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Abstract Ablation of tetraspanin protein TSPAN12 from
human MDA-MB-231 cells significantly decreased primary
tumor xenograft growth, while increasing tumor apopto-
sis. Furthermore, TSPAN12 removal markedly enhanced
tumor-endothelial interactions and increased metastasis
to mouse lungs. TSPAN12 removal from human MDA-
MB-231 cells also caused diminished association between
FZD4 (a key canonical Wnt pathway receptor) and its co-
receptor LRP5. The result likely explains substantially
enhanced proteosomal degradation of PB-catenin, a key
effecter of canonical Wnt signaling. Consistent with dis-
rupted canonical Wnt signaling, TSPAN12 ablation altered
expression of LRP5, Naked 1 and 2, DVL2, DVL3, Axin
1, and GSKP3 proteins. TSPAN12 ablation also altered
expression of several genes regulated by f-catenin (e.g.
CCNAI, CCNE2, WISPI, ID4, SFN, MEI) that may help
to explain altered tumor growth and metastasis. In conclu-
sion, these results provide the first evidence for TSPAN12
playing a role in supporting primary tumor growth and
suppressing metastasis. TSPAN12 appears to function by
stabilizing FZD4-LRP5 association, in support of canoni-
cal Wnt-pathway signaling, leading to enhanced B-catenin
expression and function.
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Introduction

Tetraspanin protein TSPAN12 is widely expressed in most
human tissues and organs, with the highest levels found in
digestive, urogenital, and cardiovascular systems. With its
atypically long C-terminal tail, TSPAN12 is phylogeneti-
cally one of the earliest tetraspanins (pre-chordate ancestry)
and is somewhat distinct from the others except for a dis-
tant relationship to Uroplakin-type tetraspanins [1]. Human
TSPAN12 mutations are linked to impaired vascularization
of the eye within a disease spectrum called FEVR (familial
exudative vitreo-retinopathy) [2, 3]. Other genes linked to
the FEVR disease in humans include Norrin (NDP), Friz-
zled 4 (FZD4), and LRPS5. Products of these genes collabo-
rate with TSPAN12 to activate the Norrin/B-catenin signal-
ing pathway [2].

TSPAN12 knockout mice display FEVR-type retinal
vascular defects and impaired Norrin/B-catenin signaling
[4], consistent with disruption of a canonical Wnt signal-
ing pathway. TSPANI2 appears to function by associat-
ing with FZD4 (receptor for Norrin) to drive FZD4 oli-
gomerization and signaling, leading to enhanced B-catenin
protein expression [4]. The B-catenin pathway is a central
regulator of normal cell function, and perturbed p-catenin
signaling can affect tumor cell behavior [5, 6]. However,
a role for TSPAN12 in cancer pathogenesis had not been
demonstrated.

For several reasons, we hypothesized that TSPANI2
may affect cancer cell behavior. First, TSPANI2 can
affect B-catenin signaling [4], which may regulate both
primary tumor growth and metastasis [6]. Second, the
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pro-tumorigenic sheddase ADAMI10 [7] associates with
TSPAN12, leading to ADAMI10 maturation [8]. Third,
TSPAN12 has been indirectly suggested to have anti-
metastatic properties [9]. Fourth, significantly altered
TSPAN12 expression has been observed in microarrays of
lung, breast, and prostate cancers (see GEO datasets asso-
ciated with [10-13]). Here, we use basal-type mammary
carcinoma MDA-MB-231 cells to show that TSPANI2
plays a critical role in supporting primary tumor growth
while inhibiting early stages of metastasis. Also, we pro-
vide evidence that TSPAN12 supports molecular associa-
tion between LRPS and FZD4, which likely explains pro-
motion of B-catenin signaling. Finally, we demonstrate that
TSPAN12 affects expression of over 400 genes, including
several key genes regulated by B-catenin.

