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ABSTRACT

Pancreatic ductal adenocarcinoma (PDAC) has a low overall survival rate, which
is approximately 20% during the first year and decreases to less than 6% within five
years of the disease. This is due to premature dissemination accompanied by a lack
of disease-specific symptoms during the initial stages. Additionally, to date there are
no biomarkers for an early prognosis available.

A growing number of studies indicate that epithelial to mesenchymal transition
(EMT), triggered by WNT-, TGF-B- and other signaling pathways is crucial for the
initiation of the metastatic process in PDAC. Here we show, that BCLIL is up-regulated
in PDAC cell lines and patient tissue compared to non-cancer controls. RNAi-induced
BCLI9L knockdown negatively affected proliferation, migration and invasion of pancreatic
cancer cells. On a molecular basis, BCLOL depletion provoked an increment of E-cadherin
protein levels, with concomitant increase of B-catenin retention at the plasma
membrane. This is linked to the induction of a strong epithelial phenotype in pancreatic
cancer cells upon BCLI9L knockdown even in the presence of the EMT-inducer TGF-f3.
Finally, xenograft mouse models of pancreatic cancer revealed a highly significant
reduction in the humber of liver metastases upon BCL9L knockdown. Taken together,
our findings underline the key importance of BCLIL for EMT and thus progression and
metastasis of pancreatic cancer cells. Direct targeting of this protein might be a valuable
approach to effectively antagonize invasion and metastasis of PDAC.

INTRODUCTION

Pancreatic ductal adenocarcinoma (PDAC), the
most frequent type of pancreatic cancer [1, 2], has a low
overall survival rate of ~ 20% during the first year after
diagnosis and less than 6% within five years [3]. In 2015,
the deceases for pancreatic cancers are predicted to raise

for both men and women to a total number of 85,300
[4]. Currently, the only curative treatment available for
PDAC is surgical resection, which, however, is suitable
mainly for disease stages I and II, representing 10—15%
of all patients. The remaining majority, mostly at stage IV,
presents high rates of local recurrence due to resistance
to radiochemotherapy [5, 6]. The low overall survival
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rate of this cancer is due to its premature dissemination
[7] accompanied by a lack of disease-specific symptoms
and reliable biomarkers detectable in the initial stages
[8]. Recently, it has been shown that pancreatic cancer
cells spread before and in parallel to establishment of the
primary tumor, providing a potential explanation to the
presence of metastasis in the majority of patients with
pancreatic cancer already at the time of diagnosis [7].
Thus, a detailed understanding of the metastatic process of
pancreatic cancer and the regulatory molecules involved is
fundamental to improve its survival rate and develop more
efficient therapies.

A growing number of studies support the notion that
epithelial to mesenchymal transition (EMT) is crucial for
the initiation of the metastatic process. Key to EMT is the
acquisition of a mesenchymal phenotype by epithelial tumor
cells, accompanied by a loss of epithelial marker expression
(incl. E-cadherin), disruption of cell adherens junctions,
and the gain of spindle-like shape and increased ability
to migrate and invade, finally resulting in the generation
of a secondary tumor [9]. Additionally, WNT signaling is
known to synergize with other pathways, such as TGF-j,
to trigger the EMT process [10—12]. WNT target genes, as
for example SNAIL- and ZEB-family members, have been
shown to repress E-cadherin expression leading to the loss of
the epithelial in favor of a mesenchymal phenotype [13, 14].

The WNT pathway is known to be essential for
pancreas development [15]. Global genomic analyses
revealed that, in the prevalence of PDAC cases, the WNT
pathway is one of the most strongly altered signaling
pathways [16, 17]. In the absence of WNT ligand,
B-catenin, the central component of canonical WNT
signaling, is located at the plasma membrane, where it
interacts with E-cadherin and a-catenin ensuring cell-
cell adhesion [18, 19]. Activation of the WNT pathway
causes the inhibition of the -catenin destruction complex
followed by cytoplasmic enrichment and translocation
of B-catenin to the nucleus. Here, f-catenin binds to a
variety of co-factors including BCL9/BCLIL and Pygopus
proteins. Finally, this protein complex interacts with
transcription factors of the LEF/TCF family triggering
the transcription of WNT target genes [20]. BCL9
(B-cell CLL/lymphoma 9) and its homologue BCLOL
(B-cell CLL/lymphoma 9-like, BCL9-2, DLNB11) have
previously been shown to be associated with the formation
of leukemia and other human malignancies [21]. To date,
the role of BCLIL in malignancy has been studied mainly
in colon cancer, where it was found to be a B-catenin
interaction partner and to enhance its TCF-mediated
transcription [22, 23]. Further studies implicated a role
for BCLIL in the initiation of colon cancer as well as
its involvement in the EMT process of this tumor entity
[24, 25]. In a recent study, a role for BCLOL during
induction of ER-positive breast cancer has also been
described [26].

Using in vitro as well as in vivo model systems we
demonstrate the importance of BCLIL for the progression
of pancreatic cancer and propose a novel, so far unknown
functional role of BCLOL in the regulation of EMT.
Quantification of mRNA expression levels shows that
BCLOIL expression is significantly up-regulated in patient-
derived PDAC tissues compared to tissues derived from
non-cancer and chronic pancreatitis patients. RNAi
mediated knockdown studies revealed an impairment of
cell proliferation, migration and invasion of pancreatic
cancer cells. On a molecular level, we found that BCL9L
depletion provokes an increment of E-cadherin protein
levels, with concomitant increase of B-catenin retention
at the plasma membrane. We demonstrated that the
BCLOIL specific knockdown induces a strong epithelial
phenotype in pancreatic cancer cells even after treatment
with the EMT-inducer TGF-B. Results obtained from
xenograft mouse models of pancreatic cancer confirmed
the relevance of BCLIL for tumor growth in vivo and
showed a highly significant reduction in the number of
liver metastases upon BCLIL knockdown. Taken together,
our findings underline the key importance of BCLOL for
EMT and thus progression and metastasis of pancreatic
cancer cells.

