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TMEM52B-derived peptides inhibit B

generation of soluble E-cadherin and EGFR
activity to suppress colon cancer growth
and early metastasis
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Abstract

Background Transmembrane protein 52B (TMEM52B) is a novel gene expressed widely in various normal human tis-
sues; however, the biological function of TMEM52B in cancer remains largely unknown. Previously, we demonstrated
that TMEM52B is a novel modulator of E-cadherin and EGFR activity, and that it has tumor suppressor-like activity
using both experimental and clinical analyses. Here, we hypothesized that the extracellular domain (ECD) of TMEM528B
may exert tumor-suppressing activity.

Methods We designed and evaluated the therapeutic potential of TMEM52B ECD-derived peptides in vitro
and in vivo. The molecular mechanisms underlying the anti-cancer activity of the peptides were explored.

Results TMEM52B ECD-derived peptides reduced cancer cell survival, invasion, and anchorage-independent
growth, which was accompanied by decreased phosphorylation of ERK1/2 and AKT. The peptides maintained intact
E-cadherin at organized cell-cell junctions, leading to reduced {3-catenin activity. They also inhibited generation

of soluble E-cadherin and activation of EGFR by binding directly to the E-cadherin ECD and interfering with the inter-
action between soluble E-cadherin and EGFR. Peptides fused to the Fc domain of human IgG1 efficiently inhibited
tumor growth in a colon cancer xenograft model and reduced survival of circulating tumor cells in an early metastasis
model.

Conclusions These results strongly suggest that TMEM52B ECD-derived peptides could provide a platform
for the development of novel anti-cancer therapeutics and furnish a useful tool for exploring the function
of TMEM52B in modulating the interplay between E-cadherin and EGFR.
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Background
Cancer metastasis, the leading cause of cancer-related
mortality, is a multistep process comprising several
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EMT is a reversible process during which organized
epithelial cells undergo morphological and molecular
changes to acquire a more mesenchymal phenotype [2—
5]. Reduced expression or functional loss of E-cadherin,
a well-known metastasis suppressor, is a key event
of EMT [5]. The extracellular domain of E-cadherin
mediates cell-cell adhesion through Ca’**-dependent
homophilic interactions, thereby inhibiting cell migra-
tion and dissemination. Furthermore, the intracellu-
lar domain of E-cadherin anchors -catenin to the cell
membrane, which prevents -catenin from entering the
nucleus and inducing expression of EMT-related genes,
thereby suppressing EMT and cancer metastasis [5].
Usually, reduced expression of E-cadherin is mediated
at the transcriptional level by E-cadherin transcrip-
tional repressors/EMT-inducing transcription factors,
as well as at the post-translational level [5, 6]. Further-
more, a soluble fragment of E-cadherin (sE-cad; an
80 kDa soluble form), formed by shedding of the E-cad-
herin ectodomain, contributes to tumor progression by
promoting invasion and metastasis [6, 7]. Clinically, sE-
cad serum levels are a prognostic marker for multiple
types of cancers, including gastric, colorectal, breast,
and ovarian cancers [8, 9].

Transmembrane protein 52B (TMEMS52B, C120rf59) is
a novel gene first cloned in 2002 [10]. TMEM52B mRNA
isoform 1 (NM_153022; 2789 bp) encodes a 163 amino
acid protein, and isoform 2 (NM_001079815; 2563 bp),
which differs with respect to the 5° UTR and contains
an alternate exon in the 5’ coding region, meaning
that it initiates translation from an alternate upstream
start codon, encodes a distinct N-terminal, 183 amino
acid protein. Both isoforms are predicted to encode
transmembrane proteins. Xie et al. (2016) showed that
TMEMS52B is broadly expressed in normal human tis-
sues, with high expression in the kidney; by contrast,
expression in a panel of cancer cell lines was not detect-
able. Decreased expression of TMEMS52B correlates with
a poor prognosis and von Hippel-Lindau mutations in
renal cell carcinoma (RCC), suggesting that TMEM52B
is a tumor suppressor in RCC [11]; however, to date, the
expression pattern and biological functions of TMEM52B
in cancer remain largely unknown.

Previously, we reported that suppressing TMEMS52B
mediates shedding of extracellular E-cadherin and con-
tributes to activation and internalization of the epidermal
growth factor receptor (EGFR), resulting in increased
activation of downstream signals and subsequent can-
cer cell survival and invasion. These data imply that
TMEM52B has tumor/metastasis-suppressing activ-
ity. Clinically, high expression of TMEM52B corre-
lates positively with increased survival of patients with
breast, lung, kidney, or rectal cancers, suggesting that a
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reduction in TMEM52B expression may contribute to
tumor progression.

These previous results led us to hypothesize that
TMEM52B may be exploited as part of a novel cancer
treatment strategy. We hypothesized that the extracel-
lular domain (ECD) of TMEM52B may exert tumor/
metastasis-suppressing activity because both TMEM52B
isoform 1 and isoform 2 localize at the plasma mem-
brane and interact with E-cadherin to reduce its shed-
ding. Here, we report that TMEMS52B ECD-derived
peptides suppress cancer cell survival and invasion;
inhibit production of soluble E-cadherin and the activa-
tion of EGER by interfering with the interaction between
soluble E-cadherin and EGFR. We generated peptide-Fc
fusion proteins and evaluated their therapeutic poten-
tial in colorectal cancer xenograft models. We found that
recombinant peptide-Fc fusion proteins reduced tumor
growth and early metastasis in vivo. Taken together, these
results strongly suggest that the peptides could be further
developed to provide a novel anti-cancer agent.

