNA
was injected alone or co-injected with TMEM88 mRNA into
animal blastomerase at the four to eight cell stages. Xdsh-GFP
was found in a punctuate cytoplasm distribution in animal
cap cells (Fig. 6A4) (39). Co-injection of TMEMSS led to the
recruitment of Xdsh-GFP to the cell membrane (Fig. 6B). Re-
markably, TMEMS88AC that lacks the PDZ binding motif at
the C terminus failed to recruit Xdsh-GFP to the cell mem-
brane (Fig. 6C). Together, the data suggest that TMEMS88
binds to Dvl protein through its last C terminus residues and
the binding recruits Dvl to the membrane.

To assess the role of TMEMS88 in the Wnt signaling in vivo,
we used a previously established luciferase assay (12, 31, 32).
Xenopus Wnt target gene Siamois promoter-driven luciferase
reporter construct was injected alone or co-injected with syn-
thetic Xdsh mRNA, Xdsh mRNA together with Myc-tagged
TMEMS88 mRNA, -catenin mRNA, and B-catenin mRNA
plus Myc-tagged TMEM88 mRNA, respectively, in the animal
pole region at the two-cell stage (31). Injected embryos were
cultured and animal cap explants were dissected at the late
blastula stage, and luciferase assays (Promega) were per-
formed by preparing cell lysates from 10 explants and mea-
suring luciferase activity in a Lumat LB 9507 luminometer.
Consistent with the results in the cell assay, TMEMS88 inhib-
ited Siamois promoter-driven luciferase activity induced by
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FIGURE 7. The effect of TMEM88 on canonical Wnt signaling in Xenopus.
A, Siamois reporter construct and synthetic mRNAs corresponding to Xdsh
(1pg) and B-catenin (B-cat; 100 pg) were injected into the animal pole re-
gion of four-cell stage Xenopus embryos, and ectodermal explants were
dissected at the late blastula stage for a luciferase activity assay. Luciferase
activity induced by Xdsh was examined. TMEM88 inhibits canonical Wnt
signaling induced by Xdsh but not by B-catenin, indicating that TMEM88
blocks the signaling at the level of Xdsh. B, summary of the effect of
TMEMB88 on the formation of the secondary axis induced by Xdsh. TMEM88
efficiently blocks the formation of the secondary axis induced by Xdsh in
Xenopus embryos. Sialuc, plasmid encoding luciferase driven by the Siamois
promoter.

Xdsh but not by B-catenin (Fig. 7A). This result indicates that
TMEMSS inhibits canonical Wnt signaling at the level of
Xdsh.

To further examine the role of TMEMS8S8, we also employed
the Xenopus secondary axis assay (12). As showed in Fig. 7B,
Xdsh mRNA injected into the ventro-vegetal region of a Xe-
nopus ectodermal explant at the four-cell stage induced a
complete secondary axis in ~30% of Xenopus embryos and a
partial secondary axis in ~40% of Xenopus embryos. Co-injec-
tion of embryos with equal amounts of mRNAs of Xdsh and
Myc-tagged TMEMS88 abolished the formation of a complete
secondary axis, and only ~30% of embryos formed a partial
secondary axis. The data also suggest that TMEMS88 can regu-
late Wnt signaling pathway.

TMEMS88 Gene Expression Profile—Given that TMEMS88
suppresses Wnt-1-induced B-catenin signaling in cells and in
Xenopus embryos, we wondered whether the expression of
the TMEMS88 gene is correlated with that of other genes in-
volved in Wnt signaling. To determine this, we reanalyzed the
TMEMS88 gene expression profile on the GEO database (26).
We downloaded raw data from three embryonic mouse tis-
sues: cardiac (GEO accession no. GSE1479), colon (GEO ac-
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cession no. GSE5261), and small intestines (GEO accession
no. GSE6383) and examined the Pearson correlations of
TMEMS88 with the upstream components of Wnt signaling.

