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Trefoil factor 1inhibits epithelial-mesenchymal
transition of pancreatic intraepithelial neoplasm
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invasive transformation of PanIN.

Introduction

Pancreatic ductal adenocarcinoma (PDAC) is one of the most
lethal malignancies worldwide (1), partly because it is usually
diagnosed at an advanced stage, with metastasis and extensive
tumor invasion into other organs. It is of great importance to
detect PDAC in its early stage and to understand the mechanisms
by which pancreatic tumor cells obtain the ability to invade and
metastasize. Epithelial-mesenchymal transition (EMT) has been
recognized as the process by which tumor cells transform from
an epithelial phenotype to a mesenchymal phenotype, and it is
supposed to be a prerequisite for the invasion and dissemination
of tumor cells (2). Although metastasis is thought to be the lat-
est event in malignant tumors, recent studies have suggested that
pancreatic tumor cells undergo EMT in their early stage before
tumor formation (3, 4). There are 2 types of premalignant lesions
of the pancreas: pancreatic intraepithelial neoplasm (PanIN) (5,
6) and intraductal papillary mucinous neoplasm (IPMN) (7, 8).
These premalignant lesions already have somatic mutations in
the KRAS oncogene, even in their early stages (PanIN-1 or low-
grade IPMN) (9, 10), suggesting that KRAS activation is an early
event of pancreatic carcinogenesis. In genetic mouse models,
KRAS activation in the pancreas indeed results in the develop-
ment of PanIN; however, this PanIN rarely develops into inva-
sive carcinoma. Thus, PanIN seems to require additional genetic
changes to undergo EMT, but the crucial genes for early EMT
have not been identified.
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The tumor-suppressive role of trefoil factor family (TFF) members in gastric carcinogenesis has been suggested, but
their significance and mechanisms in other digestive diseases remain elusive. To clarify the role of TFF1in pancreatic
carcinogenesis, we performed IHC on human samples, transfected siRNA against TFF1 into pancreatic cancer cell lines,
and employed mouse models in which PanIN development and loss of TFF1 occur simultaneously. In human samples,
the expression of TFF1 was specifically observed in pancreatic intraepithelial neoplasm (PanIN), but was frequently lost
in the invasive component of pancreatic ductal adenocarcinoma (PDAC). When the expression of TFF1was suppressed
in vitro, pancreatic cancer cell lines showed enhanced invasive ability and features of epithelial-mesenchymal transition
(EMT), including upregulated Snail expression. TFF1 expression was also observed in PanIN lesions of Pdx-1 Cre;
LSL-KRAS®"™" (KC) mice, a model of pancreatic cancer, and loss of TFF1in these mice resulted in the expansion of PanIN
lesions, an EMT phenotype in PanlIN cells, and an accumulation of cancer-associated fibroblasts (CAFs), eventually
resulting in the development of invasive adenocarcinoma. This study indicates that the acquisition of TFF1 expression
is an early event in pancreatic carcinogenesis and that TFF1 might act as a tumor suppressor to prevent EMT and the

The trefoil factor family (TFF) is a group of small peptides with
a characteristic 3-leafed structure that are abundantly expressed
and secreted in the gastrointestinal mucosa. Three TFF members
have beenidentified in mammals and are coexpressed with gastro-
intestinal mucins. TFF1 and MUC5AC are colocalized in foveolar
cells of the stomach, TFF2 and MUCS6 are colocalized in the fun-
dus and deep antral gland of the stomach, and TFF3 and MUC2 are
colocalized throughout the large and small bowel mucosa (11, 12).
Based on the observation that the expression of TFFs increases in
damaged mucosa, studies of TFFs have primarily focused on the
repair of damaged gastrointestinal mucosa (restitution) (13-15).
In addition to this classic role of TFFs, recent reports indicate that
TFFs can also act as tumor suppressors in gastric carcinogenesis
(16-19). In pancreatic carcinogenesis, PanIN and IPMN share a
distinguishing characteristic: abundant expression of gastrointes-
tinal mucins, such as MUC2, MUC5AC, and MUC6, depending on
the phenotypes of the lesions (20-22). This finding suggests not
only that gastrointestinal metaplasia is the first step of pancre-
atic carcinogenesis, but also that pancreatic tumorigenesis might
share genetic mechanisms with gastric tumorigenesis. Given that
TFFs might function as tumor suppressors in the stomach, one can
assume that they may also inhibit oncogenesis in the pancreas.

In this study, we show that the acquisition of TFF1 expres-
sion occurs early in PanIN development, but TFF1 expression is
frequently lost in the invasive component of PDAC. Loss of TFF1
in vitro results in accelerated invasion of pancreatic cancer cells
along with the characteristics of EMT. Additionally, experiments
in genetically engineered mice show that the loss of TFF1 results
in an EMT phenotype in PanIN and, eventually, in invasive adeno-
carcinoma. These data suggest that TFF1 functions as a tumor sup-
pressor to inhibit EMT and the invasive transformation of PanIN.
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Results

