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Abstract

Background
One of the major challenges in pancreatic ductal adenocarcinoma (PDAC) management is a local or
distant metastasis and limited targeted therapeutics to prevent the process. We aimed to identify a
druggable target by screening abnormally secreted protein from PDAC and explore its therapeutic
intervention.

Methods
A LC-MS/MS-based proteomics was carried out for TIF (Tumor Interstitial Fluids) obtained from patient
derived xenograft (PDX) models of PDAC. To develop a blocking antibody for selected target protein,
antibody phage-display technology was used.

Results
The proteomic screening of PDAC secretome identi�ed Galectin-3 binding protein (Gal-3BP hereafter) as a
top candidate. The Gal-3BP is highly expressed and secreted in PDAC tumors and primary cells.
Subsequent functional tests by stable knockdown revealed the Gal-3BP is required for PDAC cell
proliferation, migration and invasion. In addition, the depletion of Gal-3BP signi�cantly abrogated in vivo
tumor formation and metastasis of pancreatic cancer cells. Mechanistically, we found Gal-3BP enhances
the galectin-3 mediated EGFR signaling, leading to the activation of cMyc and its target genes related to
EMT. To examine the clinical usability of these �ndings, we screened a Gal-3BP-immunized chicken
antibody library using phage display technique. The two isolated blocking antibody clones against Gal-
3BP profoundly inhibited the metastasis of PDAC cells in vivo.

Conclusions
Altogether, our data demonstrates the Gal-3BP is an important therapeutic target in PDAC and proposed
its blockade by antibody as a novel, therapeutic option for the inhibition of PDAC metastasis.

Background
One of the challenges faced in PDAC management is the absence of targeted therapeutics[1, 2]. Thus,
�nding a druggable target is critical. In addition to the mutant K-Ras, which has been identi�ed as a
dominant driver and therapeutic target in recent studies[3, 4], multiple targets including EGFR, PI3K, Raf,
MEK and TGF-β are being investigated[5, 6]. However, the clinical application of these target proteins is
still under investigation and the strategies used for targeting the proteins do not take into consideration
the genetic and intratumoral heterogeneity of PDAC[1, 7].
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The tumor secretome[8, 9] is an important source of therapeutic or diagnostic targets. As tumor-derived
proteins or bioactive molecules are often diluted in the blood, the detection of a locally secreted protein is
an attractive alternative method for identifying novel target proteins[10]. In practice, analyses of the
interstitial �uid obtained from tumor[11] have revealed the enrichment of cytokines in breast cancer [12],
S100A in cholangiocarcinoma[13] and Fascin in head and neck cancer[14]. Considering the presence of a
stromal-rich microenvironment[15] and intricate communication between PDAC and stellate cells[2, 16],
an investigation of tumor interstitial �uid (TIF) and anti�brotic therapy in pancreatic cancer seems
promising[17]. Indeed, a recent study demonstrated that the metabolite pro�le of PDAC-TIF is distinct
from that of the plasma[18]. Despite the potential advantages associated with analysing the TIF, few
reports exist regarding the proteomic analysis of PDAC-TIF. This might be due to the di�culty in obtaining
fresh PDAC tissue for TIF isolation. Moreover, the high variability in the proteomic pro�les of individual
tumours makes it necessary to investigate large number of specimens for achieving a statistical
signi�cance. To circumvent these limitations, we had developed a patient-derived xenograft (PDX) model
of PDAC[19] and compared the TIF proteome data with those of breast cancer PDX[20], thereby ensuring
PDAC-speci�c or PDAC-enriched target identi�cation.

Galectin-3 binding protein (Gal-3BP) is a highly glycosylated protein that has been identi�ed in multiple
screening studies investigating tumor-secretory proteins in melanoma[21], lung carcinoma[22], and breast
cancer[23]. Apart from Galectin-3, Gal-3BP can also interact with Galectin-1, β1-integrins, and ECM
proteins, including collagen, �bronectin, and laminin[24]. In cancer, Gal-3BP is mainly involved in cell-
matrix or cell-cell interactions and affects metastasis or tumor cell-stromal cell communication[25, 26].
Despite extensive research, the role of Gal-3BP in pancreatic cancer remains largely unknown, probably
because Gal3-BP is expressed at low levels in the pancreas under normal conditions (from public data;
available at https://www.proteinatlas.org/ ENSG00000108679-LGALS3BP/tissue). In this study, we
identi�ed high levels of Gal-3BP in PDAC-TIF. Furthermore, the results of this study reveal a novel function
of Gal-3BP in PDAC and indicate that antibody-mediated Gal-3BP blockade might serve as a promising
therapeutic strategy against PDAC.

Methods

Ethical guidelines
Human PDAC specimens were obtained with permission from the institutional review board (IRB) of the
Asan Medical Center (No. S2013-0744-0009). Protocols for animal experimentation were reviewed and
approved by the Institutional Animal Care and Use Committees (IACUC) of Asan Institute for Life Sciences
(AILS, Project Number: 2015-12-164). All mice were maintained in the speci�c pathogen–free (SPF)
facility of the Laboratory of Animal Research at the Asan Institute for Life Sciences (Seoul, South Korea).