RESULTS

BCLIL is up-regulated in pancreatic cancer
tissue and cell lines

Levels of BCL9L mRNA were determined in tissues
from patients with primary pancreatic cancer and chronic
pancreatitis using qRT-PCR and compared with expression
levels in pancreas tissue from healthy individuals. In total
26 cancer, six chronic pancreatitis and 13 healthy pancreas
tissue samples were analyzed. BCLOL gene expression
was detected in 80% of PDAC cases and significantly
elevated compared to chronic pancreatitis and healthy
pancreas tissues (Figure 1A). Additionally, we analyzed
BCLI9L mRNA (Figure 1B) expression in HEK293 cells
as well as seven pancreatic cancer cell lines including
Panc-1 and MiaPaca-2 [27], derived from pancreatic
primary tumor tissue, and S2-007 and S2-028 representing
sub-lines of SUIT2, a human pancreatic tumor cell line
derived from liver metastasis tissue. In this context,
S2-007 has been characterized as a moderately
differentiated and  highly = metastatic  tubular
adenocarcinoma and S2-028 was shown to be a
papillo-tubular adenocarcinoma and rarely metastatic
[28]. Compared to S2-028 and MiaPaca-2 cells we
determined increased BCLIL protein and mRNA levels
in Panc-1 and S2-007 cells (Figure 1B). These findings
were further validated by analysis of BCLIL protein
levels in primary human tissues and cultured cell lines.
Immunohistochemical stains revealed a nuclear reaction
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with anti-BCLIL antibody in normal ducts, in acinar targeting the coding sequence (CDS; shBCLIL 1), and

cells and virtually all PDACs (Figure 1C). Acini and the 3'UTR (shBCLOL 2), respectively. Expression
normal ducts were mostly weakly or moderately stained of both shRNA constructs led to down-regulation of
(mean score for ducts 3.16, SD: 1.54). PDAC exhibited BCLIOL on mRNA levels (Figure 2A). As shBCLIL 2
significantly higher BCLOL expression (mean score also substantially diminished BCLOL protein levels
9.6, SD: 2.62) than normal duct cells (Mann—Whitney (Figure 2A-2B), subsequent experiments were performed
U test, p < 0.001; Figure 1D). Less differentiated with cells stably expressing shBCL9L 2 in parallel to
PDAC (Grade 2 and 3) showed very strong BCLIL transient transfection experiments with additional, potent
staining (mean scores 10.4 (sd 1.83) and 11.0 (sd 1.55), siRNAs (see below).
respectively), in contrast to moderate expression of Next, we used a BrdU incorporation assay to
BCLIL in well differentiated tumors (6.8, sd 2.3). This analyze the effect of stable BCLIL down-regulation on
difference was also significant (Kruskal-Wallis, p < 0.001; the proliferation of pancreatic cancer cells. In Panc-1
Figure 1D). In congruence, increased BCLIL protein cells depletion of BCLIOL expression led to a significant
levels were detected in pancreatic cancer cell lines used reduction of cell proliferation rates by 40.4% =+ 15.8 in
for subsequent functional experiments vs a normal human comparison to control cells (Figure 2C).
pancreatic cell line (HPNE) (Figure 1E). Besides proliferation the ability of pancreatic
These findings strongly suggest a correlation of cancer cells to migrate as well as to invade through a
BCLOIL expression with pancreatic cancer formation. layer of extracellular matrix directly correlates with their
metastatic potential. Hence we performed wound-healing
BCLIL regulates proliferation, migration and and transwell invasion assays to study the effect of BCLOL
invasion of pancreatic cancer cells downregulation on these metastatic phenotypes. The
results revealed that the migratory and invasive properties
In order to study the functional relevance of BCLOL of Panc-1 cells were severely impaired upon knockdown
up-regulation in pancreatic cancer, its expression was of BCLIL (20 + 4% and 50 + 10%, respectively;
stably silenced in Panc-1 cells using two different ShRNAs Figure 2D-2E).
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Figure 1: BCLIL expression in primary pancreatic tumor tissue and cell lines. (A) Box-and-whisker plot showing results
from BCLOL mRNA expression analysis by qRT-PCR in tissue samples derived from primary human pancreatic tumors (n = 26 cases),
chronic pancreatitis (n = 6 cases) and normal pancreas (n = 13 cases). Expression was normalized to ribosomal protein, large, PO (RPLPO)
mRNA levels. Bars represent median and 2nd and 3rd quartiles (boxes) as well as minimum and maximum values (whiskers). **p < 0.01,
**%p <0.001 (Student’s #-test). (B) BCLO9L mRNA levels in pancreatic cancer (8988t, IMIM PC1, IMIM PC2, MiaPaca-2, Panc1, S2-007,
S2-028) and control (HEK 293) cell lines. (C) Staining of tissue microarrays (TMA) for BCLIL expression using immunohistochemistry.
Enhanced expression was seen in PDAC tissues (bottom panels) compared to normal pancreas (upper panels). Staining intensity in
PDAC tissues increased with tumor grade (bottom left: G1, bottom middle: G2, bottom right: G3). (D) BCLIL staining intensity of
tissue microarrays was quantitatively evaluated and scored in normal and PDAC cases as described in Materials and Methods. Scores
significantly increased with the progression to less differentiated PDAC (grade 2 and 3). ***p <0.001 (Mann-Whitney and Kruskal-Wallis
non parametric test) (E) BCLIL protein expression in pancreatic cancer and control (HPNE) cell lines was quantified by western blotting.
Detection of a-tubulin was used as a loading control. Shown is a representative image of 3 experiments.
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BCLIL knockdown does not affect Loss of BCLOL up-regulates E-cadherin
transcriptional activity of B-catenin in pancreatic expression in pancreatic cancer cell lines and
cancer cells induces translocation of f-catenin to adherens

junctions at the plasma membrane
Previous studies described BCLIL as an important

co-activator of WNT signaling and its importance The differential subcellular localization of B-catenin
for B-catenin-/TCF-mediated transcription in colon is important for the cellular function and activity of
cancer cells [22, 29, 30]. We employed a TOPFLASH/ this signaling protein. While plasma membrane bound
FOPFLASH luciferase assay to determine to what B-catenin mediates cell-cell adhesion via binding to
extent BCLIL is important for f-catenin-/TCF-mediated E-cadherin and a-catenin at adherens junctions, freely
transcription in pancreatic cancer cells. Hence, diffusible B-catenin in the cytoplasm is involved in
Panc-1 cells stably expressing BCLIL shRNA were co- the transmission of the WNT signal. Under WNT off
transfected with respective luciferase reporter and control conditions non-membrane bound B-catenin is rapidly
plasmids. Subsequently, these cells were treated with degraded [32, 33].