TFF1is abundantly expressed in premalignant lesions of the pancreas,
but is lost in invasive cancer. To investigate the contributions of
TFF1 in pancreatic carcinogenesis, an IHC analysis of TFF1 was
performed in surgically resected pancreatic specimens. As previ-
ously described (23), TFF1 expression was not found in normal
pancreatic cells, such as acinar cells, islet cells, and pancreatic
ductal epithelial cells (Supplemental Figure 1; supplemental mate-
rial available online with this article; https://doi.org/10.1172/
JCI97755DS1), but some pancreatic duct glands (PDGs) showed
faint TFF1 expression. In contrast, TFF1 was abundantly
expressed in premalignant pancreatic lesions, such as PanIN
(Figure 1A). Notably, extensive TFF1 expression was observed in
PanIN-1 (low-grade dysplasia), PanIN-2 (moderate dysplasia), and
PanIN-3 (high-grade dysplasia) lesions (Figure 1B). Similarly to
PanIN, IPMN expressed a remarkable level of TFF1 (Supplemen-
tal Figure 2A), which was also found in both low-grade and high-
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Figure 1. TFF1 expression is lost in the invasive com-
ponent of pancreatic adenocarcinoma. (A) While abun-
dant TFF1 expression was observed in PanIN (arrows),

it was not observed in other pancreatic components,
including acinar cells, islet cells (asterisks), and ductal
epithelial cells (arrowheads). Scale bars: 100 um. (B)
The expression of TFF1 was confirmed in all grades of
dysplasia. Scale bars: 50 pm. (C) TFF1 expression was
observed in the intraductal component of PDAC and was
lost in the invasive component. Scale bars: 200 pum (left
panel); 50 um (middle and right panels).

grade lesions. These findings suggest that the
acquisition of TFF1 expression is an early event in
pancreatic carcinogenesis. Next, the TFF1 expres-
sion in PDAC was assessed. TFF1 expression was
observed in the intraductal component, but was
frequently lost in the invasive component (Fig-
ure 1C), suggesting that TFF1 expression was lost
during pancreatic carcinogenesis. Invasive IPMN
(also described as PDAC derived from IPMN)
also showed loss of TFF1 in the invasive compo-
nent (Supplemental Figure 2B). Loss of TFF1 in
the invasive component was observed in 50% of
PDAC specimens (n = 7/14, P = 0.016) and 72.7%
of invasive IPMN specimens (n = 8/11, P= 0.008)
(Supplemental Table 1), indicating that loss of
TFF1 is associated with the invasive transforma-
tion of pancreatic neoplasms.

Suppression of TFF1 accelerates the invasion
and migration of pancreatic cancer cell lines in vitro.
To investigate the association between cancer
invasion and loss of TFF1 in vitro, 2 pancreatic
cancer cell lines, pancl and PK9, were transfect-
ed with 3 different siRNAs against TFF1. A Boy-
den chamber assay revealed that both cell lines
showed significantly upregulated invasion after
TFF1 suppression (Figure 2, A and B). Conversely,
the proliferative ability of both cell lines was not
significantly different between the control and
siRNA groups (Figure 2C). Next, the migration ability of pancreat-
ic cancer cell lines was assessed by a wound-healing scratch assay,
which revealed that the migration of cancer cells was significantly
enhanced after TFF1 suppression in both cell lines (Figure 2, D and
E). These results show that loss of TFF1 is not involved in cancer
proliferation, but does enhance the invasive ability and migration
of pancreatic cancer cells.

Loss of TFF1 vesults in EMT of pancreatic cancer cells. EMT is a pro-
cess by which cancer cells gain migratory and invasive properties.
Based on the hypothesis that TFF1-suppressed cancer cells undergo
EMT and obtain invasive ability, EMT characteristics were assessed
in siRNA-treated cancer cell lines. EMT is induced by several regula-
tors, such as zinc finger transcription factors, including Snail /SNAII,
Slug/SNAI2, and Twist/TWIST1; thus, the expression of these pro-
teins was assessed in these cells 4 days after transfection of siRNA.
As expected, the expression levels of these proteins were upregulat-
ed in siRNA-treated cells (Figure 3A). The RNA expression of SNAI1
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Figure 2. Suppression of TFF1 results in enhanced invasion and migration of pancreatic cancer cells. (A) A Boyden chamber assay revealed that cancer
cells in the TFF1-suppressed group had high invasive ability. Scale bars: 50 um. (B) Quantitative analysis of the Boyden chamber assay. *P < 0.01, ANOVA.
(C) Proliferation of cancer cells was assessed by a WST assay, which showed no significant differences in relative cell number (by ANOVA). (D) The wound-
healing scratch assay revealed that the migration of cancer cells was significantly enhanced by the suppression of TFF1. Scale bars: 50 pm. (E) Quantitative
analysis of the scratch assay. *P < 0.01, ANOVA. Data are presented as mean + SD.

and SNAI2 was significantly upregulated, by 1.5- to 3-fold, when  their polarity and cell-cell adhesions. The expression of cell-cell-
TFF1 was suppressed by siTFF1-1, -2, and -3 (Figure 3C), although ~ adhesion molecules, such as E-cadherin/CDH], occludin/OCLN,
a significant upregulation of TWIST1 was found only with siTFF1-2.  and Zo-1/tight junction protein 1 (TJP1) was assessed. As expected,
A fundamental event in EMT is the process by which cells lose  loss of TFF1resulted in the suppression of these cell-adhesion mole-
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Figure 3. Suppression of TFF1results in
EMT of pancreatic cancer cells. (A) Western
blotting revealed that the suppression

of TFF1 caused an upregulation of Snail,
Slug, and Twist, while downregulation of
E-cadherin, Occludin, and Zo-1was observed.
B-Actin served as an internal control. (B)
Suppression of TFF1 caused the cancer cells
to exhibit a spindle-shaped morphology
(arrows). Scale bars: 20 um. (C) The real-
time PCR results correlated to the protein
expression levels induced by the suppression
of TFF1. (D) Quantitative analysis of the
percentage of spindle cells shown in B. Data
are presented as mean + SD. *P < 0.01;

P < 0.05, ANOVA.

