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Trophoblast cell surface antigen 2 (Trop-2) phosphorylation
by protein kinase C a/o (PKCa/0) enhances cell motility
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Dysfunction of tight junctions is a critical step during the ini-
tial stage of tumor progression. Trophoblast cell surface antigen
2 (Trop-2) belongs to the family of tumor-associated calcium
signal transducer (TACSTD) and is required for the stability of
claudin-7 and claudin-1, which are often dysregulated or lost in
carcinogenesis. Here, we investigated the effects of Trop-2 phos-
phorylation on cell motility. Analyses using HCT116 cells
expressing WT Trop-2 (HCT116/WT) or Trop-2 alanine-sub-
stituted at Ser-303 (HCT116/S303A) or Ser-322 (HCT116/
S322A) revealed that Trop-2 is phosphorylated at Ser-322.
Furthermore, coimmunoprecipitation and Transwell assays
indicated that Trop-2 S322A interacted with claudin-7 the
strongest, and a phosphomimetic variant, Trop-2 S322E, the
weakest and that HCT116/S322E cells have the highest motility
and HCT116/S322A cells the lowest. All cell lines had similar
levels of claudin-7 mRNA, but levels of claudin-7 protein were
markedly decreased in the HCT116/S322E cells, suggesting
posttranscriptional control of claudin-7. Moreover, claudin-7
was clearly localized to cell-cell borders in HCT116/S322A
cells but was diffusely distributed on the membrane and par-
tially localized in the cytoplasm of HCT116/S322E and
HCT116/WT cells. These observations suggested that Trop-2
phosphorylation plays a role in the decrease or mislocalization
of claudin-7. Using protein kinase C (PKC) inhibitors and PKC-
specific siRNAs, we found that PKCa and PKCé are responsible
for Trop-2 phosphorylation. Of note, chemical PKC inhibition
and PKCa- and PKCé-specific siRNAs reduced motility. In
summary, our findings provide evidence that Trop-2 is phos-
phorylated at Ser-322 by PKCa/ 6 and that this phosphorylation
enhances cell motility and decreases claudin-7 localization to
cellular borders.

At the initial stage of epithelial tumors, disorder of the epi-
thelial sheet architecture with its polarity may be a key step
to tumor progression. Trophoblast cell surface antigen 2
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(Trop-2)® and epithelial cell adhesion molecule (EpCAM)
belong to the tumor-associated calcium signal transducer
(TACSTD) gene family (1). They have been reported to directly
interact with claudin-1 and claudin-7 (2—4), suggesting the
involvement of these molecules in the function of tight junc-
tions. From the spatial-temporal view on tumor progression,
there is a possibility that these molecules may be correlated
with the disorder of tight junctions, resulting in the loss of cell
polarity.

Trop-2 is a 36-kDa transmembrane glycoprotein that is
highly expressed in a variety of epithelial cancer cells (1, 5-7)
and originally found on normal and malignant trophoblast cells
(8, 9). Many studies showed that increased Trop-2 expression
in tumor tissues is correlated with biological aggressiveness and
poor survival of patients with various cancer types (1, 5, 10, 11).
Thus, Trop-2 has been identified as an oncogene leading
to invasiveness and tumorigenesis (12). Overexpression of
EpCAM is also frequently observed in many types of carcino-
mas (13-15). On the other hand, it has been reported that loss
of Trop-2 promotes carcinogenesis and features of epithelial-
to-mesenchymal transition in squamous cell carcinomas (16)
and that a mutation of the Trop-2 gene impairs the function of
tight junctions through decreased expression and altered sub-
cellular localization of tight junction proteins, claudin-1 and
claudin-7, in gelatinous drop-like corneal dystrophy (GDLD)
corneas (2, 17, 18). In EpCAM knockout mice, the barrier func-
tion of the intestinal epithelium was impaired (3). These indi-
vidual studies are not comprehensive. Thus, the function of
Trop-2 remains obscure.

Claudins constitute a family of 27 distinct transmembrane
proteins that are composed of four transmembrane domains
and two extracellular loops, which are involved in the homo-
philic and heterophilic interactions with adjacent claudins (19).
The abnormal regulation of claudins, including both increased
and decreased expression levels of specific claudins, has been
reported in various human epithelial cancers (20-25). Clau-
din-7 is normally expressed in bronchial epithelial cells of

3 The abbreviations used are: Trop-2, trophoblast cell surface antigen 2; BIM-|,
bisindolylmaleimide I; DAPI, 4’,6-diamidino-2-phenylindole; EGF, epider-
mal growth factor; EpCAM, epithelial cell adhesion molecule; JNK, c-Jun
N-terminal kinase; KLH, keyhole limpet hemocyanin; MAPK, mitogen-acti-
vated protein kinase; MEK, MAPK kinase; MTT, 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide; PI3K, phosphatidylinositol 3-kinase;
PKC, protein kinase C; PKD, protein kinase D; PMA, phorbol myristate ace-
tate; PKD, protein kinase D; HRP, horseradish peroxidase.
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Figure 1. Phosphorylation of Trop-2. A, FLAG-tagged Trop-2 was immunoprecipitated (/P) from lysates of HCT116/M (M) and HCT116/WT (WT: #7) cells and
subjected to SDS-PAGE, followed by immunoblotting (/B). B, FLAG-tagged Trop-2 immunoprecipitated from a lysate of HCT116/WT (#7) cells with anti-FLAG
magnetic beads was treated with or without N-glycanase and then subjected to SDS-PAGE, followed by immunoblotting. C, after N-glycanase treatment,
FLAG-tagged Trop-2 obtained from a lysate of HCT116/WT (#1) cells as described above was subjected to SDS-PAGE using a Phos-tag- containing gel (Phos-tag
SDS-PAGE), followed by immunoblotting. The top and bottom bands represent phosphorylated and unphosphorylated FLAG-tagged Trop-2, respectively. D,

schematic model of WT and mutated FLAG-tagged Trop-2. ED, ectodomain;

TM, transmembrane domain; CD, cytoplasmic domain. E, after N-glycanase

treatment, FLAG-tagged Trop-2 immunoprecipitated from lysates of HCT116/WT (#1 and #2), HCT116/S303A (S303A: #1 and #2), and HCT116/S322A (S322A: #1
and #2) cells as described above was subjected to Phos-tag (top) and ordinary (bottom) SDS-PAGE, followed by immunoblotting. The arrowhead indicates
phosphorylated FLAG-tagged Trop-2. , intensities of the bands in the Phos-tag gel panel in E were measured, and then the ratio of phosphorylated to total

FLAG-tagged Trop-2 was calculated (means = S.E. (error bars), n = 4).

human lungs but is either down-regulated or disrupted in lung
cancer (23). Furthermore, claudin-7 is reduced in breast cancer
cells and head and neck squamous cells (24, 25). If the stability
and proper subcellular localization of claudin-7 are maintained
through interaction with Trop-2 and/or EpCAM, as described
above, there may be a certain relationship between the Trop-2/
EpCAM and claudin-7 expression levels. However, in these
studies, it was not determined whether the expression level of
Trop-2 and/or EpCAM is related to the level of claudin-7. If
Trop-2 overexpressed in various epithelial cancers is normally
functional, it is supposed to maintain the function of tight junc-
tions. However, this is not the case. It seems to be difficult to
explain this contradiction only by the change in the level of
Trop-2 expression. Thus, we investigated whether posttransla-
tional modification of Trop-2 has any relation with its biologi-
cal function. We focused on the modification of Trop-2, such as
phosphorylation and the subsequent causal change of cell
behavior.