10 uM CHIR 99021 GSK3p inhibitor [31] to increase Since our data did not show a significant impairment
the amount of cytosolic B-catenin or left untreated. of B-catenin-dependent gene transcription upon loss of
Following cell lysis, p-catenin-dependent activation BCLIL expression (Figure 3), we wondered whether
of the TOPFLASH luciferase reporter was analyzed BCLI9L knockdown might influence the subcellular
(Figure 3A) and compared to a non-functional distribution of B-catenin in pancreatic cancer cells. As the
FOPFLASH control construct (Figure 3B). Our results BCLIL binding site has been shown to overlap with the
show no significant difference of TOPFLASH reporter E-cadherin binding site of B-catenin [34], we hypothesized
activity in BCLIL knockdown compared to control that loss of BCLIL expression might affect the integrity
cells (Figure 3A), indicating that BCLIL seems to of the B-catenin nuclear complex resulting in increased
be dispensable for activation of B-catenin-dependent levels of B-catenin bound to E-cadherin at adherens
transcription in pancreatic cancer cell lines. In line with junctions at the plasma membrane. For this aim, we first
these results, qRT-PCR analyses for WNT target genes analyzed E-cadherin protein and mRNA expression in
(incl. CyclinD1, c-Myc) did not reveal differences in their Panc-1 BCLIL knockdown and control cells. Indeed,
expression between control and BCLIL knockdown cells our data show a significant up-regulation of E-cadherin
(data not shown). protein expression following BCLI9L knockdown
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Figure 2: RNAi-mediated knockdown of BCLIL diminishes proliferation, migration and invasion of pancreatic cancer
cells. Relative levels of BCL9L mRNA (A) and protein expression (B) were determined in Panc-1 cells stably transduced with BCLIL-
shRNA and control constructs by qRT-PCR and western blotting, respectively. siRNA-knockdown using the shBCLOL 2 construct resulted
in ~80% reduction of BCLIL mRNA expression and almost complete abrogation of BCLIL protein expression compared to control cells.
BCLIL mRNA levels were normalized to GAPDH. Tubulin served as the loading control in western blotting experiments. Shown is a
representative image of 3 experiments (C) Stable knockdown of BCLIL significantly reduced the proliferative capacity of Panc-1 cells as
quantified by DNA BrdU incorporation assay. (D) Wound healing assays revealed significantly impaired migration of Panc-1 cells stably
transduced with BCL9L shRNA compared to controls. (E) Analysis of cell invasion showed a significantly reduced ability of BCLIL-
knockdown Panc-1 cells to invade through a matrigel-coated transwell membrane in comparison to control cells. Right panel shows
representative phase-contrast images of crystal-violet-stained BCL9L-knockdown (right) and control cells (left) on the lower side of a
transwell membrane. All data represent mean =+ s.e.m. of at least three independent experiments. **p <0.01, ***p <0.001 (Student’s ¢-test).
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(Figure 4A). Importantly, protein levels of a-catenin,
another important binding partner of B-catenin at adherens
junctions remained unchanged upon BCLIL knockdown
(Figure 4A). In line with results obtained from shRNA-
transduced Panc-1 cells, transient transfection of
BCLIOL siRNA induced a complete abrogation of
BCLOL protein (Figure 4B) and mRNA expression
which was accompanied by a concomitant up-regulation
of E-cadherin expression in all cell lines tested
(Figure 4B—4E). These results strongly suggest that
expression of E-cadherin is up-regulated upon knockdown
of BCLOL in pancreatic cancer cells.

Next, we sought to determine whether an up-
regulation of E-cadherin as a result of BCLIL knockdown
would lead to subcellular re-organization of B-catenin.
For this, we performed immunofluorescence stainings for
B-catenin and E-cadherin in Panc-1 control and BCLIL
knockdown cells (Figure 4F). Image analysis of untreated
and BCLIL knockdown cells revealed co-localization of
both proteins at the plasma membrane implicating the
presence of B-catenin at adherens junctions of pancreatic
cancer cells. In support of our hypothesis, our data further
show an increase of B-catenin protein levels at the plasma
membrane of BCLIL knockdown cells as compared to
control cells. Treatment of cells with the GSK3f inhibitor
CHIR clearly activated nuclear translocation of B-catenin
with no detectable difference between control and BCLOL
knockdown cells (Figure 4F and quantification of nuclear
B-catenin signal in Figure 4G). This observation is in line
with the results obtained from TOPFLASH/FOPFLASH
luciferase assays (Figure 3), in which BCLIL knockdown
did not affect transcriptional activity of B-Catenin. At
the same time, even after CHIR treatment we observed
increased retention of f-catenin and E-Cadherin at the
plasma membrane in BCLI9L knockdown compared
control cells (Figure 4F). To further validate this result
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we performed co-immunoprecipitation experiments.
Panc-1 cells comprising wild-type levels or after depletion
of BCLOL were either left untreated or incubated with
CHIR. Subsequently cells were lysed and the soluble
protein fractions were subjected to immunoprecipitation
using an immobilized B-catenin-specific nanobody [35].
Input and bound fractions were subjected to Western
Blotting and membranes were probed for B-catenin
and E-cadherin. In support of our immunofluorescence
data the results show that upon knockdown of BCLIL
E-cadherin is strongly co-precipitated with p-catenin
irrespective of CHIR inhibitor treatment. In contrast,
only a minor fraction of B-catenin seems to interact with
E-cadherin in cells comprising wild-type levels of BCLIL
(Figure 4H). Together, these data consistently suggest that
loss of BCLIL induces a subcellular re-distribution of
B-catenin with increased retention at the plasma membrane
of pancreatic cancer cells.