Materials and methods
Cells, antibodies, other reagents

Cell lines were from American Type Culture Collection
(ATCC, USA) and were maintained (for <6 months) in
DMEM with addition of 10 % FBS. HUVEC cells (Lonza,
USA) were maintained in EBM-2 media (Lonza). Anti-
GAPDH (mAb 6C5) was from Millipore (USA). Anti-
CD11b (mAb EP1345Y) was from Abcam (USA). Antibod-
ies to LRPS (mAb D23F7), GSK3p (mAb 27C10), cleaved
Caspase-3 (mAb D175), PCNA (mAb PC10), DvI2 (mAb
30D2), Naked2 (mAb C67C4), Nakedl (mAb C30F10),
Axinl (mAb 2C76HI11), LRP6 (mAb C5C7), B-catenin
(mAb D10AS), and to DvI3 (pAb # 3218) were from Cell
Signaling Technology (USA). Antibody to FZD4 (pAb
C-18) was from Santa Cruz (USA) and to p-catenin (mAb
5SH10) was from Millipore. Alexa Fluor 647-conjugated
phalloidin and ProLong® Gold antifade media with DAPI
(Invitrogen, USA) were used. Alexa Fluor 488 and Alexa
Fluor 647-conjugated secondary antibodies were from Inv-
itrogen. Primers for qPCR TSPAN12 (Hs.PT.49a23249;
Mm.PT.49a.16486724), GAPDH (Hs.PT.49a.2918858.g;
Mm.PT.39a.1) ITGA2 (Hs.PT.49a.15354497), ITGB1 (Hs.
PT.49a.19538428), and CDI151 (Hs.PT.49a.19132657.g)
were from integrated DNA.

Transient and stable gene silencing

For transient TSPAN12 silencing, siRNA duplexes (Dhar-
macon, USA; M-012466-00 for NM_012338) were
transfected using Lipofactamine RNAiIMAX (Invitro-
gen). Control siRNA was from Qiagen (USA). Experi-
ments were performed 3 days post-transfection. Stable
TSPAN12 shRNA silencing was as described [8]. Briefly,
Lipofectamine 2000 (Invitrogen), together with dR8.91
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packaging plasmid and VSVG envelope plasmid, were
mixed and transfected into HEK293 cells to generate len-
tiviral particles. Viral particles were then used to infect
cancer cells with shRNA for human TSPANI12 (Open-
Biosystems), with selection using Puromycin or FACS
sorting.

Nude mouse xenograft assays

For ectopic analysis, nude mice were injected s.c. at two
sites each with MDA-MB-231 cells (1.5 x 10° per site).
For orthotopic analysis, MDA-MB-231 cells were injected
into mammary fat pads (1 x 10° per site). Each group con-
tained four mice and experiments were repeated twice.
After 32-34 days, mice were sacrificed and tumor weight
was determined. Tumor dimensions were measured with
calipers and tumor volume = length x width> x 0.5.
Tumors extracted from mice were fixed and embedded
in paraffin, and sectioned at 7 pm for H&E staining and
immunohistochemistry.

Tumor metastasis

Tail veins of SCID beige mice were injected with 2 x 10°
MDA-MB-231 cells. Each group contained four mice.
After 5 weeks, the mice were sacrificed and lungs were
perfused with India ink, excised, and fixed with Fekete’s
solution (680 ml of 95 % ethanol, 200 ml H,O, 80 ml
37 % formaldehyde solution, 40 ml glacial acetic acid).
Total tumor colonies on lung surfaces were counted using
a stereomicroscope. To assess lung colonization at an early
time point, SCID beige mouse tail veins were injected
with 2 x 10° MDA-MB-231 cells, that had been labelled
with cell-permeable fluorescent dye CFSE (5 wM) prior to
injection. After 24 h mice were sacrificed and lungs were
extracted and washed in PBS. From five representative flu-
orescent microscope image fields, the percent of total area
positive for CFSE was calculated using Imagel software.
Each experimental group had four mice and experiments
were repeated twice.