In the present study, we demonstrated that Trop-2 is phos-
phorylated at Ser-322 by protein kinase Cat (PKCe) and PKCSé.
Phosphorylation of Trop-2 decreased the interaction with clau-
din-7, leading to posttranscriptional down-modulation and/or
mislocalization of claudin-7, and reciprocally increased the cell
motility. Consistently, treatment of WT Trop-2—expressing
HCT116 cells (HCT116/WT) with PKC inhibitors, BIM-I and
G066983, and with PKCa and PKCé siRNAs induced a less
motile phenotype.
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Results

Phosphorylation of Trop-2 and identification of
phosphorylation site

To investigate the tumor-promoting activity of Trop-2,
FLAG-tagged WT Trop-2 was introduced into a human colo-
rectal cancer cell line, HCT116 cells (HCT116/WT). HCT116
cells expressed a negligible level of endogenous Trop-2 (data
not shown). Expression of Trop-2 was confirmed by flow
cytometry (Fig. S14) and SDS-PAGE, followed by immunoblot-
ting. A broad band with a molecular mass of 50-75 kDa was
detected, probably due to heterogeneity of glycosylation (Fig.
1A). In fact, Trop-2 treated with N-glycanase gave a clear band
with a molecular mass of ~40 kDa (Fig. 1B).

There are multiple possible phosphorylation sites (Ser-303,
Tyr-306, and Ser-322) in the cytoplasmic domain of Trop-2. To
distinguish phosphorylated Trop-2 from the unphosphorylated
form, N-glycanase—treated Trop-2 was subjected to SDS-
PAGE using Phos-tag— containing acrylamide gels (Phos-tag
SDS-PAGE), followed by immunoblotting. Two bands were
clearly detected, indicating the phosphorylation of Trop-2 in
HCT116/WT cells (Fig. 1C). In addition, no phosphorylated
Trop-2 was detected with anti-phosphorylated tyrosine anti-
bodies (data not shown). To determine the phosphorylation
site, mutated Trop-2 with Ala instead of Ser-303 or Ser-322 was
generated using a site-directed mutagenesis kit (Fig. 1D) and
expressed in HCT116 cells (HCT116/S303A and HCT116/
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Figure 2. Interaction of Trop-2 with claudin-7. A, lysates (left) of HCT116/M (M) and HCT116/WT (WT: #1) cells and the immunoprecipitates (IP) (right)
obtained from the lysates with anti-FLAG magnetic beads were subjected to SDS-PAGE, followed by immunoblotting (/B), and detection of claudin-7, occludin,
E-cadherin, and FLAG-tagged Trop-2. B-Actin served as a loading control. Band C, HCT116 cells were stably transfected with both a Tet-ON regulator plasmid
and a response plasmid-inserted FLAG-tagged Trop-2 gene. Lysates of the cells treated with or without 10 ng/ml doxycycline (Dox) for 1-6 days were
subjected to SDS-PAGE, followed by immunoblotting. B-Actin served as a loading control. The intensity of the claudin-7 and B-actin bands in B was measured,
and the ratio of claudin-7 to B-actin in each Dox-treated cell is indicated, with that in Dox-nontreated cells being taken as 1 (means = S.E. (error bars), n = 3; %,
p < 0.05; **, p < 0.01). D and E, immunoprecipitates from the lysates of HCT116/WT (#71), HCT116/S322A (SA: #1), and HCT116/S322E (SE: #1) cells with
anti-claudin-7 antibodies were subjected to SDS-PAGE, followed by immunoblotting. Histograms show the intensity of the FLAG-tagged Trop-2 bands, each
density being normalized as to that of claudin-7, and the value for HCT116/WT (#1) cells was taken as 1 (means = S.E., n = 3; ¥, p < 0.05; **, p < 0.01). F, after
treatment of HCT116/WT (#7) cells with PMA or 4a-PMA for 2 h, their lysates (left) and claudin-7 coimmunoprecipitated with anti-FLAG magnetic beads (right)
were subjected to SDS-PAGE, followed by immunoblotting, and detection with anti-claudin-7 and anti-FLAG antibodies. B-Actin served as a loading control.

S322A). A similar expression level of mutated Trop-2 was con-
firmed by flow cytometry (Fig. S1, B and C). Mutated Trop-2
was prepared from the lysates of each transfected cell type and
subjected to Phos-tag SDS-PAGE as described above. Mutated
Trop-2 prepared from HCT116/S303A cells gave two bands
like those of WT Trop-2, whereas only a single band corre-
sponding to unphosphorylated Trop-2 was detected for
HCT116/S322A cells, indicating that the Ser-322 residue was
phosphorylated (Fig. 1, E and F).

Different interaction between Trop-2 and claudin-7 depending
on Trop-2 phosphorylation

It has been reported that Trop-2 directly binds to claudin-7
and claudin-1 and that the interaction is required for claudin-7
and claudin-1 to be stabilized or to prevent their degradation
(2). To confirm this interaction between Trop-2 and claudin-7
in epithelial cancer cells, Trop-2 was immunoprecipitated from
lysates of HCT116/WTT cells and then subjected to SDS-PAGE,
followed by immunoblotting. It was claudin-7, but not occludin
or E-cadherin, was coimmunoprecipitated with Trop-2, indi-
cating a specific interaction of Trop-2 with claudin-7 (Fig. 24).
Claudin-1 was not detected due to its low expression in
HCT116 cells (data not shown). To determine whether there is
a causal relationship between Trop-2 and claudin-7, we estab-
lished HCT116 cells, in which expression of Trop-2 can be con-
trolled through the Tet-On system. Expression of WT Trop-2
started at 1 day after treatment with doxycycline and continued
for a week. Unexpectedly, the level of claudin-7 decreased
reciprocally in response to the increased expression of Trop-2,
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and thereafter expression of claudin-7 tended to recover grad-
ually with a decrease of Trop-2 (Fig. 2, B and C). This result is
incompatible with the report that Trop-2 is responsible for the
maintenance of tight junction proteins as described above.
Related to this discrepancy, we focused on the phosphorylation
of Trop-2. In addition to HCT116/S322A cells in which cell
phosphorylation of Trop-2 is blocked, we also prepared
HCT116 cells expressing phosphomimetic (Glu instead of Ser-
322) Trop-2 (HCT116/S322E). A similar expression level of
mutated Trop-2 was confirmed by flow cytometry (Fig. S1D).
For further experiments, clone #1 (#1) was used unless other-
wise stated.