BCLIL depletion counteracts TGF-p-induced
EMT in vitro

Loss of E-cadherin expression and reduced cell-cell
adhesion are hallmarks of the epithelial to mesenchymal
transition (EMT) process, a fundamental event in tumor
metastasis [9]. The results obtained so far implicate that
BCLIL is involved in the regulation of EMT in pancreatic
cancer cells, as its knockdown induced up-regulation of
the epithelial marker protein E-cadherin accompanied
by increased cell-cell adhesion. Thus, we sought to
investigate whether up-regulation of BCLIL expression
might fuel EMT and consequently the metastatic spread
of pancreatic cancer cells. For this, we induced the EMT
process in Panc-1 control and BCLIL knockdown cells
by treatment with TGF-B for 72 h. Images obtained with
phase-contrast microscopy showed the induction of a
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Figure 3: BCLIL knockdown does not affect transcriptional activity of B-catenin in pancreatic cancer cells. Luciferase
activity of reporter constructs containing wild-type (TOPFLASH; A) or mutated (FOPFLASH, negative control; B) TCF/LEF binding site
repeats, respectively, in Panc-1 BCL9L-knockdown and control cells. Following transient transfection with luciferase constructs, cells were
treated overnight with 10 uM CHIR inhibitor or left untreated and subjected to analysis of luciferase activity. Data represent mean + s.e.m.

of three independent experiments.
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Figure 4: Knockdown of BCLIL stimulates E-cadherin expression and plasma-membrane retention in complex with
B-catenin. E-cadherin, a-catenin, BCLOL and a-tubulin (loading control) protein levels were determined in stably shRNA-transduced
Panc-1 cells (A) as well as S2-007, S2-028 and Panc-1 cells transiently transfected with siRNA (B). Knockdown of BCLOL by both
shRNA (shBCLIL) and siRNA (siRNA1, siRNA2, siRNA pool) induced an up-regulation of E-cadherin protein in all cell lines compared
to controls (Vector control, siCTR). Shown are representative images of 3 western blot experiments. qRT-PCR analyses of BCLIL and
E-cadherin mRNA expression levels in Panc-1 (C), S2-007 (D), and S2-028 (E) cells transfected with control siRNA or BCL9L-targeting
siRNA showed a significant up-regulation of E-cadherin expression in response to knockdown of BCLIL. Data represent mean + s.e.m.
of three independent experiments. **p < 0.01, ***p < 0.001 (Student’s #-test). (F) Untransduced (UNT), Vector control and BCLIL-
shRNA transduced Panc-1 cells were treated or not with 10 pM CHIR and subjected to immunofluorescence co-staining of E-cadherin
(left panel; visualized by Alexa 555-tagged secondary antibody) and B-catenin (middle panel; visualized by Alexa 488-tagged secondary
antibody), respectively. Irrespective of CHIR treatment BCL9L-knockdown cells show increased retention of E-cadherin and B-catenin
staining at the plasma membrane compared to controls (see arrows, bottom right panel). (G) Quantification of CHIR-induced nuclear
translocation of B-Catenin in samples from (F). Data shown represent mean and standard deviation of mean grey values from nuclear ROIs
of each 20 cells quantified as described in Materials and Methods. (H) B-catenin was immunoprecipitated from total cell lysates of Panc-1
BCLIL-knockdown and control cells treated or not with CHIR inhibitor. Western Blot analysis of -catenin, E-cadherin and GAPDH
(control) protein levels in input (IP) and bound (B) fractions of the immunoprecipitation revealed increased binding of E-cadherin to
[-catenin protein in presence and absence of CHIR in BCLIL knockdown cells compared to controls. Shown is a representative image of
2 experiments.
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mesenchymal, i.e. elongated morphology with loss of
defined cell-cell contacts in control cells, whereas BCLIL
knockdown cells conserved a predominant epithelial
phenotype with typical cobblestone-like morphology
(Figure 5A). In congruence with these results, western blot
analysis of whole cell lysates showed an up regulation of
E-cadherin in BCLIL knockdown compared to control
cells. This phenotype was also detectable after EMT
induction by TGF-B treatment (Figure 5B). Next, we
performed qPCR analyses from control and BCL9L
knockdown cells treated with TGF-B for up to 96 h
(Figure SC-5F) to unravel differences in EMT response
kinetics upon depletion of BCLOL. In line with our
previous data, BCLIL knockdown induced a significant
up-regulation of E-Cadherin expression in parallel to a
significant down-regulation of the mesenchymal gene
SNAI2. Furthermore and in accordance with the literature
[9] TGF-p treatment of control Panc-1 cells induced a
time-dependent, significant downregulation of E-Cadherin
expression and a concomitant induction of mesenchymal
gene expression (SNAI2, VIM) in pancreatic cancer cells.
Albeit not significantly, this EMT response was diminished
in BCLOL knockdown cells with initially increased
levels of E-Cadherin and reduced SNAI2 expression

(Figure 5C-5D). Interestingly, we observed a significant
up-regulation of BCLIL in response to TGF-f treatment
for 48 h in parallel to an up-regulation of mesenchymal
SNAI2 gene expression. Taken together, reduced
transcriptional repression of E-Cadherin via Snail -family
transcription in BCLIL knockdown cells would explain
our observation of increased E-Cadherin protein levels
after TGF-p treatment as effects on mRNA expression are
expected to precede changes in protein levels.

From these results we conclude that BCLOL
expression is decisive for the ability of pancreatic cancer
cells to undergo EMT in vitro.