Alternate expression of TFFI1 and
Snail in pancreatic tumor cells. Given
that TFF1is closely associated with cell
migration, we evaluated the associa-
tion between TFF1 expression and on
the differences in confluency of cancer
cells. As expected, the expression of
TFF1 was significantly altered, depend-
ing on the confluence (Supplemental
Figure 3). To investigate the relation-
ship between TFF1 and zinc finger tran-
scription factors in cancer cells, 8 pan-

PK45h, PK59, KLM1, MiaPaca2, KP4,

t . .
i' I* * * .k x * I . creatic cancer cell lines (pancl, PK9,
= T x

and PK8) were employed. The expres-
sion of TFF1 and zinc finger factors was
evaluated when the cells became nearly
confluent by real-time PCR, revealing
that the expression levels of TFF1 and
SNAI1were inversely correlated (Figure
4A;r=-0.738, P= 0.037), while expres-
sion levels of SNAI2 and TWIST1 did
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cules at both protein and RNA levels (Figure 3, A and C). In addition,
the cells showed a spindle-like morphology in the TFF1-suppressed
group (Figure 3, B and D), suggesting that TFF1 suppression leads to
morphological changes in cancer cells from an epithelial to a mes-
enchymal phenotype. These results suggest that the loss of TFF1 in
cancer cells results in EMT, eventually inducing the migration and
invasive transformation of pancreatic cancer cells.

jci.org  Volume128  Number8  August 2018

not show a significant correlation with
that of TFF1 (data not shown). These
data suggest that Snail/SNAI1 is the
zinc finger factor most closely correlat-
ed with TFF1 expression. Interestingly,
the inverse correlation of TFF1 and
SNAI1 was also observed in the same
cells, depending on their confluence
(r=-0.92, P<0.001; Supplemental Fig-
ure 3). Of note, 4 cell lines (pancl, PK9,
PK45h, and PK59) had higher TFF1
than SNAI1 expression, while the other
4 celllines (KLM1, MiaPaca2, KP4, and PK8) showed higher SNAI1
expression than TFF1 expression. The protein expression of TFF1
and Snail showed a similar expression pattern (except for KLM1,
with predominant TFF1 expression). These data indicate that the
first 4 cell lines (pancl, PK9, PK45h, and PK59) might represent
an epithelial phenotype, while the latter 3 cell lines (MiaPaca2,
KP4, and PK8) represent an EMT phenotype of pancreatic can-
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Figure 4. The contradictory expression of TFF1
and Snail in pancreatic cancer cells. (A) Real-
time PCR revealed that 4 pancreatic cancer cell
lines had higher TFF1 expression (pancl, PK9,
PK45h, and PK59) than SNAI1 and 4 other lines
had higher SNAI1 expression than TFF1 (KLM1,
MiaPaca2, KP4, and PK8). The expression of TFF1
and Snail showed a significant inverse correla-
tion. r = -0.738; P = 0.037, Spearman’s test. (B)
Western blotting revealed a similar expression
pattern for TFF1 and Snail. (C) The intraductal
component of PDAC with strong TFF1 expres-
sion showed weak Snail expression, whereas the
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magnification image showing nuclear staining
of Snail. Scale bars: 50 um. (D) Heatmap of TFF1
and Snail expression in the PDAC specimen. An
inverse correlation of TFF1 and Snail was also
confirmed, P = 0.023, by Pearson’s y? test. Data
are presented as mean + SD.

PK8

mens, in which the intraductal component
strongly expressed TFF1 and the invasive
component expressed Snail (Supplemental
Figure 5; P = 0.006). These data suggest
that the loss of TFF1 is associated with the
upregulation of Snail in the invasive compo-
nent of human pancreatic tumors.

The phenotypes of KC mice and TFF1/-
mice. To evaluate the effect of the loss of
TFF1 in vivo, Pdx-1 Cre; LSL-KRAS®?P mice
(KC mice, a model of pancreatic cancer) and
TFF1-KO mice were employed. Consistent

D
Specimen no. | 1 2134|567 |8|9|10]|11]12|13]| 14
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SNAIL
_ TFF1
Invasive
SNAIL

= Positive

= Negative

cer cells. To further evaluate the relationship between TFF1 and
Snail, Snail-predominant cancer cells (KP4 and PK8) were treated
with 3 different siRNAs against Snail (Supplemental Figure 4).
As a result, siRNA-1 and -2 successfully suppressed Snail/SNAI1
expression in both cell lines; however, the expression of TFF1 was
not affected by these treatments. These data indicate that TFF1 is
an upstream regulator of Snail.