Next, coimmunoprecipitation assays were performed to
investigate the interaction of WT and mutated Trop-2 with
claudin-7. Claudin-7 was immunoprecipitated from a lysate of
each type of Trop-2—expressing cells. As described below, the
protein level of claudin-7 was different among these cells. Thus,
the amount of each cell lysate used for immunoprecipitation
was adjusted so that a similar amount of claudin-7 was immu-
noprecipitated. It is notable that a lower amount of Trop-2
was coimmunoprecipitated with claudin-7 from the lysates of
HCT116/WT and HCT116/S322E cells compared with
HCT116/S322A cells, suggesting that phosphorylation of
Trop-2 leads to a decrease in the interaction with claudin-7
(Fig. 2, D and E). Although it is uncertain whether the interac-
tion was affected by the negative charge of amino acid 322
directly or indirectly, there is a possibility that phosphorylation
of the Ser-322 residue leads to regulation of the stability of

J. Biol. Chem. (2019) 294(30) 11513-11524 11515
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Figure 3. Expression and distribution of Trop-2 and claudin-7 in various types of Trop-2-expressing cells and in cancer tissues. A, levels of claudin-7
mRNA in HCT116/M (M), HCT116/WT (WT: #1), HCT116/S322A (SA: #1), and HCT116/S322E (SE: #1) cells were determined by DNA microarray analysis, and its
level in HCT116/M cells was taken as 1. B, expression of claudin-7 protein in the four cell types described above was analyzed by SDS-PAGE, followed by
immunoblotting, and that in HCT116/M cells was normalized as to B-actin, and the value for HCT116/M cells was taken as 1. B-Actin served as a loading control
(means = S.E. (error bars), n = 4;*,p < 0.05; **, p < 0.01). C, distribution of claudin-7 (green) and FLAG-tagged Trop-2 (magenta) in HCT116/M, HCT116/WT (#1),
HCT116/S322A (#1), and HCT116/S322E (#1) cells was observed immunochemically. Nuclei were stained with DAPI (blue). Scale bars, 10 um. D, distribution of
claudin-7 and Trop-2 was observed immunohistochemically in colorectal cancer tissues. Nuclei were stained with hematoxylin. Scale bars, 100 um.

claudin-7 as a downstream event. In this context, because
Trop-2 phosphorylation was elevated by treatment of
HCT116/WT cells with phorbol myristate acetate (PMA), a
PKC and protein kinase D (PKD) activator (data not shown),
coimmunoprecipitation assays were carried out using PMA-
treated HCT116/WT cells. Not only coimmunoprecipitated
claudin-7 with Trop-2, but also total cellular claudin-7 was
decreased by PMA treatment, probably due to the down-mod-
ulation of its stability (Fig. 2F).

Different expression and distribution of claudin-7 in WT and
mutated Trop-2-expressing HCT116 cells

Furthermore, we examined the expression of claudin-7 in
WT and mutated Trop-2—expressing HCT116 cells. Although
the mRNA level of claudin-7 was substantially unchanged
among these cells, the protein level of claudin-7 in HCT116/
S322E cells was markedly decreased compared with that in
other cells (Fig. 3, A and B). Given that the abundance of clau-

11516 J Biol. Chem. (2019) 294(30) 11513-11524

din-7 mRNA was maintained in HCT116/S322E cells, the
reduction in the amount of claudin-7 protein appears to occur
at a posttranscriptional step. Next, the distribution of claudin-7
and Trop-2 in WT and mutated Trop-2—expressing HCT116
cells were also investigated immunochemically. Generally, in
the normal epithelium, claudins are clearly localized at the cell—
cell borders. Forced expression of WT Trop-2 changed the dis-
tribution of claudin-7 compared with that in mock-transfected
cells (HCT116/M). Although claudin-7 was concentrated at the
cell membrane in HCT116/M cells, diffuse membrane staining
of claudin-7 was observed in HCT116/WTT cells. Its diffuse dis-
tribution was observed more prominently in HCT116/S322E
cells. It is also noted that cell surface claudin-7 decreased, and a
part of claudin-7 was localized in the cytoplasm. In contrast,
strong expression of claudin-7 was concentrated at the cell
membrane in HCT116/S322A cells like in HCT116/M cells
(Fig. 3C). To further analyze the distribution of claudin-7 and
Trop-2 in four types of cells as shown in Fig. 3C, fluorescent

SASBMB
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Figure 4. Phosphorylation of Trop-2 by PKCa and PKCa. A, expression of PKC and PKD isoforms in HCT116/WT (WT: #1) cells was examined by DNA
microarray analysis. Band C, HCT116/WT (#71) cells were treated with or without a PKC or PKD inhibitor for 1 h and subsequently with PMA or 4a-PMA for 2 h.
Each cell lysate was subjected to SDS-PAGE, followed by immunoblotting. The intensities of the bands in B were determined. Histograms show the inhibitory
effect of each inhibitor, the levels of phosphorylated Trop-2 being represented as the ratio of phosphorylated to total FLAG-tagged Trop-2 (p-Trop-2/FLAG), and
the ratio obtained for 4a-PMA-treated cells was taken as 1 (means = S.E. (error bars), n = 3;**,p < 0.01; NS, not significant). D and E, HCT116/WT (#1) cells were
transiently transfected with PKCa siRNA (#7), PKCS siRNA (#1), both PKCa and PKCS siRNAs (#1), or a control siRNA and then treated with PMA or 4a-PMA for 2 h.
A lysate of each cell type was subjected to SDS-PAGE, followed by immunoblotting. B-Actin served as a loading control. The intensities of the bands in D were
determined, and the relative value (p-Trop-2/FLAG) was calculated as described in Band C. Histograms show the p-Trop-2/FLAG ratio in PMA-treated cells and

that in 4a-PMA-treated cells (mean = S.E., n = 3; **, p < 0.01; NS, not significa

signals were scanned along the cell- cell junctions. As shown in
Fig. S2, A and B, a part of the descending blue line (DAPI) shows
the region of the cell- cell junctions and cytoplasm. Trop-2 is
considered to be localized exclusively in the cell- cell junctions.
In HCT116/S322A cells, the distribution of claudin-7 exhibited
a sharp peak coinciding with that of Trop-2, indicating that
both proteins are confined in the cell-cell junctions. In con-
trast, in HCT116/S322E and HCT116/WT cells, claudin-7 was
distributed more widely with multiple peaks in the cytoplasm,
and no peak coincided with that of Trop-2. In addition, clau-
din-7 in HCT116/S322A cells was more confined in the mem-
brane than that in HCT116/M cells, probably due to the inter-
action of claudin-7 with Trop-2 in HCT116/S322A cells. These
observations suggest that Trop-2 may play a causative role in local-
ization of claudin-7.