BCLIL knockdown inhibits pancreatic cancer
growth and liver metastasis in vivo

Our findings underline the importance of BCLIL for
growth and invasion of pancreatic cancer cells and their
ability to undergo and complete the EMT process in vitro.
At this point, we sought to determine whether BCLOL is
implicated in growth and metastasis of pancreatic cancer
cells in vivo. For this aim, orthotopic xenograft mouse
models of Panc-1 control and BCLIL knockdown cells
were generated. After 36 days, the mice were sacrificed
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Figure 5: RNAi-mediated inhibition of BCLIL expression counteracts epithelial-mesenchymal transition in pancreatic
cancer cells treated with TGF-p. (A) Panc-1 cells stably transduced with control vector or BCLOL shRNA (shBCLIL) were treated
with 5 ng/ml TGF-p or left untreated for 72 h and subsequently visualized using a phase-contrast microscope. Control cells responded to
TGF-P treatment by adopting a mesenchymal, spindle-like phenotype whereas BCL9L-knockdown cells largely retained the cobblestone-
like epithelial morphology. (B) Western Blot analysis of E-cadherin and a-tubulin (loading control) protein levels in Panc-1 cells treated
with 5 ng/ml TGF-B for 72 h. shRNA- and siRNA-mediated knockdown of BCLIL (shBCLIL, siRNA1, siRNA2, siRNA pool) induced an
upregulation of E-cadherin expression in comparison to controls (Vector ctrl, siCTR). Shown are representative images of 2 experiments.
mRNA expression levels of epithelial (CDH1) and mesenchymal (SNAI2, VIM) genes were quantified in BCL9L-knockdown and control
Panc-1 cells treated or not with TGF-f for 24 h (C), 48 h (D), 72 h (E) and 96 h (F), respectively. Data shown represent mean and standard
deviation of 3 independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001 (Student’s ¢-test).
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and tumor weights were measured. We observed a
significant reduction of tumor weight by 50% in mice
harboring BCLIL knockdown xenografts compared to
controls (Figure 6A). This result is in agreement with
our in vitro data obtained from proliferation assays
(see Figure 2C).

In a further experiment, we assessed the impact
of BCLIL depletion on Panc-1 cell implantation and
subsequent growth in the liver, i.e. on their ability to
form metastases in vivo. For this, Panc-1 control and
BCLIL knockdown cells were injected into the tail vein
of immunocompromised mice. Liver scoring after 36 days
revealed the generation of clearly visible, large metastases in
control animals. Strikingly, an almost complete abrogation
of metastasis formation was observed for BCLIL
knockdown cells (Figure 6B). Our observation of liver
metastases from BCLIL knockdown cells, albeit in reduced
numbers and size, indicates that implantation is strongly
diminished but not fully prevented by BCLIL depletion.

In support of the data obtained in vitro, these results
point towards a central importance of BCLIL for growth
and liver metastasis of pancreatic cancer cells in vivo.

DISCUSSION

In the present study we identify a novel molecular
function of BCLIL as a critical modulator of invasion and
metastasis of pancreatic cancer cells in vitro and in vivo.
Our data show that BCLIL knockdown correlates with a
concomitant up-regulation of E-cadherin protein leading
to its prolonged interaction with B-catenin at adherens
junctions of the plasma membrane. In consequence, the
response of BCLIL knockdown cells to EMT induction
by TGF-B was delayed and accompanied by an abrogated
proliferative, migratory and invasive capacity.

The human BCL9 gene was originally identified
as a target of translocation t(1;14)(q21;q32) in B cell

08 [ 1 4000

L

malignancies leading to its increased expression [36].
Subsequent studies identified the segment polarity gene
Legless as the Drosophila orthologue [37] and BCLIL [21]
as an additional member of the vertebrate BCL9 family.
The amino acid sequence of BCLIL protein shows 35%
overall identity to human BCL9. 90% sequence identity
was observed in seven domains including the binding sites
of B-catenin and Pygopus [25, 38].

To our knowledge, our study is the first one
investigating the expression and functional relevance
of BCLOL in human pancreatic cancer. Our data reveal
significant over-expression of BCLY9L in pancreatic
carcinoma tissue samples compared to non-cancer controls.
Moreover, the intensity of BCLIL staining in PDAC tissue
samples significantly correlated with differentiation grade of
the tumor.

Analysis of a panel of pancreatic cancer cell lines
shows a consistently higher expression of BCLIL in
comparison to non-cancer cell lines and compared to its
homologue BCL9 (data not shown). In support of our
findings, mining of datasets from previous expression
array analyses through the Oncomine® database (www.
oncomine.org, May 2015, Thermo Fisher Scientific, Ann
Arbor, MI) indicates a highly significant overexpression
(» <0.01) of BCLOL in pancreatic carcinoma compared
to normal pancreas tissue derived from 52 [39] and
78 patients [40], respectively. In both studies BCLIL
ranked among the top 4% of target genes overexpressed
in pancreatic carcinoma.

With regard to its functional importance in human
malignancies it has been shown earlier that BCLIL
overexpression increases cell migration in MDCK cells
[25] and siRNA-induced BCLIL knockdown inhibited
proliferation of MCF7 breast cancer cells [26]. Similarly,
RNAi-mediated knockdown of the BCLIL homologue
BCL9 in colon cancer and multiple myeloma cell lines led
to inhibition of cell proliferation, migration and invasion
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Figure 6: BCLIL knockdown inhibits growth and abrogates liver metastasis of pancreatic cancer cells in vivo.
(A) Orthotopic xenografts of Panc-1 control and BCLIL knockdown cells were established in NMRI:nu/nu mice (6 mice per group) as
described in the Methods section. 5 weeks after cell implantation tumor weights were determined and revealed a significantly reduced
tumor mass in mice xenografted with BCLIL knockdown cells compared to controls. (B) Panc-1 BCLIL knockdown and control cells were
injected into the tail vein of NMRI:nu/nu mice. 5 weeks after injection, liver metastases were scored. BCL9L-knockdown significantly
impaired implantation of Panc-1 cells to the liver. Right panel: representative photographs of livers from BCL9L-knockdown xenograft
mice (right) illustrate the reduction in number and size of tumor nodules compared to controls (left). Data represent mean + s.e.m. of
experimental groups each representing 6 animals. **p <0.01, ***p <0.001 (Student’s z-test).
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[41]. In line with these results, our data show a significant
reduction of pancreatic cancer cell proliferation, as
measured by BrdU incorporation, as well as impaired
migration and transwell invasion of pancreatic cancer cells
upon knockdown of BCLIL.