Cell culture and transfection
Human pancreatic cancer cell lines were maintained in DMEM supplemented with 10% FBS and 1%
penicillin/streptomycin. Primary pancreatic cancer cells were cultured in RPMI supplemented with 5%
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FBS, 1% penicillin/streptomycin, 20 ng/ml EGF, 4 µg/ml hydrocortisone, and 4 µg/ml transferrin. HPDE
cells were cultured in keratinocyte serum-free medium supplemented with EGF and bovine pituitary
extract (Invitrogen). All cells were cultured at 37°C in an atmosphere containing 5% CO2. Cells were
transfected with control siRNA or LGALS3BP siRNA using Lipofectamine 2000 (Invitrogen). LGALS3BP
siRNA was designed by Genolution Inc., and had the following sequence: 5'-
CGCACCAUUGCCUACGAAAUU-3'.

Primary culture
Primary cancer cells were isolated from tumours derived from patient-derived xenograft models. Fresh
tumor tissue was minced into 1–2 mm pieces using sterile scissors, scalpel, and forceps. For tissue
digestion, the tissue pieces were placed in a 15 ml conical tube containing 3–5 ml RPMI 1640 medium
(PAN, DEU) supplemented with 5% FBS (PAN, AUS), 1% penicillin/streptomycin (Hyclone, USA), 20 µg/ml
of collagenase Type  (Sigma Aldrich, USA), and 840 ng/ml Fungizone (Gibco, USA), and incubated on a
shaking incubator at 37°C for 2 h. Following incubation, the digested tissue pieces were washed with
RPMI 1640 medium and centrifuged at 800 rpm for 3 min (x3). The tissues were placed in a collagen-
coated T25 �ask, and cultured using RPMI 1640 medium supplemented with 5% FBS, 1%
penicillin/streptomycin, 20 ng/ml hEGF (Gibco, USA), 4 µg/ml hydrocortisone (Sigma Aldrich, USA), 4
µg/ml transferrin (Sigma Aldrich, USA), and 840 ng/ml Fungizone at 37°C in an atmosphere containing
5% CO2. After 2–4 days of incubation, cells started to attach to the collagen-coated surface of the T25
�ask.

Antibodies and reagents
Cells were lysed in RIPA buffer containing protease and phosphatase inhibitors. Lysates were centrifuged
at 14,000 rpm for 15 min, and the supernatant was collected. Subsequently, the proteins were separated
via SDS–polyacrylamide gel electrophoresis. Immunoblotting was performed using antibodies against
LGALS3BP (R&D systems), P-EGFR (Cell Signaling), EGFR (Cell Signaling), CA19-9 (Abcam), and β-actin
(Santa Cruz Biotechnology).

shRNA-mediated knockdown of Gal-3BP
Plasmids targeting containing shRNA against human and mouse LGALS3BP were purchased from Sigma
Aldrich; human LGALS3BP (#1 TRCN0000029418; #2 TRCN0000372778; #3 TRCN0000029417; #4
TRCN0000372838; #5 TRCN0000029414), and mouse LGALS3BP (#1 TRCN0000325878; #2
TRCN0000066333; #3 TRCN0000066334; #4 TRCN0000066336; #5 TRCN0000066335). In order to
generate recombinant lentiviruses, HEK293T cells were co-transfected with a lentiviral expression vector
and lentiviral packaging vectors (VSVG and PAX2), using lipofectamine 3000 (Invitrogen, Camarillo, CA).
Subsequently, the supernatants were collected twice at intervals of 1 day. For transduction of 110621 or
PKCY cells, lentiviruses were included in the culture medium for 2 days. Finally, to select cells with a
stable knockdown, a selection pressure was applied by using puromycin (1 µg/ml) or puromycin (2
µg/ml).
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Migration, invasion, and proliferation assays
The migration and invasion abilities of the cells were assayed by using Transwell chambers (Corning
Costar) and Matrigel-coated chambers containing 6.5 mm diameter polycarbonate �lters (8 µm pore
size), respectively. The cells were trypsinized and suspended at a �nal density of 1 x 106 cells/ml in
serum-free medium. Subsequently, 100 µl of the cell suspension was loaded into each of the upper wells,
and culture medium supplemented with serum was added to the plate as a chemoattractant. The
chamber was incubated at 37°C for 24 h. Following this, the cells were �xed and stained with
haematoxylin and eosin. Non-migrated cells in the upper chamber were removed using a cotton swab.
The number of migrated and invaded cells was quanti�ed by manual counting under an optical
microscope (x200). Cell viability was evaluated using Ezcytox according to the manufacturer’s protocol.
Cells were seeded at a density of 2 × 103 cells/100 µl in each well of a 96-well plate and incubated at
37°C for 72 h. The absorbance of the wells was measured at 450 nm using a Molecular Devices
microplate reader, with a reference wavelength of 650 nm.