To confirm the involvement of TFF1in the expression of Snail,
Snail expression was assessed in the human samples by IHC. In
PDAC specimens, TFF1 and Snail expression levels were signifi-
cantly inversely correlated (P = 0.023), with the intraductal com-
ponent with strong TFF1 expression showing no Snail expression,
while the invasive component showed strong Snail, but weak
TFF1, expression (Figure 4, C and D). Expression patterns oppo-
site of those of TFF1 and Snail were also found in IPMN speci-

with previous reports (24, 25), KC mice sac-
rificed at the age of 6 months and 12 months
were found to have low-grade PanIN lesions
in their pancreata, which never developed
into PDAC (n =5 and 10, respectively). The
expression of TFF1 in the pancreata of KC
mice was assessed by IHC, revealing that
PanIN lesions in KC mice show abundant
TFF1 expression (Figure 5A). No other com-
ponents of the pancreas showed expression
of TFF1 (Supplemental Figure 1). This expression pattern of TFF1
in the pancreas is the same as our findings in human samples, sup-
porting the reproducibility of human pancreatic carcinogenesis in
genetically engineered mice. TFF1-KO mice were purchased from
the International Mouse Phenotyping Consortium (IMPC) (26).
The schematic of this “knockout-first” allele of TFF1-KO is shown
in Supplemental Figure 6A. This allele contains a lacZ trapping
cassette and a floxed promoter-driven neo cassette inserted into
the intron of a gene, disrupting gene function. Cre protein should
delete the promoter-driven selection cassette and floxed exon of
the allele. To confirm the function of this allele, the stomachs of
these mice were harvested and assessed. IHC revealed that the
surface of the gastric mucosa in WT mice expressed TFF1, while
that of TFF17/- did not (Supplemental Figure 6, B and C). In the
stomachs of TFF1*/ mice, the gastric mucosa surface showed
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relatively weak TFF1 and lacZ expression (Supplemental Figure
6, D and E). No neoplastic lesions were found in the pancreata of
1-year-old TFF17/-mice (n = 8).

Loss of TFF1resultsinthe expansion and EMT phenotype of PanIN
in vivo. Based on the hypothesis that loss of TFF1 might transform
the neoplastic characteristics of PanIN lesions in vivo, KC mice
and TFF17/~ mice were bred to generate KC/TFF17/~mice. The phe-
notypes of KC (n = 5) and KC/TFF17~ (n = 5) mice were assessed
at the age of 6 months. IHC confirmed that PanINs in KC/TFF17/-
mice lacked expression of TFF1 (Figure 5A). The gross appear-
ance of the pancreata was not significantly different between
KC and KC/TFF1/- mice; however, a histological examination
showed that KC/TFF17/- mice developed extensive areas occupied
by PanIN, which were nearly 3-fold the size of those in KC mice
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Figure 5. Loss of TFF1 results in the expan-
sion of PanIN lesions in KC mice. (A) IHC
revealed abundant TFF1 expression in PanIN
cells in KC mice, while no expression was
observed in PanIN cells in KC/TFF1/- mice.

In the low-magnification image, PanIN
lesions were observed more extensively in
KC/TFF17/- than in KC mice. Scale bars: 50
um (left and middle panels); 100 um (right
panels ). (B) PanIN lesions infiltrated into the
ductal epithelium in KC/TFF1/-, but not KC,
mice. PanIN cells without TFF1 expression
were likely derived from acinar cells (white
arrow), infiltrating into the pancreatic ducts
(black arrow) and eventually spreading along
pancreatic ducts and replacing normal ductal
epithelial cells with tumor cells (black arrow-
heads) with strong Snail expression. Asterisks
indicate ductal lumen. Scale bars: 50 pm. (C)
Quantitative analysis of PanIN-occupied areas.
*P < 0.01, ANOVA. (D) Quantitative analysis
of ducts infiltrated by PanIN lesions revealed
more frequent infiltration in KC/TFF17/~ mice.
*P < 0.01, ANOVA. Data are presented as
mean + SD.

(Figure 5C). Interestingly, PanIN cells
without TFF1 expression infiltrated the
pancreatic ducts, replacing cuboidal duct
epithelial cells with mucinous PanIN
cells with strong Snail expression in KC/
TFF17/- mice (Figure 5B). The percentage
of ducts infiltrated by PanIN lesions was
significantly higher in KC/TFF17- mice
* (P < 0.001), suggesting that the loss of
TFF1 resulted in the migration of PanIN
cells along with pancreatic ducts.

To further evaluate the impact of the
loss of TFF1, the expression of Snail was
assessed immunohistochemically. Snail
expression in the pancreas was found
only in the PanIN lesions and was classi-
fied into 3 categories based on the stain-
ing intensity: negative, weak, and strong
(Figure 6A). Quantification of Snail
expression revealed that PanIN in KC/TFF17/- mice showed signif-
icantly stronger expression of Snail (P < 0.001; Figure 6B). These
observations suggest that loss of TFF1induces EMT in PanIN cells
and that mobilized PanIN cells migrate from the acinar area into
ductal lesions, resulting in the expansion of PanIN-occupied areas.

Abundant cancer-associated fibroblasts were found in KC/TFFI7/-
mice. Given that the loss of TFF1 resulted in the EMT phenotype
of tumor cells, we hypothesized that stromal cells could accumu-
late around the neoplastic lesions. To further evaluate the accu-
mulation of stromal cells, cancer-associated fibroblasts (CAFs)
were evaluated based on the expression of a-smooth muscle actin
(a-SMA), a typical marker for CAFs. CAFs are associated not only
with PDAC, but also with their precursor lesions, PanIN. To evalu-
ate the involvement of CAFs in the PanIN areas, the expression of
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a-SMA in 6-month-old KC and KC/TFF17/ mice was assessed by
IHC. Extensive a-SMA expression was found in the PanIN areas
of KC/TFF17/- mice compared with those of KC mice (P = 0.015;
Figure 6, C and D), indicating that loss of TFF1 caused the accu-
mulation of CAFs, thus contributing to tumor formation.