As a member of the BCL9/Legless protein family,
BCLOIL has been shown to function in conjunction with
Pygopus proteins as a nuclear co-activator of canonical
WNT/B-catenin signaling [38, 42]. Due to the presence
of highly conserved regions involved in the interaction
of BCL9 family members with B-catenin and Pygopus
it was initially proposed that BCL9, Legless as well
as BCLIL have redundant functions as co-activating
adaptor molecules bridging B-catenin to Pygopus, which
then recruits additional components of the B-catenin
transcriptional complex [43]. However, subsequent
studies challenged this view by showing that the function
of BCL9 family members in vertebrates is only in part
dependent on their interaction with Pygopus [24, 26, 44].
The results of our study did neither reveal a significant
impairment of transcriptional activity nor of nuclear
translocation ability of B-catenin in pancreatic cancer
cells following knockdown of BCL9L. Moreover, we did
not observe significant effects of BCLIL knockdown on
the expression of BCL9 (data not shown). Both BCL9
and BCLIL are known to bind to -catenin and trigger the
interaction of B-catenin with the TCF/LEF-transcriptional
complex [43]. Hence, knockdown of BCLIL expression
would in consequence not necessarily result in reduced
B-catenin-dependent TCF/LEF-activation but might be
compensated by BCL9 expression. This would, however,
not explain the clear functional consequences we
observed on WNT/B-catenin-dependent cellular processes
including reduced migration, proliferation and invasion
of pancreatic cancer cells upon BCLIL knockdown.
Thus, we hypothesized that this phenotype might be due
to effects on the junctional pool of B-catenin which is
known to be associated with a-catenin and E-cadherin
at the plasma membrane [45]. Intriguingly, substantial
overlap between the E-cadherin and BCL9/BCLY9L
binding site of B-catenin has been described [34]. Our
data confirm that knockdown of BCLIL leads to an up-
regulation of E-cadherin expression with concomitant
down-regulation of SNAI2 gene expression in pancreatic
cancer cells. In support of our hypothesis further results
revealed that this pool of E-cadherin is increasingly
associated with B-catenin at the plasma membrane.
Additionally, significant amounts of B-catenin were
retained at the plasma membrane and remained in
complex with E-cadherin even in the presence of a
GSK3p inhibitor which induces the enrichment of freely
diffusible B-catenin in the cytosol and consequently its
nuclear translocation. Previous work in MDCK cells has
shown nuclear translocation of B-catenin following over-
expression of BCLIL [25] reasoning an importance of this
protein for the modulation of adhesive and transcriptional

activity of P-catenin. However, the relevance of
BCLO9L expression for the integrity of adherens
junctions in cancer cells has not been investigated
before. Generally, cadherins are thought to dampen
WNT pathway activation by sequestering [-catenin
to the plasma membrane [18]. Recently, however, the
requirement of E-cadherin for WNT signaling [46] as
well as the transduction of pro-proliferative signals via an
E-cadherin-dependent Yap1/B-catenin cascade [47] has
been demonstrated. In support of a similar situation in
pancreatic cancer cells, we did not observe an inhibition
of the f-catenin-dependent transcriptional response upon
knockdown of BCLIL despite of increased binding of
B-catenin to E-cadherin. High levels of E-cadherin at
the plasma membrane are generally considered as an
“epithelial” phenotype characterized by polarized and
basal membrane—anchored cells with cobblestone-like
morphology [48]. During the process of epithelial-
mesenchymal-transition (EMT) external stimuli as for
example EGF and TGF-B have been shown to induce
a phenotypic transformation of cells accompanied
by down-regulation of epithelial signature proteins
(incl. E-cadherin) and induction of a mesenchymal
phenotype with increased expression of N-cadherin
and transcription factors of the Snail and Zeb protein
family [49]. The fact that BCLIL knockdown induced
a sustained upregulation of E-cadherin expression led us
to further investigate a possible modulation of the EMT
process by loss of BCLIL. Indeed, our data show that
down-regulation of BCLIL inhibits induction of EMT
by TGF-p in pancreatic cancer cells. BCLIL knockdown
cells preserved an epithelial phenotype and increased
protein expression levels of E-cadherin even in the
presence of TGF-B. Results from further kinetic gene
expression analyses revealed that the transcriptional
response of pancreatic cancer cells towards TGF- with
down-regulation of E-Cadherin and up-regulation of
mesenchymal genes is delayed upon BCLIL depletion.
Importantly, Slug expression is reduced in BCLIOL
knockdown cells already in the absence of TGF-B. Snail-
family genes are well-known repressors of E-Cadherin
expression, induced in response of TGF-B signaling
[13, 14]. A reduction in their expression upon BCLIL
knockdown would explain the observed upregulation
of E-Cadherin in pancreatic cancer cells. Surprisingly,
our data also show an initial up-regulation of BCLIL
expression in response to TGF-B treatment in control
cells concomitant with an up-regulation of mesenchymal
gene (Slug, Vimentin) expression. This up-regulation is
followed by the reduction of BCL9L and mesenchymal
gene expression during long-term treatment with TGF-p.
Intensive interaction of TGF-B and WNT signaling
pathways on multiple levels has been described [11, 50].
It is tempting to speculate that transcriptional regulation
of BCLIL expression in response to TGF-p represents
another point of crosstalk in pancreatic cancer.
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In the past years, accumulating evidence suggested
that the activation of the EMT process is of central
importance for metastasis of human malignancies with
TGF-B being the major inducer of EMT in pancreatic
cancer [51]. Recently, it has been demonstrated
that induction of TGF-B release from Kupffer cells
by PDAC-derived exosomes is fundamental to the
formation of the pre-metastatic niche in the liver [52].
In support of our in vitro data, results from in vivo
xenograft experiments showed reduced tumor growth
of BCLIL knockdown cells. Importantly, the capacity
of BCLIL knockdown cells to form metastases in the
liver was almost completely abrogated, which further
suggests a central importance of BCLO9L during
TGF-B induced EMT in pancreatic cancer cells. To
our knowledge this is the first study demonstrating an
upregulation of E-cadherin expression and its increased
association with B-catenin in response to BCLOL
knockdown.