Immunohistochemical analysis
Fresh specimens were immersed in 10% Formalin for 4 days and subsequently embedded in para�n.
Para�n sections (4-µm thick) were de-para�nized using xylene and rehydrated by treatment with graded
alcohols. Endogenous peroxidase activity was blocked using 3% hydrogen peroxide prepared in methanol
for 20 min. Antigen retrieval was performed via heat treatment in Tris-EDTA buffer (Abcam) for 20 min,
followed by incubation with 3% normal goat serum for 20 min to block nonspeci�c binding. After
blocking, the sections were incubated with Ki67 antibody (Abcam, 1:50) diluted in 1% normal goat serum
at 4℃ overnight. Sections were rinsed in PBS and incubated with HRP-conjugated secondary antibody
(1:200) at room temperature for 1 h. Finally, the sections were developed using diaminobenzidine (DAB)
(Thermo Scienti�c) and counterstained with haematoxylin. The samples were mounted with coverslips
using Permount (Fisher Scienti�c) and the sections were observed under a light microscope. Analysis
was performed using Image J.

Immuno�uorescence (IF) staining of PDX tissues
PDX samples for IF staining were embedded into OCT and store at − 80°C deep freezer until ready for
sectioning. The samples were cut into 5-µm sections on a cryostat. IF staining was performed according
to the manufacturer's instructions (R&D system, Minneapolis, USA). In brief, Tissues were incubated
overnight at 4°C with primary antibodies: Galectin-3BP (1 ug/ml, R&D systems, Minneapolis, MN, USA)
and Galectin-3BP #84 & 67 (1ug/ml, Custom Mouse Monoclonal Antibodies, Asan Medical Center Core).
Tissue was then stained with 1:1000-diluted secondary antibodies; donkey anti-goat Alexa Fluor 488
(Invitrogen, Thermo Fisher Scienti�c, Waltham, MA, USA) and goat anti-mouse Alexa Fluor 488
(Invitrogen) Images were captured using a LMS710 confocal microscope (ZEISS, Jena, Germany),
analyzed using Image ZEN black edition (ZEISS).

In vivo tumor formation and imaging
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Cells (110621 cell line) were resuspended in 100 µl PBS at a density of 2 × 106 and injected into the
dorsal �ank of 6-8-week-old male BALB/c nude mice. Tumor growth was monitored and tumor volume
was measured using calipers. Tumor size (mm3) = L (Length) × W2 (width)/2. Subcutaneous tumours
were excised and weighed. Subsequently, tumor tissues were �xed in formalin, embedded in para�n, and
then stained with H&E. Immunohistochemistry was performed to check the expression of Ki-67, which is a
marker of proliferating cells, and the number of positively-stained cells was calculated by counting the
number of immune-positive cells in �ve selected �elds under a microscope.

Tissue microarray (TMA) analysis
Pancreatic ductal adenocarcinoma (PDAC) for TMA were collected from Asan Medical center Tissue
cores (Seoul, South Korea). Tissue blocks and their matching hematoxylin-and eosin-stained slides were
retrieved and con�rmed by pathologist to identify representative tumor regions. PDAC (n = 153) or
matched normal pancreas (n = 21) were sampled from representative areas using a 2.0-mm punch. For
Galetin-3BP IHC staining, para�n embedded samples were cut 4-µm sections and incubated with primary
antibodies against Galectin-3BP (1:100, Solarbio Life Sciences, Beijing, China) and Galectin-3BP #84 & 67
(10 ug/ml, Custom Mouse Monoclonal Antibodies, Asan Medical Center Core) overnight. Images were
taken using a digital camera DP27 (Olympus, Shinjuku, Japan) coupled to an Olympus BX53 Upright
Microscope (Olympus). Images were analyzed by Olympus CellSens Standard software. Based on the
percentages of Galectin-3BP-positive cells, the data were subdivided into four categories as follows: (0)
10%; (1) 11–30%; (2) 30–50%; and (3) > 50% positive cells. Semiquantative intensity was scored as 0
(negative), 1 (weak), 2 (moderate) and 3 (strong) (Fig. 1G).

TIF isolation and proteomic analysis
Tumor tissues weighing 0.25 g were cut into small pieces (1–3 mm3) and carefully washed in 3 ml of
phosphate-buffered saline (PBS). Tumor samples were subsequently transferred to 1.5 ml tubes and
incubated at 37°C for 1 h in 1 ml PBS in a humidi�ed CO2 incubator. The samples were then centrifuged
and the supernatant was collected. The LC-MS/MS analysis of the tumor secretome was described
previously[27].

Phage display for the Gal-3BP antibody screening
Three White Leghorn chickens were immunized and boosted thrice with the recombinant Gal-3BP protein
produced in-house. Chickens were euthanized a week after receiving the third booster dose, and their
spleens as well as bone marrows were harvested for total RNA isolation using TRIzol Reagent (Thermo
Fisher Scienti�c). Complementary DNA (cDNA) was synthesized using SuperScript® IV First-Strand
Synthesis System (Thermo Fisher Scienti�c), according to the manufacturer’s protocol. Using cDNA as a
template, the genes encoding the variable regions of heavy and light chains were ampli�ed and used for
the construction of a chicken scFv-displayed phage library, as previously described [28]. The chicken
scFv-displayed phage libraries were subjected to four rounds of bio-panning against Gal-3BP protein, in
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accordance with the existing protocols [29]. The nucleotide sequences of the reactive scFv clones were
determined by Sanger sequencing (Cosmogenetech, Seoul, Korea).