Loss of TFF1 results in high-grade PanIN in KC mice. To evalu-
ate the effect of the loss of TFF1 in pancreatic carcinogenesis, the
grades of PanIN lesions found in 12-month-old KC and KC/TFF1/-
mice were evaluated (n = 10 and 9, respectively). While most
PanlIN lesions found in KC mice were PanIN-1, PanIN-2 was found
to spread across the pancreas in KC/TFF17/ mice, and the percent-
ages of PanIN-2 were higher in KC/TFF17/~ mice (P < 0.001; Fig-
ure 7, A and C). PanIN-3 lesions did not exist in KC mice, but were
found in 2 KC/TFF17- mice. To further evaluate the malignant
potential of PanINs, BrdU incorporation was assessed by IHC,
which revealed that BrdU-positive cells were more frequently
found in KC/TFF17" mice (P = 0.009; Figure 7, B and D). These
data suggest that the malignant potential of PanIN increases in
settings of TFF1 deficiency.

Loss of TFF1 on a background of KRAS activation results in the
development of invasive pancreatic adenocarcinoma. Although
tumors were not detected in the pancreas macroscopically, his-
tological examination revealed that 80% of 6-month-old KC/
TFF17/ mice (n = 4/5) had solitary microscopic tumors in their
pancreata (Figure 8A). The tumors were composed of cells with
severe nuclear atypia, showing features of adenocarcinoma,
with scattered gland formation (Figure 8B). The tumor cells had
infiltrated into the surrounding parenchyma (Figure 8C). These

Strong (KC/TFF1-)
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Figure 6. Loss of TFF1 induces an EMT pheno-
type in PaniIN and accumulation of CAFs in

KC mice. (A) Strong expression of SNAIL was
observed in the PanIN cells of KC/TFF17- mice.
Scale bars: 50 um. (B) Quantitative analysis of
SNAIL expression. *P < 0.01, ANOVA. (C) Strong
expression of a-SMA was observed in the PanIN
areas of KC/TFF17/- mice. Scale bars: 50 um. (D)
Quantitative analysis of the a-SMA-positive
areas. 'P < 0.05, ANOVA. Data are presented as
mean + SD.
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histological tumor features are equivalent
to poorly differentiated adenocarcinoma
in humans. Immunohistochemically, the
tumors were composed of a CK19-positive
epithelial component (Figure 8D) and
abundant a-SMA-positive fibroblasts (Fig-
ure 8E). Substantial BrdU incorporation
was observed in the tumor cells (Figure
8F). These findings indicate that loss of
TFF1 results in the malignant and invasive
transformation of PanIN, with extensive
accumulation of CAFs.

To further identify the malignant
potential of these microscopic tumors,
the mice were followed up to the age of 12
months. While KC mice (z =10) developed
no malignant tumors in their pancreata,
KC/TFF17/- mice (77.8%, n = 7/9) were found to have multiple
microscopic tumors (the number of tumors ranged from 2 to 4),
with histological features similar to those of the poorly differen-
tiated adenocarcinomas found in 6-month-old KC/TFF17/- mice
(Supplemental Figure 7A). In addition, KC mice with heterozygous
loss of TFF1 (KC/TFF1*") developed macroscopic tumors in their
pancreata (80%, n = 74/5; Figure 8, G-1, and Supplemental Figure
7B). The histological features of this pancreatic tumor were equiv-
alent to those of moderately differentiated human pancreatic ade-
nocarcinoma. A KC/TFF1*- mouse displayed multiple metastases
in the liver (Figure 8, J-L). These findings suggest that loss of TFF1
can cause the development of PDAC with the capacity to metas-
tasize and that partial loss of TFF1 is sufficient for this malig-
nant transformation. The survival data of KC (n = 731), TFF17/-
(n = 750), and KC/TFF1/- mice (n = 733) were analyzed (Figure
8M). Control KC and TFF1/- mice showed favorable survival, sug-
gesting that loss of TFF1 alone or KRAS activation was not suffi-
cient for the development of pancreatic malignancies. In contrast,
KC/TFF17 mice exhibited a significantly worse survival time than
control KC mice (P = 0.039), confirming the malignant potential
of the tumors found in KC/TFF17/- mice.

KC KC/TFF1--

Discussion

In this study, we investigated the expression of TFF1 in human
samples and revealed that the acquisition of TFF1 expression is an
early event of pancreatic carcinogenesis. Loss of TFF1 was associ-
ated with early EMT of PanIN in a mouse model, resulting in the
expansion of PanIN, accumulation of CAFs, and eventually, the
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development of PDAC. These results indicate that TFF1 functions
as a tumor suppressor that inhibits EMT and the invasive transfor-
mation of PanIN.