Materials and methods

Cell lines

SW480, HCT-15, HCT-116, HT-29 (colon cancer), FHC
(normal colon epithelial), and CCD-18Co (normal colon
tissue) cell lines were purchased from the American Type
Culture Collection (ATCC; Manassas, VA, USA). The
SW480sub cell line is a subclone isolated from SW480
cells in-house [12]; these cells display higher matrix
adhesion capacity than SW480 cells. SW480, HCT-15,
HCT-116, and HT-29 cells were maintained at 37 °C/5%
CO, in RPMI1640 supplemented with 10% FBS. Stable
cells (TMEM52B-suppressed vs. control cells) established
from the HCT-15 cell lines were described previously
[12]. FHC cells were maintained in DMEM/F12 supple-
mented with 10% FBS, 10 mM HEPES, 5 pg/mL insulin,
100 ng/mL hydrocortisone, 5 pg/mL transferrin, 10 ng/
mL human recombinant EGF. CCD-18Co cells were
maintained in Eagle’s MEM with 10% FBS. C8161 cells
(melanoma) were a kind gift from Dr. C-R Jung (KRIBB,
Korea) [13]. Cells were checked for mycoplasma and
their identities were confirmed using STR-PCR analysis.

Synthesis of TMEM52B-derived peptides and production

of Fc-fused proteins

Peptides corresponding to the extracellular domain
(ECD) of TMEMS52B isoform 1 (SWRPQPCCISSC-
CLTTDWVH) and isoform 2 (EENCGNPEHCLTTD-
WVH) were synthesized by Peptron (Daejon, Korea). To
produce recombinant TMEM52B ECD-Fc fusion pro-
teins (the ECD fused to the Fc of human IgG1), cDNA
fragments encoding the ECD of TMEM52B isoform 1
and isoform 2 were subcloned into the pCMV-Fc-myc
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vector [12]. The resulting recombinant TMEM52B ECD-
Fc fusion proteins were produced using the Expi293
Expression system (Thermo fisher Scientific, Waltham,
MA, USA) and purified by protein A affinity chromatog-
raphy, as previously described [14]. Recombinant soluble
E-cadherin-Fc (sE-cad-Fc) fusion protein and mock Fc
protein were produced as previously described [12].

Transfection of cells with expression vectors and small
interfering RNA (siRNA)

Isoform 1- and isoform 2-expressing constructs within
the pcDNA3.1-myc vector were described previously
[12]. cDNA encoding the truncated form of isoform 2
lacking the cytoplasmic domain was amplified by PCR
using primer set (5'- AACATCTCGAGGCCGCCA
TGGGAGTCCGAGTTCAT-3" and 5'- AATTCAAGC
TTGCGGAAGCACAGGGAC-3") and then subcloned
into the pcDNA3.1-myc vector to generate pcDNA3.1-
isoform 2AC. Prior to analysis, cells were transfected for
48 h with siRNA specific for EGFR (5"-CGCAAAGUG
UGUAACGGAAUATT-3") [12] using Lipofectamine
2000.

Immunoblot analysis

Whole-cell lysates were prepared using RIPA buffer, fol-
lowed by immunoblotting as described previously [12].
Protein bands were detected using the following primary
antibodies: anti-GAPDH (Santa Cruz Biotechnology,
Santa Cruz, CA, USA); anti-B-catenin, anti-E-cadherin,
and anti-integrin o5 (BD Biosciences, San Jose, CA,
USA); anti-a smooth muscle actin (aSMA) and anti-
vimentin (Sigma, St Louis, MO, USA); anti-phospho-

extracellular signal-regulated kinase 1/2 (ERK1/2),
anti-ERK1/2, anti-phospho-AKT(S473), anti-AKT,
anti-survivin, anti-phospho-c-Jun(S63), anti-c-Jun,

anti-survivin, anti-phospho-EGFR(Y1068), anti-EGFR,
anti-phospho-fB-catenin(S33, 37/T41), anti-phospho-
[B-catenin(S675), and anti-phospho-p-catenin(S552)
(Cell Signaling, Danvers, MA, USA); anti-E-cadherin
(R&D Systems, Minneapolis, MN, USA); and rabbit anti-
TMEMS52B (produced in-house) [12]. To detect the solu-
ble E-cadherin fragment, conditioned medium from cells
was collected for 48 h.

Invasion assay

Cells in serum-free medium were plated on Transwell
inserts (Corning, NY) coated with 25 ug of Matrigel in
the presence of the peptides. The underside of the insert
was pre-coated with 2 ug of collagen type I (Sigma).
After incubation for 48 h at 37 °C/5% CO,, the inserts
were fixed with 10% formalin and stained with 2% crys-
tal violet. Invasiveness was determined by calculating the
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cell-stained area relative to the total area using Image]
software.

Cell survival analysis and anoikis assay

Cell survival under suspension culture conditions was
assessed. Briefly, cells were seeded (1.5-2 x 10* cells/well)
into 96-well plates with an Ultra-Low Attachment Sur-
face (Corning) and incubated for 3 days in the presence
of the peptides. Cells were then incubated with WST
reagent (Ez-Cytox; Dogenbio, Seoul, Korea; one-tenth
of the medium volume) and the amount of formazan
dye formed was determined by measuring absorbance at
450 nm in a spectrophotometric microplate reader (BMG
LABTECH GmbH, Ortenber, Germany). For HT-29 cells,
cell viability was analyzed using the CellTiter-Glo 3D
Cell Viability Assay kit (Promega, Southampton, UK). To
induce anoikis, cells were seeded into 6-well plates with
an Ultra-Low Attachment Surface for 48 h. Cells (1x10°)
were then stained with annexin V (5 pL) and propidium
iodide (5 pL) for 15 min at 25 °C in the dark, and the
percentage of apoptotic cells was determined by flow
cytometry.

Anchorage-independent soft agar assay

Cells in 0.4% agar (Sigma) were seeded over a 0.6% agar
feed layer at a density of 1x 10% cells/well in 6-well tissue
culture plates. Cells were allowed to grow at 37 °C in 5%
CO, for 13 days in the presence of the peptides, and the
number of resulting colonies with diameter >0.3 mm was
counted per well.