Antibody treatment of mouse model of PDAC with lung
metastasis
Ten-week-old immunode�cient NRG (NOD/RAG1/2−/−IL2Rγ−/−) male mice were obtained from Jung-A Bio
Laboratories (Osong, South Korea). For the lung metastasis model, a primary pancreatic cancer cell line
(110621) with stable luciferase expression was used. The primary PDAC cells with luciferase expression
were generated by transfecting with retroviral vector (pMXs-IRES-Puro Retroviral Vector, RTV-014)
obtained from a packaging cell line (Platinum-A Retroviral Packaging Cell Line, Amphotropic, RV-102).
The cells were resuspended at a density of 2 × 105 cells/100 µl in Matrigel (Corning® Matrigel® Matrix
from Corning Life Sciences) and injected into the tail vein. One week post-surgery, the luciferase signal in
the tumor was monitored using the IVIS Spectrum In Vivo Imaging System (Perkin-Elmer). Antibody
treatment was performed in the following three groups: IgG-treated control (n = 4), #67 antibody-clone‒
treated (n = 6), #84 antibody-clone‒treated (n = 6). The antibodies were intravenously injected (200 µl; 1
mg/ml), once a week. After four injections, the mice were euthanized, and tumours were analysed.

Statistics
All data are presented as mean ± standard error. The comparisons between two groups were performed
using the Student’s t-test and comparisons among multiple groups were performed using ANOVA. P-
values < 0.05, < 0.01, and < 0.001 were denoted as *, **, and *** respectively, to indicate signi�cance.

Results
Identi�cation of Gal-3BP as a secreted protein in the TIF via proteomic analysis of the PDAC PDX model

To identify a cancer-speci�c druggable protein target in the pancreas, we analysed three TIFs obtained
from the PDX model of PDAC, along with three TIFs from breast cancer PDX models. In the initial
analysis using LC-MS/MS, 1413 proteins for PDAC and 1822 proteins for breast PDX were detected
(Fig. 1A). Among them, 87 proteins were expressed at higher levels in PDAC (Cut-off 2.5-fold,
Supplementary Table 1 for raw data) compared to those in the breast. Based on the up-regulated fold and
literature search for subcellular localization, we selected two secreted proteins i.e., LGALS3BP and
Progranulin (PGRN). The increased expression of Gal-3BP and PGRN in PDAC TIFs was con�rmed
(Fig. 1B). Moreover, high levels of these proteins were observed in the culture media of PDAC cells,
indicating active secretion (Fig. 1C). Consistent with their enhanced secretion, the two candidate targets
showed elevated expression at the protein (Fig. 1D) and mRNA levels (Fig. 1E). Further, Gal-3BP—but not
PGRN—was detected in the plasma of the PDX model (Fig. 1F); this suggested that Gal-3BP can be
detected in liquid biopsy samples. Therefore, we focused on Gal-3BP for further study. IHC analysis of
Tissue Microarray (TMA) containing PDAC (n = 153) and matched normal (n = 21) validated our �nding



Page 9/26

(Fig. 1G, Supplementary Fig. 1 for raw data), indicating the Gal-3BP is signi�cantly over-expressed in
PDAC compared to normal tissue (Fig. 1H)

Stable knockdown of Gal-3BP signi�cantly reduces the growth and tumorigenic potential of PDAC cells

Upregulation of Galectin-1 and Galectin-3 has been observed in cancer[30, 31]. Considering the primary
binding partners of Gal-3BP are Galectin-1 and Galectin-3, we �rst investigated the function of Gal-3BP
with respect to cell proliferation by knocking it down in primary PDAC cells. Figure 2A depicts the
expression of Gal-3BP at the mRNA (graph) and protein levels (upper panel) after stable knockdown. In
three independent stable cell lines expressing shRNA against Gal-3BP, signi�cantly attenuated cancer cell
proliferation was observed (Fig. 2B). Importantly, when two of the stable cell lines were transplanted into
nude mice, the tumor formation rate was dramatically reduced (Fig. 3C), compared to that in mice
transplanted with wildtype cells (2 tumours versus 10). Moreover, the two tumours formed upon injecting
the 3BP_Sh2 cell line showed slower growth (Fig. 3D) and low weight (Fig. 3E). Further analysis
con�rmed the reduced expression of Gal-3BP (Fig. 2G) and Ki-67 in the tumor (Fig. 2F). These data
suggest that Gal-3BP is required for PDAC cell growth both in vitro and in vivo.