In summary, we identify BCLOL as a novel regulator
of TGF-B-induced EMT in pancreatic cancer. In light of
recently described selective inhibitors with high specificity
for B-catenin/BCL9 interactions [53] our results provide
evidence that direct targeting of this complex might be a
valuable approach to effectively antagonize invasion and
metastasis of this malignancy.

MATERIALS AND METHODS

Cell culture and TGF-p treatment

Panc-1, S2-007 and S2-028 cells were kindly
provided by Malte Buchholz (University of Marburg,
Germany) and cultured in DMEM high glucose (Life
Technologies) supplemented with 10% FCS, 1%
penicillin-streptomycin and 1% glutamine. MiaPaca-2
cells were obtained from ATCC and cultured in DMEM
flemented with 10% FCS, 1% penicillin-streptomycin, 1%
glutamine and 2.5% horse serum. For TGF-B-treatment,
cells were serum-starved for 24 h and treated with
TGF-B (Peprotech) at a final concentration of 5 ng/ml for
indicated time points in respective medium containing
0.5% FCS.

Lentivirus production

Panc-1 cells were stably transduced with lentiviral
pLKO.1- and TRC2-pLKO-based shRNA constructs
(Sigma-Aldrich), containing a puromycin resistance
cassette. Lentiviral particles were generated in HEK 293FT
cells (ATCC) by using polyethylenimine (PEI) reagent.
The virus-containing supernatant was collected and
pooled to infect the respective target cell lines. Following
infection, 2 pg/ml of puromycin was added for selection
of transduced cells. Stable cell lines were maintained in
growth media containing 1 pg/ml puromycin.

RNA interference and luciferase reporter assays

For RNA interference experiments Panc-1,
S2-007 and S-028 were transiently transfected with
siRNA control, two distinct BCLOL or -catenin siRNAs
and a BCLIL or B-catenin siRNA pool (Thermo Fisher
Scientific), respectively, at a final concentration of 20 nM
using Lipofectamine RNAIMAX (Life Technologies). For
luciferase reporter assays, cells were co-transfected with
TOPFLASH- or FOPFLASH-luciferase reporters together
with Renilla control using TransIT-LT1 reagent (Mirus
Bio LLC). 24 h after transfection cells were treated over
night with 10 uM CHIR 99021 (Tocris) and subjected to
a Dual-Glo Luciferase Assay (Promega). Obtained firefly
luciferase values were normalized to respective Renilla
controls.

Quantitative reverse-transcription PCR
(qRT-PCR)

Total RNA was isolated from respective cell
lines using the RNeasy mini kit (Qiagen) and reverse-
transcribed using M-MuLV Reverse Transcriptase (New
England Biolabs). qRT-PCR was performed using gene-
specific qPCR assays comprising ZEN double-quenched
probes (IDT) on a 7500 Fast Real-Time PCR System
(Applied Biosystems). Gene expression was calculated
relative to GAPDH as internal control. Tissue samples
were homogenized in liquid nitrogen using a mortar and
pestle and RNA extracted using the RNeasy mini Kit
(Qiagen) following the manufacturer’s protocol. 1 pg total
RNA was used for first-strand cDNA synthesis using the
Omniscript RT Kit (Qiagen). qRT-PCR was performed
using SYBR Green MasterMix (Applied Biosystems) on
a 7500 Fast Realtime PCR system (Applied Biosystems).

Western blotting, immunoprecipitation and
immunofluorescence staining

For western blot analysis, cells were lysed using
ice-cold RIPA buffer (150 mM NacCl, 1% Triton X-100,
0.5% Na-dexycolate, 0.1% SDS, and 50 mM Tris pH 8.0).
Lysate protein concentration was quantified using BCA
protein assay reagent (Thermo Scientific). 30 pg of total
protein from each sample was resolved by SDS-PAGE and
transferred to nitrocellulose membranes (GE Healthcare)
using semi-dry transfer (Peqlab). Membranes were
blocked in 5% milk powder, incubated overnight with
primary antibody diluted in 5% BSA, washed with 0.05%
TBS-T and incubated with an Alexa Fluor 647-conjugated
secondary antibody (Molecular Probes). Bands were
visualized using a Typhoon laser scanner (GE Healthcare).
For immunofluorescence experiments cells were grown
in 96-well pClear plates (Greiner), treated as indicated,
washed three times with D-PBS and fixed by addition
of 4% paraformaldehyde solution in D-PBS for 15 min
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at room temperature. Next, cells were permeablilised
using 0.5% Triton-X-100 in D-PBS for 5 min and
washed three times with D-PBS. To prevent non-specific
antigen binding, cells were incubated with 5% BSA/D-
PBS for 30 minutes followed by extensive washing with
D-PBS. Subsequently, samples were incubated with
respective primary antibodies diluted in BSA/D-PBS at
4°C overnight. Antibody-signals were visualized using
Alexa—488 and —546 conjugated secondary antibodies,
respectively, diluted in D-PBS. Samples were imaged on a
Cell Observer spinning-disc confocal microscope (Zeiss).
For image analysis the Fiji platform [54, 55] was used.
Regions of interest (ROIs) covering nuclear localizations
were defined and signal intensities (mean grey values)
measured in # = 20 independent cells from n = 3 replicate
experiments (arbitrary units).