Cell attachment assays

HUVEC cells (1.5 x 10%well, in triplicate, in 96-well
plates) were incubated overnight at 37 °C. MDA-MB-231
cells (5 x 10°/ml) were incubated with calcein AM (5 M)
for 30 min, then washed and 100 pl of cell suspension
was added to each well of HUVEC cells and incubated at
37 °C for 1 h. After washing three times with PBS, fluores-
cence was measured using a fluorescein filter set at 495 nm.
Fluorescence measured prior to washing = total fluores-
cence. Measurement of HUVEC cells alone = background
fluorescence.
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Subcellular localization of B-catenin

MDA-MB-231 cells with control or TSPAN12 shRNA
(2 x 10%chamber) were incubated for ~18 h at 37 °C on
chamber slides. In some samples, proteosomal inhibi-
tor MG132 (10 wM) was added for the final 6 h. Cells on
slides were permeabilized and stained for P-catenin for
30 min. Cells were then washed and mounting media with
DAPI (4/,6-diamidino-2-phenylindole) was added. All fluo-
rescent images were recorded using a Leica SP5 confocal
microscope. Fluorescence distribution was analyzed using
the ImagelJ program.

Immunoprecipitation and Western blotting

Cultured MDA-MB-231 cells were lysed at 4 °C (25 mM
HEPES, pH 7.5, 150 mM NaCl, and 2.5 mM EDTA) with
1 % Brij 58 (Sigma) plus protease inhibitor cocktail (Roche
Applied Science). Immunoprecipitation and western blot-
ting were as described previously [39]. Relative band den-
sities were quantitated using ImageJ software.

Gene array analyses

Mammary fat pad tumors were lysed and RNA was iso-
lated and purified using RNeasy kit (Qiagen). To control
for size differences, we chose one of two TSPAN12 null
tumors that was comparable in size to one of the two con-
trol tumors. Isolated RNA was analyzed using the U133A
2.0 Affymetrix gene chip array (at the Dana-Farber Cancer
Institute Microarray Core Facility). Note that there is only
~5 % background binding of mouse genes (from the tumor
microenvironment) to human gene array probes [14]. Raw
data are publicly available through GEO accession number
GSE41892. Raw data were imported into GenePattern [15],
normalized and log,-transformed in ExpressionFileCrea-
tor and then exported to the Multiplot module to visualize
in volcano plot format. Data from GenePattern were then
subjected to the “Core analysis” function within Ingenuity
Pathway Analysis software (http://www.ingenuity.com).

Results
TSPANI12 contributes to primary tumor growth in vivo

To test whether TSPAN12 affects tumor growth in vivo,
human MDA-MB-231 breast cancer cells, with and without
TSPAN12 shRNA ablation, were injected ectopically (sub-
cutaneous) or orthotopically (mammary fat pad) into nude
mice. Tumor growth was significantly reduced in mice
receiving TSPAN12-ablated cells, at both the ectopic and
orthotopic sites (Fig. la, b). As seen from tumor sections,
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Fig.1 TSPANI12 supports primary tumor growth. a Human MDA-
MB-231 cells, + stable TSPAN12 ablation, were injected into nude
mouse mammary fat pads, and tumor volume was determined (/eft
panel). At day 34, tumor weights were measured (right panel). b
MDA-MB-231 cells were injected subcutaneously into nude mice and
tumor volumes were determined (left panel) and tumor weight at day
32 was measured (right panel). Error bars £SEM, P values are from
unpaired ¢ tests