Tumorsphere formation assay

To induce tumorsphere formation, cells were dissociated
into single cells and seeded at a density of 200 cells/well
into 96-well plates with an Ultra-Low Attachment Sur-
face to prevent the cells from attaching to the surface.
Cells were incubated in the presence of the peptides for
10 days at 37 °C/5% CO, in serum-free DMEM/F12 con-
taining 20 ng/mL EGF (Peprotech, Seoul, Korea), 10 ng/
mL bFGF (Peprotech), and 2% B27 supplement (Thermo
fisher Scientific). The number of spheroids with a diam-
eter>50 or 100 pm was counted.

Promoter reporter assay

Cells were seeded into 6-well plates at a density of 2 x 10°
cells/well and incubated for 24 h, followed by transfec-
tion with 4 ug of reporter plasmid DNA using Lipo-
fectamine 2000 and treatment with the peptides. At 48 h
post-transfection, firefly luciferase activity was measured
using a Dual-luciferase reporter assay system (Promega).
Transfection efficiency was normalized by measuring
Renilla luciferase activity, encoded by the co-transfected
Renilla luciferase vector (pRL-TK). The AP-1 cis-element
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reporter (AP-1 reporter) and cyclic AMP response ele-
ment reporter (CRE reporter) plasmids were purchased
from Stratagene (La Jolla, CA). B-Catenin-responsive
firefly luciferase reporter plasmid TOPFlash, and the neg-
ative control FOPFlash, were purchased from Millipore.

Co-immunoprecipitation

TMEMS52B-suppressed HCT-15 stable cells were incu-
bated for 48 h with or without 100 pg/mL peptide and
then lysed in co-immunoprecipitation buffer (10 mM
Tris pH 7.4, 150 mM NaCl, 0.56 mM EGTA, 1% Tri-
ton X-100, 0.5% NP-40) supplemented with a protease
inhibitor (Complete, Roche). Lysates (1 mg, equivalent to
5% 10° cells, per condition) were centrifuged for 20 min
at 10 000 g and the resulting supernatant was precleared
by incubation with protein A/G-agarose for 2 h at 4 °C.
The precleared supernatant was immunoprecipitated at
4. °C for 16 h using an anti-EGFR (sc-120; Santa Cruz Bio-
technology) antibody. The protein complexes were then
collected by incubation with protein A/G-agarose for 2 h
at 4 °C and washed four times with co-immunoprecipita-
tion buffer. The protein complexes were eluted by boiling
in sodium dodecyl sulfate sample buffer and analyzed by
immunoblotting with anti-EGFR (#4267; Cell Signaling)
and anti-E-cadherin (MAB1838) antibodies.

Immunofluorescence staining

Cells were plated on coverslips and treated with peptide
(100 pg/mL) for 48 h. Cells were then fixed for 15 min
in 10% formalin and permeabilized for 5 min with 0.3%
Triton X-100. After blocking in 10% normal goat serum,
cells were stained using an anti-E-cadherin antibody
(R&D Systems; 1:50), followed by an Alexa546-conju-
gated secondary antibody. Cells were counterstained with
4,6-diamidino-2-phenylindole (DAPI; Sigma) to visual-
ize nuclei. Mounted samples were visualized under a
confocal microscope (LSM 510 META; Carl Zeiss, Jena,
Germany). The intensity of E-cadherin staining was
quantitated by Image]J software.

Enzyme-linked immunosorbent assay (ELISA)

Ninety-six-well Immunoplates (eBiosciences, San
Diego, CA, USA) were coated with recombinant human
E-cadherin ECD protein (R&D systems; 100 ng/well)
diluted in 50 mM sodium carbonate buffer (pH 9.6) at
4 °C overnight, and then blocked with 2% BSA in PBS.
The plates were washed three times with PBS contain-
ing 0.05% Tween 20 between each step. The peptide-
Fc fusion proteins (amounts ranging from 0 to 270 ng
per well) were added to each well, and then horserad-
ish peroxidase (HRP)-conjugated anti-human Fc was
added. Mock Fc protein was used as a negative con-
trol. All incubations were carried out at 37 °C for 1 to
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2 h. Color was developed with 3,3",5,5"-tetramethylb-
enzidine substrate solution, and the absorbance was

measured at 450 nm using a microplate reader (BMG
LABTECH GmbH).

Mouse xenograft model and circulating tumor cell (CTC)
survival analysis

All animal procedures were performed in accordance
with the guidelines of the Animal Care Committee at the
Korea Research Institute of Bioscience and Biotechnology
(KRIBB), and with approval of the bioethics committee of
the KRIBB (KRIBB-AEC-22107). Nude mice (BALB/c-
nude, 5-week-old females) were purchased from Nara
Biotech (Seoul, Korea). TMEMS52B-suppressed HCT-15
stable cells mixed with Matrigel (1:1) were injected sub-
cutaneously into the right flank of each mouse (5x10°
cells per mouse). After 21 days, when the tumor volume
reached approximately 80 mm?, the tumor-bearing mice
were randomly assigned to groups (n=6 per group). Nor-
mal IgG (negative control), peptide-Fc (j,,Is02-Fc and
peplS01-Fc), or cetuximab (300 pg/mouse) was injected
intraperitoneally at 2- or 3-day intervals (total eight
times). Body weight and tumor volume were measured
before injection of protein. Tumor volume was calcu-
lated using the formula width?xlength/2. On Day 39,
mice were sacrificed, and dissected tumor masses were
lysed as previously described [14] prior to immunoblot
analysis.