The role of TFF1in malignant diseases has been elusive; some
reports have suggested that TFF1 is a tumor-suppressor gene,
while others have indicated that it is an oncogene. Recent stud-
ies have revealed that the expression of TFF1 is suppressed in
gastric carcinogenesis in an epigenetic manner associated with
Helicobacter infection (27) and that deficiency of TFF1 in mice
is associated with gastric cancer (17, 28) and breast cancer (29).
Meanwhile, other studies have reported that TFF1 possesses onco-
genic functions in breast (30) and pancreatic cancer cells (31, 32).
Despite the inconsistencies among these reports, it should be not-
ed that the tumor-suppressive role of TFF1 has been demonstrated
by autochthonous mouse models in which the TFF1 gene is geneti-
cally deleted. Autochthonous models develop de novo tumors in
the native microenvironment and can be used to represent the
mechanisms of tumor initiation (33). Indeed, our mouse model
of KC/TFF17/ recapitulates the initiation of PDAC from PanlN,
thus implying the tumor-suppressive role of TFF1. In contrast,
the oncogenic role of TFF1 has been shown in nonautochthonous
mouse models in which cancer cell lines were treated with various
vectors to suppress or increase the expression of TFF1 and then
engrafted into host mice. The appearance of a tumor-promoting
effect from TFF1in these models might reflect the bilateral biolog-
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Figure 7. Loss of TFF1 results in high-grade dyspla-
sia of PanIN lesions in KC mice. (A) Representative
images of mouse PanlNs. Scale bars: 20 pm. (B)
IHC revealed high incorporation of BrdU (arrows) in
PanIN cells in KC/TFF17/~ mice. Scale bars: 50 um.
(C) Quantitative analysis of PanIN grading in mice.
PanIN-2 frequency was significantly increased in
KC/TFF17- mice. *P < 0.01, ANOVA. (D) Quantita-
tive analysis of BrdU incorporation. Frequent BrdU
incorporation was observed in PanIN cells in KC/
TFF1-/- compared with KC mice. *P < 0.01, ANOVA.
Data are presented as mean + SD.

ical aspect of EMT: while encouraging tumor
invasion and metastasis, EMT can induce
cell-cycle arrest (34, 35). Thus, acquisition of
TFF1 expression in tumor cells might disrupt
EMT of the cells, eventually resulting in the
proliferation and enlargement of the tumor. In
addition, our mouse model also showed that
heterozygous loss of TFF1 resulted in macro-
scopic tumors in the pancreas, while complete
loss merely caused microscopic tumors, sug-
gesting that the complete loss of TFF1 might
have induced extensive EMT and inhibited
the proliferative ability of PDAC cells.

In terms of tumor initiation, the tissue
stem cell niche and progenitor compartment
are thought to be the origin of malignant dis-
ease (36). Strict control of cell regeneration is
required in the stem cell niche; otherwise, the
proliferation can be uncontrollable, eventu-
ally leading to the development of malignant diseases. Interest-
ingly, the trefoil factors TFF1 and TFF2 are uniquely expressed in
the progenitor compartment of the pancreatic ductal epithelium,
PDGs (23), in the setting of inflammatory injury. We also previ-
ously revealed that TFF2 can function as a tumor suppressor to
prevent the initiation of pancreatic premalignant lesions IPMN
and PanIN (37). Taken together with the findings of this study,
these results show that TFFs are likely key molecules not only in
the regeneration of the pancreas, but also in inhibiting the initia-
tion of pancreatic neoplastic lesions.

Although tumor dissemination has been thought to be the
terminal event of cancer progression, recent studies have sug-
gested that EMT can occur in the earliest stage of pancreatic car-
cinogenesis. Lineage tracing in genetic mouse models of PDAC
revealed that invasive behavior and intravasation of tumor cells
precede tumorigenesis (4) and that EMT can be observed even
in PanlIN lesions (3). Consistent with these findings, our mouse
model also indicated that EMT could be induced in PanIN cells
in KC/TFF17/- mice, which could be partly explained by the
expansion and Snail expression of PanIN cells. Interestingly, the
consequence of early EMT is not only the invasive transforma-
tion of PanIN, but also the expansion of PanIN lesions and the
accumulation of CAFs. Given the recent finding that the major-
ity of PanINs are derived from acinar cells and not from duc-
tal epithelium (38, 39), the PanINs in the ductal lesions of KC/
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TFF17/- mice are likely the result of the EMT-induced migration
of mobilized PanIN cells from the acinar component into pancre-
atic ducts, causing the expansion of PanIN lesions. Meanwhile,
how CAFs accumulate in KC/TFF17/~ mice is uncertain. If the
extensive CAFs found in KC/TFF17 mice were derived from pre-
existing fibroblasts, they might be the result of the proliferation
or migration of fibroblasts. Given that TFF1is a secreted protein,
it is reasonable to assume that the lack of TFF1 in PanIN lesions
resulted in the migration and accumulation of fibroblasts. In con-
trast, studies have revealed that CAFs can be derived from tumor
cells via EMT (40) and that PanIN cells have the ability to trans-
form into mesenchymal cells that are indistinguishable from the
surrounding stromal cells (3). Given this evidence, one can also
assume that loss of TFF1 results in EMT of PanIN cells, trans-
forming epithelial cells into stromal cells and eventually causing
extensive CAF formation in PanIN areas. This hypothesis that
CAFs can be derived from PanlIN cells by the loss of TFF1 needs
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Figure 8. Loss of TFF1 results in the development of PDAC
in KC mice. (A-F) A pancreatic tumor found in a KC/TFF1-/-
mouse. (A) A microscopic tumor found in a 6-month-old
KC/TFF1/- mouse. (B) The tumor was equivalent to poorly
differentiated human adenocarcinoma. (C) Tumor cells
infiltrating the surrounding tissue. IHC revealed the expres-
sion of (D) CK19 and (E) a-SMA as well as (F) BrdU incorpo-
ration in tumor cells. Scale bars: 200 um (A); 50 pm (B-F).
(G-L) Tumors found in a 12-month-old KC/TFF1*- mouse.
(G) Gross appearance of a pancreatic tumor (arrowheads).
(H and 1) Histologically, the tumor exhibited the features
of a moderately differentiated adenocarcinoma. (J) Gross
appearance of multiple liver tumors (arrows). (K and L)
Multiple liver metastases were confirmed histologically.
Scale bars: 5 mm (G and }); 200 um (H and K); 50 pum (I