TSPAN12 ablation did not affect tumor necrosis (Fig. 2a;
a, b), cell proliferation (proliferating cell nuclear antigen;
PCNA; Fig. 2a; c, d), infiltration of myeloid cells (stained
for CD11b; Fig. 2a; e, f), or tumor angiogenesis (blood
vessels stained for CD31; Fig. 2a; i, j). However, staining
for cleaved caspase-3, a marker for apoptosis, was signifi-
cantly elevated in sections from TSPANI2-ablated mam-
mary fat pad tumors (Fig. 2a; g, h). TSPAN12 effects on
cell death are consistent with gene array results (described
below). Quantitation of tumor sections from at least three
separate mice (Fig. 2b) confirmed the results shown in
Fig. 2a. TSPAN12 was effectively silenced, by >90 %, in
MDA-MB-231 cells expressing appropriate ShRNA (Suppl.
Fig. Sl1a, S1b) or siRNA (Suppl. Fig. S1c). Upon TSPAN12
knockdown (KD) in MDA-MB-231 cells, and in two other
cell lines with high (MDA-MB-175) or low (MCF7) con-
stitutive TSPAN12 expression levels, in vitro cell prolif-
eration was essentially unchanged, as determined by cell
counting (Suppl. Fig. S2a). Also, TSPAN12 ablation did
not induce apoptosis in MDA-MB-231 cells cultured in
vitro (Suppl. Fig. S2b).
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Fig. 2 TSPAN12 effects on tumor physiology. A Tumor sections from
control and TSPAN12 ablated tumors were analyzed by H&E staining
(a, b). Immunohistochemistry was used to analyze presence of apop-
totic marker cleaved caspase-3 (c, d), proliferation marker PCNA (e,
/), myeloid marker CD11b (g, #) and blood vessel/angiogenesis marker

TSPAN12 affects tumor cell metastasis in vivo

To investigate the role of TSPAN12 in metastasis we injected
MDA-MB-231 cells, with and without TSPAN12 ablation,
into the tail veins of SCID mice. After 5 weeks, recipients of
TSPAN12-ablated cells showed increased numbers of meta-
static lung colonies (Fig. 3a). The effect of TSPANI12 abla-
tion was evident early in the metastatic process. Cells lacking
TSPAN12 showed significantly more efficient in vivo locali-
zation to mouse lungs as early as 24 h post-injection (Fig. 3b).
Sizes of 24-h cell deposits were not appreciably different (see
higher magnifications in Fig. 3b), thus ruling out increased
cell clumping as an explanation for increased metastasis. In
accordance with this in vivo data, TSPAN12-ablated cells
also showed increased in vitro attachment to HUVEC cells
(Fig. 3c). Similar cell attachment results were seen upon tar-
geting of different TSPAN12 mRNA sequences either tran-
siently (siRNA) or stably (shRNA) (Fig. 3b, c). Thus, RNAi
off-target effects are unlikely to explain these results.

TSPAN12 and B-catenin

Genetic evidence previously linked TSPAN12 to a Norrin-
FZDA4-LRPS5 signaling pathway, upstream of f-catenin (see
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CD31 (i, j). B In representative tumor sections staining was quanti-
tated as percent stained area/total area. Error bars =SEM, P values
are from unpaired ¢ tests. Bars 100 wM. Note that similar caspase 3
staining results were obtained by counting numbers of stained cells/
area (10.3 & 6.4 SD vs. 44.7 £ 13.6 SD cells/area; P = 0.017)

introduction). The B-catenin protein and associated signal-
ing pathways can play a prominent role in primary tumor
growth as well as metastasis [6]. Hence, to gain mechanis-
tic insight into TSPAN12’s role in MDA-MB-231 cells, we
probed TSPAN12 influence on p-catenin. In the absence of
TSPAN12, levels of B-catenin were diminished by more
than 80 % (Fig 4a), consistent with disrupted FZD4-LRP5
signaling. At the same time, levels of Axinl and GSK3p
were elevated (Fig. 4a, b), consistent with enhanced
B-catenin proteosomal degradation, such as occurs when
the Wnt signaling pathway is disrupted [16]. Elevated lev-
els of Nkdl and Nkd2, negative regulators of the Wnt path-
way [17, 18], are again consistent with enhanced B-catenin
degradation. Altered protein levels for LRP5, Dvll, and
Dvl2, but not LRP6 (Fig. 4a), are also suggestive of dys-
regulated FZD4-LRP5 signaling.