It is interesting to investigate whether decreased expression
of claudin-7 in cancer tissues is related to the expression of
Trop-2. Colorectal tissue sections including both normal
mucosa and dysplasia were immunostained. Intense claudin-7
staining was observed in histologically normal appearing tis-
sues, whereas in cancerous tissues, the staining was reduced.
Inversely, Trop-2 was highly expressed in cancerous tissues,
and adjacent normal appearing tissues were only faintly stained
(Fig. 3D).

Phosphorylation of Trop-2 by PKC« and PKC&

As described above, phosphorylation of Trop-2 was related
to the posttranslational regulation and intracellular distribu-
tion of claudin-7. In relation to the fact that Trop-2 phosphor-
ylation was elevated by treatment with PMA, it has been
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reported that dysfunction of epithelial junctions is affected by
PKC and PKD (26-28). Thus, we investigated which PKCs
and/or PKDs phosphorylate Trop-2. Before this experiment,
we prepared anti-phosphorylated Trop-2 antibodies by using
the phosphorylated peptide of the Trop-2 cytoplasmic domain
as an immunogen. The specificity of the antibodies was exam-
ined by immunoblotting and plate assays. Using Phos-tag SDS-
PAGE, WT Trop-2 prepared from HCT116/W'T cells was sep-
arated into phosphorylated and unphosphorylated Trop-2 (Fig.
S3A4, left). The anti-phosphorylated Trop-2 antibodies bound to
the phosphorylated Trop-2 but not to unphosphorylated
Trop-2 (Fig. S3A, right). Furthermore, phosphorylated and
unphosphorylated Trop-2 cytoplasmic peptides were adsorbed
to the plate and incubated with the anti-phosphorylated Trop-2
antibodies. The anti-unphosphorylated Trop-2 antibodies
bound to both the unphosphorylated and phosphorylated
Trop-2 peptide (Fig. S3B, left), whereas the anti-phosphorylat-
ed Trop-2 antibodies bound only to the phosphorylated Trop-2
peptide (Fig. S3B, right). Thus, it was clear that the anti-phos-
phorylated Trop-2 antibodies specifically bound to the phos-
phorylated Trop-2.

We first investigated which PKC and PKD isoforms are
expressed in HCT116/WT cells. PKC isoenzymes are classified
into three subclasses, “classical PKCs” («, BI, BII, and v), “novel
PKCs” (6, € m, and 6), and “atypical PKCs” (¢ and t/A) (29), and
PKD family consists of three members (PKD1, -2, and -3) (30).
DNA microarray analysis revealed the presence of multiple iso-
forms, including one classical (PKCa), three novel (PKCS, -¢,
and -m), and two atypical (PKC{ and -t) isoenzymes, and PKD2

J. Biol. Chem. (2019) 294(30) 11513-11524 11517
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and -3 (Fig. 4A). Furthermore, PKC inhibitors with different
subclass specificities and a PKD inhibitor were used to deter-
mine which PKCsand/or PKDs are responsible for Trop-2 phos-
phorylation. Elevated phosphorylation of Trop-2 by treatment
with PMA was effectively inhibited by BIM-I and G66983,
which are inhibitors of both classical and novel PKCs, whereas
other PKC inhibitors, G66976, Hispidin, and HBDDE, and a
PKD inhibitor, CID755673, had no effect on Trop-2 phosphor-
ylation (Fig. 4, B and C). In addition, other kinase inhibitors,
LY294002 (PI3K inhibitor), SB203580 (p38 MAPK inhibitor),
PD98059 (MEK1/2 inhibitor), and SP600125 (JNK1/2/3 inhib-
itor), did not inhibit Trop-2 phosphorylation at all (Fig. S4).

Based on the results of DNA microarray analysis and the
effects of pharmacological PKC and PKD inhibitors on Trop-2
phosphorylation, knockdown of relevant PKCs and PKDs that
might phosphorylate Trop-2 in HCT116/WT cells was per-
formed by using PKC or PKD isoform—specific siRNAs. It was
revealed that knockdown of PKCa or PKC8 was most effective
in reducing the phosphorylation of Trop-2, but considerable
activity of Trop-2 phosphorylation remained even after the
knockdown of individual PKCs, suggesting that Trop-2 may
be phosphorylated by multiple PKCs and that the activity may
be retained due to compensation by other PKCs. Furthermore,
we tried to examine the inhibitory effect on Trop-2 phosphor-
ylation with various combinations of PKC knockdown. It was
demonstrated that knockdown of both PKCa and PKC6 abol-
ished the phosphorylation of Trop-2 almost completely (Fig. 4,
D and E). In addition, Trop-2 phosphorylation was similarly
down-modulated by using different types of PKCa and PKC8
siRNAs (Fig. S5).

Different motility of WT and mutated Trop-2-expressing cells

As described above, the cell-cell interaction may be regu-
lated by downstream events after phosphorylation of the Ser-
322 residue of Trop-2. Next, we performed migration assays
using Transwells. HCT116/S322A cells were significantly less
motile than the other Trop-2—expressing cells, which to a
greater or lesser extent possess negative charges of amino acid
322 (Fig. 5, A and B). In addition, no difference in the rate of cell
proliferation was observed among these cells, indicating that
different numbers of migrated cells have no relation to the
growth rate of these cells (Fig. 5C). The same WT and mutated
Trop-2—expressing vectors were also transfected into a human
pancreatic cancer cell line, PANC-1 cells, and stable transfec-
tants (PANC-1/M, PANC-1/WT,PANC-1/S322A, and PANC-
1/S322E) were prepared. Similar expression levels of Trop-2
were confirmed by flow cytometry (Fig. S6, A—C), and migra-
tion assays were performed (Fig. S6, D and E). Consistently,
PANC-1/S322E cells showed the highest motility, and PANC-
1/S322A cells exhibited less than half motility compared with
that of PANC-1/S322E cells. Similar cell proliferation was
observed among these cells (Fig. S6F). These results suggest
that phosphorylation of Trop-2 is involved in the regulation of
cell motility.