For CTC survival analysis (early metastasis model),
mice were injected intraperitoneally with two peptide-
Fc (pepIs02-Fc and . Isol-Fc) or normal IgG (300 ug/
mouse; n=5-6 per group). Six hours later, TMEM52B-
suppressed stable HCT-15 cells (5x10°) were injected
into nude mice via the tail vein. Twenty-four hours later,
mice were sacrificed and total DNA was isolated from the
lungs, as previously reported [12, 15]. To quantify sur-
vival and early seeding/arrest of circulating tumor cells,
human tumor cells present in mouse lungs were assessed
by real-time qPCR analysis of human prostaglandin
E receptor 2 (PTGER2) genomic DNA, as previously
reported [12, 16]. A standard curve was generated by
qPCR using genomic DNA extracted from HCT-15 cells
and nude mouse lungs. The amounts of human genomic
DNA present initially in the qPCR reaction tube were
estimated from the standard curve.

mRNA sequencing analysis

Total RNA was extracted from HCT-15 (TMEM52B-sup-
pressed and control) cells, followed by mRNA sequenc-
ing analysis by a commercial service (Macrogen; Seoul,
Korea).
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Statistical analysis

Statistical analyses were performed using Student’s ¢-test
and one-way ANOVA with Dunnett’s or Tukey’s multiple
comparison post-tests (SPSS software; IBM, NY). GSEA
of TCGA mRNA data was performed using R program.
P<0.05 was considered statistically significant.

Results

Truncated form of TMEM52B and TMEM52B extracellular
domain-derived peptides suppress cancer cell invasion,
survival, and growth

Previously, we reported that TMEMS52B suppression
promotes cancer cell survival and invasion, potentially
by increasing phosphorylation of EGFR, MAPKs, and
AKT [12]. Transcription factor activating protein-1
(AP-1) activity has also been reported to be involved
in the tumor-suppressing activity of TMEM52B [12].
We performed mRNA sequencing analysis to deter-
mine the effect of TMEM52B on gene expression in
TMEMS52B-suppressed HCT-15 cells and control cells.
Analysis of KEGG pathways revealed that TMEM52B
suppression correlated significantly with “Pathways in
cancer’, “PI3K-Akt signaling pathway’, “MAPK sign-
aling pathway’, and “Ras signaling pathway” (Figure
Sla), confirming the tumor suppressor-like activity
of TMEM52B and its modulation of MAPK and AKT
pathways. Previously, we observed that overexpres-
sion of TMEMS52B suppresses invasion and survival
of cancer cells [12]. In addition, we observed that the
truncated form of isoform 2 (lacking the cytoplasmic
domain) also suppressed invasion and the activity of
AP-1 cis-element reporter plasmid (AP-1 reporter)
in SW480 cells as efficiently, or more efficiently, than
intact isoform 2 (Figure S1b, c). Therefore, we explored
whether peptides derived from the extracellular domain
(ECD) of isoform 1 and isoform 2 (Fig. 1a) inhibit can-
cer cell invasion and survival. Treatment with the
peptides reduced invasion of SW480, SW480sub, and
HCT-15 cells significantly, and in a dose-dependent
manner (Fig. 1b). Cell survival under suspension con-
ditions was also reduced significantly by both peptides

(See figure on next page.)
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(Fig. 1c). Flow cytometry analysis to determine the
percentage of apoptotic cells revealed that the pep-
tides increased the sensitivity of SW480 and SW480sub
cells to anoikis (Figure S2a). The peptides decreased
anchorage-independent growth of stable HCT-15 cells
(TMEMS52B-suppressed cells and control cells) sig-
nificantly, and in a dose-dependent manner (Fig. 1d),
although cell proliferation was not affected substan-
tially (data not shown), a finding consistent with our
previous report [12]. In addition, the peptides reduced
significantly tumorsphere formation by SW480,
SW480sub, and HCT-15 cells (Figure S2b), further sup-
porting the anti-cancer activity of the peptides. Immu-
noblot analysis showed that both peptides decreased
phosphorylation of ERK1/2, AKT, and c-Jun, as well as
expression of mesenchymal markers, including vimen-
tin and a smooth muscle actin (aSMA), and the anti-
apoptotic factor survivin, largely in a dose-dependent
manner (Fig. 1e), indicating that the peptides suppress
EMT events, leading to suppression of cancer cell inva-
sion and survival. Consistent with this, a reporter assay
showed that both peptides decreased the activity of
AP-1 cis-element reporter plasmid (AP-1 reporter) sig-
nificantly in HCT-15 cells (Fig. 1f, upper), indicating
that the peptides suppress the transcriptional activity of
AP-1. On the other hand, the activity of another AP-1
binding site, the cyclic AMP response element (CRE),
was decreased only moderately in the presence of the
isoform 1 peptide (Fig. 1f, lower), suggesting that the
peptides cause more substantial inhibition of certain
components of AP-1. Overall, the inhibitory activities
of the isoform 1-derived peptide tended to be greater
than those of the isoform 2-derived peptide.

To further confirm the inhibitory activity of the pep-
tides, the effects of the peptides on additional colon
cancer cell lines (HCT-116 and HT-29) were examined.
Similar to the previously tested cell lines, the peptides
reduced drastically the invasion and survival of HCT-
116 cells in a dose-dependent manner (Figure S2c, d).
The peptides also reduced significantly the survival of
HT-29 cells in a dose-dependent manner (Figure S2d).

Fig. 1 TMEM52B ECD-derived peptides suppress cancer cell invasion, survival, and anchorage-independent growth. a Peptide sequences

derived from the ECD of isoform 1 and isoform 2. b Cells were allowed to invade Matrigel for 48 h in the presence of the peptides. Cell invasion

was determined by calculating the cell-stained area relative to the total area using ImageJ software. ¢ To induce anoikis, cells were seeded

into 96-well plates with an Ultra-Low Attachment surface and then grown for 72 h in the presence of the peptides. Cell viability was determined

in a colorimetric WST assay. d Anchorage-independent growth soft agar assay in the presence of peptides. The total number of colonies >0.3 mm

in diameter in each well was counted. Scale bar, 100 um. e Cells were treated with the peptides for 48 h prior to lysis and immunoblot analysis.
Densitometric quantification was performed using GAPDH as a loading control; phosphorylated proteins were normalized against the amount