and L). (M) Survival curves showing the significantly worse
survival of KC/TFF17/~ (red) mice compared with KC (blue)
and TFF1-/- (green) mice. P = 0.039, log-rank test.

to be clarified by further investigation, including
lineage tracing of PanIN cells in TFF1-KO mice to
determine their fates.

The findings of this study emphasize the impor-
tance of TFF1 as a therapeutic target for PDAC.
Recent studies have suggested that suppression of
EMT can lead to enhanced sensitivity of pancreatic
cancer to gemcitabine treatment (41, 42), indicat-
ing that TFF1 can inhibit EMT, thus attenuating
drug resistance in PDAC. In addition, CAFs are
thought to be crucial for the development of pan-
creatic cancer (43, 44) and for protecting pancre-
atic cancer cells against chemotherapy (45), also
indicating that TFF1 treatment might reduce the
accumulation of CAFs and eventually enhance
the chemosensitivity of PDAC. Current combined
chemotherapy for PDAC has increased PDAC
patient survival, but the prognosis is still less than
ideal (46, 47); thus, if TFF1 treatment was com-
bined with these chemotherapies, their therapeu-
tic effects on PDAC might be enhanced.

In conclusion, TFF1 functions as a tumor sup-
pressor to prevent EMT and invasive transformation of pancreat-
ic neoplastic cells. Further efforts are needed to elucidate the pre-
cise mechanisms of TFF1 as a tumor suppressor and to establish
novel clinical therapeutic approaches for treating PDAC patients
by targeting TFF1.

Methods

Human samples. Surgically resected human samples of PDAC (n =
14), noninvasive IPMNs (n = 10), and invasive IPMNs (n = 13) were
obtained from pancreatectomy specimens.

Histology and IHC. Specimens were fixed overnight in 10% forma-
lin/PBS. Histological analysis was performed on 4 um paraffin-embed-
ded sections. IHC was performed using the antibodies shown in Supple-
mental Table 2. The sections were incubated overnight at 4°C with each
primary antibody and incubated for 1 hour at room temperature with
secondary antibodies. Proteins were visualized using EnVision Detec-
tion Systems (Dako). Slides were counterstained with hematoxylin.
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Cell culture. Human pancreatic cancer cell lines (pancl, MiaPaca2,
KLMI, KP4, PK8, PK9, PK45h, and PK59) were obtained from the Cell
Resource Center for Biomedical Research (Institute of Development,
Aging and Cancer, Tohoku University, Japan). All cell lines were cul-
tured in RPMI 1640 medium (Invitrogen, Life Technologies), except
for MiaPaca2, which was cultured in DMEM (Sigma-Aldrich), with
10% heat-inactivated FBS (Equitech-Bio Inc.) at 37°C in a humidified
atmosphere with 5% CO,.

Transfection of siRNA. Three human TFF1 siRNAs were chemi-
cally synthesized by Sigma-Aldrich. The sequences of the strands
were as follows: TFF1 siRNA-1, sense: 5-CUGGUGCUUCUAUC-
CUAAUTT-3, antisense: 5-AUUAGGAUAGAAGCACCAGTT-3;
TFF1 siRNA-2, sense: 5-GCUUCUAUCCUAAUACCAUTT-3/, anti-
sense: 5-~AUGGUAUUAGGAUAGAAGCTT-3’; TFF1 siRNA-3, sense:
5'-CUGUUUCGACGACACCGUUTT-3', antisense: 5-AACGGUGU-
CGUCGAAACAGTT-3’; SNAI1 siRNA-1, sense: 5-GCCUUCAACUG-
CAAAUACUTT-3,antisense:5-AGUAUUUGCAGUUGAAGGCTT-3';
SNAIl siRNA-2, sense: 5-GCUCCUUCGUCCUUCUCCUTT-3,
antisense: 5-AGGAGAAGGACGAAGGAGCTT-3; SNAIl1 siRNA-3,
sense: 5-GAACCUGCGGGAAGGCCUUTT-3, antisense: 5'-AAGGC-
CUUCCCGCAGGUUCTT-3". The control siRNA was synthesized by
QIAGEN, with the sequence as follows: sense: 5-UUCUCCGAAC-
GUGUCACGUATAT-3/, antisense: 5-ACGUGAGACGUUCGGAGA-
AdTdT-3'. Cancer cell lines were transfected with 25 nM siRNA using
a CUY21EDIT ver 2.10 electroporation system (BEX) according to the
manufacturer’s protocol.