We next investigated the effects of down-modulation of
PKCa and PKC6 on the migration of HCT116/W'T cells in vitro
by treatment with PKC inhibitors and both PKC« and PKCd
siRNAs. As expected, BIM-1 and G66983 but not G66976 inhib-
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ited the motility of HCT116/WTT cells strongly, approximately
in correspondence to the inhibitory level of Trop-2 phosphor-
ylation (Fig. 5, D and E). On the other hand, HCT116/S322E
cells exhibited similar motility regardless of treatment with or
without PKC inhibitors, BIM-I and G66983 (Fig. S7, A and B).
These results suggest that PKCa- and PKC8-mediated Trop-2
phosphorylation leads to enhancement of cell motility. Fur-
thermore, after treatment with PMA or its analog, 4a-PMA,
motility of control and both PKCa and PKC8 knockdown
HCT116/WT cells was examined using Transwells. The effects
of PMA on the migration of control cells were abolished by
knockdown of both PKC« and PKC$ (Fig. 5, G and H). Cell
growth did not change with these treatments (Fig. 5, Fand / and
Fig. S7C).

Discussion

During oncogenic transformation, tumor cells typically lose
tight junctions, leading to derangement of the tissue architec-
ture and loss of cell polarity. In fact, expression of some claudins
has been shown to be either deregulated or lost in cancers (20,
22-25, 31). It is also interesting that the level of claudin-7 is
reduced as an early event in colorectal carcinogenesis (31).
Conversely, many reports demonstrated that Trop-2 is overex-
pressed in a variety of human cancers. In the colon dysplastic
mucosa, Trop-2 expression was demonstrated at the earliest
stages of cell transformation, and its expression level further
increased after neoplastic transformation, thus suggesting the
role of Trop-2 as a driver (6). Trop-2 is widely expressed in
normal tissues (32), suggesting that it may play a certain biolog-
ical role in epithelial tissues. One possibility is that Trop-2 is
responsible for the maintenance of tight junction proteins,
which is demonstrated by analysis of corneal epithelial cell dis-
order, GDLD (2, 18). Thus, we investigated whether posttrans-
lational modification of Trop-2 has any relation with its biolog-
ical function. As shown in Fig. 1, analyses of WT and mutated
Trop-2 using Phos-tag SDS-PAGE revealed that Trop-2 was
phosphorylated and that the phosphorylated site was the Ser-
322 residue of Trop-2. In a previous study (33), phosphoryla-
tion of Trop-2 was analyzed by incubation of purified Trop-2
with PKC in vitro, and the phosphorylated site was revealed to
be the Ser-303 residue. This discrepancy may be due to the
conformational difference between purified Trop-2 and mem-
brane-anchored Trop-2 in the cell. Other reports have also pre-
dicted that Ser-322 but not the Ser-303 residue of Trop-2 has
the potential to be phosphorylated (34, 35).

It is also notable that blocking of Ser-322 phosphorylation
by changing the Ser-322 residue to Ala (HCT116/S322A)
decreased the migratory ability as compared with that of
HCT116/WT cells. Reciprocally, HCT116 cells expressing
phosphomimetic Trop-2 (HCT116/S322E) showed a higher
migratory ability (Fig. 5, A and B). These results strongly
suggest that phosphorylation of Trop-2 is critical for acqui-
sition of motility potential.

The cell-cell interaction seems to be regulated by down-
stream events triggered by Trop-2 phosphorylation. As re-
ported previously (2), claudin-7 was specifically coimmunopre-
cipitated with Trop-2 (Fig. 24). However, the level of Trop-2
coimmunoprecipitated with claudin-7 decreased with the phos-
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Figure 5. Effects of Trop-2 phosphorylation on motility of WT and mutated Trop-2-expressing HCT116 cells. A and B, migration of HCT116/M (M, n = 7),
HCT116/WT (WT: #1,n = 4),HCT116/S322A (SA: #1,n = 4),and HCT116/S322E (SE: #1, n = 3) cells was evaluated by means of Transwell assays. A representative
photograph of each migrated cell type is shown in A. Scale bars, 100 um. The number of migrated cells per field was determined and is shown as a histogram
in B(means = S.E. (error bars); **, p < 0.01). C, proliferation of HCT116/M (n = 7), HCT116/WT (#1:n = 4), HCT116/S322A (#1:n = 4),and HCT116/S322E (#1:n =
3) cells was analyzed using MTT assays (means =+ S.E.). D and E, migration of HCT116/WT (#1) cells treated with or without PKC inhibitors was measured as
described in A and B. A representative photograph of each migrated cell is shown in D. Scale bars, 100 um. The number of migrated cells per field was
determined as described in Aand Band is shown as a histogram in E (means * S.E., n = 3;**,p < 0.01; NS, not significant). F, Proliferation of cells was examined
using MTT assays as described in C (means = S.E.,, n = 3). Gand H, migration of HCT116/WT (#1) cells treated with both PKCa and PKC8 siRNAs (#1) or a control
siRNA and then with PMA or 4a-PMA was analyzed by using Transwells. A representative photograph of each migrated cell type is shown in G. Scale bars, 100
um. The number of migrated cells per field was determined as described in A and B and is shown as a histogram in H (means = S.E., n = 3; **, p < 0.01; NS, not

significant). /, proliferation of cells was analyzed using MTT assays as described in C (means = S.E, n = 3).

phorylation of Trop-2 (Fig. 2, D and E), suggesting that phos-
phorylation of Trop-2 may have a causal effect on the interac-
tion with claudin-7, leading to the loss of claudin-7 stability.
Actually, the claudin-7 protein in HCT116/S322E cells was
markedly reduced (Fig. 3B), and elevated phosphorylation of
Trop-2 in HCT116/WT cells by treatment with PMA reduced
the level of claudin-7 (Fig. 2F). In addition, although the levels
of claudin-7 protein were similar in HCT116/S322A and
HCT116/WT cells, its distribution was quite different in these
cells. Claudin-7 in HCT116/S322A cells seemed to be confined
to the cell membrane (Fig. 3, B and C). In contrast, claudin-7 in
HCT116/WT cells showed a dispersed distribution on the cell
membrane, and a considerable part of claudin-7 was located in
the cytoplasm. This mislocalization of claudin-7 was prominent
in HCT116/S322E cells (Fig. 3C). We speculate that mis-
localized claudin-7 may be nonfunctional, and thereby
HCT116/WT and HCT116/S322E cells exhibit similar pheno-
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types. The loss of membrane-localized claudins and their relo-
calization to the cytoplasm have been reported for breast can-
cer (24) like GDLD caused by a Trop-2 mutation (2, 18) and
intestinal epithelial cells of EpCAM knockout mice (3). EpCAM
is the closest homologue to Trop-2, and analyses of EpCAM
knockout mice showed that EpCAM contributes to the forma-
tion of functional tight junctions in the intestinal epithelium by
recruiting claudin-7 to apical cell- cell junctions.