of the corresponding total protein. f Cells were transfected with AP-1 or CRE reporter plasmid and then treated with the peptides for 48 h. AP-1
activity was determined in reporter assays. All determinations were performed in three independent experiments. Values represent mean + standard

deviation (SD). *P<0.05; **P < 0.01; ***P<0.001
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TMEM52B ECD-derived peptides suppress generation

of the soluble E-cadherin fragment and the activation

of EGFR

Previously, we observed that suppressing TMEM52B
reduces transcription of E-cadherin in a context-depend-
ent manner [12]. Consistent with this, gene set enrich-
ment analysis (GSEA) of cancer patient datasets from The
Cancer Genome Atlas (TCGA) showed that TMEM52B
expression correlated positively with KEGG pathway
gene sets related to “Cell adhesion molecules CAMS” in
the TCGA-COAD, TCGA-KIRP, and TCGA-READ data-
sets (Figure S1d). Furthermore, we observed previously
that suppressing TMEM52B reduces E-cadherin stability
to enhance B-catenin activity, and that it promotes gen-
eration of a soluble E-cadherin fragment that contributes
to EGFR activation [12]. Therefore, we examined whether
the peptides affect the stability of the E-cadherin protein.
Treatment with the peptides led to a moderate increase
in expression of intact E-cadherin, and a reduction in
expression of soluble E-cadherin, in SW480 cells and
TMEM52B-suppressed HCT-15 cells (Fig. 2a). Notably,
the effect of the peptides on HCT-15 cells was weaker
than that on SW480 cells. Immunofluorescence analysis
showed that HCT-15 control cells maintained E-cadherin
expression, whereas TMEMS52B-suppressed HCT-15
cells displayed significantly less E-cadherin than the con-
trol cells at organized cell-cell junctions. Treatment of
TMEM52B-suppressed HCT-15 cells with the peptides
restored E-cadherin expression at organized cell—cell
junctions to levels that were comparable to those of the
control cells (Fig. 2b). In addition, the peptides reduced
phosphorylation of -catenin at Ser552 and Ser675, but
enhanced phosphorylation at Ser33/37/Thr41 (Fig. 2a).
Reporter assays showed that the peptides reduced the
transcriptional activity of -catenin in SW480 cells and
TMEM52B-suppressed HCT-15 cells (Fig. 2c). Both pep-
tides also reduced phosphorylation of EGFR in both cell
lines, which may be, at least in part, due to reduced lev-
els of soluble E-cadherin (Fig. 2a). Of note, and consistent
with our previous observations [12], intact E-cadherin
levels were lower and soluble E-cadherin levels were
higher in TMEM52B-suppressed HCT-15 cells than in
control cells. Phosphorylation of B-catenin (at S552 and
S675) and EGFR was also increased by suppression of
TMEMS52B (Fig. 2a, right).

In HCT-116 and HT-29 colon cancer cells, immunob-
lot analysis showed that the peptides decreased phospho-
rylation of EGFR, ERK1/2, and AKT (Figure S2e). The
peptides moderately increased the expression of intact
E-cadherin and reduced the expression of soluble E-cad-
herin. In addition, the peptides reduced phosphorylation
of pB-catenin at Ser552 and Ser675, but increased phos-
phorylation at Ser33/37/Thr41 (Figure S2e). A Reporter
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assay showed that the peptides significantly reduced the
transcriptional activity of B-catenin in HCT-116 cells
(Figure S2f).

We also explored whether the peptides affect activation
of EGFR mediated by soluble E-cadherin. Immunoblot
analysis showed that phosphorylation of EGFR, ERK1/2,
and AKT was higher in HCT-15 cells treated with puri-
fied recombinant soluble E-cadherin-Fc (sE-cad-Fc)
fusion protein than in cells exposed to mock Fc protein
or no treatment at all. This increase in phosphorylation
decreased substantially after treatment with the peptides
(Fig. 3a).

Soluble E-cadherin, an extracellular proteolytic frag-
ment of E-cadherin, can activate EGFR family members
by binding to them [6]. Co-immunoprecipitation experi-
ments using whole-cell extracts from TMEMS52B-sup-
pressed HCT-15 cells, which express EGFR and produce
soluble E-cadherin, revealed that EGFR co-precipitated
with soluble E-cadherin (Fig. 3b), a finding consistent
with reports from other groups [17, 18]. This co-precip-
itation was reduced after treatment of cells with the pep-
tides (Fig. 3c), indicating that the peptides may inhibit
EGER activation by interfering with its interaction with
soluble E-cadherin. We next explored whether the pep-
tides bind directly to soluble E-cadherin. ELISA showed
that the both peptides fused to Fc protein (see below), but
not mock Fc protein, bound significantly to recombinant
E-cadherin ECD protein, while isoform 1-derived pep-
tide bound more strongly than isoform 2-derived pep-
tide (Fig. 3d), suggesting that the peptides bind directly
to E-cadherin, interfering with the interaction between
soluble E-cadherin and EGFR.

Taken together, these results suggest that the peptides
suppress production of the soluble E-cadherin fragment,
as well as activation of B-catenin and soluble E-cadherin-
mediated activation of EGFR.