When TSPANI12 was present, there was an abundance
of non-nuclear P-catenin staining within MDA-MB-231
cells, not overlapping with DAPI-stained nuclei (Fig. 4b,
first panels). However, in absence of TSPAN12, minimal
B-catenin was present (Fig. 4b, second panels). Treat-
ment with proteosomal inhibitor MG132 (for 6 h) reversed
effects of TSPANI12 ablation, thus restoring PB-catenin
(Fig. 4b, fourth panels) to a level comparable to that in
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Fig. 3 TSPANI2 effects on
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ment. a MDA-MB-231 cells,

+ TSPAN12 ablation, were
injected into tail veins of SCID
beige mice (Taconic, USA).
After 5 weeks, lung colonies
were visualized using India ink
(left panels) and total colonies
were counted (right panels).
Bar 5 mm. b MDA-MB-231
cells were labeled with CFSE,
injected into tail veins of
SCID beige mice, and then
24-h post-injection lungs were
extracted and washed with PBS
before representative pictures B WT
were taken under a fluorescent
microscope (left panels); bar
100 wM. The bottom two left
panels show x5 magnifica-
tions of regions from panels
directly above. Staining of the
four upper panels is quantitated
using Imagel] (right panels).

¢ MDA-MB-231 cells, with
TSPANI12 ablated either tran-
siently or stably, were incubated
with confluent monolayers of
HUVEC cells and adhesion
was quantitated after 1 h. Error
bars =SEM, P values are from
unpaired ¢ tests
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control cells (Fig. 4b, third panels). These results are con-
sistent with TSPAN12 ablation causing B-catenin to be pro-
teosomally degraded.

TSPAN12 did not co-immunoprecipitate with LRP5
or FZD4. Nonetheless, in the presence of TSPANI12, we
observed co-immunoprecipitation of FZD4 with LRP5
(Fig. 4c). However, in the absence of TSPANI12, FZD4—
LRP5 co-immunoprecipitation was essentially eliminated.
Removal of CD9Y, another tetraspanin protein, did not
eliminate FZD4-LRP5 co-immunoprecipitation Fig. 4c).
In other control experiments, levels of LRP5 detected by
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immunoblotting (Fig. 4a) or recovered upon immunopre-
cipitation with anti-LRP5 antibody (not shown) were not
diminished when TSPAN12 was absent. These results sug-
gest that TSPAN12 supports FZD4-LRPS5 receptor-core-
ceptor interaction, thereby stabilizing B-catenin through a
canonical Wnt pathway.

To gain unbiased insight into the effects of TSPAN12
on tumor cells, we performed microarray analysis of gene
expression. Because tumor growth effects were seen in vivo
(e.g., Fig. 1) but not in vivo (Suppl. Fig. S2), human gene
expression analysis was done on material from primary
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Fig. 4 TSPANI2 ablation affects FZD4/LRP5/p-catenin pathway. a
Lysates from MDA-MB-231 cells, with or without stable TSPAN12
ablation, were fractionated by SDS-PAGE under reducing conditions
and then blotted for the indicated proteins. Numbers indicate pro-
tein band intensities (TSPAN12 ablation relative to control ablation).
Results are representative of multiple experiments. b MDA-MB-231
cells, with and without TSPAN12 ablation, were allowed to adhere to
glass slides for ~18 h. In some cases, 10 puM proteosomal inhibitor
MG132 was included for the last 6 h. Cells were then fixed with 4 %
formaldehyde in PBS for 10 min, permeabilized with 0.2 % Triton
X-100 in PBS for 10 min and stained for F-actin and B-catenin before
adding mounting media with DAPI. Histograms in right panels indi-

mammary fat pad tumors. In TSPAN12 KD tumors, gene
expression levels were slightly increased for LRP5 (1.35-
fold) and FZD4 (1.27-fold), but essentially unaltered for
LRP6, DvI3, DviI2, Axin, GSK3b, and B-catenin. Further
data processing using GenePattern [9] showed 473 genes
either up- or downregulated with a >1.5-fold-change cut-off
and a P value of <0.05 (Suppl. Fig. S3; Suppl. Table S1).
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cate fluorescent staining determined linearly across representative cell
diameters drawn (but not shown) within white boxes. Red staining
represents B-catenin and blue represents DAPI staining of the nucleus.
Bar 25 pM. ¢ Control, TSPANI12-ablated and CD9-ablated MDA-
MB-231 cells were lysed and then FZD4 and LRP5 were immunopre-
cipitated (in each case from lysates containing 400 M total protein).
FZD4 present in immunoprecipitated protein complexes was deter-
mined by immunoblotting. Note that the amount of FZD4 recovered
in lane 2 is 67 % of that in lane 1 (upper panels). Numbers below
lower panels represent protein band intensities in lower panels rela-
tive to upper panels