Boyden chamber assay. Invasion assays were performed using
Boyden chambers containing a polycarbonate membrane (8.0 pm
pore size; Corning Inc.) coated with Matrigel (BD). Cells were trans-
fected with siRNA on day 0, and on day 2, 2 x 10° cells (pancl) or 2 x
10° cells (PK9) were placed in the upper chamber with RPMI 1640
containing 1% FBS, while the lower chamber was filled with RPMI
containing 10% FBS. On day 3, the cells that had passed through the
membrane were fixed with methanol and stained with H&E. The
invaded areas were measured in 5 randomly selected fields using
Image] software (NIH).

Cell proliferation assay. Cell growth was assessed using a WST-
1 cell proliferation assay system (Cell Proliferation Reagent WST-1;
Roche). Cancer cell lines were transfected with TFF1 siRNA and then
seeded in a 96-well plate (5 x 10° cells per well). After 72 hours of incu-
bation, the medium was replaced with fresh medium containing 10 pl
WST-1 reagent. Relative cell numbers were calculated by measuring
the absorbance of each well at 450 nm.

Invitro migration assay. The migration of cancer cells was assessed
by the wound-healing scratch assay. Cells were transfected by siRNA
and placed in 6-well plates. After the cells reached confluence, an arti-
ficial wound was created by manually scraping the confluent mono-
layer cells with micropipette tips. The dishes were incubated for 48
hours, and the status of the gap closure was observed. Ten images were
randomly acquired and analyzed quantitatively by calculating the cell-
vacant area using Image] software.

Western blotting. Proteins were extracted from cultured cells using
Laemmli sample buffer (Wako). The proteins were subjected to 10% or
15% SDS-polyacrylamide electrophoresis (Tris-glycine system, except
for TFF1 detection in Tris-tricine system) and transferred onto PVDF
membranes (Immobilon; Millipore). The membranes were incubated
with primary antibodies against TFF1 (1:1,000, rabbit polyclonal; Cell
Volume 128  Number 8
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Signaling Technology, catalog 12419), E-cadherin (1:1,000, rabbit
monoclonal; Cell Signaling Technology, catalog 3195), Snail (1:1,000,
rabbit monoclonal; Cell Signaling Technology, catalog 3879), Slug
(1:1,000, rabbit monoclonal; Cell Signaling Technology, catalog
9585), Zo-1 (1:1,000, rabbit monoclonal; Cell Signaling Technology,
catalog 8193), Twist (1:1,000, rabbit polyclonal; Cell Signaling Tech-
nology, catalog 46702), Occludin (1:500, rabbit polyclonal; Abcam,
catalog ab168986), and B-actin (1:5,000, mouse monoclonal; Sigma-
Aldrich). An HRP-conjugated anti-rabbit IgG (1:1,000, Cell Signaling
Technology) and an HRP-conjugated anti-mouse IgG (1: 1,000, Cell
Signaling Technology) were used as the secondary antibodies. The
protein expression was detected using Pierce Western Blotting Sub-
strate (Thermo Fisher Scientific).

Real-time PCR. RNA was extracted from cell lines using a QIA-
cube (QIAGEN) according to the manufacturer’s protocols. cDNA was
synthesized using a High Capacity cDNA Reverse Transcription Kit
(Applied Biosystems). Real-Time PCR assay was performed using a
7300 Fast Real-Time PCR System (Applied Biosystems). Each reaction
was performed in a 10 pl mixture containing TagMan Universal PCR
Master Mix (Applied Biosystems). The TagMan probes and primers for
TFF1 (assay Hs00907239_m1), SNAI1 (assay Hs00195591_m1), SNAI2
(assay Hs00161904_m1), TWIST1 (assay Hs01675818_s1), CDH1
(assay Hs01023895 m1), OCLN (assay Hs05465837_g1), TJP1 (assay
Hs01551861_m1), and 18S (assay Hs99999901_s1) were obtained from
Applied Biosystems. In each evaluation, the relative expression of the
gene of interest was normalized to that of the 18S internal control.

Animals. The Pdx1-Cre (catalog 014647) and LSL-KRAS®!?P
(catalog 008179) mice were purchased from the Jackson Laboratory.
TFF1-KO (KO first allele, allele name: Tff1im12(EUCOMMWS) mijce were
purchased from the International Mouse Phenotyping Consortium
(IMPC) (26). Pdx1-Cre and LSL-KRASS2> mice were bred with TFF1-
KO mice to generate mice with the following genotype: KC; TFF1-KO
(KC/TFF17). BrdU was injected intraperitoneally 2 hours before sac-
rificing these mice.

Statistics. All data are presented as mean * SD. Differences were
tested for significance by ANOVA. For the categorical analysis, Pear-
son’s y? test or McNemar’s test was employed as appropriate. The
correlation analysis was performed using Spearman’s test. The sur-
vival of the mice was calculated using the Kaplan-Meier method, and
differences in the survival curves were compared using the log-rank
test. To exclude the possibility of non-cancer-related deaths, the
mice that died before 10 weeks of age were excluded from this analy-
sis. All statistical analyses were performed using the Statistical Pack-
age for the Social Sciences (SPSS) ver. 24. P < 0.05 was considered
statistically significant.

Study approval. Human samples were collected and analyzed
in accordance with approval from the Institutional Review Board of
Nagoya University. Subjects gave informed consent. All animal experi-
ments were conducted in compliance with guidelines of the Institute
for Laboratory Animal Research, Nagoya University Graduate School of
Medicine. All human and animal studies were approved by the Nagoya
University Review Board of Bioethics.
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