TMEM52B ECD-derived peptides suppress invasion

in an EGFR-dependent manner

Next, we examined the effect of the peptides on EGFR
in the presence of EGF. Exogenous EGF-induced phos-
phorylation of EGFR, and subsequent phosphorylation
of ERK1/2 and AKT, in SW480 and HCT-15 cells was
suppressed by the peptides (although phosphorylation of
AKT was suppressed moderately by the isoform 2 pep-
tide in HCT-15 cells) (Fig. 4a). Invasion by SW480 and
HCT-15 cells, induced by exogenous EGF, was reduced
by both the isoform 1 peptide (more potently) and the
isoform 2 peptide (Fig. 4b). Consistent with the results
shown in Fig. 1b, basal cell invasion was inhibited by
both peptides (Fig. 4b). EGFR expression and activity are
increased in melanoma cells and are associated with poor
prognosis of malignant melanoma patients [19, 20]. Both
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Fig. 2 TMEM52B ECD-derived peptides stabilize intact E-cadherin and reduce 3-catenin activity. a Cells were treated with the peptides for 48 h
and cell conditioned medium was collected over an additional 48 h. Lysates from cells and conditioned medium (containing soluble E-cadherin;
denoted as sE-cad) were analyzed by immunoblotting. Densitometric quantification was performed using GAPDH as a loading control. b
Immunofluorescence analysis of TMEM52B-suppressed HCT-15 cells following treatment with peptides; E-cadherin (red) and nuclei (blue). Scale
bar, 10 um. ImageJ software was used to calculate the level of E-cadherin staining based on the ratio of the E-cadherin-positive area to the total
observed area. At least 100 cells per condition were analyzed. Values represent mean +SD. **P<0.01; ***P <0.001. ¢ The transcriptional activity
of B-catenin was analyzed using the TOP/FOP reporter system. Cells were transfected with reporter plasmids and incubated with the peptides
for 48 h. Firefly luciferase activity was normalized against the Renilla luciferase activity, and fold increases in TOPFlash activity compared

with FOPFlash activity were calculated. All determinations were performed in three independent experiments. Values represent mean + SD.
*P<0.05;**P<0.01; ***P<0.001, compared with vehicle; SP<0.05 compared with shSCR (C upper)
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(See figure on next page.)

Fig. 4 TMEM52B ECD-derived peptides suppress cancer cell invasion in an EGFR-dependent manner. a Cells were treated with EGF (10 ng/

mL) and the peptides for 48 h prior to lysis and immunoblotting. Densitometric quantification was performed. Phosphorylated proteins were
normalized against the amount of corresponding total protein. b Cells were allowed to invade Matrigel for 48 h in the absence or presence of EGF
(10 ng/mL) and the peptides. Cell invasion was determined by calculating the cell-stained area relative to the total area using ImageJ software. ¢
HCT-15 cells were transfected with siRNA specific to EGFR for 48 h. Transfected cells were subjected to invasion assay and lysis prior to immunoblot
analysis. Values represent mean £+ SD. *P < 0.05; **P<0.01; ***P<0.001, compared with siControl +Vehicle (C). n.s,, non-significant
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peptides suppressed basal and EGF-induced invasion and
survival of C8161 melanoma cells (Figure S3a, b), and
reduced phosphorylation of EGFR, AKT, and ERK1/2
(albeit moderately by the isoform 2-derived peptide; Fig-
ure S3c). The anti-cancer effects of the peptides may not
be limited to colon cancer cells and may extend to other
cancer cell types. This will require further investigation
using various cell lines and in vivo models.

In addition, EGFR knockdown reduced the invasiveness
of HCT-15 (Fig. 4c) and C8161 (Figure S3d) cells; how-
ever, the peptides at 30 pg/mL did not inhibit substan-
tially the invasion of HCT-15 and C8161 cells expressing
reduced levels of the EGFR. Of note, the peptides at
100 pg/mL had a suppressive effect on HCT-15 cells
(Fig. 4c) and isoform 1 peptide at 100 pg/mL only had a
modest, non-significant suppressive effect on C8161 cells
(Figure S3d). These observations are consistent with our
previous observation that suppressing TMEM52B pro-
motes invasion and cell survival in an EGFR-dependent
manner [12]. Taken together, the data indicate that the
peptides suppress cancer cell invasion, at least in part, in
an EGFR-dependent manner.

TMEMS52B ECD-derived peptide-Fc fusion proteins inhibit
tumor growth and early metastasis in vivo

Next, to evaluate the in vivo antitumor efficacy of the
peptides, we generated peptide-Fc fusion proteins,
because biologically active peptides or small proteins
are often fused to human serum albumin or the constant
fragment (Fc) domain of a human immunoglobulin (Ig)
G to extend their plasma half-life [21]. First, peptides
fused to the Fc domain of human IgG1 were expressed in
Expi293 cells and then purified by protein A affinity chro-
matography (Figure S4a). Next, we confirmed the activity
of the purified peptide-Fc fusion proteins. The peptide-Fc
fusion proteins decreased cancer cell survival in a man-
ner similar to the native peptides (Figure S4b).

Next, we investigated the antitumor efficacy of the
peptide-Fc fusion proteins in nude mouse models bear-
ing tumor xenografts. TMEMb52B-suppressed HCT-15
cells were injected subcutaneously into the flanks of nude

(See figure on next page.)
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mice. As shown in Fig. 5a, intraperitoneal administra-
tion of the peptide-Fc fusion proteins (300 pug/mouse/
dose; three times per week; eight times in total) inhibited
tumor growth by 60% without affecting body weight. The
antitumor activity of the peptide-Fc fusion proteins was
comparable with that of cetuximab, an EGFR-blocking
therapeutic antibody used to treat metastatic colorec-
tal cancer with wild-type KRAS, which inhibited tumor
growth by 67%. Immunoblot analysis of xenograft tumor
tissues revealed that peptide-Fc fusion reduced phos-
phorylation of EGFR and ERK1/2 in a manner similar
to cetuximab (of note, phosphorylation of ERK1/2 was
not substantially reduced by cetuximab in our system),
although there was no apparent effect on phospho-
rylation of AKT (Fig. 5b). Phosphorylation of B-catenin
at S552 and S675 was also reduced by the peptide-Fc
fusions (Fig. 5b). It is possible that the anti-cancer activity
of the peptides is increased when they are used in com-
bination with anti-EGFR antibody and/or chemotherapy.
However, this will require further investigation.