Data were then subjected to the “Core Analysis” function
within the IPA (Ingenuity Pathway Analysis; http://www.
ingenuity.com) program, to predict which upstream central
node genes might be most significantly associated with the
regulation of TSPAN12-dependent genes. Listed among the
top potential upstream effectors of TSPANI12-dependent
gene regulation was CTNNB1 (B-catenin) (Suppl. Table
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S2). Although the f-catenin gene itself was not perturbed
in TSPAN12 KD tumors, there are 25 TSPANI12-regu-
lated genes known to lie downstream of f-catenin. These
include CCNAI (cyclin Al) and CCNE2 (cyclin E2), down-
regulated 3.5- and 1.7-fold, respectively, consistent with
reduced cell growth [19], and WISP-1, downregulated 1.65-
fold, also consistent with reduced tumor growth [20]. Other
TSPAN12-dependent, pB-catenin-dependent downregulated
genes were SFN (down 1.5-fold), ID4 (down 1.6-fold) and
ME] (down 1.6-fold). The SFN (14-3-30) and ID4 genes
each support tumor development in multiple cancer types
[21, 22], and downregulation of MEI can lead to activation
of the p53 tumor suppressor [23]. These results further sup-
port a link between TSPAN12 ablation and gene regulation
by the B-catenin transcription factor.

Other effects of TSPAN12

Additional gene array results indicate that gene regulation
due to TSPAN12 ablation may not solely involve f-catenin.
For example, TGFBl also appears among potential
upstream regulators potentially responsible for altered gene
expression due to TSPAN12 ablation (Suppl. Table S2).
IPA “core analysis” also revealed that top networks per-
turbed by TSPAN12 ablation involve functions such as cell
growth and proliferation, cell cycle, movement, death, and
survival (Table 1a). Furthermore, the top ‘disease/disorder’
ranked according to significance, was ‘cancer’ (Table 1b),
and the top ‘molecular and cellular functions’ included

growth, proliferation, death, survival, and cell cycle
(Table Ic). Notably, despite reported TSPAN12 effects on
ADAMI10 maturation in another cell line [8], we did not
observe TSPAN12 ablation having any effect on ADAMI10
maturation in MDA-MB-231 cells (not shown). TSPAN12
also did not affect ADAMI10 gene expression (not shown).

Discussion

Studies of tetraspanin protein TSPANI12 have mostly
involved its role in FEVR (familial exudative vitreo-retin-
opathy) [2-4], with no focus on cancer. Here, we show
that TSPAN12 can support tumor growth, by a mecha-
nism involving enhanced cell survival, and associated with
FZD4/LRP5/B-catenin signaling. We saw no evidence for
TSPANI12 affecting tumor growth by other mechanisms,
involving myeloid cell recruitment, tumor cell prolifera-
tion, or angiogenesis. Also, TSPAN12 appears to suppress
tumor metastasis, likely by modulating tumor cell inter-
action with endothelial cell layers. Consistent with these
results, the top-ranked disease/disorder associated with
TSPAN12-regulated gene array results was ‘cancer’.