We also observed low and high intensity of immunochemi-
cally stained claudin-7 in colorectal cancer tissues and adjacent
normal tissues, respectively (Fig. 3D). Inversely, Trop-2 appears
to be distributed densely in cancer tissues and only faintly in
adjacent normal tissues. Usami et al. (22) demonstrated that
claudin-7 expression was prominently reduced at the invasive
front, which is associated with the depth of invasion, stage, lym-
phatic vessel invasion, and lymph node metastasis. The level of
claudin-7 protein in HCT116/S322E cells was markedly
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decreased compared with in other cells, but its mRNA level was
substantially similar to that in the other cells (Fig. 3, A and B),
indicating that the reduction in the amount of claudin-7 pro-
tein appears to occur at a posttranslational step. This posttrans-
lational regulation of claudin-7 was also demonstrated in the
intestines of EpCAM mutant mice (3). In this mouse model,
claudin-7 protein decreased to an undetectable level in the
intestines, even though the abundance of claudin-7 mRNA was
maintained, suggesting similar posttranslational reduction of
claudin-7 protein. Furthermore, modified mice lacking clau-
din-7 exhibit intestinal defects similar to those in EpCAM
knockout mice (36).

We speculate that interaction of claudin-7 with Trop-2 may
lead to the recruitment of claudin-7 to tight junctions, such that
through a decrease of their interaction, claudin-7 becomes
mislocalized and susceptible to degradation. However, there
remain the questions of how and when Trop-2 loses or
decreases the interaction with claudin-7. It has been reported
that the (G/A)XXX(G/A) motif in the transmembrane domain
supports protein—protein associations (37, 38). Interestingly,
the transmembrane domains of both Trop-2 and claudin-7
contain the AXXXG motif. Thus, it is plausible that Trop-2
associates with claudin-7 through this motif in the transmem-
brane region. Actually, Nakatsukasa et al. (2) reported that
Trop-2 interacts with claudin-7 but not claudin-4, which does
not have the AXXXG motif in its transmembrane domain. Fur-
thermore, it has been reported that Trop-2 is cleaved by tumor
necrosis factor-a—converting enzyme, followed by further
cleavage by +y-secretase within the transmembrane domain,
resulting in shedding of the extracellular domain and accumu-
lation of the intracellular domain in the nucleus (39). One pos-
sible scenario is that Trop-2 may be cleaved through down-
stream events after Trop-2 phosphorylation, and cleavage of
Trop-2 may result in loss of the interaction with claudin-7. At
present, there are no data on whether there is a causal relation-
ship between the phosphorylation and cleavage of Trop-2.

From the view of tumor progression, it is important to deter-
mine the PKCs responsible for the phosphorylation of Trop-2.
Itis suggested that changes in the activation balance of different
PKC isozymes are linked to cancer development and that the
PKC balance plays a central role in the function of the adhesive
zipper, which works toward stable cell-cell junctions and
adhesion (40). Among PKC inhibitors, G66976, an inhibitor of
PKCa and PKCRI, has been extensively studied and revealed to
be a potential anticancer drug due to its effects on migration
and invasion (40). Because many studies have been performed
with a PKC activator, PMA, or a PKC inhibitor, G66976, eluci-
dation of specific PKC isoforms and their substrates has been
limited. Through a combination of experiments involving PKC
inhibitors and PKC siRNAs, we determined that PKCa and
PKC$ are responsible for the phosphorylation of Trop-2 and
found that an effective inhibitor was G66983 but not G66976. It
should be noted that the maintenance of cell-cell junctions
through the inhibition of Trop-2 phosphorylation by G66983
and knockdown of both PKCa and PKCé can induce a less
motile phenotype of HCT116/WT cells (Fig. 5, D, E, G, and H).
Although the Trop-2 ligand remains unknown, Trop-2 seems
to be phosphorylated by external signals directly or indirectly.
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In this context, growth factors such as EGF elevated the phos-
phorylation of Trop-2, probably through the activation of
PKCa and PKC$ (data not shown).

The whole cascade from external stimulation to enhance-
ment of motility has not been elucidated. However, we demon-
strated a novel mechanism underlying tumor progression
through molecular cross-talk between Trop-2—-PKC-clau-
din-7. Binding of an external component to Trop-2 or other
receptors enhances the phosphorylation of Trop-2 by PKCa
and PKCS4. Phosphorylation of Trop-2 results in the loss or a
decrease of the interaction with claudin-7, leading to dysfunc-
tion of claudin-7 through its mislocalization.

Experimental procedures
Construction of expression plasmids

Preparation of total RNA from a human ovarian cancer cell
line, OVCARS3 cells and subsequent cDNA synthesis were per-
formed as described previously (41). The synthesized cDNA was
used for amplification of the Trop-2 gene using the following prim-
ers: 5'-CCT GCA GAC CAT CCC AGA C-3' and 5'-CTG GGA
CGA TAC CGA AAT CC-3'. The PCR product was cloned into
the pCR2.1®-TOPO® TA vector (Invitrogen) according to the
manufacturer’s instructions. After sequencing, the vector was
treated with EcoO65I, and then the EcoO651 site was converted to
a blunt end using a Blunting Kination Ligation Kit (Takara Bio
Inc.). Thereafter, the blunt-ended vector was treated with BamHI,
followed by subcloning into the pFLAG-CMV™.-3 expression
vector (Sigma-Aldrich) with blunt-ended Kpnl and cohesive-
ended BamHI sites (WT-Trop-2). Site-directed mutagenesis of
the Trop-2 gene was performed using a QuikChange II XL site-
directed mutagenesis kit (Stratagene). Three types of mutations
with Ala instead of Ser-303 (i) or Ser-322 (ii) and with Glu instead
of Ser-322 (iii) were introduced by using the following primers,
respectively: (i) 5'-CAC CAA CCG GAG AAA GGC GGG GAA
GTA CAA GAA G-3' and 5'-CTT CTT GTA CTT CCC CGC
CTT TCT CCG GTT GGT G-3/, (ii) 5'-GTT GAG AAA GGA
ACC GGC CTT GTA GGT ACC CGG C-3' and 5'-GCC GGG
TAC CTA CAA GGC CGG TTC CTT TCT CAA C-3', and (iii)
5-GTT GAG AAA GGA ACC GGA GTT GTA GGT ACCCGG
CG-3' and 5'-CGC CGG GTA CCT ACA ACT CCG GTT CCT
TTCTCA AC-3'.