Finally, we examined the effect of the peptide-Fc fusion
on survival and subsequent seeding of circulating tumor
cells in vivo using an early metastasis model. TMEM52B-
suppressed HCT-15 cells were injected intravenously
into nude mice pretreated with the peptide-Fc fusion
(300 pg/mouse, intraperitoneal injection). The mice were
then sacrificed 24 h after tumor cell injection, and the
lungs were removed immediately for total DNA extrac-
tion and to determine their tumor cell content. Real-
time qPCR analysis revealed that the amount of human
genomic DNA in the lungs of mice injected with the
peptide-Fc fusion was significantly lower than that in the
lungs of mice injected with control Fc protein (Fig. 5c),
indicating that peptide-Fc fusion effectively reduces early
metastasis.

Discussion

TMEMB52B is a novel gene, and to date little is known
about its biological functions or expression patterns in
cancer. Previously, we demonstrated that TMEM52B
exhibits tumor/metastasis suppressor-like activity and is

Fig. 5 TMEM52B ECD-derived peptide-Fc fusion proteins reduce tumor growth and early metastasis in vivo. (a, b) TMEM52B-suppressed

HCT-15 cells (5 x 10% were mixed with Matrigel and injected subcutaneously into the backs of mice. Mice were then injected intraperitoneally

with the peptides and cetuximab (300 pg/mouse; n=6 per group) at 2 or 3 day intervals (total of eight injections). a Left: Tumor volume

(length x width?/2). Right upper: Photos of tumor masses dissected on Day 39. Right lower: Body weight of injected mice. b Immunoblot analysis
of tumor extracts. Phosphorylated proteins were normalized against the corresponding total protein except that phosphorylated 3-catenin

was normalized using GAPDH as a loading control. ¢ TMEM52B-suppressed HCT-15 cells (5 x 10°) were injected intravenously into nude mice
(n=5-6 per group) that had been pre-injected with the peptides. Twenty-four hours after cell injection, the lungs were removed and total DNA
extracted. Real-time gPCR analysis was then performed to detect human PTGER2. The amount of human genomic DNA present initially in a gPCR
reaction tube was estimated (left) from the standard curve (right). Statistical analyses were performed using one-way ANOVA with Tukey's post-test.

Values represent mean + SD. P-values are shown on the graph
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a novel modulator of the interplay between E-cadherin
and EGFR. Analysis of clinical datasets shows that high
expression of TMEM52B correlates with increased sur-
vival of patients with different types of cancer. Consist-
ent with our previous results, Li and colleagues reported
that downregulation of TMEM52B correlates with poor
survival of RCC patients [11]. By contrast, the same
group reported recently that TMEM52B promotes pro-
gression of esophageal squamous cell carcinoma through
Yes-associated protein (YAP)-mediated EMT [22]. It
is possible therefore that TMEMb52B exerts positive or
negative effects according to cancer type, or in a context-
dependent manner. TMEMS52B function and the precise
molecular mechanisms that drive tumor development
and progression remain to be explored.

Previously, we suggested that tumor suppressor-like
TMEMS52B may be exploited as part of a novel strategy
for cancer treatment. For example, partial fragments
of TMEMS52B may have utility as anti-cancer agents
through therapeutic administration of recombinant sup-
pressor proteins or peptide-mimetics. Indeed, restoration
of the function of tumor/metastasis suppressors through
gene transfer, epigenetic re-induction of the gene, or
administration of suppressor proteins is considered to
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be a novel therapeutic strategy [23, 24]. For example,
direct therapeutic administration of bone morphogenetic
protein (BMP) 4, a member of the transforming growth
factor-beta family, drives differentiation of glioma cancer
stem-like cells and thereby sensitizes human glioma to
chemotherapy and radiation therapy [25]. Here, we dem-
onstrate that TMEMS52B ECD-derived peptides reduce
production of soluble E-cadherin and activation of EGFR
to suppress cancer cell survival and invasion. Fc-fused
peptides efficiently reduced tumor growth and early
metastasis in vivo (Fig. 6). This study indicates that these
peptides could serve as a platform for development of
cancer treatments. Briefly, this will involve determining
the anti-cancer activity spectrum of the peptides using
various in vitro and in vivo models, exploring the molec-
ular mechanisms, and identifying surrogate biomarker(s)
of the activity of the peptides. The pharmacophore of
the peptides will also need to be identified and may cor-
respond to the shared amino acid sequence (CLTTD-
WYVH) between the two peptides. The specific domain of
E-cadherin ECD that interacts with the peptides will also
require further study.

The EGER is a target for an expanding class of anti-
cancer therapies. EGFR-inhibiting agents such as

Y N\

RAS/RAF/MEK

|

PI3K

( Invasion/EMT | ( cTC survival

|
)

[ Tumor growth ]

Impaired tumor growth and early metastasis

Fig. 6 A schematic representation illustrating the anti-cancer activity of TMEM52B ECD-derived peptides. TMEM52B ECD-derived peptides
stabilized intact E-cadherin at cell-cell junctions, leading to reduced B-catenin transcriptional activity. They also inhibited generation of soluble
E-cadherin and the activation of EGFR by interfering with the interaction between soluble E-cadherin and EGFR. These activities may reduce tumor
growth and early metastasis. The nucleus was not distinguished. The dashed arrow indicates translocation
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EGFR-blocking antibodies and EGEFR tyrosine kinase
inhibitors have been approved for a variety of cancers,
including colorectal, non-small-cell lung, pancreatic,
and breast cancers. For example, EGFR-blocking anti-
bodies (for example, cetuximab or panitumumab) com-
bined with chemotherapy are used clinically to treat
metastatic colorectal cancer patients with wild-type
KRAS; however, only about a third of the colon cancer
patients respond to EGFR inhibition, and patients with
KRAS mutations are resistant to anti-EGFR antibodies
[26]. Innate or acquired resistance to these EGFR inhibi-
tors means that there remains a need to identify poten-
tial molecular targets/pathways to enable development
of novel effective therapeutics. Our results show that
TMEM52B-derived peptides inhibit the survival, growth,
and invasion of colorectal cancer cells harboring an acti-
vating KRAS mutation (HCT-15, KRAS G13D; SW480,
KRAS G12V; HCT-116, KRAS G13D). These results sup-
port the possibility that using TMEMS52B-derived pep-
tides as TMEMS52B functional-mimetics can increase the
therapeutic benefit of EGFR-inhibiting agents, although
this requires further investigation.