Gal-3BP knockdown signi�cantly reduces the adhesion and migration of PDAC cells

A previous study reported that the silencing of Galectin-3 results in suppressed pancreatic cancer cell
migration[32]. However, the effect of Gal-3BP with respect to PDAC cell mobility remains unknown.
Therefore, we investigated if Gal-3BP knockdown can alter the ability of PDAC cells to adhere and
migrate. We observed that Gal-3BP siRNA transfection (Fig. 3A) markedly suppressed the adhesion
(Fig. 3B), migration (Fig. 3C), and invasion ability of primary PDAC cells (Fig. 3D). Moreover, transfection
of primary PDAC cells with Gal-3BP siRNA resulted in reduced expression of EMT markers, such as Zeb1,
Claudin-1, and Snail (Fig. 3E, Supplementary Fig. 2 for PDC data). Conversely, Gal-3BP overexpression in
primary PDAC cells resulted in the upregulation of N-cadherin, Snail, and Zeb1 (Fig. 3F).

Stable knockdown of Gal-3BP signi�cantly attenuates PDAC cell metastasis in a mouse model

Based on the in vitro data shown in Fig. 3, we examined the role of Gal-3BP in tumor metastasis in vivo.
Towards this, we used murine PDAC cells (PKCY; a kind gift from Dr. Sung Jin Kim) isolated from LSL-
Kras G12D; Trp53 R172H; Pdx1-Cre spontaneous model[33]. Gal3-BP knockdown in PKCY cells (Fig. 4A)
also resulted in reduced proliferation (Fig. 4B), migration (Fig. 4C), and EMT marker expression (Fig. 4D),
consistent with the human PDAC data presented above. Using tail-vein injection, we assessed the ability
of PKCY cells to form tumors in the lungs (Fig. 4E and Supplementary Fig. 3). Lung weights (Fig. 4F) and
nodule counts (Fig. 4G) indicated that Gal-3BP knockdown signi�cantly suppressed PDAC cell metastasis
into lungs.

Gal-3BP interacts with and enhances EGFR signalling in PDAC cells

Galectin-3 activates EGFR signalling in several cancers[34–36]. As EGFR is frequently up-regulated and
associated with poorer prognosis in PDAC[37], we examined whether EGFR activation in PDAC is affected
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by the up-regulation of Gal-3BP, in combination with Galectin-3. Indeed, p-EGFR level is reduced upon Gal-
3BP knockdown in primary PDAC cells (Fig. 5A, left). Conversely, secreted Gal-3BP (Supplementary
Fig. 4A) treatment on Panc1 cells markedly increased p-EGFR levels (Fig. 5A, right). In addition, we
observed reduced EGFR expression at the mRNA level (Fig. 5B) by stable Gal-3BP knockdown. In the
presence of EGF, the time-dependent activation of EGFR was dramatically abolished in cells with stable
Gal-3BP knockdown (Fig. 5C), indicating that Gal-3BP is a positive regulator of EGFR activation. This
�nding is further supported by the combinatorial treatment of two primary PDAC cell lines with
recombinant Gal-3BP and EGF, showing enhanced p-EGFR level (Fig. 5D).

Hence, we examined how Gal3-BP affects Galectin-3-mediated EGFR activation in PDAC cells.
Interestingly, both combinations of EGF(E) plus Galectin-3(G3) and EGF plus Gal-3BP(3BP) could
enhance EGFR phosphorylation (Fig. 5E, Supplementary Fig. 4B). Moreover, combinatorial treatment with
Galectin-3, EGF, and Gal-3BP markedly enhanced p-EGFR levels (Fig. 5E, last lane). Further, the treatment
of EGF on PDAC cells resulted in increased Gal-3BP levels (Fig. 5F) whereas the treatment with the EGFR
inhibitor dramatically inhibited it (Fig. 5G). These data suggest that a positive feedback-loop exists in the
Gal3-BP-EGFR signalling. The co-immunoprecipitation analysis indicated the Gal-3BP associated with
EGFR (Supplementary Fig. 4C). We next examined the effect of Galectin-3 knockdown on Gal-3BP-
mediated EGFR activation and found Galectin-3 knockdown partially inhibited p-EGFR level, indicating
that Galectin-3 is required—at least in part—for the Gal-3BP-mediated EGFR activation (Fig. 5H; see
discussion).

Gal-3BP positively regulates cMyc via EGFR activation in PDAC cells

Our data in Fig. 3 indicated that Gal-3BP is required for cellular attachment, migration, and invasion.
Based on these results, we sought to identify a functional mediator that—can be activated in response to
EGFR signalling—regulates such cellular events. A previous study showed that cMyc is an effector of
EGFR signalling in murine pancreatic ductal epithelial cells[38]. Moreover, a recent report demonstrated
that cMyc alone can result in the transformation of PanIN cells into PDAC cells[39]. Therefore, we
investigated whether Gal-3BP regulates cMyc expression via EGFR activation. A stable knockdown of Gal-
3BP (Fig. 6A, top panel) resulted in the downregulation of cMyc at the mRNA level (Fig. 6A, bottom). This
result was further validated in another primary PDAC cell clone with transient knockdown of Gal-3BP
(Fig. 6B). Conversely, the Gal-3BP alone or a combination of Gal-3BP and EGF upregulated cMyc
(Fig. 6C). Consistently, the EGFR inhibitor effectively suppressed cMyc upregulation upon the Gal-3BP
treatment (Fig. 6D), indicating that EGFR activation is necessary for the Gal-3BP-mediated cMyc
activation. In addition, two tumours with stable knockdown of Gal-3BP (see Fig. 2C and 2D) also showed
markedly reduced cMyc expression (Fig. 6E). Consequently, a reduced expression of several cMyc target
genes were observed (Supplementary Fig. 4D). These data collectively indicate that Gal-3BP enhances
EGFR-Myc signalling in PDAC cells. Importantly, the reduced proliferation in response to Gal3-BP
knockdown (shown in Fig. 2B) is partially recovered upon the exogenous expression of cMyc (Fig. 6F),
con�rming that Gal-3BP-induced PDAC cell proliferation is mediated by cMyc.
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Treatment with Gal-3BP antibodies inhibits EGFR-Myc signalling and metastasis in PDAC cells