We detected strong Pearson correlations of TMEM88 ex-
pression with that of several Wnt signaling-related genes in
the embryonic small intestines: FzdI (p = 1.00), Fzd2 (p =
1.00), Fzd7 (p = 0.86), Fzd9 (p = 0.90), Frzb (p = 0.89), Dvi-1
(p = 0.82), DvI-2 (p = 0.89), and DvI-3 (p = 0.92) (supple-
mental Table S1). We also observed modest Pearson correla-
tions between the expression of TMEMS88 and that of the
following Wnt signaling-related genes in other tissues: embry-
onic mouse cardiac tissue, RORI (p = 0.61); and the colon,
FzdI (p = —0.67), Fzd2 (p = —0.49), and Frzb (p = —0.63)
(supplemental Table S1). These results suggest that TMEM88
conditionally modulates Wnt signaling-related gene
expression.

DISCUSSION

During the course of this work, Stiffler et al. (40) suggested
that TMEMS88 protein might be a Dvl-3 PDZ-binding candi-
date. In this report, we demonstrated that TMEMS8S is a novel
Dvl-1-binding protein that modulates Wnt signaling. The
chemical shift perturbations of the *°N-labeled PDZ domain
of Dvl-1 show that the C terminus of TMEMS88 occupies the
binding groove of the Dvl-1 PDZ domain, as do the known
Dvl PDZ-binding partners Fz and Dapper (12, 25, 41). The
binding affinity of TMEMS88C to the Dvl-1 PDZ domain ob-
tained by analyzing fluorescence data is similar to that of
known Dvl PDZ-binding partners (12, 25, 41), suggesting that
TMEMS88 may compete with known Dvl-binding partners.

Sequence analysis suggested that TNEM88 has two trans-
membrane domains, and our studies in Consistent In Xeno-
pus confirmed that TMEMS88 is a membrane protein. We
showed that the interaction between TMEMS88 and Dvl pro-
tein could recruit Dvl to the membrane.

Both the cell-based and Xenopus assays showed that
TMEMSS disrupts canonical Wnt signaling. During canonical
Wnt/B-catenin signaling, the Wnt ligand binds to its co-re-
ceptors, Fz and LRP5/6 (a single-span transmembrane LDL
receptor-related protein 5/6), resulting in the activation of
cytoplasmic Dvl proteins (7). The activated Dvl proteins then
relay the Wnt signals to the downstream components (5).
Moreover, we reported previously that the protein-protein
interaction between the membrane-bound Fz receptor and
the PDZ domain of Dvl plays a role in conveying Wnt signals
downstream (12, 22). Therefore, the attenuation of Wnt-1-
induced signaling by TMEMS88 implies that the C-terminal
region of TMEMS8S locates in the cytoplasmic region and
binds to the Dvl PDZ domain, which leads to the disruption
of the Fz-LRP5/6-Dvl complex, thus affecting canonical Wnt
signaling. Consistent with this hypothesis, TMEM88 knock-
down in HEK293 cells increased Wnt activity. Additionally,
the reanalysis of microarray data provided evidence that the
expression of TMEMS88 was closely associated with the genes
involved in Wnt signaling in embryonic mouse intestines.

The Dvl proteins are key players in Wnt signaling path-
ways, and >20 binding partners of these proteins have been
reported (4, 5). For example, Dapper, Idax, and Naked cuticles
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inhibit canonical Wnt signaling by binding to Dvl proteins (4,
5, 11, 20); however, Ryk and Diversin function in the nonca-
nonical Wnt-signaling pathway by interacting with Dvl (18,
42). Because Dvl protein-protein interactions regulate a vari-
ety of biological processes (5, 43), identifying novel Dvl-bind-
ing partners is of great importance. This study is a useful ex-
ample of how a combinatorial approach can be broadly
applied to reduce the number of candidate proteins when
searching for novel Dvl-binding partners.

Finally, TMEMS88 may play an important role in diseases,
including cancers. Human TMEMS88 gene is mapped to chro-
mosome 17p13.1, from position 7,699,108 to 7,700,142 (En-
semble database) (supplemental Fig. S1). Several studies have
shown that the loss of heterozygosity at 17p13.1 appears to be
associated with an adverse disease course (44 —48). Although
most of these analyses addressed the role of TP53, further
study of TMEMS88 may be interesting because the two genes
between TP53 and TMEMSS are separated by only ~200 kb.
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