B-catenin and canonical Wnt signaling
There is considerable evidence for B-catenin being onco-

genic [6]. TSPANI12 was previously shown to support
canonical P-catenin signaling through a FZD4-LRP5

Table 1 Results of ingenuity

(a) Associated network functions Score
pathway analyses of genes
affected by TSPAN12 ablation Cellular growth and proliferation, embryonic development, tissue morphology 45

Cell cycle, cellular assembly and organization, DNA replication, recombination, and repair 41
Cellular movement, cell death and survival, nucleic acid metabolism 36
Organ morphology, reproductive system development and function, cell morphology 34
Endocrine system disorders, gastrointestinal disease, hereditary disorder 30
Name P value No. molecules
(b) Diseases and disorders

Cancer 1.84E-18-1.27E-02 198

Reproductive system disease 1.47E-11-1.20E-02 111

Gastrointestinal disease 2.16E-10-1.11E-02 90

Endocrine system disorders 3.92E-07-2.82E-03 39

Renal and urological disease 3.52E-05-1.12E-02 44
(c) Molecular and cellular functions

Cellular growth and proliferation 7.16E-13-1.18E-02 158

Cellular movement 6.83E-11-1.29E-02 107

Cell death and survival 4.11E-08-1.20E-02 140

Cell cycle 3.95E-07-1.20E-02 72

Cellular development 2.08E-05-1.23E-02 138
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pathway [4]. Hence, we suspected that TSPAN12 sup-
port of primary tumor growth could be explained by
TSPANI12 facilitation of P-catenin signaling. Indeed,
TSPAN12 supported FZD4-LRP5 signaling, resulting in
B-catenin protection from proteosomal degradation. Pre-
vious results suggested that TSPAN12 co-localizes with
and supports FZD4 oligomerization [4]. We now suggest
that TSPAN12 can also promote the association of FZD4
with its co-receptor LRP5. Another abundant tetraspanin
protein, CD9, was markedly less effective in supporting
FZD4-LRPS5 association, thus emphasizing the specific
contribution of TSPAN12. Because absence of TSPAN12
was previously shown to have no effect on ligand bind-
ing to FZD4 [4], we did not focus on FZD4 ligands. It
remains to be determined whether Norrin [4] or another
ligand, such as WNT7a [24], is binding to FZD4 in MDA-
MB-231 cells.

Consistent with diminished canonical Wnt pathway
signaling, TSPAN12 ablation increased the levels of pro-
teins, such as Axinl and GSK3p, which are involved in
B-catenin degradation [16]. In addition, TSPAN12 abla-
tion upregulated negative regulatory proteins Nakedl and
Naked2 [17, 18], consistent with diminished signaling
through B-catenin. At present, it is not clear why TSPAN12
ablation would cause increased expression of LRPS, DvI2,
and Dvl3, since these proteins typically support canoni-
cal Wnt pathway signaling, leading to enhanced B-catenin
expression and signaling. One possibility is that TSPAN12
ablation may trigger a regulatory feedback loop, attempting
to compensate for diminished function. TSPAN12 ablation
perturbed expression of LRP5 but not LRP6. This result is
consistent with mouse and human TSPAN12 being linked
to FZD4-LRP5 functions [2—4], while not affecting FZD4—
LRP6 functions.

DNA array results provide further evidence consistent
with TSPAN12 acting through PB-catenin. Our unbiased
microarray data analysis from mouse xenograft tumors
showed that B-catenin was among the top 10 upstream reg-
ulators potentially responsible for changes in gene expres-
sion due to TSPANI12 ablation. Among these, CCNAI
(cyclin Al), CCNE2 (cyclin E2), WISP-1, SFN (14-3-30),
and ME] were downregulated, as expected, in concert with
downregulated P-catenin signaling. Furthermore, down-
regulation of each of these genes is expected to contribute
to diminished tumor growth [19-23] and/or decreased cell
survival [25-27]. Our results are consistent with another
study, in which canonical WNT pathway signaling was
essential for MDA-MB-231 xenograft growth [28], Inter-
estingly, in that study [28], some of the most critical WNT-
dependent gene expression events were observed in vivo,
but not in vitro, thus emphasizing the value of in vivo gene
expression experiments.
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Effects on tumor metastasis