Although Gal-3BP knockdown using shRNA signi�cantly attenuated tumor formation as well as cell
migration, the shRNA approach has limitations with respect to clinical application. To develop a
therapeutic agent targeting Gal-3BP, we employed an antibody phage display technique [40] to screen
speci�c antibodies against Gal3-BP (Fig. 7A). Initial hit antibodies— obtained by screening a Gal-3BP-
immunized chicken antibody library—exhibited high a�nity to recombinant Gal-3BP protein in vitro, as
veri�ed by ELISA. Among �ve candidate antibodies, we selected clones #67 and #84 owing to their
inhibitory effect on cell migration (Fig. 7B and 7C, Supplementary Fig. 5A), although they did not
signi�cantly interfere with cell proliferation (Supplementary Fig. 5B). Gal-3BP binding ability of clones
#67 and 84 was con�rmed by immunoprecipitation (Fig. 7D). Consistent with the results of shRNA, the
treatment of these two antibodies on primary PDAC cell lines showed a decreased EGFR activation and
cMyc expression, although it was not as effective as siRNA-mediated gene silencing (see discussion,
Supplementary Fig. 5C-5F).

Importantly, we also observed the #67 and #84 antibody clones detect Gal-3BP protein in orthotopic
PDAC tumor tissues in both of immuno�uorescence (Supplementary Fig. 6A, 6B) and
immunohistochemical staining (Supplementary Fig. 6C). Based on this, we further examined the e�cacy
of these two Gal-3BP antibodies in metastatic tumor model. Human primary PDAC cells with stable
luciferase expression (Supplementary Fig. 7A) were transplanted into mouse via tail vein, and lung tumor
growth was monitored by IVIS imaging in conjunction with antibody treatment. Supplementary Fig. 7B
depicts the representative IVIS images for three groups (IgG, #67, and #84 antibody-treated). After 2
weeks of treatment, we observed an overall reduction in the ROI values in the Gal-3BP-antibody-treated
groups, although it was not signi�cant owing to the high intra-group variation (Supplementary Fig. 7C).
The H&E staining of dissected lung tissue revealed nodules generated by metastasized PDAC cells,
marked by the grids in Fig. 7E. We found that the number of nodules (Fig. 7F) as well as the metastatic
index (measured from the area of cancer cells in the lung, Fig. 7G) were signi�cantly reduced after
treatment with the two Gal-3BP antibody clones. These data collectively demonstrate that the blocking of
Gal-3BP using speci�c antibodies is a good strategy to attenuate PDAC metastasis (see graphical
abstract).

Discussion
A major obstacle in the identi�cation of a drug target or tumor biomarker using the patient samples is the
variability across donors, including genetic diversity, lifestyle, disease state, and therapeutic history of
each patient[41]. To overcome this, a large number of specimens as well as precise statistical analysis is
needed, but this not always possible in pancreatic cancer research[42]. In this respect, the patient-derived
xenograft (PDX) model serves as an effective preclinical model, wherein most of the host variables are
controllable and an ideal control (ungrafted littermates) can be easily obtained[43]. Therefore, despite the
known limitations, such as a compromised immune environment[44], the PDX model enables us to
design a simple (with a small number of mice), rapid screening strategy for the identi�cation of protein
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biomarkers or therapeutic targets. Further, a dilution effect as well as the intrinsic low-level expression of
the tumor-originated secreted protein make the identi�cation of blood biomarkers di�cult[45]. To
circumvent this limitation, we introduced the analysis of tumor interstitial �uid (TIF) and managed to
improve the detection of the candidate marker proteins.

The interaction of EGF with EGFR and its activation is well characterized[46]. However, despite its critical
role in tumorigenesis, not much is known about EGFR-binding proteins (other than EGFR). The STRING
database[47] shows approximately 10 protein interactions, but most of them are adaptors or kinases that
transmit the activation signal in the cytoplasmic domain (Supplementary Fig. 7D). In this respect,
characterization of EGFR activating protein contributes to the understanding of EGFR activation as well
as in designing a therapeutic target. Galectin-3 has been shown to activate EGFR in pancreatic cancer[36]
and other cancer types[48, 49]. In parallel with the recent progress on the Galectin-3 antagonist[50, 51], we
demonstrate here that anti-Gal-3BP antibody is an alternative for effectively blocking the activation of
EGFR in PDAC.