Cell culture and transfection of plasmids

A human colorectal cancer cell line, HCT116 cells, and a
human pancreatic cancer cell line, PANC-1 cells, were obtained
from the American Type Culture Collection (Manassas, VA).
An expression plasmid or an empty vector was transfected into
the cells using FUGENE® HD Transfection Reagent (Promega)
according to the manufacturer’s instructions, and the following
stable transfectants were prepared by selection with 600 ug/ml
G418: mock cells (HCT116/M and PANC-1/M), FLAG-tagged
WT Trop-2—expressing cells (HCT116/WT and PANC-1/
WT), FLAG-tagged mutated Trop-2 with Ala instead of Ser-
303 or Ser-322- expressing cells (HCT116/S303A or HCT116/
S322A and PANC-1/S322A), and FLAG-tagged mutated
Trop-2 with Glu instead of Ser-322—expressing cells (HCT116/
S322E and PANC-1/S322E). These transfectants were cultured
in Dulbecco’s modified Eagle’s medium supplemented with
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10% heat-inactivated fetal bovine serum, 4 mm L-glutamine,
and antibiotics (100 units/ml penicillin and 100 ug/ml
streptomycin).

Preparation of cell extracts

Subconfluent cells were lysed with solubilizing buffer (25 mm
Tris-HCL, pH 7.5, 150 mM NaCl, 5 mMm EDTA, 1% Triton X-100)
containing protease and phosphatase inhibitor cocktails (Naca-
lai Tesque). After solubilization, the lysates were centrifuged at
13,000 rpm at 4 °C for 10 min, and the supernatants were used
as cell extracts.

Treatment with PKC, PKD, and Ser/Thr kinase inhibitors and
PMA or 4a-PMA

Cells were treated with PKC, PKD, and Ser/Thr kinase inhib-
itors or DMSO for 1 h. The following PKC, PKD, and Ser/Thr
kinase inhibitors were used: BIM-I (pan-PKC («, BL, BI1, v, §,
and €) inhibitor, 1 uwm; Cell Signaling Technology), G66983
(pan-PKC («, B, BIL v, 6, and ¢) inhibitor, 1 uwm; Sigma-Al-
drich), G66976 (PKCa and -BI inhibitor, 1 um; Cayman Chem-
ical), Hispidin (PKCpI and -BII inhibitor, 10 um; Merck Milli-
pore), HBDDE (PKC« and -vy inhibitor, 100 um; Enzo Life
Science), CID755673 (PKD inhibitor, 10 um; Merck Millipore),
LY294002 (PI3K inhibitor, 50 um; Cell Signaling Technology),
SB203580 (p38 MAPK inhibitor, 20 um; Cell Signaling Tech-
nology), PD98059 (MEK1/2 inhibitor, 50 um; Cell Signaling
Technology), and SP600125 (JNK1/2/3 inhibitor, 25 um; Tokyo
Chemical Industry). Cells were treated with 100 ng/ml PMA or
4a-PMA for the indicated times.

Immunoprecipitation

FLAG-tagged Trop-2 and claudin-7 were immunoprecipi-
tated from cell extracts as described above with anti-FLAG®
M2 magnetic beads (Sigma-Aldrich) and with mouse anti-clau-
din-7 antibodies (Invitrogen) and Protein G—Sepharose 4 Fast
Flow (GE Healthcare), respectively.

Immunoblotting

Cell extracts or immunoprecipitates prepared as described
above were subjected to SDS-PAGE, followed by immunoblot-
ting. After successive incubation with primary antibodies and
horseradish peroxidase (HRP)-conjugated secondary antibod-
ies, immunoreactive bands were detected by means of chemi-
luminescence, and the bands were quantified with Image]J soft-
ware (National Institutes of Health). The following antibodies
were used as primary antibodies: HRP-conjugated mouse anti-
FLAG® M2 (Sigma-Aldrich), mouse anti-claudin-7, rabbit anti-
E-cadherin (Cell Signaling Technology), mouse anti-occludin
(Invitrogen), mouse anti-B-actin (Sigma-Aldrich), rabbit anti-
PKCa (Abcam), and rabbit anti-PKC8 (Abcam) antibodies.
Rabbit anti-phosphorylated Trop-2 antibodies were prepared
in our laboratory. The details are given below.

Preparation of anti-phosphorylated and unphosphorylated
Trop-2 antibodies and evaluation of their specificity
KLH-conjugated peptides (Trop-2 cytoplasmic domain)
with phosphorylated or unphosphorylated Ser-322 were pur-
chased from Hokkaido System Science. These peptides were
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emulsified with Freund’s complete (first time) and incomplete
(from second time) adjuvant (Difco Laboratories) and injected
subcutaneously five times into a 12-week-old female New Zea-
land White rabbit. After the fifth immunization, blood was
taken, and an IgG fraction was prepared from the serum by
protein A—Sepharose column chromatography. The IgG frac-
tion containing antibodies against phosphorylated or unphos-
phorylated Trop-2 was applied to a KLH-unphosphorylated
Trop-2 peptide or KLH-conjugated CNBr-activated Sepharose
4 Fast Flow column (GE Healthcare), respectively. Each passed-
through fraction was used as anti-phosphorylated or unphos-
phorylated Trop-2 antibodies. Rabbits were handled in accord-
ance with the guidelines of the animal committee of Kyoto
Sangyo University.

Plate assays were performed to confirm the specificity of each
antibody. Phosphorylated and unphosphorylated Trop-2 cyto-
plasmic peptides were immobilized on 96-well MaxiSorp plates
(Nunc) overnight at 4 °C. After successive incubation with seri-
ally diluted anti-phosphorylated or unphosphorylated Trop-2
antibodies (0—1 pg/ml), the immune complex was determined
by adding a 1-Step Ultra TMB-ELISA Substrate (Thermo
Fisher Scientific Inc.) and subsequent measurement of absor-
bance at 450 nm. In plate assays, each experiment was per-
formed in quadruplicate.

Flow cytometry

Cells were incubated with FITC-conjugated mouse anti-
FLAG® M2 antibodies (Sigma-Aldrich) at 4 °C for 2 h. After
washing with 1% BSA/PBS, expression of FLAG-tagged Trop-2
was detected using a FACSCalibur (BD Biosciences).