A correlation between TSPAN12 upregulation and loss
of metastasis was noted previously, but TSPAN12 func-
tions were not specifically investigated [9]. Here, we show
enhanced metastasis upon TSPANI12 ablation, suggest-
ing that TSPAN12 has a metastasis suppressor function.
TSPAN12 ablation did not increase MDA-MB-231 inva-
sion or migration (not shown). However, TSPAN12-ablated
cells showed an increase in lung localization as early as
24 h post-tail vein injection, suggestive of increased inter-
action with tumor vasculature. Consistent with this, we also
observed a significant increase in adhesion to endothelial
cell monolayers in vitro. Although genes for a few integrin-
type adhesion receptor subunits were elevated according
to gene array results (Suppl. Table S1), there was no sig-
nificant increase in protein expression of integrin o2, a3,
a6, B1, or B4 subunits at the cell surface, as seen by flow
cytometry (not shown).

Metastasis suppression by TSPAN12 could also involve
canonical Wnt/B-catenin signaling, because enhanced
metastasis is sometimes associated with P-catenin degra-
dation. For example, low B-catenin, coupled with elevated
p53 (such as seen upon TSPAN12 ablation), was associated
with increased metastasis in colorectal cancer [29], and
B-catenin degradation was also linked to increased metas-
tasis in oral squamous cell carcinoma [13]. Furthermore,
downregulation of key B-catenin-dependent genes, due to
TSPAN12 ablation, may contribute to increased metastasis.
For example, downregulation of Wisp-1 [30], SFN (4751),
and ID4 [31] may all contribute to increased tumor metas-
tasis, due to elimination of metastasis suppression.

Other TSPAN12 effects

It is possible that TSPAN12 effects on primary tumor
growth and metastasis are not entirely through f-catenin.
For example, TGFB1 (listed in Table S2 as a potential medi-
ator of TSPAN12 effects on gene expression) is well known
to inhibit primary tumor growth, while stimulating tumor
metastasis [32]. Curiously, we did not observe TSPAN12
ablation to affect either ADAM10 or ADAMI0 ligands at
either genomic or protein levels in MDA-MB-231 cells.
Thus, TSPANI12 effects on tumor growth and metasta-
sis appear not to involve ADAM10. TSPAN12 ablation
also caused markedly diminished expressions of multiple
SPANX family genes. These genes are typically found in
testis, and on multiple tumor cell types [33]. It remains to
be studied whether diminished SPANX gene expression is
critical for altered MDA-MB-231 growth and metastasis
observed here, or for the pronounced loss of male fertility
that we observed in TSPAN12 knockout mice (not shown).
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TSPAN12 comparisons to other tetraspanins

A supporting role for TSPAN12 during FZD4-LRP5 asso-
ciation and function fits a paradigm seen for other tetraspa-
nin proteins. Examples include CD9 indirectly facilitating
diphtheria toxin binding to its receptor [34], CD81 enhanc-
ing a4l integrin interaction with VCAM-1 [35], and C.
elegans TSP-15 aiding dual oxidase functions needed for
exoskeletal development [36].

Among other tetraspanin proteins, CD151 can also sup-
port primary tumor growth [37-40]. However, CD151
appears to function largely by modulating functions of
closely associated integrins [41], whereas TSPANI12
does not associate closely with integrins (not shown).
Other tetraspanins, such as CD82 and CD9, can also sup-
press metastasis [42, 43] by mechanisms that may involve
B-catenin. However, CD82 and CD9 appear to inhibit rather
than stimulate canonical Wnt signaling and the mecha-
nisms do not specifically involve FZD4 [44, 45].

Summary and implications

Our investigation of TSPAN12 in cancer models provides
new insights into TSPAN12 functions, and demonstrates
that TSPAN12 may be useful as a marker during tumor pro-
gression at primary and secondary sites. Our experiments
were carried out using MDA-MB-231 cells. It remains to
be seen to what extent TSPAN12 contributes to basal type
breast cancers in general, and to other types of cancer. In
this regard, TSPAN12 gene expression levels are signifi-
cantly altered in highly metastatic versus poorly metastatic
prostate cancer cells and in normal versus squamous cell
carcinomas present in lung biopsies (see GEO datasets
associated with [10, 46]).
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