Although we have successfully developed antibodies against Gal-3BP and demonstrated their antitumor
effect in a mouse model, several points need to be considered in order to translate this into a therapeutic
agent for cancer patients. Firstly, recent reports indicated a multifunctional role of Gal-3BP, not only in
cancer but also in innate immunity function[52]. In the report, Gal-3BP is induced in response to viral and
bacterial infection and regulates cytokine production/secretion, viral assembly, as well as LPS
(lipopolysaccharide) response[53]. Therefore, selective delivery method to tumor site or an appropriate
dosage of anti-Gal-3BP antibody should be predetermined in order to prevent adverse anti-immune
function.

Despite these limitations, we propose the Gal-3BP antibody as a promising therapeutic agent, since it
effectively attenuated the metastasis of PDAC cells in our mouse model. One of the major challenges in
pancreatic cancer is its highly metastatic nature which restricts the resectable tumor to 15–25% upon
diagnosis[54]. Therefore, in addition to early detection, identifying a therapeutic option to prevent or
suppress metastasis is critical for the management of pancreatic cancer. Several potential anti-
metastatic agents, including matrix metalloproteinase inhibitor[55], JG243 (HIF-1a inhibitor[56]), JQ1
(vasculogenic mimicry inhibitor[57]), AZD6244 (MEK inhibitor) with BMS833923 (Hh inhibitor)[58], and
Metavert (GSK3B and HDAC inhibitor[59]) have been identi�ed. Future studies should focus on
combinatorial therapy with Gal-3BP antibody and these anti-metastatic agents as well as a promising
combination with immunotherapy[60, 61], which will broaden the options available for enhancing the
survival of PDAC patients.

Conclusions
PDAC metastasis is a major cause for the poor prognosis of PDAC patients and developing targeted
therapeutic is critical to overcome it. Our results presented here revealed a novel, promising target for
PDAC metastasis and showed the antibody-mediated blockade as a therapeutic option.
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Figure 1

Identi�cation of Gal-3BP, highly secreted in PDAC, by proteomic analysis. (A) Venn diagram depicting the
number of proteins quanti�ed via LC-MS/MS analyses. (B-C) Western blot-mediated validation of Gal-3BP
and PGRN identi�ed from tumor interstitial �uids (B) and conditioned media from cancer primary cells
(C). (D-E) Gal-3BP expression at protein (D) and mRNA (E) level in 5 pancreatic cancer cell primary cells, 4
breast cancer primary cells, and normal pancreatic ductal epithelial cells (HPDE). (F) Detection of Gal-3BP
from PDX plasma samples depleted with albumin and IgG. (G) Representative staining images and
grading of Tissue Microarray (TMA) comprising PDAC (n=153) and matched normal (n=21). Bottom
panels present enlarged part of insets marked in the middle panels. Scale bar; 200 µm for top and middle
panels, 50 µm for bottom panels. (H) A graph showing averaged grade of Gal-3BP staining, obtained
from the TMA images (n=7 per group).
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Figure 2

Knockdown of Gal-3BP in PDAC cells attenuates proliferation and tumor formation. (A) Tumor formation
upon the subcutaneous injection of 110621 cells transfected with Control shRNA or LGALS3BP shRNA.
(B) Growth curves of 110621 tumors following subcutaneous injection of tumor cells. Black line indicates
the average tumor size in mice injected with shRNA control-transfected cells (n=5). The red and blue lines
represent the tumor size in each of the two 3BP_sh2 groups. (C) Tumor formation upon subcutaneous
injection of 110621 cells transfected with Control shRNA or LGALS3BP shRNA. (D) Growth curves of
110621 tumors following subcutaneous injection of tumor cells. Black line indicates average tumor size
in mice injected with shRNA control-transfected cells (n=5). The red and blue lines represent the tumor
size in each of the two 3BP_sh2 groups. (E) Ex vivo measurement of tumor weight. (F)
Immunohistochemistry depicting Ki67 expression in subcutaneous tumor tissues. Scale bar: 100 µm.
Quanti�ed data were determined based on the number of Ki-67-positive cells. (G) Protein expression
analysis of LGALS3BP in tissue lysates from subcutaneous tumor tissue.
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Figure 3

Gal-3BP is required for PDAC cell attachment, migration, and invasion, via the regulation of EMT markers.
(A) mRNA and protein levels of LGALS3BP in 110621 pancreatic cancer primary cells after LGALS3BP
silencing using siRNA, determined by real-time PCR and western blotting. (B) Adhesion assay of 110621
cells transfected with LGALS3BP siRNA (si3BP) or negative control (siCON). Representative images are
shown. Bar graph indicates the adherent cell count. (C-D) Migration (C) and Matrigel-coated transwell
invasion assay for110621 pancreatic cancer cells transfected with LGALS3BP siRNA (si3BP) or control
siRNA (siCON). Representative microscopic images of cells on membrane, from each group. (E) Western
blot analysis of EMT markers in control and LGALS3BP knockdown cells (110621). (F) Western blot
analysis of EMT markers in cells with LGALS3BP overexpression (17884).
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Figure 4