DNA microarray analysis

DNA microarray analysis was performed basically as de-
scribed previously (42). In brief, total RNA was isolated from
cells using ISOGEN (Nippon Gene), and then cyanine-3—
labeled cRNA was prepared from the total RNA using a Low
Input Quick Amp Labeling Kit (Agilent Technologies). After
purification and fragmentation, the labeled cRNAs were
hybridized to a SurePrint G3 Human Gene Expression 8 X60K
v3 Microarray (Agilent Technologies). After washing, the array
slides were scanned with an Agilent SureScan microarray scan-
ner (G2600D).

Migration and MTT assays

Migration and MTT assays were performed basically as
described previously (41). Briefly, cells (4 X 10* cells) were sus-
pended in serum-free medium containing 0.2% BSA and then
seeded into the upper chamber of a Transwell (24-well culture
plate, pore size 8.0 wm; Corning Inc.) precoated with fibronec-
tin. In some cases, several PKC inhibitors or DMSO, and 100
ng/ml PMA or 4a-PMA was added to the cell suspension. After
filling the lower wells with serum-containing medium, the cells
were incubated for 20 h. The chambers were fixed with meth-
anol and stained with hematoxylin, and then nonmigrated cells
were scraped off with a cotton swab. The migration was quan-
tified by counting the migrated cells in five randomly selected
fields at a magnification of X100.
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MTT assays were performed to examine the effect of cell
proliferation on cell migration assays. Cells (4 X 10* cells) were
cultured in the same medium using migration assays in 96-well
plates for 18 h. After adding the MTT reagent (Nacalai Tesque)
and subsequent incubation for 2 h, the absorbance of wells was
measured at 570 nm with a reference at 630 nm. In MTT assays,
each experiment was performed with cells plated at least in
duplicate.

Phos-tag SDS-PAGE analysis

FLAG-tagged Trop-2 immunoprecipitated as described
above was treated with glycopeptidase F (Takara Bio Inc.)
according to the manufacturer’s instructions, followed by
exclusion of salts and concentration using a Nanosep® centrif-
ugal device with a 10-kDa cutoff (Pall Life Sciences). The sam-
ples were subjected to Zn**-Phos-tag SDS-PAGE (FUJIFILM
Wako Pure Chemical Corp.) according to the manufacturer’s
instructions, followedbyimmunoblotting,and detectionofphos-
phorylated and unphosphorylated FLAG-tagged Trop-2 with
HRP-conjugated mouse anti-FLAG® M2 antibodies.

Treatment with siRNAs

Cells were transfected with Silencer® Select siRNA of
PKCa (5 nm) and/or PKC8 (10 nm) or Silencer® Select Neg-
ative Control #1 siRNA (Ambion) by reverse transfection using
Lipofectamine™ RNAIMAX transfection reagent (Invitrogen)
according to the manufacturer’s instructions and incubated for 3
days. The following two types of siRNAs (#1, #2) for each PKC
were used: (i) PKCa siRNAs, 5-GGCUGUACUUCGUCA-
UGGALtt-3" and 5'-UCCAUGACGAAGUACAGCCga-3'(#1)
and 5'-CAACGUACCCAUUCCGGAALtt-3" and 5'-UUCCG-
GAAUGGGUACGUUGHa-3' (#2); (ii) PKCS siRNAs, 5'-GGGA-
CACUAUAUUCCAGAALt-3" and 5'-UUCUGGAAUAUAG-
UGUCCCgg-3" (#1) and 5-AGAAGGAUGUGGUCCUG-
AUtt-3" and 5'-AUCAGGACCACAUCCUUCUtg-3' (#2).

Immunocytochemistry

The distribution of Trop-2 and claudin-7 was determined as
described previously (42). Briefly, cells were fixed with 4% para-
formaldehyde in PBS, followed by treatment with 5% BSA/PBS
containing 0.1% Triton X-100. After incubation with primary
antibodies (rabbit anti-DDDDK (FLAG) tag (Medical and Bio-
logical Laboratories) and mouse anti-claudin-7 antibodies), the
cells were stained with fluorescence-conjugated secondary
antibodies and DAPI. The fluorescent signals were detected
under a confocal laser-scanning fluorescence microscope
(Leica) at a magnification of X630 and quantified with LAS AF
Lite software (Leica).

Immunohistochemistry

Sections of paraffin-embedded tissues were deparaffinized
and rehydrated using serial Hemo-De (as a substitute for
xylene; Medical Chemical Corp.) and ethanol. After washing
with Wash Buffer (Dako), antigen retrieval was carried out with
Target Retrieval Solution (pH 6.0) (Dako), under high-pressure
conditions. The sections were washed and then blocked with
REAL Peroxidase-Blocking Solution (Dako) at room tempera-
ture for 5 min. The distribution of Trop-2 was visualized as
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follows. Sections were successively incubated with goat anti-
Trop-2 antibodies (R&D Systems) and HRP-conjugated sec-
ondary antibodies at room temperature. To detect claudin-7,
the sections were successively incubated with mouse anti-clau-
din-7 antibodies and REAL Envision Detection Reagent Perox-
idase Rabbit/Mouse (Dako). All sections were stained with
diaminobenzidine and subsequently with hematoxylin. There-
after, dehydration and clearing were performed by serial treat-
ment with ethanol and Hemo-De. Specimens of malignant and
adjacent nonmalignant tissues were obtained from cancer
patients in accordance with a protocol approved by Osaka
University.

Tet-On expression systems

For construction of a Tet-On response plasmid, the DNA
fragment of the FLAG-containing WT Trop-2 gene was ampli-
fied from FLAG-tagged WT-Trop-2 plasmids as described
above using the following primers: 5'-CCC TCG TAA AGT
CGA CAT GTC TGC ACT TCT GAT CCT AGC TC-3' and
5'-CAGTTACATTGGATCCCT ACAAGCTCGGTT CCT
TTC TCA AC-3'. After purification, the fragment was sub-
cloned into the Sall/BamHI-digested pTRE3G vector (Clon-
tech) according to the manufacturer’s instructions. The
Tet-On system was established as follows: first, cells were trans-
fected with a Tet-On regulator plasmid, the pCMV-Tet3G vec-
tor (Clontech), followed by selection with 600 wg/ml G418.
Next, the Tet-On response plasmid described above was trans-
fected into the regulator plasmid—introduced cells and subse-
quently selected with 1 ug/ml puromycin. The double-stable
cells were treated with 10 pg/ml doxycycline to induce FLAG-
tagged Trop-2 expression.

Statistical analysis

All statistical analyses were conducted with SPSS Statistics
25 (IBM). Differences between three or more groups were
assessed by analysis of variance, followed by Tukey’s or Dun-
nett’s test. In all analyses, differences were considered statisti-
cally significant at p < 0.05.
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