For co-immunoprecipitation experiments 1 x 10°
Panc-1 cells stably expressing a shRNA vector control
(vector ctrl) or a BCLI9L specific shRNA (shBCLIL)
were either left untreated or incubated with CHIR-99021
(Tocris Bioscience) dissolved in H/O for 24 h. Cells were
washed and harvested in phosphate buffered saline (PBS),
snap-frozen in liquid nitrogen and stored at —20°C. Cell
pellets were homogenized in 200 pl lysis buffer (10 mM
Tris/Cl pH7.5, 150 mM NacCl, 0.5% NP40, 1 ug DNasel,
2 mM MgCl,, 2 mM PMSF, 1x phosSTOP phosphatase
inhibitor (Roche), 1x protease inhibitor mix M (Serva) by
repeated pipetting for 40 min on ice. After a centrifugation
step (10 min at 18.000 x g, 4°C) the protein concentration
of each lysate was determined using Coomassie Plus
according to manufacturer’s protocol (Thermo Fisher
Scientific) and the protein solutions were adjusted with
dilution buffer (10 mM Tris/Cl pH 7.5, 150 mM NacCl,
2 mM PMSF) to equal concentrations. 2% of the lysate
were added to SDS-containing sample buffer (referred
to as input, IP). For co-immunoprecipitation 50 pl of the
B-catenin-specific nanobody immobilized on a sepharose
matrix [35] were added and incubated for 12 h on an end-
over-end rotor at 4°C. The bead pellet was washed two
times in 0.5 ml dilution buffer. After the last washing step
the beads were transferred to a new cup, resuspended in
2x SDS-containing sample buffer and boiled for 10 min at
95°C. Samples (0.5% input, 10% bound) were analyzed
by SDS-PAGE followed by western blotting. Immunoblots
were probed with indicated anti-E-cadherin, anti-p-catenin
and anti-GAPDH antibodies for normalization of the
input fractions and as negative control to detect unspecific
binding to the sepharose matrix.

Antibodies

The following antibodies were used in this study:
BCLOL (sheep polyclonal, # AF4967, R&D Systems; HPA
049370, Atlas Antibodies), a-tubulin (mouse monoclonal,
B-5-1-2, #T5168, Sigma Aldrich), PB-catenin (rabbit
polyclonal, H102, #sc-7199, Santa Cruz), E-cadherin (goat

polyclonal, #AF648, R&D Systems), a-catenin (mouse
monoclonal, 6D202, #C2069-44H, USBiological).

Proliferation, migration and transwell invasion
assays

BrdU incorporation was measured using the
chemiluminescent cell proliferation ELISA (Roche)
according to manufacturer’s instructions. Cells were
seeded in 96-well plates at 5 x 10° cells/well and were
cultured for 4 days. Cell migration was assessed using
a wound healing assay. Briefly, cells were grown in
6 well-plates until confluence. A wound was generated
by scraping with a 200 pl pipet-tip. Subsequently,
phase-contrast images were acquired immediately
after scratching and then every 24 h until the wound
was closed in the control treated samples. The wound
size was calculated using T-scratch software [56]. Cell
invasion was analyzed using a 24-multiwell insert
system (Corning). 8 um pore inserts were coated with
0.4 mg/ml of matrigel (BD).Cells were seeded into the
upper chamber at a concentration of 5 x 10* cells/well
in 350 pl serum-free medium. The lower chamber was
filled with 750 pl DMEM supplemented with 10% FCS.
Following incubation at 8% CO,, 37°C for 24 h matrigel
and cells on top of the transwell insert were removed with
a cotton-tipped swab. Cells which invaded onto the lower
side of the membrane were fixed with methanol, stained
with crystal violet solution and counted. The invasion
index was calculated by dividing the percentage of crystal-
violet positive BCLIL knockdown cells by the percentage
of respective control cells.

Immunohistochemistry

construction and
been performed as

Tissue microarray
immunohistochemistry have
described before [57].

For the BCLIL immunostaining a rabbit polyclonal
antibody (HPA 049370, Atlas Antibodies) has been used.
Prior to the incubation with the primary antibody (1:100,
overnight) heat induced antigen retrieval in citrate buffer
(pH 6.5) was performed. Kidney tissue was used as
positive control. The intensity of the staining reactions
was scored as mild, moderate or strong (score 1, 2 or 3,
respectively). The proportion of the positive cells in
ducts and tumor areas was estimated in percent and
divided into scores (< 10% —1, 10-50% -2, 51-80% -3,
>80% —4). The final score was determined as a product of the
intensity of the staining and the proportion of positive cells
(minimum 0, maximum 12) as described previously
[58]. Scores of BCLIL expression were analyzed by
Mann-Whitney and Kruskal-Wallis non parametric tests,
respectively. Results were calculated using GraphPad Prism
4.0 software (La Jolla, CA, USA).

www.impactjournals.com/oncotarget

73735

Oncotarget



In vivo tumorigenicity

All mice experiments were carried out by the EPO
GmbH, Berlin-Buch. The animal experiments were
performed according to the German Animal Protection
Law and with approval from the responsible authorities.
The in vivo procedures were consistent and in compliance
with the UKCCCR guidelines. Briefly, for analysis of
tumorigenic growth of indicated Panc-1 cell lines, 1 x 10°
cells were intravenously injected into the tail of NMRI:nu/
nu mice (6 mice per cell line). In a parallel experimental
set-up the cells were injected orthotopically. For this,
5 x 10° cells were mixed with matrigel to a final volume
of 40 ul and carefully injected into the pancreatic tail of
narcotized NMRI:nu/nu mice (Anesthesia: hypnomidate,
i.p.). For both experimental settings, cells were rinsed
through a 70 pm cell strainer before implantation.
NMRI:nu/nu mice had an age of 8 weeks at time of
transplantation. The health of mice was examined daily
and body weight was taken twice a week. On day of
necropsy mice were sacrificed by cervical dislocation
and inspected for gross organ changes. General criteria
for termination of metastasis experiments: poor general
condition, moribundity, body weight loss or abnormal
behavior. The primary tumor (i.panc.) and tumoral
affected organs were dissected, weighted and snap-frozen
for further analyses. The metastatic burden in mice organs
was evaluated using a metastasis score (based on number
and size of metastatic nodules).
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