Stable knockdown of Gal-3BP suppresses PDAC metastasis in mouse allograft model. (A) Relative level
of Lgals3bp RNA in mouse PDAC cells upon shRNA mediated knockdown. (B-D) Reduced proliferation
rate (B), migration (C), and EMT marker expression (D) in mouse PDAC cells after the knockdown of Gal-
3BP. (E) Representative images of lung metastasis (left) and H&E staining of lung sections (right) from
mice injected with control (shCON) or Lgals3bp knockdown (sh3BP) cells. Scale bar : 400 μm (F-G)
Graphs depicting lung weight (F) and the number of metastatic lung nodules (G).
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Figure 5

Gal3-BP enhances EGFR signalling in human PDAC cells. (A) Gal3-BP knockdown attenuates EGFR
activation. Western blotting to check for EGFR, p-EGFR, and Gal-3BP levels after siRNA-mediated knock-
down of Gal-3BP in 110621 cells (left) or overexpression in Panc-1 cells (right). (B) Expression analysis of
Gal3-BP and EGFR mRNA levels in two independent 110621 clonal cells (sh2 and sh4) with the stable
knockdown of Gal-3BP. (C) Decreased phosphorylation and expression of EGFR in the background of Gal-
3BP knockdown and treatment with 50 ng/ml of EGF for the indicated time periods. (D) Gal-3BP
enhances EGFR activation. Phosphorylation of EGFR was determined by western blotting in 110621 (Gal-
3BP expression high cells) and 17884 (Gal-3BP expression low cells), after the combinatory treatment of
Gal-3BP (250 ng/ml) and EGF (50 ng/ml). (E) Both Galectin-3 and Gal-3BP enhance EGFR activation.
Phosphorylation of EGFR was determined by western blotting, after combinatorial treatment with Gal-3BP
(250 ng/ml), Galectin-3 (100 ng/ml), and EGF (50 ng/ml). (F) EGF stimulates Gal-3BP secretion.
Expression analysis of secreted Gal-3BP in conditioned media by western blotting, after treatment with
EGF. (G) Inhibition of EGFR suppresses Gal-3BP expression. 110621 cells were treated with Erlotinib and
Ge�tinib for 2 days and then subjected to western blotting for checking the levels of Gal-3BP and p-EGFR.
(H) Galectin-3 contributes to Gal-3BP-driven EGFR activation. Phosphoactivation of EGFR was determined
after combinatorial treatment with Gal3-BP, EGF, and Gal3-BP siRNA.
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Figure 6

cMyc mediates Gal-3BP-driven EGFR activation signal. (A) Reduced cMyc protein (top) or RNA (bottom)
expression after knocking down Gal-3BP using shRNA (sh3BP). Reduced levels of cMyc mRNA were
detected in two 3BP-shRNA clonal cells (sh2 and sh4). (B) Transient Gal-3BP knockdown attenuates
cMyc expression in primary PDAC cells. Top panel shows cMyc protein and bottom panel shows RNA
levels of Gal-3BP and cMyc. (C) Exogenous Gal3-BP increases cMyc expression in primary PDAC cells.
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Cells were treated with Gal-3BP (250 ng/ml) and/or EGF (50 ng/ml) for 48 h and the expression of cMyc
was examined. (D) EGFR inhibitor suppresses Gal-3BP driven cMyc expression. Primary PDAC cells were
pre-treated with Erlotinib or Ge�tinib prior to the addition of Gal-3BP. cMyc protein was detected by
western blotting. (E) Depletion of Gal3-BP in tumor suppresses cMyc expression. Western blot analysis of
EGFR and cMyc was performed in tumor lysates obtained from the mouse model shown in Fig. 2C and
2D. (F) cMyc restores PDAC proliferation attenuated upon Gal-3BP knockdown. Primary PDAC cells with
Gal-3BP knockdown were transfected with empty vector (MOCK) or cMyc overexpression plasmid and
proliferation was measured. The level of cMyc protein was con�rmed by western blot (right panel).

Figure 7

Anti-Gal-3BP antibody isolated by phage display attenuates the migration of PDAC cells and metastasis
in a patient-derived preclinical model. (A) Schematic diagram depicting the Gal3-3BP antibody screening
by phage display technique. (B– C) Inhibitory effect of Gal3-3BP antibody (CH2-44, CH2-67, CH2-84) on
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pancreatic cancer cells (110621) migration. Representative image of migration (B) and its quantitation
(C) are shown. (D) Immunoprecipitation followed by western blot demonstrated that two antibody clones
(#67 and #84) binds with Gal3-BP. Cells treated with IgG were used as a negative control. (E)
Representative H&E staining of lung sections obtained from mice injected with primary PDAC cells.
Metastasized tumor regions are demarcated by black-dotted grids; scale bar = 200 M. (F) A graph
showing the nodule count from three groups (IgG, #67, and #84; n=22). (G) A graph showing metastatic
index, indicating the area occupied by tumor cells in each lung (n=22).
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