Most cancers (>90%) derived from the epithelial cells
are classified as carcinoma. These cells display unique
morphologic features such as cell polarity and cell—cell
adhesion. Loss of intercellular adhesion mediated by
E-cadherin is an essential change that occurs during
invasion; therefore, E-cadherin is categorized as a tumor/
metastasis suppressor [5, 27]. By contrast, several reports
suggest that E-cadherin promotes tumor progression. For
example, some aggressive carcinomas retain E-cadherin
expression [28], and E-cadherin is required for metas-
tasis in multiple models of breast cancer [29]. Abnor-
mal expression of E-cadherin is associated with a more
aggressive brain tumor phenotype and a poor prognosis
[30]. In addition, proteolysis of intact E-cadherin gener-
ates soluble extracellular fragments that promote tumor
growth, survival, and invasion by activating EGFR fam-
ily members and insulin-like growth factor receptor 1
(IGF-1R) in cancer cells [6, 7]. Soluble E-cadherin local-
izes to exosome surfaces and promotes angiogenesis in
ovarian cancer [31]. Thus, cleavage of E-cadherin con-
verts a tumor suppressor into an oncogenic factor. This
soluble E-cadherin is shed constitutively at low levels by
normal epithelial cells, but shedding is elevated signifi-
cantly at primary tumor sites and metastatic foci. Corre-
lations between decreased survival and elevated soluble
E-cadherin levels in serum, urine, and tumors have been
reported [8, 32]. In colorectal cancer, soluble E-cadherin
is associated with a poor prognosis [32] and is a potential
diagnostic marker [33]. A soluble E-cadherin-Fc chimera
protein increases cancer stem-like properties, including
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chemoresistance, in colon cancer cells [34]. The oppos-
ing roles of E-cadherin may be attributed to the presence
of interacting partner(s) for intact E-cadherin on cell sur-
faces, as well as modulation of soluble E-cadherin pro-
duction. Our previous and present studies suggest that
TMEM52B may be an important modulator of functional
E-cadherin in cancer, and that the peptides may be useful
for exploring the dual functions of E-cadherin.

The intestinal epithelial barrier protects the underlying
tissues from bacteria within the gut lumen. Within this
layer, epithelial cells are connected by intercellular junc-
tions, called adherens junctions, which mediate cell—cell
adhesion mainly through E-cadherin; therefore, E-cad-
herin is essential for maintenance of intestinal epithelial
homeostasis [35]. The physiological significance of E-cad-
herin is well known; targeted E-cadherin defects in adult
mice are associated with epithelial shedding, leading to
bloody diarrhea and death [36]. Inflammatory cytokine-
mediated signaling leads to cleavage or internalization
of intercellular junction proteins, including E-cadherin,
which disassembles adherens junctions and destabilizes
the cell contacts. This facilitates invasion (translocation)
of pathogens to trigger further inflammation [35, 37].
In addition, cleavage of E-cadherin during pathogenic
microbial invasion is mediated by proteases (sheddases)
derived from the pathogens themselves, which results in
release of soluble E-cadherin, which can trigger inflam-
matory and pro-oncogenic programs [38]. Therefore, it is
possible that TMEM52B may play a role in maintenance
of intestinal epithelial homeostasis, and that TMEM52B-
derived peptides may modulate/reduce intestinal inflam-
mation by maintaining or promoting E-cadherin stability
on epithelial cells. In our previous and present studies
using cancer cells, TMEM52B suppression reduced the
stability of E-cadherin, whereas TMEMS52B-derived
peptides inhibited production of soluble E-cadherin
and stabilized intact E-cadherin on the plasma mem-
brane. Therefore, it would be worth exploring whether
TMEMD52B and these peptides promote intestinal integ-
rity and modulate inflammation by blocking cleavage of
E-cadherin mediated directly or indirectly by pathogens
in the gut. In preliminary experiments, we observed that
TMEM52B is expressed in FHC normal colonic epithe-
lial cells and CCD-18Co normal colon tissue cells (Figure
S5a). The peptides did not reduce the viability of FHC and
CCD-18Co cells, indicating that they lacked substantial
toxicity toward normal intestinal cells (Figure S5b). Pep-
tide treatment did not substantially increase the intact
E-cadherin levels of FHC and CCD-18Co cells, in which
the basal E-cadherin level was undetectable using immu-
noblot analysis, under 2D culture conditions (Figure S5c).
However, further investigations using ex vivo intestinal
organoids and in vivo mouse models are warranted.
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Conclusions

In summary, based on our previous study that demon-
strated that TMEMS52B is a novel modulator of E-cad-
herin and EGER activity, and that TMEM52B has tumor
suppressor-like activity, we designed and evaluated the
therapeutic potential of TMEM52B ECD-derived pep-
tides in vitro and in vivo. Both peptides derived from
the ECD of isoform 1 (more potently) and isoform 2
inhibited invasion, growth, and survival of colon cancer
cells, which occurred concomitantly with a reduction in
phosphorylation of EGFR, ERK1/2, and AKT. The pep-
tides stabilized intact E-cadherin at cell-cell junctions,
leading to reduced transcriptional activity of B-catenin.
In addition, the peptides inhibited production of solu-
ble E-cadherin and activation of EGFR by interfering
with the interaction between soluble E-cadherin and
EGFR. Fc-fused peptides efficiently suppressed tumor
growth and early metastasis in colon cancer xenograft
models. Thus, these peptides could serve as a platform
for development of novel anti-cancer therapeutics, be a
useful tool for investigating the function of TMEM52B
in cancer and health, and help to explore the interplay
between E-cadherin and EGFR.
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